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Recent studies identified a missense mutation in the gene
coding for G protein–coupled receptor kinase 6 (GRK6) that
segregates with type 2 diabetes (T2D). To better understand
how GRK6 might be involved in T2D, we used pharmacological
inhibition and genetic knockdown in the mouse β-cell line,
MIN6, to determine whether GRK6 regulates insulin dynamics.
We show inhibition of GRK5 and GRK6 increased insulin
secretion but reduced insulin processing while GRK6 knock-
down revealed these same processing defects with reduced
levels of cellular insulin. GRK6 knockdown cells also had
attenuated insulin secretion but enhanced proinsulin secretion
consistent with decreased processing. In support of these
findings, we demonstrate GRK6 rescue experiments in knock-
down cells restored insulin secretion after glucose treatment.
The altered insulin profile appears to be caused by changes in
the proprotein convertases, the enzymes responsible for pro-
insulin to insulin conversion, as GRK6 knockdown resulted in
significantly reduced convertase expression and activity. To
identify how the GRK6-P384S mutation found in T2D patients
might affect insulin processing, we performed biochemical and
cell biological assays to study the properties of the mutant. We
found that while GRK6-P384S was more active thanWT GRK6,
it displayed a cytosolic distribution in cells compared to the
normal plasma membrane localization of GRK6. Additionally,
GRK6 overexpression in MIN6 cells enhanced proinsulin pro-
cessing, while GRK6-P384S expression had little effect. Taken
together, our data show that GRK6 regulates insulin processing
and secretion in a glucose-dependent manner and provide a
foundation for understanding the contribution of GRK6 to
T2D.

Over 400 million people currently have diabetes, and by
2040, this number is expected to rise to near 700 million (1).
Of these cases, approximately 90% are type 2 diabetes (T2D),

where developed insulin resistance and increased insulin de-
mand prevents glucose mobilization and provokes pancreatic
β-cell dysfunction culminating in insufficient insulin quantities
and hyperglycemia (2, 3). The most effective treatment for
T2D is lifestyle modifications such as diet and exercise, but for
people with genetic predispositions, chronic illness, or poor
compliance, this is ineffective and requires pharmacological
intervention (1). Current therapies aim to improve insulin
resistance (metformin), enhance pancreatic insulin output
(meglitinides, sulfonylureas, GLP-1 analogs), or prevent reab-
sorption of glucose into the blood through the kidneys (SGLT2
inhibitors). These therapies, however, lose their efficacy over
time, have dangerous side effects, and utilize discoveries made
decades ago regarding β-cell physiology (2–5). Therefore, it is
critical to better understand the molecular mechanisms un-
derlying the etiology of T2D, especially in the pancreatic β-cell,
to unveil new avenues for therapeutic intervention to combat
the alarming increase in metabolic disease globally.

Insulin processing and secretion in the β-cell is dependent
upon a complex array of interconnected regulatory networks
that coordinate the proper spatial and temporal release of in-
sulin including insulin granule biogenesis, trafficking, and
exocytosis (6). The prototypical signal for insulin production
and insulin release is the metabolism of glucose leading to
membrane depolarization, calcium influx, and vesicle release
(7–9). However, G protein–coupled receptors (GPCRs) resi-
dent on β-cells also play a pivotal role in the regulation of
insulin production and secretion (10–12). GPCRs are a ver-
satile class of cell surface receptors that transmit extracellular
stimuli, including peptide hormones and nutrient metabolites,
into an intracellular response and are the target of more than
30% of FDA approved drugs (13, 14). Upon agonist binding,
these receptors undergo conformational changes that promote
heterotrimeric G protein activation initiating various down-
stream signaling cascades (15). Termination of signaling
occurs primarily through the phosphorylation of agonist-
activated receptors by GPCR kinases (GRKs). This* For correspondence: Jeffrey L. Benovic, jeffrey.benovic@jefferson.edu.
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phosphorylation promotes the recruitment of the adapter
protein, β-arrestin, which inhibits G protein coupling and
enhances receptor internalization and β-arrestin–mediated
signaling (16). Therefore, GRK-mediated phosphorylation of
GPCRs functions as a switch to blunt G protein activation and
enhance β-arrestin–mediated processes, highlighting their role
as important regulators of GPCR function.

There are seven mammalian GRKs classified based on
sequence homology and functional features into the GRK1/7,
GRK2/3, and GRK4-6 subfamilies. GRK2, 3, 5, and 6 are
ubiquitously expressed and serve critical functions in various
tissues (17). Specifically in the pancreatic β-cell, these kinases
control the extent of GPCR signaling that occurs following
activation of the glucagon-like peptide-1 receptor (GLP-1R)
and the gastrin inhibitory peptide receptor (GIPR), Gs-coupled
receptors that stimulate insulin secretion (18–20). In addition,
the phosphorylation of agonist occupied M3 muscarinic
acetylcholine receptors (M3AChR) in mouse islets and MIN6
cells recruits β-arrestin2 and enhances second phase insulin
secretion (21). Moreover, numerous GPCRs resident on β-cells
modulate insulin processing and secretion including the free
fatty acid receptors (FFA1-4), glucagon receptor (GCGR), so-
matostatin receptors (SSTR2 and SSTR5), and several orphan
receptors including GPR119 and GPR91 (10, 22–24). However,
surprisingly little is known about how β-cell GRKs regulate G
protein– and β-arrestin–dependent mechanisms of insulin
secretion through their ability to regulate GPCRs.

In addition to GPCR regulation, emerging evidence suggests
potential novel roles for GRKs in islets. For example, Chinese
Han T2D patients with a GRK5 polymorphism have an
attenuated response to repaglinide, a drug that stimulates in-
sulin secretion by targeting the sulfonylurea receptor (25). It
was also reported that β-arrestin1 KO mice exhibit reduced
efficacy when treated with tolbutamide and glibenclamide,
drugs that also target the sulfonylurea receptor (26). Moreover,
MIN6 cells with β-arrestin2 knockdown and mice with β-
arrestin2 KO in β-cells have impaired glucose-stimulated in-
sulin secretion (GSIS) from inactivation of calmodulin kinase
II (CAMKII) (27). This is similar to that seen in mice with
pancreatic deletion of GRK2, where glucose intolerance and
diminished insulin secretion is observed (28). Since β-arrestin
function is often preceded by GPCR phosphorylation by GRKs,
these non-GPCR pathways suggest alternative modes to
β-arrestin activation. Together, these findings support the idea
that GRK regulation in β-cells may be more complex than just
agonist dependent phosphorylation of GPCRs. Thus, identi-
fying mechanisms of GRK action in β-cells should improve our
understanding of β-cell pathophysiology contributing to
disease.

Recently, Steyaert et al. identified a heterozygous missense
mutation within the gene coding for GRK6 in two members of
a family resulting in a proline to serine change at residue 384
(P384S) (29). The patients presented with hyper-
proinsulinemia, hyperprogastrinemia, and developed early
onset T2D. While genome wide association studies also sup-
port a role for GRK6 in T2D (https://t2d.hugeamp.org/.
Accessed April 29, 2022), limited data exist defining the

mechanism by which GRK6 contributes to β-cell function. To
delineate the role of GRK6 in pancreatic β-cells, we performed
GSIS assays in MIN6 cells devoid of GRK6 activity. Our results
provide important insight on insulin processing that should aid
in the advent of new strategies to treat T2D.

Results

GRK5/6 inhibition enhances insulin secretion but reduces
insulin production in MIN6 cells

Based on the identification of a GRK6 mutation in two
patients that have early onset T2D, we wanted to determine
whether GRK6 has a role in insulin processing and secretion.
To investigate this, we utilized MIN6 cells, a pancreatic β-cell
line isolated from a mouse insulinoma that has been used
extensively to study β-cell function (30). In these cells, we
initially performed GSIS assays in the absence or presence of a
4-aminoquinazoline derivative called compound 19, a GRK
inhibitor that was developed as a potential therapeutic to
target GRK6 in multiple myeloma (31). Compound 19 has a
low nanomolar potency against GRK5 and GRK6 (IC50 values
of 5.2 and 2.4 nM, respectively) but does not inhibit GRK2 or
GRK3 (IC50 > 10 μM) (31). We found that insulin secretion
was augmented about 2-fold after treatment of the cells with
1 μM compound 19 (Fig. 1A). We next did a time course of
insulin secretion in MIN6 cells in 2 mM glucose with or
without compound 19. In cells treated with compound 19,
insulin secretion was increased significantly by 10 min
compared to control treated cells (Fig. 1B). We also performed
a dose response with compound 19 and found that increasing
concentrations elicited more secretion with 0.1 to 1 μM having
the most robust effect (Fig. 1C). Thus, these data support a role
for GRK5 and/or GRK6 in insulin secretion.

To compare insulin and proinsulin secretion, we performed
GSIS assays at higher glucose concentrations since proinsulin
secretion is generally shifted to the right in its glucose dose
response compared to insulin (32). We again observed the
increase in insulin secretion with compound 19 treatment,
although this effect was lost at 18 mM glucose (Fig. 2A). This is
not surprising since high glucose concentrations can lead to
impaired insulin secretion (33, 34). While we expected to see a
comparable increase in proinsulin secretion since the relative
insulin to proinsulin composition from granule to granule is
maintained (35), we did not observe a significant increase after
compound 19 treatment (Fig. 2B). This suggests that the in-
ternal components comprising the secretory granule were
being compromised since the relative level of proinsulin being
secreted did not match that of insulin. We investigated this by
examining the proinsulin/insulin (P/I) ratio by Western blot
using antibodies that can detect both proinsulin (10 kDa) and
insulin (6 kDa). This enabled us to examine the intracellular P/
I ratio in MIN6 cells with or without compound 19 treatment.
Interestingly, we identified a striking difference in the P/I ratio
in MIN6 cells that shifted strongly in favor of proinsulin in the
presence of compound 19 (Fig. 2C). Additionally, the cellular
level of insulin was reduced dramatically in inhibitor-treated
cells compared to control cells (Fig. 2D). Taken together,
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these data suggest that GRK5 and/or GRK6 enhance insulin
synthesis but have a negative impact on insulin secretion. This
provides an interesting conundrum to better understand the
role of these kinases on insulin dynamics.

Knockdown of GRK6 in MIN6 cells diminishes insulin
production and secretion

While compound 19 treatment increased insulin secretion
and impaired insulin synthesis, we do not know which of these
changes are due to GRK6 inhibition, if any, since the com-
pound also inhibits GRK5 (31). To assess the specific role of
GRK6, we used shRNA knockdown of GRK6 in MIN6 cells.
We utilized five different lentiviral shRNA sequences, each
targeting a different region of the GRK6 gene to generate
stable cell lines. All five lines had reduced GRK6 expression
(from �50% to 90%) compared to control shRNA treated cells
while there was no appreciable effect on GRK5 expression
(Fig. 3A).

We selected the two cell lines with the highest GRK6 sup-
pression, shRNA-2 and shRNA-5, and treated them with
different glucose concentrations to determine the role of
GRK6 on insulin dynamics. There was a prominent shift in the
P/I ratio favoring proinsulin in the two knockdown cell lines
compared to control cells (Fig. 3B). Additionally, the cellular
levels of insulin were severely attenuated at all glucose

concentrations in both shRNA-2 and shRNA-5 cells compared
to control cells (Fig. 3C). Specifically, insulin levels at 10 mM
glucose were decreased by 62% and 85% in shRNA-2 and
shRNA-5 cells, respectively. Next, we investigated how insulin
secretion was affected by GRK6 knockdown. In shRNA-2 cells,
insulin secretion was attenuated only at the lowest glucose
concentration (Fig. 3D) while shRNA-5 cells had a significant
reduction at the lowest and highest glucose concentrations
(Fig. 3E). Furthermore, proinsulin secretion was significantly
increased in shRNA-5 cells at higher glucose concentrations
compared to control cells (Fig. 3F). The reduced insulin
secretion and increased proinsulin secretion we see in these
knockdown cells mirrors the intracellular changes we see in
the proteins. These data support a role for GRK6 in insulin
synthesis that ultimately contributes to secretion. Further-
more, the increased insulin secretion seen with compound 19
treatment (Fig. 1) might be due to inhibition of GRK5 or
possibly other targets since this is not observed in the MIN6
cells with specific GRK6 knockdown.

Effect of GRK6 knockdown on expression and activity of the
prohormone converting enzymes PC1, PC2, and CPE in MIN6
cells

Metabolic hormones, including insulin, GLP-1, and
glucagon, are made from the sequential cleavage of their
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Figure 1. Treatment with a GRK5/6 inhibitor enhances insulin secretion. A, MIN6 cells were incubated in KRBH buffer with low glucose (0.01 mM) for
30 min to equilibrate insulin levels. The cells were washed and KRBH buffer containing 0.01 to 2 mM glucose was added in the absence or presence of 1 μM
compound 19 for 1 h. The cell supernatant was then removed and assayed for secreted insulin by ELISA as described in Experimental procedures. B, time
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respective prohormones by different combinations of the
prohormone-converting enzymes and carboxypeptidase E
(CPE) (36). Insulin is produced in secretory vesicles by
sequential cleavage of proinsulin by prohormone convertase 1
(PC1), prohormone convertase 2 (PC2), and CPE (6, 37). These
enzymes exist as proproteins and self-activate to form mature
converting enzymes capable of producing insulin (38). The
activity of these enzymes is dependent upon glucose and other
signaling pathways to create an environment within the vesicle
suitable for enzymatic activity (39, 40). These include changes
in vesicle pH and calcium as well as transregulation by small

peptides (41, 42). Thus, the amount and activity of the con-
verting enzymes is regulated by signaling pathways elicited by
glucose and other stimuli like GLP-1 (43, 44).

Since we are seeing a clear diminution in the conversion of
proinsulin to insulin, we hypothesized that reducing GRK6
levels is inhibiting the ability of the converting enzymes to
produce mature insulin. To test this, we treated knockdown
cells with glucose for 1 hour and then determined the protein
level of PC1, PC2, and CPE. We saw a significant reduction in
PC1, PC2, and CPE in both shRNA-2 and shRNA-5 cells
compared to control shRNA cells (Fig. 4, A and B). We also
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saw a striking shift in the ratio of inactive to active PC2 that
was most prevalent at 10 mM glucose (Fig. 4B). This suggests
that the environment in the GRK6 knockdown cells is not
optimal for PC2 activation. Thus, GRK6 knockdown attenu-
ates expression of all three converting enzymes consistent with
a processing defect contributing to reduced insulin synthesis.

GRK6 re-expression in knockdown MIN6 cells rescues insulin
secretion

To confirm that the effects of GRK6 knockdown on insulin
secretion are specific to GRK6 function, we performed rescue
experiments to reintroduce GRK6 into our knockdown cells.
We used a lentivirus-based system to increase expression
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efficiency and be able to titrate GRK6 expression to be near
endogenous levels (Fig. 5A). We then performed GSIS exper-
iments in shRNA-5 cells with or without GRK6 re-expression.
We monitored insulin secretion for our rescue experiments
because restoration of insulin secretion indicates that the cell
is effectively producing and processing insulin that can then be
released. Since we did not see any rescue of secretion after a 1

h treatment with glucose, we postulated that a longer glucose
treatment might provide better recovery as it may take time for
enough proinsulin to be processed to allow for more insulin
synthesis and subsequent secretion. In a glucose-only treat-
ment, the secondary amplified phase of insulin secretion is
initiated and maintained by various metabolite signaling
pathways that occur as early as 10 min after stimulation and
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can last for hours (7, 45, 46). Therefore, recovery of insulin
secretion by GRK6 may be time dependent and take more than
an hour for the relevant pathway to become a factor contrib-
uting to secretion. In addition, although we have good GRK6
expression, the entire population of MIN6 cells is likely not
expressing GRK6, so only the population of GRK6-expressing
cells will contribute to the rescue. After 2 h of glucose treat-
ment, we saw reduced insulin secretion in both noninfected
and negative control lentivirus-infected shRNA-5 cells
compared to the control shRNA cells as expected. While
GRK6 lentivirus-infected cells did not rescue insulin levels at
0.01 mM and 0.5 mM glucose, GRK6 re-expression was able to
restore insulin secretion to near normal levels at 10 mM
glucose (Fig. 5B). Thus, these data support our knockdown
studies that GRK6 regulates insulin secretion and does so in a
glucose and time-dependent manner.

We also performed rescue experiments using complete
medium treatment for 1 h to elicit robust stimulation of in-
sulin secretion. This was done in shRNA-5 cells that had
GRK6 re-expression at near endogenous levels (Fig. 5C).

GRK6 knockdown cells had reduced insulin secretion after
complete medium treatment that was then restored with
GRK6 expression (Fig. 5D). This further reinforces the posi-
tive role GRK6 has on insulin secretion and suggests other
amplifying signals in addition to glucose that help to accel-
erate insulin production and release after GRK6 re-
expression.

Activity and localization of GRK6-P384S

We next wanted to better understand how the GRK6-P384S
mutation that was found in the patients with T2D affects
GRK6 function. Proline 384 lies within the large lobe of the
catalytic domain close to the substrate-binding site (47). To
evaluate activity, we expressed human GRK6 and GRK6-P384S
in Sf9 insect cells, purified the proteins, and then studied their
ability to phosphorylate receptor and nonreceptor substrates.
GRK6-P384S had increased catalytic activity for all substrates
tested with a higher Vmax for rhodopsin (Fig. 6A), tubulin
(Fig. 6B), and ATP (Fig. 6C). Concomitantly, the catalytic
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Figure 5. GRK6 rescue in knockdown cells restores insulin secretion after high glucose treatment. A, GRK6 knockdown cells were infected with
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efficiency (kcat/Km) of the mutant enzyme was increased in all
cases with a 3-fold increase with ATP (Table 1). Taken
together, these studies show that the mutation increases the
catalytic activity of GRK6 regardless of the substrate.

In addition to the P384S mutation being near the catalytic
active site, it is also three residues N-terminal to the nuclear
localization signal in GRK6 (47). Therefore, we determined if
the localization of the mutant kinase was perturbed. Both
GRK5 and GRK6 are normally at the plasma membrane, GRK5
via polybasic regions and GRK6 via C-terminal palmitoylation
(48–50). As expected, we observed GRK5 and GRK6 almost
exclusively at the plasma membrane when expressed in HeLa
cells (Fig. 7). GRK6 Pal-, which has three C-terminal cysteine
residues mutated to alanine to inhibit palmitoylation, was
cytosolically distributed as previously reported (51). Surpris-
ingly, GRK6-P384S was primarily in the cytoplasm as well as in
the nucleus (Fig. 7). This localization was distinct from GRK6
Pal-, which was not as prevalent in the nucleus. This suggests
an additional mechanism to palmitoylation controlling GRK6
dynamics between the plasma membrane and other subcellular
regions (51).

While HeLa cells are often used for immunofluorescence
studies due to their favorable imaging properties, we also
investigated the expression of GRK6 in MIN6 cells. Using our
control knockdown MIN6 cells, we saw a punctate staining
pattern when using a GRK6-specific antibody (Fig. 8). We
believe this is primarily nonspecific staining since we see a
similar punctate pattern in our shRNA-2 and shRNA-5 GRK6
knockdown cells (not shown). To evaluate the localization of
GRK6 and GRK6-P384S in MIN6 cells, we infected the cells
with WT or mutant GRK6 lentiviruses, and the cells were then
imaged after 72 h. GRK6 exhibited strong plasma membrane
localization while GRK6-P384S was primarily cytosolic,
consistent with its localization in HeLa cells (Fig. 8). It was also
evident that only 25% to 30% of the cells significantly over-
expressed GRK6 or GRK6-P384S. This low efficiency of
expression might help to explain the small but statistically
significant rescue in insulin secretion with GRK6 re-expression
(Fig. 5, B and D). Taken together, the GRK6-P384S mutant
alters the localization of the kinase in both HeLa and MIN6
cells, which might contribute to the phenotype observed in the
T2D patients with the mutation.

A

C

B

0 5 10 15
0

2

4

6

8

Rhodopsin, µM

nm
ol

 p
i/m

in
/m

g 
G

RK
6

Receptor Phosphorylation

GRK6 WT
GRK6 P384S

0 50 100 150 200 250
0

20

40

60

80

ATP Kinetics

ATP, µM

nm
ol

 p
i/m

in
/m

g 
G

RK
6

0 5 10 15
0

20

40

60

80

Tubulin, µM

nm
ol

 p
i/m

in
/m

g 
G

RK
6

Non-Receptor Phosphorylation

GRK6 WT
GRK6 P384S

GRK6 WT
GRK6 P384S

Figure 6. In vitro phosphorylation of receptor and nonreceptor substrates by WT GRK6 and GRK6-P384S in vitro. A, Sf9 cell expressed and purified
WT GRK6 and GRK6-P384S were used to phosphorylate varying concentrations of light-activated rhodopsin for 5 min at 30 �C using 30 nM kinase and
radiolabeled ATP as described in Experimental procedures. Radioactivity was determined by scintillation counting of protein bands excised from an SDS-
PAGE gel. B, tubulin phosphorylation determined as described previously using tubulin as substrate. C, ATP kinetics were determined as described pre-
viously but using a reaction time of 3 min and tubulin as the substrate. The data are represented by the mean ± SD from three (A and B) or four (C)
independent experiments for each substrate tested and were subjected to Michaelis–Menten kinetic analysis.

GRK6 regulation of insulin processing and secretion

8 J. Biol. Chem. (2022) 298(10) 102421



GRK6 overexpression in MIN6 cells increases intracellular
insulin levels

We next studied whether GRK6 directly affects insulin
processing and production in MIN6 cells following glucose
treatment. We know that inhibition and knockdown of GRK6
has a profound effect on insulin synthesis, but we did not see
effective rescue of intracellular insulin levels after a 2 h glucose
treatment as we did with insulin secretion. Newly made insulin
is preferentially released as opposed to stored insulin, which
likely was a contributing factor in the rescue of insulin
secretion since secretion was restored without a parallel in-
crease in intracellular insulin (52). Therefore, we proposed that
treatments longer than 2 h might produce a more profound
effect since the second amplified phase of insulin secretion is
dependent upon various metabolic-coupling pathways that act
to support insulin secretion and insulin production and that
2 h is not enough time to observe increased insulin production
(7, 45, 46). We used WT MIN6 cells with endogenous GRK6
for these experiments for two reasons. The first is to try to
recapitulate the genotype of the patients who have both WT
GRK6 and GRK6-P384S expression to best study the effect this
mutation is having in these individuals. The second is to try to
determine which properties of GRK6, including catalytic ac-
tivity and membrane localization, are critical for regulating
insulin production. Therefore, we used two mutants in addi-
tion to WT GRK6, GRK6-P384S and catalytically inactive
GRK6-K215R, to help determine if membrane localization
and/or catalytic activity contribute to normal insulin pro-
cessing (53).

We expressed GRK6, GRK6-P384S, and GRK6-K215R in
MIN6 cells using specific lentiviruses and then treated the cells
for 4 h with varying concentrations of glucose (Fig. 9A). Pro-
insulin biosynthesis was not affected at 0.5 mM glucose but
increased at 10 mM glucose for both GRK6 and GRK6-K215R
(Fig. 9B). In contrast, proinsulin levels in cells expressing
GRK6-P384S were unresponsive to glucose treatment. There
was a large increase in the amount of intracellular insulin
when GRK6 was overexpressed in the presence of 10 mM
glucose while there were smaller increases at 0.5 mM and
0.01 mM glucose, indicating a glucose-dependent increase
controlled by GRK6 (Fig. 9C). Strikingly, GRK6-P384S
exhibited no augmentation in insulin processing at any glucose
concentration and, in fact, modestly reduced insulin levels at
0.01 and 10 mM glucose. Similarly, the kinase dead mutant
was also largely unresponsive to glucose (Fig. 9C). Therefore,
WT GRK6 had the best improvement in the P/I ratio and was
more sensitive to glucose than the mutants. Together, these

data show that GRK6 can augment intracellular insulin levels
in a glucose-dependent manner and that membrane localiza-
tion and catalytic activity are important for this function.
Additionally, it suggests that a combination of WT GRK6 and
GRK6-P384S expressed in the pancreatic β-cell can inhibit
normal insulin dynamics since proinsulin biosynthesis is being
obstructed in conjunction with its processing to insulin. Taken
together, our findings indicate that GRK6 is necessary for
optimal insulin production and secretion after glucose
stimulation.

Discussion
In the present study, we provide evidence that GRK6 is a

positive regulator of insulin processing and secretion in β-
cells. Both inhibition and shRNA-mediated knockdown of
GRK6 shifted the P/I ratio toward proinsulin and reduced
intracellular insulin levels. In GRK6 knockdown cells, these
effects were accompanied by reduced insulin secretion but
enhanced proinsulin secretion reflecting the intracellular
changes seen in the hormone. Consistent with the insulin
processing defect, there was a reduction in the activity and
expression of the prohormone-converting enzymes necessary
for proinsulin to insulin conversion. To confirm our knock-
down studies, GRK6 rescue was employed where GRK6 re-
expression was able to restore insulin secretion after 2 h of
GSIS. We also found that GRK6-P384S is distributed in the
cytosol as opposed to the plasma membrane and that it is
incapable of augmenting insulin production in MIN6 cells
after prolonged glucose treatment. Taken together, our data
show that GRK6 regulates insulin processing and secretion
through its ability to support proinsulin biosynthesis and the
function of the prohormone convertases to effectively convert
proinsulin to insulin.

GRK2 and GRK5 have already been proposed as potential
drug targets in metabolic disease including T2D (25, 54).
However, this has not been explored in detail for GRK6 where
only genetic associations with the disease exist. Steyaert et al.
recently reported a mutation in GRK6 identified in two pa-
tients who developed early onset T2D (29). This mutation,
P384S, lies within the large lobe of the catalytic domain of
GRK6, suggesting that it may impact GRK6 function (47).
Using whole exome sequencing, the authors determined that
this mutation cosegregated with the disease (29). The pheno-
type observed in the GRK6-P384S patients suggested that they
have a compromised ability to process and secrete mature
insulin. The inability of these patients to process prohormones
is also supported by the concomitant increase in progastrin

Table 1
GRK6 WT and GRK6 P384S Michaelis–Menten kinetic analysis

Kinetic
constants

Rhodopsin Tubulin ATP

GRK6 WT GRK6 P384S GRK6 WT GRK6 P384S GRK6 WT GRK6 P384S

Vmax, nmol Pi/min/mg 5.0 ± 0.5 7.7 ± 0.7 29.7 ± 3.1 67.7 ± 12.0 42.7 ± 2.0 72.0 ± 2.1
Km, μM 0.92 ± 0.38 1.3 ± 0.4 1.7 ± 0.6 2.6 ± 1.3 45.5 ± 5.9 25.8 ± 2.5
kcat, s

−1 5.6 × 10−3 ±
0.6 × 10−3

8.6 × 10−3 ±
0.8 × 10−3

33.0 × 10−3 ±
3.5 × 10−3

75.3 × 10−3 ±
13.4 × 10−3

47.5 × 10−3 ±
2.3 × 10−3

80.0 × 10−3 ±
2.4 × 10−3

The data are represented by the mean ± SEM from three independent experiments for each substrate and were subjected to Michaelis–Menten kinetic analysis.
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originating from G-cells of the stomach and pro-FGF pro-
duced in osteocytes found in bone (29, 47, 55, 56).

Genetic evidence from the Type 2 Diabetes Knowledge
Portal has identified single nucleotide polymorphisms in GRK6
associated with T2D and other related metabolic parameters.
This online database provides information on the strength of
an association between a gene and a disease or trait based on
the available human genetic datasets referred to as the Human
Genetic Evidence Calculator (HuGE). Any score above 1 in-
dicates an association with a disease with higher numbers
having a stronger association (57). When comparing the link of
GRKs to fasting glucose levels, GRK5 and GRK6 have HuGE
scores of 3.33 and 1.12, respectively, whereas GRK2 is less than
1. Although there is not yet genome wide significant associa-
tions of GRK6 in T2D, the genetic evidence presented here for
GRK6 in combination with other GRKs as viable drug targets
provided the foundation for functional investigation of GRK6
in pancreatic β-cells.

We report that GRK6 facilitates insulin secretion in a
glucose- and time-dependent manner. It is clear from these

studies that ablating GRK6 function either pharmacologically
or genetically abrogates insulin production and alters the P/I
ratio to favor proinsulin. Additionally, the activity and
expression of the converting enzymes that is lost is more
pronounced at higher glucose concentrations. Combined with
the fact that secreted insulin but not intracellular insulin was
restored with GRK6 rescue after 2 h of glucose treatment,
these data indicate that GRK6 is assisting new insulin syn-
thesis possibly by enhancing translational mechanisms of
preexisting mRNA pools of secretory granule proteins or by
creating a secretory vesicle environment suitable for proin-
sulin to insulin conversion. This is supported by the increase
in intracellular proinsulin and insulin seen after GRK6
overexpression in MIN6 cells after 4 h of glucose stimulation,
which would not be enough time to elicit meaningful changes
in preproinsulin mRNA levels that might contribute to new
insulin translation. This requires approximately 24 h of
chronic glucose stimulation before the cell upregulates
transcription of preproinsulin mRNA to replenish its mRNA
reserve since the β-cell already keeps it in excess for acute

DAPI GRK Merge

GRK6 WT

GRK6 P384S

GRK6 Pal-

GRK5 WT

Figure 7. GRK localization in HeLa cells. Cells were transiently transfected with the indicated pcDNA3 constructs for 48 h. The cells were then fixed,
permeabilized, blocked, and stained with mouse anti-GRK4-6 primary antibody (Millipore) and Alexa-Fluor 488–conjugated antimouse secondary antibody.
Images were taken using a Nikon A1R fluorescent microscope in the Sidney Kimmel Cancer Center bioimaging facility. Images are representative of three
independent experiments. GRK6 Pal- is a palmitoylation deficient GRK6 with cysteine residues 561, 562, and 565 mutated to serine.
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stimulations (58). Consequently, our data suggest that GRK6
is having a more prominent role in regulating the activity of
the converting enzymes. This is because we see an accumu-
lation of inactive PC2 as well as lower levels of active PC1,
PC2, and CPE in GRK6 knockdown cells. In addition, the P/I
ratio under conditions where GRK6 function is reduced are
always shifted toward proinsulin regardless of the absolute
amounts of proinsulin and insulin. Therefore, less of the
available proinsulin is being converted to insulin in MIN6
cells with attenuated GRK6 function. The exact opposite is
true in MIN6 cells overexpressing WT GRK6 where P/I ratios
are shifted toward insulin, further supporting GRK6-
mediated control of prohormone convertase function that
ultimately controls insulin production.

Using GRK6 mutants, we found that membrane localization
is a critical determinant to enhancing insulin production in
MIN6 cells since GRK6-P384S overexpression had no effect.
Overexpression of WT GRK6 elevated insulin synthesis �2-
fold, whereas GRK6-K215R was largely unresponsive to
glucose. From these data, we conclude that the ability of GRK6
to increase insulin production is dictated by its ability to be at
the plasma membrane and phosphorylate a substrate, pre-
sumably a GPCR. In GRK6 knockdown cells, such phosphor-
ylation would be lost and could lead to reduced insulin
processing and secretion through increased G-protein or
reduced β-arrestin signaling. With less receptor phosphoryla-
tion, Gi proteins could become overactive and prevent cAMP
accumulation and insulin secretion by attenuating the

secretory vesicle environment suitable for proinsulin to insulin
conversion. Conversely, this lack of receptor phosphorylation
could also inhibit β-arrestin recruitment and β-arrestin–
mediated signaling pathways that support insulin secretion as
has already been described for receptors including the
M3AChR, GLP-1R, and FFA1 (21, 59, 60).

We have not identified potential substrates for GRK6 that
act to regulate insulin processing and secretion. It is known,
however, that intracellular cAMP and calcium signaling
regulate insulin production and its secretion, so it is tempting
to speculate that GPCR signaling activated through the
metabolism of glucose may be an additional mechanism by
which the β-cell controls its insulin secretion and that GRK6 is
able to modulate these pathways (46). The amplified phase of
insulin secretion, otherwise known as the KATP channel-in-
dependent pathway, is a sustained long-term release of insulin
that can last for hours and accounts for the majority of insulin
secreted over long periods (45). The regulatory mechanisms
supporting the amplified phase of insulin secretion are not
fully defined but involve glycolytic and anaplerotic byproducts
of glucose metabolism that are endogenous agonists for
numerous β-cell GPCRs. For example, acetate, a waste product
of glycolysis and gut microbiota metabolism, stimulates FFA2
and FFA3, which are Gi coupled (FFA2 also couples to Gq) and
inhibit insulin secretion. Succinate, a citric acid cycle inter-
mediate, stimulates the SUCCR, thus modulating proinsulin
biosynthesis and insulin secretion (9, 10, 23). Glucose stimu-
lation can also initiate β-cell lipolysis where the resulting long

DAPI GRK Merge

NC

GRK6 WT

GRK6 P384S

Figure 8. GRK6 localization in MIN6 cells. nt-shRNA cells were infected with the indicated lentiviruses at 2 MOI. After 24 h, the cells were trypsinized and
moved to new plates with sterile coverslips for an additional 48 h. The cells were then fixed, permeabilized, blocked, and stained with rabbit anti-GRK6
primary antibody and Alexa-Fluor 488–conjugated anti-rabbit secondary antibody. Images were taken using a Nikon A1R fluorescent microscope in the
Sidney Kimmel Cancer Center bioimaging facility. NC is the negative control virus.
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chain FFAs can activate β-cell FFA1 subsequently activating
PKC and PKD, kinases implicated in insulin secretion (61, 62).
FFA1 and FFA4 agonism have become primary targets for the
pharmaceutical industry due to the ability of these receptors to
augment insulin secretion in cell and animal models that have
been limited by toxic side effects (63, 64). Therefore, future

studies identifying GRK6 substrates in the β-cell should illu-
minate the GRK6-dependent pathways contributing to insulin
processing and secretion and whether phosphorylation is
affecting G-protein– or β-arrestin–mediated signaling.

In conclusion, we have found an important role for GRK6 in
controlling insulin production and secretion in a time- and
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Figure 9. Overexpression of WT GRK6 but not GRK6-P384S augments glucose-promoted insulin production. A, MIN6 cells were infected with either
negative control lentivirus or lentivirus encoding human GRK6 at 2 MOI for 24 h. Each infected well was resuspended and transferred to three new wells and
allowed to grow for an additional 48 h. MIN6 cells were then put in low glucose (0.01 mM) KRBH buffer to equilibrate insulin levels for 30 min, cells were
washed, and KRBH buffer containing 0.01 to 10 mM glucose was added for 4 h. The cells were then lysed and the levels of insulin, proinsulin, and GRK6 were
determined by Western blotting. The levels of proinsulin (B) and insulin (C) relative to the negative control treatment were determined using the Amersham
Bioimager quantitation software to measure the relative intensities of each protein band. Statistical significance was determined by one-way ANOVA with a
post hoc Dunnett’s multiple comparisons test. The analysis was done using an anti-insulin mouse mAb. The data are represented by the mean ± SD from
three independent experiments. Ponceau staining was used as a protein loading control. KRBH, Krebs Ringer bicarbonate buffer with Hepes; MOI, mul-
tiplicity of infection.
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glucose-dependent manner in MIN6 cells. For decades, the
same approaches to treat T2D have been utilized largely
revolving around various GLP-1R agonists and improving in-
sulin resistance (4, 5). A mutation in the gene coding for GRK6
prompted us to explore novel mechanisms regulated by GRKs
in the β-cell revealing a new role for GRK6 in insulin pro-
cessing and secretion. These data help to support the notion
that β-cell biology is extremely complex and that a thorough
understanding of GPCR signaling and its regulatory compo-
nents including the GRKs can lead to previously unappreciated
and druggable cellular systems to better treat T2D.

Limitations of study

Our work provides important insight into the regulation of
insulin processing and secretion mediated by GRK6 in the
pancreatic β-cell. Pancreatic β-cells are a complex metabolic
hub that respond to numerous hormones and nutrient-derived
metabolites in addition to glucose that both stimulate and
inhibit insulin production and secretion. Using isolated
pancreatic β-cell lines such as MIN6 cells is a basic approach
to initially investigate a protein or signaling pathway to un-
derstand its role in insulin dynamics and is used extensively in
the field of diabetes research. MIN6 cells and other isolated
rodent cell lines are used because isolated human β-cells did
not exist until recently and are not that well characterized like
the decades of research using various rodent β-cell lines and
their likeness to human β-cell physiology. Nonetheless, β-cells
exist in islets with α-cells and δ-cells, and these islets exist in
whole animals within the pancreas that are subject to further
complexities characteristic of living systems. Therefore, studies
using isolated human/mouse islets or animal models with
GRK6 KO would be useful tools to further understand the
physiological role of GRK6 in T2D and its relevance to
humans. Furthermore, testing whether GRK6-P384S hetero-
zygous knock-in mice recapitulate the patient phenotype
would help to better understand the mechanistic role of
GRK6-P384S in T2D and its contribution in the patients with
this mutation. These approaches would help to extend our
data in isolated β-cells.

Experimental procedures

Generation of GRK6-P384S

A GRK6-P384S expression construct was created by site-
directed mutagenesis of human GRK6 using the Quikchange
II site-directed mutagenesis kit (Agilent Technologies) using
antisense (50-cctctgctggaagctcgactggcctgcg-30) and sense
(50-cgcaggccagtcgagcttccagcagagg-30) primers from Integrated
DNA Technologies. The mutation was confirmed by DNA
sequencing.

Cell culture

MIN6 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, GIBCO) lacking L-glutamine and supple-
mented with 15% fetal bovine serum (FBS, Corning), peni-
cillin–streptomycin–glutamine (GIBCO), and 55 μM
2-mercaptoethanol (GIBCO). MIN6 cells with stable shRNA

knockdown were maintained in DMEM (GIBCO) lacking
L-glutamine supplemented with 15% FBS, L-glutamine
(Corning), 55 μM 2-mercaptoethanol, and 2.5 μg/ml puro-
mycin (GIBCO). Cells were passaged every 2 to 3 days and all
experiments used cells in P25-P38. HeLa cells were maintained
in DMEM (Corning) supplemented with 10% FBS and
penicillin–streptomycin (Corning) and passaged every 2 to
3 days. Cells were checked periodically for mycoplasma
contamination using the Lookout Mycoplasma PCR Detection
Kit (Sigma). All cell lines were maintained at 37 �C and 5%
CO2 in a humidified incubator.

Expression and purification of GRK6

The Bac-to-Bac Baculovirus Expression System (Invitrogen)
was used to generate baculoviruses to express human GRK6
and GRK6-P384S in Sf9 cells as described (65). Briefly, Sf9 cells
were grown at 27 �C to a density of 2 to 3 × 106 cells/ml in SF-
900 II serum-free media (GIBCO) supplemented with 10% FBS
and gentamycin (GIBCO). Baculovirus was added at a ratio of
ten plaque forming units per cell and cells were harvested 46
to 48 h post infection by centrifugation at 4 �C (15 min, 1900
RPM) and washed once with ice cold PBS. All subsequent
steps were done at 4 �C or on ice. The cell pellet was resus-
pended in lysis buffer (20 mM Hepes, pH 7.2, 250 mM NaCl,
0.02% Triton X-100, 5 mM EDTA, 1 mM DTT, 1 mM PMSF,
3 mM benzamidine, and 10.5 μM leupeptin), homogenized
using a Brinkman Polytron, and centrifuged at high speed to
clarify the lysate. The supernatant was diluted 4-fold in buffer
A (20 mM Hepes, pH 7.2, 2 mM EDTA, 0.02% Triton X-100,
and 1 mM DTT), centrifuged (20 min at 15,000 rpm), loaded
onto an SP Sepharose cation exchange column, and eluted
with a 50 to 500 mM NaCl gradient in buffer A. The GRK6-
containing fractions were pooled, diluted in buffer A, loaded
onto a heparin Sepharose 6 FF affinity column, and eluted with
a 50 to 500 mM linear NaCl gradient in buffer A. GRK6-
containing fractions were pooled, diluted with buffer B
(20 mM Hepes, pH 7.2, 1 mM DTT), and injected onto a 1 ml
Mono S cation-exchange FPLC column. Proteins were eluted
with a 50 to 600 mM NaCl linear gradient in buffer B, and
fractions containing GRK6 were combined, diluted to 200 mM
NaCl with buffer B, concentrated in a 30 kDa cutoff filter
(Millipore Corp) to 2 mg/ml, aliquoted, and stored at −80 �C.
The purified protein was used for in vitro phosphorylation
assays.

In vitro kinetic analysis

The phosphorylation efficiency of WT GRK6 and GRK6-
P384S was determined by incubating purified GRK6 (30 nM)
with bovine rod outer segment membranes containing
rhodopsin (0.5–10.5 μM) or with porcine tubulin (0.05–8 μM,
Cytoskeleton Inc) in 100 μM ATP with [γ-32P]ATP (�2000
cpm/pmol), 10 mM Tris–HCl, pH 7.4, 1 mM EDTA, 5 mM
MgCl2, 25 mM NaCl, and 0.0004% Triton X-100 for 5 min at
30 �C. Reactions were stopped with SDS sample buffer and
samples were separated by SDS-PAGE. Gels were stained with
Coomassie blue, dried, audioradiographed, and substrate
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bands were excised and counted using a scintillation counter
(Tri-Carb 4910 TR, PerkinElmer). Kinetic values were deter-
mined by fitting the data to Michaelis–Menten kinetics using
GraphPad Prism (GraphPad Software Inc) from at least three
independent experiments. Kinetic values for ATP were
determined as aforementioned by incubation with ATP
(12.5–200 μM) and tubulin (2 μM) for 3 min at 30 �C.

GRK localization in HeLa cells

Coverslips were sterilized in 70% ethanol, placed into each
well of a 6-well dish, and rinsed twice with sterile Dulbecco’s
PBS (DPBS) without magnesium and calcium (Corning). HeLa
cells were plated onto the coverslips to be 60% to 70%
confluent at the time of transfection. Cells were transfected
with 1 μg of DNA using Lipofectamine 2000 per the manu-
facturer’s protocol (Thermo Fisher), the media was replaced
with complete media the next day, and cells grown for an
additional 24 h. The coverslips were then washed with DPBS
containing calcium and magnesium (Corning) and fixed for
20 min in 3.7% formaldehyde in DPBS containing magnesium
and calcium. The fixed cells were then washed three times with
DPBS containing magnesium and calcium and subsequently
permeabilized for 20 min with 2 ml/well of blocking buffer
(50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100,
and 2.5% nonfat dry milk). After permeabilization, the block-
ing buffer was aspirated and 50 μl of primary antibody (GRK4-
6, Millipore, 1:200 in blocking buffer) was added to each
coverslip for 1 h and the coverslips were then washed five
times with blocking buffer, allowing each wash to sit for 5 min.
Fifty microliters of secondary antibody (Alexa fluor 488–con-
jugated goat antimouse, Invitrogen, 1:500 in blocking buffer)
was added for 30 min and the cells were washed five times for
5 min each in DPBS containing magnesium and calcium. The
coverslips were then removed, rinsed in milli-q water, and the
edges blotted dry. Each coverslip then received 15 μl of Pro-
long Gold Antifade Mount with 40,6-diamidino-2-
phenylindole (Invitrogen) and placed cell side down on a
fresh slide. The slides were left at room temperature (RT)
overnight in the dark and imaged within a week using a Nikon
A1R Laser Scanning Confocal microscope.

GRK6 localization in MIN6 cells

nt-shRNA MIN6 cells were plated at 1 × 106 cells/well in 6-
well plates and grown overnight. The following day, the cells
were infected with negative control, WT human GRK6 or
GRK6-P384S lentiviruses as per the manufacturer’s protocol
(Genecopoeia). In brief, polybrene was diluted in MIN6
complete media to a final concentration of 8 μg/ml. The len-
tiviral constructs were then added to 1 ml aliquots of the
polybrene mixture at volumes corresponding to 2 multiplicity
of infection (MOI) to generate infection mixes. The media was
aspirated from the cells, and 1 ml of polybrene media with no
lentivirus was added per well. The infection mixes (1 ml) were
then added dropwise to their corresponding wells and incu-
bated at RT for 30 min. The day following infection, each
original infection well was washed, trypsinized, and split into

three new wells containing coverslips sterilized with 70%
ethanol and washed with DPBS as described previously. The
cells were allowed to grow for an additional 2 days for a total
infection time of 72 h. The coverslips were then fixed and
stained as described previously for HeLa cells. In these ex-
periments, the anti-GRK6 rabbit mAb was used as the primary
antibody (1:250 in blocking buffer). The Alexa fluor 488–
conjugated goat anti-rabbit was used as the secondary anti-
body (1:500 in blocking buffer).

Detection of cellular proteins by Western blotting

For intracellular protein level analysis, cells were washed in
ice-cold DPBS with no cations (Corning) and lysed in lysis
buffer (20 mM Hepes, pH 7.2, 250 mM NaCl, 0.02% Triton
X-100, 5 mM EDTA, 1 mM DTT, 1 mM PMSF, 3 mM ben-
zamidine, and 10.5 μM leupeptin) for 5 min. The cells were
then scraped, snap frozen in liquid nitrogen, and the lysates
stored at −20 �C. Lysates were thawed on ice, incubated for
30 min at 4 �C on a rocker, clarified by centrifugation (4 �C,
15,000 rpm), and diluted in lysis buffer to make 0.5 μg/μl
protein samples as determined by Bradford assay. The level of
proinsulin and insulin was determined as previously described
with some modifications (66). Briefly, proteins were separated
by SDS-PAGE on a 16.5% Tris-tricine gel (Bio-Rad) using a
cathode buffer containing 0.1 M Tris–HCl, pH 8.8, 0.1 M
Tricine, and 0.1% SDS and anode buffer containing 0.1 M Tris-
HCl, pH 8.8. Gels were then transferred to 0.45 μM
Immobilon-P polyvinylidene difluoride membranes (Millipore)
for 45 min at 70 V. The membranes were preblocked in insulin
blocking buffer (1% nonfat dry milk, 0.1% bovine serum al-
bumin [BSA] in Tris-buffered saline with Tween-20 [TBS/T])
for 5 min, washed for 3 min with PBS with Tween-20 (PBS/T),
and fixed in 0.2% glutaraldehyde (Sigma–Aldrich) in PBS/T for
15 min. The membranes were washed three times with PBS/T,
microwaved for 10 min in citrate retrieval buffer (10 mM citric
acid, pH 6, 1 mM EDTA, 0.05% Tween 20), cooled to RT, and
then quenched with 200 mM glycine in PBS/T. The mem-
branes were blocked for 30 min in insulin blocking buffer and
incubated overnight with primary antibodies against insulin in
3% BSA, TBS/T. After three washing steps, membranes were
incubated for 1 h in insulin blocking buffer containing the
appropriate secondary antibodies, washed three times, incu-
bated in SuperSignal West Pico chemiluminescent substrate
(Protein Biology, Thermo Fisher Scientific), and then analyzed
by exposure to film or by digital imaging using an Amersham
Bioimager. Purified bovine insulin (Sigma–Aldrich) was used
as a control to measure intracellular insulin levels with the
insulin primary antibody. All quantitation was done using
ImageJ (https://imagej.nih.gov/ij/download.html) or the im-
aging software on the Amersham Bioimager. Detection of
other proteins used traditional immunoblotting techniques
including 5% nonfat dry milk in TBS/T for blocking buffer. All
primary antibodies were made in 3% BSA, TBS/T. The
following primary antibodies were used: anti-insulin mouse
monoclonal (Cell Signaling Technologies (CST), #8138S,
1:3000), anti-insulin rabbit monoclonal (CST, #3014S, 1:3000),
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anti-GRK6 rabbit monoclonal (CST, #5878, 1:3000), anti-PC1/
3 rabbit polyclonal (CST, #11914, 1:3000), anti-PC2 rabbit
monoclonal (CST, #14013, 1:3000), anti-CPE rabbit polyclonal
(Abcam, #Ab11044, 1:5000), antitubulin mouse monoclonal
(Millipore Sigma–Aldrich, #T5168, 1:10,000), and anti-GRK4-
6 mouse monoclonal (Millipore Sigma–Aldrich, #05-466,
1:3000). The following secondary antibodies were used: goat
anti-rabbit IgG antibody, peroxidase (Vector Laboratories,
#P1-1000-1, 1:3000), and horse antimouse IgG, peroxidase
(Vector Laboratories, #P1-2000-1, 1:3000). Total protein
loading was determined by ponceau staining (Sigma Life Sci-
ence, #P7170) following transfer and/or tubulin detection as
described previously.

Generation of GRK6 knockdown stable cell lines

MIN6 cells were infected with non-mammalian shRNA
control transduction particles (Mission Sigma, #SHC002V, nt-
shRNA) or shRNA transduction particles targeting five
different portions of the GRK6 gene. The following mission
lentiviral transduction particles were used: TRCN0000022849
(shRNA-1), TRCN0000022851 (shRNA-2), TRCN0000022852
(shRNA-3), TRCN0000361581 (shRNA-4), and
TRCN0000361508 (shRNA-5). Lentiviral transduction of
MIN6 cells was carried out following the manufacturer’s
protocol (Mission RNAi, Sigma–Aldrich). In brief, 1.6 ×
104 cells/well were plated into a 96-well plate and grown
overnight. The following day, media was removed and each
well received 110 μl of normal complete media containing
8 μg/ml hexadimethrine bromide (also known as polybrene,
Sigma–Aldrich). Each construct was designated 6 wells of a
96-well plate: 1 to receive no lentiviral transduction particles, 1
to receive hexadimethrine bromide only, and the other four to
receive varying amounts of lentiviral transduction particles (2,
5, 10, 15 μl) in complete medium containing hexadimethrine
bromide. The following day, the media was removed and
replaced with 120 μl of fresh normal complete media with no
hexadimethrine bromide. After 48 h of transduction, the media
was replaced with complete media containing 2.5 μg/ml pu-
romycin (knockdown complete media) to begin selection of
stable clones. Every 3 to 4 days, fresh knockdown complete
media was added to the cells until resistant colonies were
identified (�12 days). Wells were chosen where only a few
clones remained. For each construct, these clones were pooled
together and scaled up in larger cell culture dishes until they
could be frozen down and assayed by Western blot to detect
the level of GRK6 knockdown. shRNA-2 and shRNA-5 stable
cell lines were used for most experiments as they had the
highest level of GRK6 knockdown.

GSIS assays

MIN6 cells were plated at 1.5 × 106 cells/well in 6-well
plates for glucose dose responses with 3 to 6 concentrations
(Figs. 1, 2, C and D, 3, B–E) or 1 × 106 cells/well in 12-well
plates for glucose dose responses with eight concentrations
(Figs. 2, A and B, 3). The following day, the cells were washed

with Krebs-Ringer bicarbonate/Hepes (KRBH) containing
0.008 to 0.01 mM glucose and pretreated in the same buffer for
30 min. The cells were washed again with KRBH containing
0.008 to 0.01 mM glucose and then placed in KRBH buffer
containing various glucose concentrations up to 18 mM with
or without 1 μM compound 19 for 1 h. In the experiments
using GRK6 knockdown cells, shRNA-2 and shRNA-5 cells
were not treated with any inhibitors. The amount of proinsulin
and insulin secreted was determined by measuring the pro-
insulin or insulin levels in the media by ELISA (Caymen Chem
in Fig. 1, ALPCO for everything else). Intracellular protein
detection was done by Western blotting as described previ-
ously for proinsulin, insulin, PC1, PC2, CPE, tubulin, and the
GRKs.

GRK6 rescue in knockdown MIN6 cells

Both nt-shRNA and shRNA-5 cells were plated at 1 ×
106 cells/well in 6-well plates. The following day, the cells
were infected with either negative control or GRK6 lentivi-
ruses encoding human GRK6 as per the manufacturers pro-
tocol (Genecopoeia). In brief, polybrene (Sigma–Aldrich) was
diluted in knockdown complete media to a final concentra-
tion of 8 μg/ml. The lentiviral constructs were then added to
1 ml aliquots of the polybrene mixture at volumes corre-
sponding to the desired MOI to generate infection mixes. The
media was aspirated and 1 ml of polybrene media with no
lentivirus was added per well. The infection mixes (1 ml) were
then added dropwise to their corresponding wells, incubated
at RT for 30 min, and then placed back in the incubator. For
experiments with complete media treatment, cells were
infected at an MOI of 1.7 and the cell media was replaced the
day following infection. Two days post infection, each original
well was washed, trypsinized, and split into two new wells of a
6-well dish to provide a well for both treatments, 0.01 mM
glucose in KRBH (−) versus complete media (+). The cells
were grown for another day before treatment for a total of
72 h of infection. Insulin secretion and intracellular protein
determination were done as described previously but with the
(+) treatment being that of complete media (25 mM glucose,
15% FBS) instead of glucose in KRBH. For GSIS experiments
lasting 2 h, cells were infected at an MOI of 2, and each
infected well was split the day following infection into three
new wells.

Extended glucose treatment in GRK6 overexpressing MIN6
cells

MIN6 cells were plated at 1 × 106 cells/well in a 6-well plate
and grown overnight. The following day, the cells were
infected with negative control, WT GRK6, GRK6-P384S, or
GRK6-K215R lentiviruses encoding human GRK6 as per the
manufacturer’s protocol (Genecopoeia). In brief, polybrene
was diluted in MIN6 complete media to a final concentration
of 8 μg/ml. The lentiviral constructs were then added to 1 ml
aliquots of the polybrene mixture at volumes corresponding to
the desired MOI to generate infection mixes. The media was
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aspirated from the cells and 1 ml of polybrene media with no
lentivirus was added per well. The infection mixes (1 ml) were
then added dropwise to their corresponding wells and incu-
bated at RT for 30 min. The day following infection, each
original infection well was washed, trypsinized, and split into
three new wells per each glucose treatment. These were
allowed to grow for an additional 2 days for a total infection
time of 72 h. GSIS and intracellular protein determination was
then conducted as described previously with the exception that
the time of treatment was 4 h rather than 1 h. Secreted insulin
levels were not measured in these experiments.

Antibody validation

The anti-insulin mouse monoclonal and anti-insulin rabbit
monoclonal used in Figs. 2, C and D, 3, B and C, and 9A were
previously validated (66, 67). The anti-GRK4-6 mouse mono-
clonal used in Figs. 3A and 7 and anti-GRK6 rabbit mono-
clonal used in Figs. 3A, 5, A and C, 8A, and 9A were validated
by GRK6 knockdown as shown in Fig. 3A. The anti-PC1/3
rabbit polyclonal, anti-PC2 rabbit monoclonal, and anti-CPE
rabbit polyclonal were previously validated (68–70).

Statistical analysis

All statistical analyses were done using GraphPad prism
version 9.3.1. All data are shown as the mean ± SD from at
least three independent experiments except for Table 1, which
is presented as the mean ± SEM. Each figure legend states the
specific statistical test that was done for each experiment and
the number of replicates. *p < 0.05; **p < 0.01; ***p < 0.001 in
all analyses.

Data availability

All study data are included in the article.

Acknowledgments—We thank Dr Jurgen Wess for providing MIN6
cells. Research reported in this publication utilized the Bioimaging
Shared Resource at the Sidney Kimmel Cancer Center at Jefferson
Health supported by NIH award P30CA056036.

Author contributions—J. L. B. conceptualization; M. J. V. validation;
M. J. V. formal analysis; M. J. V. investigation; W. S., P. J. C., J. R. D.,
D. E. U., B. J., R. M., and R. A. resources; M. J. V. and J. L. B.
writing–original draft; M. J. V., W. S., P. J. C., J. R. D., D. E. U., B. J.,
R. M., R. A., and J. L. B. writing–review & editing; M. J. V. visual-
ization; J. L. B. supervision.

Funding and additional information—This work was supported by
National Institutes of Health award R35GM122541 (to J. L.
Benovic). The content is solely the responsibility of the authors and
does not necessarily represent the official views of the NIH.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: BSA, bovine serum al-
bumin; CPE, carboxypeptidase E; DPBS, Dulbecco’s phosphate
buffered saline; FBS, fetal bovine serum; GPCR, G protein-coupled
receptor; GSIS, glucose stimulated insulin secretion; KRBH, Krebs

Ringer bicarbonate buffer with Hepes; MOI, multiplicity of infec-
tion; PBS/T, phosphate buffered saline with Tween-20; T2D, type 2
diabetes; TBS/T, Tris buffer saline with Tween-20.

References

1. International Diabetes Federation (2021) IDF Diabetes Atlas, 10th edn.,
Brussels, Belgium

2. Marín-Peñalver, J. J., Martín-Timón, I., Sevillano-Collantes, C., and Del
Cañizo-Gómez, F. J. (2016) Update on the treatment of type 2 diabetes
mellitus. World J. Diabetes 17, 354–395

3. Reed, J., Bain, S., and Kanamarlapudi, V. (2021) A review of current trends
with type 2 diabetes epidemiology, etiology, pathogenesis, treatments and
future perspectives. Diabetes Metab. Syndr. Obes. 14, 3567–3602

4. Raz, I. (2013) Guideline approach to therapy in patients with newly
diagnosed type 2 diabetes. Diabetes Care 36, S139–S144

5. Nauck, M. A., Quast, D. R., Wefers, J., and Meier, J. J. (2021) GLP-1
receptor agonists in the treatment of type 2 diabetes - state-of-the-art.
Mol. Metab. 46, 101102

6. Hou, J. C., Min, L., and Pessin, J. E. (2009) Insulin granule biogenesis,
trafficking and exocytosis. Vitam. Horm. 80, 473–506

7. Henquin, J. C., Nenquin, M., Stiernet, P., and Ahren, B. (2006) In vivo and
in vitro glucose-induced biphasic insulin secretion in the mouse: pattern
and role of cytoplasmic Ca2+ and amplification signals in beta-cells.
Diabetes 55, 441–451

8. Fu, Z., Gilbert, E. R., and Liu, D. (2013) Regulation of insulin synthesis and
secretion and pancreatic Beta-cell dysfunction in diabetes. Curr. Diabetes
Rev. 9, 25–53

9. Campbell, J. E., and Newgard, C. B. (2021) Mechanisms controlling
pancreatic islet cell function in insulin secretion. Nat. Rev. Mol. Cell Biol.
22, 142–158

10. Husted, A. S., Trauelsen, M., Rudenko, O., Hjorth, S. A., and Schwartz,
T. W. (2017) GPCR-mediated signaling of metabolites. Cell Metab 25,
777–796

11. Riddy, D. M., Delerive, P., Summers, R. J., Sexton, P. M., and Langmead,
C. J. (2018) G protein-coupled receptors targeting insulin resistance,
obesity, and type 2 diabetes mellitus. Pharmacol. Rev. 70, 39–67

12. Ahrén, B. (2009) Islet G protein-coupled receptors as potential targets for
treatment of type 2 diabetes. Nat. Rev. Drug Discov. 8, 369–385. Erratum
in: (2009) Nat. Rev. Drug Discov. 8, 626. Erratum in: (2009) Nat. Rev.
Drug Discov. 8, 516

13. Pierce, K. L., Premont, R. T., and Lefkowitz, R. J. (2002) Seven-trans-
membrane receptors. Nat. Rev. Mol. Cell Biol. 3, 639–650

14. Sriram, K., and Insel, P. A. (2018) G protein-coupled receptors as targets
for approved drugs: How many targets and how many drugs? Mol.
Pharmacol. 93, 251–258

15. Oldham, W. M., and Hamm, H. E. (2008) Heterotrimeric G protein
activation by G-protein-coupled receptors. Nat. Rev. Mol. Cell Biol. 9,
60–71

16. Moore, C. A., Milano, S. K., and Benovic, J. L. (2007) Regulation of re-
ceptor trafficking by GRKs and arrestins. Annu. Rev. Physiol. 69, 451–482

17. Gainetdinov, R. R., Premont, R. T., Bohn, L. M., Lefkowitz, R. J., and
Caron, M. G. (2004) Desensitization of G protein-coupled receptors and
neuronal functions. Annu. Rev. Neurosci. 27, 107–144

18. Arcones, A. C., Vila-Bedmar, R., Mirasierra, M., Cruces-Sande, M., Val-
lejo, M., Jones, B., et al. (2021) GRK2 regulates GLP-1R-mediated early
phase insulin secretion in vivo. BMC Biol. 19, 40

19. Lee, S. P., Qi, J., Xu, G., Rankin, M. M., Littrell, J., Xu, J. Z., et al. (2021)
GRK inhibition potentiates glucagon-like peptide-1 action. Front Endo-
crinol. (Lausanne) 12, 652628

20. Tseng, C. C., and Zhang, X. Y. (2000) Role of G protein-coupled receptor
kinases in glucose-dependent insulinotropic polypeptide receptor
signaling. Endocrinology 141, 947–952

21. Kong, K. C., Butcher, A. J., McWilliams, P., Jones, D., Wess, J., Hamdan,
F. F., et al. (2010) M3-muscarinic receptor promotes insulin release via
receptor phosphorylation/arrestin-dependent activation of protein kinase
D1. Proc. Natl. Acad. Sci. U. S. A. 107, 21181–21186

GRK6 regulation of insulin processing and secretion

16 J. Biol. Chem. (2022) 298(10) 102421

http://refhub.elsevier.com/S0021-9258(22)00864-X/sref1
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref1
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref2
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref2
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref2
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref3
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref3
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref3
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref4
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref4
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref5
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref5
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref5
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref6
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref6
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref7
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref7
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref7
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref7
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref8
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref8
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref8
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref9
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref9
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref9
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref10
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref10
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref10
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref11
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref11
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref11
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref12
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref12
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref12
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref12
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref13
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref13
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref14
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref14
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref14
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref15
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref15
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref15
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref16
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref16
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref17
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref17
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref17
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref18
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref18
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref18
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref19
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref19
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref19
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref20
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref20
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref20
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref21
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref21
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref21
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref21


22. Zhang, S., Ma, Y., Li, J., Ma, J., Yu, B., and Xie, X. (2014) Molecular
matchmaking between the popular weight-loss herb Hoodia gordonii and
GPR119, a potential drug target for metabolic disorder. Proc. Natl. Acad.
Sci. U. S. A. 111, 14571–14576

23. Alarcon, C., Wicksteed, B., Prentki, M., Corkey, B. E., and Rhodes, C. J.
(2002) Succinate is a preferential metabolic stimulus-coupling signal for
glucose-induced proinsulin biosynthesis translation. Diabetes 51,
2496–2504

24. Boland,B.B.,Rhodes,C. J.,andGrimsby, J.S. (2017)Thedynamicplasticity
of insulin production in β-cells.Mol. Metab. 6, 958–973

25. Shang, Z., Han, F., Zhou, X., Bao, Z., Zhu, J., Wang, T., et al. (2018)
A variant of GRK5 is associated with the therapeutic efficacy of repagli-
nide in Chinese Han patients with type 2 diabetes mellitus. Drug Dev. Res.
79, 129–135

26. Barella, L. F., Rossi, M., Zhu, L., Cui, Y., Mei, F. C., Cheng, X., et al. (2019)
β-Cell-intrinsic β-arrestin 1 signaling enhances sulfonylurea-induced in-
sulin secretion. J. Clin. Invest. 129, 3732–3737

27. Zhu, L., Almaça, J., Dadi, P. K., Hong, H., Sakamoto, W., Rossi, M., et al.
(2017) β-arrestin-2 is an essential regulator of pancreatic β-cell function
under physiological and pathophysiological conditions. Nat. Commun. 8,
14295

28. Snyder, J., Lackey, A. I., Brown, G. S., Diaz, M., Yuzhen, T., and Sato, P. Y.
(2021) GRK2 contributes to glucose mediated calcium responses and
insulin secretion in pancreatic islet cells. Sci. Rep. 11, 11129

29. Steyaert, W., Varney, M. J., Benovic, J. L., Creemers, J., Speeckaert, M. M.,
Coucke, P. J., et al. (2022) Hypergastrinemia, a clue leading to the iden-
tification of a novel form of diabetes mellitus type 2. Clin. Chim. Acta
532, 79–83

30. Ishihara, H., Asano, T., Tsukuda, K., Katagiri, H., Inukai, K., Anai, M.,
et al. (1993) Pancreatic beta cell line MIN6 exhibits characteristics of
glucose metabolism and glucose-stimulated insulin secretion similar to
those of normal islets. Diabetologia 36, 1139–1145

31. Uehling, D. E., Joseph, B., Chung, K. C., Zhang, A. X., Ler, S., Prakesch,
M. A., et al. (2021) Design, synthesis, and characterization of 4-
aminoquinazolines as potent inhibitors of the G protein-coupled recep-
tor kinase 6 (GRK6) for the treatment of multiple myeloma. J. Med.
Chem. 64, 11129–11147

31a. Subsequent to its initial disclosure, Compound 19 has been profiled for
GRK family activity at Reaction Biology Corporation and found to have
IC50 values of 5.2 and 2.4 nM against GRK5 and GRK6 respectively, and
no activity against GRK2 or GRK3 at concentrations up to 10 μM. The
values at GRK5 and GRK6 for 19 are consistent with data previously
generated at Eurofins (13 and 3.5 nM, respectively)

32. Røder, M. E., Porte, D., Jr., Schwartz, R. S., and Kahn, S. E. (1998)
Disproportionately elevated proinsulin levels reflect the degree of
impaired B cell secretory capacity in patients with noninsulin-dependent
diabetes mellitus. J. Clin. Endocrinol. Metab. 83, 604–608

33. Leahy, J. L., Cooper, H. E., Deal, D. A., and Weir, G. C. (1986) Chronic
hyperglycemia is associated with impaired glucose influence on insulin
secretion. A study in normal rats using chronic in vivo glucose infusions.
J. Clin. Invest. 77, 908–915

34. Leahy, J. L., Bonner-Weir, S., and Weir, G. C. (1992) Beta-cell
dysfunction induced by chronic hyperglycemia. Current ideas on
mechanism of impaired glucose-induced insulin secretion. Diabetes
Care 15, 442–455

35. Michael, J., Carroll, R., Swift, H. H., and Steiner, D. F. (1987) Studies on
the molecular organization of rat insulin secretory granules. J. Biol. Chem.
262, 16531–16535

36. Steiner, D. F. (2002) The prohormone convertases and precursor pro-
cessing in protein biosynthesis. Enzymes 22, 163–198

37. Smeekens, S. P., Montag, A. G., Thomas, G., Albiges-Rizo, C., Carroll, R.,
Benig, M., et al. (1992) Proinsulin processing by the subtilisin-related
proprotein convertases furin, PC2, and PC3. Proc. Natl. Acad. Sci. U. S.
A. 89, 8822–8826

38. Creemers, J. W., Jackson, R. S., and Hutton, J. C. (1998) Molecular and
cellular regulation of prohormone processing. Semin. Cell Dev. Biol. 9,
3–10

39. Skelly, R. H., Schuppin, G. T., Ishihara, H., Oka, Y., and Rhodes, C. J.
(1996) Glucose-regulated translational control of proinsulin biosynthesis
with that of the proinsulin endopeptidases PC2 and PC3 in the insulin-
producing MIN6 cell line. Diabetes 45, 37–43

40. Martin, S. K., Carroll, R., Benig, M., and Steiner, D. F. (1994) Regulation
by glucose of the biosynthesis of PC2, PC3 and proinsulin in (ob/ob)
mouse islets of Langerhans. FEBS Lett. 356, 279–282

41. Zhou, Y., and Lindberg, I. (1993) Purification and characterization of the
prohormone convertase PC1(PC3). J. Biol. Chem. 268, 5615–5623

42. Martens, G. J., Braks, J. A., Eib, D. W., Zhou, Y., and Lindberg, I. (1994)
The neuroendocrine polypeptide 7B2 is an endogenous inhibitor of
prohormone convertase PC2. Proc. Natl. Acad. Sci. U. S. A. 91,
5784–5787

43. Alarcon, C., Wicksteed, B., and Rhodes, C. J. (2006) Exendin 4 controls
insulin production in rat islet beta cells predominantly by potentiation of
glucose-stimulated proinsulin biosynthesis at the translational level.
Diabetologia 49, 2920–2929

44. Wang, L., Liu, Y., Yang, J., Zhao, H., Ke, J., Tian, Q., et al. (2014) GLP-1
analog liraglutide enhances proinsulin processing in pancreatic β-cells via
a PKA-dependent pathway. Endocrinology 155, 3817–3828

45. Bratanova-Tochkova,T.K.,Cheng,H.,Daniel,S.,Gunawardana,S.,Liu,Y. J.,
Mulvaney-Musa, J., et al. (2002)Triggering and augmentationmechanisms,
granulepools,andbiphasicinsulinsecretion.Diabetes51,S83–S90

46. Prentki, M., and Matschinsky, F. M. (1987) Ca2+, cAMP, and
phospholipid-derived messengers in coupling mechanisms of insulin
secretion. Physiol. Rev. 67, 1185–1248

47. Lodowski, D. T., Tesmer, V. M., Benovic, J. L., and Tesmer, J. J. (2006)
The structure of G protein-coupled receptor kinase (GRK)-6 defines a
second lineage of GRKs. J. Biol. Chem. 281, 16785–16793

48. Komolov, K. E., Du, Y., Duc, N. M., Betz, R. M., Rodrigues, J., Leib, R. D.,
et al. (2017) Structural and functional analysis of a β2-adrenergic receptor
complex with GRK5. Cell 169, 407–421

49. Stoffel, R. H., Randall, R. R., Premont, R. T., Lefkowitz, R. J., and Inglese, J.
(1994) Palmitoylation of G protein-coupled receptor kinase, GRK6. Lipid
modification diversity in the GRK family. J. Biol. Chem. 269,
27791–27794

50. Loudon, R. P., and Benovic, J. L. (1997) Altered activity of palmitoylation-
deficient and isoprenylated forms of the G protein-coupled receptor ki-
nase GRK6. J. Biol. Chem. 272, 27422–27427

51. Jiang, X., Benovic, J. L., and Wedegaertner, P. B. (2007) Plasma membrane
and nuclear localization of G protein coupled receptor kinase 6A. Mol.
Biol. Cell. 18, 2960–2969

52. Yau, B., Hays, L., Liang, C., Laybutt, D. R., Thomas, H. E., Gunton, J. E.,
et al. (2020) A fluorescent timer reporter enables sorting of insulin
secretory granules by age. J. Biol. Chem. 295, 8901–8911

53. Willets, J. M., Challiss, R. A., and Nahorski, S. R. (2002) Endogenous G
protein-coupled receptor kinase 6 regulates M3 muscarinic acetylcholine
receptor phosphorylation and desensitization in human SH-SY5Y neu-
roblastoma cells. J. Biol. Chem. 277, 15523–15529

54. Murga, C., Arcones, A. C., Cruces-Sande, M., Briones, A. M., Salaices, M.,
and Mayor, F., Jr. (2019) G protein-coupled receptor kinase 2 (GRK2) as a
potential therapeutic target in cardiovascular and metabolic diseases.
Front. Pharmacol. 10, 112

55. Campos, R. V., Buchan, A. M., Meloche, R. M., Pederson, R. A., Kwok, Y.
N., and Coy, D. H. (1990) Gastrin secretion from human antral G cells in
culture. Gastroenterology 99, 36–44

56. Bär, L., Feger, M., Fajol, A., Klotz, L. O., Zeng, S., Lang, F., et al. (2018)
Insulin suppresses the production of fibroblast growth factor 23 (FGF23).
Proc. Natl. Acad. Sci. U. S. A. 115, 5804–5809

57. Dornbos, P., Singh, P., Jang, D. K., Mahajan, A., Biddinger, S. B., Rotter, J.
I., et al. (2022) Evaluating human genetic support for hypothesized
metabolic disease genes. Cell Metab. 34, 661–666

58. Wicksteed, B., Alarcon, C., Briaud, I., Lingohr, M. K., and Rhodes, C. J.
(2003) Glucose-induced translational control of proinsulin biosynthesis is
proportional to preproinsulin mRNA levels in islet beta-cells but not
regulated via a positive feedback of secreted insulin. J. Biol. Chem. 278,
42080–42090

GRK6 regulation of insulin processing and secretion

J. Biol. Chem. (2022) 298(10) 102421 17

http://refhub.elsevier.com/S0021-9258(22)00864-X/sref22
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref22
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref22
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref22
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref23
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref23
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref23
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref23
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref24
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref24
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref25
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref25
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref25
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref25
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref26
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref26
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref26
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref27
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref27
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref27
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref27
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref28
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref28
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref28
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref29
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref29
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref29
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref29
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref30
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref30
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref30
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref30
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref31
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref31
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref31
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref31
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref31
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref32
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref32
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref32
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref32
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref33
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref33
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref33
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref33
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref34
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref34
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref34
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref34
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref35
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref35
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref35
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref36
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref36
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref37
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref37
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref37
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref37
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref38
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref38
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref38
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref39
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref39
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref39
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref39
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref40
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref40
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref40
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref41
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref41
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref42
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref42
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref42
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref42
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref43
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref43
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref43
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref43
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref44
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref44
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref44
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref45
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref45
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref45
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref46
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref46
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref46
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref47
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref47
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref47
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref48
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref48
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref48
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref48
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref49
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref49
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref49
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref49
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref50
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref50
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref50
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref51
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref51
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref51
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref52
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref52
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref52
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref53
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref53
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref53
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref53
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref54
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref54
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref54
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref54
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref55
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref55
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref55
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref56
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref56
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref56
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref57
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref57
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref57
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref58
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref58
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref58
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref58
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref58


59. Sonoda, N., Imamura, T., Yoshizaki, T., Babendure, J. L., Lu, J. C., and
Olefsky, J. M. (2008) Beta-arrestin-1 mediates glucagon-like peptide-1
signaling to insulin secretion in cultured pancreatic beta cells. Proc. Natl.
Acad. Sci. U. S. A. 105, 6614–6619

60. Mancini, A. D., Bertrand, G., Vivot, K., Carpentier, É., Tremblay, C.,
Ghislain, J., et al. (2015) β-Arrestin recruitment and biased agonism at
free fatty acid receptor 1. J. Biol. Chem. 290, 21131–21140

61. Imai, Y., Cousins, R. S., Liu, S., Phelps, B. M., and Promes, J. A.
(2020) Connecting pancreatic islet lipid metabolism with insulin
secretion and the development of type 2 diabetes. Ann. N. Y. Acad.
Sci. 1461, 53–72

62. Prentki, M., Matschinsky, F. M., and Madiraju, S. R. (2013) Metabolic
signaling in fuel-induced insulin secretion. Cell. Metab. 18, 162–185

63. Mancini, A. D., and Poitout, V. (2015) GPR40 agonists for the treatment
of type 2 diabetes: Life after ’TAKing’ a hit. Diabetes Obes. Metab. 17,
622–629

64. Carullo, G., Mazzotta, S., Vega-Holm, M., Iglesias-Guerra, F., Vega-
Pérez, J. M., Aiello, F., et al. (2021) GPR120/FFAR4 pharmacology: focus
on agonists in Type 2 Diabetes Mellitus drug discovery. J. Med. Chem. 64,
4312–4332

65. Pronin, A. N., Loudon, R. P., and Benovic, J. L. (2002) Characterization of
G protein-coupled receptor kinases. Methods Enzymol. 343, 547–559

66. Okita, N., Higami, Y., Fukai, F., Kobayashi, M., Mitarai, M., Sekiya, T.,
et al. (2017) Modified Western blotting for insulin and other diabetes-
associated peptide hormones. Scientific Rep. 7, 6949

67. Lee, J., Kim, K., Cho, J. H., Bae, J. Y., O’Leary, T. P., Johnson, J. D., et al.
(2020) Insulin synthesized in the paraventricular nucleus of the hypo-
thalamus regulates pituitary growth hormone production. JCI insight 5,
e135412

68. Chen, H., Victor, A. K., Klein, J., Tacer, K. F., Tai, D. J., de Esch, C.,
et al. (2020) Loss of MAGEL2 in Prader-Willi syndrome leads to
decreased secretory granule and neuropeptide production. JCI insight
5, e138576

69. Gagnon, H., Refaie, S., Gagnon, S., Desjardins, R., Salzet, M., and Day, R.
(2013) Proprotein convertase 1/3 (PC1/3) in the rat alveolar macrophage
cell line NR8383: Localization, trafficking and effects on cytokine secre-
tion. PLoS One 8, e61557

70. Templin, A. T., Maier, B., Tersey, S. A., Hatanaka, M., and Mirmira, R. G.
(2014) Maintenance of Pdx1 mRNA translation in islet β-cells during the
unfolded protein response. Mol. Endocrinol. 28, 1820–1830

GRK6 regulation of insulin processing and secretion

18 J. Biol. Chem. (2022) 298(10) 102421

http://refhub.elsevier.com/S0021-9258(22)00864-X/sref59
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref59
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref59
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref59
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref60
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref60
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref60
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref61
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref61
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref61
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref61
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref62
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref62
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref63
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref63
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref63
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref64
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref64
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref64
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref64
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref65
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref65
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref67
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref67
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref67
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref66
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref66
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref66
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref66
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref68
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref68
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref68
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref68
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref69
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref69
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref69
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref69
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref70
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref70
http://refhub.elsevier.com/S0021-9258(22)00864-X/sref70

	G Protein-Coupled Receptor Kinase 6 (GRK6) Regulates Insulin Processing and Secretion via Effects on Proinsulin Conversion to Insulin
	Let us know how access to this document benefits you
	Authors

	G protein–coupled receptor kinase 6 (GRK6) regulates insulin processing and secretion via effects on proinsulin conversion  ...
	Results
	GRK5/6 inhibition enhances insulin secretion but reduces insulin production in MIN6 cells
	Knockdown of GRK6 in MIN6 cells diminishes insulin production and secretion
	Effect of GRK6 knockdown on expression and activity of the prohormone converting enzymes PC1, PC2, and CPE in MIN6 cells
	GRK6 re-expression in knockdown MIN6 cells rescues insulin secretion
	Activity and localization of GRK6-P384S
	GRK6 overexpression in MIN6 cells increases intracellular insulin levels

	Discussion
	Limitations of study

	Experimental procedures
	Generation of GRK6-P384S
	Cell culture
	Expression and purification of GRK6
	In vitro kinetic analysis
	GRK localization in HeLa cells
	GRK6 localization in MIN6 cells
	Detection of cellular proteins by Western blotting
	Generation of GRK6 knockdown stable cell lines
	GSIS assays
	GRK6 rescue in knockdown MIN6 cells
	Extended glucose treatment in GRK6 overexpressing MIN6 cells
	Antibody validation
	Statistical analysis

	Data availability
	Author contributions
	Funding and additional information
	References


