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Abstract

Aim: To determine the kinase activity profiles of human pancreatic beta cells down-

stream of glucagon-like peptide-1 receptor (GLP-1R) balanced versus biased agonist

stimulations.

Materials and Methods: This study analysed the kinomic profiles of human EndoC-

βh1 cells following vehicle and GLP-1R stimulation with the pharmacological agonist

exendin-4, as well as exendin-4–based biased derivatives exendin-phe1 and exendin-

asp3 for acute (10-minute) versus sustained (120-minute) responses, using PamChip

protein tyrosine kinase and serine/threonine kinase assays. The raw data were fil-

tered and normalized using BioNavigator. The kinase analyses were conducted

with R, mainly including kinase-substrate mapping and Kyoto Encyclopedia of Genes

and Genomes pathway analysis.

Results: The present analysis reveals that kinomic responses are distinct for acute

versus sustained GLP-1R agonist exposure, with individual responses associated with

agonists presenting specific bias profiles. According to pathway analysis, several

kinases, including JNKs, PKCs, INSR and LKB1, are important GLP-1R signalling medi-

ators, constituting potential targets for further research on biased GLP-1R down-

stream signalling.

Conclusion: The results from this study suggest that differentially biased exendin-

phe1 and exendin-asp3 can modulate distinct kinase interaction networks. Further

understanding of these mechanisms will have important implications for the selection

of appropriate anti-type 2 diabetes therapies with optimized downstream kinomic

profiles.
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1 | INTRODUCTION

Type 2 diabetes (T2D) is the commonest form of diabetes mellitus,

arising because of defective insulin production and insulin resistance.1

Therefore, increasing insulin secretion from pancreatic beta cells to

compensate for insulin resistance and maintain blood glucose levels is

an important principle of T2D therapies.2 Insulin secretion is a key

physiological process involving the co-operation of multiple signalling

pathways.3 In particular, glucagon-like peptide-1 receptor (GLP-1R)

targeting to potentiate this process is highly effective for the treat-

ment of T2D, with GLP-1R agonists (GLP-1RAs) such as liraglutide,

exenatide and semaglutide already in use successfully in the clinic.4

There are, however, associated deleterious effects of GLP-1RA thera-

pies linked to gastrointestinal disturbances5 and, given its global prev-

alence, there remains a huge unmet need for more efficacious agents

for T2D treatment. It is therefore necessary to identify possible direc-

tions to improve and prolong the beneficial effects of GLP-1RAs while

reducing the negative ones.6

In the context of deepening understanding of multidimensional

networks in G protein-coupled receptor (GPCR) signal transduction,

the concept of ‘biased agonism’, which describes ligand selectivity for

specific downstream pathways, has emerged.7 For the GLP-1R, the

Gαs subunit is the main G protein subtype binding to active receptors,

triggering adenylate cyclase (AC) activation, and resulting in the pro-

duction of cyclic adenosine monophosphate (cAMP).8 Additionally,

some studies highlight G protein-independent signalling elicited by

the recruitment of β-arrestins to active GLP-1Rs.9 Single amino acid

changes in the reference GLP-1RA exendin-4 (exenatide) were found

to result in pronounced GLP-1R–biased signalling.10 Specifically, two

exendin-4 derivatives, exendin-phe1 and exendin-asp3, were associ-

ated with preferential Gαs or β-arrestin recruitment, respectively.

GLP-1R activation with these biased compounds was also linked to

changes in receptor trafficking profiles, with exendin-phe1 triggering

slow GLP-1R internalization followed by rapid recycling, while

exendin-asp3 is associated with rapid GLP-1R internalization and

preferential sorting of the receptor for lysosomal degradation. As a

result, GLP-1R desensitization was reduced and insulin release pro-

longed with exendin-phe1 in rat INS-1832/3 beta cells, and in vivo

glucoregulation improved in mice.10 GLP-1R–biased agonists are

therefore potentially attractive options to improve existing incretin

therapies.11 Indeed, the newly approved incretin mimetic tirzepatide

may depend partly on biased GLP-1R agonism for its high therapeutic

efficacy.12 However, the complex molecular mechanisms leading to

the divergent responses of biased GLP-1RAs remain unclear.

In this context, phosphorylation-regulated signalling pathways play

an essential role in enabling cells to respond quickly and effectively to

various cellular signals and stressors.13 Protein kinases are an important

group of intracellular enzymes involved in the regulation of cellular func-

tions such as proliferation, apoptosis and metabolism.14 In eukaryotic

cells, serine/threonine (Ser/Thr) and tyrosine (Tyr) are the main amino

acid phosphosites.15 Analysis of cellular ‘kinomic’ profiles is a recent field
of study whereby global kinase signalling responses are determined. This

approach has been chiefly applied to cancer research, resulting in the

development of specific kinase inhibitors used successfully in cancer

therapy.16 However, despite its potential to increase our understanding

of the complex mechanisms linked to GLP-1R signalling, kinase network

analysis has not been previously applied to pancreatic beta cells in the

context of GLP-1RA stimulation,17 or for the analysis of downstream

effects of biased GLP-1R signalling.

In this report, we describe the acute (10-minute) versus long-term

(120-minute) protein tyrosine kinase (PTK) and serine/threonine

kinase (STΚ) activity profiles of human EndoC-βH1 pancreatic beta

cells under the effects of balanced (exendin-4) versus oppositely

biased (exendin-phe1, exendin-asp3) GLP-1RAs using PamChip tech-

nology. The major interest of this study is the identification of critical

kinases activated by GLP-1R downstream signalling, including the

determination of those differentially regulated by biased agonism.

2 | MATERIALS AND METHODS

2.1 | Peptide agonists

Peptide agonists (exendin-4, exendin-phe1, exendin-asp3) were pur-

chased from by Wuxi Apptec at more than 90% purity.

2.2 | Cell culture and treatments

EndoC-βh1 cells, obtained under licence from Human Cell Design, were

cultured in DMEM containing 5.6 mM D-glucose (Sigma-Aldrich), sup-

plemented with 2% bovine serum albumin (BSA) fraction V (Sigma-

Aldrich), 50 μM β-mercaptoethanol (Sigma-Aldrich), 10 mM nicotin-

amide, 5.5 μg/mL transferrin, 6.7 ng/mL sodium selenite and 1% penicil-

lin/streptomycin. The culture plates were coated with DMEM

4500 mg/L glucose (D6546 Sigma), 10% fetal bovine serum, 1% penicil-

lin/streptavidin, 2 μg/mL fibronectin and 1% extracellular matrix18 prior

to cell plating. Cells were starved in 3 mM glucose media overnight prior

to preincubation for 1 hour in KREBS buffer (140 mM NaCl, 3.6 mM

KCl, 1.5 mM CaCl2, 0.5 mMMgSO4, 0.5 mM NaH2PO4, 2 mM NaHCO3,

10 mM HEPES, 1% BSA, saturated with 95% O2/5% CO2; pH 7.4) con-

taining 0.5 mM glucose before stimulation in 15 mM glucose KREBS

buffer with and without addition of 100 nM exendin-4, exendin-phe1 or

exendin-asp3 for the indicated times. Immediately following stimulation,

cells were lysed with 1% Nonidet-P40 in TNE buffer (20 mM Tris,

150 mM NaCl, 1 mM ethylenediaminetetraacetic acid [EDTA], pH 7.4),

supplemented with protease and phosphatase inhibitor cocktails.

2.3 | PTK activity profiling

PTK profiles were determined using the PTK PamChip Array, a flow-

through microarray assay that contains 196 unique peptide sequences

consisting of 13-15 amino acids with putative endogenous phosphoryla-

tion sites that are substrates of Tyr kinases. The principle of the assay is

to determine the phosphorylation of the substrate peptide by detection
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of fluorescence following binding to a fluorescein isothiocyanate (FITC)-

conjugated PY20 antiphosphotyrosine antibody. PTK mixtures were pre-

pared using standard protocols provided by Pamgene. Sample incuba-

tion, detection and preliminary analysis were performed in the

PamStation 12 machine according to the manufacturer's instructions.

The microarray analysis was run for 94 cycles, while the CCD camera of

the PamStation 12 recorded images at kinetic read cycles 32-93 and at

the end level read cycle at 10, 20, 50, 100 and 200 ms.17 Instrument

manipulation as initial sample/array processing and image capture was

performed using Evolve (Pamgene) software. In the final step, data were

normalized with the BioNavigator analysis software tool (Pamgene) and

the mean fluorescence signal intensity changes (log2[FC]) of four repli-

cates per experimental group were obtained and normalized to the cor-

responding vehicle control.

2.4 | STK activity profiling

STK profiles were determined using the STK PamChip Array, a flow-

through microarray assay that contains 144 unique peptide sequences,

which, as for the PTK array, consist of 13-15 amino acids containing

putative endogenous phosphorylation sites that are substrates of

Ser/Thr kinases. The phosphorylation of these substrate peptides was

detected by fluorescence using a two-step assay17 according to standard

protocols provided by Pamgene. The STK mixtures contain both primary

antibodies and a FITC-labelled secondary antibody. Sample incubation,

detection and preliminary analysis were performed in PamStation

12 according to the manufacturer's instructions. The microarray analysis

was run for 124 cycles, while the CCD camera of the PamStation

12 recorded images at kinetic read cycles 92-132 and read the final cycle

at 10, 20, 50, 100 and 200 ms.17 Instrument manipulation as initial sam-

ple/array processing and image capture was performed using Evolve

(Pamgene) software. In the final step, data were normalized with the Bio-

Navigator analysis software tool (Pamgene) and, as for the PTK analysis,

the mean fluorescence signal intensity changes (log2[FC]) of four repli-

cates per experimental group were obtained and normalized to the cor-

responding vehicle control.

2.5 | Matching substrates to upstream kinases

Kinase-substrate information was obtained from PhosphoNET, Uni-

prot and PhosphoSite databases. The top 50 Ser/Thr kinases and

25 Tyr kinases with prediction V2 scores higher than 300 were

selected for each phosphosite from PhosphoNET (Supplementary

Files 1 and 2; see the supporting information). Kinase-substrate map-

ping was performed in R.

2.5.1 | Upstream kinase analysis

We modified the kinase-substrate enrichment analysis (KSEA) for-

mula19 to use the average phosphosite log2(FC) weighted by the

prediction V2 scores for each phosphosite of a given kinase. The mod-

ified z kinase score formula is as follows:

Z¼ sw �pð Þ ffiffiffiffi

m
p

SD
sw ¼

Pm
i¼1xi� log2FC
Pm

i¼1xi
,

where sw represents the weighted mean log2(FC) of the substrate sub-

set for a given kinase, p denotes the mean log2(FC) of all phosphosites

in the raw dataset, m is the number of phosphosite substrates identi-

fied for each kinase, SD represents the standard deviation of the

log2(FC) across all phosphosites and x represents the PhosphoNET

predictor V2 score. The scores were assumed to be normally distrib-

uted, therefore the P values were determined by one-tail tests to esti-

mate the probability that the real scores were at least as extreme as

the measured scores. Data sorting, analysis and calculation were per-

formed in Excel and R. Kinase scores were visualized in R mainly using

the ‘pheatmap’ package (v. 1.0.12; https://github.com/raivokolde/

pheatmap).

2.6 | Pathway enrichment analysis

To conduct a representative analysis of kinase lists, the ‘enrichKEGG’
function in R package ClusterProfiler v. 4.0 was applied to determine

whether the kinases identified are enriched within specific path-

ways.20 Statistical thresholds of P less than .05 and q-value less

than 0.05 were chosen to select significantly enriched Kyoto Encyclo-

pedia of Genes and Genomes (KEGG) terms and pathways. A dot plot

of the top 10 KEGG terms and pathways, ranked by kinase ratio and

coloured by adjusted P value, was created. A Venn diagram was gen-

erated to identify the kinases shared within these pathways using

Venn webtools (https://bioinformatics.psb.ugent.be/webtools/Venn/),

with a list of kinases illustrated.

2.7 | RNA-seq database analysis

High-throughput sequencing data were retrieved from Gene Expres-

sion Omnibus (GEO) databases to assess the level of expression of

specific kinase genes. Gene expression data from the EndoC-βH1 cell

line were obtained using GEO accession GSM3333914. Additionally,

raw read count values of 18 non-diabetic and 39 T2D islet samples

from the GSE164416 series were analysed using DESeq221 in order

to compare differentially expressed kinase genes, followed by integra-

tion with our kinomic analysis results.

2.8 | Generation of kinase tree maps and kinase
networks

An annotated phylogenetic kinase tree was generated using the Kin-

Map online tool (beta version, http://kinhub.org/kinmap/).22 The data

source was selected as ‘Disease associated CTTV’, and specific
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Ser/Thr and Tyr kinases were highlighted in the kinase tree. Kinases

associated with ‘diabetes mellitus’ and ‘metabolic disease’ were visu-

alized for comparison and reference. The interaction network of our

candidates was visualized with String version 11.0 (https://string-db.

org). Additionally, KEGG and reactome pathway analyses were pre-

sented as STRING networks.

collect cell lysates
according to

experimental set-up

blocking and
washing steps for

PamStation12

incubation and kinetic read

add assay mixii

read signal intensity by
scaling images of end cycle

apply peptide cut-offff
and filters

export logFC

image and data
analysis by

BioNavigator

substrate peptide information

upstream kinase matching

kinase database

predictii iontt  V2VV  sc2 ore
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(top 25 for PTK; 
top 50 for STK)KK

kinase-substrate mapping

calculate kinase score
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F IGURE 1 Schematic of kinomic analysis workflow. PTK, protein tyrosine kinase; STK, serine/threonine kinase
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F IGURE 2 Legend on next page.
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2.9 | Other statistical analyses

Other statistical analyses were performed in Excel, R (version 4.1.3)

and Prism 8 (GraphPad Software, San Diego, CA). Data visualization

was performed in R, Prism 8 and BioRender (https://biorender.com/).

Unless otherwise stated, P values less than .05 were considered sta-

tistically significant.

2.10 | Source code

All the source code from the present study can be found at https://

github.com/JiannanX/kinomic-assay.

3 | RESULTS

3.1 | Kinomic effects of acute versus sustained
GLP-1RA stimulation in human EndoC-βh1 pancreatic
beta cells

The kinomic assays were performed following the workflow sum-

marized in Figure 1 to analyse active kinases for two treatment

duration groups: (a) 10-minute (acute) and (b) 120-minute (sus-

tained) in EndoC-βh1 cells, a cell line that we have previously

shown capable of displaying both cAMP and insulin secretion

responses to GLP-1R stimulation.23 We chose to assess acute ver-

sus sustained effects because differences in glucoregulatory

responses between biased GLP-1RAs are exacerbated over time.10

For each group, four treatment conditions were established: vehi-

cle, exendin-4, exendin-phe1 and exendin-asp3 (at 100 nM each).

Figure 2A presents the peptide sequences for each of the three

GLP-1RAs tested in the study. EndoC-βh1 cell lysates were col-

lected immediately for each condition and kept at �80�C until fur-

ther analysis. Equal amounts of lysates were applied for PTK and

STK assays on peptide microarray chips (PamChip). PamGene read

the signal intensity of peptide phosphorylation from raw data

images and completed the primary quality control steps. The list of

substrates included in the assay is shown in Supplementary File

3. Temporally regulated, agonist-specific kinase activity profiles

triggered by GLP-1R activation were detected in EndoC-βh1 cells,

based on the differential signal intensities of phosphorylated pep-

tides measured for each experimental condition (Figure S1).

Although substrate phosphorylation indicated the existence of dif-

ferences between the conditions, it was not clear which was the

pattern of agonist-induced kinase activity for each GLP-1RA tested

without further analysis. To assess this, we modified the KSEA for-

mula24 to consider the affinity of individual kinases towards binding

to specific substrates. In this way, kinase scores were calculated to

determine the degree of specific downstream kinase activity

changes following GLP-1R stimulation. Here, we present a list of

kinases that showed significant activity changes compared with

vehicle exposure under at least one of the conditions tested

(Figure 2B,C). All the identified kinases were confirmed to be

expressed in EndoC-βh1 cells at the mRNA level (GSE11858825).

Consistent with our substrate phosphorylation results, more pro-

nounced changes were detected in Tyr kinase activity after sus-

tained versus acute GLP-1RA exposure (Figure 2B). For STKs,

responses were more variable and presented marked changes over

vehicle conditions in both acute and sustained experimental groups

(Figure 2C). Importantly, the close kinase scores obtained down-

stream of acute exendin-4 and exendin-asp3 stimulation indicated

that the two agonists lead to similar STK signalling profiles in

EndoC-βh1 cells at an early time point (Figure 2C). Additionally, dif-

ferences detected in acute versus sustained kinase action for these

two agonists compared with exendin-phe1 suggest a different

mode of action for the latter, and may provide clues to identify

underlying pathways leading to the previously described differ-

ences in acute versus sustained glucoregulatory effects of this

biased GLP-1RA.10,26

3.2 | Pathway analysis reveals key kinases
involved in GLP-1R downstream signalling

To further understand the impact of changes in individual kinase

activity on global beta cell kinase networks, we performed pathway

enrichment analysis for those kinases showing significant activity

changes downstream of GLP-1RA stimulations. The top 10 relevant

KEGG pathways were sorted by kinase ratio, as shown in Figure 3A,B;

we focused on the first three pathways from each kinomic dataset.

The mitogen-activated protein kinase (MAPK) signalling pathway was

highlighted as the most enriched pathway for both PTK and STK ana-

lyses, in agreement with previous reports linking MAPK family activi-

ties to pancreatic beta cell function.27 For instance, PKA-activated

MAPKs play a crucial role in accelerating the cell cycle, which is asso-

ciated with maintenance of beta cell mass.28 According to the Venn

diagram analysis of the kinases implicated (Figure 3C,D), there are

13 Tyr kinases and 15 Ser/Thr kinases common to all our top selected

KEGG pathways. For the Ser/Thr kinases, those identified belong

F IGURE 2 Kinase activity profiles of EndoC-βh1 cells following acute and sustained GLP-1R stimulations with exendin-4, -phe1 and -asp3. A,
Peptide sequences of exendin-4 (ex4), exendin-phe1 (phe1) and exendin-asp3 (asp3). B, Heatmap visualization of PTK z scores, predicting kinase
activity downstream of the indicated treatment. C, As for (B) for STK scores. Positive z scores (shown in red) indicate increased kinase activity,
while negative z scores (shown in blue) indicate decreased kinase activity compared with vehicle conditions; •P < .05, ••P < .01, •••P < .001;
P values were determined by one-tail t-tests. GLP-1R, glucagon-like peptide-1 receptor; PTK, protein tyrosine kinase; STK, serine/threonine
kinase
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F IGURE 3 Pathway analysis for predicted kinases. A, Top 10 KEGG pathways for identified Tyr kinases ranked by kinase ratio. B, As for
(A) for Ser/Thr kinases. Dot sizes reflect kinase counts and dot colours adjusted P values; red boxes represent selected pathways. C, Venn
diagram of selected KEGG pathways for Tyr kinases. D, As for (C) for Ser/Thr kinases. Numbers shown in the overlapping areas indicate
intersecting kinases involved in the represented pathways. KEGG, Kyoto Encyclopedia of Genes and Genomes
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mainly to the rapidly accelerated fibrosarcoma (RAF) and the MAPK/

ERK families, both previously shown to play pivotal roles downstream

of GLP-1R activation.29

3.3 | Biased agonist-mediated changes in
downstream kinase signatures

Besides comparing kinase activity changes caused by acute and sus-

tained GLP-1R stimulations, we also focused here on the identifica-

tion of specific kinase responses downstream of GLP-1R–biased

agonist signalling. To this end, we assessed kinase activities down-

stream of differentially biased agonists exendin-phe1 and exendin-

asp3 by recalculating fold changes in substrate phosphorylation levels

for the biased agonists versus exendin-4. In this way, we obtained

new kinase scores that more directly represent the differences in

kinase activity triggered by exendin-phe1 and exendin-asp3 relative

to the parental compound, and we show here a list of kinases with

predicted activity differences under at least one experimental condi-

tion (Figure 4A,B, with results summarized in Table 1 for PTKs and

Table 2 for STKs). Interestingly, our results suggest that there are

some kinases being differentially regulated by exendin-phe1 com-

pared with exendin-asp3 stimulation. For example, for PTKs, acute

stimulation with exendin-phe1 leads to increased activity of lemur

tyrosine kinase 2 (LMR2), while exendin-asp3 stimulation for the same

time causes a reduction in LMR2 activity compared with exendin-4

(Figure 4A). Moreover, although the change trends in Tyr kinase activ-

ity were similar for both biased agonists following sustained exposure,

the effect of exendin-phe1 was more pronounced than that of

exendin-asp3 at this time point for several kinases, including cJun N-

terminal kinases (JNKs) and insulin receptor (INSR) (Figure 4A). Results

for STKs showed more dramatic differences between both biased

agonists, especially after sustained treatment, with prolonged

exendin-phe1 responses again leading to significantly increased

effects compared with exendin-asp3 (Figure 4B). Examples of differ-

entially activated kinases include cyclin-dependent kinases (CDKs)

and dual-specificity tyrosine-regulated kinases (DYRKs), which

showed increased activity following acute exendin-phe1 stimulation,

while PKCs showed higher acute activation with exendin-asp3

(Figure 4B). Additionally, MAPK kinases (MAP2K/MEKs: MEK3,

MEK6) and p21-activated kinases (PAKs: PAK4, PAK5) showed

greater discrepancies between exendin-phe1 and exendin-asp3 at the

sustained time point. According to a further KEGG analysis, the Ras,

MAPK and PI3K-Akt signalling pathways were again the top three

enriched pathways related to Tyr kinases (Figure S2A). However, only

the MAPK signalling pathway remained as one of the three most

enriched for Ser/Thr kinases, this being the only one from the top

three clearly related to pancreatic beta cell function (Figure S2B). To

provide more detailed evidence for the regulation of the pathways

involved, a systems biology approach was conducted and depicted

using STRING v. 11.0 (https://string-db.org) to analyse interactions

amongst the three top-related kinases pathways for Tyr kinases

(Figure 4C) and within the MAPK signalling pathway for Ser/Thr

kinases (Figure 4D). These analyses showed that the selected path-

ways were highly overlapped and correlated, although some kinases

may act independently from others. Specifically, most PTKs can be

linked to JAK2, FGFR2 and JAK3 (Figure 4C), while BRAF and PRKCB

were the most centred among the STKs (Figure 4D), suggesting that

they may play important roles in regulating beta cell-biased GLP-1RA

responses.

As pancreatic beta cells constitute more than 50% of the mass of

human islets,3 we additionally confirmed expression of the kinases

assessed in this study in a human islet RNA-seq database that con-

tained 18 non-diabetic and 39 T2D islets (GSE16441630) (Figure S3).

Interestingly, nearly all the kinases showing significant changes in

mRNA expression between healthy and T2D islets were also included

in the list of differentially regulated kinases by GLP-1R–biased signal-

ling (Figure 4A,B). Finally, we classified all human kinases into eight

typical (AGC, CAMK, CK1, CMGC, STE, TK, TKL, Other) and 13 atypi-

cal families based on their underlying sequences.22 A kinase map tree

was then generated for and annotated with those kinases identified in

our study implicated in diabetes mellitus or metabolic disease

(Figure 4E). PKCs, INSR and liver kinase B1 (LKB1), known to be

important targets in the development of diabetes, were all suggested

to have differential activities under the effects of the biased GLP-

1RAs tested. Specifically, PKCs were more active for acute stimulation

with exendin-asp3, while LKB1 activity was increased during pro-

longed treatment with exendin-phe1 (Figure 4B).

4 | DISCUSSION

The present study has laid a foundation for understanding the effect

of GLP-1RAs and biased GLP-1R signalling on the physiology of

F IGURE 4 Biased agonist versus exendin-4 kinase activity profiles. A, Heatmap of recalculated PTK z scores for exendin-phe1 (phe1) and
exendin-asp3 (asp3), indicating Tyr kinase activity changes versus exendin-4. B, As for (A) for Ser/Thr kinase activity changes compared with
exendin-4. Positive z scores (shown in red) indicate increased, while negative z scores (shown in blue) indicate decreased kinase activity; •P < .05,

••P < .01, •••P < .001; P values were determined by one-tail t-tests. C, Kinase interaction network for Tyr kinases involved in the pathways
selected; red: Ras pathway; blue: MAPK pathway; green: PI3K-Akt pathway; D, Kinase interaction network for Ser/Thr kinases involved in the
MAPK signalling pathway. A medium confidence (minimum required interaction score of 0.004) was selected for depicted interactions; filled
nodes represent proteins with known or predicted 3D structures, while empty nodes represent proteins of unknown 3D structure; node colours
represent distinct pathways. E, Kinase tree map: red circles correspond to kinases shown in (A, B); triangles are kinases related to diabetes
mellitus; green circles are kinases related to abnormal glucose homeostasis; pentagons are kinases related to metabolic disease. MAPK, mitogen-
activated protein kinase; PTK, protein tyrosine kinase; STK, serine/threonine kinase
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pancreatic beta cells at the kinomic level. Substrate polypeptides were

observed to exhibit differential phosphorylation after acute versus

sustained treatments with the different GLP-1RAs, indicating that

GLP-1R downstream kinase responses are temporally regulated. Cor-

responding to the substrate results, different kinomic profiles were

identified following treatment with GLP-1RAs with opposed bias

TABLE 1 Summary of tyrosine kinase
activities downstream of biased
glucagon-like peptide-1 receptor agonist
stimulation

Family Kinase

phe1 asp3

10 min 120 min 10 min 120 min

SRC BLK - - " "
SRC - - " "
FYN - - " "
HCK - - " "
LYN - - " "
YES1 - - " "

RTK EPHA2 - - # #
EPHA3 # - - -

EPHA6 # - - -

EPHA7 # - - -

EPHB1 ## - # -

EPHB2 # - - -

EPHB3 ## - # #
EPHB4 ## - # -

FGFR1 " - # #
FGFR2 - - # #
FGFR3 - - # #
FGR - - " ""
FLT1 - - ## ##
FLT3 - - # ##
Flt4 (VEGFR3) - - ### ###
FMS (CSF1R) - - - #
IGF1R - - "" "
INSR - - "" "
IRR (INSRR) - - "" "
KDR - - ### ###
LMR2 (KIAA1079) " # - -

LMR3 (KIAA1883) - - - #
PDGFRA # # # #
PDGFRB # - # #
RET - # - -

ROR1 - " - -

RYK " - " -

JAK JAK1_d2 # - ## ##
JAK2 # - - #
JAK3 # - # #

CMGC JNK1 (MAPK8) - - " -

JNK2 (MAPK9) - - " -

JNK3 (MAPK10) - - " -

Atypical ATR - # " -

Note: z scores: "" (+2.42 to +3.63); " (+1.21 to +2.42); - (�1.21 to +1.21); # (�2.42 to �1.21); ##
(�3.63 to �2.42); ### (�4.84 to �3.63).
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TABLE 2 Summary of serine/threonine kinase (STK) activities downstream of biased glucagon-like peptide-1 receptor agonist stimulation

Family Kinase

phe1 asp3

10 min 120 min 10 min 120 min

TLK ARAF " " " ""
BRAF " " - ""
MLKL " - - -

RAF1 " " " "
RIPK3 - - """ -

STE KHS2 (MAP4K3) ✕ ✕ """ -

MEK3 (MAP2K3) ✕ ✕ """ -

MEK6 (MAP2K6) ✕ ✕ """ -

OSR1 ✕ ✕ """ -

PAK3 - - - #
PAK4 ✕ ✕ """ -

PAK5 ✕ ✕ """ -

STLK3 (SPAK) ✕ ✕ """ -

YSK4 (FLJ23074) - # # -

CK1 CK1a1 (CSNK1A1) - - - "
CK1a2 (AL356274_EPK) " - - "
TTBK1 (KIAA1855) - - "" -

TTBK2 - - "" -

AGC BARK1 (ADRBK1, GRK2) - - # ##
BARK2 (ADRBK2, GRK3) - - # #
CRIK (BF380737) - ## - -

LATS1 "" ## ## #
LATS2 (KPM) " # # -

MSK1 (RPS6KA5) - " - -

PDK1 (PDPK1) - # - -

PKCa (PRKCA) - " - -

PKCb (PRKCB1) - " - -

PKCd (PRKCD) - " - -

PKCe (PRKCE) - " - -

PKCg (PRKCG) - " - -

PKCh (PRKCH) - " - -

PKCt (PRKCQ) - " - -

SgK494 (AK057735) ✕ ✕ """ #
CAMK CAMK2b # - " "

DAPK2 - " " "
LKB1 (STK11) - ## " #
MAPKAPK3 - " - -

MARK4 - - " "
NuaK1 (KIAA0537) "" - - "
Obscn (BG986727) - # "" -

skMLCK (MYLK2) " - - -

SPEG (KIAA1297) " # - -

TRAD - - " ""
CMGC CDK1 (CDC2) " - - -

CDK3 " - # -

(Continues)
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TABLE 2 (Continued)

Family Kinase

phe1 asp3

10 min 120 min 10 min 120 min

CDK4 " - # #

CDK5 " - - -

CDK6 " - # -

CDK9 " - # -

CDKL2 " - # -

CDKL3 " - # -

CDKL4 (AA626859) " - - -

CDKL5 (STK9) " - - -

CLK1 ✕ ✕ """ -

CLK3 - - """ "
DYRK1A "" - - -

DYRK1B " - - -

DYRK2 " - - -

DYRK3 " - - -

ERK7 (BI916334) " - - -

GSK3A "" - # -

GSK3B " - # -

HIPK1 (BE180036) " - - -

ICK " - # -

MAK " - # -

MSSK1 (STK23) ✕ ✕ """ -

NLK " - - -

PCTAIRE1 (PCTK1) " - - -

PCTAIRE2 (PCTK2) " - - -

PCTAIRE3 " - - -

PITSLRE (CDC2L1) " - - -

Other ANPb (NPR2) " - - -

CaMKK1 (DKFZP761M0423) - - # ##
CYGD (GUCY2D) " - - -

HRI - " - -

HSER (GUCY2C) - - "" "
IKKa (CHUK) # - "" -

IKKb (IKBKINASE) - - "" -

IKKE - - " -

NEK1 - - - #
NEK10 - # - "
NEK2 - - # #
NEK4 (STK2) - - # #
NEK5 - - # #
NEK8 (AI086865) - - - #
PINK1 - - # #
PLK1 (PLK) - - " -

SgK196 - ## " #
TBK1 " " - -

TLK1 - - - #
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characteristics, suggesting that careful assessment of these profiles

might be a new way to determine the specific effects of signal bias for

the GLP-1R. Based on our kinase-substrate mapping analysis, we have

unveiled here activity changes linked to multiple Tyr and Ser/Thr

kinases. Elucidation of complex pathways requires identification of

key active enzymes within these pathways and determination of their

roles in the overall regulation of signalling. Notably, our pathway

enrichment analysis highlighted the critical role of prominent kinases

such as the MAPKs and PKCs in GLP-1R downstream signalling in

human beta cells.

Importantly, this is the first study to analyse kinomic profiles of

pancreatic beta cells downstream of GLP-1R stimulation. Kinases are

activated by phosphorylation, which subsequently activates a cascade

of events resulting in the phosphorylation of specific amino acids

within substrates.31 Different databases have been designed to recog-

nize kinase-specific phosphosites to facilitate the elucidation of

phospho-signalling networks. For example, the PhosphoSite database

and NetworKIN predictions are recommended for KSEA.19 Here, we

used the PhosphoNET database, which predicted more than

300 kinases for our substrates. By weighting the prediction V2 score,

we were able to assess the influence of the different kinases in the

degree of phosphorylation of each substrate. Although our substrate

peptides are comparatively well conserved, public databases are

mainly generated based for human kinases. Therefore, currently this

method of analysis may only be suitable for human cell lines such as

EndoC-βh1.

Our study particularly aimed to determine signalling differences

elicited by biased GLP-1RAs. The KEGG pathway analysis allowed the

identification of specific kinase families involved in this process,

including JNK, implicated in the regulation of most cellular processes

as one of the main MAPK subfamilies.27 The main functional role of

activated JNK is to phosphorylate c-Jun, with Ser63 and Ser73 phos-

phorylations required for c-Jun transcriptional activation.32 All the

JNKs (JNK1, 2 and 3) were identified in our kinase analysis as display-

ing increased activity following exendin-phe1 stimulation over a sus-

tained period. However, JNK inhibition has been suggested to

prevent beta cell dysfunction and apoptosis in both human islets and

beta cell lines.27 JNK1/2 can mediate interleukin-1β (IL-1β)-induced

ER Ca2+ release, leading to mitochondrial dysfunction in mouse and

primary human beta cells.33 Moreover, oxidative stress in pancreatic

beta cells under chronic exposure to high glucose levels induces JNK

activation, impairing the insulin signalling cascade.34 Conversely, in rat

insulin-secreting cells, JNK3 silencing dramatically decreased expres-

sion of insulin receptor substrate 2 (IRS2), which regulates beta cell

function and proliferation via PI3K-Akt signalling. Importantly,

exendin-4 was found to increase JNK3 expression in a previous study

on isolated human islets and INS-1E cells.35 It is therefore possible

that activation of JNK kinases downstream of GLP-1R action might

lead to differential signalling effects than those triggered by chronic

hyperglycaemia. Further experimental validation, focusing on phos-

phorylation of different phosphosites by candidate kinases, may be

required for in-depth characterization of JNK kinases and their down-

stream signalling pathways.

Besides JNK, PKC family has also been repeatedly identified as a

hub in the present kinase network analysis of GLP-1R signalling. More

specifically, PKCs have been identified as showing increased activity

following acute exendin-asp3 versus exendin-phe1 exposure. PKA-

independent actions of GLP-1 have previously been shown to depend

on PKC, leading to activation of phospholipase C (PLC), elevation of

diacylglycerol (DAG), and increased L-type Ca2+ and TRPM4/TRPM5

channel activities.36 On the other hand, high glucose induced PKCβ

and PKCδ overexpression has been related to GLP-1 resistance,37

with PKCβ inhibition suggested as a potential therapy to ameliorate

pancreatic beta cell dysfunction via promoting the degradation of

thioredoxin (TXN)-interacting protein (TXNIP).38 Moreover, PKCβ is

significantly upregulated in islets of T2D patients according to our

RNA-seq analysis. It remains to be determined if the favourable profile

of exendin-phe1 can be linked to a more nuanced activation of PKC

kinases that avoids some of the deleterious effects associated with

increased activity of PKCβ and PKCδ.

Additionally, sustained exendin-phe1 exposure also caused higher

INSR activity. INSR expression is usually high in pancreatic beta cells,

but its function in these cells is not yet clear. Downregulation of INSR

in INS-1 cells leads to reduced glucose-stimulated insulin secretion,39

potentially linking the effect of exendin-phe1 on INSR with the

increased sustained insulin secretion triggered by this compound.

However, a recent study suggested that INSR knockout in beta cells

results in enhanced insulin secretion.40 Therefore, more evidence is

needed to elucidate if INSR signalling downstream of GLP-1R activa-

tion is beneficial or detrimental for beta cell function.

Besides the pathways identified in our KEGG analysis, AMPK sig-

nalling also attracted our attention as our analysis points to both

LKB1 and CaMKK1 being differentially regulated by acute versus pro-

longed exposure to GLP-1RAs. The LKB1-AMPK pathway regulates

TABLE 2 (Continued)

Family Kinase

phe1 asp3

10 min 120 min 10 min 120 min

TLK2 - - - #

ULK3 (AL117482) - " - ""
Atypical ATR # - # #

Note: z scores: """ (+3.63 to +4.84); "" (+2.42 to +3.63); " (+1.21 to +2.42); - (�1.21 to +1.21); # (�2.42 to �1.21); ## (�3.63 to �2.42); ### (�4.84 to

�3.63); ✕: kinase not found.
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beta cell function by controlling glucose coupling by directing glucose-

derived carbons into the tricarboxylic acid cycle, an important process

for the maintenance of mitochondrial structure and function.41 Study-

ing the effect of GLP-1R agonism in the control of this pathway will

therefore be particularly important to understand the effects of incre-

tin action on the regulation of beta cell function.

Our analysis of kinomic profiles provides evidence for the impor-

tance of factors related to the growth, proliferation and function of

pancreatic beta cells to explain the effects of GLP-1R action. Besides

some well-known kinase families, we have identified some kinases

whose precise roles in beta cells are still unknown. For example, the

DYRK family, which has previously been hinted at being closely

related to the control of beta cell function,42 has been shown here to

be differentially modulated by biased GLP-1R agonism, with exendin-

phe1 being more effective than exendin-asp3 at acute DYRK

activation.

To date, we have only performed a computational prediction of

kinase activity profiles downstream of GLP-1R stimulation in beta

cells, and our results have not yet been individually validated. Future

verification of key kinase activity and kinetic profiles by Western blot

and FRET-based assays, followed by corresponding mechanistic inves-

tigations of the functional consequences of modulating specific kinase

activities using RNAi or chemical inhibition approaches, will be neces-

sary to fully elucidate the kinase signatures of GLP-1R biased versus

balanced compounds. Furthermore, liquid chromatography with tan-

dem mass spectrometry (LC–MS/MS) analysis following co-immuno-

precipitation, or proximity ligation assays, could assist in the

identification of specific substrates downstream of the identified

kinases. It is worth mentioning that our kinase database would be

suitable for the analysis of kinomic profiles from any human cell line

using the same substrates. However, as our kinase profiling is based

on predicted peptide phosphorylation levels using literature data-

bases, an obvious limitation of the present study is that kinase signal-

ling may be different in vivo, as well as in primary islets. In the future,

it will be important to find ways to translate our findings on kinase

function to in vivo and ex vivo models of GLP-1R action.

In conclusion, as the first study to compare kinase profiles of pan-

creatic beta cells downstream of balanced versus biased GLP-1RA

stimulations, our analysis has shed new light on our understanding of

GLP-1R signalling and biased agonism. We have linked kinase activity

profiles to GLP-1R ‘signal bias’ in beta cells, hoping to extract the

most central changes from this complex pathway. In particular, we

have found that phosphorylation of different amino acid residues

within the same kinase may affect kinase function, which could partly

explain the dual/controversial role of certain kinases in the control of

beta cell function.
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