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ABSTRACT Calbindin-D28k, a calcium binding protein that
is thought to act as a facilitator of calcium diffusion in intestine
and kidney, is known to be regulated by vitaminD in these tissues.
Calbindin-D28k is also present in pancreatic b cells, but its
function in these cells is not known. To determine a role for
calbindin-D28k in the b cell, rat calbindin-D28k was overexpressed
in the pancreatic b cell line RIN 1046-38 by transfection of
calbindin in expression vector, and changes in insulinmRNAwere
examined. Five transfected RIN cell clones were found to overex-
press calbindin 6- to 35-fold as determined by radioimmunoassay.
Northern blot analysis revealed increases in abundance in cal-
bindin mRNA (>20-fold for most clones). Overexpressed cal-
bindin was functional because it was capable of buffering calcium
in response to a rapid calcium influx induced by 1 and 5 mM
calcium ionophore. In cells transfected with calbindin, there was
a marked increase in the expression of insulin mRNA (>20-fold
for most clones compared with vector transfected cells). Besides
an increase in insulin mRNA, calbindin overexpression was also
associated with an increase in insulin content and release (a
5.8-fold increase in insulin release was noted for clone C10, and
a 54-fold increase was noted for clone C2). To begin to address the
mechanism whereby overexpression of calbindin results in in-
creased insulin gene expression, calbindin-overexpressing clones
were transiently transfected with plasmids incorporating various
regions of the rat insulin I (rInsI) promoter linked to the
chloramphenicol acetyltransferase coding sequence. Transient
transfection with reporter plasmids bearing the regulatory se-
quences of the rInsI promoter (2345y11) or five copies of the
Far-FLAT minienhancer (2247y2198) from the rInsI promoter
suggests that increased insulin mRNA in calbindin transfected
cells is due, at least in part, to enhanced insulin gene transcrip-
tion. These studies provide the first direct evidence (to our
knowledge) for a role for calbindin in b cell function.

Calbindin-D28k belongs to a family of high affinity calcium-binding
proteins that includes calmodulin, parvalbumin, troponin C, and
S100 protein (1). Calbindin-D28k is present in the highest concen-
trations in avian intestine and in avian and mammalian kidney,
brain, and pancreas (2, 3). In intestine and kidney, calbindin is
regulated by 1,25-dihydroxyvitamin D3. However, in brain cal-
bindin is not influenced by vitamin D status. Various functions
have been proposed for calbindin based on its calcium-binding
properties, i.e., facilitation of the diffusional flux of calcium in the
intestinal enterocyte (4), protection of neurons against excitatory
calcium toxicity (5), and action as a mobile calcium buffer restrict-

ing evoked calcium signals in nerve synapses and hair cells (6, 7).
In the pancreas, early autoradiographic and immunocytochemical
studies have localized 1,25-dihydroxyvitamin D3 receptors (8) and
calbindin (9), respectively, to theb cells. It had been suggested that
vitamin D may be acting in the pancreatic b cell by modulating
intracellular calcium, perhaps by mechanisms involving calbindin.
However, in spite of these early findings, the role of 1,25-
dihydroxyvitamin D3 and calbindin in b cell function is not yet
clear (10).
It is well known that calcium plays an important role in b cell

stimulus–secretion coupling and is regulated by glucose and other
secretagogues. Uptake and metabolism of glucose by the b cell
result in the closure of ATP regulated K1 channels, causing
membrane depolarization and opening of voltage-gated L-type
Ca21 channels which results in transient rises in the intracellular
free calcium concentration ([Ca21]i; refs. 11–13). Glucose induced
insulin secretion has been reported to occur in a pulsatile and
oscillatory manner coincident with intracellular calcium oscilla-
tions (14). Theb cell can also be affected by activation of receptors
coupled to effector systems such as the phospholipase system or
adenylate cyclase (11, 12). Activation of protein kinase C has also
been reported to modulate insulin secretion (11, 15, 16). Thus
stimulus secretion coupling in the b cell is a result of a complex
calcium-mediated transduction pathway that is not yet clearly
understood. It has been suggested that calcium-binding proteins
such as calmodulin (17) and calcyclin (18) are importantmediators
of this stimulus–secretion response in the b cell following the rise
in [Ca21]i.
In previous studies, we found that treatment of the rat insuli-

noma cell line RIN 1046-38 with 2 mM butyrate induced cal-
bindin-D28kmRNAandprotein levels in accordwith the induction
by butyrate of insulin content and secretion, suggesting a possible
role for calbindin as a modulator of the insulin secretory process
(10). To further investigate the role of calbindin in b cell function,
we used a eukaryotic expression vector to overexpress calbindin in
RIN cells and studied its effects on insulin expression and tran-
scription.

MATERIALS AND METHODS
Plasmids and Probes. Calbindin-D28k cDNA was isolated by

PCR from cDNA prepared from rat renal distal tubular mRNA,
and the identity of the calbindin insert was confirmed by sequenc-
ing as described (19). The calbindin cDNA insert was cloned into
the plasmid pREP4 (Invitrogen) to create an expression plasmid
designated pREP4-CB28 as described (19). The chimeric plasmids
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pFOX-CAT.RIP (285 to11), pFOX-CAT (2345 to11), pFOX-
CAT.RIP (285 to 11).5 FF, and pFOX-CAT were kindly pro-
vided byM.German (University of California, SanFrancisco) and
have been described previously (20). Briefly, region 285 to 11
represents the minimal rat insulin I (rInsI) promoter,2345 to11
represents all the known positive and negative regulatory se-
quences of the insulin promoter, and (285 to11).5 FF represents
five copies of the glucose-responsive region of the insulin pro-
moter, the Far-Flat (FF) region, ligated to rInsI promoter (20).
pFOX-CAT is the promoterless parent vector. All constructs
contain the chloramphenicol acetyltransferase (CAT) gene as the
reporter.
The mouse calbindin-D28k cDNA used for Northern blot anal-

ysis was a 1.2-kb insert from the EcoRI site of pIBI76 (21). The
mouse insulin cDNA, a 0.68-kb insert present in the RsaI–EcoRI
site of pGEM,was obtained fromS.Efrat (AlbertEinsteinCollege
of Medicine, Bronx, NY). The cDNA for 18S rRNA was a gift of
R. Guntaka (University of Missouri, Columbia, MO). Human
GLUT1 cDNA (phGLUT1) and rat GLUT2 cDNA (pr-
GLUT2–1) were obtained from Graeme Bell (University of
Chicago, Chicago).
Stable Transfection of RIN 1046-38 Cells and Clonal Selection.

About 50% confluent RIN 1046-38 cells (passage. 50, grown in
RPMI 1640 media) in T-75 flasks were used to carry out stable
transfection by lipofectin (GIBCOyBRL). Ten micrograms each
of pREP 4 (vector alone) and pREP–calbindin-D28k were mixed
with 50–75ml of lipofectin, added to cells in serum-freemedia, and
incubated for 18 h at 378C. Serum was added the next day. On the
third day after transfection, RPMI 1640 medium containing the
antibiotic hygromycin (400 mgyml) was added to the cells. After 4
weeks of hygromycin selection, colonies were handpicked under
sterile conditions and propagated in 24-well plates.
Western Blot Analysis and Radioimmunoassay (RIA). Cell

extracts of various clones were prepared by freeze–thawing the
cells in 50mMTriszHCl buffer (pH 7.8). The supernatant solution
obtained after centrifugation at 14,000 3 g for 10 min at 48C was
then used for protein estimation using the method of Bradford
(22). Five micrograms of protein of each clone was analyzed by
Western blot analysis using 125I-labeled protein A as described
(25).
Calbindin protein levels were determined by RIA using anti-

serum against rat renal calbindin and purified rat renal calbindin-
D28k as the standard (24).
mRNA Isolation and Northern Blot Analysis. Total RNA was

isolated from various clones by the guanidinium isothiocyanate-
phenolchloroform method (25) and poly(A)1 RNA was selected

by oligo(dT) cellulose affinity chromatography. Northern blotting
was performed as described (23). cDNAs were labeled with
[32P]dCTP to a specific activity of 108–109 cpmymg DNA using a
random primed DNA labeling kit (Boehringer Mannheim). After
probing with calbindin-D28k or insulin cDNAs, the filters were
rehybridized with 18S rRNA cDNA (control probe). A 40-fold
range of calbindin-transfected and vector-transfected RIN cell
mRNA was used to determine linearity. The relative optical
density for each Northern blot probed with calbindin and insulin
cDNAs was divided by the relative optical density obtained after
probing with 18S rRNA cDNA to normalize for sample variation.
Intensities of autoradiographs of varying exposures were quanti-
tated by densitometry using a Dual-Wavelength Flying Spot
Scanner (Shimadzu).Effortsweremade to expose autoradiograms
such that the optical density values would fall within the linear
response range. However, when insulin and calbindin mRNAs in
certain calbindin-transfected clones were compared with insulin
and calbindin mRNA in vector-transfected cells in the same
Northern blot, after the longer autoradiographic exposure needed
to observe the results in vector-transfected cells, levels of mRNA
in the calbindin-transfected cells were found to be beyond the
linear range of film sensitivity. Quantitation of mRNA for those
calbindin-transfected clones is, therefore, expressed as greater
than the maximum observed in the linear range.
Immunocytochemical Analysis for Insulin.Cells were grown on

glass coverslips in RPMI 1640 medium and then fixed in 4%
paraformaldehyde and permeabilized with 0.1% Triton X-100.
Cells were stained with a guinea pig anti-insulin antibody (1:1000)
overnight at 48C, followed by fluorescein coupled (Fab)2 goat
anti-guinea pig antibody at 1:1000 for 2 h at room temperature.
Cells were examined with epifluorescence microscopy using a
Zeiss Axiophot system and a fluorescein filter set, and were
photographed using Kodak EPH film.
Insulin Release and Insulin Content. The clones under study

were grown in RPMI 1640medium containing 11mM glucose for
2–4 days. The medium was removed and a fresh serum-free
medium containing 11 mM glucose was added. The insulin con-
centration in the medium was determined by ELISA (26) and by
RIA (Insulin 125I RIA kit from Incstar, Stillwater,MN) using a rat
insulin standard and guinea pig anti-insulin serum. Insulin release
is expressed as nanograms of insulin per 106 cells per hour. For the
ELISA, rat insulin was from Linco Research Immunoassay (St.
Charles, MO) and guinea pig anti-porcine insulin antibody
(M8309)was fromNordisk (Dagsvaert,Denmark). Thenumber of
cells was obtained by counting after incubation. Insulin content
was determined from the same cultures used for insulin release.

FIG. 1. Stable transfection and overexpression of calbindin-D28k (CB28) in RIN 1046 cells. (A) pREP-CB28 construct. (B) Western blot analysis
of clones transfected with either vector alone (V9, V10, and V11) or pREP-CB28 (C2, C10, C11, C13, and C5). The results shown are representative
of results obtained in five separate experiments. (The split band in clone C5 is likely an artifact of proteolysis and was not otherwise seen in several
other Western blots of calbindin expression in C5 and other clones.)
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For measurement of cellular insulin content, the cells were soni-
cated in 1Macetic acidy0.1%BSA.Values for insulin content and
release were obtained from four separate experiments using three
different cultures of either RIN cells transfected with vector alone
or calbindin-transfected clones C2 or C10 per experiment.
Intracellular Ca21Measurement. Intracellular Ca21 was deter-

mined using dual excitation wavelength fluorometry of fura-2 on
individual cells subcultured onto coverslips for 18–48 h (27).
Fura-2 fluorescence (510-nm emission with alternate 334- and
380-nm excitation by means of a mercury lamp) were imaged with
an oil immersion Nikon UV-fluor objective (340, n.a. 1.4) using
an invertedmicroscope (ZeissAxiovert). Video frames containing
images of fura-2 fluorescence of cells illuminated at 334 and 380
nmwere digitized at a resolution of 5123 512with 8-bit resolution.
Cells of interest were outlined and intensity values recorded
throughout the experiment. The [Ca21]i for each cell was esti-
mated from the ratio of 334- and 380-nm fluorescence intensity.
Values from the 28–48 cells monitored for each experiment were
then averaged (27). Bromo-A23187 (Molecular Probes) was dis-
solved at a concentration of 5 mM in dimethyl sulfoxide and
diluted in buffer to the indicated concentration.
Transient Transfections andCATAssays.Cloneswere grown in

RPMI 1640 medium (GIBCOyBRL) supplemented with 10%
fetal bovine serum (GIBCOyBRL) and maintained using 400
mgyml hygromycin. All transfections were carried out by the
DEAE-dextran method (28) using 5 mg of chimeric plasmid and
5 mg of pXGH (human growth hormone plasmid controlled by
metallothionein promoter fromNichols Institute Diagnostics, San
Juan Capistrano, CA). The positive control was pRSV-CAT (3
mg). Cell extracts were prepared 60–65 h after transfection. CAT
assays were performed at constant growth hormone values (Al-
legro hGH kit from Nichols Institute Diagnostics) using standard
protocols (28). Acetylated and nonacetylated forms of chloram-
phenicol were separated by TLC and visualized by autoradiogra-
phy.CATactivitywas quantitatedbydensitometric scanningof the
autoradiograms.
Statistical Analysis. Results are presented as the mean 6 SE;

data were analyzed with Student’s unpaired t test or Dunnett
multiple comparisons test.

RESULTS
To determine a role for calbindin-D28k in the b cell, rat calbindin-
D28k was overexpressed in the rat pancreatic b cell line RIN
1046-38 by transfection of calbindin in the eukaryotic expression
vector pREP4 (Fig. 1A). Five positive clones designated C2, C10,
C11, C13, and C5 were found to overexpress calbindin as deter-
mined byWestern blot analysis (Fig. 1B). Levels of calbindin-D28k
as measured by RIA in the positive clones overexpressing cal-
bindin are shown in Table 1. The average concentration of
calbindin in cells transfected with vector alone was 0.4 6 0.1
mgymg protein. Clone C2 expressed the highest level of calbindin
(14.26 1.7 mgymg protein), which represented a 35.5-fold induc-
tion in calbindin. Clone C10 expressed the next highest level of
calbindin (3.760.4mgymgprotein), followedbyC13,C5, andC11.
Thus, as shown in Table 1, positive clones were found to overex-

press calbindin from 6.3-fold (for C11) to a higher level of
overexpression of 35.5-fold for C2.
Northern blot analysis indicated an increase in calbindin-D28k

mRNA in RIN cells transfected with pREP–calbindin-D28k (Fig.
2). Similar to the results observed for calbindin protein, calbindin-
D28k mRNAwasmost abundant in clone C2.High levels were also
found in clones C10 and C13. Note that, as shown in Fig. 2,
corresponding increases in insulin mRNA were observed in the
different positive clones. Clone C11, which was found to contain
the least amount of calbindin protein among the five positive
clones, was also found to express lower levels of calbindin mRNA
(5.56 1-fold greater than RIN cells transfected with vector alone
compared with .30-fold induction of calbindin mRNA observed
for clones C2, C10 and C13; Fig. 2B). Although lower levels of
calbindin mRNA were induced in C11, insulin mRNA was also
induced in this clone (Fig. 2B). Clones C2 and C10 were used for
further investigation in this study.
Positive clones were examined immunocytochemically using

insulin antibody andwere analyzed for insulin content and release.
Immunocytochemical studies revealed a marked increase in insu-
lin immunoreactivity in RIN cells overexpressing calbindin (Fig.
3). Approximately 20% of calbindin-transfected cells demon-
strated many insulin granules that were never observed in control
cells. Quantitative analysis indicated that the insulin content of

FIG. 2. Northern blot analysis of RIN cell mRNA. (A) Northern
analysis of vector-transfected clones, V9, V10, and V11, and calbindin-
D28k-transfected clones, C2, C10, and C13. (B) Northern blot analysis
of vector-transfected clone V9 and calbindin-D28k-transfected clone
C11. With longer exposure, endogenous calbindin-D28k mRNA (1.9
kb) is observed. This mRNA can be distinguished from that of the
transfected DNA transcript, which is a shorter mRNA (1.2 kb) because
it lacks the 59 and 39 untranslated regions. Longer autoradiographic
exposure was needed to observe calbindin and insulin mRNA in
vector-transfected cells. Thus, the exact induction in most of the
calbindin-overexpressing clones was difficult to quantify because
mRNA levels were beyond the linear range of film sensitivity. How-
ever, it was noted that levels of calbindin and insulinmRNA in C2, C10,
and C13 were increased .30-fold compared with levels in vector-
transfected cells. Levels of calbindinmRNAwere induced 5.56 1-fold,
and levels of insulin mRNA were induced 14-fold to.20-fold in clone
C11. Results shown are representative of 4–10 separate experiments.
Radiographic exposure time for the results shown: calbindin-D28k
mRNA (A, 1 day; B, 5 days); insulin mRNA (A, 16 h; B, 3 days).

Table 1. Levels of calbindin-D28k in selected transfected RIN cells
as determined by RIA

Clones
Calbindin-D28k,
mgymg protein Induction, -fold

Control (transfected
with vector alone) 0.4 6 0.1

C2 14.2 6 1.7 35.5
C10 3.7 6 0.4 9.3
C13 3.3 6 0.1 8.3
C5 3.2 6 0.6 8.3
C11 2.5 6 0.2 6.3
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vector-transfected cellswas 4.56 0.5 ngof insulin per 106 cells. The
insulin content was 3.4- and 12.3-fold higher in clones C10 and C2,
respectively (15.46 3 and 55.56 2.1 ng of insulin per 106 cells in
clones C10 and C2, respectively; P , 0.01 compared with vector-
transfected control cells). The assay of the concentration of insulin
in themedia indicated that in cloneC2, therewas a 54-fold increase
in insulin release [control (vector-transfected cells), 0.156 0.03 ng
of insulin per 106 cells per hour; C2, 8.16 6 0.93 ng of insulin per
106 cells per hour; P, 0.01]. For clone C10, which overexpressed
calbindin 9-fold, insulin release was increased 5.8-fold (control,
0.15 6 0.03 ng of insulin per 106 cells per hour; C10, 0.87 6 0.18
ng of insulin per 106 cells per hour; P , 0.01). Thus transfection
and overexpression of calbindin in RIN cells resulted in not only
increased insulin mRNA levels but also increased insulin content
and release. Calbindin-overexpressing clones appeared to be pref-
erentially releasing rather than storing insulin. It should be noted,
however, that multiple factors, which have not been tested in these
studies, could be involved in the increased insulin release observed
in calbindin-overexpressing RIN cells, for example, increased
leakage or increased proteolysis.
To begin to address the mechanism of the effect of calbindin

overexpression, intracellular calcium levels were examined. Over-
expression of calbindin did not significantly alter basal [Ca21]i
when compared with control cells [basal [Ca21]i (mean 6 SE) in
clones C10 andC25 63.36 11 and 78.76 6 nM, respectively; P.
0.5 compared with basal [Ca21]i in vector-transfected cells (71.46
6 nM)]. However, cells overexpressing calbindin exhibited a much
attenuated increase in intracellular Ca21 when exposed to a
divalent cation ionophore, bromo-A23187, which was most ap-
parent at concentrationsof 1 and5mMionophore for cloneC2and
at 5mM for clone C10 (Fig. 4). Note that, as shown in Fig. 4, 5mM
ionophore increased [Ca21]i to nearly 1200 nM in the vector-
transfected clones. In C2 cells, this concentration of ionophore
increased [Ca21]i to only about 200 nM, and in C10 cells an
increase to 500 nM was observed. These results demonstrate
buffering of A23187-induced calcium influx by calbindin.
The mechanism of the effect whereby calbindin overexpression

results in increased insulin mRNA was also examined using

transient transfection studies. Transient transfection with plasmids
bearing the regulatory sequences of the rInsI promoter (2345y
11) or five copies of the FF minienhancer (2247y2198) ligated
to the minimal rat insulin promoter in calbindin-transfected cells
resulted in significant inductions in CAT activity compared with
CAT activity observed in cells transfected with vector alone (Fig.
5). Compared with CAT activity observed using the minimal
285y11 promoter, in vector-transfected cells basal CAT activity
was not significantly different using 2345y11 but was 2-fold
greater using the construct containing five copies of FF minien-
hancer. Transfection of C2 and C10 with the construct containing
5 FF resulted in an 18 6 4-fold and an 11.6 6 1-fold induction in
CAT activity, respectively, under the same conditions (Fig. 5).

FIG. 3. Analysis of insulin distribution by immunocytochemistry
with anti-insulin antibody of transfected clones. (A) Vector-
transfected clone V9. (B–D) Calbindin-D28k-transfected clone C2.
Shown in B–D are C2 cells from the same batch and passage number.
Immunocytochemical staining for insulin was similar to what has been
occasionally seen in some similarly fixed and stained RIN cell prep-
arations (M. German, personal communication).

FIG. 4. Representative recordings of the effects of calcium iono-
phore bromo-A23187 on intracellular Ca21 in clones transfected with
vector (clone V9) or calbindin-D28k (clones C2 and C10). Intracellular
Ca21was determined in individual cells by microfluorometry of fura-2.
The recordings above are themeans calculated from 40–45 cells within
one field monitored during the course of the experiment. At the times
indicated, cells were exposed sequentially to increasing concentrations
of bromo-A23187. At the end of each experiment, cells were exposed
to Ca21-free conditions (0.02% Triton X-100 1 10 mM EGTA) and
subsequently to high Ca21 conditions (0.02% Triton X-100 1 10 mM
Ca21) to calibrate dye fluorescence for low and high Ca21 concen-
trations. Similar results were observed in 3–4 additional experiments
performed with each of these cell clones.
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Transfection of C2 andC10with plasmids containing2345y11 of
the rInsI promoter resulted in a 4.66 0.7-fold and a 3.96 0.8-fold
induction in CAT activity, respectively (Fig. 5). These results
suggest that increased insulinmRNA in calbindin-transfected cells
may be due to enhanced insulin gene transcription that ismediated
in part by elements within the FF region.
Because overexpression of GLUT1 or GLUT2 glucose trans-

porters has been demonstrated to alter insulin secretion by RIN
cells (29, 30), we probed Northern blots of poly(A)1 RNA from
control and calbindin-overexpressing clones for GLUT1 and
GLUT2 mRNA. No GLUT2 mRNA was detected in any of the
cells, whereas a weak signal for GLUT1 mRNA was detected in
RIN cells. Calbindin overexpressing did not alter the level of
GLUT1 mRNA expression (data not shown).

DISCUSSION
This study indicates that elevated levels of calbindin-D28k in the rat
b cell line RIN 1046-38 have a stimulatory effect on insulin
synthesis. Studies in calcium-absorbing epithelial cells have sug-
gested that calbindin has a role in transcellular calcium transport
(4, 31). However, in the b cell, this is not a likely function for
calbindin. Although calbindin has been reported to have no effect
on calcium uptake (32), it has been suggested that calbindin may
also act to buffer large intracellular fluxes of calcium (5–7). In our
studies, calcium ionophore treatment at 1 and 5 mM revealed that
calbindin-transfected cells could indeed buffer calcium signifi-
cantly better than vector-transfected cells. Thus the overexpressed
calbindin was functional and considered capable of buffering
calcium in response to a rapid increase in [Ca21]i. Knowledge of
the concentration of calbindin within the cell, which could be
assessed in future studies, and a correlation with changes in
intracellular calcium would more stringently support a calcium-
buffering role of calbindin in these cells in response to calcium
ionophore. It is also possible that an increase in calbindin-
stimulated plasma membrane calcium pump activity might influ-
ence [Ca21]i in response to calcium ionophore.However, calbindin
overexpression did not affect basal [Ca21]i in these cells. Similar to
our findings, the recent findings of Rhoten and Sergeev (33) show
that butyrate treatment of RIN cells [which increases calbindin
levels 4-fold (10)] dramatically attenuates the induction in [Ca21]i

in response to glucose, K1 depolarization, Bay K8655, thapsigar-
gin, and ionomycin without affecting basal [Ca21]i. Chard et al. (6)
introduced calbindin into rat sensory neurons and similarly found
a decrease in an evoked calcium signal. Calbindin did not affect
basal [Ca21]i in these neurons. The lack of an effect on basal
[Ca21]i in both neurons and RIN cells suggests that basal [Ca21]i
may be determined primarily by other factors, such as Ca21
ATPase or Na1Ca21 exchange rather than by calcium-binding
proteins. Although overexpressed calbindin in transfected RIN
cells results in enhanced calcium buffering in response to calcium
ionophore, because basal [Ca21]i is unaltered, it is not likely that
changes in cytosolic free calcium are the cause of the changes in
insulin.
Our results instead suggest that an effect on insulin transcription

underlies, at least in part, enhanced insulin biosynthesis observed
in calbindin-overexpressing RIN cells. In direct support of a role
for calbindin in transcription of the insulin gene is the large
increase in insulin mRNA in RIN cells overexpressing calbindin
which have not been treated with a secretagogue and in which
there is no alteration in basal [Ca21]i (Fig. 2). The calbindin-
transfected clones also showed increasedCATactivity when either
2345y11, which contains the regulatory sequences of the rInsI
promoter, or five copies of theFFminiehancer (2247y2198)were
used.The rInsI gene contains two identical 8-bp sequences that are
important for the cell-specific function of the insulin promoter, the
Nir element (2111y2104), and the Far element (2238y2231; ref.
34). These elements bind a heterodimer of Pan1 and Pan2
helix–loop–helix proteins in association with a b cell-specific
helix–loop–helix partner (35–37). Although multiple sequence
elements appear to be involved in the response of the insulin
promoter to glucose, the FF minienhancer has been reported to
confer glucose responsiveness when linked to a heterologous
promoter, and at least part of the response involves activation of
binding of transcription factors at the Far element (20). It has been
suggested that calciumplays a role by regulating these transcription
factors (20, 38). It is possible that calbindin may affect the
calcium-mediated regulation of the components of the transcrip-
tion complex. Although its predominant localization is in the
cytosol, previous electron microscopic studies have indicated that
some calbindin is also localized in the nucleus (39). The authors

FIG. 5. Transient transfection of vector clones and calbindin-D28k-overexpressing clones C2 and C10 with rInsI promoter–CAT gene constructs.
(Top) Schematic representation of the rInsI gene 59 f lanking DNA. (Middle) Enhancement of CAT activity using 2345y11 or 5 FF in
calbindin-transfected cells. (Bottom) Graphic representation of CAT activity (each bar represents the mean 6 SEM of three to five independent
transfections). CAT activity using 2345y11 or 5 FF in the calbindin-overexpressing clones C2 or C10 was significantly different from CAT activity
in vector-transfected cells (P , 0.05).
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suggested the possibility that calbindin may function as a nuclear
regulator. In this study, we have not addressed whether calbindin
overexpression alters glucose responsiveness because insulinoma
cell lines have little or no transcriptional response to glucose (40).
However, our results do suggest that the increase in insulin
transcription as a result of calbindin overexpression is mediated in
part by the FF element. It should be noted, however, that the
increase in transcription does not fully account for the marked
increases observed in insulin mRNA. It is possible that insulin
mRNA stabilizing factors may also be playing a role in the
increased insulin mRNA levels observed with calbindin overex-
pression. It will be of interest in future studies to determine
whether calbindin can interact with transcription factors that have
been reported to bind the FLAT element and to examine stimu-
lated insulin release by transfecting calbindin in cells that respond
to glucose, such as bHC cells (41) or primary cultures of rat islet
cells.
Studies related to other calcium-binding proteins present in the

islet have resulted in different effects on insulin secretion. Over-
expression of calmodulin in the b cell of the pancreas in a
transgenicmousemodel resulted, unlike calbindin overexpression,
in decreased insulin mRNA and an insulin secretory defect (42).
Ribar et al. (17) have recently reported that the basic mechanism
which underlies the effect observed with calmodulin overexpres-
sion is defective glucose utilization. Calcyclin, another calcium-
binding protein that has sequence homology to S100 protein, has
recently been identified in the rat pancreatic islet (18). Calcium
dependent insulin release from isolated rat islets was reported to
be enhanced approximately 2-fold upon addition of 1026 M
calcyclin to the incubation medium (18). Changes in insulin
mRNA were not examined. Calgizzarin, another member of the
S100 family, had no effect on calcium-stimulated insulin secretion
under the same conditions (18). Hence, of the calcium-binding
proteins examined thus far, only calbindin has been reported to
have a marked inductive effect on insulin mRNA. Whether
overexpression of calbindin in the b cell of a transgenic mouse
model will result in increased insulin expression, similar to what
was observed in RIN cells but unlike what has been observed in
the calmodulin transgenic mouse model, remains to be deter-
mined. It is possible that each calcium-binding protein present in
the b cell may have a unique role in pancreatic islet physiology
based on properties beyond simple bulk buffering of cytosolic
calcium.
In RIN cells, besides overexpression of calbindin, transfection

and overexpression of the low and high Km glucose transporters,
GLUT1andGLUT2, respectively, have also been reported (29, 30,
43). Overexpression of GLUT1 or GLUT2 was found to increase
insulinmRNA(3- to 6-fold) and secretion (2- to 4-fold; refs. 29 and
30). In addition, stable transfectionofGLUT2cDNAwas reported
to confer a 3-fold increase in glucose-stimulated insulin release in
intermediate- but not high-passageRINcells (43).Asnotedabove,
alterations in endogenous GLUT1 or GLUT2 expression did not
underlie the calbindin effects described in this report. The concept
of regulation of insulin biosynthesis and secretion in b cell lines,
which secrete lower levels of insulin than normal b cells and which
lose glucose responsiveness with time, by overexpression of pro-
teins such as calbindin and GLUT2 may have relevance for
diabetes therapy. Through cellular engineering, it may be possible
to produce insulinoma-like cells that have characteristics of the
normal b cell. Engineered cells could then be encapsulated and
transplanted into diabetic animals to provide amodel of treatment
to reverse the diabetic state.
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