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Background: BRSK2 has never reported to be functional in pancreatic islets.
Results: BRSK2 interacts with PCTAIRE1 and phosphorylates it at Ser-12. Knockdown of BRSK2 augmented low glucose-
stimulated insulin secretion.
Conclusion: BRSK2 negatively regulates insulin secretion in �-cells via a PCTAIRE1-dependent mechanism.
Significance: This study reveals a novel function of BRSK2 in insulin secretion and uncovers its related regulation mechanism.

Brain-selective kinase 2 (BRSK2) has been shown to play an
essential role in neuronal polarization. In the present study, we
show that BRSK2 is also abundantly expressed in pancreatic
islets and MIN6 �-cell line. Yeast two-hybrid screening, GST
fusion protein pull-down, and co-immunoprecipitation assays
reveal that BRSK2 interacts with CDK-related protein kinase
PCTAIRE1, a kinase involved in neurite outgrowth and neu-
rotransmitter release. In MIN6 cells, BRSK2 co-localizes with
PCTAIRE1 in the cytoplasm and phosphorylates one of its ser-
ine residues, Ser-12. Phosphorylation of PCTAIRE1 by BRSK2
reduces glucose-stimulated insulin secretion (GSIS) in MIN6
cells. Conversely, knockdown of BRSK2 by siRNA increases
serum insulin levels in mice. Our results reveal a novel function
of BRSK2 in the regulation of GSIS in �-cells via a PCTAIRE1-
dependent mechanism and suggest that BRSK2 is an attractive
target for developing novel diabetic drugs.

Brain-selective kinase 2 (BRSK2,4 also known as SAD-A) is a
member of theAMP-activated protein kinase (AMPK) subfam-

ily of serine/threonine kinases (1). BRSK2 and closely-related
BRSK1 (also named SAD-B) are orthologs of SAD-1 in
Caenorhabditis elegans (2, 3). They were originally identified as
genes specifically expressed in the brain, with an essential func-
tion in neuronal polarization (2). Neurons of SAD-AB�/�-null
mutant mice have extended axons, and neurons from hip-
pocampus- and cortex-specific mutant mice also failed to form
distinct axons and dendrites in culture (2). Subsequently,
BRSK1 was identified to be a novel SV (synaptic vesicle), and
active zone cytomatrix-associated protein kinase that is
involved in the regulation of neurotransmitter release; it most
likely functions by phosphorylating the active zone protein and
vesicle priming factor RIM1, among other potential targets in
SVs and/or active zones (3).
AMPK has been shown to be a potential therapeutic target

for type 2 diabetes (4), largely due to its regulatory function in
glucose and lipid metabolism. AMPK undergoes activation at
low glucose levels in pancreatic�-cells to regulate the dynamics
of insulin-containing secretory vesicles and hence, insulin
secretion (5, 6). Activation of AMPK has been reported to
impair glucose-induced insulin secretion (GSIS) and survival of
pancreatic �-cells and islets (7–9). AMPK is activated by high
AMP (and low ATP) concentrations through multiple mecha-
nisms, through modulation of both the intrinsic kinase activity
and its phosphorylation and activation by an upstream kinase,
AMPKkinase (AMPKK) (10–12). One suchAMPKK is LKB1, a
tumor suppressor kinase implicated in the pathogenesis of
Peutz-Jeghers Syndrome (13–15). LKB1 has been reported to
phosphorylate and activate 13 AMPK family members, includ-
ing BRSK2 (1). Mutation of residue Thr-174 within the T-loop
of BRSK2 alters its kinase activity (1). Although BRSK2 belongs
to the AMPK family, it has not been shown to play a role in
regulating insulin secretion and/or energy metabolism.
PCTAIRE1 is a serine/threonine kinase, which was originally

identified as a Cdc2-like kinase (16, 17). As an uncharacterized
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branch of the cyclin-dependent kinase (CDK) family,
PCTAIRE1 has two isoforms in higher organisms, PCTAIRE2
and PCTAIRE3 (17), both of which contain a large N-terminal
domain. PCTAIRE kinases are ubiquitously expressed, and it
has been found to be predominantly expressed in terminally
differentiated cells and transformed cell lines (18, 19). They are
not activated by any known cyclins (18) as a result of a serine to
cysteine mutation in their conserved cyclin-binding consensus
motif. Recently, a novel cyclin CYY-1 was identified and shown
to be essential for PCTAIRE1 activity targeting presynaptic
components to axons (20). PCTAIRE1 modulates secretory
cargo transport by interacting with the COPII complex (21),
and regulates secretion of growth hormone from PC12 cells
through phosphorylation of residue Ser-569 of the N-ethylma-
leimide-sensitive fusion protein (NSF) (22).
In this study, we uncovered new functions of BRSK2 and

PCTAIRE1 in pancreatic �-cells. We demonstrated that both
kinases are highly expressed in human pancreatic islets and
MIN6 murine �-cell line. Importantly, we found that
PCTAIRE1 is a substrate of BRSK2 and the phosphorylation of
PCTAIRE1 by BRSK2 plays a crucial role in regulating insulin
secretion in response to glucose.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies—cDNA encoding full-length
human BRSK2 or PCTAIRE1 was subcloned into a BD
(pGBKT7)/AD (pGADT7) vector (ClonTech) and a PCMV-
Myc/HA expression vector. Full-length and partial cDNA frag-
ments of PCTAIRE1were subcloned into a pGEX-4T-1 expres-
sion vector. Full-length BRSK2 cDNA was subcloned into a
pET28a expression vector. The cDNA encoding BRSK2 (K48M
and T174E) or PCTAIRE1 (S12A, S12E, S153A, and K194M)
mutants were conducted using a Quick Change mutation kit
(Stratagene). The antibodies used were as follows: Rabbit anti-
PCTAIRE1, PCTAIRE2, PCTAIRE3, or mouse anti-CDC25C
(Santa Cruz Biotechnology); Rabbit anti-phospho-CDC25C
Ser216 (Cell Signaling); mouse anti-HA, Myc, �-actin/tubulin
(Sigma-Aldrich);mouse anti-GST (Novagen);mouse anti-insu-
lin, glucagon (Abcam); rabbit anti-E-cadherin (PTG).
Cell Culture and Transfection—Murine MIN6 pancreatic

�-cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 25 mM glucose, supplemented with 15%
heat-inactivated fetal calf serum (FCS), 4 mM L-glutamine, and
100 �M �-mercaptoethanol, at 37 °C with 5% CO2 unless spec-
ified otherwise. Panc-1, HEK 293T, COS-7, and Hela cell lines
were cultured in DMEM with 25 mM glucose, 10% FCS. All
transfections were using Lipofectamine 2000TM according to
the manufacturer’s instructions (Invitrogen).
Northern Blot Analysis—Northern blot was performed as

previously described (2) using a full-length human BRSK2
cDNA hybridization probe. Human multiple tissue Northern
blots, containing 2�g/lane of poly (A)-purifiedmRNAnormal-
ized for �-actin expression, were purchased from Clontech.
Immunohistochemistry—Human or mice pancreas tissues

were fixed with 4% paraformaldehyde and sectioned at 10 �m.
Immunostaining was performed with antibodies specific for
BRSK2, insulin, glucagon, E-cadherin, or PCTAIRE1, followed
by biotin-labeled secondary antibody using 3,3�-diaminobenzi-

dine tetrahydrochloride (DAB/H2O2) or fluorescein isothio-
cyanate-conjugated goat anti-rabbit/mouse antibody (Alexa
Fluor 488 or 555 from Invitrogen). DAPI (Sigma) was also
stained for nucleus. Sections were then washed and mounted
for confocal microscopy (Leica).
Tissue Source—Human pancreatic tissues were obtained

from the pancreatic tumor patients, who had undergone
resection at General Surgery Unit of Zhongshan Hospital at
Fudan University. We carried out immunostaining in pan-
creatic tumor tissues that contain a large region of normal
pancreatic exocrine and endocrine parts. And these patients
were all informed and approved before using their tissues.
All tissues were used in accordance with applicable laws and
with the Declaration of Helsinki for research involving
human tissues.
Mice tissues were isolated from adult BALB/c mice (male,

6-week-old). Mice experiments followed the principles of lab-
oratory animal care and were approved by Fudan University
Life Science Ethic Committee.
siRNA Duplexes—Small interfering RNA (siRNA) duplexes

were designed and synthesized by GeneChem or GenePharma
Biotech. siRNA sequences were as follows: BRSK2: 5�-GCUA-
GAGCACAUUCAGAAAtt-3�;PCTAIRE1: 5�-GAUCUCCA-
CUGAGGACAUCtt-3�; nonsilence: 5�-UUCUCCGAACGU-
GUCACGtt-3� sequence.
Intravenous siRNA Delivery, ELISA Assay, and Glucose Tol-

erance Tests—6-week-old BALB/c mice (20 g body weight)
received tail-vein injections of saline, control siRNA, or siRNA
against BRSK2 for one to three consecutive days. Mice were
housedwith 4–6 animals per cage in a pathogen-free facility on
a 12:12 h light/dark cycle. Everyday mice were injected at 4:00
pm and starved at 9:00 pm for 12 hours (water allowed). The
siRNAswere administered at a total dose of 1000�g permouse.
Blood sample collections and islet isolations were performed
18 h after the last injection.
Following an overnight fast, mice were intraperitoneal (IP)

injected with 2mg glucose/gmice weight. Blood glucoses levels
were assessed using a freestyle glucometer (Abbott). Serum
insulin levels were assayed by a 96-well plate ELISA assay
(Linco Research). Serum glucagon levels were assessed by a
96-well plate ELISA assay (ALPCO Diagnostics). Tissues were
harvested, snap-frozen, and stored at �80 °C.
Isolated Pancreatic Islet and �-Cell Size Studies—Pancreatic

islets were isolated by collagenase perfusion in situ, digested for
28 min, and then purified by single layer Histopaque (Sigma).
Isolated islets were cultured in RPMI 1640 medium containing
11 mM glucose, 7.5% FCS, and 10 mM Hepes (Sigma). Islets of
BRSK2-RNAi mice and control mice were isolated, spread and
photographed using microscopy, followed by analysis using
Image J software.

�-Cells were marked by E-cadherin/insulin co-immuno-
staining. To calculate single � cell size, the area of 50–100 sin-
gle � cells from five islets of control or BRSK2-RNAi mice were
measured using Image J software.
Measurements of Insulin Secretion—MIN6 cells were seeded

in 24-well plates and transfectedwith 200ng of plasmids encod-
ing Myc-BRSK2, PCTAIRE1 or their mutant forms. 48 h after
transfection, cells were washed in PBS and preincubated in glu-
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cose-free Krebs-Ringer bicarbonate (KRB) medium (125 mM

NaCl, 4.74 mM KCl, 1 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM

MgSO4, 5mMNaHCO3, 25mMHEPES, pH 7.4, with 0.1% BSA)
at 37 °C for 30 min. Cells were then incubated in KRB contain-
ing 3 mM or 25 mM glucose at 37 °C for 30 min. The amount of
insulin released into the incubation medium was assayed using
a radioimmunoassay (Linco Research) following the manufac-
turer’s protocol.
Yeast Two-hybrid Assay—A yeast two-hybrid assay was per-

formed following the Matchmaker III system protocol (Clon-
tech). The PCTAIRE1 clone was isolated from the adult human
brain two-hybrid cDNA library using human full-length BRSK2
as bait, and identified by DNA sequencing. The interaction of
BD (pGBKT7)-BRSK2 andAD (pGADT7)-PCTAIRE1was ver-
ified by re-transformation in yeast.
Western Blot Analysis and Immunoprecipitation—For im-

munoprecipitation, cells were lysed in chilled lysis buffer (Cell
Signaling lysis buffer with complete protease inhibitors).
Lysates (200 �g) were collected and incubated with 40 �l pro-
tein G-Sepharose beads (Amersham Biosciences) and 1–2 �g
corresponding antibody for 4–5 h at 4 °C with gentle rotation.
The samples were washed with cold lysis buffer, and subjected
toWestern analysis or to an in vitro phosphorylation assay (see
below).
For Western blot analysis, cell and tissue extracts were pre-

pared andmeasured using a detergent compatible protein assay
kit (Bio-Rad). Samples were equally loaded onto a 4% to 10% or
12% gradient SDS-PAGE gel and transferred onto a nitrocellu-
lose membrane using standard techniques.
In Vitro Phosphorylation Assay—HA-BRSK2 overexpressed

in 293T cells and immunoprecipitated with HA antibody were
assayed for kinase activity (see immunoprecipitation assay) by
incubating with recombinant GST-PCTAIRE1 (full length,
deletion mutants and site-directed mutants) as substrates in
kinase buffer (20 mM MOPS, PH 7.4, 15 mM MgCl2, 100 �M

ATP) containing 1 �Ci of [�-32P]ATP at 30 °C for 30 min.
Samples were separated on SDS-PAGE and visualized by
autoradiography.
Fusion Protein and Pull-down Assay—GST-PCTAIRE1, its

fragments and/or mutant proteins were expressed in the BL21
(DE3) strain and purified using a glutathione-Sepharose 4B col-
umn following themanufacturer’s instruction (AmershamBio-
sciences). GST-tagged fusion proteins or GST proteins were
incubated with 40 �l beads and 200 �g lysates from 293T cells
expressing HA-BRSK2 for 4 h at 4 °C. Proteins were then sub-
jected to SDS-PAGE and immunoblotted using anti-HA anti-
body. The fusion proteins were also detected by Western blot
using an anti-GST antibody.
Immunofluorescence—MIN6 cells were transfected with

PCMV-Myc-BRSK2 and/or the EGFPN1-PCTAIRE1 for
48 h, fixed with 4% paraformaldehyde and permeabilized
with Triton X-100. After washes with TBS, cells were stained
with DAPI (Sigma) and stained with an anti-Myc antibody
followed by fluorescein isothiocyanate-conjugated goat anti-
mouse antibody. Images were acquired with a Leica confocal
microscope.

RESULTS

Expression and Activity of BRSK2 in Pancreatic Islets and
MIN6 �-Cells—Using Northern blot analysis, we determined
the level of mRNA of BRSK2 in a number of human tissues.We
were surprised to find that BRSK2 mRNA was expressed at an
even higher level in pancreas than in the brain (Fig. 1A) (2, 3). A
similar expression pattern was seen at the protein level by
Western blot analysis using a newly generated antibody against
BRSK2 (Fig. 1B and supplemental Fig. S1, A and B). Immuno-
histochemical analysis of human pancreatic tissue with BRSK2
antibody also revealed abundant staining in pancreatic islets
and ducts (Fig. 2B and supplemental Fig. S1C). Moreover,
BRSK2 was found to be specifically co-localized with insulin,
but not glucagon (Fig. 1C). In agreement with those observa-
tions, we also found that BRSK2 was highly expressed inMIN6,
a murine �-cell line (Fig. 1D), and in homogenates of isolated
mouse islets (Fig. 4A). Importantly, when MIN6 cells were
treated with varying concentrations of glucose for 5 h, the
expression of BRSK2 was down-regulated in a dose-dependent
manner, which was accompanied by decreases in the phos-
phorylation of CDC25C (Fig. 1E and supplemental Fig. S1, D
and E). These preliminary observations hinted at a potential
role of BRSK2 in pancreas, raising the possibility that it might
be involved in the regulation of insulin secretion.
Identification of PCTAIRE1 as a Novel BRSK2-interacting

Protein—To gain insights into the function of BRSK2, we
searched for its interacting proteins using yeast two-hybrid sys-
tem and identified PCTAIRE1 as a novel BRSK2-interacting
protein. The full-length PCTAIRE1 cDNA was cloned by PCR,
and the interaction between PCTAIRE1 and BRSK2was recon-
firmed by the two-hybrid assay (Fig. 2A). Similar to BRSK2 (2,
3), PCTAIRE1 was previously known to regulate neurite out-
growth and secretion of growth hormones (18, 22). Unlike
BRSK2, PCTAIRE1 is ubiquitously expressed with the highest
abundance in terminally differentiated cells and transformed
cell lines (18, 19). Using immunohistochemical staining and
Western blot analysis, we found that PCTAIRE1 was highly
expressed in both pancreatic islets and MIN6 cells (Fig. 2B and
supplemental Fig. S2A). In contrast to PCTAIRE1, the other
isoforms, PCTAIRE2 and PCTAIRE3, were not detected in
MIN6 cells (supplemental Fig. S2A).
We next determined the specificity of the interaction

between BRSK2 and PCTAIRE1 using an in vitro binding assay.
Thus, recombinant HA-BRSK2 was purified and incubated
with immobilized GST-PCTAIRE1 or GST as a control. HA-
BRSK2 was pulled down by GST-PCTAIRE1, but not by GST
(Fig. 2D). The BRSK2-PCTAIRE1 interaction was further veri-
fied by co-immunoprecipitation using an anti-PCTAIRE1 anti-
body in MIN6 cells (Fig. 2E). HA-BRSK2 and Myc-PCTAIRE1
were also coimmunoprecipitated (supplemental Fig. S2B). Both
proteins were found to be localized in the cytoplasm in MIN6
cells (Fig. 2F). We then employed the GST pull-down assay to
determine the domain in PCTAIRE1 that mediates its interac-
tion with BRSK2. We generated three PCTAIRE1 deletion
mutants, GST-PCTAIRE1-Fa, Fb, and Fc, corresponding to
aa1–128, aa129–289, and aa290–496, respectively (Fig. 2C). As
shown in Fig. 2D, BRSK2 was specifically captured by immobi-
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lized GST-PCTAIRE1, GST-PCTAIRE1 Fb (aa129–289) and
Fc (aa290–496), but not by Fa (aa1–128), indicating that
BRSK2 interacts with PCTAIRE1mainly through its kinase and
C-terminal domains, located in the aa129–496 region.
Phosphorylation of PCTAIRE1 by BRSK2 at Ser-12—Analysis

by a ScansiteMotif Scanner predicted that PCTAIRE1may be a
substrate for the serine/threonine kinase CAMK2 (Ca2�/cal-
modulin-dependent kinase 2). Because BRSK2 is a serine/thre-
onine kinase belonging to the AMPK subfamily of the CAMK
family (23), we investigated whether BRSK2 is capable of phos-
phorylating PCTAIRE1.
BRSK2 has been reported to preferentially phosphorylate

serine/threonine residues within the (L/M/I/F/V)X(R/K/
H)XX(S/T) consensus sequence (1). Interestingly, PCTAIRE1
contains 9 BRSK2 phosphorylation consensus sequences, fur-
ther suggesting that PCTAIRE1 may be a substrate of BRSK2
(Fig. 2C). Using an in vitro kinase assay, we found that BRSK2
phosphorylated PCTAIRE1 while the catalytically inactive
mutant did not (Fig. 3).We took advantage of the three deletion
mutants of PCTAIRE1, each of which contained three consen-
sus BRSK2 phosphorylation sequences (Fig. 2C). Of the three
deletion mutant proteins, GST-PCTAIRE1 Fa (N-terminal
domain, aa1–128), but not GST-PCTAIRE1 Fb or Fc (kinase
domain and C-terminal domain, aa129–496) was phosphory-
lated by wild type, but not catalytically inactive BRSK2 (Fig. 3).
To further narrow down the site(s) of BRSK2 phosphorylation
in PCTAIRE1 Fa domain, we mutated the putative serine resi-
dues into alanines and subjected each mutant to the in vitro
kinase assay. While BRSK2 phosphorylated S78A and S119A

mutants, it failed to phosphorylate the S12A mutant (Fig. 3),
suggesting that serine 12 constitutes the main phosphorylation
site by BRSK2.
BRSK2 Negatively Regulates Insulin Secretion in MIN6 Cells—

The selective expression of BRSK2 in pancreatic tissue and
MIN6 cell line prompted us to investigate its potential role in
regulating insulin secretion. We used glucose-induced insulin
secretion in MIN6 cells as the model system (24). MIN6 cells
showed an �3-fold increase in insulin secretion when the glu-
cose concentration in the medium was increased from 3–25
mM (Fig. 4A).

We transiently expressed Myc-tagged wild-type BRSK2, a
constitutively active mutant T174E or a kinase-dead mutant
K48M of BRSK2 in MIN6 cells and measured insulin secretion
upon incubation with or without glucose for 36 h. Each of the
mutant proteins was found to be expressed at a comparable
level by Western blot analysis (Fig. 4A). Overexpression of
BRSK2 and the constitutively active T174E mutant had no sig-
nificant effect on insulin secretion when MIN6 cells were
treated with 3 mM glucose, but caused a marked reduction of
insulin secretion when glucose concentration was increased to
25 mM glucose (Fig. 4A). In contrast, the inactive K48M form
had no effect on insulin secretion in response to 3–25 mM glu-
cose (Fig. 4A).
Reciprocally, down-regulation of BRSK2 by siRNA, as con-

firmed by Western blot analysis (Fig. 4A), caused a marked
increase in insulin secretion from MIN6 cells at 3 mM glucose,
but not 25 mM glucose (Fig. 4A). Together, these results

FIGURE 1. Expression and activity of BRSK2 in pancreatic islets and MIN6 �-cells. A, Northern blot analysis using full length BRSK2 probe showed BRSK2
expression in human brain and pancreatic tissues. B, Western blot of BRSK2 with high level in mouse pancreas besides in brain. C, immunostaining of human
pancreatic tissues with anti-BRSK2 antibody or/and anti-insulin antibody or anti-glucagon antibody followed by fluorescein isothiocyanate-conjugated goat
anti-rabbit/mouse antibody. Scale bar, 25 �m. D, expression of BRSK2 in MIN6 �-cells compared with other cell lines by Western blot with BRSK2 antibody.
E, expression and activity of BRSK2 was inhibited by elevated glucose concentrations for 5 h in MIN6 cells as visualized by Western blot using BRSK2, CDC25C,
or phosphor-CDC25C Ser-216 antibody. CDC25C F (CDC25C fragment, aa143–253) was phosphorylated on Ser-216 by BRSK2 and used as substrate for BRSK2
activity detection according to our unpublished data (supplemental Fig. S1E). Loading of each lane was controlled by immunolabeling of �-actin.
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strongly suggested that BRSK2played a negative regulatory role
in glucose-stimulated insulin secretion (GSIS) in MIN6 cells.
BRSK2 Regulates Insulin Secretion in MIN6 Cells via

PCTAIRE1 Depending on Its Kinase Activity—Given that
BRSK2 interacted with and phosphorylated PCTAIRE1, we
asked whether PCTAIRE1 and its kinase activity are critical in
mediating the effect of BRSK2 on insulin secretion in MIN6
cells. Myc-tagged wild-type PCTAIRE1, and the phosphoryla-
tion-defective PCTAIRE1-S12A and phosphorylation-mimetic
S12Emutantswere transiently transfected intoMIN6 cells. The
constitutively active (S153A) and the kinase-dead (K194M)
PCTAIRE1mutants were also employed (18). Similar to BRSK2
and its active T174E form, overexpressing wild type PCTAIRE1
and its active forms S153A mutants or BRSK2 phosphoryla-
tion-mimetic S12E mutants markedly inhibited insulin secre-
tion at 25 mM, but not at 3 mM glucose in MIN6 cells (Fig. 4B).
In contrast, overexpression of the phosphorylation-defective
PCTAIRE1 S12A or the kinase-dead (K194M) mutant did not
affect insulin secretion (Fig. 4B). Similar to BRSK2, siRNA
down-regulation of PCTAIRE1 (Fig. 4B) significantly stimu-
lated insulin secretion fromMIN6 cells at 3mMglucose, but not
at 25 mM glucose (Fig. 4B). These results suggested that BRSK2
phosphorylation of PCTAIRE1 at Ser-12 is required for its reg-
ulation of insulin secretion fromMIN6 cells.

To verify that BRSK2 lies upstream of PCTAIRE1 in the reg-
ulation of glucose-stimulated insulin secretion, PCTAIRE1was
expressed in MIN6 cells in which BRSK2 had been knocked
down by RNAi and PCTAIRE1 expression was found to par-
tially reverse the effect of BRSK2 knockdown on insulin secre-
tion (Fig. 4B). In contrast, down-regulation of PCTAIRE1 in
MIN6 cells overexpressing BRSK2 failed to inhibit insulin
secretion at 25 mM glucose (Fig. 4B). These results suggested
that PCTAIRE1 mediated the regulatory effect of BRSK2 on
insulin secretion in MIN6 cells. Together, these observations
indicated that BRSK2 regulated insulin secretion inMIN6 cells
through phosphorylating PCTAIRE1 kinase.
Attenuation of BRSK2 in Mice Islets Increases Serum Insulin

Levels—Finally, we attempted to verify the role of BRSK2 in
regulating insulin secretion in vivo. It has been shown that
intravascular delivery of fluorophoro-labeled siRNA could
silence Ins2 expression in the endocrine pancreas (25).Weused
a similar approach (tail vein injection) to delivering BRSK2
siRNA into mice (BRSK2-RNAi mice), which led to �1.8-fold
reduction in BRSK2 protein levels in mouse pancreatic islets
(Fig. 5A). The down-regulation of BRSK2 resulted in a signifi-
cant increase (1.5–1.8-fold) in serum insulin levels relative to
the control mice (Fig. 5B), but no significant changes in mouse
serum glucagon levels (supplemental Fig. S3A). Importantly,

FIGURE 2. Identification of BRSK2-interacted protein PCTAIRE1. A, interaction of BRSK2 and PCTAIRE1 verified by re-transformation in Yeast. The dots
represent yeast colonies. Positive clone showed the blue color. pCL1 was used as positive control, and BD (pGBKT7)-Lam (Lamin) as negative control.
B, immunostaining of human pancreatic islets using antibody against BRSK2 or PCTAIRE1, followed by DAB/H2O2 staining. Scale bar, 25 �m. C, three fragments
of PCTAIRE1: Fa (aa1–128), Fb (aa129 –289), and Fc (aa290 – 496). All potential phosphorylation sites modified by BRSK2 were pointed out. D, interaction of
BRSK2 and PCTAIRE1 full-length (FL) or its three deletion mutants Fa, Fb, and Fc by GST-pull down assay. HA-BRSK2 was expressed in 293T cells. GST-PCTAIRE1
FL, Fa, Fb, Fc, and null GST were expressed in the BL21 (DE3) strain. The Western blot was performed using an antibody against HA (top panel) or GST (bottom
panel). The band FL, Fb, and Fc on top panel showed interaction with BRSK2 with input band as control loading 1% HA-BRSK2 cell lysates. The arrows on bottom
panel pointed to the bands of GST-PCTAIRE1 full-length (FL) or fragments (Fa, Fb, or Fc) and GST protein. E, association of BRSK2 and PCTAIRE1 in MIN6 cells. Cell
lysates were immunoprecipitated (IP) with PCTAIRE1 antibody and immunoblotted with BRSK2 antibody (top panel) or PCTAIRE1 antibody (bottom panel).
Rabbit IgG was used as negative control. The right lane on top (1% lysates) or bottom panel (1% lysates *) indicated the BRSK2 or PCTAIRE1 expression in MIN6
cell lysates. F, immunostaining of PCTAIRE1 (green, GFP) and BRSK2 (red, anti-Myc) in MIN6 cells counterstained with DAPI (blue). Magnification, 600�.
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BRSK2-RNAi mice displayed improved glucose tolerance (Fig.
5C) and possibly showed a tendency toward enlarged islets and
increased �-cell size (supplemental Fig. S3, B and C). These

findings suggest a physiological function of BRSK2 in the
control of insulin secretion and possibly pancreatic islet
homeostasis.

FIGURE 3. In vitro phosphorylation performance of BRSK2 (wide-type WT or kinase-dead mutant KD) phosphorylation on PCTAIRE1. HA-BRSK2 was
expressed in 293T for kinase activity assay. PCTAIRE1 deletion mutants (Fa, Fb, and Fc fragments described in Fig. 2C) and site-directed mutants of Fa (S12A,
S78A, and S119A) were used as BRSK2 substrates. The arrowheads in 32P-reaction visualized by autoradiography (top panel) indicated the bands of BRSK2
auto-phosphorylation, PCTAIRE1 fragments phosphorylation and positive control CDC25C F phosphorylation by BRSK2. Corresponding bands using CBB
(Coomassie Brilliant Blue) staining (bottom panel) were also arrow-pointed. GST protein showing no BRSK2 phosphorylation signal was used as negative
control.

FIGURE 4. BRSK2 inhibits glucose-stimulated insulin secretion in MIN6 cells. A, insulin secretion in BRSK2 overexpression or BRSK2-RNAi depletion MIN6
cells incubated in 3 mM glucose or 25 mM glucose, respectively. ***, p � 0.001, n � 6/condition. B, insulin secretion in PCTAIRE1 overexpression or PCTAIRE1-
RNAi deletion MIN6 cells incubated in 3 mM glucose or 25 mM glucose, respectively. Overexpressing PCTAIRE1 could partly reverse the BRSK2-depletion
influence on insulin secretion, while overexpressing BRSK2 had no effect on PCTAIRE1-depletion cells. ***, p � 0.001, n � 6/condition. The transient transfec-
tion was performed for 48 h and its expression in MIN6 cells was analyzed by Western blot using Myc, BRSK2, or PCTAIRE1 antibody. PCMV-Myc-null vector and
a nonsilence RNAi construct are used as a control for overexpression or RNAi, respectively.
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DISCUSSION

In this study, we provide the first line of evidence that BRSK2
and PCTAIRE1 are selectively expressed in high abundance in
pancreatic tissues and MIN6 �-cells. At high, but not low con-
centrations, glucose reduced BRSK2 activity in MIN6 �-cells.
Upon activation, BRSK2 interacted with and phosphorylated
PCTAIRE1 on its Ser-12 residue, leading to inhibition of insulin
secretion in MIN6 cells. Conversely, knockdown of BRSK2
resulted in a significant increase in serum insulin levels and a
tendency toward enlarged islets and increased �-cell size in
mice. These findings identify a novel signaling pathway
involved in the regulation of GSIS in pancreatic �-cells.
It has been previously shown that BRSK2 is activated by the

kinase LKB1 (1). LKB1 is a tumor suppressor implicated in
Peutz-Jeghers Syndrome (15) and has been implicated in a
number of distinct biological processes. Loss of LKB1 in adult
�-cells has been recently shown to increase �-cell mass and
insulin secretion, and enhance glucose tolerance inmicemainly
through the AMPK-mTOR pathway (26, 27). The existence of
other pathways by which LKB1 restricts acute insulin secretion
in vivo was also suggested. Given that BRSK2 is a downstream
phosphorylation target of LKB1 (1), LKB1 may also activate
BRSK2 to down-regulate insulin secretion in �-cells.
BRSK2 knockdown by siRNA in mice was found to increase

serum insulin levels, improve GTT and show a tendency of
increased islet/�-cell size, further supporting a physiological
role of BRSK2 in the regulation of insulin secretion and pancre-
atic homeostasis. This is consistent with the findings by Hezel
et al. that Lkb1 deficiency in pancreas reduced expression of
BRSK1 and BRSK2 in pancreatic tissues (28), though another

group failed to detect BRSK1/2 expression in islets isolated
from 12-week-old male C57B1/6 mice (29). While both adult
p-Lkb1mice (28) and transgenicmice lacking LKB1 (29) exhib-
ited improved GTT and p-Lkb1 mice at PD1 (postnatal day 1)
have smaller islets (28), the latter showed increased plasma
insulin levels and increased �-cell mass with impaired GSIS
(29). Whether the increased insulin secretion is due to the aug-
mented islet/�-cell size remains to be verified.

The expression pattern of BRSK2 is also unique and interest-
ing.Wenoticed that BRSK2 in pancreas tissuewas highly abun-
dant. The positive band of BRSK2 mRNA showed distribution
from 1.5–10 kB, suggesting that it might have several multi-
splice variants in pancreas. According to the Ensembl database,
BRSK2 contains about 11 variants which are likely to code pro-
teins. This explains the observations that while we detected
BRSK2 as a 75-kDa protein, others have found it to be a 50-kDa
protein in islets (26). It also raised the interesting question of
whether different BRSK2 variants have distinct functions.
PCTAIRE kinases are structurally related to CDKs, but have

not been shown to interact with any known cyclin or cyclin-like
proteins (16–18). Hence, their role in cell cycle regulation has
remained unclear. More recent studies, however, have demon-
strated that PCTAIRE1 modulates the secretory cargo trans-
port (21), phosphorylates NSF (N-ethylmaleimide-sensitive
factor) and inhibits growth hormone release from PC12 cells
(22). It has been suggested that PCTAIRE1 is a component of
the NSF-SNAP-SNARE complex and plays a regulatory role in
Ca2�-dependent exocytosis through NSF phosphorylation
(22).NSF is an essential factor for vesicular transport and fusion
of presynaptic membranes (30, 31), which acts as a molecular
chaperone to hydrolyze ATP and alters the conformation of the
SNARE complex (32). Complex formation between NSF,
SNAP, and SNARE membrane receptors plays an important
role in membrane fusion and constitutes an essential mediator
of many transport reactions (33). Similar to neurotransmitter
release (34), the mechanism underlying insulin secretion in
�-cells is also regulated by the SNARE complex (35, 36). The
current study demonstrates that PCTAIRE1 functions down-
streamof BRSK2 to inhibit insulin secretion at low glucose con-
ditions. Importantly, this function of PCTAIRE1 depends on its
kinase activity. We speculate that the ability of PCTAIRE1 to
phosphorylate and inhibit NSF activity is also a major mecha-
nism by which it regulates insulin secretion.
In summary, we propose a novel signaling pathway regulat-

ing insulin secretion in pancreatic �-cells (Fig. 5D). In our
model, low levels of glucose activates the kinase activity of
BRSK2 possibly by its upstream kinase LKB1. BRSK2, in turn,
interacts with and phosphorylates PCTAIRE1 at Ser-12, lead-
ing to the inhibition of insulin secretion through phosphoryla-
tion of NSF and inactivation of the NSF-SNARE complex,
which is required for insulin secretion from pancreatic �-cells.
That knockdown of BRSK2 alone caused a significant increase
in insulin secretion at low glucose concentration implied that
BRSK2 dysfunction might be related to pancreatic �-cell dys-
function. Together with the highly specific expression of
BRSK2 in pancreas and the brain, our study also suggests that
BRSK2 may serve as a novel target for developing drugs for the
treatment of diabetes.

FIGURE 5. BRSK2-RNAi induces serum insulin level increase and islet area
in mice. A, Western blot analysis of BRSK2 levels in mice islet treated with the
indicated siRNA duplexes by tail vein injections. B, serum insulin levels in
BRSK2-RNAi mice and control mice were measured. *, p � 0.05, n � 3/condi-
tion. C, BRSK2-RNAi mice demonstrate enhanced glucose tolerance (GTT)
compared with the control mice treated with nonsilence after 2 mg glucose/g
mice weight intraperitoneal (IP) injection. n � 6 mice/condition. D, proposed
signaling pathway for insulin secretion regulation in pancreatic �-cells.
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