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SUMMARY
The extracellular matrix-F-actin-Yes-associated protein 1 (YAP1)-Notch mechanosignaling axis is a gatekeeper in the fate decisions of bi-

potent pancreatic progenitors (bi-PPs). However, the link between F-actin dynamics and YAP1 activity remains poorly understood. Here,

we identify salt-inducible kinases (SIKs) as mediators of F-actin-triggered changes in YAP1 activity. Interestingly, sodium chloride

treatment promotes the differentiation of bi-PPs into NEUROG3+ endocrine progenitors (EPs) through enhanced SIK expression. Consis-

tently, the pan-SIK inhibitor HG-9-09-01 (HG) inhibits latrunculin B (LatB)-induced EP differentiation via nuclear YAP1 accumulation.

Unexpectedly, withdrawal of HG after a 12-h treatment increased SIK expression by a negative feedback mechanism, leading to signifi-

cantly enhanced endocrinogenesis. Therefore, the combined treatment of bi-PPs with LatB and HG for 12 h boosted endocrinogenesis,

ultimately leading to an increased number of beta cells. In summary, we identify SIKs as new transducers of mechanotransduction-

triggered induction of pancreatic endocrine cell fates.
INTRODUCTION

Type 1 diabetes (T1D) is an autoimmune disease in which

beta cells are selectively destroyed, leading to severe insulin

deficiency that requires daily insulin injections for survival

(Atkinson et al., 2014). Theoretically, human pluripotent

stem cells (hPSCs) serve as an unlimited source of func-

tional beta cells, offering a promising advancement in

therapy for the growing number of patients with T1D

(Schroeder, 2012). The differentiation of beta cells from

hPSCs relies on the precise activation and repression of spe-

cific developmental pathways by recombinant proteins

and chemicals, guiding hPSCs stepwise through stages

such as definitive endoderm, primitive gut tube, posterior

foregut, bi-potent pancreatic progenitor (bi-PP), endocrine

progenitor (EP), and endocrine cell stages (Pagliuca et al.,

2014; Rezania et al., 2014; Russ et al., 2015). Among these

stages, PDX1+NKX6.1+ bi-PPs have the potential to differ-

entiate into either ductal or endocrine cell lineages. While

most established protocols can consistently and efficiently

produce bi-PPs in vitro, the efficiency of further differentia-

tion from bi-PPs to EPs is imperfect due to lack of full mech-

anistic comprehension of how this lineage decision is

controlled (Ameri et al., 2017; Hogrebe et al., 2020;Mamidi

et al., 2018; Pagliuca et al., 2014; Rezania et al., 2014; Russ

et al., 2015).

We previously demonstrated that F-actin dynamics, e.g.,

in response to cell-extracellular matrix (ECM) adhesion,

autonomously controls the fate of bi-PPs through Yes-asso-

ciated protein 1 (YAP1)-Notch mechanosignaling. Specif-
Stem C
Published by E

This is an open access article un
ically, actin depolymerization decreases nuclear YAP1

levels, leading to reduced HES1 expression and increased

EP differentiation (Mamidi et al., 2018). Consistent with

our findings, Hogrebe et al. reduced F-actin levels in stem

cell-derived bi-PPs by latrunculin A treatment, thereby pro-

moting endocrinogenesis and beta cell formation (Hogrebe

et al., 2020; Siehler et al., 2020). However, the mechanism

by which F-actin regulates nuclear YAP1 activity in bi-PPs

remains unknown. Here, we identify salt-inducible kinases

(SIKs), members of the AMP-activated protein kinase fam-

ily, as mediators of the F-actin-triggered effects on YAP1 ac-

tivity during lineage specification of bi-PPs (Wang et al.,

2020). Reduction of F-actin levels by latrunculin B (LatB)

increases SIK expression, which diminishes nuclear levels

of YAP1 and increases EP differentiation. Consistently,

pharmacologically increased SIK expression promotes

endocrine cell differentiation and generates more beta cells

both in vitro (hPSC differentiation) and ex vivo (mouse fetal

explants). Altogether, these studies reveal the role of SIKs in

controlling the fate decision of bi-PPs and provide a valu-

able new way to increase the conversion of hPSC-derived

bi-PPs into endocrine cells.
RESULTS

The pro-endocrinogenic effect of actin

depolymerization is mediated by SIKs

To explore the molecular mechanism by which actin

depolymerization triggers endocrine cell differentiation,
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Figure 1. Salt-inducible kinases are induced by latrunculin B in pancreas progenitors
(A) Experimental setup for using bulk RNA-seq to assess the potential downstream targets of F-actin in endocrine cell differentiation. The
differentiation protocol generates pancreatic bipotent progenitors (bi-PPs) by day 19. At day 19, latrunculin B (LatB), an actin depo-
lymerization drug, is added to the culture. Samples are then collected at 0, 3, 6, 12, and 24 h post treatment for bulk RNA-seq analysis.
(B) RNA-seq-based time-course analysis of expression of pancreatic endocrine cell markers after LatB treatment. Most of these markers are
upregulated at 6 h post LatB treatment. The samples are derived from the NEUROG3-GFP cell lines.
(C) Top differentially expressed kinase-coding genes between the 3 h LatB treatment and untreated samples (relative expression >2,
adjusted p value < 0.05). The samples are derived from the NEUROG3-GFP cell lines.

(legend continued on next page)

2 Stem Cell Reports j Vol. 20 j 102444 j April 8, 2025



we treated PDX1+NKX6.1+ bi-PPs with the actin depoly-

merization drug LatB on day 19, as previously done (Ma-

midi et al., 2018) (Figures 1A, S1A, and S1B). To precisely

identify the F-actin-targeted genes responsible for trig-

gering EP differentiation, we collected samples at multiple

time points (3, 6, 12, and 24h) following LatB treatment for

bulk RNA-seq analysis. Untreated samples at 0 and 24 h

were used as controls (Figure 1A). Analysis of endocrine

cell marker gene expression revealed that early EP marker

genes, including NEUROG3, INSM1, ISL1, and NEUROD1,

increased 6 h post LatB treatment (Figure 1B; Table S1).

Therefore, our analysis focused on the 3-h post-LatB treat-

ment time point.

Surprisingly, the most significantly upregulated gene (by

adjusted p value) 3 h post LatB treatment was the protein

kinase SIK2. Further analysis of the top 10 differentially

regulated kinases at this time point revealed a significant

transient increased expression of PDK4, SQSTM1, BRAF,

SIK1B, SIK2, and SIK3 (Figure 1C). Notably, none of these ki-

nases have been studied in the context of pancreatic endo-

crinogenesis. All three SIK family members (SIK1B, SIK2,

and SIK3) in the top 10 gene list suggest that SIKs may

strongly link to endocrinogenesis. qPCR analysis validated

the expression of SIK1B, SIK2, and SIK3 (Figure 1D).Western

blot analysis corroborated the SIK3 mRNA data by demon-

strating that SIK3 protein levels increased 3–6 h post LatB

treatment (Figure 1E). These findings suggest that SIKs act

downstream of F-actin dynamics during endocrinogenesis.

Sodium chloride treatment promotes

endocrinogenesis through increased SIK expression

SIKs can be exogenously activated by sodium homeostasis

(Taub et al., 2010). Treatment with 180 mM sodium chlo-

ride (NaCl) for 12 h on day 19 promoted SIK3 expression,

while 200 mM NaCl treatment for the same duration pro-

moted both SIK1 and SIK3 expression (Figure 2A). Western

blot analysis confirmed that the SIK3 protein levels

increased after 12 h with 200 mM NaCl treatment (Fig-

ure 2B). Based on these results, a 12-h treatment with

200 mM NaCl at day 19 was chosen to test whether

increased SIK expression enhanced EP differentiation.

12-h treatment with 200 mM NaCl does not change the

cell viability (Table S2). Consistent with the increased

expression of SIK1 and SIK3, NEUROG3 expression also

increased followingNaCl treatment (Figure 2C). This obser-

vation was corroborated by immunofluorescence and flow

cytometry, demonstrating an increased proportion and the
(D) qPCR-based time-course analysis of SIK1, SIK2, and SIK3 express
samples are derived from both NEUROG3-GFP (n = 4 independent rep
(E) Western blot-based time-course analysis of SIK3 protein levels af
derived from both NEUROG3-GFP (n = 4 independent repeats) and Hu
*p < 0.05; **p < 0.01; ***p < 0.001 (two-tailed paired Student’s t te
number of NEUROG3-GFP+ EPs after NaCl treatment

(Figures 2D and 2E; Table S3).

To further verify whether NaCl treatment promotes

endocrine cell differentiation, NaCl-treated cells were

cultured in a standard medium for an additional 4.5 days

(until day 24) (Figure 2F). The NEUROG3-GFP reporter

could be used to roughly estimate not only the number

of EPs but also the total number of endocrine cells (Bey-

dag-Tasoz et al., 2023; Lof-Ohlin et al., 2017). Flow cytom-

etry revealed that the number of NEUROG3-GFP+ endo-

crine cells was significantly higher in the NaCl-treated

cells compared to the untreated cells on day 24 of differen-

tiation (Figure 2G). Consistently, the expression levels of

INS and GCG were upregulated in the NaCl-treated cells

compared to the untreated cells on day 24 (Figure 2H).

Furthermore, NaCl treatment resulted in a 1.5-fold increase

in beta cell number (Figure 2I). Collectively, these results

demonstrate that NaCl treatment enhances pancreatic

endocrine lineage specification and suggest that increased

SIK expression is the underlying mechanism.

SIKs promote endocrine cell differentiation

In our previous work, we demonstrated that the mechano-

sensory YAP1 inhibits NEUROG3 expression by binding

directly to its promoter (Mamidi et al., 2018). To assess

whether SIKs promote endocrine cell differentiation via a

reduction in nuclear YAP1, we pharmacologically inhibited

SIK activity in LatB-treated cells. To account for potential

redundancy among SIK family members, we used the

pan-SIK inhibitor HG-9-91-01 (HG), which efficiently

blocks the ATP-binding sites of all SIK isoforms (Clark

et al., 2012). As expected, NEUROG3 expression levels

were lower in LatB+HG-treated cells compared to the cells

treated with LatB alone (Figure 3A). This observation is

most likely explained by restored nuclear levels of YAP1

upon HG treatment (Figure 3B). Consistently, the expres-

sion of YAP1 target genes CTGF and NUAK2 increased

following HG treatment (Figure 3C). These results suggest

that the pro-endocrinogenic function of SIKs is mediated

by reduced nuclear YAP1 levels. In light of the established

link between reduced nuclear YAP1 and increased endocri-

nogenesis (Mamidi et al., 2018; Rosado-Olivieri et al.,

2019), these results suggest that the pro-endocrinogenic

function of SIKs involves the suppression of nuclear YAP1.

Interestingly, extended HG treatment has been reported

to increase SIK transcription, possibly through a negative

feedback mechanism (Wang et al., 2020). We confirmed
ion levels after LatB treatment. Data represent the mean ± SD. The
eats) and HuES4 (n = 6 independent repeats) cell lines.
ter LatB treatment. Data represent the mean ± SD. The samples are
ES4 (n = 6 independent repeats) cell lines.
st). See also Figure S1; Table S1.

Stem Cell Reports j Vol. 20 j 102444 j April 8, 2025 3



Figure 2. Sodium chloride promotes endocrine cell differentiation by increasing SIK expression
(A) qPCR analysis of SIK1, SIK2, and SIK3 expression after 180 and 200 mM sodium chloride (NaCl) treatment for 6 or 12 h. Data represent
the mean ± SD (n = 4 independent repeats). The samples are derived from both the HuES4 and NEUROG3-GFP cell lines.
(B) Western blot analysis of SIK3 protein levels after 200 mM NaCl treatment for 12 h. Data represent the mean ± SD (n = 5 independent
repeats). The samples are derived from the NEUROG3-GFP cell line.

(legend continued on next page)
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this result, as HG treatment alone increased SIK expression

(Figure S1C). Consistently, LatB+HG treatment for 12 h

significantly increased the mRNA levels of SIK1 and SIK3

(Figure 3D). Given that increased SIK expression enhances

endocrine cell differentiation, we hypothesized that

removing HG after 12 h of treatment would lift the inhibi-

tion of SIK activity and enhance endocrine cell differentia-

tion due to increased SIK expression. To test our hypothe-

sis, LatB and HG were removed after 12 h, after which

cells were cultured in a standard medium (hereon referred

to as 12 h LatB+HG). Western blot analysis showed that

the protein levels of SIK3 were significantly higher in

LatB+HG-treated cells compared to untreated cells, and

these elevated levels persisted for at least 12 h after LatB

and HG removal (Figure 3E). As expected, nuclear YAP1

decreased in the 12 h LatB+HG cells compared to the

untreated and LatB-treated cells (Figure 3F). Consistently,

the expression of EP marker genes NEUROG3 and

NEUROD1 was significantly higher in the 12 h LatB+HG

cells compared to the untreated and LatB-treated cells (Fig-

ure 3G). As a result, the number of NEUROG3-GFP+ endo-

crine cells was significantly higher in the 12 h LatB+HG

cells by day 24 of differentiation compared to the untreated

and LatB-treated cells (Figure 3H; Tables S2 and S3). Consis-

tent with the effects of 12 h LatB+HG treatment, HG treat-

ment alone for 12 h also increases the expression of EP

marker genes NEUROG3 and NEUROD1 at day 20, as well

as the generation of NEUROG3-GFP+ endocrine cells at

day 24 (Figures S1D–S1F; Table S3). Altogether, these data

suggest that SIKs are required for endocrine differentiation.

To substantiateour invitrofindings invivo,we treatedE11.5

pancreatic explants with LatB+HG for 1 day, followed by

LatB+HG removal and 2 days of culture (Figure S2A). The

LatB+HG treatment significantly increased the expression

levels of Neurog3, Ins, and Gcg compared to untreated con-

trols and elevated Neurog3 and Gcg expression levels

compared to LatB treatment (Figure S2B). Consistently,

whole-mount immunofluorescence analysis demonstrated
(C) qPCR analysis of NEUROG3 expression levels at 24 h after 200 m
independent repeats). The samples are derived from both the HuES4
(D) Imaging shows an increase in NEUROG3-GFP+ endocrine progenitor
untreated cultures. Scale bar, 100 mm.
(E) Flow cytometry-based quantification of NEUROG3-GFP+ cells at 24
the mean ± SD (n = 3 independent repeats).
(F) Experimental setup for assessing endocrine cell differentiation afte
then NaCl is removed, and cultures are maintained for 4.5 days (unti
(G) Flow cytometry-based quantification of NEUROG3-GFP+ cells at day
the mean ± SD (n = 5 independent repeats).
(H) qPCR analysis of INS and GCG expression levels at day 24 with and
SD (n = 4 independent repeats). The samples are derived from the NE
(I) Flow cytometry-based quantification of INS+NKX6.1+ beta cells a
represent the mean ± SD (n = 4 independent repeats). The samples a
*p < 0.05; **p < 0.01; ***p < 0.001 (two-tailed paired Student’s t te
that LatB+HG treatment significantly increased INS+ beta

cell and GCG+ alpha cell generation (Figures S2C and S2D).

The reduction in the Ecad area and associated reduced

epithelial branching is likely a consequence of increased dif-

ferentiation of bi-potent progenitors into NEUROG3+ cells

following LatB+HG treatment (Figure S2B). This leads to

fewer expandable bi-potent progenitors and a reduced num-

ber of Ecad+ progenitors. These NEUROG3+ cells subse-

quently differentiate into endocrine cells, such as GCG+

alpha cells and INS+ beta cells (Figures S2B and S2C). Similar

observations have beenmade in other mousemodels where

endocrinogenesis was enhanced, such as in Yap1 or Hes1

knockout mice (Jensen et al., 2000; Mamidi et al., 2018). In

summary, our findings indicate that increased SIK1 and

SIK3 expression promotes endocrinogenesis by reduced

levels of nuclear YAP1.

Increased SIK expression promotes the generation of

functional beta cells

To investigatewhether EPs derived fromLatB+HG treatment

can further differentiate into functional beta cells, we

extended the current differentiation protocol until day 35

(Figure 4A). At day 35, LatB+HG-treated cultures contained

more beta cells (25.35% ± 3.43%) compared to untreated

(10.75% ± 2.48%) and LatB-treated (20.10% ± 4.37%) cul-

tures (Figures 4A and 4B). As expected, the cells expressed

characteristic beta cell markers, including C-peptide,

NKX6.1, GCG, PDX1, and NEUROD1 (Figure S3). Addition-

ally, due to an increased number of beta cells in the cultures,

the combined treatment of LatB andHG showsmore insulin

content in the cultures than that in untreated and LatB-

treated cultures (Figure 4C). Furthermore, LatB+HG treat-

ment resulted in the formation of beta cells that secreted

C-peptide in response to high glucose and exendin-4

(Figures 4D and 4E; Table S4). However, the absence of a sig-

nificant difference in the glucose stimulation index among

the untreated, LatB, and LatB+HG groups suggests that

LatBandHGtreatmentsdonot improvebeta cellmaturation
M NaCl treatment for 12 h. Data represent the mean ± SD (n = 4
and NEUROG3-GFP cell lines.
s generated at 24 h after 12 h of 200 mM NaCl treatment compared to

h with and without 200 mM NaCl treatment for 12 h. Data represent

r NaCl treatment: day 19 cells are treated with 200 mM NaCl for 12 h,
l day 24) for analysis.
24 with and without 200 mM NaCl treatment for 12 h. Data represent

without 200 mM NaCl treatment for 12 h. Data represent the mean ±
UROG3-GFP cell line.
t day 24 with and without 200 mM NaCl treatment for 12 h. Data
re derived from the NEUROG3-GFP cell line.
st). See also Tables S2 and S3.
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Figure 3. SIKs promote pancreatic endocrine cell differentiation by reducing nuclear YAP
(A) qPCR analysis of NEUROG3 expression levels at 12 h in untreated, LatB-treated, and LatB+HG-9-91-01 (HG)-treated cells. Data
represent the mean ± SD (n = 8 independent repeats). The samples are derived from both the HuES4 and NEUROG3-GFP cell lines.
(B) Western blot analysis of nuclear YAP1 at 12 h in untreated, LatB-treated, and LatB+HG-treated cells. H3 served as a loading control.
Data represent the mean ± SD (n = 7 independent repeats). The samples are derived from the NEUROG3-GFP cell line.

(legend continued on next page)
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(Table S4). These findings suggest that increased SIK expres-

sion following LatB+HG treatment promotes the differentia-

tion of glucose-responsive beta cells.
DISCUSSION

Previous studies demonstrated that changes in ECM inter-

actions control bi-PP fate via the F-actin-YAP1-Notch me-

chanosignaling axis (Mamidi et al., 2018). However, the

exact mechanism by which F-actin dynamics regulate nu-

clear YAP1 levels remains unclear. Here, we identify SIKs

as pivotal downstream mediators of F-actin dynamics in

the specification of bi-PPs into EPs. Actin depolymerization

induced by LatB increases SIK expression, leading to

reduced nuclear YAP1 levels and enhanced NEUROG3

expression (Figure 4F). Notably, pharmacological induc-

tion of SIK expression promotes endocrinogenesis and

the generation of functional glucose-responsive beta cells.

YAP is a key effector in mechanotransduction (Dupont

et al., 2011), governing gene expression changes driven

by mechanical signals that shape cell fate decisions during

the development of organs, such as the pancreas (Mamidi

et al., 2018; Rosado-Olivieri et al., 2019), trophectoderm

(Nishioka et al., 2009), kidney (Reginensi et al., 2013),

and lung (Mahoney et al., 2014). Furthermore, the link be-

tween SIKs and YAP appears to be a widespread phenome-

non. For instance, SIK2 and SIK3 regulate the Hippo/YAP

pathway in Drosophila (Wehr et al., 2013), and SIK1 de-

creases nuclear YAP levels in mouse and human smooth

muscle cells (Pu et al., 2022). These findings suggest that

SIKs are conserved regulators of YAP and may play a

broader role than previously anticipated in organogenesis

and cell fate specification.

SIK expression and activity are influenced by various

processes. Here, we demonstrate that mechanical ten-
(C) qPCR analysis of CTGF and NUAK2 (YAP target genes) expression le
Data represent the mean ± SD (n = 7 independent repeats). The samp
(D) qPCR analysis of SIK1/2/3 expression levels at 12 h in untreated
mean ± SD (SIK1: n = 10; SIK2 and SIK3: n = 12, independent repeats).
lines.
(E) Western blot analysis of SIK3 protein levels at 12 h in untreated a
LatB and HG removal cultures. Data represent the mean ± SD (n = 5 ind
cell line.
(F) Western blot analysis of nuclear YAP at 24 h in untreated, 12 h LatB
control. Data represent the mean ± SD (n = 4 independent repeats).
(G) qPCR analysis of NEUROG3 and NEUROD1 expression levels at 24 h i
Data represent the mean ± SD (n = 6 independent repeats). The samp
(H) Imaging shows an increase in NEUROG3-GFP+ endocrine progenitor
untreated or 12 h LatB cultures. Scale bar, 100 mm.
(I) Flow cytometry-based quantification of NEUROG3-GFP+ cells on d
cultures. Data represent the mean ± SD (n = 5 independent repeats).
*p < 0.05; **p < 0.01; ***p < 0.001 (two-tailed paired Student’s t te
sion, mediated through F-actin dynamics, affects SIK

expression. However, the underlying mechanism for

this observation remains unclear. One possible explana-

tion is that F-actin may regulate SIK expression by modu-

lating intracellular sodium homeostasis through its effect

on ion channels. This hypothesis is supported by evi-

dence that reduction of F-actin levels can increase intra-

cellular Na+ concentrations via the activation of epithe-

lial Na+ channels in polarized epithelial cells of the

kidney, lung, and colon (Kleyman and Eaton, 2020; Mor-

achevskaya and Sudarikova, 2021). Additionally, SIK ac-

tivity can be regulated independently of F-actin. For

instance, Ca2+ modulates intracellular sodium levels

through the Na+/Ca2+ exchanger (NCE1) and calcium/

calmodulin-dependent protein kinase, increasing or

decreasing SIK activity (Sjostrom et al., 2007). Moreover,

metabolic stress-induced activation of liver kinase B1 can

phosphorylate and activate SIKs (Shackelford and Shaw,

2009). These findings indicate that regulation of meta-

bolic changes or intracellular Na+ and Ca2+ levels in bi-

PPs may also enhance endocrinogenesis via increased

SIK expression and/or activity.

Bioreactor-based 3D differentiation of hPSCs is currently

themost favorable approach for the scalable engineering of

pancreatic beta cells. However, directly controlling endo-

crinogenesis bymanipulating the ECMwithin a 3D system

poses challenges. Additionally, the use of actin-depolyme-

rizing drugs, such as LatB, may lead to significant morpho-

logical changes or even disaggregation of the cell clusters.

Our findings offer alternative strategies for regulating en-

docrinogenesis that do not rely on ECM components or

actin-depolymerizing agents. Here, we show that com-

bined treatment with NaCl and HG boosts endocrinogene-

sis and beta cell differentiation via enhanced SIK activity,

making thempromising candidates for similar applications

under scalable conditions.
vels at 12 h in untreated, LatB-treated, and LatB+HG-treated cells.
les are derived from both the HuES4 and NEUROG3-GFP cell lines.
, LatB-treated, and LatB+HG-treated cultures. Data represent the
The samples are derived from both the HuES4 and NEUROG3-GFP cell

nd 12 h LatB+HG-treated cultures and 24 h in 12 h LatB+HG + 12 h
ependent repeats). The samples are derived from the NEUROG3-GFP

-treated, and 12 h LatB+HG-treated cultures. H3 served as a loading
The samples are derived from the NEUROG3-GFP cell line.
n untreated, 12 h LatB-treated, and 12 h LatB+HG-treated cultures.
les are derived from NEUROG3-GFP cell lines.
s generated on day 24 in 12 h LatB+HG-treated cultures compared to

ay 24 in untreated, 12 h LatB-treated, and 12 h LatB+HG-treated

st). See also Figures S1 and S2; Tables S2 and S3.
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Figure 4. HG promotes functional beta cell generation
(A) Modified protocol for differentiation of hESCs into pancreatic beta cells. At the last stage of differentiation, LatB and HG are added on
day 19 of the whole differentiation for 12 h. The cells are collected on day 35 for analysis.
(B) Flow cytometry-based quantification of INS+NKX6.1+ beta cells at day 35 in untreated, 12 h LatB-treated, and 12 h LatB+HG-treated
cultures. Data represent the mean ± SD (n = 6 independent repeats).
(C) ELISA measurements of total INS content normalized to DNA content in day 35 cells. Data represent the mean ± SD (n = 6 independent
repeats).

(legend continued on next page)
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In summary, our findings provide valuable new

insights into the molecular mechanisms underlying

pancreatic endocrine differentiation, emphasizing a

crucial role of SIKs as intermediates in the F-actin-YAP1

signaling axis. Additionally, this study introduces SIKs

as new targets for boosting beta cell generation from

hPSCs.
METHODS

Quantification and statistical analysis

Statistical analyses were performed with GraphPad Prism

(version 7.0 or 8.0, GraphPad Software). Unless otherwise

noted, a paired nonparametric test (Wilcoxon matched-

pairs signed-rank test) was used to assess significance.

An unpaired nonparametric test was used for unpaired

data (Mann-Whitney test). Asterisks denote p values as

follows: *p < 0.05; **p < 0.01; ***p < 0.001. Each N repre-

sents a biological replicate (mice fetal pancreas or inde-

pendent experiments). Data figures illustrate the mean

with standard deviation (SD) or with standard error of

the mean (SEM) and the values of individual biological

replicates.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents

should be directed to and will be fulfilled by the lead contact, Hen-

rik Semb (henrik.semb@helmholtz-munich.de).
Materials availability

All unique/stable reagents in this study are available from the lead

contact with a completed Materials Transfer Agreement.
Data and code availability

d The accession number for the RNA-seq datasets reported in

this paper is GSE275775. They are publicly available as of

the date of publication.

d This paper does not report original code.

d Any additional information required to reanalyze the data re-

ported in this paper is available from the lead contact upon

request.
(D) ELISA measurements of secreted C-peptide after 30 min in 1.67 mM
plus 10 nM exendin-4 (high Glu+Ex), and 1.67 mM glucose with 30 m
content in day 35 cells. Data represent the mean ± SD (n = 6 indepen
(E) The fold change of C-peptide secretion in 30 min high Glu, high Gl
between each condition and low Glu. Data represent the mean ± SD (
(F) Model illustrating the proposed mechanism for SIKs transducing
creases SIK expression, which reduces nuclear YAP1 levels and in
expression, through treatments with LatB, NaCl, or HG-9-91-01 (HG)
*p < 0.05; **p < 0.01; ***p < 0.001 (two-tailed paired Student’s t te
repeats) and HuES4 (n = 2 independent repeats) cell lines. See also F
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 6 

Supplementary Figure 1. Identification of bi-potent pancreatic progenitors (bi-PPs) at 7 

Day 19 and HG increases SIK1 and SIK3 expression, related to Figures 1 and 3. 8 

(A) Typical confocal images of PDX1, NKX6.1, and SOX9 expression in D19 hESC-derived 9 

bi-PPs. Scale bar, 100 μm. The samples are derived from the HuES4 cell line. 10 

(B) Flow cytometry-based quantification of PDX+NKX6.1+ in D19 hESC-derived bi-PPs. Data 11 

represent the mean ± SD (n = 4 independent repeats). The samples are derived from the HuES4 12 

cell line. 13 

(C) qPCR analysis of SIK1, SIK2, and SIK3 expression levels at 12 hr in untreated and HG-14 

treated cultures. Data represent the mean ± SD (n = 4 independent repeats). The samples are 15 

derived from the NEUROG3-GFP cell line. 16 

(D) qPCR analysis of NEUROG3 and NEUROD1 expression levels at 24 hr in untreated and 17 

12 hr HG-treated cultures. Data represent the mean ± SD (n = 4 independent repeats). The 18 

samples are derived from NEUROG3-GFP cell lines. 19 

(E) Imaging shows NEUROG3-GFP+ endocrine progenitors generated on Day 24 in 12 hr HG-20 

treated cultures. Scale bar, 100 µm. 21 

(F) Flow cytometry-based quantification of NEUROG3-GFP+ cells on Day 24 in untreated and 22 

12 hr HG-treated cultures. Data represent the mean ± SD (n = 4 independent repeats). 23 



 3 

*, p<0.05 (two-tailed paired Student’s t-test). 24 
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 26 

Supplementary Figure 2. LatB+HG promotes endocrine cell differentiation in ex vivo 27 

mouse embryonic pancreas, related to Figure 3. 28 

(A) Experimental setup for assessing endocrine cell differentiation after LatB+HG treatment in 29 

mouse embryonic pancreas: E11.5 pancreata are cultured for 2 days, treated with LatB or 30 

LatB+HG for 1 day, and then cultured for an additional 2 days without treatment before analysis. 31 

(B) qPCR analysis of Neurog3, Ins, and Gcg expression in untreated, LatB treated, and 32 

LatB+HG-treated fetal pancreas. Data represent the mean ± SEM (Untreated and LatB+HG: n 33 

= 7 fetal pancreas; LatB: n = 9 fetal pancreas). 34 

(C) Typical whole-mount immunostaining of GCG, INS, and Ecad expression in ex vivo 35 

cultured embryonic pancreas. Scale bar, 100 μm. 36 

(D) Image-based quantification of E-cadherin (Ecad)+, INS+ or GCG+ area in untreated and 37 

LatB+HG-treated ex vivo embryonic pancreas. Ecad, which marks all epithelial areas, is used 38 

for normalization. Data represent the mean ± SD (n = 4 fetal pancreas). 39 

*, p<0.05; **, p<0.01; ***, p<0.001 (the unpaired two-samples Wilcoxon test).  40 
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 41 

Supplementary Figure 3. Immunofluorescence analysis of C-peptide, NKX6.1, GCG, 42 

PDX1, and NEUROD1 expression in LatB+HG-treated D35 cultures, related to Figure 4. 43 

Scale bar, 100 μm. The samples are derived from the SA121 cell line. 44 
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 46 

Supplementary Figure 4. Examples of FACS gating strategy, related to Figures 2, 3, and 47 

4. 48 

  49 
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Supplementary Table 1. Summary of differentially expressed genes, KEGG, and the Gene 50 

Ontology analysis at each time point, related to Figure 1. 51 

 52 

Supplementary Table 2. Summary of the cell viability by Live/Dead staining after 12 hr 53 

treatment, related to Figures 2 and 3. 54 

 Untreated 200 mM NaCl LatB HG LatB + HG 

Viability (%) 88.58±7.97 86.85±8.85 76.60±13.01 83.45±9.63 72.83±11.27* 

Asterisks indicate the significance between each condition and Untreated. Data represent the 55 

mean ± SD (n = 4 independent repeats). 56 

*, p<0.05 (two-tailed paired Student’s t-test). 57 

 58 

Supplementary Table 3. Summary of total cell and NEUROG3-GFP+ cell numbers on 59 

Day 24, related to Figures 2, 3 and 4. 60 

 Untreated 200 mM NaCl LatB HG LatB + HG 

Total cell number 

(106/12-well) 

1.40±0.12 1.09±0.20 1.06±0.27* 0.96±0.24 0.67±0.10** 

NEUROG3-GFP+ 

cell number 

(106/12-well) 

0.13±0.07 0.18±0.06 0.25±0.05 0.24±0.05* 0.27±0.05* 

Asterisks indicate the significance between each condition and Untreated. Data represent the 61 

mean ± SD (n = 4 independent repeats). 62 

*, p<0.05; **, p<0.01 (two-tailed paired Student’s t-test). 63 

 64 

Supplementary Table 4. Summary of the fold change of C-peptide secretion in 30 minutes 65 

High Glu, High Glu+Ex, and KCl relative to Low Glu in all the groups, related to Figure 66 

4. 67 

 Untreated LatB LatB + HG 

High Glu 1.71±0.43** 1.37±0.32* 1.65±0.36** 

High Glu + Ex 3.41±0.98*** 3.13±0.58*** 3.37±0.61*** 

KCl 8.35±2.14*** 9.49±1.10*** 10.69±1.76*** 

Asterisks indicate the significance between each condition and Low Glu. Data represent the 68 

mean ± SD (SA121 cell line: n = 4 and HuES4 cell line: n = 2, independent repeats). 69 

*, p<0.05; **, p<0.01; ***, p<0.001 (two-tailed paired Student’s t-test). 70 
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Supplemental Experimental Procedures 72 

KEY RESOURCES TABLE 73 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 

Alexa fluor 647 anti-C-peptide BD Pharmingen # 565831 
RRID: AB_2739371 

Alexa fluor 647 anti-INSULIN BD Pharmingen #565689 
RRID: AB_2739331 

PE anti-NKX6.1 BD Pharmingen #563023 
RRID: AB_2716792 

GLUCAGON Cell Signaling #8233 
RRID: AB_10859908 

PDX1 R&D Systems #AF2419 
RRID: AB_355257 

NKX6.1 DSHB #F55A12 
RRID: AB_532379 

SOX9 Sigma Aldrich #HPA001758 
RRID: AB_1080067 

NEUROD1 Proteintech #12081-1-AP 
RRID: AB_2877823 

GAPDH R&D Systems #AF5718 
RRID: AB_2278695 

H3 Abcam #ab1791 
RRID: AB_302613 

YAP1 Cell Signaling #14074 
RRID: AB_2650491 

SIK3 Abcam #ab88495 
RRID: AB_2042747 

SIK3 Cell Signaling #39477 
RRID: AB_3251492 

Chemicals, peptides, and recombinant proteins 
CHIR99021 Axon Medchem #1386 
Activin A PeproTech #120-14 
FGF2 PeproTech #100-18B 
Retinoic acid Sigma Aldrich #R2625 
TBP Calbiochem #565740 
ALK5iII Santa Cruz #sc-221234A 
Noggin PeproTech #120-10C 
Nicotinamide Sigma Aldrich #481907 
Forskolin Sigma Aldrich #F6886 
HG-9-91-01 Selleckchem #S8393 
Latrunculin B Sigma Aldrich #L5288 
Bovine serum albumin (BSA) Sigma Aldrich #B4287 
Y-27632 Merck Millipore #688000 
Biolaminin 521 LN (LN521) Bio Lamina #LN521-05 
B27 supplement minus Insulin Thermo Fisher #A1895601 
B27 supplement Thermo Fisher #17504001 
Sodium Chloride (NaCl) Sigma Aldrich #S3014 
Exendin-4 Sigma Aldrich #E7144 
Critical commercial assays 
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RNeasy Mini Kit Qiagen #74106 
iScript cDNA Synthesis Kit BIO-RAD #1708891 
Subcellular Protein Fractionation Kits Thermo Fisher #78840 
LIVE/DEADTM Fixable Violet Dead 
Cell Stain Kit Thermo Fisher #L34964 

Ultrasensitive C-peptide ELISA Mercodia #10-1141-01 
Insulin ELISA Mercodia #10-1113-10 
Deposited data 
RNA-seq datasets This paper GSE275775 
Experimental models: Cell lines 

SA121 Takara bio BioSamples: 
SAMEA6407434 

NEUROG3-GFP (SA121) Zarah M. Löf-Öhlin, et al 
(Lof-Ohlin et al., 2017) NA 

HuES4 Harvard University BioSamples: 
SAMEA114214019 

TaqManTM probes 
GAPDH Thermo Fisher Hs02758991 
HPRT1 Thermo Fisher Hs01102345 
RPL37A Thermo Fisher Hs99999909 
SIK1 Thermo Fisher Hs02573456 
SIK2 Thermo Fisher Hs01568566 
SIK3 Thermo Fisher Hs00228549 
NEUROG3 Thermo Fisher Hs01875204 
NEUROD1 Thermo Fisher Hs00159598 
INS Thermo Fisher Hs02741908 
GCG Thermo Fisher Hs01031536 
Gapdh Thermo Fisher Mm99999915 
Neurog3 Thermo Fisher Mm00437606 
Ins Thermo Fisher Mm01950294 
Gcg Thermo Fisher Mm00801714 
Experimental models: Organisms/strains 
C57BL/6 wildtype mice In house N/A 
Software and algorithms 

Adobe Photoshop 2022 Adobe https://www.adobe.co
m 

Adobe Illustrator 2023 Adobe https://www.adobe.co
m 

Fiji 2.0/ImageJ NIH Image http://imagej.nih.gov/ij 

GraphPad Prism 10 GraphPad https://www.graphpad.
com 

FlowJo 10 BD https://www.flowjo.co
m 

RStudio RStudio https://posit.co/downlo
ads/ 

 74 
The use of human embryonic stem cell (hESC) lines 75 

SA121 (XY, RRID: CVCL_B296), NEUROG3-GFP (generated based on SA121 hESC line), 76 

and HuES4 (XY, RRID: CVCL_B172) hESC lines were used in this paper. SA121 cell line is 77 

from Takara Bio (Y00020), and the HuES4 line is from Harvard University. The karyotype of 78 
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hESCs was normal. All hESC lines were cultured on Biolaminin 521 LN (LN521) according 79 

to the manufacturer’s protocol with daily changes of NutriStem® hPSC XF Medium (Sartorius, 80 

# 05-100-1A) at 37 ℃ and 5% CO2. Cells were passaged twice to three times (seeding as 40,000 81 

-60,000 cells/cm2) weekly at subconfluency using StemProTM AccutaseTM (Thermo Fisher, 82 

#A1110501). The medium was supplemented with 10 μM ROCK inhibitor (Y-27632) on the 83 

first day post-passaging. hESCs were frozen by CryoStor cryopreservation media (Sigma, 84 

#C2874). hESCs were sterile and tested negative for mycoplasma in regular tests. All 85 

experiments were conducted using cells within 2 to 10 passages after thawing. 86 

 87 

The use of animals 88 

Mice were housed at the University of Copenhagen, and all experiments were performed 89 

according to guidelines and ethics approved by the Danish Animal Experiments Inspectorate 90 

(Dyreforsøgstilsynet). Data were collected from both male and female embryos. 91 

 92 

hESC differentiation 93 

hESCs were re-seeded on LN521 for pancreatic differentiation at 80,000 cells/cm2. At 100% 94 

confluency, cells were induced to be further differentiated into pancreatic lineages following 95 

the Ameri et al. protocol (Ameri et al., 2017). For Latrunculin B (LatB) treatment, 0.5 μM LatB 96 

was added to the protocol for up to 24 hours on Day 19 to enhance endocrine differentiation 97 

(Mamidi et al., 2018). For NaCl treatment, since DMEM/F12 medium (Thermo Fisher, 98 

#11320033) contains ~120 mM NaCl, 60 mM (180 mM NaCl totally in the medium) or 80 mM 99 

(200 mM NaCl totally in the medium) NaCl was added to the protocol for 6 or 12 hours on Day 100 

19. For LatB+HG-9-91-01 (HG) treatment, 4 μM HG was added alone or plus 0.5 μM LatB to 101 

the protocol for 12 hours on Day 19. 102 

 103 
Ex vivo culture of mouse embryonic pancreas 104 

The dorsal pancreata of E11.5 mouse embryos were micro-dissected and cultured on 105 

fibronectin-coated ibidi μ-Slide 8 well (Percival and Slack, 1999). Slides are precoated for 45 106 

minutes at room temperature with 0.1 μg/μl fibronectin (Thermo Fisher, #33010-018). The 107 

explant culture media comprised M-199 Media plus phenol red (Sigma Aldrich, #M2154), 108 

supplemented with 10% fetal bovine serum (Thermo Fisher, #16140071), 1% 109 

Penicillin/Streptomycin (Thermo Fisher, #15140122), and 0.5% Fungizone (Sigma Aldrich, 110 

#A2411). The media was changed every other day. Explants were cultured at 37oC for up to 5 111 

days. For treatment, 0.5 μM LatB and 4 μM HG were added to the medium for 1 day after 2 112 

days of ex vivo culture, followed by removal of the treatment. Pancreata were left to recover 113 

for 2 days. 114 

 115 
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Flow cytometry analysis 116 

Cells were dissociated by StemProTM AccutaseTM. The LIVE/DEAD™ Fixable Blue Dead Cell 117 

Stain Kit (Thermo Fisher, #L23105) distinguishes live and dead cells. Then, cells were fixed 118 

and stained as previously described (Mamidi et al., 2018) on a BD LSR Fortessa or Miltenyi 119 

MACSQuant analyzer. The gating strategies are shown in Figure S4. Antibodies are listed in 120 

the Key Resource Table. 121 

 122 

Immunofluorescence staining 123 

Fixation and immunological staining of hESC differentiated cells were performed as previously 124 

described(Mamidi et al., 2018). Cells were fixed in 3.7% formalin for 20 minutes, 125 

permeabilized by 0.5% Triton X-100 for 15 minutes and blocked with 5% donkey serum for 1 126 

hour. Primary antibodies are listed in the Key Resource Table. All Alexa Fluor-conjugated 127 

secondary antibodies (Thermo Fisher) were used as 1: 500 dilutions. Samples were imaged with 128 

Zeiss LSM780 confocal microscopes or the X-light V3 (CrestOptics) spinning disk with the 129 

Hamamatsu ORCA-flash camera. Image analyses were performed with Fiji (ImageJ). 130 

 131 

RT-qPCR 132 

Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Cat#74106). According to the 133 

manufacturer's instructions, reverse transcription was performed with iScript cDNA Synthesis 134 

Kit (BIO-RAD, Cat#1708891). Real-time PCR measurements were performed in technical 135 

duplicates using the QuantStudio 7 Flex Real-Time-PCR-System (Thermo Fisher) with 136 

TaqMan FAM probes (Thermo Fisher) and TaqMan Master Mix (Thermo Fisher, 137 

Cat#4364103). Relative gene expression was determined using the housekeeping genes 138 

GAPDH, HPRT1 or RPL37A. TaqMan probes and primers are listed in the Key Resource Table. 139 

 140 

Western blot 141 

Cells were washed twice in PBS, collected, and lysed in RIPA buffer (Thermo Fisher, Cat#8990) 142 

on ice for 30 min and then sonicated for 1 min at 5 s intervals. After centrifugation at 10,000 g 143 

at 4 °C for 10 min, the supernatant was transferred into new tubes. The concentration of the cell 144 

protein sample was measured by bicinchoninic acid, and protein samples were boiled in an SDS 145 

sample buffer at 95 °C for 5 min. The Subcellular Protein Fractionation Kit was used for nuclear 146 

protein isolation. The cell extract sample was resolved by 8-20% Acr-Bis SDS-PAGE and 147 

transferred to polyvinylidene difluoride membranes (PVDF, Merck Millipore). Nonspecific 148 

binding was blocked by incubation in 3% non-fat milk in TBS at room temperature for 1 h. 149 

Blots were then probed with primary antibodies overnight by incubation at 4 °C. GAPDH or 150 

H3 served as a loading control. Immunoreactivity bands were then probed for 1 h at room 151 

temperature with horseradish peroxidase (HRP)-conjugated secondary antibodies. Protein 152 
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bands were detected by SuperSignal™ Western Blot substrate (Thermo Fisher, Cat#A45915) 153 

or Chemiluminescent HRP substrate (Thermo Fisher, Cat#34579). Protein bands were 154 

quantified by densitometry using Fiji (ImageJ) software. 155 

 156 

Glucose-stimulated insulin secretion (GSIS) assays 157 

At Day 30, cells were dissociated for 5 min with StemProTM AccutaseTM, reseeded on 24-well 158 

dishes at a density of 500,000 per cm2, and cultured in final stage media for 5 days. On the day 159 

of the GSIS assays, cells were washed twice with Krebs-Ringer bicarbonate buffer (KRB) 160 

containing 115 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2.2 mM CaCl2, 20 mM HEPES, 24 mM 161 

NaHCO3 and 0.2 % BSA, and pH adjusted to 7.4. All subsequent incubation steps were carried 162 

out at 37 °C and 5% CO2. For GSIS assays, the cells were pre-incubated for 1.5 hrs in KRB 163 

supplemented with 1.67 mM glucose before consecutive 30 min incubations in the first KRB 164 

with low glucose (1.67 mM), high glucose (16.67 mM), high glucose plus with 10 nM Exendin4 165 

(Ex4) and finally low glucose with KCl (30 mM total). After each step, the medium was 166 

collected, and the cells were washed once with KRB. All samples were stored at -80 °C until 167 

analysis in technical duplicates with commercially available ELISA kits for INSULIN content 168 

and secreted human CPEP according to the manufacturer’s recommendations. 169 

 170 
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