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ARTICLE INFO ABSTRACT
Keywords: Patients with gain-of-function mutations of Dyrklb have higher fasting blood glucose (FBG)
Glucose tolerance levels. However, the role of Dyrklb in glucose metabolism is not fully elucidated. Herein, we
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found that hepatic Dyrklb overexpression in mice impaired systemic glucose tolerance and he-
patic insulin signaling. Dyrklb overexpression in vitro attenuated insulin signaling in a kinase
activity-dependent manner, and its kinase activity was required for its effect on systemic glucose
homeostasis and hepatic insulin signaling in vivo. Dyrklb ablation improved systemic glucose
tolerance and hepatic insulin signaling in mice. Quantitative proteomic analyses showed that
Dyrklb downregulated WW domain-binding protein 2 (Wbp2) protein abundance. Mechanisti-
cally, Dyrklb enhanced Wbp2 ubiquitylation and proteasomal degradation. Restoration of he-
patic Wbp2 partially rescued the impaired glucose homeostasis in Dyrk1b overexpression mice. In
addition, Dyrk1b inhibition with AZ191 moderately improved systemic glucose homeostasis. Our
study uncovers that hepatic Dyrk1lb impairs systemic glucose homeostasis via its modulation of
Wbp2 expression in a kinase activity-dependent manner.

1. Introduction

The prevalence of diabetes mellitus has continued to rise over the past 50 years. Increase in the incidence of type 2 diabetes (T2D) is
a driver of the global epidemic of diabetes mellitus [1]. As a heterogeneous metabolic disorder, T2D is characterized by insufficient
insulin secretion in the context of insulin resistance [1]. T2D and its intractable complications contribute enormously to the global
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burden of disability and mortality [2]. The research of T2D has been accelerated by advancements in human genetics, mechanistic
studies, epigenetics, and clinical trials, providing new insights into the genetic predisposition, pathophysiology, and treatment of this
condition [3]. The maintenance of glucose homeostasis is essential and is achieved through a complex control of glucose utilization and
production. Tissues critical for glucose homeostasis include the liver, muscle, fat, and brain [4]. In particular, the liver plays a central
role in glucose homeostasis by balancing glucose storage via glycogenesis and glucose production via glycogenolysis and gluconeo-
genesis [4]. Excessive hepatic glucose production in patients with T2D impairs glucose homeostasis and contributes to hyperglycemia
[5]. Glucose-lowering therapy remains a mainstay of T2D treatment [6,7]. Elucidation of the mechanisms controlling glucose ho-
meostasis may deepen our understanding of the pathogenesis of T2D and expand our armamentarium of drugs for more specific and
tailored treatment of T2D in the future.

Dyrk1b (also known as Mirk) is a member of the evolutionarily conserved Dyrk/Minibrain family of arginine-directed serine/threonine
protein kinases. Mammalian Dyrks (dual-specificity tyrosine phosphorylation-regulated kinases) fall into two subgroups, class I (Dyrkla
and Dyrk1b) and class II (Dyrk2, Dyrk3 and Dyrk4) [8]. Dyrks possess a tyrosine-X-tyrosine residue motif in the activation loop and
autophosphorylation of the second tyrosine residue is important for kinase activity [9]. Dyrks exclusively phosphorylate serine or thre-
onine residues on their substrates [10]. Of note, growing evidence has shown that Dyrk1b is a pleiotropic protein. For instance, Dyrklb
enables MEF2C to transcribe the muscle regulatory factor myogenin by phosphorylating and decreasing the nuclear localization of class II
histone deacetylases [11]. Dyrklb functions as a survival factor in differentiating myoblasts [12], rhabdomyosarcomas [13], and
pancreatic ductal adenocarcinoma [14]. Dong et al. uncover Dyrklb as an effector mediating transcription silencing on damaged chro-
matin and a suppressor of ribosomal DNA transcription during cellular response to DNA damage [15,16]. There is ample evidence that
Dyrk1b expression is elevated in several solid tumors, such as osteosarcoma [17], lung cancer [18], and triple-negative breast cancer [19]
and that depletion or inhibition of Dyrklb may be a potential therapeutic target for these tumors [20,21].

Our group has recently identified Dyrklb as an important modulator in platelet production and cardiac hypertrophy [22,23].
Dyrk1b expression is upregulated during cardiac hypertrophy and heart failure [23]. Dyrk1lb promotes phosphorylation and nuclear
accumulation of STAT3, leading to PGC-la downregulation and impaired mitochondrial bioenergetics and cardiac dysfunction.
Pharmacological inhibition of Dyrk1b with AZ191 shows therapeutic benefits against cardiac hypertrophy in mice [8,23]. Importantly,
using linkage analysis and whole-exome sequencing in three families with coinheritance of early-onset artery disease, hypertension,
central obesity, and diabetes, Keramati and colleagues identify a founder p.R102C mutation in Dyrk1b shared in the affected family
members [24]. Functional characterization indicates that Dyrk1b not only enhances adipogenesis by inhibiting the sonic hedgehog and
Wnt signaling pathways, but also promotes expression of glucose-6-phosphatase, a key gluconeogenic enzyme [24]. The p.R102C
mutation presents gain-of-function activity and family members carrying Dyrk1b p.R102C mutation have significantly higher fasting
blood glucose levels compared to non-carriers [24]. These instructive findings imply the role of Dyrk1b in glucose metabolism and
prompt us to explore its role in glucose homeostasis.

In the present study, we investigated whether Dyrklb could regulate glucose metabolism mainly by evaluating the glucose
metabolic phenotypes of mice with hepatic Dyrk1b overexpression and mice with Dyrk1lb knockout. Furthermore, we elucidated the
underlying mechanisms of Dyrk1b in the regulation of glucose homeostasis through proteomic analyses.

2. Materials and methods
2.1. Animals

C57BL/6J (hereafter referred to as C57) mice were purchased from Shanghai Jihui Laboratory Animals Care Co., Ltd. Dyrk1b
knockout (Dyrk1b~/~) mice were generated using the transcription activator-like effector nuclease (TALEN) strategy as previously
described [23,25]. Mice were maintained in a temperature-controlled facility with a 12-h light/dark cycle and given free access to food
and water. All animal studies were conducted in accordance with the guidelines for animal care and approved by the Animal Care
Committee of Shanghai Jiao Tong University School of Medicine (approval number: B-2016-016).

2.2. Adenovirus

Adenoviruses expressing mouse Dyrklb (NM_001037957) (Ad-Dyrk1b), mouse Wbp2 (NM_016852) (Ad-Wbp2), and control EGFP
(Ad-EGFP) were generated using the AdMaxTM adenoviral vector system (Shanghai Genechem Co., Ltd.) as previously described [26]. To
overexpress Dyrk1b or Wbp2 in mouse liver, 1.5 x 10° plaque-forming units (PFU) of adenovirus in 150 pL PBS was injected into mice via
tail vein. To overexpress kinase-defective Dyrk1b in mouse liver, 7.5 x 10° PFU of adenovirus was injected into mice via tail vein.

2.3. Metabolic evaluation

As described in previous studies [27,28], for glucose tolerance test (GTT), mice were fasted for 16 h and subsequently injected
intraperitoneally with glucose (2 g/kg b.w.). Mice were subjected to fast for 6 h and injected intraperitoneally with insulin (0.75 IU/kg
b.w.) for insulin tolerance test (ITT). Pyruvate tolerance test (PTT) were performed on mice fasted for 16 h. Mice were given sodium
pyruvate (1 g/kg b.w.) intraperitoneally. In GTT, ITT, and PTT, tail blood glucose levels were measured with glucometers before and at
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15, 30, 60, 90, and 120 min after injection of glucose, insulin or sodium pyruvate. Mice were sacrificed following fasting for 6 h. Plasma
and tissues of mice were then collected and stored at —80 °C for further analysis. Plasma parameters, including Aspartate Transaminase
(AST), Triglyceride (TG), Total Cholesterol (TC), High-density Lipoprotein Cholesterol (HDL-C), and Low-density Lipoprotein
Cholesterol (LDL-C) were measured using commercially available kits according to the manufacturer’s instructions (Kehua
Bio-Engineering, Shanghai, China) [29,30]. Briefly, for the measurement of plasma AST, the mixed reagents were added to the
samples. After incubation at 37 °C, the absorbance at 340 nm was measured continuously for 3 min to calculate the AST concentration.
To measure plasma TG, the mixed reagents were added to the samples and the TG standard. After incubation at 37 °C for 5 min, the
absorbance at 550 nm was measured to calculate the TG concentration. For the measurement of plasma TC, the mixed reagents were
added to the samples and the TC standard. After incubation at 37 °C for 5 min, the absorbance at 546 nm was measured to calculate the
TC concentration. To measure plasma HDL-C, reagent R1 was added to the samples and the HDL-C standard. After incubation at 37 °C
for 5 min, reagent R2 was then added. After incubation at 37 °C for 1 min, the absorbance at 600 nm was measured continuously for 3
min to calculate the HDL-C concentration. To measure plasma LDL-C, after the detection reagents were added to the samples and the
LDL-C standard, the absorbance at 600 nm was measured to calculate the LDL-C concentration.

2.4. Cell experiments

Mouse Hepal-6 hepatoma cells (CRL-1830; ATCC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (11995040;
Gibco) containing 10 % fetal bovine serum (FBS) (16140071; Gibco) and 1 % penicillin/streptomycin (15140122; Gibco). To inves-
tigate the effect of Dyrk1b overexpression in vitro, Hepal-6 cells were infected with Ad-Dyrk1b (3 x 10'° PFU/ml) or Ad-EGFP (3 x
10'° PFU/ml) at an multiplicity of infection (MOI) of 100.

2.5. Glucose uptake

Glucose uptake of cells was measured using the Glucose Uptake-Glo™ Assay (J1341; Promega) according to the manufacturer’s
instructions [31]. After removing the medium and washing with PBS, the prepared 2-deoxyglucose (2DG) was added to cells and then
incubated for 10 min at room temperature. Stop buffer, neutralization buffer, and 2-deoxyglucose-6-phosphate (2DG6P) detection
reagent were added sequentially and incubated for 1 h at room temperature. Luminescence was recorded.

2.6. RT-qPCR

Total RNA was extracted using RNA extraction kit (LS1040; Promega) in accordance with our previous study [32]. cDNA was then
synthesized with PrimeScript™ RT Master Mix (RR036A; Takara). Real-time quantitative PCR was performed with SYBR Green Master
Mix (Q711; Vazyme). 36B4 or p-actin served as the reference gene and the relative expression of genes was calculated using the 2724¢T
method [33]. Primer sequences for RT-qPCR are provided in Table S1.

2.7. Western blot

As previously described [34], tissues or cells were homogenized in RIPA lysis buffer (R20095; Biocolor) supplemented with pro-
tease and phosphatase inhibitors (78441; Thermo Fisher). Equal amounts of protein were fractionated on 10 % SDS-PAGE gels and
transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were incubated with primary antibodies and horseradish
peroxidase-conjugated secondary antibodies. Antibodies against Dyrk1lb (5672; CST), p-Akt (Thr308) (9275; CST), p-Akt (Ser473)
(4060; CST), Akt (9272; CST), Wbp2 (11831S; CST), Ddx49 (sc-514928; Santa Cruz), and Hsp90 (4877; CST) were used. Protein levels
were quantified using Image J and normalized to Hsp90.

2.8. Cycloheximide (CHX) chase assay

CHX chase assays were performed to determine the half-life of Wbp2 [35]. In brief, Hepal-6 cells were infected with Ad-EGFP or
Ad-Dyrk1b for 24 h and then treated with cycloheximide (20 pg/ml) for different time periods. The protein lysate was harvested at the
indicated time points and then Western blot was performed to determine the half-life of Wbp2.

2.9. Immunoprecipitation

Hepal-6 cells were cotransfected with Dyrk1b-HA, Wbp2-Flag, and Ubiquitin (Ub)-Myc expression vectors using Lipofectamine
3000 transfection reagent (L3000015, Thermo Fisher) [36]. Two days after transfection, immunoprecipitation was performed with
commercial kits (88804; Thermo Fisher) [37]. Cells were harvested and lysed with IP buffer supplemented with protease inhibitor.
Pierce Protein A/G Magnetic Beads were incubated with Flag antibody (F1804; Sigma) for 4 h at 4 °C, and then the antibody-beads and
lysate complex were incubated overnight at 4 °C. After washing, the eluted protein was analyzed by Western blot.
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2.10. Liver TG

Triglyceride (TG) levels in liver tissues were measured using commercial kits (K622-100, BioVision, USA) according to the man-
ufacturer’s instructions, as previously described [38]. Briefly, frozen livers were homogenized in 5 % NP-40 buffer and slowly heated
to 100 °C for 5 min. After repeating the heating again, the samples were centrifuged for 2 min to collect the supernatant. 50 pL samples
and TG standard were added to a 96-well plate. 2 pL lipase was added to each well and incubated at room temperature for 20 min. 50
pL triglyceride reaction mix was added to each well and incubated at room temperature for 60 min. After measuring the absorbance at
570 nm, the standard curve was plotted to calculate the TG concentration of the samples.

2.11. Hepatocyte isolation

A modified collagenase method was used to isolate primary hepatocytes [36]. In brief, after the mice were anesthetized, the liver
was perfused with EGTA buffer and then with collagenase buffer for cell dissociation. The liver was then excised, minced, and filtered
through a 100 mm steel mesh. Primary hepatocytes were centrifuged at 50 g for 5 min and cultured in DMEM supplemented with 10 %
FBS and 1 % penicillin/streptomycin.

2.12. TMT quantitative proteomic analyses

(TMT)-based quantitative proteomic analysis was performed to identify potential targets of Dyrklb [39]. Briefly, livers were
suspended in lysis buffer (4 % SDS, 100 mM DTT, 150 mM Tris-HCI pH 8.0) and disrupted with a homogenizer. After boiling, the
samples were ultrasonicated and boiled again. The protein supernatant was collected and quantified. Protein digestion was performed
according to the FASP procedure [40]. The digested peptides were collected as a filtrate and concentration was determined. Peptides
were labeled with TMT reagents according to the manufacturer’s instructions (Thermo Fisher). A Pierce high pH reversed-phase
fractionation kit (Thermo Fisher) was used to fractionate TMT-labeled samples. The peptide content of each fraction was evapo-
rated to dryness and used for LC-MS analysis. LC-MS/MS analysis was performed and the resulting LC-MS/MS raw files were imported
into MaxQuant (version 1.6.0.16) for data interpretation and protein identification. The proteomic raw data have been deposited to the
ProteomeXchange Consortium with the dataset identifier PXD042393.

2.13. Statistical analysis

For each experiment, the sample size, statistical test, and significance threshold could be found in the figure legends. All statistical
analyses were performed with Prism 10.2.0 (GraphPad Software). Data were presented as mean + SEM. Differences between two
groups were determined by Student’s t-test. One-way ANOVA followed by Tukey’s post-hoc test was used for comparisons of differ-
ences among more than two groups. Two-way ANOVA followed by an appropriate post-hoc test was used for data from a 2 x 2 factorial
design. P values < 0.05 were considered statistically significant.

3. Results
3.1. Hepatic Dyrk1b overexpression impairs glucose tolerance and liver insulin sensitivity

To assess whether hepatic Dyrklb affects systemic glucose homeostasis, adenovirus expressing mouse Dyrk1lb (Ad-Dyrklb) or
control adenovirus (Ad-EGFP) was injected into female mice on a NCD (Fig. 1a). Hepatic Dyrklb overexpression resulted in higher
fasting blood glucose (FBG) and glucose levels after glucose injection in GTT and higher AUC of GTT, indicating impaired systemic
glucose tolerance (Fig. 1b and c). Insulin tolerance test (ITT) revealed impaired insulin tolerance caused by hepatic Dyrklb over-
expression (Fig. 1d and e). In pyruvate tolerance test (PTT), Dyrklb overexpression led to elevated blood glucose levels following
pyruvate challenge (Fig. 1f). In addition, Dyrk1b overexpression led to increased liver weights (Fig. S1a) and triglyceride (TG) contents
(Fig. 1g). The increase in hepatic TG contents caused by Dyrklb overexpression is consistent with the findings of Bhat et al [41].
Furthermore, Dyrk1lb overexpression mice showed decreased levels of insulin-stimulated p-Akt at both Thr308 and Ser473 in liver
(Fig. 1h-k), indicating attenuated hepatic insulin signaling. The mRNA levels of Gys2 and Acaca were decreased in livers of Dyrklb
overexpression mice (Fig. S1b). However, there were no differences in mRNA levels of Fasn, Srebf1, Pygl, Acox1, Acadm, or Pnpla2
between the two groups (Fig. S1b).

Similarly, hepatic Dyrk1b overexpression in male mice led to fasting hyperglycemia and exacerbation of systemic glucose tolerance
in GTT (Figs. S2a—c). These Dyrk1b overexpression mice also had elevated FBG levels in ITT (Fig. S2d). However, the differences of the
glucose levels after insulin administration were not statistically significant (Fig. S2d). Significantly increased liver TG contents
(Fig. S2e) and lower liver p-Akt at both Thr308 and Ser473 were also observed when Dyrklb was overexpressed in male mice
(Figs. S2f-i). Taken together, these data demonstrate that hepatic Dyrklb overexpression impairs systemic glucose tolerance and
hepatic insulin sensitivity.
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Fig. 1. Hepatic Dyrk1b overexpression impairs glucose tolerance and liver insulin sensitivity. (a) Experimental designs following Ad-Dyrk1b or Ad-
EGFP injection of female C57 mice. Intraperitoneal glucose tolerance test (b) and AUC of GTT curves (c¢) of Ad-EGFP (n = 7) and Ad-Dyrklb (n = 8)
female mice. Insulin tolerance test (d) and AUC of ITT curves (e) of Ad-EGFP (n = 7) and Ad-Dyrk1b (n = 8) female mice. Pyruvate tolerance test (f)
of Ad-EGFP (n = 5) and Ad-Dyrklb (n = 8) female mice. Liver TG contents (g) of Ad-EGFP (n = 4) and Ad-Dyrklb (n = 8) female mice. Unpaired
Student’s t-test (two-sided) was performed for Fig. 1b-g. (h-k) Western blot and densitometry quantification of livers from Ad-EGFP (n = 4) and Ad-
Dyrklb (n = 8) female mice. Unpaired Student’s t-test (two-sided) was performed for Fig. 1li-k. *P < 0.05, **P < 0.01, ***P < 0.001.

3.2. Dyrk1b overexpression attenuates insulin signaling in a kinase activity-dependent manner

To further explore the cell-autonomous effects of Dyrk1b in glucose metabolism and insulin signaling, we overexpressed Dyrk1b in
mouse Hepal-6 hepatoma cells (Fig. 2a). Glucose uptake was significantly lower in cells overexpressing Dyrk1b (Fig. 2b). Consistently,
insulin-stimulated p-Akt at both Thr308 and Ser473 was remarkably suppressed in Hepal-6 cells overexpressing Dyrk1b (Fig. 2c—e).
Importantly, the attenuated insulin signaling due to Dyrk1b overexpression was restored by treatment with AZ191 [8], a potent and
selective inhibitor of Dyrklb (Fig. 2f and g). Moreover, in contrast to wild-type Dyrklb, kinase-defective Dyrklb with Y271/273F
mutation [24] failed to inhibit insulin signaling (Fig. 2h—j). These data suggest that Dyrk1b inhibits insulin signaling in a kinase
activity-dependent manner.

To further test whether the kinase activity of Dyrk1b was required for its role in glucose tolerance and insulin sensitivity in vivo,
adenovirus expressing kinase-defective Dyrklb was injected into female mice (Fig. 2k). Compared to wild-type Dyrklb, kinase-
defective Dyrk1b did not impair systemic glucose tolerance or insulin sensitivity of mice (Fig. 21-0). Western blotting showed that
kinase-defective Dyrk1b did not attenuate hepatic insulin signaling (Fig. 2p-r). These results highlight the requirement of Dyrklb
kinase activity for its function in glucose homeostasis in vivo.

3.3. Dyrk1b ablation improves systemic glucose tolerance and hepatic insulin signaling

Given the aforementioned deleterious glucose metabolism caused by Dyrk1b overexpression in vivo and in vitro, we next examined
whether global Dyrk1b ablation could improve glucose metabolism. As expected, in the GTT, female Dyrk1b~~ mice on a NCD were
more glucose tolerant than control littermates (Fig. 3a—c). However, Dyrklb ablation had no effect on systemic insulin sensitivity
(Fig. 3d) or pyruvate tolerance (Fig. S3a). Liver weights were lower in female Dyrk1b™/~ mice (Fig. S3b), although liver TG contents
were comparable between the two groups (Fig. S3c). Importantly, female Dyrk1b~’~ mice displayed significantly enhanced levels of
insulin-induced p-Akt at both Thr308 and Ser473 in the livers (Fig. 3e-g). We also examined p-Akt in quadriceps muscles and no
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Fig. 2. Dyrklb overexpression attenuates insulin signaling in a kinase activity-dependent manner. (a) Experimental designs following Ad-Dyrk1b or
Ad-EGFP infection of Hepal-6 cells. (b) Glucose uptake of Hepal-6 cells infected with Ad-EGFP or Ad-Dyrklb (MOI = 100) (n = 3). Unpaired
Student’s t-test (two-sided) was performed for Fig. 2b. (c—e) Western blot and densitometry quantification of Hepal-6 cells infected with Ad-EGFP or
Ad-Dyrk1b (MOI = 100) (n = 3). Two-way ANOVA with Sidak’s post-hoc test was performed for Fig. 2d and e. (f-g) Western blot and densitometry
quantification of Hepal-6 cells infected with Ad-EGFP or Ad-Dyrk1b in the absence or presence of AZ191 (1 pM) (n = 3). Two-way ANOVA with
Tukey’s post-hoc test was performed for Fig. 2g. (h—j) Western blot and densitometry quantification of Hepal-6 cells infected with adenovirus
expressing wild-type Dyrk1b or kinase-defective Dyrk1b with Y271/273F mutation. One-way analysis of variance (ANOVA) with Tukey’s post-hoc
test was performed for Fig. 2i and j. (k) Experimental designs for female C57 mice injected with adenovirus expressing wild-type or kinase-defective
Dyrk1b. Intraperitoneal glucose tolerance test (1) and AUC of GTT curves (m) of mice injected with adenovirus expressing wild-type or kinase-
defective Dyrklb (n = 5-7). Insulin tolerance test (n) and AUC of ITT curves (o) of mice injected with adenovirus expressing wild-type or
kinase-defective Dyrk1lb (n = 6-7). One-way ANOVA with Tukey’s post-hoc test was performed for Fig. 21-0. *P < 0.05 and **P < 0.01 for mice
injected with Ad-EGFP versus Ad-Dyrk1b. 'P < 0.05 and P < 0.01 for mice injected with Ad-Dyrk1b versus Ad-Dyrk1b (Y271/273F). (p-r) Western
blot and densitometry quantification of livers from mice injected with adenovirus expressing wild-type or kinase-defective Dyrklb (n = 4). One-way
éNOVA with Tukey’s post-hoc test was performed for Fig. 2q and r. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant.
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Fig. 3. Dyrk1b ablation improves systemic glucose tolerance and hepatic insulin signaling. (a) Experimental designs for WT and Dyrk1b~/~ female
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Experimental designs for WT and Dyrk1b~/~ male mice on a HFD. Intraperitoneal glucose tolerance test (i), AUC of GTT curves (j), and insulin
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< 0.05, **P < 0.01, ***P < 0.001, n.s., not significant.
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significant difference was observed between the two groups (Figs. S3d and e). Additionally, mRNA expressions of Acox1 and Cptla
were higher in the liver of Dyrk1 b~/~ mice (Fig. S3f). Whereas, the mRNA expressions of G6pc, Gys2, Pygl, Acaca, Fasn, or Pnpla2 in
liver were not significantly different between female Dyrk1b~/~ and WT littermates (Fig. S3f).

Male Dyrk1b~/~ mice did not show any significant alteration of glucose tolerance or insulin resistance under a NCD (Figs. $3g and
h). Nevertheless, when challenged with a high-fat diet (HFD) from 6 weeks of age, male Dyrk1b~'~ mice showed improved glucose
tolerance compared to WT littermates (Fig. 3h—j). In the ITT, Dyrk1b~/~ mice had significantly lower glucose levels at 120 min after
insulin injection (Fig. 3k). These data overall suggest that ablation of Dyrklb can improve systemic glucose metabolism and liver

insulin sensitivity in mice.
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Fig. 4. Dyrklb downregulates Wbp2 protein abundance. (a) Volcano plot of differentially expressed proteins between livers of Ad-EGFP (n = 3) and
Ad-Dyrk1b (n = 4) female mice. (b) Heatmap of the top 20 differentially expressed proteins between livers of Ad-EGFP (n = 3) and Ad-Dyrklb (n =
4) female mice. (c) The top 30 enriched KEGG pathways of differentially expressed proteins between livers of Ad-EGFP (n = 3) and Ad-Dyrklb (n =
4) female mice. (d—e) Western blot and densitometry quantification of Wbp2 in livers of Ad-EGFP (n = 4) and Ad-Dyrklb (n = 8) female mice.
Unpaired Student’s t-test (two-sided) was performed for Fig. 4e. (f-g) Western blot and densitometry quantification of Wbp2 in Hepal-6 cells
infected with Ad-EGFP or Ad-Dyrklb (n = 6). Unpaired Student’s t-test (two-sided) was performed for Fig. 4g. (h-i) Western blot and densitometry
quantification of Wbp2 in Hepal-6 cells infected with adenovirus expressing wild-type or kinase-defective Dyrklb (n = 4). One-way ANOVA with
Tukey’s post-hoc test was performed for Fig. 4i. (j—k) Representative Western blot and densitometry quantification of Wbp2 in Hepal-6 cells
infected with Ad-EGFP or Ad-Dyrk1b and treated with cycloheximide (20 pg/ml) for the indicated time points (n = 4). Unpaired Student’s t-test
(two-sided) was performed for Fig. 4k. (I-m) Western blot and densitometry quantification of Wbp2 in Hepal-6 cells infected with Ad-EGFP or Ad-
Dyrk1b in the absence or presence of MG132 (5 pM, 4 h) (n = 3). Two-way ANOVA with Tukey’s post-hoc test was performed for Fig. 4m. (n) HA-
tagged wild-type or kinase-defective Dyrk1lb was expressed in Hepal-6 cells together with Wbp2-Flag and Ub-Myc. At 45 h post-transfection, cells
were treated with MG132 (20 pM) for 3 h and levels of Wbp2 ubiquitylation were evaluated by immunoprecipitation of Wbp2 using anti-Flag
a‘ntibody followed by anti-Myc immunoblotting. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant.

3.4. Dyrk1b downregulates Wbp2 protein abundance

To elucidate the underlying mechanisms of Dyrk1b in the regulation of glucose homeostasis and to screen the downstream targets
of Dyrk1b, we performed a tandem mass tag (TMT)-based quantitative proteomic analysis [39] in the livers of Dyrk1lb overexpressing
and control female mice. A total of 599 differentially expressed proteins (p < 0.05, fold change >1.2 or < 0.83) were identified in the
livers of Dyrk1b overexpression mice, of which 184 proteins were upregulated and 415 proteins were downregulated (Fig. 4a). The top
10 upregulated and downregulated proteins were displayed in Fig. 4b. KEGG enrichment analyses of the differentially expressed
proteins showed that retinol metabolism, bile secretion, pyruvate metabolism, and glycolysis/gluconeogenesis were among the
significantly enriched pathways (Fig. 4c).

We then examined the protein levels of WW domain-binding protein 2 (Wbp2) and Ddx49 by Western blotting and confirmed the
significant downregulation of Wbp2 (Fig. 4d and e), but not Ddx49 (Figs. S4a and b), in livers of Dyrklb overexpression mice. As
reported [42], hepatocyte-specific Wbp2 overexpression alleviates glucose tolerance and insulin resistance induced by HFD, while
hepatocyte-specific Wbp2 knockdown aggravates HFD-induced glucose tolerance and insulin resistance. We further revealed that
Wbp2 protein was also downregulated in Hepal-6 cells (Fig. 4f and g) and primary hepatocytes overexpressing Dyrk1b (Figs. S4c and
d). Despite the decreased Wbp2 protein levels, Wbp2 mRNA levels were not affected in these cells (Figs. S4e and f). These results
suggested that Dyrk1b did not downregulate Wbp2 protein levels via transcriptional regulation.

The downregulation of Wbp2 protein level caused by Dyrklb overexpression in Hepal-6 cells was reversed by treatment with
AZ191 (Figs. S4g and h). Moreover, kinase-defective Dyrk1b failed to downregulate Wbp2 protein levels in Hepal-6 cells (Fig. 4h and
i) or livers overexpressing kinase-defective Dyrk1b (Figs. S4i and j). These findings demonstrate the requirement of Dyrk1b kinase
activity in the regulation of Wbp2. We next assessed the effect of Dyrk1b overexpression on the protein stability of Wbp2. CHX chase
assays [35] showed that Dyrk1lb overexpression accelerated the degrading speed of Wbp2 (Fig. 4j and k), indicating that Dyrklb
promotes Wbp2 degradation. Notably, treatment with proteasome inhibitor MG132 (Fig. 41 and m) [43], but not lysosome inhibitor
Chloroquine (CQ) (Figs. S4k and 1) [44], prevented Dyrk1b-induced Wbp2 downregulation. Furthermore, we observed that wild-type
Dyrk1b, but not kinase-defective Dyrklb, increased the level of Wbp2 ubiquitylation (Fig. 4n). These results suggest that Dyrklb
enhances Wbp2 ubiquitylation and promotes its proteasomal degradation.

3.5. Restoration of hepatic Wbp2 expression rescues the impaired glucose homeostasis of Dyrk1b overexpressing mice

Given the role of hepatocyte Wbp2 in glucose metabolism [42] and its downregulation by Dyrk1lb, we hypothesized that hepatic
Wbp2 downregulation might contribute to the glucose metabolic phenotypes conferred by Dyrklb overexpression. To test this hy-
pothesis, we firstly examined whether hepatic Wbp2 overexpression through injection of adenovirus expressing Wbp2 could improve
the glucose homeostasis of female mice on NCD (Fig. 5a). As expected, hepatic Wbp2 overexpression improved the insulin sensitivity
and glucose tolerance of mice (Fig. 5b—e). Significantly increased insulin-stimulated p-Akt at both Thr308 and Ser473 was observed in
livers of Wbp2 overexpression mice (Fig. 5f-h). Then, we determined whether restoration of liver Wbp2 expression could rescue
glucose metabolic phenotypes in Dyrklb overexpression mice. Adenovirus expressing Wbp2 and adenovirus expressing Dyrk1lb were
simultaneously injected into mice to restore Wbp2 expression (Fig. 5i). As a consequence, Wbp2 restoration in liver improved the
impaired glucose tolerance caused by Dyrklb overexpression (Fig. 5j and k). The deteriorated insulin tolerance observed in Dyrklb
overexpression mice was also rescued by hepatic Wbp2 restoration (Fig. 51 and m). Western blotting showed that restoration of hepatic
Wbp2 expression recovered the attenuated insulin signaling of Dyrk1b overexpression mice (Fig. 5n and o). Based on these findings, we
conclude that hepatic Wbp2 partly mediates the effect of hepatic Dyrklb overexpression on systemic glucose tolerance and insulin
resistance.

3.6. Dyrk1b inhibition moderately ameliorates systemic glucose homeostasis

To further explore the clinical relevance of our findings, we evaluated the effects of Dyrklb inhibition by AZ191 on glucose
metabolism of female C57 mice fed with HFD. Mice were intraperitoneally injected with AZ191 (1.5 mg/kg b.w.) daily for 3 weeks



L Lietal Heliyon 10 (2024) e36726

a b €
ITT GTT Sacrifice T1o - S ALEGED
é " -+ Ad-Wbp2
Q | Ad-EGFP | F
@ [ Ad-Wbp2 ] S s
8-w.k. C57 — T g 2 Sl H
0 6 8 10 (Day) 3 o

0 15 30 60 90 120
Minutes

Ad-EGFP Ad-Wbp2 Ad-EGFP Ad-Wbp2

Insulin e e e - - o+ o+ o+ o+
3o ST o Fros)| NI . =
gzo F;;l:}ws)l_’ Aok dchos 4 ".._‘I e §§
%10 Akt |— |_7°KD g
2 <
ol 0 15 30 60 90 120 Wbp2 | - “m — "‘m |—35KD IC;S[\’J"” M B

Minutes

I T e —— T )

GTT ITT Sacrifice
A oTT -+ Ad-EGFP
2© . ﬁiﬁﬁf? Tos -+ Ad-EGFP+Ad-Dyrk1b
2 e p [ Ad-EGFP ] = ¥ = Ad-Wbp2+Ad-EGFP
3 E 20 + Ad-Wbp2+Ad-Dyrk1b
b 9 [ Ad-EGFP+Ad-Dyrkib | S5
3 [ 2 2
e - [ Ad-Wbp2+Ad-EGFP | 10 0
b 12-wk. C57 [ AdWbp2+AdDyrkib | S s o Ad-EGFP
oL g Ad-EGFP+Ad-Dyrk1b
s -+ —T—T o . .
nsulin —. 0 15 30 60 90 120 o Ad-Wbp2+Ad-EGFP
0 4 6 8(Day) "
Minutes o Ad-Wbp2+Ad-Dyrk1b
I m n o]
Ad-EGFP Ad-Wbp2
Ad-EGFP Ad-Dyrk1b Ad-EGFP Ad-Dyrk1b
+ Ad-EGFP Insulin =19
- = Ad-EGFP+Ad-Dyrkib O S S g
g 10 - Ad-Wbp2+Ad-EGFP p- 3 - 70KD =
3 “ -+ Ad-Wbp2+Ad-Dyrk1b (Thr308)|~ poded el £ 20 2 2 3 | r E
8 =
g -
=8 IR T T Ty ———— §0-5
g i N
S 4 = P
g ‘ \\\"/ ppy— Wbp2 | [P —I—35KD 00, FoT=)
5 o 0 15 30 60 90 120 6 {dDaPes Ovls Dkt | — L 70KD . iz-ain:::-Eéﬁllb
) © Ad-Wbp2+Ad-EGFP & :
Minutes ® Ad-Wbp2+Ad-Dyrk1b Hsp90 | - — - - ——— - |— 100KD ® Ad-Wbp2+Ad-Dyrk1b

Fig. 5. Restoration of hepatic Wbp2 expression rescues the impaired glucose homeostasis of Dyrk1b overexpressing mice. (a) Experimental designs
following Ad-Wbp2 or Ad-EGFP injection of female C57 mice. Insulin tolerance test (b) and AUC of ITT curves (c) of Ad-EGFP (n = 6) and Ad-Wbp2
female mice (n = 7). Glucose tolerance test (d) and AUC of GTT curves (e) of Ad-EGFP and Ad-Wbp2 female mice (n = 7). Unpaired Student’s t-test
(two-sided) was performed for Fig. S5b—e. (f-h) Western blot and densitometry quantification of livers from Ad-EGFP and Ad-Wbp2 female mice.
Two-way ANOVA with Sidak’s post-hoc test was performed for Fig. 5g-h. (i) Experimental designs following Ad-Dyrk1lb and Ad-Wbp2 injection of
female C57 mice. Glucose tolerance test (j) and AUC of GTT curves (k) of female C57 mice injected with Ad-Dyrklb and Ad-Wbp2 adenoviruses (n
= 4-6). Insulin tolerance test (1) and AUC of ITT curves (m) of female C57 mice injected with Ad-Dyrklb and Ad-Wbp2 adenoviruses (n = 5-6).
Two-way ANOVA with Dunnett’s post-hoc test was performed for Fig. 5j-m. *P < 0.05 and ***P < 0.001 for mice injected with Ad-EGFP versus Ad-
EGFP and Ad-Dyrk1b, P < 0.05 for mice injected with Ad-EGFP versus Ad-Dyrk1lb and Ad-Wbp2, n.s., not significant. (n-0) Western blot and
densitometry quantification of p-Akt in livers of female C57 mice injected with Ad-Dyrk1lb and Ad-Wbp2 adenoviruses (n = 3). Two-way ANOVA
with Dunnett’s post-hoc test was performed for Fig. 50. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant.

(Fig. 6a). During the ITT, no significant alternation of insulin sensitivity was observed in mice treated with AZ191 (Fig. 6b). In the GTT,
mice treated with AZ191 had significantly lower glucose levels at 60 min after glucose injection (Fig. 6¢). Interestingly, a recent study
also showed that oral delivery of AZ Dyrk1B 33, a potent Dyrk inhibitor, improved glucose clearance in diabetic db/db mice [45].
Levels of plasma AST, TG, or TC were not affected by AZ191 administration (Fig. 6d—-f). Whereas, AZ191 administration decreased
plasma HDL-C and LDL-C of mice (Fig. 6g and h). Moreover, AZ191 treatment significantly enhanced levels of insulin-induced p-Akt at
both Thr308 and Ser473 in the livers (Fig. 6i-k). These results show that Dyrk1b inhibition by AZ191 moderately ameliorates systemic
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Fig. 6. Dyrk1b inhibition moderately ameliorates systemic glucose homeostasis. (a) Experimental designs following DMSO or AZ191 administration
of female C57 mice. (b) Insulin tolerance test of mice treated with AZ191 or DMSO (n = 6). (c) Intraperitoneal glucose tolerance test of mice treated
with AZ191 or DMSO (n = 7). (d-h) Plasma AST, TG, TC, HDL-C, and LDL-C of mice treated with AZ191 or DMSO (n = 7). Unpaired Student’s t-test
(two-sided) was performed for Fig. 6b-h. (i-k) Western blot and densitometry quantification of p-Akt in livers of mice treated with AZ191 or DMSO
(n = 3). Unpaired Student’s t-test (two-sided) was performed for Fig. 6j and k. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant.

glucose tolerance and hepatic insulin signaling.
4. Discussion

In this study, we investigate the role of Dyrk1b in glucose homeostasis. We find that hepatic Dyrk1b overexpression in mice leads to
obviously impaired systemic glucose tolerance, increased liver TG, and attenuated insulin signaling in the liver. During the preparation
of our manuscript, Bhat et al. demonstrate that Dyrk1lb promotes hepatic lipogenesis by activating mTOR2 and causes insulin resis-
tance by impairing insulin receptor kinase activity [41]. It is noteworthy that the authors observe no effect of Dyrk1lb overexpression
on systemic glucose tolerance. In their study, the authors use AAVS8 to increase Dyrk1b mRNA by 2-fold. Herein, we overexpress mouse
Dyrk1b with adenovirus. The relatively higher hepatic Dyrk1b expression (as shown in Fig. 1i, Fig. S1b, and Fig. S2g) in our study may
partially explain the discordant results regarding glucose tolerance. We find that Dyrk1b overexpression in vitro is sufficient to inhibit
glucose uptake and canonical insulin signaling of Hepal-6 cells. AZ191 treatment reverses the inhibition of insulin-stimulated p-Akt
caused by Dyrklb overexpression. In contrast to wild-type Dyrk1b, kinase-defective Dyrk1b fails to inhibit insulin signaling. These
data indicate that Dyrk1b antagonizes insulin signaling in a kinase activity-dependent manner. Furthermore, kinase-defective Dyrk1lb
shows no effect on systemic glucose tolerance or hepatic insulin signaling in vivo, underscoring the importance of the kinase activity of
Dyrk1b in its role in glucose homeostasis.

Global ablation of Dyrk1b improves systemic glucose tolerance in female mice on a NCD and male mice on a HFD, but not in male
mice maintained on a NCD. The reason for the discrepancy between the phenotypes of male and female DyrkIb™/~ mice remains
unclear. Since global Dyrk1b~/~ mice are used in our study, we cannot exclude the possibility that some phenotypes related to glucose
metabolism are due to Dyrklb’s role in extra-hepatic tissues. This issue can be addressed by using mice with conditional Dyrklb
knockout in hepatocytes.

TMT-based quantitative proteomic is performed to screen the downstream targets of Dyrklb. Wbp2 protein abundance is
consistently decreased in mice, Hepal-6 cells, and primary hepatocytes overexpressing Dyrklb. Dyrklb overexpression does not
impact Wbp2 mRNA levels in Hepal-6 cells or primary hepatocytes. CHX chase assays show that Dyrk1b promotes the degradation of
Wbp2 protein. Moreover, we find that wild-type Dyrklb enhances Wbp2 ubiquitylation. One previous study has shown that Wbp2
levels are regulated by ITCH, which targets Wbp2 for ubiquitin-dependent proteasomal degradation [44]. It is possible that Dyrk1b
downregulates Wbp2 levels by affecting ITCH-mediated degradation of Wbp2. The precise mechanisms underlying downregulation of
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Wbp2 protein level by Dyrklb remain to be elucidated.

Restoration of hepatic Wbp2 expression partially rescues the impaired glucose tolerance and insulin sensitivity of Dyrklb over-
expression mice. It is likely that some other differentially expressed proteins identified in our the proteomic analyses may also mediate
the role of Dyrk1b in glucose metabolism.

Lastly, we find that Dyrk1b inhibition by intraperitoneal AZ191 injection moderately ameliorates glucose metabolism of mice,
implying the therapeutic potential of Dyrklb inhibition in diabetes and metabolic diseases. Our previous study has shown that
pharmacological Dyrklb inhibition with AZ191 elicits morphological and functional benefits for cardiac hypertrophy [23]. These
findings indicate the significance of developing specific Dyrk1b inhibitors in the future.

5. Conclusions

In summary, our study uncovers that hepatic Dyrklb impairs systemic glucose homeostasis via its downregulation of Wbp2
expression in a kinase activity-dependent manner. Our findings will advance the understanding of the mechanisms of glycemic control.
Hepatic Dyrklb may become a potential treatment target for T2DM in the future.
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