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Background: Cell-specific expression of mammalian genes is typically controlled by transcription via dedicated promoters.
Results: The GPR41 gene lacks a dedicated promoter; it is transcribed from the promoter of the upstream GPR40 gene.
Conclusion: The locus is a rare example of a mammalian operon.

Significance: Mammalian operons may be more common than appreciated and participate in coordinated gene expression.

GPR41 is a G protein-coupled receptor activated by short
chain fatty acids. The gene encoding GPR41 is located immedi-
ately downstream of a related gene encoding GPR40, a receptor
for long chain fatty acids. Expression of GPR41 has been
reported in a small number of cell types, including gut enteroen-
docrine cells and sympathetic ganglia, where it may play a role in
the maintenance of metabolic homeostasis. We now demon-
strate that GPR41, like GPR40, is expressed in pancreatic beta
cells. Surprisingly, we found no evidence for transcriptional
control elements or transcriptional initiation in the intergenic
GPR40-GPR41 region. Rather, using 5'-rapid amplification of
cDNA ends analysis, we demonstrated that GPR41 is tran-
scribed from the promoter of the GPR40 gene. We confirmed
this finding by generating bicistronic luciferase reporter plas-
mids, and we were able to map a potential internal ribosome
entry site-containing region to a 2474-nucleotide region of the
intergenic sequence. Consistent with this, we observed m’G
cap-independent reporter gene expression upon transfection of
RNA containing this region. Thus, GPR41 expression is medi-
ated via an internal ribosome entry site located in the intergenic
region of a bicistronic mRNA. This novel sequence organization
may be utilized to permit coordinated regulation of the fatty
acid receptors GPR40 and GPR41.

Pancreatic beta cells play a central role in maintaining meta-
bolic homeostasis through their unique capacity to produce the
hormone insulin (1, 2). Insulin secretion by beta cells is tightly
regulated according to precise physiological needs. The pri-
mary trigger for insulin secretion is elevated blood glucose con-
centration; however, numerous additional stimuli, including a
wide range of nutrients, fine-tune insulin output to precisely
match metabolic requirements (3, 4). Among these, long chain
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fatty acids (LCFA)? are well documented regulators of glucose-
stimulated insulin secretion. LCFA have complex and paradox-
ical effects on insulin secretion; acute exposure of beta cells to
LCFA leads to augmented glucose-stimulated insulin secretion,
whereas prolonged treatment leads to severely impaired beta
cell function or “lipotoxicity” (5, 6).

The G protein-coupled receptor GPR40 (FFAR1) is expressed
selectively in beta cells (7, 8) and gut enteroendocrine cells (9).
It is activated by a range of medium and long chain fatty acids
(7, 8). Several studies indicate that GPR40 plays an important
role in mediating the effects of LCFA on glucose-stimulated insu-
lin secretion (10 —12). Immediately downstream of GPR40 in the
mammalian genome is the gene encoding GPR41 (FFAR3) (Fig.
1, A and B) (13), a related G protein-coupled receptor that is
activated by short chain fatty acids (SCFA) (14). Approximately
40 kb downstream of the GPR41 gene is the GPR43 (FFAR2)
gene (13), encoding another SCFA receptor (14). SCFA are gen-
erated primarily in the gastrointestinal tract as a result of
microflora-mediated metabolism of ingested food (15). SCFA
constitute an important caloric source in mammals (16), yet the
physiological role of SCFA is incompletely understood. GPR41
expression has been reported in the peripheral nervous system,
gut enteroendocrine cells, and adipose tissue (17-20). Genetic
studies in mice have indicated that these receptors may play an
important role in mediating the responsiveness of target cells to
fatty acids (17, 19).

Studies from our laboratory have shown that selective
expression of GPR40 in beta cells is controlled by transcrip-
tional mechanisms (21). Of particular importance is HR2, a beta
cell-specific transcriptional enhancer located 1.1 kb upstream
of the gene (Fig. 14). We now report that GPR41 is also
expressed in beta cells. Unexpectedly, the GPR41 gene lacks a
dedicated promoter; rather, transcription of GPR41 initiates
from the GPR40 promoter, located 6619 bp upstream of the
GPR41 gene, generating a bicistronic transcript encoding both
GPR40 and GPR41. Translation of GPR41 is mediated by an

3 The abbreviations used are: LCFA, long chain fatty acid; IRES, internal ribo-
some entry site; RACE, rapid amplification of cDNA ends; qRT-PCR, quanti-
tative reverse transcriptase-PCR; SCFA, short chain fatty acid; FL, firefly
luciferase; RL, Renilla luciferase; Tricine, N-[2-hydroxy-1,1-bis(hydroxy-
methyl)ethyl]lglycine; nt, nucleotide.
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internal ribosome entry site (IRES) located in the intergenic
region.

EXPERIMENTAL PROCEDURES

Total RNA Extraction—Total RNA was extracted from cell
cultures using the TRI Reagent procedure (Molecular Research
Center Inc.) according to the manufacturer’s instructions.
Where indicated, RNA was treated with DNase to remove
traces of genomic or plasmid DNA. Ten ug of total RNA were
incubated with 1 unit of DNase I (RQ1, Promega), 1 mm DTT,
40 units of RNasin, and 1X RQ1 buffer (Promega) in a final
volume of 20 ul at 37 °C for 20 min. Following phenol/chloro-
form extraction, RNA was ethanol-precipitated and dissolved
in diethyl pyrocarbonate-treated H,O. For quantitative reverse
transcriptase-PCR (qRT-PCR) experiments, the extracted RNA
was loaded on Direct-zol RNA MiniPrep columns (Zymo
Research Corp.) and treated with on-column DNase according
to the manufacturer’s instructions.

RT-PCR—RT-PCR was performed using the Access RT-PCR
system (Promega) with 20 ng of total RNA and 20 pmol each of
the forward and reverse primers of GPR40, GPR41, GPR43, and
GAPDH (supplemental Table 1). RT-PCR conditions were as
follows: 48 °C for 45 min, 94 °C for 2 min, 35 cycles: 94 °C for
30, 56 °C for 1 min, 68 °C for 2 min, and a final extension step
at 68 °C for 7 min. RT-PCR products were resolved on a 1%
agarose gel, transferred to a nylon membrane (Nytran N,
Schleicher & Schuell), and hybridized in hybridization solution
(50% formamide, 2X SSC, 5X Denhardt’s, 1% SDS, 100 pg/ml
boiled salmon sperm DNA) at 42 °C with radioactively labeled
probes generated by random primed labeling (Roche Applied
Science). For qRT-PCR experiments, first strand cDNA synthe-
sis was performed by SuperScript Il reverse transcriptase (Invit-
rogen). RNA was hybridized with hexamer random primers
(Fermentas) at 65 °C for 5 min. RT-PCR conditions were 25 °C
for 10 min, 42 °C for 50 min, and inactivation at 70 °C for 15
min. qRT-PCR was performed with power SYBR Green
(Applied Biosystems) using cDNA derived from 20 ng of RNA
samples according to the manufacturer’s instructions. Primer
details are shown in supplemental Table 1. The results were
normalized to expression of B-actin and hypoxanthine-guanine
phosphoribosyltransferase. The results were quantitated by the
AACt method, relative to control (22).

5'-Rapid Amplification of cDNA Ends (5'-RACE)—5'-RACE
was performed as described previously (21) with the following
modifications. Method A, first strand cDNA was synthesized
from 5 pg of DNase-treated BTC1 RNA, using reverse tran-
scriptase (SuperScript IL; Invitrogen) according to the manufac-
turer’s instructions. The reaction mixture was incubated at
42 °Cfor 1 h. Primers used were complementary to GPR40—41
intergenic region, GPR40 3'-UTR or GPR41 ORF. A second
procedure (method B) was used to characterize particularly
long transcripts. Method B, first strand cDNA was synthesized
from 10 pg of DNase-treated STC1 RNA, using reverse tran-
scriptase (StrataScript 5.0; Stratagene) according to the manu-
facturer’s instructions. The reaction mixture was incubated at
55 °C for 1.5 h. The rest of the experiment was identical in the
two methods. The cDNA was purified using RBC HiYield"™
Gel/PCR DNA extraction kit (Real Biotech Corp.), and eluted in
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40 pl of H,O. A poly(dG) tail was added to the cDNA 3’ end
using terminal deoxynucleotidyltransferase (Promega). Follow-
ing a second purification of the cDNA using RBC purification
kit, cDNA was eluted in 100 pl of DDW. PCR was performed
using the Accuzyme PCR system (Bioline), with 10 ul of cDNA,
30 pmol of a reverse primer complementary to GPR40/41
sequences located nested to the primer used for reverse tran-
scription, and 30 pmol forward primer GAATTC(C),,. PCR
conditions were as follows: 94 °C for 2 min, followed by 25
cycles of 94 °C for 30 s, 60 °C for 30 s, 72 °C for 2 min, followed
by an additional 72 °C for 5 min. A fraction of the PCR product
was resolved on a 1% agarose gel. When a band appeared, it was
excised from the gel, purified, and sequenced. Primer details are
shown in supplemental Table 1.

3'-RACE—First strand cDNA was synthesized from 5 ug of
DNase-treated BTC1 RNA, using reverse transcriptase (Super
Script II; Invitrogen) according to the manufacturer’s instruc-
tions. The reaction mixture was incubated at 42 °C for 1 h. The
primer used was 5'-GCGAGCACAGAATTAATACGACT-
CACTATAGG(T),,. PCR was performed using the Expand
high Fidelity PCR system (Roche Applied Science), with one-
third of the cDNA, 30 pmol of a reverse primer 5'-GCGAGCA-
CAGAATTAATACGAC (complementary to the 5 flank of the
primer used for reverse transcription), and a forward gene-spe-
cific primer complementary to GPR40 or GPR41 sequence.
PCR conditions were 94 °C for 2 min, followed by 25 cycles of
94.°C for 30 s, 60 °C for 30 s, 72 °C for 2 min, followed by an
additional 72 °C for 5 min. A fraction of the PCR product was
resolved on a 1% agarose gel. When a band appeared, it was
excised from the gel, purified, and sequenced.

Plasmid Constructions—Plasmids for GPR41 promoter
activity analysis were constructed using pGL3-basic vector
(Promega). Fragments from the region upstream to the GPR41
gene were generated by digestion of a genomic library clone
described previously (21) using the following restriction
enzymes Sacl and Ncol (construct 4106), Sacl (construct 3450),
Sacl and EcoRV (construct 2054), Ncol (construct 1427), and
BamHI and HindIII (construct 1691). Construct 5054 was gen-
erated by insertion of fragment 1691 into construct 4106 using
the HindlIII site.

Islet Isolation—1Islets were isolated from 1.5 to 3-month-old
mice by in situ pancreatic perfusion with collagenase (23). After
isolation, islets were incubated overnight in culture media
(RPML 10% FCS, 1% L-glutamine, 1% penicillin/streptomycin,
and 1% gentamycin), and RNA was isolated as described above.

Cell Culture—The following established cell lines were used
in this study: BTC1, BTCtet, and MIN6 (mouse beta cells); HIT
M2.2.2 (hamster beta cells); «TC1 (mouse alpha cells), and
HeLa and NIH-3T3 (mouse fibroblast cells). BTC1, BTCtet
HIT, aTC1, HeLa, and NIH-3T3 cells were grown in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum (FCS), penicillin (200 IU/ml), and strepto-
mycin (100 wg/ml). MING6 cells were grown on Falcon tissue
culture plates in DMEM containing 10 mm b-glucose, supple-
mented with 15% FCS, penicillin (200 IU/ml), streptomycin
(100 wg/ml), 2 mMm L-glutamine, and 72 mm 3-mercaptoethanol.
All experiments using MING6 cells were performed with pas-
sages not higher than 33.
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Transient Transfections—Transfections were carried out by
the calcium phosphate coprecipitation technique, as described
previously (24), or using the transfection reagent JetPEI™
(PolyPlus transfection) according to the manufacturer’s
instructions. Forty eight h after transfection, cells were har-
vested by passive lysis buffer (Promega), and extracts were sub-
jected to assays to determine the activity of reporter enzymes.

SiRNA Transfection—Cells were plated 24 h before transfec-
tion to 12-well plates (7 X 10° cells/well). Four microliters of
Dharmafect 4 (Dharmacon) were used to transfect 1.25 ul of
ON-TARGET PLUS pool siRNA (Dharmacon) (final concen-
tration 25 nM). Each siRNA pool contained four different
siRNAs targeting coding regions of GPR40 or GPR41. A non-
target siRNA pool was used as control. After 48 h, cells were
harvested for RNA purification. Transfection efficiency was
determined using siGLO positive control (Dharmacon) trans-
fected under the same conditions. Transfection efficiency was
~85% as evaluated by fluorescence microscopy.

Luciferase Assays—Firefly luciferase and Renilla luciferase
assays were carried out as follows: whole cell extracts contain-
ing 5-50 ug (1-5 pl) of protein were added to 100 ul of either
firefly luciferase assay buffer (20 mm Tricine, 0.1 mm EDTA,
1.07 mm (MgCO,),Mg(OH),:5H,0, 2.67 mm MgSO,, 3.3 mm
DTT, 270 uM coenzyme A, 470 uM luciferin (Promega E1602)
and 530 uM ATP, pH 7.8.) or Renilla luciferase assay buffer (0.1
M K,HPO, and 0.1 m KH,PO,, pH 7.4, and 0.5 uM coelentera-
zine (Calbiochem)). The samples were placed in a luminometer
(LUMAC Biocounter M2500 or Modulus microplate, Turner
Biosystems), and the light output was determined over a 10-s
interval. Firefly luciferase activity was normalized to the activity
of Renilla luciferase.

In Vitro Transcription and RNA Transfections—In vitro tran-
scription of pcDNA3-RL, pcDNA3-2474-RL, and pc-FL was
performed with mMESSAGE mMACHINE kit (Ambion)
according to the manufacturer’s instructions with the following
modifications: all the plasmids were linearized by incubation
for 2 h with enzyme Xbal, which digests downstream of the end
of the RL and FL coding sequences. Following linearization, the
plasmids were subjected to ethanol precipitation and treated
with proteinase K for removal of remaining enzyme. Then the
DNA was purified by phenol/chloroform extraction and etha-
nol precipitation and dissolved in diethyl pyrocarbonate-
treated H,O. The in vitro transcriptional reaction was per-
formed in a 10-ul reaction volume using 0.5 ug of DNA
template in the presence of ARCA m”G cap analog (Ambion) or
unmethylated cap analog (Epicenter) and incubated for 2 h. The
resulting transcripts were purified using MEGAclear kit
(Ambion) and analyzed by agarose gel electrophoresis to verify
size and integrity of the RNAs. Transfection was carried into
HeLa cells using TransMessenger transfection reagent (Qia-
gen) according to the manufacturer’s instruction with the fol-
lowing modifications: 0.8 ug of methylated/unmethylated
cap-RL or methylated/unmethylated cap-2474-RL, and 0.2 ug
of methylated cap-FL RNA was transfected at a ratio of 4:1 (ul
of transfection reagent to ug of RNA). Twenty h after transfec-
tion, cells were harvested using passive lysis buffer (Promega),
and extracts were subjected to luciferase assay.
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Northern Blot—Poly(A)™ mRNA was purified using mRNA
isolation kit (Roche Applied Science) according to the manu-
facturer’s instructions. The mRNA (5 ng) was mixed with sam-
ple buffer (50% formamide, 16% formaldehyde, 1X MOPS
buffer (50 mm MOPS, pH 7.0, 5 mMm NaAc, pH 5.5, 1 mm EDTA,
pH 7.2)), heated to 60 °C for 10 min, cooled on ice, and 5 ul of
sample dye (50% glycerol, 1 mm EDTA, 0.25% bromphenol blue,
0.25% xylene cyanol) were added. Samples were resolved on
0.7% agarose, 17.5% formaldehyde gel in 1X MOPS buffer at
~70V for 6-10 h. Following electrophoresis, the gel was UV-
irradiated for 1.5 min, washed with H,O, and then with 20X
SSC (1 X SSC = 0.015 M sodium citrate, 0.15 M NaCl). RNA was
capillary-blotted overnight to a GeneScreen Plus membrane
(PerkinElmer Life Sciences) using 10X SSC as the transfer solu-
tion. The membrane was rinsed for 30 min with 2X SSC, 0.1%
SDS, and RNA was fixed to the membrane using UV cross-
linking (UV Stratalinker 1800, wavelength 254 nm, optimal
cross-linking setting). The membrane was pre-hybridized for
3 h at 42 °C with hybridization solution (50% formamide, 2X
SSC, 5X Denhardt’s, 1% SDS, and 100 pg/ml boiled salmon
sperm DNA), and then hybridization was performed overnight
at 42 °C with hybridization solution containing 10° cpm/ml
radiolabeled probe. Following hybridization, the membrane
was washed four times with 2X SSC, 0.1% SDS solution for 5
min at RT, and once with 0.2X SSC, 0.1% SDS solution for 15
min at 50 °C. Radioactive probe was prepared using a random
priming procedure as follows: 30 ng of digested DNA were
heated at 100 °C for 5 min and quickly chilled on ice. Then it
was incubated in the presence of 0.05 mm dATP, dGTP, and
dTTP, Hexamix buffer, 50 uCi of [a->?P]dCTP (3,000
Ci/mmol), and 2 units of DNA polymerase I (Klenow fragment,
Roche Applied Science) in a final volume of 20 ul for 3 h at
37 °C. The radiolabeled probe was separated from free nucleo-
tides using ProbeQuant™ G-50 micro columns (Amersham
Biosciences) according to the manufacturer’s instructions.

Bioinformatics—EST and sequence conservation data were
from the UCSC genome browser.

RESULTS

Expression Pattern of the GPR40 Gene Family—To compare
the expression patterns of the GPR40, GPR41, and GPR43
genes, we prepared RNA from a range of mouse tissues and cell
lines. RT-PCR analysis was performed using sets of primers
specific for each ORF. We observed GPR40 and GPR41 expres-
sion in pancreatic islets and in the beta cell lines BTC1, BTCtet,
and MIN6 but not in any of the other tissues examined (Fig. 1C).
GPR43, however, was more widely expressed. It was found in
islets, pancreas, lung, and in the beta cell lines BTC1, BT Ctet,
MING6, and in L-10 (a lymphoid cell line), and to a lesser extent
in heart, kidney, aTC1, and AR4-2]. Because this analysis was
performed using radioactively labeled RNA probes of unequal
specific activity, it can provide information regarding the rela-
tive expression of each gene in different tissues and cells, but it
cannot permit comparison of expression of the different genes.
To compare relative expression of GPR40 and GPR41 in mouse
islets and beta cell lines, we used qRT-PCR. This analysis
showed that GPR40 mRNA is expressed at ~5 times higher
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FIGURE 1. Genome structure and gene expression pattern of GPR40/41 locus. A, representation of the GPR40/41 locus. GPR40 and GPR41 ORFs are shown
as black boxes. White boxes flanking the GPR40 ORF indicate 5'- and 3"UTRs. Boxes upstream of the GPR40 5'UTR show the transcriptional control regions HR2
(hatched) and HR3 (white). The arrow above HR3 indicates the GPR40 transcription start site. B, comparative genomic analysis using the UCSC genome browser
showing high conservation of GPR40 and GPR41 ORFs. C, RT-PCR analysis of RNA from mouse tissues and cell lines. Total RNA was subjected to RT-PCR followed
by Southern blot analysis using specific probes of GPR40, GPR41, and GPR43. The specific activity of probes used was 107 to 10® cpm/ug. The lower panel shows
ethidium bromide staining of RT-PCR using GAPDH primers. BTC1, BTCtet, and MIN6, mouse pancreatic 3 cells; «TC1, mouse pancreatic « cell; AR4-2J, rat
pancreatic exocrine cell; L-10, mouse lymphoid cell; NIH-3T3, mouse embryonic cell; Ltk, mouse fibroblast cell. The dotted line indicates the separation point
between two blots processed under identical conditions. D, endogenous expression of GPR40 and GPR41. Expression was measured by qRT-PCR and pre-
sented relative to GPR40. The results are the mean = S.E. (n =5).

levels as compared with GPR41 mRNA in MIN6 and BTC1 cell
lines and in mouse pancreatic islets (Fig. 1D).

Mapping of GPR41 Gene Boundaries—To study the regula-
tory mechanisms responsible for the cell-specific expression of
the GPR41 gene, we mapped the transcriptional boundaries of
GPR41. To identify the 3" end of GPR41 mRNA, we performed
3’-RACE using primers complementary to the ORF of GPR41
(Fig. 2). A major product of 780 bp was generated and
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sequenced using a primer from the GPR41 ORF (Fig. 2B, lane
2). The sequence defined the 3" end of GPR41 mRNA, which
is positioned 611 nt downstream to the GPR41 stop codon.
An EST (BB694009) found in databases from mouse sympa-
thetic ganglion is consistent with these findings. In addition,
sequence analysis of the region revealed a poly(A) signal
(AATAAA) 20 nt upstream to the 3’ end. In parallel, the 3’
end of GPR40 mRNA was determined using this method
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FIGURE 2. Analysis of GPR41 gene expression by 5'-RACE and reporter
gene assay. A, map illustrating GPR40/41 locus. GPR40 and GPR41 coding
regions are shown as black boxes. White boxes indicate 5’- and 3'UTRs of the
GPR40 gene and 3'UTR of the GPR41 gene. Primer 3'41top1 and primer
3'40top1 used for 3'-RACE are indicated. ESTs from this region are also
shown. Primers A-F were used in 5'-RACE experiment (method A). Six differ-
ent analyses were conducted, and the primers shown are those used for
reverse transcription. Also indicated are the fragments from the 5’ region of
the GPR41 gene used to generate reporter plasmids. B, 3'-RACE analysis
of cDNA from BTC1 cells using a forward gene-specific primer (3'40top1 or
3'41top1) and a reverse primer complementary to the flank region of 3’
poly(dT) primer (lanes 1 and 2, respectively). As a positive control, the cDNA
was amplified using a specific primer from B-actin coding region (lane 3). As a
negative control, PCR was carried out with RNA that was not reverse tran-
scribed (—RT, lane 4) or without cDNA (NTC, lane 5). M, DNA size markers.
C, functional analysis of promoter activity. Fragments from 5'-flanking region
of GPR41 were ligated upstream to the firefly luciferase reporter gene in the
promoter-less vector pGL3-basic. As a positive control, the GPR40 promoter frag-
ment (21) was used. Promoter activity of each construct was determined in the 3
cell line HIT. Values are normalized for transfection efficiency according to the
activity of a co-transfected Renilla luciferase plasmid and expressed relative to the
activity of pGL3-basic vector. Values shown are the mean = S.E. (n =3).

(Fig. 2B, lane 1); the result is consistent with EST informa-
tion present in databases.

To define the 5’ end of the GPR41 mRNA, we performed
5'-RACE (method A, see under “Experimental Procedures”).
We used six different primers complementary to the sequence
between GPR40 and GPR41 ORFs with intervals of ~600 nt
between them (Fig. 24, primers A—F). Surprisingly, none of the
analyses produced a discrete band (data not shown), indicating
that the 5" end of the GPR41 mRNA may be highly heterogene-
ous or that it may be upstream of the primers used.

Transcriptional Regulation of GPR41 Gene Expression—To
determine whether the GPR40-GPR41 intergenic region con-
tains a functional promoter, we generated luciferase reporter
plasmids containing several fragments spanning the GPR41
upstream region and transfected them into beta cells (Fig. 24,
lower panel). The construct 5054-GPR41P-LUC covers the
entire region between GPR40 and GPR41 coding regions, and all
other fragments are derived from this full fragment. As a positive
control, a GPR40 promoter fragment was fused upstream to the
firefly luciferase reporter gene. None of the GPR41 constructs
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FIGURE 3. Analysis of GPR40 and GPR41 transcripts by Northern blot and
5’-RACE. A, probes a-d correspond to GPR40 ORF, GPR40 3'UTR, intergenic
region, and GPR41 ORF, respectively. The location of primers used for 5'-RACE
isindicated by arrows. B, Northern blot analysis of 5 ug of poly(A)* RNA from
BTC1 cells (lanes 1, 3, 5, and 7) or non-beta cells (NIH-3T3) (lanes 2, 4, 6, and 8)
using probe a (lanes 1 and 2), probe b (lanes 3 and 4), probe c (lanes 5 and 6), or
probe d (lanes 7 and 8). Migration of RNA molecular weight markers is indi-
cated by arrows. Gel loading control (lower panel) was GAPDH probe that
spans GAPDH ORF. C, analysis of cDNA from BTC1 cells by modified 5'-RACE.
Primers used for reverse transcriptase reaction were complementary to
GPR40 ORF1 (lane 1), GPR40 3’UTR (lane 2), or GPR41 ORF (lane 3). The cDNA
was poly(dG)-tailed and amplified by PCR using a poly(dC) primer and primer
GPR40 ORF2. As a negative control, the PCR was carried out with RNA that was
not reverse-transcribed (—RT, lane 4) or without cDNA (NTC, lane 5). D, pro-
posed structure of transcripts indicating the bicistronic GPR40/41 transcript
and the monocistronic GPR40 transcript.

exhibited transcriptional activity significantly higher than the
parental promoter-less vector pGL3-basic upon transfection of
the beta cell line HIT (Fig. 2C). This is consistent with the results of
the above 5'-RACE experiments and indicates that the GPR41
promoter may lie upstream of the GPR40 ORE.

Because reporter gene experiments could not identify the
GPR41 promoter, we performed Northern blot analysis to esti-
mate the length of GPR41 mRNA (Fig. 3). DNA probes span-
ning the GPR40 ORF (Fig. 3B, lane 1) or GPR40 3'UTR (lane 3)
gave a pattern of two bands, and the stronger band corresponds
in mobility to the expected size of GPR40 mRNA (4.4 kb),
according to 5'-RACE (21) and 3'-RACE (see above). The sec-
ond weaker band is larger (>7 kb), and its structure was not
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previously characterized. Quantitation of autoradiograms indi-
cated that the abundance of this band is ~30% relative to the
stronger band. Probes spanning the intergenic region (Fig. 3B,
lane 5) or GPR41 OREF (lane 7) gave a single band, correspond-
ing in migration to the weaker band obtained with GPR40
probes (lanes 1 and 3). These results indicate that GPR40
mRNA appears in two forms, a shorter 4.4 kb and a longer form
of >7 kb (Fig. 3D). GPR41 mRNA exists in only one form (>7
kb). Because the distance from the GPR40 ATG to the 3" end of
GPR41 RNA is 7 kb, whereas the length of the major band
corresponding to GPR41 mRNA is larger than that, we sur-
mised that the 5" end of GPR41 mRNA is located upstream to
the GPR40 ORF.

To examine this possibility, we utilized a second 5'-RACE
procedure that permits characterization of long transcripts
(method B, see under “Experimental Procedures”). Three dif-
ferent primers were used (Fig. 34) as follows: complementary to
the GPR40 ORF (Fig. 3C, lane 1), GPR40 3'UTR (Fig. 3C, lane
2), or GPR41 OREF (Fig. 3C, lane 3). All three primers generated
the same pattern of two major products (Fig. 3C, lanes 1-3).
Sequence analysis of the larger (400 bp) band derived from all
three lanes was consistent with the previously defined tran-
scription start site of GPR40 (21), including a 24-base exon, 698
base intron, and a 4.4-kb second exon that includes a 321-base
5'UTR. Sequence analysis of the smaller (100 base) band
revealed a novel mRNA splice variant containing the same first
short exon linked to exon 2 truncated by 265 nt at the 5" end
(Fig. 3C). Taken together, our analysis shows that the GPR40
and GPR41 genes share the same promoter and transcription
start site and that GPR41 and GPR40 are encoded on the same
bicistronic mRNA (Fig. 3D). In addition, this experiment
revealed a new splice variant of the GPR40 gene that is present
in both the monocistronic and bicistronic forms of RNA (Fig.
30).

To verify the proposed bicistronic structure, we used
siRNA-mediated knockdown of GPR40 and GPR41. Because
the bicistronic RNA is present at ~3-fold lower concentrations
than the monocistronic RNA encoding GPR40, we predicted
that knockdown of GPR40 would lead to reduced levels of RNA
encoding both GPR40 and GPR41, whereas knockdown of
GPR41 would reduce RNA encoding GPR41 without substan-
tially reducing the expression of GPR40. MING cells were trans-
fected using siRNA pools against GPR40 or GPR41 (Fig. 4A).
We observed 30-50% knockdown of GPR40 and GPR41 RNA
by their homologous siRNAs (Fig. 4B). As predicted, siRNA
targeting GPR40 reduced significantly RNA encoding GPR41,
whereas siRNA targeting GPR41 did not significantly reduce
RNA encoding GPR40 (Fig. 4B). Similar results upon siRNA
knockdown were also observed using the cell line BTC1 (data
not shown). An alternative explanation of these results would
be a requirement of the GPR40 protein for the expression of
GPR41. To test this possibility, we analyzed expression of
GPR40 and GPRA41 in islets from GPR40 knock-out mice (lack-
ing the GPR40 coding region but containing an intact GPR40
promoter region (11)). As expected, these mice showed very
low levels of GPR40 RNA; importantly, they showed no signif-
icant reduction of GPR41 RNA as compared with wild type
mice, demonstrating that the GPR40 protein is not required for
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FIGURE 4. Validation of bicistronic mRNA expression. A, illustration of
siRNA system. The small bars represent targeted areas of GPR40/41. Each pool
consists of four different siRNAs targeting the coding region of GPR40 or
GPR41 as indicated. B, knockdown of GPR40 or GPR41. MING6 cells were trans-
fected with siCtrl, siGPR40, or siGPR41, and gene expression was measured
48 h after transfection. The results were normalized to B-actin and hypoxan-
thine-guanine phosphoribosyltransferase and are expressed relative to siCtrl.
The values indicated are mean = S.E. (n = 5; %, p < 0.05). C, GPR40 and GPR41
expression in GPR40 knock-out mice. Islet RNA was isolated from 2- to
3-month-old WT and GPR40 knock-out mice. GPR40 and GPR41 RNA were
measured by qRT-PCR, and expression levels were normalized to B-actin.
Results are presented relative to expression of each gene in WT mice. The
results are the mean = S.E. (n =3).
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expression of the GPR41 gene. Taken together, the results
strongly support the proposed bicistronic mode of expression
of the locus.

To determine whether GPR40 and GPR41 share the same
transcriptional control elements, we constructed several bicis-
tronic reporter vectors (Fig. 54) based on the structure of the
native GPR40/GPR41 locus; the vector 2095-RL-5054-FL con-
tains the RL reporter gene replacing GPR40 ORF under the
control of the intact GPR40 promoter (containing both the HR2
enhancer region and the HR3 proximal promoter region) and
the FL reporter gene replacing GPR41 ORF. Downstream to RL
and upstream to FL, the construct includes the intergenic
region between GPR40 and GPR41 containing the intact
GPR40 3'UTR and the region immediately upstream to the
GPR41 ORF. The vector 1936-RL-5054-FL contains all of these
sequences except the HR2 enhancer. The vector CMV-RL-
5054-FL contains the CMV promoter replacing the full GPR40
endogenous promoter, and the vector ACMV contains the
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FIGURE 5. Analysis of transcriptional and translational control of GPR40
and GPR41 gene expression using bicistronic luciferase constructs.
A, bicistronic vectors used in this analysis. WT represents the genomic orga-
nization of the locus; open reading frames are shown as black boxes; 5’ and 3’
UTR as white boxes, and the conserved region HR2 as a hatched box. The frag-
ment 2095 represents the full GPR40 promoter containing both HR2
(enhancer) and HR3 (transcription start site) regions; 1936 represents a trun-
cated promoter fragment without the HR2 enhancer region. In the three con-
structs CMV-RL-5054-FL, ACMV-RL-5054-FL, and CMV-HP-RL-5054-FL, the
CMV promoter replaces the endogenous promoter of GPR40. In all constructs,
the reporter genes Renilla luciferase (RL, black) and firefly luciferase (FL, white)
replace GPR40 and GPR41 coding regions, respectively. B, constructs were
transfected into the beta cell line MIN6, and Renilla and firefly luciferase
reporter activity was determined. RLU, relative light units. Each data point
represents the mean = S.E. (n =3;* p < 0.05).

same sequences except for the CMV promoter. The constructs
were transfected into the beta cell line MIN6, and RL and FL
activity was measured (Fig. 5B). Deletion of either the HR2
enhancer region or the CMV promoter abolished the activity of
both RL and FL, confirming that transcription of both upstream
and downstream reporters are completely dependent on the
presence of the promoter controlling the upstream gene.
Translational Regulation of GPR41 Gene—In eukaryotes vir-
tually all mRNAs are monocistronic. Initiation of translation
typically starts with binding of the ribosome to the 5’ m’G cap
and scanning downstream on the mRNA until it reaches the
translational initiation codon AUG. The existence of a bicis-
tronic mRNA raises the question of how the downstream ORF
of GPR41 is translated. A possible mechanism for translation of
the downstream ORF is via an IRES-based pathway (25).
Because such a mechanism would be expected to be m’G cap-
independent, we tested whether in fact GPR41 translation is
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FIGURE 6. Mapping of IRES region. A, bicistronic vector used in this analysis.
The empty vector contains the CMV promoter and the two reporter genes RL
and FL. B, genomic region from which the intergenic region fragments were
taken. G, fragments indicated were inserted to the empty vector between the
RL to FL reporter genes. 5054 represents the entire sequence between the
GPR40 and GPR41 ORFs. Bicistronic vectors were transfected into the beta cell
line MING6, and Renilla and firefly luciferase reporter activity was determined.
FL/RL activity is expressed relative to the empty vector. The values indicated
are the mean = S.E. (n =4).

m’G cap-independent. For this, we inserted a hairpin structure
in the reporter plasmid between the CMV promoter and the
reporter gene RL in a bicistronic plasmid (CMV-HP-RL-5054-
FL, see Fig. 5A). The construct was transfected into the beta
cell line MIN6, and RL and FL activity was measured (Fig.
5B); we observed that the hairpin led to a complete loss of RL
activity, confirming that RL translation is fully m”G cap-de-
pendent. The activity of FL was reduced much less dramati-
cally (~24%), indicating that FL activity (representing
GPR41 translation) is relatively m’G cap-independent and
thus may be IRES-dependent.

To map the sequence that is required for activity of the puta-
tive IRES, we generated a series of bicistronic plasmids contain-
ing variable lengths of DNA from the intergenic region between
GPR40 and GPR41 (Fig. 6). The fragment 5054 represents
the entire sequence between the GPR40 and GPR41 ORFs. The
constructs were transfected into the beta cell line MIN6. The
ratio of FL to RL was determined and compared with that of a
control plasmid lacking the intergenic region. Several frag-
ments demonstrated significantly elevated FL/RL ratios indi-
cating the presence of IRES activity (Fig. 6C). Fragment 2474 is
the shortest sequence identified that can direct full IRES activ-
ity. This fragment is located 2474 bases upstream to the GPR41
ATG; its activity is 177-fold higher than that of the empty vec-
tor (Fig. 6C). A positive control sequence of an established IRES
(from the apoptosis inhibitor gene XIAP (26)) also showed high
activity compared with the empty vector (407-fold, data not
shown).

To further test the notion that the fragment 2474 contains an
IRES element, and to exclude the possibility that the observed
activity results from an alternate mechanism (such as cryptic
promoter or splice sequences, frameshifting, ribosome hop-
ping, or leaky ribosome scanning), we performed RNA trans-
fection experiments. For this, we generated RL reporter plas-
mids with or without the 2474-bp fragment of the GPR40—-41
intergenic region located downstream of a T7 RNA polymer-
ase-dependent promoter (plasmids pCDNA3-2474-RL and
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FIGURE 7. RNA transfection. A, illustration of in vitro transcribed RNAs used in
this analysis. Two reporter genes were used as follows: Renilla luciferase (RL,
gray) and firefly luciferase (FL, white). Filled circles represent methylated
(active) cap, and empty circles represent unmethylated (nonactive) cap. Panel
a, RNA derived from pCDNA3-FL. Panels b and ¢, RNA derived from
pPCDNA3-RL. Panels d and e, RNA derived from pCDNA3-2474-RL. B, analysis by
agarose gel electrophoresis of the in vitro transcribed RNA molecules used for
the RNA transfections. M, RNA marker; panels a-e, the RNAs shown in A. G, in
vitro transcribed RNA was transfected into Hela cells, and Renilla and firefly
luciferase reporter activity was determined. RL/FL ratio of unmethylated tran-
scriptis expressed relative to the methylated transcript. Values shown are the
mean =+ S.E. (n =3; *, p < 0.005).

pCDNA3-RL). The linearized plasmids were transcribed with
either standard m”G cap analog (black circle) or unmethylated
cap analog (which does not support binding of the ribosome,
white circle) (Fig. 7A). The resulting RNA molecules (Fig. 74,
panels a—e) migrated as expected on agarose gel electrophore-
sis and showed minimal degradation (Fig. 7B). The methylated
and unmethylated transcripts were transfected into HeLa cells
together with m”G-capped transcript derived from an FL plas-
mid lacking the putative IRES sequence (Fig. 7, A and B) as an
internal control, and the activity of FL and RL was measured. As
expected, the presence of nonmethylated cap analog in the
short RL RNA molecule led to a dramatic reduction (~75%) in
translation efficiency of RL compared with the standard m’G
cap analog (Fig. 7C) indicating that initiation of translation in
this short RNA is mainly controlled by binding of the ribosome
to the m”G cap. By contrast, RNA containing the 2474 fragment
upstream to the RL ORF shows no significant reduction in the
translation efficiency of RL with the nonmethylated cap analog
as compared with the standard m’G cap analog. We are cur-
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rently unable to accurately predict the intracellular ratio of
GPR40 protein to GPR41 protein. The ratio of monocistronic
to bicistronic RNAs combined with the observed relative effi-
ciency of IRES-dependent as compared with m’G cap-depen-
dent translation (Fig. 7 and data not shown) would suggest a
relative rate of translation initiation of GPR40 to GPR41 of
~50-100-fold. However, this ratio might be substantially
affected by post-translational parameters, including protein
stability and stress conditions. Taken together, our data show
that the 2474 sequence confers on the transcript the ability to
undergo m’G cap-independent translation, strongly support-
ing the view that this sequence contains an IRES that permits
translation of the GPR41 gene in the bicistronic RNA.

DISCUSSION

To perform their sophisticated role in production and regu-
lated secretion of insulin, beta cells express a characteristic rep-
ertoire of genes, including transcription factors, enzymes,
receptors, ion channels, and secretory granule proteins (3).
Expression of these genes is typically mediated through tran-
scriptional control mechanisms acting on dedicated promoter
elements for each gene (27). The best studied example of this is
the insulin gene itself, which is controlled by a transcriptional
regulatory region located in the 350 bp upstream of the tran-
scription start site (28, 29); several transcription factors
expressed preferentially in beta cells are required, including
PDX1, BETA2, E2A, and MAFA (27). Recently, we analyzed
GPR40 gene expression demonstrating that it is indeed regu-
lated at the transcription level via transcriptional control ele-
ments located within the ~1.5-kb region upstream from the
transcription start site (21).

In this study, we have extended our analysis of the GPR40
family to examine the mechanisms controlling expression of
the GPR41 gene. Of the mouse tissues and cell types surveyed,
we observed the highest expression in cultured beta cells and
pancreatic islets, in a pattern closely similar to that seen for
GPR40 and distinctly different from GPR43. This is consistent
with reports from the literature indicating that GPR41 is
expressed in a highly selective pattern (19, 20, 30), whereas
GPR43 expression is much more general (31). Because the
GPR40 gene is located in close proximity to the GPR41 gene, we
anticipated that GPR41 would be controlled transcriptionally
via control elements residing in the intergenic region. Unex-
pectedly, we were unable to find evidence for transcriptional
control elements or a transcription start site within this region.
Rather, through use of an optimized 5'-RACE procedure, we
observed that transcription of the GPR41 gene initiated from
the transcription start site of the GPR40 gene controlled by the
GPR40 promoter.

Because antibodies capable of sensitive detection of GPR40
and GPR41 are not available, we used bicistronic luciferase
reporter plasmids to confirm this finding: whereas expression
of the downstream reporter was completely dependent on the
presence of upstream promoter activity, it was only modestly
inhibited by the insertion of a stem loop structure downstream
of the promoter, consistent with the possibility that translation
of the GPR41 gene is controlled by the presence of an IRES
sequence in the intergenic region. Accordingly, we were able to
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map the putative IRES to a 2,474 nt region of the intervening
sequence. To exclude other possibilities (e.g. cryptic promoter
or splice sequences, frameshifting, ribosome hopping, and
leaky ribosome scanning), we performed RNA transfection
experiments. Indeed, we observed m’G cap-independent
expression from reporter RNA molecules containing the puta-
tive IRES, supporting the notion that GPR41 translation is
dependent on the presence of an IRES element in the intergenic
region.

Taken together our results indicate that beta cell-specific
expression of the GPR41 gene is controlled by an unusual
mechanism that involves control at both the level of transcrip-
tion and translation. Transcriptional control is mediated
through the previously characterized GPR40 promoter that is
active selectively in pancreatic beta cells. This promoter gener-
ates two distinct forms of RNA, a monocistronic form encoding
exclusively GPR40 and a longer bicistronic transcript encoding
both GPR40 and GPR41. The monocistronic transcript is pres-
ent at significantly higher levels in both cultured beta cells and
islets. Consistent with this, siRNA-mediated knockdown of
GPR40 reduces the levels of GPR41 but not vice versa.

Whereas bicistronic and polycistronic genes are common in
bacteria, they are extremely rare in mammal protein-coding
genes (32, 33). Because polycistronic gene expression in bacte-
ria often permits coordinated gene expression (34), we specu-
late that the operon-like structure may have evolved to permit
coordinated regulation of these two genes at the transcriptional
level. This is consistent with the physiological roles of these two
proteins as fatty acid-activated receptors. Thus, coordinated
expression of these two receptors may be required to enable
them to function optimally as fatty acid sensors on the beta cell.

The bicistronic nature of the GPR40/41 transcript raises an
interesting issue regarding translation of GPR41. Translation in
the mammalian cell typically proceeds via a ribosome scanning
mechanism involving attachment of the ribosome to the 5" end
in an m’G cap-dependent process followed by scanning to a
consensus ATG initiation codon, translation of the open read-
ing frame, and disengagement from the RNA (35, 36). Hence,
translation of a downstream ORF in mammalian cells requires a
noncanonical translational mechanism for translational initia-
tion. Our results are consistent with the presence in the inter-
genic region of an IRES element. Initially observed in viral genes
(37, 38), IRES elements have now been identified in an increas-
ing number of 5'UTR regions of cellular genes, often in genes
whose expression is up-regulated under conditions of cellular
stress, when m’G cap-dependent translation is inhibited (39,
40). Future studies should investigate in more detail the physi-
ological relevance of the unusual bicistronic structure of the
GPR40/41 transcript and its regulation at the transcriptional
and translation levels.
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