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SUMMARY
Analogs of the incretin hormones Gip and Glp-1 are used to treat type 2 diabetes and obesity. Findings in
experimental models suggest that manipulating several hormones simultaneously may be more effective.
To identify small molecules that increase the number of incretin-expressing cells, we established a high-
throughput in vivo chemical screen by using the gip promoter to drive the expression of luciferase in zebra-
fish. All hits increased the numbers of neurogenin 3-expressing enteroendocrine progenitors, Gip-expressing
K-cells, and Glp-1-expressing L-cells. One of the hits, a dual-specificity tyrosine phosphorylation-regulated
kinase (DYRK) inhibitor, additionally decreased glucose levels in both larval and juvenile fish. Knock-down
experiments indicated that nfatc4, a downstream mediator of DYRKs, regulates incretin+ cell number in
zebrafish, and that Dyrk1b regulates Glp-1 expression in an enteroendocrine cell line. DYRK inhibition also
increased the number of incretin-expressing cells in diabetic mice, suggesting a conserved reinforcement
of the enteroendocrine system, with possible implications for diabetes.
INTRODUCTION

Hormones released from the gastrointestinal tract have impor-

tant roles inmetabolism, bymodulating satiety, gutmotility, insu-

lin secretion, and plasma glucose levels (Gribble and Reimann,

2019). Of particular relevance to diabetes, the incretins are hor-

mones secreted upon food intake and enhance glucose-stimu-

lated insulin secretion, thereby decreasing plasma glucose

levels (Boer and Holst, 2020). The major incretins are the

glucagon-like peptide-1 (GLP-1) and glucose-dependent insuli-

notropic polypeptide (GIP); GLP-1 is secreted predominantly

by the L-cells, and GIP by the K-cells, of the intestine. To date,

there has been extensive research on GLP-1, resulting in effi-

cient GLP-1-based therapeutics for diabetes and obesity,

whereas no therapeutics has been developed based on solely

GIP, although inhibitors of the enzyme degrading GLP-1 and

GIP (DPP4) affect both hormones (Boer and Holst, 2020). The

last few years, several dual, or even triple, agonists of GLP-1,

GIP, glucagon, or estrogen have emerged as promising agents
1368 Cell Chemical Biology 29, 1368–1380, September 15, 2022 ª 2
This is an open access article under the CC BY license (http://creative
with synergistic effects on metabolic readouts (Baggio and

Drucker, 2021; Brandt et al., 2018; Holst and Rosenkilde,

2020). Moreover, recent findings suggest that GIP has a more

pivotal role in glucose homeostasis than previously thought,

especially in humans (Finan et al., 2016; Gasbjerg et al., 2019).

In addition to increasing insulin secretion, GIP has been shown

to act on the hypothalamus to regulate food intake and thereby

obesity (Adriaenssens et al., 2019). Pathophysiologically, GIP

secretion and GIP sensitization are significantly impaired in pa-

tients with type 2 diabetes (Xu et al., 2007) or chronic GIP ago-

nism (Killion et al., 2020), and this impairment decreases insulin

secretion. Thus, an enhanced capacity of GIP production or

secretion seems beneficial in pre-diabetes and type 2 diabetes,

or perhaps more efficiently, a simultaneous boost in the level of

several enteroendocrine hormones to reinforce the gut’s

response to food intake.

The zebrafish model is ideal for in vivo drug discovery,

combining the high throughput of in vitro screens with the phys-

iological complexity and relevance of animal studies (Lam and
022 The Author(s). Published by Elsevier Ltd.
commons.org/licenses/by/4.0/).
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Peterson, 2019). Moreover, the zebrafish has been extensively

used for studying development and function of the pancreas

(Kimmel and Meyer, 2016) and liver (Pham et al., 2017), and

several chemical or genetic screens have been performed for

improving the function of these organs in metabolic control (An-

dersson et al., 2012; Charbord et al., 2021; Lu et al., 2016; Mas-

soz et al., 2021; Singh and Ninov, 2018; Yang et al., 2020). How-

ever, with regard to the enteroendocrine system in zebrafish,

despite several thorough studies of development and function

(Crosnier et al., 2005; Flasse et al., 2013; Ng et al., 2005; Reuter

et al., 2022; Ye et al., 2019) and incretins (Graham et al., 2018;

Musson et al., 2010), chemical screening opportunities remain

unexplored (Gut et al., 2017). Here, we made use of the advanta-

geous features of the zebrafish model and performed a high-

throughput screen for gip-expression and found that DYRK in-

hibitors stimulate the formation of several enteroendocrine cell

types to reinforce the enteroendocrine system in both zebrafish

and mice.

RESULTS

In vivo chemical screening identified small molecules
increasing the number of incretin-expressing cells in
zebrafish
We aimed to perform a high-throughput screen for small mole-

cules increasing the number of incretin-expressing cells using

luminescence in whole zebrafish larvae. However, transgenic ze-

brafish expressing GFP under the control of the proglucagon

promoter, Tg(gcga:GFP), mainly labeled a-cells in the pancreas

(Figure 1A), rendering the proglucagon promoter unusable for

high-throughput screening of incretin-producing cells using

luciferase, which reports the total expression in the whole zebra-

fish. Therefore, we cloned the proximal promoter of gip and used

it to drive the expression of TagRFP, Tg(gip:TagRFP), which spe-

cifically marked K-cells in the upper intestine and a few cells in
Figure 1. In vivo chemical screening identified small molecules increa

(A and B) Representative confocal projections of a 6 days post fertilization (dpf) T

appeared in the pancreatic islet and enteroendocrine cells throughout the gut, whe

in the intestinal bulb and pancreas. Scale bars, 100 mm.

(C) Top: Schematic depicting the screening for compounds stimulating the expres

were transferred to each well of 96-well plates. A compound from theMedChemE

dpf, the luminescence activity was measured. Bottom: Three hits were identified,

of compounds from the MedChemExpress library. Tg(gip:Nluc) larvae were trea

activity was measured at 6 dpf and displayed as Z-scores.

(D–I) The hits promote the generation of gip-expressing cells both in the intestin

Tg(gip:Venus) larvae treated from 3 to 6 dpf with DMSO (D) or the hits including AZD

cells. Scale bars, 50 mm.

(H) Quantification of the number of gip:Venus-positive cells in the intestine of 6 dp

****p < 0.0001. (I) Quantification of the number of gip:Venus-positive cells in the

group. ****p < 0.0001.

(J–O) Hit compounds promotes the generation of K-cells and L-cells in the intes

(J–M) Representative confocal projections of Tg(gip:TagRFP); Tg(gcga:GFP) larva

displaying gip:TagRFP-expressing cells in red and gcga:GFP expressing cells in gr

and 1B and 1J. Scale bars, 100 mm.

(N) Quantification of the total number of K-cells in Tg(gip:TagRFP);Tg(gcga:GFP)

(O) Quantification of the total number of L-cells in the intestines of Tg(gip:TagRFP

lumped in the islet, we did not quantify the number of these cells in the pancreas

(P) Free glucose levels (i.e., glucose that has not been phosphorylated) weremeas

Alarelin, or ID-8. We sampled larvae for free glucose levels in consecutive days fr

with ID-8 (green line) than thosewith DMSO (black line) at 4, 5, and 7 dpf; the only o

of 2 larvae) per data point, **p < 0.01, *p < 0.05. See also Figure S1.
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the pancreas (and nowhere else in the whole zebrafish) (Fig-

ure 1B), in line with previous findings (Musson et al., 2009). To

enable the high-throughput screening of chemicals, we gener-

ated another transgenic zebrafish line expressing nano-lucif-

erase under the control of the gip promoter, Tg(gip:Nluc), which

was used to screen 1,303 small molecules with the aim of iden-

tifying small molecules that increased the number of gip-ex-

pressing K-cells in the gut (Figure 1C). We treated the larvae

from 3 to 6 days post fertilization with the small molecules in

96-well plates with three larvae per well. After rescreening 95

primary hits with a Z-score of greater than 2 in 4 additional inde-

pendent wells, we confirmed 3 small molecules that most often

(i.e., gave a Z-score of >2 in at least 3 of the wells) increased

the luminescence signal generated in Tg(gip:Nluc), i.e., Alarelin,

AZD7687, and ID-8 (Figure 1C). Alarelin is an agonist of the

gonadotropin-releasing hormone receptor, AZD7687 is an inhib-

itor of diacylglycerol acyltransferase 1, and ID-8 is an inhibitor of

dual-specificity tyrosine phosphorylation-regulated kinases

(DYRKs). All three hits not only increased the overall expression

of gip, but also increased the number of K-cells in the intestine as

well as the gip-expressing cells in the pancreas (Figures 1D–1I).

We continued by examining whether the identified hits also

increased the number of L-cells by quantifying the number of

gcga:GFP-expressing cells in the intestine [the Tg(gcga:GFP)

was used as a proxy for Glp-1 expression in the absence of

antibodies recognizing zebrafish Glp-1, but may also report on

Glucagon and Glp-2 expression]. In double transgenic

Tg(gcga:GFP);Tg(gip:TagRFP) we found that all three hits

increased the number of both L- and K-cells (Figures 1J–1O),

without showing much overlapping expression. Next, we exam-

ined whether the hits could decrease the glucose levels in the

larvae, and found that AZD7687 and ID-8 led to a significant

decrease in glucose during the treatment period (Figure 1P).

This decrease was not due to an increase in the number of insu-

lin-producing b-cells (Figures S1A–S1C). Thus, we succeeded
sing the number of incretin-expressing cells in zebrafish

g(gip:TagRFP);Tg(gcga:GFP) larva. The expression of Tg(gcga:GFP) (A) mainly

reas Tg(gip:TagRFP) (B) mainly appeared in enteroendocrine cells of upper gut

sing of gip in whole zebrafish larvae. Three Tg(gip:Nluc) zebrafish larvae at 3 dpf

xpress library was added to each well containing 200 mL E3 + PTU solution. At 6

including AZD7687, Alarelin, and ID-8. Data are shown with calculated Z-score

ted from 3 to 6 dpf with DMSO or one of the 1,303 chemicals. Luminescence

e and pancreas in zebrafish larvae. (D–G) Representative confocal images of

7687 (E), Alarelin (F), and ID-8 (G). Yellow arrowheads show gip:Venus positive

f Tg(gip:Venus) larvae after the treatments in (D–G). n = 40–57 larvae per group.

pancreas of Tg(gip:Venus) after the treatments in (D–G). n = 38–57 larvae per

tines of zebrafish larvae.

e treated from 3 to 6 dpf with DMSO (J), AZD7687 (K), Alarelin (L), or ID-8 (M),

een. The same larva is displayedwith single andmerged channels in Figures 1A

larvae after treatment. n = 17–23 larvae per group.

);Tg(gcga:GFP) larvae after treatment. Since gcga:GFP-expressing cells were

. n = 10–12 larvae per group. ****p < 0.0001, **p < 0.01.

ured in wild-type zebrafish larvae treated from 3 to 6 dpf with DMSO, AZD7687,

om 3 to 7 dpf. Free glucose levels were significantly lower in the larvae treated

ther significancewas the AZD7687-treated group at 4 dpf. n = 16 larvae (8 pools
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Figure 2. The hits promote neogenesis of K-cells originating from neurog3+ progenitor cells

(A–D) No proliferation of K-cells was observed in the intestines after treatment with the hits. Representative confocal projection images of gip:TagRFP-expressing

cells (in red) and EdU positive cells (in cyan blue) in the intestines of Tg(gip:TagRFP) zebrafish larvae treated from 3 to 6 days post fertilization (dpf) with DMSO (A),

(legend continued on next page)
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in creating genetic models that allowed us to perform the in-

tended screen and confirmed that the hits not only boosted the

expression of gip, but also increased the number of K-

and L-cells.

The hits promote neogenesis of K-cells originating from
neurog3+ progenitor cells
We examined the cellular mechanism behind the increase in

K-cells by proliferation and lineage-tracing studies. None of the

K-cells in the control or treatment group were labeled by EdU,

indicating that the increased number of K-cells was not due to

proliferation (Figures 2A–2D), nor did the Gip-expressing cells

in the pancreas proliferate (Figures S1D–S1G). Next, we gener-

ated a transgenic line stably marking neurogenin 3-expressing

enteroendocrine progenitors (Jenny et al., 2002) by expressing

H2BGFP under the control of its promoter, Tg(neurog3:H2

BGFP), and found that all three hits increased the number of

K-cells labeled by H2BGFP (Figures 2E–2G). Moreover, we saw

an increase in the number of cells expressing neurog3:H2BGFP

with all three hits (Figure 2H), indicating that the hits increased

the differentiation toward the enteroendocrine lineage.

Structural diversity and specificity of the most
efficient hits
The three confirmed hits, Alarelin, AZD7687, and ID-8,

display large differences in size and are structurally diverse

(Figures 3A–3C), supporting that they are acting via different

mechanisms in agreement with them having different known tar-

gets. However, as ID-8 was the most promising in terms of

decreasing glucose levels, we focused our efforts on following

up on its mechanism. As ID-8 is a DYRK inhibitor, we used the

Tg(gip:nLuc) zebrafish to perform dose-response experiments

with another structurally diverseDYRK inhibitor (5-iodotubercidin

[5-IT]) that was present in the screened library (Figures 3D and

3E), and compared its effect with dose-response experiments

with theother hits (FiguresS1H–S1J). 5-IT increased the lumines-

cence signal, but at a higher concentration than the other hits and

that used in the original screening setup.

We continued to search for more potent inhibitors beyond the

screened library and found that the DYRK inhibitor AZ Dyrk1B 33

(Figure 3F) could recapitulate the effect on Tg(gip:nLuc) zebra-

fish at a lower concentration (Figure 3G). AZ Dyrk1B 33 also

increased the number of K- and L-cells (Figures S2A–S2F), did

not change the number of b-cells (Figures S2G–S2I), increased

the number of enteroendocrine progenitor-derived K-cells

(Figures S2J–S2L), and decreased glucose levels (Figure S2M).

In addition to giving all the same effects as ID-8, AZ Dyrk1B 33

also increased the number of K-cells in juvenile fish compared

with control-treated fish of the same size (Figures S3A–S3E).
AZD7687 (B), Alarelin (C), or ID-8 (D). Gip-expressing cells were stained with a-G

outline the intestines. Scale bars, 50 mm.

(E–H) The newly generated K-cells comes from neurog3-expressing progenitor c

(E and F) Representative confocal images of Tg(gip:TagRFP);Tg(neurog3:H2BGFP

pressing cells in red (E and F), neurog3:H2BGFP-expressing cells in green (E0 and F

F00). Scale bars, 100 mm.

(G) Quantification of the total number of K-cells and cells co-expressing gip:TagR

Alarelin (n = 9), or ID-8 (n = 7). ****p < 0.0001, ****p < 0.0001, **p < 0.01.

(H) Quantification of the number of neurog3:H2BGFP-positive cells in the intestin

n = 7–12 larvae per group. **p < 0.01, *p < 0.05.
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Moreover, AZ Dyrk1B 33 increased the number of Pyy-express-

ing enteroendocrine cells (Figures S3F–S3H).

As it was unclear which DYRK(s) mediated the effect of ID-8

(Bellmaine et al., 2017; Hasegawa et al., 2012), and 5-IT is known

inhibit all DYRKs (Dirice et al., 2016), whereas AZ Dyrk1B 33 have

not been tested on all DYRKs (Kettle et al., 2015), we profiled the

specificity of ID-8 and AZ Dyrk1B 33 on the different DYRKs to

get a better idea of which DYRKs could be responsible for the

observed effects. Using in vitro kinase assays, we found that

ID-8 inhibited DYRK1A and DYRK1B with median inhibition con-

centration (IC50) values in the low micromolar range, but had a

modest effect on the other DYRKs (Figure 3H); AZ Dyrk1B 33

potently inhibited DYRK1A and DYRK1B with IC50 values in the

low nanomolar range, inhibited DYRK2 and DYRK3 with IC50

values in the high nanomolar range, and had a modest effect on

DYRK4 (Figure 3I). These results pointed to a role for DYRK1A/

DYRK1B and are consistent with that the kinase domains of

DYRK1A and DYRK1B are very similar, such that most inhibitors

will targetboth thesekinases toa similar degree. Thus, the inhibitor

AZDyrk1B33wasmostpotent (lowest IC50 in vitro) andseemed to

bemoreuseful than ID-8as itwaseffectiveat lower concentrations

in zebrafish larvae and was also effective in older fish.

Genetic silencing in GLUTag cells supports a role for
Dyrk1b
DYRKs are known to phosphorylate NFAT transcription factors

and thereby prohibit the shuttling of NFATs from the cytoplasm

to the nucleus (Muller and Rao, 2010). Therefore, we tested

whether the effect of AZ Dyrk1B 33 could be blunted by cyclo-

sporine A and INCA6, which are two different inhibitors of the

NFAT phosphatase calcineurin. Cyclosporine A binds cyclophilin

and calcineurin and thereby inhibits the phosphatase activity of

calcineurin, whereas INCA6 is a calcineurin-NFAT interaction in-

hibitor and thereby blocks NFAT dephosphorylation. Both cyclo-

sporine A and INCA6 could blunt the effect of AZ Dyrk1B 33 in

Tg(gip:Nluc) zebrafish larvae (Figures 4A and 4B), indicating that

the NFAT pathway acts as a downstreammediator in this context.

To get an indication on whether DYRK1A or DYRK1B was

the main mediator of the effects, we examined the expression

of the incretins in various enteroendocrine cell lines while

modulating DYRK/NFAT signaling. We found that small inter-

fering RNA knock-down of Dyrk1b, but not Dyrk1a, stimulated

Glucagon expression in GLUTag cells (Figure 4C). The increase

in Glucagon expression upon Dyrk1b knock-down could be

reversed by the calcineurin inhibitors, showing the effect of the

knock-down was specific and involved NFAT-signaling (Fig-

ure 4D). We continued with examining GLP-1 expression by

immunohistochemistry in the GLUTag cells and found that

both ID-8 and AZ Dyrk1b 33 increased GLP-1 protein levels in
ip antibody. Split channels are shown in A0–D0 and A00–D00. White dashed lines

ells.

) larvae treated from 3 to 6 dpf with DMSO or ID-8, displaying gip:TagRFP-ex-
0), and overlapping gip:TagRFP;neurog3:H2BGFP expression in yellow (E00 and

FP and neurog3:H2BGFP after treatment with DMSO (n = 7), AZD7687 (n = 10),

al bulb of Tg(gip:TagRFP);Tg(neurog3:H2BGFP) after the different treatments.



Figure 3. Structures of the hits and specificity of ID-8 and AZ Dyrk1B 33 on DYRKs

(A–C) Chemical structures of the hits. Alarelin (A), AZD7687 (B), and ID-8 (C).

(D–G) Chemical structures of the additional DYRK inhibitors followed up on, i.e., 5-IT (D) and AZ Dyrk1B 33 (F); and luminescence in Tg(gip:Nluc) zebrafish larvae

treated from 3 to 6 days post fertilization (dpf) with 4, 20, and 100 mM 5-IT (E) or 1 mMAZ Dyrk1B 33 (G) (R4 mMAZ Dyrk1B 33 was toxic to the zebrafish), normal-

ized to DMSO. ****p < 0.0001.

(H and I) Specificity analyses of ID-8 (H) and AZDyrk1B 33 (I) on the DYRK-family of kinases by dose-response assessment in vitro. The SelectScreen biochemical

kinase profiling assayswere performed by ThermoFisher Scientific, using LanthaScreen for DYRK2 and Z0-LYTE for DYRK1A, DYRK1B, DYRK3, and DYRK4. See

also Figure S2 and S3.
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the GLUTag cells (Figures 4E–4J). Thus, this genetic approach

suggests DYRK1B is themainmediator of this signaling pathway

in enteroendocrine cells.

DYRK inhibitors promote enteroendocrine cell
differentiation through Nfatc4
Previous work has shown the expression of NFATc1 and

NFATc4 in the human intestine (Wang et al., 2011), and building

on that we found that Nfatc4 expression was scattered

throughout the zebrafish intestine, occasionally co-localized

with gip:TagRFP (Figures 5A–5D). Therefore, we knocked

down nfatc4 with an antisense morpholino (which abolished

the Nfatc4 staining) to test whether nfatc4 was involved in the

formation of K-cells (Figures 5E and 5G). Quantification of the

number of gip-expressing cells revealed that nfatc4-deficient ze-
brafish displayed fewer gip-expressing cells in the intestine than

the controls, whereas the number of gip-expressing cells in the

pancreas was not decreased (Figure 5I), correlating with that

we observed Nfatc4 staining in the intestine but not the pancreas

(Figures 5A–5D). Treatment of control- and nfatc4-morpholino-

injected Tg(gip:TagRFP) with AZ Dyrk1B 33 showed that nfatc4

was necessary for AZ Dyrk1B 33’s ability to induce K-cells

(Figures 5E–5J). Thus, Nfatc4 is expressed in the intestine and

loss-of-function experiments show that it is critical for the

induced formation of K-cells.

AZDyrk1B 33 increases the prevalence of incretin+ cells
and improves glucose control in diabetic mice
To translate our findings to higher species and test the useful-

ness in a diabetes model, we examined the effect of AZ Dyrk1B
Cell Chemical Biology 29, 1368–1380, September 15, 2022 1373
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33 on diabetic mice. We used the following setup: 7-week-old

diabetic db/db mice were orally treated for 3 weeks with vehicle

or AZ Dyrk1B 33, during which time random glucose levels and

body weight were monitored, and at the end of the treatment

period we performed oral glucose tolerance tests (OGTT) and

collected plasma and tissues (Figure S4A). The mice were not

generally affected by the treatment and the body weight

increased similarly in vehicle and AZ Dyrk1B 33-treated mice

(Figure S4B). The random (without fasting) glucose levels were

similar between the groups at the start of the study, but were

significantly lower in the AZ Dyrk1B 33-treated group at the

end of the treatment period (Figure S4C). Likewise, the OGTT

showed that the AZ Dyrk1B 33-treated mice had an improved

clearance of glucose, especially at the early time points after

the administration of glucose (Figure 6A), which also resulted in

a lower area under the curve during the OGTT (Figure 6B). More-

over, measurements of circulating GIP in serum showed that AZ

Dyrk1B 33-treated mice displayed an enhanced response to

glucose 15 min after the challenge (Figure 6C).

After the OGTT, intestines and pancreata were collected,

sectioned, andused for immunohistochemistry. Expression anal-

ysis of GIP and GLP-1 showed an increased number of incretin-

expressing cells in the intestines of AZ Dyrk1B 33-treated mice

when compared with the control mice (Figures 6D–6G). As

Dyrk1A inhibitors can stimulate proliferation of insulin-producing

b-cells (Dirice et al., 2016; Wang et al., 2015), we examined sec-

tions of the pancreata from vehicle and AZ Dyrk1B 33 treated

mice. Neither a- or b-cell mass (Figures 6H–6J) nor b-cell prolifer-

ation (Figures S4D–S4F) showed any difference between vehicle

and AZ Dyrk1B 33-treated mice, indicating that the improved

glucose tolerancewith AZDyrk1B 33 treatment was not an effect

of an altered number of b-cells. Together, these results indicate

that the effect of AZ Dyrk1B 33 on incretin cell differentiation

and glucose control is conserved from fish to mammals.

DISCUSSION

In this study, we performed an unbiased chemical screen for

inducers of incretin-expressing cells in zebrafish. One of the

identified hits inhibited DYRKs and further testing in zebrafish

identified a more potent DYRK inhibitor (with a lower IC50), AZ

Dyrk1B 33, that also increased incretin+ cell numbers and

improved glucose control in the mouse. Future studies could

examine whether the effect of the DYRK inhibition on the differ-

entiation of enteroendocrine cells is direct or systemic, e.g., by

using tissue-specific genetic targeting or intestinal organoid cul-

tures. We favor a direct effect because we found that the down-

streammediator Nfatc4 was expressed in the intestine, as previ-
Figure 4. Inhibition of Dyrk1b, but not Dyrk1a, promotes Glucagon/GL
(A and B) AZDyrk1B 33 stimulates Tg(gip:Nluc) activity and acts via NFAT-calcineu

activity in Tg(gip:Nluc) transgenics can be inhibited by either 2 mM cyclosporine A

group. ***p < 0.001. **p < 0.01.

(C) Quantification of Glucagon expression in GLUTag cells with qPCR, after gen

Dyrk1a or Dyrk1b. n = 6 per group. **p < 0.01.

(D) Glucagon expression in GLUTag cells assessed with qPCR upon control, Dyrk

CsA or INCA6. n = 3 per group. ****p < 0.0001.

(E–J) GLP-1 expression in GLUTag cells is stimulated after treatment with DYRK

(red) and DAPI (grey) after treatment with DMSO (E, H), ID-8 (F), or AZ Dyrk1b 33

treatment with ID-8 (G) or AZ Dyrk1b 33 (J) for 24 h n = 8 per group. **p < 0.01,
ously shown in the human intestine (Wang et al., 2011), and

necessary for the effect of the DYRK inhibitors.

A few previous studies have used intestinal organoids to test

candidates and found that, e.g., notch inhibitors (Petersen

et al., 2015), Wnt inhibitors, and bone morphogenetic protein ac-

tivators (Beumer et al., 2018, 2020), bile acids (Lund et al., 2020),

and short chain fatty acids (Petersen et al., 2014) can stimulate

enteroendocrine cell differentiation. While some of these factors

affect pleiotropic signaling pathways, others are endogenous

metabolites with potency in the micromolar to millimolar range,

highlighting the need for potent small molecules with specific

effects. Moreover, compared with organoid studies, our study

offers an in vivo setting and high-throughput testing of diverse

chemical libraries, enabling a discovery approach that is in a

physiological context, as well as not testing hypotheses based

on the previous literature or gene expression profiles. It would

also be interesting to investigate whether the DYRK/NFAT-

pathway acts upstream of enteroendocrine transcription factors

regulating gastric versus intestinal enteroendocrine cell fates,

such as Neurog3 (Jenny et al., 2002) and Nkx2.2 (Desai et al.,

2008), and the recent hypothesis of predetermined specification

of enteroendocrine progenitors in higher species (Bottcher et al.,

2021). Interestingly, one of our hits, AZD7687, which is an inhib-

itor of diacylglycerol acyltransferase 1, has been shown to in-

crease the levels of enteroendocrine hormones in a clinical trial

for the treatment of type 2 diabetes and obesity (Denison et al.,

2014), supporting the validity of our discovery approach in

zebrafish.

We and other investigators have previously shown that com-

pounds that either inhibit DYRK1A or decrease the expression

of DYRK1A increase b-cell proliferation and function (Brial

et al., 2020; Charbord et al., 2021; Dirice et al., 2016; Wang

et al., 2015). However, following our treatment with AZ Dyrk1B

33 we did not see any effect on b-cell proliferation or mass, indi-

cating that b-cell proliferation was not affecting the phenotype,

although improved b-cell function may have played a role in

decreasing glucose. It may be that we exposed the intestine to

a greater extent than the pancreas with the oral delivery of AZ

Dyrk1b 33, explaining the differential effect. In any case, it seems

DYRK1A is the main regulator of b-cell proliferation (Dirice et al.,

2016), and DYRK1B may be the main regulator of enteroendo-

crine cells, supporting the notion that the various DYRKs are

important regulators of metabolic control in different tissues.

In this regard, a recent study showed that DYRK1B deficiency

in the liver protected mice against hepatic steatosis and insulin

resistance (Bhat et al., 2022), in agreement with the idea that in-

hibiting DYRK1B is beneficial for metabolic control. However,

there might be redundancy and species differences in which
P-1 expression in a mouse enteroendocrine cell line
rin signaling. The effect of AZDyrk1B 33 (1 mM) on increasing the luminescence

(CsA) (A) or 10 mMNFAT-calcineurin association-6 (INCA6) (B). n = 4 wells per

etic silencing using control small interfering RNA (siRNA) and siRNA targeting

1a or Dyrk1b knock-down could be reversed by either calcineurin inhibitor, i.e.

inhibitors. Representative confocal images of GLUTag cells stained for GLP-1

(I). Scale bars, 20 mm. Quantification of GLP-1 staining intensity per cell after

****p < 0.0001.
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Figure 5. Nfatc4 is required for enteroendo-

crine cell differentiation

(A–D) Expression of Nfatc4, gip:TagRFP, and neu-

rog3:H2BGFP in zebrafish larvae. Representative

confocal images of Nfatc4 immunofluorescently

stained cells, neurog3-expressing enteroendocrine

progenitor cells, and K-cells in Tg(neurog3:H2B

GFP);Tg(gip:TagRFP) zebrafish larvae treated from

3 to 6 days post fertilization (dpf) with either

DMSO (A and B) or ID-8 (C and D), displaying Nfatc4

immunofluorescently stained cells in cyan blue,

neurog3:H2BGFP-expressing cells in green, and

gip:TagRFP-expressing cells in red. Scale bars,

50 mm.

(E–J) Knock-down of nfatc4 decreases the number

of K-cells in zebrafish intestines. (E–H) Representa-

tive confocal images of gip:TagRFP-expressing

cells in 5 dpf larvae injected with control morpholi-

nos or nfatc4 morpholinos, and later treated with

DMSO (E and G) or AZ Dyrk1B 33 (F and H) from 3

to 5 dpf, displaying gip:TagRFP-expressing cells in

red. Scale bars, 20 mm.

(I) Quantification of gip:TagRFP-expressing cells in

pancreas, intestines, and the total number at 5 dpf

in Tg(gip:TagRFP) zebrafish larvae injected with

control or nfatc4 morpholinos. n = 11–14 larvae

per group. ***p < 0.001.

(J) Quantification of gip:TagRFP-expressing cells in

intestines of 5 dpf larvae injected with control or

nfatc4 morpholinos, and later treated with DMSO

or AZ Dyrk1B 33 from 3 to 5 dpf. n = 9–10 larvae

per group. ***p < 0.001, **p < 0.01.
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DYRKs and NFATs are themain mediators in various tissues and

cells. Future studies may expand on the specific roles of these

components and which paralogs are involved in different set-

tings and species. In this context, it is interesting to note that hu-

man DYRK1B gain-of-function variants have been genetically

linked to the metabolic syndrome (Keramati et al., 2014), and

DYRK1B loss-of function variants have protective effects against

the metabolic syndrome (Mirshahi et al., 2014). However, it is un-

known whether subjects with such variants in DYRK1B have

affected enteroendocrine cell populations.

Developing therapeutics that increase the number of enter-

oendocrine cells, rather than analogs of the hormones them-

selves, is an attractive approach because the hormones can

be secreted in a physiological manner. Although we intended

to screen for incretin-expressing cells, we found that Pyy-ex-

pressing cells were also increased. In fact, increasing several en-

teroendocrine hormones simultaneously might be advantageous

as it stimulates both the gut-to-pancreas and the gut-to-brain

axes, with possible effects on both glucose control and appetite.

In line with this, recent developments of dual and triple agonists

have shown great promise to combat diabetes and obesity (Bag-

gio and Drucker, 2021; Brandt et al., 2018). Interestingly, incre-

tins from some fish species naturally act as a dual agonists

and may serve as templates for development of such therapeu-

tics (Conlon et al., 2022). Together, in this study we leverage the
1376 Cell Chemical Biology 29, 1368–1380, September 15, 2022
screening potential in zebrafish and put forward a concept in

which small molecules may reinforce the enteroendocrine sys-

tem, with possible implications for metabolic disease.

Limitations
This study describes a screen for small molecules increasing en-

teroendocrine cells in zebrafish and provides proof of concept

for translating that effect from one class of hits to mice and a

mouse-derived enteroendocrine cell line. However, we do not

provide any evidence to whether the effect is conserved to hu-

mans, although given the distance between fish to mouse there

is a good chance some hits also work in humans.

DYRK inhibitors have also been shown to increase b-cell prolif-

eration and function. Therefore, even thoughwedid not detect any

change in b-cell proliferation or mass, increased b-cell function

may have contributed to the improved glucose control. Moreover,

wehave not examinedwhether insulin secretionwas increased af-

ter treatment andchallenges, something thatmight bebetter stud-

ied in other models than zebrafish or db/dbmice (which have high

basal levels of insulin). Thus, future studies of inhibiting DYRKs in

this contextmay extend to insulin secretion, incretin effect, various

mouse models of diabetes, tissue-specific mutagenesis, and hu-

man cells and tissues. These types of possible follow-up studies

are not limited to DYRK inhibitors, but apply to any interesting hit

coming out from this type of phenotypic screening.
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SIGNIFICANCE

The gastrointestinal tract releases hormones that have crit-

ical roles inmetabolism, regulating satiety, insulin secretion,

glucose levels, andmore. Two of these hormones, the incre-

tinsGLP-1 andGIP, are relevant to diabetes andobesity: they

are secreted by the intestine in response to food intake and

enhance glucose-stimulated insulin secretion, thereby

decreasing plasma glucose levels, as well as increasing

satiety. To identify smallmolecules that increase the number

of incretin-expressing cells, we established a high-

throughput in vivochemical screenbyusing thegippromoter

to drive the expression of luciferase in zebrafish. The zebra-

fish model is ideal for in vivo drug discovery, combining the

high throughput of in vitro screens with the physiological

complexity and relevance of animal studies. We identified

several hits, one of which was particularly efficient in

increasing the number of incretin-expressing cells in both

zebrafish and mice. However, although hits increasing the

number of incretin+ cells has relevance for diabetes and

metabolic disease, there is a long way to clinical relevance.

The phenotypic screening setup we developedmay serve as

a fruitful alternative to in vitro screens and is by no means

exhausted; it can be used for screening additional chemical

libraries, for which the current hits can serve as positive con-

trols. Useful drug candidates could be those with an appro-

priate exposure to the gut lining but not absorbed, or quickly

metabolized once absorbed, to avoid systemic effects.

Overall, increasing the number of enteroendocrine cells is

an understudied area that has yet to be explored therapeuti-

cally. In sum, by establishing an in vivo screening method,

we have identified chemicals that expand the enteroendo-

crine cell populations, which could reinforce the gut’s

endogenous response to food intake and thereby improve

metabolic disease.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken anti-GFP/Venus Polyclonal Aves-Labs Cat# GFP-1020; RRID: AB_10000240

Mouse anti-Glucagon Monoclonal Sigma-Aldrich Cat# G6254

Rabbit anti-Insulin Polyclonal Cambridge Research Biochemicals custom-made

Rabbit anti-Gip Polyclonal Cambridge Research Biochemicals custom-made

Rabbit anti-NFATc4 Polyclonal Santa Cruz Biotechnology Cat# sc-13036; RRID: AB_650208

Rabbit anti-PYY Abcam Cat# Ab22663; RRID: AB_2175186

Mouse anti-GIP Monoclonal Abcam Cat# Ab30679; RRID: AB_2109682

Rabbit anti-GLP-1 Polyclonal Phoenix Pharmaceuticals Inc. Cat# H-028-11

Guinea Pig anti- insulin Polyclonal Agilent Cat# IR00261

Rabbit anti-Ki67 Monoclonal Abcam Cat# Ab16667; RRID: AB_302459

Alexa Fluor secondary antibodies Life Technologies As specified

Chemicals, peptides, and recombinant proteins

Compound screening Library MedChemExpress HY-L001 Bioactive Compound Library

PTU Alfa Aesar Cat# 10167220

ID-8 MedChemExpress Cat# HY-15838

ID-8 Selleckchem Cat# S7327

ID-8 APExBIO Cat# B1952-50

Alarelin MedChemExpress Cat# HY-17405

AZD7687 MedChemExpress Cat# HY-15497

AZ Dyrk1B 33 Bio-techne TOCRIS Cat# 5632

5-IT Merck Cat# 24386934

INCA6 MedChemExpress Cat# HY-108544

Cyclosporine A MedChemExpress Cat# HY-B0579

Metronidazole Sigma-Aldrich Cat# M1547

DMSO Fisher Scientific Cat# AA36480AP

EdU (5-ethynyl-2’-deoxyuridine) Invitrogen Cat# E10187

DAPI (40,6-Diamidino-2-Phenylindole,

Dihydrochloride)

Invitrogen Cat# D1306

Hydroxypropylmethylcellulose Sigma-Aldrich Cat# H9262

Tween80 Sigma-Aldrich Cat# P1754

Formaldehyde 4% stabilised, buffered (pH

7.0 ± 0.2)

VWR Cat# 9713.5000

Target Retrieval Solution, Citrate pH 6 Dako Cat# S236984

DPP-IV inhibitor Sigma-Aldrich Cat# DPP4

Triton X-100 Merck Cat# X100-500ML

PBS ThermoFisher SCIENTIFIC Cat# 70011–036

BSA Sigma-Aldrich Cat# A4503-100G

NaN3 Sigma-Aldrich Cat# S2002-5G

Hepes Buffer Solution Gibco Cat# 15630-056

Fetal bovine serum (FBS) Gibco Cat# 16140071

Dulbecco’s modified Eagle’s

medium (DMEM)

Gibco Cat# 10569010

Penicillin-Streptomycin Gibco Cat# 10378016

Dharmafect 1 siRNA transfection reagent Dharmacon Cat# T-2001-03
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REAGENT or RESOURCE SOURCE IDENTIFIER

iTaq Universal SYBRGreen Supermix BioRad Cat# 1725124

Critical commercial assays

Glucose Colorimetric/Fluorometric

Assay Kit

Biovision Cat# K606

Nano-GloTM Luciferase Assay System Promega Cat# N1110

Click-iT� EdU Cell Proliferation Kit for

Imaging, Alexa Fluor� 647 dye

Invitrogen Cat# C10340

New Mouse GIP Enzyme-linked

immunosorbent assay Kit

Crystal Chem Cat# 81527

RNeasy-Kit QIAGEN Cat# 74004

Superscript II one-step RT-PCR system Invitrogen N/A

Experimental models: Organisms/strains

Zebrafish: AB strain ZIRC ZFIN: ZDB-GENO-960809-7

Zebrafish: Tg(gcga:GFP)ia1 (Zecchin et al., 2007) ZFIN: DB-TGCONSTRCT-070215-2

Zebrafish: Tg(ins:H2BGFP;ins:dsRed)s960 (Tsuji et al., 2014) ZFIN: ZDB-ALT-131001-6

Zebrafish: Tg(gip:Venus)Kl121 This manuscript N/A

Zebrafish: Tg(gip:Nluc)KI122 This manuscript N/A

Zebrafish: Tg(gip:TagRFP)KI123 This manuscript N/A

Zebrafish: Tg(neurog3:H2BGFP)KI124 This manuscript N/A

C57BLKS Leprdb homozygous mice Janvier JAX: 000697; RRID: IMSR_JAX:000697

Oligonucleotides

Morpholino oligonucleotide nfatc4: see

Table S1

Gene Tools (Pistocchi et al., 2013)

Morpholino oligonucleotide control Gene Tools PCO-StandardControl-100

Primers for cloning zebrafish promoters gip:

see Table S1

This manuscript N/A

Primers for cloning zebrafish promoters

neurog3: see Table S1

This manuscript N/A

Primers for mouse Gcg: see Table S1 This manuscript N/A

Primers for mouse Tbp: see Table S1 This manuscript N/A

Primers for mouse Dyrk1a: see Table S1 This manuscript N/A

Primers for mouse Dyrk1b: see Table S1 This manuscript N/A

Recombinant DNA

pENTR/TEV/D-TOPO ThermoFisher SCIENTIFIC K252520

Software and algorithms

Fiji/ImageJ Open source https://imagej.net/Fiji

GraphPad PRISM 9.1.2 GraphPad Software, Inc https://www.graphpad.com/

Excel Microsoft https://www.microsoft.com/en-us/

microsoft-365?rtc=1
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Olov

Andersson (olov.andersson@ki.se).

Materials availability
There are restrictions to the availability of the custom-made antibodies used in this study. The custom-made antibodies against

Insulin andGipwere generated by Cambridge Research Biochemicals. We are glad to share the antibodies with reasonable compen-

sation by requestor for its processing and shipping.

Zebrafish lines generated in this study will be made available for academic purposes upon request; commercial applications might

require a contract and/or a completed Materials Transfer Agreement.
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Data and code availability
All data reported in this paper will be shared by the lead contact upon request. The paper does not report original code. Any addi-

tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal experiments were conducted at the Solna campus, Karolinska Institutet (Stockholm, Sweden). All procedures were

performed in accordancewith the Swedish and European Union guidelines and regulations under ethical permits approved by Stock-

holms Norra Djurförsöksetiska N€amnd.

Zebrafish
Zebrafish were group-housed in standardized water tanks at 28�C and with a 14:10 h light:dark cycle. Wild type zebrafish were of the

AB strain. The following previously reported transgenic zebrafish lines were used: Tg(ins:H2BGFP;ins:dsRed)s960 (Tsuji et al., 2014),

and Tg(gcga:GFP)ia1 (Zecchin et al., 2007). In this manuscript, we generated Tg(gip:Venus)KI121, Tg(gip:Nluc)KI122, Tg(gip:

TagRFP)KI123 and Tg(neurog3:H2BGFP)KI124 zebrafish lines within the background of the AB strain. All transgenic zebrafish were

healthy and fertile. Larvae and juvenile zebrafish without sex determination were chosen for experiments randomly. Adult zebrafish

were fed dry food twice per day, while larval and juvenile zebrafish were additionally fed live artemia 4 times per week.

BKS db/db mice
BKS db/db mice (B6.BKS(D)-Leprdb/J) were purchased from Janiver, but initially from JAX (Strain #:000697). Mice were group-

housed in standardized cages with 12:12 h light:dark cycle and with unlimited access to regular chow diet except during the fasting

period. Water was provided all the time. The mice became obese at 3 to 4 weeks of age with elevations of blood sugar at four to eight

weeks. Male mice were between 28 to 40 grams in weight, and the random blood glucose levels were between 216 to 450 mg/dL at

study initiation. Either vehicle or compounds were administered to themice through oral gavage every day from 7 to 10 weeks of age.

We measured the starting body weight (BW) and random glucose (RG) level at 6 weeks and 6 days of age, followed by 8 h of fasting.

The fasting bodyweight and glucose (FG) were recorded. The change in the glucose levels frombefore to after fasting and the original

body weight were used to match the mice into equal groups prior to either vehicle or drug treatment.

GLUTag cell line
A murine enteroendocrine cell line, GLUTag cells, were purchased from ATCC and cultured in Dulbecco’s modified Eagle’s medium

(DMEM) containing 4.5 g/L glucose, 10% fetal bovine serum (FBS), and 13 Penicillin-Streptomycin solution, andmaintained at 37 �C
and 5% CO2.

METHOD DETAILS

Zebrafish experimental procedures
Cloning

The gip transgenic lines were generated by cloning 1188 bp of the proximal promoter (starting directly upstream of the ATG) of

gip into the plasmid pENTR/TEV/D-TOPO by using primers FWD: 50-TTTTTTCCCTCCCCGTAATACTTC-30 and REV: 50-CACCCG
CAGCCTCGAGGTAAAATA-30, followed by LR cloning of the gip promoter upstream of Venus in a destination vector, resulting in

Tg(gip:Venus)KI121. To generate Tg(gip:Nluc)KI122 and Tg(gip:TagRFP)KI123 zebrafish, the Nluc and TagRFP inserts were amplified

and placed downstream of the gip promoter by replacing Venus in the gip:Venus plasmid via restriction enzyme digestion and in-

fusion cloning.

The Tg(neurog3:H2BGFP)KI124 was generated by cloning 2111 bp of the proximal promoter (starting directly upstream of the ATG)

of neurog3 by using primers FWD: 50-CACCCATTCACTGCAGCACCAAAG-30 and REV: 50-TCTGTACTGAAAAACACAACGAG-30 into
the plasmid pENTR/TEV/D-TOPO, followed by LR cloning of the neurog3 promoter upstream of H2BGFP in a destination vector.

Chemical screening
Tg(gip:Nluc) fish were crossed with wild-type fish to assess the effects of the compounds. Three 3 dpf zebrafish larvae per well in

96-well plates were incubated in 200 mL E3 + PTU medium containing either 1% DMSO or 20 mM chemicals from the library

(MedChemExpress), which was dissolved in DMSO. After three days of treatment, 50 mL mixture of Nano-GloTM Luciferase Assay

Buffer and Substrate (Promega) was added to each well and incubated for 2 h at room temperature. By the end of incubation, the

luminescence signals were detected by a Glomax-96 microplate luminometer (Promega). For each clutch, at least 8 wells were

treated with DMSO and their average value of luminescence were used to normalize the luminescence values from other wells

belonging to the same clutch. The effect of the compounds was assessed by the calculation of Z-scores: Z-score=(Luminescence

value (compound-treated wells)-Average Luminescence value (DMSO-treated wells)) / Standard Deviation (DMSO-treated wells).

Compounds with a Z-score > 2 were considered to be positive and selected as primary hits. All the primary hits were retested

in an additional 4 wells to enable the selection of secondary hits. The final hits were selected after testing potential secondary
Cell Chemical Biology 29, 1368–1380.e1–e5, September 15, 2022 e3
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hits for up to 10 wells. Both the average Z-score and the frequency of positive results for each hit were used for determining the

final hits.

Glucose assay in zebrafish
To investigate the glucose levels in zebrafish larvae we measure free glucose, i.e., essentially extracellular glucose as intracellularly

glucose is phosphorylated by hexokinases (thereby we use free glucose as an estimate of glycemia). Wild-type zebrafish larvae were

randomly grouped and treated from 3 to 6 dpf, and then left for a one-day washout to 7 dpf. The glucose levels were detected by

lysing 16 zebrafish larvae (2 larvaewere pooled per data point) from the control and treated groups. Snap frozen larvaewere analyzed

as previously described (Andersson et al., 2012). In brief, 25 mL PBS were added to each larvae sample. The larvae were lysed with a

tissue lyser (TissueLyser II, QIAGEN) for 2min at a frequency of 20/s. Then, lysed tissues were centrifuged for 5min at 12000 rpm, and

5 mL of the supernatant were used for glucose assay according to the protocol provided by the Glucose Colorimetric/Fluorometric

Assay kit (Biovision).

Immunofluorescence and EdU staining of zebrafish
Immunostaining and 5-Ethynyl-20-deoxyuridine (EdU; Invitrogen) staining were performed on larvae according to our previous report

(Lu et al., 2016) andmanufacturers’ protocols. Briefly, after 3 days of treatment, zebrafish larvae were washed three times in H2O and

fixed with 4% formaldehyde overnight at 4 �C. Fixed larvae were washed three times with PBS, and the zebrafish skin were removed

with forceps. The larvae were incubated in blocking buffer (PBS, 0.3%Triton X-100, 4%BSA, and 0.02%NaN3) at room temperature

for at least 2 h before addition of the primary antibodies and further incubation overnight at 4 �C. After the primary antibodies were

removed, the larvae were wash with PT buffer (PBS and 0.3% Triton X-100) eight times for at least 2 h at room temperature. DAPI at

1:1000 (D1306, 5 g/mL, Invitrogen) and Alexa Fluor secondary antibodies at 1:500 (Life Technologies) were diluted with blocking

buffer, added to the larvae, and incubated overnight at 4 �C. Then, the larvae were washed with PT buffer eight times for at least

2 h at room temperature before mounting for imaging. The Chicken anti-GFP primary antibody was used to amplify the signal of

GFP/Venus at 1:500 (GFP-1020, Aves Laboratories), the Rabbit anti-Gip antibody was used to detect Gip in zebrafish at 1:200

(customized, Cambridge Research Biochemicals), the Rabbit anti-PYY antibody was used to detect the expression of zebrafish pep-

tide YY at 1:100 (Ab22663, Abcam), and the Rabbit anti-Nfatc4 antibody was used to detect the expression of Nfatc4 in zebrafish at

1:50 (sc-13036, Santa Cruz Biotechnology). Cell proliferation was assessed by adding 10 mM EdU to E3 media containing 10 mM

Hepes, i.e. prior to treatment of the larvae. After staining with secondary antibodies, EdU incorporation was detected with the

Click-iT EdU Alexa Fluor 647 imaging kit (Invitrogen) according to the manufacturere’s protocol.

Juvenile zebrafish were treated with either DMSO or the compounds for 3 or 7 days, and the solutions were refreshed every day.

Fixation was performed overnight at 4�C. Before being mounted for imaging, the skin and muscles were removed.

Knock-down of nfatc4 in zebrafish
Knock-down of nfatc4was performed by injecting Tg(gip:TagRFP) zebrafish embryos at the one-cell-stage with 8 ng of a morpholino

targeting the first intron-exon splice junction of nfatc4, (50-30) CAGGAAAATGTGCTTCCCACCTGTA (Gene Tools) (Pistocchi et al.,

2013). The standard control morpholino (50-30) CCTCTTACCTCAGTTACAATTTATA (Gene Tools) was used as reference.MO-injected

embryos were also treated with DMSO or AZ Dyrk1B 33 from 3 to 5 dpf to determine the requirement of nfatc4 for the effect of

AZ Dyrk1B 33.

Mouse experimental details
In vivo mouse study

Either vehicle or AZ Dyrk1B 33 (10mg/kg) were administered to themice through oral gavage. The vehicle solution consisted of 0.5%

hydroxypropylmethylcellulose and 0.1% Tween80 in PBS, and AZ Dyrk1B 33 was suspended in the vehicle solution. Random

glucose levels and bodyweight weremonitored according to the timeline in Figure S4A. By the end of the treatment, micewere fasted

and OGTT was performed, after which the mice were sacrificed. Pancreata and intestines were fixed in 4% formaldehyde overnight

at 4 �C. After being embedded in paraffin, tissues were sectioned. Sections from the middle levels were chosen for deparaffinization

and antigen retrieval with citrate buffer pH 6 (S236984, Dako). Then sections were stained overnight at 4 �Cwith the following primary

antibodies: anti-GIP at 1:250 (Ab30679, Abcam), anti-GLP-1 at 1:250 (H-028-11, Phoenix Pharmaceuticals Inc.), anti-insulin at 1:2

(IR00261, Agilent), anti-Ki67 at 1:250 (ab16667, Abcam) and anti-glucagon at 1:200 (G2654, Sigma-Aldrich). The sections were

then washed and incubated for two hours with Alexa Fluor secondary antibodies at 1:500 (Life Technologies) and DAPI 5 g/mL at

1:1000 (D1306, Life Technologies) before imaging with an ImageXpress Pico microscope -(Molecular Devices), Zeiss LSM980-

Airy, or a Leica SP8 confocal microscope. Quantification of the number of cells and the area were analyzed with ImageJ, and cell

mass was calculated by multiplying the fraction of cell area with the weight of the whole pancreas.

Glucose tolerance test
Mice were fasted overnight, and then 0.5 g glucose/kg body weight were administered orally by gavage. Blood glucose levels were

measured at 0, 7.5, 15, 30, 45, 60 and 120 min after the administration of glucose.
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Measurement of serum parameters
Blood samples were collected in EDTA-coated tubes, and then 20 mL DPP-IV inhibitor was added into the samples before they were

centrifuged for 10 min at 12,000 rpm. The supernatants were collected for further Enzyme-linked immunosorbent assays (ELISA) for

determining GIP levels with an ELISA kit (81527, Crystal Chem).

Cell culture experimental details
Chemical inhibition of DYRKs in GLUTag cells was achieved through treatment with ID-8 or AZ Dyrk1B 33 over 24 h, at the concen-

tration of 10 mMand 1 mM, respectively. Alternatively, GLUTag cells were seeded into 6-well culture plates at 2.5 3 106 cells per well.

After 24 h of culture, cells were transfected over 24 hwith one of two different siRNA againstDyrk1a (MSS203739 from Invitrogenwas

used in Figure 4, and the effects were validated with MSS203740 from Invitrogen) and Dyrk1b (AM16704 from Ambion was used in

Figure 4, and the effects were validated with MSS203742 from Invitrogen) at the concentration of 20 nM, using Dharmafect 1 siRNA

transfection reagent (Dharmacon) according to the manufacturer’s protocol.

RNA isolation and reverse transcription were performed using RNeasy-Kit (Qiagen) and Superscript II one-step RT-PCR system

(Invitrogen), respectively. Real-time PCR analyses were carried out on a ViiA7 (Thermo Fisher Scientific) using SYBR-Green

(BioRad), and the result of each sample was normalized to Tbp. Primer sequences are provided in the Table S1.

For immunofluorescence staining of GLUTag cells, the cells were grown and treated on glass coverslips, then fixed with 4% PFA

for 10 minutes at room temperature. Following fixation, the cells were permeabilized with PBS-Triton 0.05% and then blocked in PBS

with 3% BSA for 1 h at room temperature and incubated with primary antibodies overnight at 4 �C (anti-GLP-1, H-028-11, Phoenix

Pharmaceuticals), then with appropriate secondary antibodies conjugated with Alexa 555 red (Invitrogen). Cells were counterstained

with DAPI (Vectashield) for 20 minutes and visualized by confocal microscopy (Leica SP8). We then used the Fiji software to quantify

the expression level of GLP-1. Each value describes the fluorescence intensity (Arbitrary unit) divided by the number of cells within the

same field of view.

QUANTIFICATION AND STATISTICAL ANALYSIS

The exact number of biological replicates (n) are described in figure legends. Values were expressed as mean ± SEM. Statistical an-

alyses were performed by unpaired t-tests when two groups were analyzed, and One-way or Two-way analysis of variance (ANOVA)

followed by a Tukey’s post hoc test using GraphPad PRISM version 9.1.2 software (GraphPad Software, La Jolla, CA, USA) when

more than two groups were analyzed. The significance level was defined as p < 0.05. No data were excluded. The investigators

were generally not blinded. All experiments were repeated at least two times, with the majority of them having more than three bio-

logical replicates, and were reproducible. The zebrafish larvae were randomly assigned to the respective treatment groups whereas

the mice were stratified into groups prior to treatment, as described in the STAR Methods.
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