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Introduction

Pancreatic β-cells play a vital role in glucose homeostasis by 
secreting insulin in response to circulating glucose and other 
nutrient stimuli.1,2 Glucose metabolism promotes insulin secre-
tion by increasing the ATP-to-ADP ratio within the β-cell result-
ing in membrane depolarization via closure of ATP-dependent 
K+ channels (K

ATP
-channel) which then stimulates Ca2+ influx 

via L-type Ca2+ channels.2-4 During the second phase of insulin 
secretion, several K

ATP
-independent mechanisms, such as GLP1-

augmented secretion and the autocrine action of insulin, modu-
late the amount of insulin secretion.5,6

While its role is less established, activation of the p44/p42 
mitogen-activated protein (MAP) kinase (also known as ERK1/2) 
has also been shown to regulate glucose-stimulated insulin secre-
tion.7 In the β-cell, ERK1/2 can be activated by glucose at phys-
iologically-relevant concentrations (2–20 mM) and by insulin 
via activation of insulin receptors on the β-cell membrane.8-11 
ERK1/2 has been implicated in regulating glucose-stimulated 
insulin gene transcription.8,12 Whereas initial studies suggested 
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that ERK1/2 had no significant impact on secretion,10,13 more 
recently, ERK1/2 activation was shown to enhance insulin secre-
tion up to 20 minutes after glucose stimulation, but not over lon-
ger periods of time.7

With the emerging importance of these secondary signaling 
pathways in glucose-stimulated insulin secretion, we attempted 
to identify novel factors involved in regulating the β-cell response 
to glucose. Using microarray analysis of MIN6 murine insuli-
noma cells, we revealed that transcription of the serine/threonine 
kinase Pim3 was strongly upregulated after glucose stimulation. 
The expression of Pim kinases in the pancreatic β-cell has not 
been described before. Pim3 is a member of a conserved family of 
kinases originally identified as proto-oncogenes, and expression 
of these kinases is stimulated by numerous growth factors and 
cytokines.14-16 The Pim kinases are widely expressed and Pim3 
mRNA expression has been observed in tissues such as kidney, 
pituitary, heart and skeletal muscle.17-19 Pim3 expression has also 
been observed in neuronal and neuroendocrine cells where expres-
sion is rapidly induced by membrane depolarization.17 Though 
their role in untransformed cells is not fully understood, Pim 
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in expression after glucose stimulation. 
At 15 minutes after stimulation with 
25 mM glucose, there was an average 
18-fold increase in Pim3 mRNA levels. 
Subsequently, there was a sharp drop 
in transcript levels at 30 minutes with 
a further reduction below baseline, 
followed by a slow recovery in expres-
sion (Fig. 1A). Though expressed else-
where, the presence of Pim3 in the 
pancreatic β-cell has not been previ-
ously documented or explored.17-19

To confirm the presence of Pim3 in 
primary islet β-cells, we then exam-
ined Pim3 expression via immuno-
fluorescence. In mouse islets, Pim3 is 
readily detected in the insulin-positive 
β-cells, but is absent from glucagon-
positive α cells and surrounding acinar 
tissue (Fig. 1B).

Next, we examined the dynamics 
of glucose-stimulated Pim3 expression 
in isolated islets. Pim3 mRNA levels 
increase sharply 15 minutes after glu-
cose stimulation of islet β-cells, with a 
subsequent decline in expression until 
60 minutes after stimulation, mirror-
ing the observations in MIN6 cells. By 
3 hours, the amount of Pim3 mRNA 

approaches baseline levels (Fig. 1C). The reduced fold-change in 
Pim3 transcription compared to MIN6 cells may reflect altered 
dynamics of glucose stimulation from slower glucose permeation 
into islets (versus a MIN6 monolayer) and an experimental pro-
tocol which utilizes a shorter, more physiologic quiescence of the 
islets in low glucose. Pim3 protein levels after glucose stimula-
tion closely follow the kinetics of the Pim3 transcript in the islets 
(Fig. 1D), indicating that Pim3 expression after stimulation 
is largely regulated at the level of transcription. This is consis-
tent with the known regulation of Pim1 and Pim2 observed in 
other cell types.25,26 Furthermore, the dynamics of Pim3 expres-
sion observed here underscore the previously reported instabil-
ity of Pim family transcripts and proteins. Pim3 mRNA shares 
a destabilization motif in the 3' untranslated region with Pim1 
and Pim2 mRNA and Pim family proteins were found to have a 
remarkably short half-life (10 minutes or 1 hour).19,27,28

Pim3 modulates insulin secretion in MIN6 cells. To deter-
mine whether Pim3 expression after glucose stimulation impacts 
β-cell function, we expressed kinase-dead (KD) Pim3 (Pim3K68R) 
in MIN6 cells and evaluated changes in insulin synthesis or 
secretion. Pim3K68R carries a point mutation in the ATP-binding 
pocket rendering it inactive (data not shown). Neither insulin 
gene transcription nor proinsulin synthesis after glucose stimula-
tion were significantly altered in the presence of KD-Pim3 (data 
not shown). On the other hand, MIN6 expressing KD-Pim3 
show augmented insulin secretion by 60 minutes after glucose 
stimulation when compared to control-infected MIN6 (Fig. 2A), 

kinases have been shown to phosphorylate and stabilize suppres-
sor of cytokine signaling (SOCS) family members, thereby regu-
lating signal transduction via Jak/STAT and other pathways.20,21 
In addition, Pim kinases have been shown to phosphorylate Ser112 
on the pro-apoptotic protein BAD, causing binding to 14-3-3 
and dissociation from Bcl-X

L
 thereby promoting cell survival.22,23

To determine if the expression of Pim3 in β-cells regulates 
β-cell function, we assessed the impact of Pim3 activity in MIN6 
cells and primary pancreatic islets. We show that Pim3 negatively 
regulates the second phase of glucose-stimulated insulin secre-
tion, both in vitro and in vivo. Furthermore, we show that Pim3 
expression in pancreatic β-cells results in stabilization of SOCS6, 
a known negative regulator of the ERK1/2 signaling pathway. 
The identification of Pim3 and the elucidation of its role in the 
β-cell thus uncover a novel component in the regulation of insu-
lin secretion with the potential for a broader role in regulating 
β-cell activity in response to glucose stimulation.

Results

Identification of Pim3 as a glucose-responsive gene in pancre-
atic β-cells. To identify novel signaling components in the β-cell, 
we performed microarray analysis on glucose-stimulated murine 
insulinoma 6 (MIN6) cells. The accuracy and reproducibility 
of genechip microarray for identifying glucose-responsive β-cell 
genes in MIN6 cells was previously confirmed.24 In our study, we 
identified Pim3 as a novel gene that exhibited profound changes 

Figure 1. Pim3 is a glucose-responsive gene expressed exclusively in pancreatic β-cells. (A) Microarray 
analysis of glucose-stimulated MIN6 cells shows relative (to T0) Pim3 transcript abundance at various 
timepoints after glucose stimulation. Results shown are an average of 2 independent experiments. 
The open diamond represents Pim3 mRNA levels under normal growth (25 mM) conditions. (B) Im-
munofluorescence of representative islets in wildtype mice show that Pim3 (red) co-localizes almost 
entirely with insulin-positive β-cells (blue, magenta in co-localization panel) and not with glucagon-
positive α-cells (green, yellow in co-localization panel) or the surrounding acinar tissue. (C and D) Real 
time-PCR (C) and immunoblots (D) of wildtype islets show that Pim3 mRNA and protein are expressed 
in primary β cells and exhibit an identical expression profile after glucose stimulation that is similar to 
that seen in MIN6 cells. Results shown are representative of 2 (C) or 3 (D) independent experiments.
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an elevated-but-flat second phase (Fig. 2B). In contrast, Pim3-/- 
islets displayed a blunted first phase, followed by a second phase 
which was elevated as compared to wildtype. Remarkably, the 
responses of wildtype and Pim3-/- islets to 14 mM glucose are 
almost identical. Also, insulin release induced by KCl treatment 
(in 2 mM glucose) was comparable between the two genotypes 
(Fig. 2B). Total pancreatic insulin content did not differ signifi-
cantly between Pim3-/- and wildtype islets (Fig. 2C), implying 
that the enhanced insulin secretion in Pim3-/- islets was not due 
to the presence of enlarged intracellular stores.

Pim3-/- mice show increased insulin sensitivity and 
improved glucose tolerance. To further examine how Pim3 
impacts glucose homeostasis in vivo, we evaluated Pim3-/- mice 

suggesting Pim3 may negatively regulate glucose-stimulated 
insulin secretion.

Pim3-/- islets exhibit enhanced glucose-stimulated insu-
lin secretion with total insulin levels unaffected. To validate 
the observed effects of Pim3 on insulin secretion, we analyzed 
islets from Pim3-/- mice generated by Mikkers et al. which were 
reported to lack any overt phenotype.19 We evaluated glucose-
stimulated insulin secretion by stimulation with 8 mM (sub-
optimal) and 14 mM (optimal) glucose in perifusion studies. 
Strikingly, Pim3-/- islets had a significantly increased basal rate 
of insulin secretion at 2 mM glucose (Fig. 2B). After stimula-
tion with 8 mM glucose, wild-type islets responded normally 
with a sharp peak in insulin secretion (first phase) followed by 

Figure 2. Disruption of Pim3 function leads to an augmentation in glucose-stimulated insulin secretion but has no effect on total insulin levels.  
(A) MIN6 cells were infected with adenovirus expressing KD-Pim3 (dashed line, open square) or β-gal (solid black line, filled circle), then stimulated 
with 25 mM glucose and insulin levels were determined 15, 30 and 60 minutes after stimulation. n = 4 each. ***p = 0.006. (B) Pim3-/- (dashed line, open 
square) and wildtype (solid black line, filled circle) islets were isolated and glucose-stimulated insulin secretion was determined by perifusion. Islets 
(45–50 per sample) were stimulated with 8 mM then 14 mM glucose from 2 mM glucose KRB and finally with 30 mM KCl in 2 mM glucose. Fractions 
were collected every 2 minutes at a flow rate of 0.5 mL/min. Data are represented as insulin secreted in each fraction divided by total insulin content 
of the islets in each perifusion chamber. n = 3 for each genotype. *p < 0.05, †p ≤ 0.01, ‡p < 0.001. (C) Total insulin levels of Pim3-/- (gray bar) and wildtype 
(black bar) were determined by acid-ethanol extraction. n = 5, wt; n = 4, Pim3-/-.
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specifically reduced in Pim3-/- mice (Fig. 3F and G), consistent 
with a decreased in vivo demand for insulin.

At the β-cell level, our in vitro data point towards increased 
glucose-stimulated insulin secretion in the absence of Pim3 and 
this was confirmed in vivo. A glucose tolerance test demonstrates 
that Pim3-/- mice display enhanced glucose uptake relative to 
wildtype (Fig. 3D). At earlier time points, the trend towards 
improved glucose tolerance is likely the result of enhanced insulin 
sensitivity as serum insulin level are reduced in Pim3-/- mice (Fig. 
3E). However, serum insulin levels at 60 minutes suggest that 

for putative alterations in glucose or insulin levels. Under 
steady-state conditions, blood glucose concentrations did not 
vary much (Fig. 3A). However, serum insulin levels were sig-
nificantly reduced in Pim3-/- mice compared to wildtype 
(Fig. 3B), an especially surprising result considering the ele-
vated basal secretion seen in the perifusion study. This suggests 
the Pim3-/- mice have enhanced peripheral insulin sensitivity. 
Indeed, increased insulin sensitivity was observed in Pim3-/- 
mice at 30 and 60 minutes after insulin stimulation (Fig. 3C). 
Additionally, average β-cell size is slightly, but significantly and 

Figure 3. Pim3-/- mice exhibit increased insulin sensitivity and improved glucose tolerance. Blood glucose (A) and serum insulin levels (B) were de-
termined in freely fed and fasted (overnight) Pim3-/- (grey bar) and wildtype (black bar) mice. For fed serum insulin: n = 5, wt; n = 4, Pim3-/-. For fasted 
serum insulin: n = 4, wt; n = 3, Pim3-/-. Blood glucose levels were also evaluated during an insulin (C) and glucose (D) tolerance test with wildtype (solid 
black line, filled circle) and Pim3-/- (dashed line, open square) mice. Mice were all male between 10 and 16 weeks of age. For blood glucose levels and 
insulin and glucose tolerance tests: n = 9, wt; n = 5, Pim3-/-. (E) Serum insulin levels were monitored in wildtype (filled circle) and Pim3-/- (open square) 
mice during a glucose tolerance test. n = 3, wt and Pim3-/-. *p < 0.05, **p ≤ 0.025. (F and G) Average beta cell size (F) was calculated for each islet exam-
ined and wildtype (black bar) and Pim3-/- (grey bar) averages compared. Beta cells from Pim3-/- mice are, on average, approximately 6.5% smaller than 
wildtype beta cells. Average acinar cells size (G) was determined from acinar cells surrounding islets. Beta cells: n = 68 islets, wildtype; n = 64 islets, 
Pim3-/-. Acinar cells: n = 72 regions, wildtype and Pim3-/-. *p = 0.0069.
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that SOCS6 and Pim3 physically interact (Fig. 5A and B) and 
Pim3 phosphorylation of other SOCS proteins is known to lead 
to increased stability.20,21

Numerous studies have implicated SOCS6 in the negative 
regulation of ERK1/2 activity in other cell types in response to 
various stimuli.31-33 To determine whether SOCS6 can regulate 
glucose-mediated ERK1/2 activation in the β-cell, we examined 
glucose-stimulated signaling in MIN6 cells stably overexpressing 
SOCS6. Consistent with its role as a negative regulator, activation 
of ERK1/2 was significantly reduced with SOCS6 overexpres-
sion (Fig. 5D). This reduced phosphorylation of ERK1/2 with 
SOCS6-overexpression compared with the increased ERK1/2 
phosphorylation in Pim3-/- islets (which exhibit strongly reduced 
SOCS6 levels) suggest that Pim3 can modify activity of the 
ERK1/2 pathway through SOCS6. Furthermore, SOCS6 seems 
to preferentially affect ERK1/2 activity since MEK phosphoryla-
tion is not significantly affected (Fig. 5D).

Discussion

Glucose stimulation of the pancreatic β-cell triggers a number 
of downstream events that result in insulin secretion.1,2 In an 
effort to uncover novel participants in these signaling pathways, 
we identified the serine/threonine kinase Pim3 as a novel glu-
cose-responsive gene in the β-cell. Although Pim3 is expressed 
in a number of tissues including other neuroendocrine cells, 
neither the presence nor the function of Pim3 has been charac-
terized in β-cells.17-19 We show that Pim3 expression within the 
pancreas is confined to the β-cells, where Pim3 acts as a nega-
tive regulator of the second phase of glucose-stimulated insulin 
secretion.

Enhanced insulin secretion in response to glucose stimula-
tion is seen in both MIN6 cells overexpressing KD-Pim3 and 
islets isolated from Pim3-/- mice. Perifusion studies on isolated 
islets revealed that this augmentation in insulin secretion occurs 
primarily with low (8 mM) glucose stimulation, and during the 

this improved mobilization of glucose is a result of late enhance-
ment of insulin secretion between 30 and 60 minutes after glu-
cose stimulation (Fig. 3E) coincident with the accelerated glucose 
uptake in Pim3-/- mice at 60 minutes (Fig. 3D).

Pim3 inhibits ERK1/2 activation with minimal effect on 
Akt. The specific effects of Pim3 on the second phase of insulin 
secretion as well as documented roles for the other Pim family 
proteins in the regulation of signal transduction25,29 suggest that 
Pim3 may be affecting insulin secretion by functioning in one or 
more glucose-stimulated or glucose-requiring K

ATP
-independent 

regulatory pathways.5-7 Potential pathways include those that 
function through the activation of Akt and ERK1/2.7,11,30 To 
determine whether Pim3 functions through either of these 
kinases, isolated islets from Pim3-/- and wildtype mice were 
stimulated with glucose and analyzed for activation of ERK1/2 
and Akt. Indeed, Pim3-/- islets have more activated ERK1/2 both 
at 5 and 10 minutes after stimulation with no difference in the 
levels of phosphorylated Akt (Fig. 4). This suggests that Pim3 
functions as a negative regulator of the ERK1/2 pathway with no 
effect on Akt. Preliminary perifusion studies in the presence of 
the MEK inhibitor PD98059 further suggest that Pim3 regulates 
insulin secretion through this effect on ERK1/2 activation as the 
increased secretion seen in untreated Pim3-/- islets (Fig. 2B) is 
abolished when ERK1/2 phosphorylation is inhibited (Suppl. 
Fig. 1).

Pim3 acts on the ERK1/2 pathway through interaction with 
SOCS6. Pim kinases have previously been shown to phosphory-
late and stabilize members of the suppressor of cytokine signal-
ing (SOCS) family, thus enhancing their ability to negatively 
regulate signaling pathways.20,21 To evaluate whether Pim3 may 
regulate ERK1/2 activity in β-cells through an effect on SOCS, 
we performed GST pull-down assays using wildtype (wt) and 
KD-Pim3-GST fusion proteins with MIN6 cell lysate. All SOCS 
family members except SOCS2 are expressed in MIN6 cells (data 
not shown), though Pim3-GST appeared to associate only with 
SOCS3, SOCS5 and SOCS6 (Fig. 5A). In contrast, Pim3-GST 
did not directly associate with components of the ERK1/2 path-
way (data not shown). We then confirmed the observed interac-
tions with SOCS proteins through crosslinking analysis in MIN6 
cells expressing an HA-tagged form of KD-Pim3 (wildtype Pim3 
was toxic to the bacterial host used to construct the recombi-
nant adenovirus and so could not be used in these experiments). 
Under these conditions, only SOCS6 was found to interact with 
Pim3 (Fig. 5B). The relative levels of SOCS6 correlated well with 
the relative level of Pim3 expressed from the transfected vector 
and immunoprecipitated, further supporting a direct and specific 
interaction (Fig. 5B).

In parallel to the observed effects of Pim kinases on SOCS 
protein levels, we hypothesized that SOCS6 stability would be 
enhanced through Pim3 phosphorylation.20,21 To test this, we 
compared SOCS6 levels in Pim3-/- versus wildtype islets. In the 
absence of Pim3, there is a substantial reduction in the amount of 
SOCS6 present under normal growth conditions (Fig. 5C), sug-
gesting Pim3 regulates SOCS6 stability in the β-cell. It is likely 
that the increased stability of SOCS6 in the presence of Pim3 
is the result of SOCS6 phosphorylation, as we can demonstrate 

Figure 4. Pim3 negatively regulates the ERK1/2 signaling pathway. 
Isolated islets (40–45 per timepoint) from Pim3-/- and wildtype mice 
were treated with 2.8 mM glucose RPMI for 3 hours and stimulated with 
16.7 mM glucose RPMI for the times indicated and levels of activated 
signal components determined through immunoblot. Results shown 
are representative of 3 independent experiments.
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extrinsic regulation of the b cell (e.g., alpha-adrenergic stimula-
tion) in the whole animal that helps maintain euglycemia in a 
background of increased insulin sensitivity.36 Indeed, the reduced 
serum insulin levels in the Pim3-/- mice at 0 and 30 minutes dur-
ing a glucose tolerance test (Fig. 3E) suggest that Pim3-/- mice do 
extrinsically regulate insulin secretion in some capacity. In fact, 
the increased insulin sensitivity itself may be extrinsically regu-
lated at the neuronal level as well. Recent studies demonstrate 
that insulin-sensitive neurons in the hypothalamus can rapidly 
regulate hepatic glucose production and potentiate the effect 
of circulating insulin on peripheral tissue through activation of 
the insulin signaling pathway in these neurons.37,38 Considering 
Pim3 is significantly expressed in the CNS (and not well or con-
sistently expressed in insulin-sensitive peripheral tissue),17,19 the 
increased insulin sensitivity in Pim3-/- mice may be from altera-
tions in insulin signaling in hypothalamic neurons. The under-
lying cause of this increased insulin sensitivity warrants further 
investigation.

The molecular mechanism underlying the secretion phenotype 
likely involves the regulation of ERK1/2 activity by Pim3. It was 

second phase. Heterogeneity in the glucose responsiveness of 
β-cell populations may account for this unique phenotype of 
Pim3-/- islets. Stimulation with 7.5 mM glucose activates approxi-
mately 50% of isolated β-cells with progressive recruitment of 
more β-cells up to 12 mM glucose, when the vast majority of 
the cells are active.34,35 Considering the glucose range where this 
heterogeneity becomes apparent, an overall shift towards greater 
glucose sensitivity in the Pim3-/- islets could account for both the 
increased basal insulin secretion relative to wildtype at 2 mM 
glucose, the increased insulin secretion at 8 mM and the lack 
of increased insulin secretion at 14 mM glucose. Although not 
directly assessed here, a putative role for Pim3 in setting the 
threshold for β-cell activation by glucose strongly resembles the 
reported role for Pim1 and Pim2 in the regulation of T-cell sensi-
tivity to TCR/IL-2 activation.19

The elevated insulin secretion at 2 mM glucose observed in 
the isolated Pim3-/- islets was surprising considering the relative 
hypoinsulinemia found in Pim3-/- mice. Aside from a potential 
population shift in glucose sensitivity mentioned previously, 
the difference in basal insulin secretion could be secondary to 

Figure 5. Pim3 directly interacts with SOCS6 and this interaction may mediate its effect on ERK1/2. (A) GST pulldown experiment using MIN6 cell 
lysates from cells grown in either high (25 mM) or low (0.5 mM) glucose conditions and wt-Pim3-GST, KD-Pim3-GST fusion proteins or GST alone as 
bait. Possible interactions were evaluated by western blot. (B) Crosslinking experiments using MIN6 infected with adenovirus expressing HA-tagged 
form of KD-Pim3. MIN6 cells were infected with KD-HA-Pim3 adenovirus, incubated in 0.5 mM glucose for 3 hours then stimulated with 25 mM glucose 
for the times indicated. Cells were lysed in 1% Triton X-100 buffer containing 1.25 mM DTSSP, Pim3 was immunoprecipitated with α-HA antibody, and 
associated proteins identified by western blot. (C) Islets under normal growth (11.5 mM glucose) conditions were lysed and levels of SOCS6 and tubulin 
determined by western blot. (D) MIN6 cells stably overexpressing SOCS6 were incubated in 0.5 mM glucose for 3 hours and then stimulated with 25 
mM glucose for the times indicated. Cells were lysed and protein levels determined by western blot.
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activity through its effect on SOCS6. These data ascribe a new 
function to a member of a well-studied protein family and broad-
ens our knowledge of signaling pathways responsible for regulat-
ing insulin secretion. Furthermore, the implication of Pim3 in 
generalized suppression of the activated β-cell further suggests 
that this kinase has a more global and central role in β-cell func-
tion. This may provide a novel therapeutic target for enhancing 
the β-cell response to glucose stimulation by improving insulin 
secretion and β-cell survival, and with potentially a combined 
effect on peripheral insulin sensitivity, may overcome the insulin 
resistance associated with type 2 diabetes.

Materials and Methods

Microarray analysis. Microarray analysis was performed as 
described previously.24 Specifically, early-passage MIN6 murine 
pancreatic beta cells were grown in high-glucose DMEM 
(Invitrogen, Carlsbad, CA) supplemented with 10% heat-inacti-
vated FBS (Invitrogen, Carlsbad, CA) and 28.4 μM 2-mercapto-
ethanol (Sigma-Aldrich, St. Louis, MO). Cells were then treated 
with 5.5 mM glucose DMEM, 10% FBS, 28.4 μM 2-mercapto-
ethanol for 24 hours and then stimulated with 25 mM glucose 
DMEM, 10% FBS, 28.4 μM 2-mercaptoethanol. Total RNA 
was prepared (Ambion, Austin, TX) at 0, 15, 30, 60, 180, 360 
and 720 minutes after stimulation with 25 mM glucose and 
poly(A)+ RNA was then isolated by using oligo-dT-conjugated 
latex beads (Qiagen, Valencia, CA). Double-stranded cDNA 
was then synthesized from 1 μg of poly(A)+ RNA by using the 
Superscript Choice System (Invitrogen, Carlsbad, CA) with an 
oligo-dT primer containing a T7 RNA polymerase promoter 
(Genset, La Jolla, CA). Approximately 1.5 μl of the resulting 
cDNA was then used in an in vitro transcription reaction using 
Bioarray High Yield RNA Transcript Labeling Reagents (Enzo 
Diagnostics, Farmingdale, NY) and incorporating biotinylated 
CTP and UTP. In vitro transcription reactions yielded 50–70 
μg biotin-labeled cRNA. Biotin-labeled cRNA was purified on a 
RNeasy affinity column (Qiagen, Valencia, CA) and fragmented 
at 94°C for 35 min in fragmentation buffer (40 mM Tris-acetate 
pH 8.1, 100 mM KOAc, 30 mM MgOAc). Hybridization solu-
tion (1 M NaCl, 20 mM EDTA, 100 mM 2-(N-morpholino)
ethanesulfonic acid, 0.01% Tween 20) was used to prehybridize 
Affymetrix (Santa Clara, CA) Mu11K and Mu19K oligonucle-
otide microarrays for 30 min at 40°C. The prehybridization 
solution was removed and replaced with 200 μl of hybridization 
solution containing 0.05 μg/μl of fragmented cRNA. The arrays 
were hybridized for 16 h at 40°C. After hybridization, arrays were 
washed on an Affymetrix fluidics station and stained with strepta-
vidin-phycoerythrin (hybridization solution, 2 mg/ml acetylated 
BSA and 5 μg/μl streptavidin R-phycoerythrin). (Molecular 
Probes, Invitrogen, Carlsbad, CA). After staining, arrays were 
washed extensively in fresh hybridization buffer. Arrays were 
scanned on a Hewlett-Packard GeneArray Scanner, and the data 
obtained were analyzed by using Affymetrix GENECHIP 3.2 
software.

Immunofluorescence. Immunofluorescence was performed as 
described previously.44 Briefly, pancreata were removed from mice, 

recently shown that blocking ERK1/2 activation in MIN6 cells 
and isolated rat islets leads to reduced insulin secretion, specifi-
cally at earlier timepoints after glucose stimulation.7 This effect 
is in line with our observations that augmented ERK1/2 activ-
ity after glucose stimulation temporally correlates with increased 
insulin secretion in isolated Pim3-/- islets. Furthermore, prelimi-
nary data where Pim3-/- islets were treated with the MEK inhibi-
tor PD98059 suggest that directly inhibiting ERK1/2 activation 
appears to eliminate this augmented glucose-stimulated insulin 
secretion (Suppl. Fig. 1).

We show that Pim3 may regulate ERK1/2 activity through 
SOCS6. Pim3 physically interacts with SOCS6 and appears to 
regulate its stability. SOCS6 itself has been implicated in regulat-
ing ERK1/2 activity.33,39 Our data suggest that SOCS6 would act 
as a negative regulator of insulin secretion, though SOCS6-/- mice 
show no changes in glucose or insulin tolerance.32 SOCS7-/- mice 
do, however, exhibit enhanced insulin sensitivity and glucose 
tolerance.40 The high degree of homology between SOCS6 and 
SOCS7 suggests the possibility of functional redundancy in the 
β-cell and potentially explains the absence of a phenotype in the 
SOCS6-/- mice. SOCS6 transgenic mice, despite reduced PI3 
kinase activation in hepatocytes after in vivo insulin stimulation, 
paradoxically exhibited improved glucose and insulin tolerance.31 
None of these studies, however, examined the role of SOCS6 in 
the β-cell specifically so the full profile of SOCS6 function in 
glucose homeostasis remains unclear.

Aside from its role modulating ERK1/2 and SOCS6 activ-
ity, functional interactions between Pim3 and the pro-apoptotic 
protein BAD may further contribute to the regulation of β-cell 
function. Over-activation of the β-cell in response to glucose can 
potentially lead to excessive insulin secretion and undue meta-
bolic stress leading to β-cell apoptosis. Through Pim3 phosphor-
ylation of BAD at Ser112,22 the anti-apoptotic pathway would be 
favored, thus promoting β-cell survival at the point of maximal 
glucose stimulation when Pim3 expression is greatest. Consistent 
with a role in regulating cell growth and survival, Pim3-/- islets 
are slightly, but significantly hypotrophic (Fig. 3F). The interac-
tion between Pim3 and BAD may also relate to the insulin secre-
tion phenotype observed in our study. Danial et al. show that 
phosphorylated BAD in the β-cell, particularly at Ser155, stimu-
lates insulin secretion by stimulating glucokinase activity on the 
mitochondrial membrane.41 Though the role and regulation of 
serine phosphorylation in BAD is not fully understood, phos-
phorylation of Ser112 and/or Ser136 appears to regulate binding to 
14-3-3 whereas phosphorylated Ser155 interacts with Bcl-X

L
.42,43 

In Pim3-/- β-cells, there may be less BAD sequestered in the cyto-
sol by 14-3-3 because of reduced Ser112 phosphorylation allowing 
more BAD to be available to interact with mitochondrial glu-
cokinase and thus enhancing insulin secretion. Further studies 
are necessary to determine whether there is a direct connection 
between Pim3 activity and the role of BAD in insulin secretion, 
but this potential dual role of Pim3 in limiting insulin secretion 
is an exciting possibility.

In summary, we have identified Pim3 as a novel factor in the 
regulation of glucose-stimulated insulin secretion whereby Pim3 
inhibits this process by limiting glucose-stimulated ERK1/2 
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were determined using a sensitive rat insulin RIA kit (Millipore, 
Billerica, MA).

Islet isolation. Islets were isolated using an intraductal colla-
genase technique as described previously and were handpicked.46 
Briefly, islet isolation buffer (1X Hanks’ Balanced Salt Solution, 
10 mM HEPES, 1 mM MgCl

2
, 1 mM CaCl

2
, 5 mM glucose, 

100 units/mL penicillin and 100 μg/mL streptomycin, pH 7.4) 
containing 0.375 mg collagenase P (Roche, Indianapolis, IN) 
per mL was infused into the pancreas via intraductal injection. 
After collagenase digestion of the pancreas, islets were washed 
twice with islet isolation buffer, and then handpicked using a 
Zeiss Stemi 2000-C stereo zoom microscope. Islets were then 
placed in 11.5 mM glucose RPMI 1640 (Invitrogen, Carlsbad, 
CA) supplemented with 10% heat-inactivated fetal bovine serum 
(Invitrogen, Carlsbad, CA), 100 units/mL penicillin and 100 
μg/mL streptomycin (Invitrogen, Carlsbad, CA) and allowed to 
recover overnight at 37°C and 5% CO

2
.

Islet perifusion. Perifusion experiments were performed as 
described previously using bicarbonate-buffered Krebs Ringer 
Buffer (KRB)47 supplemented with BSA (0.2 g/L) with some mod-
ification. Specifically, each sample contained 45–50 islets, flow 
rate was 0.5 mL/min and fractions were collected every 2 min-
utes in a temperature-controlled multichamber perifusion system 
(ACUSYST-S, Cellex Biosciences, Minneapolis, MN). At the con-
clusion of the perifusion experiment, islets were lysed in PBS + 1% 
Triton X-100 to determine total insulin levels. Insulin concentra-
tion in eluted fractions and for total pancreatic insulin was deter-
mined by a double-antibody RIA using a rat insulin standard.48

Islets stimulation and total pancreatic insulin determina-
tion. Islets (40–45 per timepoint) were first incubated in 2.8 mM 
glucose RPMI 1640 with 100 units/mL penicillin and 100 μg/
mL streptomycin for 3 hours at 37°C and 5% CO

2
. With the 

exception of the islets used for T
0
, islets were then stimulated 

with 16.7 mM glucose RPMI 1640 with 100 units/mL peni-
cillin and 100 μg/mL streptomycin for 5, 10 and 30 minutes. 
Islets were then lysed in 2X Laemmli Buffer (Bio-Rad, Hercules, 
CA) and protein levels were determined using the RC DC pro-
tein assay (Bio-Rad, Hercules, CA). FBS was excluded from the 
quiescence media and stimulation media for optimal quiescence 
and to limit the extent of non-glucose stimulation in subsequent 
analysis. Lysates were then resolved by SDS-PAGE by loading 
equal protein mass and relative protein levels determined by west-
ern blot. Total pancreatic insulin was determined by ethanol-acid 
extraction as described previously.49 Insulin concentrations were 
measured as described above.48

b-cell and acinar-cell size determination. Immuno-fluorescence 
and antigen labeling for beta cells were performed as described 
above. Nuclei were labeled by staining with 4',6-diamidino-2-phe-
nylindole (DAPI) at a 1:1,000 dilution (Sigma-Aldrich, St. Louis, 
MO). Beta cell area in each section was defined by MetaMorph 
Software (Universal Imaging, West Chester, PA) and nuclei were 
counted manually on two separate occasions. Average beta cell size 
was determined by dividing the area of the region by the number 
of nuclei counted. Average acinar cell size was determined as with 
the insulin-positive region except regions, though similar in size to 
the islets, were arbitrarily drawn.

fixed in formalin, and embedded in paraffin. Sections were then 
cut to a thickness of approximately 5 μm. Antigens were detected 
by affinity-purified rabbit polyclonal antibodies to Pim3 (1:50 
dilution), guinea pig anti-glucagon (Millipore, Billerica, MA, 
1:400 dilution), and mouse anti-insulin antibodies (Invitrogen, 
Carlsbad, CA, 1:500 dilution). Pim3 antibody was produced by 
immunizing rabbits with a synthetic peptide corresponding to resi-
dues 13–32 of mouse Pim3. Antibodies were purified by protein 
A and peptide-affinity chromatography. Fluorescently labeled sec-
ondary donkey antibodies (Jackson Immunoresearch, West Grove, 
PA, anti-rabbit, Cy5; anti-guinea pig Cy3; and anti-mouse, Cy2) 
at 1:200 dilution were used for detection. Fluorescence was then 
detected using the Olympus IX81 inverted fluorescent microscope 
(Olympus, Center Valley, PA) and images were analyzed using 
MetaMorph software (Universal Imaging, West Chester, PA).

Real-time PCR. Isolated islets were stimulated with glucose 
as described below, and islets were lysed in denaturation solu-
tion (Ambion, Austin, TX) to isolate RNA. Using the ToTALLY 
RNA isolation kit (Ambion, Austin, TX) RNA was isolated at 
each timepoint by phenol:choloform:IAA extraction and iso-
propanol precipitation. After determining total RNA concentra-
tion using A

260
/A

280
 measurements made by spectrophotometer, 

cDNA was synthesized from approximately 1 μg of RNA using 
the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). The 
resulting cDNA was then used in the iQ SYBR Green super-
mix real-time PCR reaction (Bio-Rad, Hercules, CA). Reactions 
were set up as follows: 12.5 μL iQ SYBR Green Supermix (Bio-
Rad, Hercules, CA), 10 pmol forward primer, 10 pmol reverse 
primer, 10 μL cDNA (1:100 dilution), and sterile water for a final 
volume of 25 μL. Standard curves at dilutions of 1:10, 1:100, 
and 1:1,000 were prepared for each primer set. Primers (Operon 
Qiagen, Valencia, CA) were designed to amplify each of the fol-
lowing two loci: Pim3 (5'-AAG GAC ACG GTC TAC ACT 
GAC T-3' and 5'-ACA CCA TGT CGT AGA GCA GTA C-3') 
and 18S (5'-GCT GGA ATT ACC GCG GCT-3' and 5'-CGG 
CTA CCA CAT CCA AGG AA-3'). PCR conditions were as fol-
lows: 95°C for 3 min (1X), [95°C for 10 s, 60°C for 30 s, 72°C 
for 30 s] (40x), 95°C for 1 min (1X), 55°C for 1 min (1X), 55°C 
for 10 s (80X). The setpoint temperature was increased after cycle 
2 by 0.5°C. Melt curve analysis was performed in order to verify 
the amplification of a single PCR product. The threshold cycle 
(C

T
) methodology was utilized to quantify relative amounts of 

mRNA and samples were corrected for discrepancies in the initial 
amount of RNA present by normalizing to the C

T
 of the 18S tran-

script, a transcript that is unchanged after glucose stimulation.
Generation of Pim3-deficient mice. Pim3-/- mice have been 

previously generated.19 Mice were maintained on an FVB/N 
background and the care of all animals in these studies was in 
accordance with the National Institutes of Health and University 
of Chicago institutional guidelines.

Metabolic studies. Studies utilized male mice between 10 to 16 
weeks of age. Insulin and glucose tolerance tests were performed 
as previously described.45 Serum insulin levels were determined 
by performing the glucose tolerance test as before on anesthetized 
animals (inhaled Metofane dosed to effect) and obtaining blood 
at appropriate timepoints via retro-orbital bleed.45 Insulin levels 
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2 minutes at 13,000 RPM and 100 μL was removed and used to 
determine insulin concentration. Insulin concentration was mea-
sured by a double-antibody RIA as described above.

GST fusion protein production and pulldown. Wt-Pim3- 
and KD-Pim3-GST fusion proteins were constructed using 
pGEX-4T-1 (Amersham Biosciences-GE Healthcare, Chalfont 
St. Giles, UK). Recombinant proteins were expressed and puri-
fied from BL21 E. Coli (Stratagene, La Jolla, CA).51 Pulldown 
assays were performed as described51 using 20 μg of Pim3-wt-
GST, KD-Pim3-GST and GST proteins and MIN6 cell lysate 
from cells grown in 25 mM and 0.5 mM glucose.

Crosslinking and immunoprecipitation. MIN6 cells were 
infected with KD-HA-Pim3-expressing adenovirus, incubated 
in low glucose and stimulated with high glucose as described 
above. Cells were lysed before, 5, 10 and 30 minutes after stim-
ulation in Buffer A52 supplemented with 1.25 mM 3,3'-Dithiob
is[sulfosuccinimidylpropionate] (DTSSP) (Pierce, Rockford, IL). 
Immunoprecipitations were performed on pre-cleared (with protein 
G-agarose) lysates by incubation with anti-HA antibody (1:200 
dilution, Cell Signaling, Danvers, MA) and protein G-agarose 
(Roche, Indianapolis, IN) at 4°C with rotation. Proteins were 
eluted (and crosslinker cleaved) with 2X Laemmli buffer.

Statistical analysis. When applicable, results were presented 
as mean ± SEM. Unpaired Student’s t-test was used to evaluate 
differences between results.
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Note

Supplementary materials can be found at:
www.landesbioscience.com/supplement/VlacichISLETS2-5-sup.
pdf

Cell culture. Early passage MIN6 cells (passages 18–29) were 
grown as described above and previously.24 Low glucose media 
contained 0.5 mM glucose DMEM in the absence of fetal bovine 
serum (FBS) for optimal quiescence of MIN6 cells. Stimulation 
of cells was then performed in the absence of FBS or sodium 
pyruvate to minimize beta cell stimulation from non-glucose 
stimuli.

Adenovirus construction and infection. Pim3 cDNA was 
cloned from MIN6 mRNA. Plasmid DNA encoding the kinase-
dead Pim3 (Pim3K68R) was constructed (QuikChange site-di-
rected mutagenesis kit—Stratagene, La Jolla, CA) and a 5'-HA 
tag was added. The KD-Pim3 and KD-HA-Pim3-encoding 
fragments were then used to construct recombinant adenovirus 
using the Adeno-X Expression Systems 2 (Clontech, Mountain 
View, CA). HEK293 cells were maintained and viral titers were 
determined as in.50

MIN6 cells were infected with adenovirus at a multiplicity 
of infection of 2 for insulin secretion studies and 50 for cross-
linking studies. Infection was performed in high glucose MIN6 
media for 4 hours at 37°C in 5% CO

2
. Cells were then rested in 

normal high glucose media at 37°C in 5% CO
2
 for an additional 

11 hours.
Construction and stimulation of MIN6 stable transfectants. 

MIN6 stable transfectants expressing SOCS6 cDNA (GenBank 
ID: BC085245) from the pcDNA 3.1/Zeo (-) expression vector 
(Invitrogen, Carlsbad, CA) were generated by electroporation and 
selection with Zeocin (Invitrogen, Carlsbad, CA). Expression of 
SOCS6 was detected by western blot (Fusion Antibodies, Belfast, 
northern Ireland). Cells were incubated in 0.5 mM glucose for 
3 hours (T

0
) and stimulated with 25 mM glucose for 5, 10 and 

30 minutes.
MIN6 insulin secretion assay. MIN6 cells were plated 

in 24-well cell cultures plates to a confluence of 75–80% and 
infected with KD-Pim3- or β-galactosidase-expressing adenovi-
rus (Clontech, Mountain View, CA) as described above. Cells 
were then incubated in low glucose (0.5 mM) MIN6 media for 3 
hours at 37°C and 5% CO

2
, the low glucose media was removed 

and cells were then stimulated with high glucose (25 mM) MIN6 
stimulation media (650 μL) and incubated for an additional 60 
minutes. Aliquots (150 μL) of media were removed 15, 30 and 
60 minutes after glucose stimulation. Aliquots were spun for  
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