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Abstract

Transcriptional co-activator with PDZ-binding motif (TAZ) is a key mediator of the Hippo signaling pathway and regulates
structural and functional homeostasis in various tissues. TAZ activation is associated with the development of pancreatic
cancer in humans, but it is unclear whether TAZ directly affects the structure and function of the pancreas. So we sought
to identify the TAZ function in the normal pancreas. TAZ defect caused structural changes in the pancreas, particularly
islet cell shrinkage and decreased insulin production and -cell markers expression, leading to hyperglycemia. Interest-
ingly, TAZ physically interacted with the pancreatic and duodenal homeobox 1 (PDX1), a key insulin transcription factor,
through the N-terminal domain of TAZ and the homeodomain of PDX1. TAZ deficiency decreased the DNA-binding and
transcriptional activity of PDX1, whereas TAZ overexpression promoted PDX1 activity and increased insulin production
even in a low glucose environment. Indeed, high glucose increased insulin production by turning off the Hippo pathway and
inducing TAZ activation in pancreatic B-cells. Ectopic TAZ overexpression along with PDX1 activation was sufficient to
produce insulin in non-fB-cells. TAZ deficiency impaired the mesenchymal stem cell differentiation into insulin-producing
cells (IPCs), whereas TAZ recovery restored normal IPCs differentiation. Compared to WT control, body weight increased
in TAZ-deficient mice with age and even more with a high-fat diet (HFD). TAZ deficiency significantly exacerbated HFD-
induced glucose intolerance and insulin resistance. Therefore, TAZ deficiency impaired pancreatic insulin production,
causing hyperglycemia and exacerbating HFD-induced insulin resistance, indicating that TAZ may have a beneficial effect
in treating insulin deficiency in diabetes.
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Introduction

Transcriptional co-activator with PDZ-binding motif
(TAZ) contains a WW domain, a coiled-coil domain, and
a PDZ-binding motif and interacts with various transcrip-
tion factors to regulate the transcription of target genes
required for cell proliferation, differentiation, and survival
[1, 2]. In adult mesenchymal stem cells (MSCs), TAZ
interacts with runt-related transcription factor 2 (RUNX?2),
MyoD, and peroxisome proliferator-activated receptor y
(PPARY) and reciprocally regulates musculoskeletal and
adipose tissue regeneration [3]. TAZ is also important
for maintaining renal and testicular structure and func-
tion through interaction with nuclear factor of activated
T cells 5 (NFATS) and nuclear receptor 4A1 (NR4A1)
[4-6]. In particular, TAZ interacts with TEA domain
transcription factor (TEAD), a key mediator of the highly
conserved Hippo pathway [7, 8], and plays an important
role in organ size control, liver regeneration, and colonic
epithelial cell regeneration upon injury [9-11]. Moreover,
TAZ-TEAD interaction promotes cancer cell proliferation,
migration, and invasion [7, 8, 12]. Indeed, TAZ expression
is markedly increased in human cancer, and its increased
expression is closely associated with tumor aggressiveness
and resistance to chemotherapy in breast and lung cancer
[13—15]. Yes-associated protein (YAP), a TAZ homolog,
also interacts with TEAD and sustains tumor growth, drug
resistance, and malignancy [16]. Therefore, TAZ modu-
lates cell-specific physiological functions in various cells
and tissues and contributes to cell proliferation and migra-
tion of cancer cells via increased expression and sustained
activation.

The pancreas plays key roles in regulating glucose
homeostasis by releasing peptide hormones from the
endocrine islet cells, including glucagon (GCG)-producing

a-cells, insulin (INS)-producing p-cells, somatostatin
(SMS)-producing d-cells, ghrelin-producing e-cells, and
gastrin (GAS)-producing G-cells [17]. In particular, INS
is synthesized and secreted by p-cells through regula-
tion at the transcriptional and post-transcriptional/post-
translational stages [18]. The INS gene promoter contains
regulatory elements, including A1/A2/A3 boxes, C1 ele-
ment, and E1/E2 boxes, and transcription factors such as
pancreatic duodenal homeobox 1 (PDX1), MafA, and Neu-
roD1 bind to the INS gene promoter to enhance INS gene
transcription [19]. The master transcription factor PDX1 is
essential for early pancreatic development, -cell matura-
tion, and INS production [20, 21], and also increases the
expression of mature p-cell markers Nkx6.1 and glucose
transporter 2 (Glut2) [22, 23]. Interestingly, forkhead box
A2 (FoxA2) and paired box protein 6 (PAX6), known as
mature o-cell markers, are involved in the regulation of
INS biosynthesis and secretion [24, 25]. More interest-
ingly, there are increasing reports that the Hippo path-
way modulates pancreatic function through regulation of
B-cell survival, proliferation, and regeneration [26, 27].
While exogenous YAP expression in p-cells promoted
cell proliferation without affecting INS production and
the expression of -cell markers, endogenous YAP inhibi-
tion enhanced the differentiation of stem cells into p-cells
and improved INS production [28, 29]. In contrast, the
Hippo ON state under diabetic conditions induces activa-
tion of large tumor suppressor (LATS) and mammalian
sterile 20-like (Mst) kinases, YAP and TAZ upstream
kinases, and causes p-cell apoptosis and dysfunction [27,
30]. Therefore, it is expected that TAZ may play a role
in regulating pancreatic p-cell function similar to YAP.
However, little is known about the TAZ function in the
normal pancreas, except that TAZ expression is increased
in pancreatitis and pancreatic cancer [31-33].

Table 1 Antibodies

Name Supplier Cat no Clone no Purpose
B-Actin Santa Cruz Biotechnology sc-47778 C4 IB
E-cadherin BD Biosciences 610182 36/E-cadherin HC
Flag Sigma-Aldrich F7425 1B
Flag-M2 Sigma-Aldrich A2220 1P
GCG R&D MAB1249 #181402 IHC
Glut2 R&D MAB1440 #205115 IHC
INS Santa Cruz Biotechnology sc-9168 H-86 [HC
MYC Santa Cruz Biotechnology sc-40 9E10 IB and IP
PDX1 Cell Signaling 5679S D59H3 IB, IHC, and ChIP
TAZ Novus Biologicals NB 600-220 M2-616 1B

BD Biosciences 560235 IHC and IP
TAZ/YAP Cell Signaling Technology #8418 D24E4 IB and IHC

IB immunoblot, /[HC immunohistochemistry, /P immunoprecipitation
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This study aimed to investigate the TAZ function in the
pancreas and its underlying molecular mechanisms using
pancreas-specific TAZ knockout (P-KO) mice.

Materials and methods
Materials

All tissue culture reagents were obtained from Hyclon
(Logan, UT, USA), Gibco (Carlsbad, CA, USA), and
Thermo Fisher Scientific (Waltham, MA, USA). Antibiotic
G418 and puromycin were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Antibodies purchased are listed in
Table 1.

Mouse model

Male wild-type (WT) C57BL/6 mice were purchased
from the Jackson Laboratory (Minneapolis, MN, USA),
and whole-body TAZ knockout (KO) mice were gener-
ated as previously reported [5]. Homozygous TAZ floxed
mice were bred with the PDX1-cre or Prrx1-cre transgenic
(Tg) mice (National Cancer Institute) to generate pancreas-
specific TAZ KO (P-KO) and mesenchyme-specific TAZ
KO (MSC-KO) mice. Genotyping primer sets are listed as
follows: 5'-ctggactacatcttgagttge-3’ and 5'-ggtgtacggtcag-
taaatttg-3' for PDX1-cre Tg; 5'-gcggtctggcagtaaaaactate-3’
and 5'-gtgaaacagcattgctgtcactt-3' for Prrx1-cre Tg; and TAZ-
GP2, 5'-atgggacagtccgggag-3', TAZ-GP3, 5'-gtgcaagtcagag-
gagg-3', and TAZ-ks-Neo-R, 5'-ggagaacctgcgtgcaatcca-3'
for TAZ-floxed mice. All mice were housed in a specific
pathogen-free animal facility at Ewha Womans University.

Cell culture and establishment of stable cell clones

HEK293T (CRL-11268), mouse insulinoma NIT-1 (CRL-
2055), and mesenchyme-like fibroblast C3H10T1/2 (CCL-
226) cells were obtained from American Type Culture Col-
lection (Manassas, VA, USA). HEK293T and C3H10T1/2
cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco) with 10% heat-inactivated fetal
bovine serum (FBS; HyClone), and NIT-1 cells were main-
tained in Ham’s F-12K (Thermo Fisher Scientific). Viral-
producing Plat-E cells (Cell Biolabs Inc, San Diego, CA,
USA) were cultured in DMEM, and rat insulinoma INS-1
cells (Merck, SCC208) were maintained in RPMI-1640
(Gibco) with 10% FBS, respectively. Viral-producing Plat-
E cells were transfected with viral vectors (PDX1, TAZ,
TAZ S4A, or shTAZ) and subsequently incubated in a 32°C
incubator for 24 h to obtain viral supernatants. C3H10T1/2,

MSC, NIT-1 cells, and INS-1 cells were incubated with viral
supernatants and were selected in the presence of proper
antibiotics (400 pg/ml G418 for PDX1 and 1 pg/ml puromy-
cin for TAZ, TAZ S4A, or shTAZ), followed by maintenance
under the same medium conditions.

Hematoxylin and eosin (HE) staining
and immunohistochemistry (IHC)

Pancreatic tissue was isolated from male WT, TAZ KO, and
TAZ P-KO mice (8—12 weeks of age or indicated separately)
and fixed in 10% neutralized formalin. Paraffin-embedded
tissue sections with a thickness of 4 um were deparaffinized,

Table 2 Used primer sequences

Primers for gene expression analysis

Gene Direction Sequences
P-actin Forward 5'-agagggaaatcgtgcgtgac-3’
Reverse 5'-caatagtgatgacctggccgt-3’
FoxA2 Forward 5'-gccagegagttaaagtatge-3'
Reverse 5'-tcatgttgctcacggaagag-3'
GAS Forward 5'-aggatgcctcgactgtgtgtg-3'
Reverse 5'-tgcttcttggacaggtetg-3’
GCG Forward 5'-agcacgccecttcaagacac-3'
Reverse S'-aatcttgggcacggegggag-3’
Glut2 Forward 5'-ggctaatttcaggactggtt-3'
Reverse 5'-tttctttgeectgacttcect-3'
INS Forward 5'-tcagagaccatcagcaagcag-3'
Reverse 5'-gtctgaaggtccecggggcet-3'
MafA Forward 5'-ttggaggagcegcettctee-3'
Reverse 5'-tctccagaatgtgecgetg-3'
Nkx6.1 Forward 5'-cccggagtgatgeagagtce-3'
Reverse 5'-agaacgtgggtctggtgtgt-3'
PAX6 Forward 5'-cccatgcagatgcaaaagtc-3’
Reverse 5'-aaagatggaagggcactccc-3'
PDX1 Forward 5'-agagcccaaccgegtecage-3’
Reverse S'-aacatcactgccagctccacc-3'
SMS Forward 5'-tccgagcccaaccagacagag-3'
Reverse 5'-agaagaagttcttgcagccag-3'
TAZ Forward 5'-gtcaccaacagtagctcagatc-3’
Reverse 5'-agtgattacagccaggttagaaag-3'

Biotin-labeled primers for DNA pulldown assay

INS promoter Forward 5'-biotin-ccaagggacatcaatattagg3’

5'-ctggtcactaagggctgggge-3'
ChIP-qPCR primers of insulin and pdx1 promoter

Reverse

INS promoter Forward 5'-actggttcatcaggccatc-3’
Reverse 5'-tectetetgeccectggac-3'

PdxI promoter Forward 5'-aggaggcagggtacctccag-3’
Reverse 5'-agaaggcctctgagatacce-3'

@ Springer



186 Page 4 of 20 M. G. Jeong et al.

A WT KQ C WT KO
72--n-’ YAP
55 - ¢TAZ
43| c— c— c—a— <2 CtiN E
kDa a
%)
D ~ 2.07 o WT 0] Zz
g *% = KO 8
215 o &
0 =+ =
Z101 ,° _=
g 0.5 u i £ 12-
3 St - G ]
e — — b =10
fasting 4h 12h & > 87
=2007 - £ 67
= "am N E 44
3 2 5
=150 ] ]
Q Pl 0
(@] o, o - ®
‘2100- F g
=1 °®
o) H Z
w 50 T T T T 8
fasting 4h 12h ol
E WT  P-KO -

A3 — — — — leactin 8
kDa O]
%)
P
I 100; = J %\10' O WT pancreas
—~90 S 8 i
S I § [ P-KO pancreas K WT P-KO
% 801 . g 6 . -
(2] -
% 701 £|1 % 4 . ~ i
I - = =] -
L601| ||%= T2 _|% o
50 0Ll s
WT P-KO INS GCG
L INS Glut2 MafA PDX1 "
_ fa)
A1 9 *kk . *kk *kek /10- a
o i)
L e
o= == \ = - = o
(] (0]
§ . - L
<0.51 = . = 3 = T
o - -Ci —lt 14 1- ; T T T
EO 5 ] IS 0 20 40 60 800 20 40 60 80 100

WTP-KO WTP-KO WTP-KO WTP-KO WTP-KO WTP-KO PDX1* B-cells (%) - Nuclear PDX1 (%)

M . — 0O = lucose injection insulin injection
51 = =15 . N 33 %6'3 P < 0.0001 ’gs p=00007 P 120
E | 5 2 E | AlowayaNOwA) o (ZV}vavANOVM S100{d
o > o ~
2, > T oo c4 Fi > - \ P=04573
s + Ie - S g4 2 891\ (2wayANOVA)
s oL 2F O 2]/ = |/ s60
=34 -} / N
7 = 8 g |e-wr g [§ e WT ° 220 w3 Z240{-eWT F
< S Zol#P-KO 25l = P-KO O [-=-P-KO o0l =-P-KO
2t S — T y =0 30 60 90 120 0 20 40 60 d 30 60 90 120
WTP-KO WTP-KO fasting 4h 12h time (min) time (min) time (min)

@ Springer



TAZ promotes PDX1-mediated insulinogenesis

Page50f20 186

«Fig. 1 Impaired pancreatic structure and function in TAZ deficiency.
(A—D) WT and whole-body TAZ KO mice (male, 12-16 weeks old
or 20 months old, n=6 per group) were killed, and pancreatic tissue
was obtained. Protein extracts were harvested from pancreatic tissue
and analyzed by immunoblot assay with an antibody against TAZ/
YAP (A). Pancreatic tissue sections were stained with antibodies
against TAZ, INS, GCG, or E-cadherin (B). Pancreatic tissue sec-
tions were prepared from WT and TAZ KO mice at 4 and 20 months
of age and subjected to insulin immunostaining (C). Blood samples
were collected from WT and TAZ KO mice after fasting for 4 or
12 h and used for ELISA to determine serum INS and GCG levels
(D). E-N Pancreas-specific TAZ deleted (TAZ P-KO) mice (male,
12-16 weeks old, n=6 per group) were analyzed compared to litter-
mate control mice (male, n=6). Protein extracts of the pancreas were
obtained and analyzed by immunoblot assay with anti-TAZ antibody
(E). Pancreatic tissue sections were subjected to HE staining (F).
Islet density per unit area of the pancreas and various islet sizes were
quantitated analyzed in WT and TAZ P-KO mice (G). Pancreatic tis-
sues were stained with antibodies against INS or GCG, followed by
detection with DAB or fluorescence (H). INS-positive p-cells were
determined in five islets of WT and TAZ P-KO mice (n=8 per group)
(I). Total RNA was obtained from the pancreas of WT and TAZ
P-KO mice, the relative transcript levels of INS, GCG, GAS, and SMS
were determined by quantitative real-time PCR (J). Pancreatic islets
of WT and TAZ P-KO mice were stained with an antibody against
GLUT2 and PDX1. PDX1-positive INS-producing cells and nuclear
PDX1 levels were compared between WT and TAZ P-KO (n=3-4,
K). Pancreatic islet cells were isolated from the WT and TAZ P-KO
pancreas and subjected to quantitative real-time PCR analysis of INS,
GLUT2, MAFA, GCG, and FOXA?2 (L). Blood samples were obtained
from WT and TAZ P-KO mice after 4 and 12 h fasting for measur-
ing serum INS and GCG, respectively (M). Blood glucose levels
were determined at 4 and 12 h after fasting (L). WT and TAZ P-KO
mice were intraperitoneally injected with glucose (1.5 g/kg, M), and
blood samples were subjected to GTT and GSIS assays (O). For ITT
assay, WT and TAZ P-KO mice were injected with insulin (0.75 U/
kg) (P). DAPI stained nuclei in B, C, H, and K. Representative image
is from at least three independent experiments, and data are expressed
as the means+SEM from three to eight independent experiments.
*P<0.05; **P<0.005; ***P <0.0005 by two-tailed Student’s ¢ test.
#P <0.05; #P <0.01 by 2wayANOVA with post hoc Tukey’s multiple
comparisons

rehydrated, incubated in 1% hydrochloric acid, and washed
with distilled water. Tissue sections were stained with HE
staining solution (Sigma-Aldrich) and observed under a
Nikon Eclipse E200 microscope (Nikon, Japan). For IHC
analysis, tissue slides were incubated with primary antibody
followed by fluorescence-conjugated secondary antibody
(Molecular Probes, Eugene, OR, USA). Cell nuclei were
stained with 4, 6-diamidino-2-phenylindole (DAPI, Sigma-
Aldrich). Cell images were observed with a confocal micro-
scope (Nikon A1R, Nikon; LSM880 with Airyscan, Zeiss
at Ewha Drug Development Research Core Center). Islet
density (the number of islets per defined area), size, and
B-cell mass were determined as previously reported [34].

Glucose-stimulation insulin secretion (GSIS) assay

For in vivo GSIS assay, mice were intraperitoneally injected
with glucose (2 g/kg) after overnight fasting. Blood samples
were collected at 0, 15, and 60 min after glucose stimulation.
Plasma samples were immediately obtained by centrifuga-
tion and subjected to ELISA. For in vitro GSIS assay, islet
cells or differentiated IPCs were preincubated in glucose-
free Krebs buffer for 2 h and stimulated with either 5 mM
or 25 mM glucose for 1 h. Secreted INS levels into superna-
tants were assessed by ELISA [35].

Enzyme-linked immunosorbent assay (ELISA)

According to the manufacturer’s instructions, INS level
was measured using a mouse INS ELISA kit (sensitivity
39 pg/ml, #ARKIN-011T, Fujifilm Wako Shibayagi Corp.,
Japan). Briefly, 96-well plates pre-coated with anti-INS
antibody were washed and incubated with serum or cul-
ture supernatants, followed by biotin-conjugated anti-INS
antibody and horseradish peroxidase enzyme-conjugated
streptavidin. The plates were incubated with a substrate
chromogen reagent after washing and measured at 450 nm.
A serial dilution series of standard INS solutions were
used for a standard calibration curve. A mouse GCG
ELISA assay was performed by incubating GCG conju-
gates and substrate solution in the antibody pre-coated
plate following the manufacturer’s instructions (sensitiv-
ity 14.7 pg/ml, DGCGO, GCG standard Quantikine ELISA
kit, R&D Systems).

Reverse transcription (RT) and real-time polymerase
chain reaction (PCR)

Total RNA was isolated from mouse pancreas, primary
pancreatic islet cells, INS-1, and NIT-1 cells using TRIzol
reagent and subjected to RT using a cDNA synthesis kit
(Thermo Fisher Scientific). Real-time PCR was performed
in triplicate using StepOnePlus (Applied Biosystems, Foster
City, CA, USA), and the average C, value was used in the
analysis. The relative expression level was calculated after
normalization to the B-actin level using the 274! method
[36]. The primer sets are listed in Table 2.

Intraperitoneal glucose tolerance test (GTT) and INS
tolerance test (ITT)
The GTT and ITT assays were conducted as previously

reported [37, 38]. In brief, for the GTT assay, all mice were
fasted overnight and injected intraperitoneally with glucose
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solution (1.5 g/kg). Blood samples were taken from tail veins
at 0, 15, 30, 60, and 120 min, and blood glucose levels were
measured using a glucometer (AccuCheck, Roche Diagnos-
tics, GmbH Mannheim, Germany). Separately, mice were
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«Fig. 2 Exacerbation of glucose intolerance and insulin resistance in
HFD-fed TAZ P-KO. A Age-dependent body weight changes in WT
and TAZ P-KO mice (n=6 per group) fed a normal chow diet (NCD).
B—K WT and TAZ P-KO mice (males, 8 weeks old, n=5-8 per
group) were fed an HFD for up to 8 weeks and killed for further anal-
ysis. Bodyweight (B) and food intake (C) were monitored in HFD-
fed WT and TAZ P-KO mice (n=6 in B; n=5 in C). WT and TAZ
P-KO mice (8 weeks old, n=5 per group) were fed NCD or HFD
for 8 weeks and monitored weight gain, followed by fasting over-
night. Blood glucose and INS levels, HOMA, and the fasting glucose
to insulin ratio were determined in NCD- or HFD-fed WT and TAZ
P-KO mice (D). HFD-fed WT and TAZ P-KO mice were injected
with glucose and subjected to GTT (E) and GSIS assays (F). Sepa-
rately, mice were injected with INS, followed by blood glucose meas-
urement (G) (n=6 in E and F; n=8 in G). Pancreatic, adipose, and
liver tissues were prepared from HFD-fed mice (n=3 per group) and
subjected to HE staining, immunohistochemistry, or BODIPY stain-
ing (H). Pancreatic islet cells were isolated and cultured for 3 days (I)
(n=4 per group). Islet cells were stimulated with glucose (25 mM)
for 1 h for GSIS assay (J) (n=4 per group). Cells were cultured under
high glucose (25 mM) conditions for 12 h and subjected to quanti-
tative real-time PCR (n=4 per group). Gene expression levels were
calculated relative to the WT control (set to 1 in WT) (K). Data are
expressed as the mean+SEM. #*P <0.05; #P <0.01 by 2wayANOVA
with Tukey’s multiple comparisons or ANOVA with Tukey’s HSD
test. **P <0.005; ***P <0.0005 by two-tailed Student’s 7 test

HFD administration and lipid staining

Male WT and TAZ P-KO mice (8 weeks of age) were fed
HFD (~60% of kcals from fat, Research Diets D12492, NJ,
USA) for 8 weeks, and HFD food intake and body weight
changes were continuously monitored for 8 weeks. After
8 weeks, blood samples were collected for measuring glu-
cose, INS, and GCG. Separately, mice were subjected to
blood glucose measurement for the GTT assay, ITT assay,
and isolation of pancreatic islet cells. Liver and adipose tis-
sues were isolated and immediately placed on a mold filled
with sufficient OCT compound (Sigma-Aldrich), followed
by freezing in liquid nitrogen. Frozen liver tissue slides were
stained with BODIPY 493/503 staining solution, which
stains neutral lipids (Thermo Fisher Scientific), and ana-
lyzed using a fluorescence microscope and Nikon confocal
microscope. Adipose tissue was stained with HE staining
solution, followed by observation with a microscope.

Isolation and cultivation of the pancreatic islets
Pancreatic islets were isolated from the pancreas of WT

and TAZ P-KO mice by incubation with collagenase P
(0.8 mg/ml, Roche Diagnostics). Pancreatic cell aggregates

were washed and filtered with a tissue-collecting sieve
(400 pm, pluriSelect Life Science, Leipzig, Germany).
Pancreatic islet cells were isolated and purified on His-
topaque (Sigma-Aldrich) density gradients [39]. Primary
pancreatic islet cells were cultured in RPMI-1640 (Gibco)
supplemented with 10% FBS (GenDEPOT, Barker, TX,
USA) for 2 days, and culture supernatants were collected
to measure INS and GCG levels by ELISA.

Protein-protein interaction and DNA pulldown
assay

HEK?293T cells were transfected with various PDX1 and
TAZ expression vectors using a calcium phosphate trans-
fection method [40]. Total cell lysates were harvested
in lysis buffer (20 mM Tris, pH 7.5, 0.5% Triton X-100,
2 mM MgCl,, 1 mM DTT, and protease inhibitors). For
protein—protein interaction assay, total cell lysates were
incubated with a specific antibody and subsequently pro-
tein A/G-agarose beads, followed by immunoblot analysis.
For DNA pulldown assay, cell lysates were obtained in
HKMG buffer [5] and incubated with biotinylated double-
stranded INS promoter DNA and subsequently streptavi-
din-agarose beads. The DNA—protein complex was further
analyzed by immunoblot assay. Insulin promoter DNA
(200 bp) was prepared by PCR using biotinylated forward
and reverse primer sets in Table 2 and purification with a
QIAquick gel extraction kit (Qiagen, Hilden, Germany).

Reporter assay

Highly transfectable HEK293T, NIT-1, and C3H10T1/2
cells were transiently transfected with the reporter gene
(pINS-luc or pGCG-luc) and PDX and TAZ expression
vectors via a calcium transfection method. The pCMVf
vector was also transfected to normalize the transfec-
tion efficiency. Cell lysates were harvested and subjected
to luciferase assay (Promega, Madison, WI, USA) and
B-galactosidase assay (Thermo Fisher Scientific). The
relative luciferase activity was determined after normali-
zation with f-galactosidase activity and is expressed as
fold change compared with the control.
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Fig. 3 Physical interaction between TAZ and PDX1. A Highly trans-
fectable HEK293T cells were transfected with the expression vector
of 6xMyc-tagged TAZ, Flag-tagged PDX, or Flag-tagged PAX6 and
harvested. Protein extracts were incubated with anti-Flag antibody
for immunoprecipitation, and the immune complexes were analyzed
by immunoblot analysis. B HEK293T cells were transfected with the
expression vector of TAZ truncations and PDX1 vector and subjected
to immunoprecipitation and immunoblot analysis. C HEK293T cells

Chromatin immunoprecipitation (ChIP) assay

Stable NIT-1 cells (con/NIT-1 and TAZ/NIT-1) were
expanded in the presence of puromycin and incubated
with high glucose (25 mM) for 24 h. Cells were harvested,
treated with 1% formaldehyde for 10 min, and subjected
to a ChIP assay using a Magna ChIP™ A/G Chromatin
Immunoprecipitation kit (Merck Millipore, Darmstadt,
Germany). Cell lysates were sonicated to shear DNA and
subsequently incubated with anti-PDX1 antibody and pro-
tein A/G magnetic beads. After washing, chromatin DNA
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were transfected with the expression vector of Flag-tagged PDX1
truncations and 6xMyc-TAZ vector, followed by immunoprecipita-
tion and immunoblot analysis. D Protein extracts were harvested
from NIT-1 cells and incubated with anti-TAZ antibody or control
IgG antibody, followed by immunoblot analysis of PDX1. E Protein
extracts were obtained from the pancreas of WT and TAZ P-KO and
subjected to immunoprecipitation and immunoblot analysis. A repre-
sentative image out of three independent experiments is presented

was eluted in ChIP elution buffer containing proteinase
K and used for quantitative real-time PCR analysis and
semi-quantitative PCR analysis [6]. The primers for INS
and PDX1 genes are listed in Table 2.

Differentiation of MSCs and stable C3H10T1/2 cells
into INS-producing cells (IPCs)

Bone marrow cells were collected from the femurs and tibias
of WT, TAZ KO, prrxl-cre Tg MSC-WT), and prrx1-cre
TAZ KO (MSC-KO) mice and cultured in complete DMEM
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for 3 days by discarding the non-adherent cells. MSCs
were cultivated and expanded for an additional 3 days. To
restore TAZ in TAZ-deficient MSCs, TAZ KO MSCs were
infected with viral supernatants expressing mock or TAZ.
Differentiation of IPCs from MSCs and stable C3H10T1/2
cells was performed with a few modifications according
to the reported three-stage methods [41, 42]. Cells were
grown to confluent in high glucose DMEM supplemented
with 2% B27 for the first 2 days. Cells were then cultured
in differentiation-conditioned medium containing nicotina-
mide (10 mM, Sigma-Aldrich), basic fibroblast growth fac-
tor (10 ng/ml, Peprotech, Rocky Hill, NJ, USA), epidermal
growth factor (10 ng/ml, Peprotech), and B27 (2%, Thermo
Fisher Scientific) for an additional 10—14 days by replacing
the medium every other day. Cells were harvested to obtain
total RNA, and culture supernatants were collected for meas-
uring INS secretion.

Statistical analysis

All in vitro experiments were performed at least three times,
and data are expressed as the mean + standard error of the
mean (SEM). The results were analyzed using one-way
ANOVA (ANOVA) and the post hoc analysis with Tukey’s
HSD test, two-way ANOVA (2wayANOVA) with post hoc
Tukey’s multiple comparisons, or unpaired two-tailed Stu-
dent’s  test. P values less than 0.05 were considered statisti-
cally significant.

Results

TAZ deficiency in the pancreas induces structural
and functional abnormalities and causes
hyperglycemia

To determine whether TAZ is expressed in the pancreas
and whether it modulates pancreatic functions, we com-
pared the pancreatic tissue of WT and TAZ KO mice. TAZ
was expressed in WT pancreas but not in TAZ KO mice,
whereas YAP was equally expressed in WT and TAZ KO
(Fig. 1A). TAZ was particularly expressed in the pancre-
atic islets, and its deficiency caused the architectural abnor-
malities in the endocrine and exocrine pancreas; decreased
B-cells, increased and aberrant distribution of a-cells, and
decreased E-cadherin expression (Fig. 1B). The decrease in
INS-producing f-islet cells and alterations in islet architec-
ture in TAZ KO mice were further exacerbated with age-
ing (Fig. 1C). Concurrently, serum INS was significantly
decreased in TAZ KO mice in both 4 h- and 12 h-fasting
conditions, and serum GCG levels were higher in TAZ KO
than in WT control mice (Fig. 1D). To confirm the direct
effects of TAZ deficiency in the pancreas, we generated

pancreas-specific TAZ KO (P-KO) mice and analyzed
pancreatic phenotype compared to appropriate controls.
Immunoblot analysis confirmed that TAZ expression was
abolished in the TAZ P-KO pancreas (Fig. 1E). TAZ P-KO
mice showed abnormal pancreatic structural alterations
such as smaller and irregular islets and pancreatic epithe-
lium destruction (Fig. 1F). The islet density and diameter
were significantly lower in TAZ P-KO (Fig. 1G). In addi-
tion, INS-producing f-cells were decreased, and GCG-
secreting a-cells were increased and aberrantly distributed
in the pancreatic islets of TAZ P-KO mice (Fig. 1H). Like-
wise, the pB-cell population per islet was reduced in TAZ
P-KO (Fig. 11). Furthermore, TAZ deficiency decreased
INS expression but increased the expression of GCG, GAS,
and SMS (Fig. 1J). The expression of GLUT2 and PDX1
proteins was also decreased in TAZ P-KO mice, and par-
ticularly PDX1-positive B-cells per islet were decreased by
TAZ deficiency (Fig. 1K). Consistently, transcript levels of
B-cell markers, including INS, Glut2, MafA, and PDX1, were
substantially decreased in TAZ-deficient islet cells, while
GCG and FoxA2 mRNA levels were increased (Fig. 1L).
Serum hormone analysis clarified that TAZ P-KO mice
showed decreased INS levels and increased GCG levels
(Fig. IM). Furthermore, blood glucose levels in TAZ P-KO
mice were significantly higher than in WT mice in fasting
states (Fig. IN). TAZ P-KO mice impaired glucose toler-
ance in response to glucose infusion due to defective INS
production, and exogenous INS infusion controlled blood
glucose to normal and similar levels in both WT and TAZ
P-KO mice (Fig. 10, P).

TAZ deficiency abnormally increases body weight
with age and exacerbates glucose intolerance
and INS resistance induced by a high-fat diet (HFD)

Since hyperglycemia is closely associated with the increas-
ing prevalence of obesity, a major cause of INS resistance
of type 2 diabetes, we assessed the effect of TAZ defi-
ciency on body weight changes. TAZ P-KO mice tended to
be overweight and obese with age under ad libitum condi-
tions. The body weight of the WT and TAZ P-KO mice
gradually increased with age, and the weight gain was
significantly greater in TAZ P-KO mice than in WT con-
trol mice after 4 months of age (Fig. 2A). In addition, the
weight gain induced by the HFD was significantly greater
in TAZ P-KO mice than in WT mice despite the similar
food intake (Fig. 2B, C). We compared blood glucose and
INS levels between WT and TAZ P-KO after feeding a
normal diet and HFD. Lack of INS in TAZ P-KO signifi-
cantly increased blood glucose levels under both feeding
conditions, consistent with weight gain. The G/I ratio was
substantially increased in HFD-fed TAZ P-KO (Fig. 2D),
suggesting the altered insulin sensitivity/resistance [43].
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«Fig.4 Facilitated /NS promoter activity by the cooperation of PDX1
and TAZ. A—D HEK293T cells were transfected with the pINS-luc
reporter gene together with PDX1 and TAZ expression vectors and
subjected to reporter assay and immunoblot analysis. Schematic
design of the insulin promoter reporter vector (p/NS-luc) containing
PDX1-binding elements. The p/NS-luc promoter activity by PDX1
expression was determined in the absence or presence of TAZ (A).
PDX1 and TAZ expressions were detected by immunoblot analysis
(B). Dose-dependent effect of TAZ on the PDX1-mediated pINS-
luc promoter activity and immunoblot assay of PDX1 and TAZ (C).
Immunoblot analysis of TAZ WT, TAZ mutant (S4A), and PDX1.
Effect of TAZ WT and TAZ S4A on the PDXI-induced pINS-luc
reporter activity (D). E—G Mesenchymal C3H10T1/2 cells were
transfected with various types of PDX1, PAX6, and/or TAZ together
with pINS-luc and subjected to reporter assay. Cells were transfected
with PDX1 or PAX6 expression vector with or without TAZ vector
(E). Cells were transfected with PDX1 expression vector with TAZ
truncations (F) or PDXI1 truncations in the presence or absence of
TAZ (G). H=J NIT-1 B-cells were transfected with either pINS-luc
or pGCG-luc with PDX and TAZ expression vector and subjected
to reporter assay (H). NIT-1 cells were transfected with siPDX1
and transiently transfected with TAZ expression vector and pINS-
luc. Endogenous PDX1 expression after transfection with siPDX1
was analyzed by immunoblot analysis and quantitatively analyzed
using Image J (I). Cells were transfected with p/NS-luc together with
siPDX1 and TAZ expression vector, and the pINS-luc promoter activ-
ity was assayed at 48 h (J). All experiments were conducted at least
three times, and a representative image is presented in B, C, D, and L.
Data are presented as the mean + SEM (n=3-5). #P<0.05; #P<0.01
by ANOVA with Tukey’s HSD. **P <0.005; ***P <0.0005 by two-
tailed Student’s 7 test

We next examined glucose tolerance and insulin resist-
ance in TAZ P-KO mice under HFD conditions. Follow-
ing the HFD, fasting blood glucose levels were markedly
increased, and glucose intolerance was greatly aggravated
in TAZ P-KO mice (Fig. 2E). At the same time, INS levels
released by glucose stimulation was significantly lower
in TAZ P-KO mice (Fig. 2F). Moreover, INS sensitivity
was impaired in TAZ P-KO mice, as evidenced by per-
sistent hyperglycemia even after INS injection (Fig. 2G).
Histological analysis also confirmed that TAZ deficiency
greatly increased lipid accumulation in adipose and liver
tissues by HFD and exhibited irregularly shaped islets
with aberrant INS and GCG expression (Fig. 2H). Iso-
lated primary pancreatic islets were smaller, less dense,
and more irregular in TAZ P-KO mice, particularly after
HFD administration (Fig. 2I). INS levels secreted by glu-
cose-stimulated islet cells were significantly decreased by
TAZ deficiency (Fig. 2J). Although B-cell markers were
significantly decreased in TAZ P-KO islet cells, other islet
cell markers and inflammatory cytokines were substan-
tially increased (Fig. 2K).

TAZ directly interacts with PDX1 in the pancreatic
B-cells

We next attempted to elucidate the molecular mechanisms
underlying INS production by TAZ. Since PDX1 and PAX6
are known to activate INS gene transcription [25, 44], we
first assessed whether TAZ interacts with PDX1 and PAXG6.
The protein—protein interaction assay verified that TAZ was
strongly associated with PDX1 but did not interact with PAX6
(Fig. 3A). We further identified specific interacting domains in
TAZ and PDX1 using truncations of TAZ and PDX1 proteins.
Although the C-terminal domain with or without WW domain
failed to interact with PDX1, the N-terminal 123-amino acid
(aa) region in TAZ was found to be essential for interaction
with PDX1 (Fig. 3B). In addition, the N-terminal domain of
PDX1 (1-139 aa) had no interaction with TAZ, but the region
containing the homeodomain of PDX1 (140-240 aa) was asso-
ciated with TAZ (Fig. 3C). More importantly, the endogenous
TAZ formed a complex with PDX1 in pancreatic p-islet NIT-1
cells under high glucose conditions (Fig. 3D). Protein—protein
interaction of endogenous TAZ and PDX1 was also verified in
the pancreas of WT mice, not in the TAZ-deficient pancreas
(Fig. 3E).

TAZ promotes INS gene transcription
through induction of the transcriptional activity
of PDX1

The direct interaction between PDX1 and TAZ prompted us
to analyze its effect on INS gene promoter activity. Increased
expression of PDX1 alone did not induce /NS promoter
activity in HEK293T cells; however, it dose-dependently
increased the promoter activity in the presence of ectopic
TAZ overexpression (Fig. 4A, B). Increasing amounts of
TAZ also significantly promoted INS promoter activity only
in the presence of PDX1, where PDX1 expression was unaf-
fected by TAZ (Fig. 4C). The degradation-resistant TAZ
mutant form (TAZ S4A) expressed a greater amount of TAZ
and increased PDX1-induced INS promoter activity, stronger
than WT TAZ (Fig. 4D). Interestingly, /NS promoter activity
was significantly increased by the ectopic PDX1, not PAX6,
expression alone in mesenchymal stem-like C3H10T1/2
cells and further synergistically increased by TAZ overex-
pression (Fig. 4E). The N-terminal domain of TAZ (TAZ
1-123) selectively and sufficiently increased INS promoter
activity in combination with PDX1 through interaction
with PDX1 (Fig. 4F). Likewise, TAZ specifically increased
INS promoter activity only in the presence of PDX1 trun-
cations containing the homeodomain that interacts with
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Fig.5 Enhanced DNA-binding activity of PDX1 by TAZ. A, B
HEK?293T cells were transfected with Flag-PDX1 and 6xMyc-TAZ
expression vector (A) or Flag-TAZ truncations and Myc-PDX1 (B)
and harvested for DNA-pulldown assay. Protein extracts were incu-
bated with biotinylated double-stranded insulin gene promoter DNA
and subsequently streptavidin-conjugated agarose beads, followed by
precipitation and immunoblot analysis. C Protein extracts were har-
vested from stable con/NIT-1 and TAZ/NIT-1 cells and subjected to
DNA pulldown and immunoblot assay. D Chromatin DNA—protein
complexes were harvested from stable con/NIT-1 and TAZ/NIT-1
cells and subjected to ChIP with anti-PDX1 antibody and subse-

TAZ (Fig. 4G). We further evaluated the importance of the
TAZ-PDX1 complex in INS production by pancreatic p-islet
NIT-1 cells. Exogenous TAZ overexpression significantly
increased INS promoter activity in NIT-1 cells combined
with either endogenous or exogenous PDX1 expression.
Meanwhile, PDX1 and TAZ expression did not affect GCG
gene promoter activity (Fig. 4H). More importantly, the
increase of INS promoter activity by TAZ was impaired
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quent quantitative real-time PCR analysis. E, F Pancreatic islets were
isolated from WT and TAZ P-KO mice and subjected to ChIP and
quantitative real-time PCR analysis (E). ChIPed eluates and input
were subjected to semi-quantitative PCR. The INS or PDX1 gene pro-
moter was amplified with the specific primer sets for different cycles
of PCR reaction. Quantitative analysis was done by Image J software
(F). All experiments were conducted at least three times. A represent-
ative image is presented in A—C, and F. Data in D-F are presented as
the mean +SEM. **P <0.005; ***P <0.0005 by two-tailed Student’s
t test. *P<0.05; #P <0.01 by 2wayANOVA with Tukey’s multiple
comparisons

in siPDX1/NIT-1 cells, which lost approximately 50% of
endogenous PDX1 expression in NIT-1 cells (Fig. 41, J).

TAZ enhances the DNA-binding activity of PDX1
to the INS gene promoter

Since TAZ was found to be essential for the transcriptional
activity of PDX1 through direct interaction, we investigated
the effect of TAZ on the DNA-binding activity of PDX1.
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The DNA pulldown assay demonstrated that exogenous
PDX1 bound to the INS gene promoter, which was increased
by TAZ overexpression (Fig. SA). The DNA-binding activity
of PDX1 was significantly enhanced by the N-terminal 123-
aa region of TAZ interacting with PDX1; however, it was
not affected by the C-terminal domain of TAZ (124-395)
(Fig. 5B). Endogenous PDX1 in B-islet NIT-1 cells was
unable to bind to the /NS gene promoter, which was thought
to be due to the low expression of endogenous TAZ. Inter-
estingly, endogenous PDX1 was bound to the /NS gene pro-
moter DNA in TAZ-stable NIT-1 cells expressing a consid-
erable amount of TAZ (Fig. 5C). Additional ChIP analysis
confirmed that the DNA-binding activity of PDXI1 to the
promoter of INS and PDX1 genes was markedly increased in
TAZ-stable NIT-1 cells compared to control cells (Fig. 5D).
In contrast to TAZ overexpression, the binding of endog-
enous PDX1 to chromatin DNA was substantially attenuated
in the pancreas of TAZ P-KO, as evidenced by the ChIP
and quantitative real-time PCR analysis (Fig. 5E). Semi-
quantitative PCR with different cycles also demonstrated
that the binding of endogenous PDX1 to the INS or PDX/
gene promoter was substantially decreased by TAZ defi-
ciency (Fig. 5F).

TAZ expression is essential for INS production
by pancreatic p-cells

We further evaluated the importance of TAZ expression
levels in INS production by B-cells using stable cells stably
expressing TAZ or with TAZ knockdown. INS-producing
rat insulinoma INS-1 cells were introduced with TAZ WT
or a degradation-resistant mutant TAZ S4A, and forced TAZ
expression was confirmed in TAZ S4A/INS-1 stable cells
(Fig. 6A). Although little endogenous TAZ or PDX1 was
detected in INS-1 cells, forced TAZ expression was observed
mainly in the nucleus with increased endogenous PDX1 in
high glucose-stimulated INS-1 cells (Fig. 6B). In TAZ sta-
ble cells, INS production was significantly increased by low
and high glucose stimulation (Fig. 6C). Concomitantly, INS
transcript levels were increased in TAZ/INS-1 cells stably
expressing TAZ (Fig. 6D). In addition, TAZ stable (TAZ
S4A/NIT-1) cells were established in mouse p-islet NIT-1
cells (Fig. 6E). TAZ expression significantly increased INS
secretion and the expression of p-cell markers (Fig. 6F, G).
On the other hand, the expression of p-cell markers and INS
secretion were significantly reduced in TAZ-knockdown
NIT-1 cells compared with control cells (Fig. 6H, I). As
expected, high glucose decreased the phosphorylation of
MST kinases and moderately increased TAZ expression by
inhibiting S89-phosphorylation (Fig. 6J). Additional immu-
nofluorescence staining clarified that TAZ expression and
nuclear level were increased in INS-1 cells in response to
high glucose (Fig. 6K). It was also confirmed that nuclear

expression of TAZ and PDX1 and their co-localization in the
nucleus were profoundly increased in TAZ/NIT-1 cells after
high glucose stimulation (Fig. 6L).

Enforced TAZ expression promotes mesenchymal
stem cell differentiation into IPCs

Since pancreatic islets are generated from the differentia-
tion of MSCs in vivo [45], we next assessed whether TAZ
affects MSC differentiation into IPCs using MSC-like pro-
genitor C3H10T1/2 cells and bone marrow-derived MSCs.
We first established TAZ-expressing and TAZ-knockdown
C3H10T1/2 cells and confirmed that exogenous PDX1
increased INS promoter activity in a TAZ-dependent man-
ner in C3H10T1/2 cells (Fig. 7A, B). Stable cells expressing
PDX1, TAZ, or PDX1/TAZ were additionally established
and induced to differentiate into IPCs. Equal amounts of
PDX1 and TAZ expression were verified in established sta-
ble cells (Fig. 7C). After IPCs differentiation through the
three-stage method, transcript levels of INS and PDX1 was
significantly increased in IPCs introduced with PDX1 and
TAZ together, compared to the IPCs transfected with mock
control, PDX1, or TAZ (Fig. 7D). Moreover, INS secretion
by IPCs was increased in culture supernatants of differenti-
ated IPCs expressing PDX1 and more significantly increased
in stable cells expressing both PDX1 and TAZ (Fig. 7E).
The insulin stimulation index of differentiated IPCs was
significantly improved by the expression of PDX1 and
TAZ (Fig. 7F). In addition, MSCs obtained from WT, TAZ
KO, and TAZ MSC-KO mice were induced to differentiate
into IPCs, and the differentiated IPCs showed no signifi-
cant difference in the insulin stimulation index (Fig. 7G).
However, INS secretion was attenuated in TAZ-deleted
IPCs, while no INS induction was observed in undifferenti-
ated MSCs (Fig. 7H). Consistently, TAZ deletion in MSCs
impaired the expression of INS and PDX] in differentiated
IPCs (Fig. 7). To see whether TAZ restores the impaired
expression of B-cell markers in KO cells, WT and TAZ KO
MSCs were transduced with TAZ-expressing viruses and
induced to differentiate into IPCs. Enforced TAZ expres-
sion was confirmed by immunoblot analysis (Fig. 7J). Inter-
estingly, forced expression of TAZ into KO cells signifi-
cantly increased INS production after IPCs differentiation,
as in WT cells (Fig. 7K). Likewise, B-cell markers such
as INS, PDX1, and Glut2 were substantially increased by
TAZ expression in both WT and KO, whereas the increased
transcript levels of SMS and PAX6 by TAZ deficiency were
oppositely decreased by TAZ expression to similar levels in
WT and KO IPCs (Fig. 7L).
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«Fig.6 Increased insulin production by TAZ through glucose-medi-
ated inhibition of the Hippo pathway in response to glucose. A—C
Stable INS-1 cells expressing TAZ WT or S4A were established by
retroviral transduction. TAZ expression was analyzed by immunob-
lot assay (A). Stable INS-1 cells were stained with antibodies against
PDX1 and TAZ (B). Stable cells were maintained in glucose-free
conditions for 2 h and stimulated with 5 mM and 25 mM glucose for
1 h, followed by INS ELISA (C). Stable cells were cultured under
low glucose (5 mM) and high glucose (25 mM) conditions for 12 h
and subjected to RT and quantitative real-time PCR analysis (D).
E—G TAZ overexpressing cells (TAZ S4A/NIT-1) and the control
cells (Con/NIT-1) were established in NIT-1 cells. Stable cells were
stimulated with 25 mM glucose for 30 min for immunostaining of
PDX1 and TAZ (E). Stable NIT-1 cells were subjected to GSIS assay
following incubation with 25 mM glucose for 1 h (F). Cells were
stimulated with 25 mM glucose for 12 h and subjected to quantita-
tive analysis of B-cell markers (G). H, I TAZ knockdown cells (TAZi/
NIT-1) and the respective control cells (coni/NIT-1) were established
in NIT-1 cells. Cells were stimulated with 25 mM glucose for 12 h
and subjected to determine relative transcript levels of TAZ, INS,
PDX1, Glut2, and MafA (H). Cells were incubated with 25 mM glu-
cose for 1 h for GSIS assay (I). J Pancreatic islet cells were isolated
from WT ad TAZ P-KO mice and stimulated with 25 mM glucose
for 1 h, followed by INS ELISA. K—L INS-1 cells were incubated
in glucose-free RPMI-1640 medium for 6 h and treated with 25 mM
glucose for the indicated times. Protein extracts were analyzed by
immunoblot analysis (K). INS-1 cells were stimulated with 5 mM
or 25 mM glucose for 30 min and immunostained with antibodies
against TAZ and PDX1. The total intensity and nuclear intensity of
TAZ were quantitatively calculated by Image J software (L). M TAZ
stable NIT-1 cells were incubated in a glucose-free medium for 6 h
and treated with 5 mM or 25 mM glucose for 30 min, followed by
immunostaining. Nuclear levels of PDX1 and TAZ were quantitated
by Image J software. A representative image out of at least three
independent experiments is presented. Data are expressed as the
mean+SEM (n=3-6). ¥ <0.05; #P <0.01 by ANOVA with Tuk-
ey’s HSD test. ¥*P <0.005; ***P <0.0005 by two-tailed Student’s ¢
test

Discussion

TAZ is expressed in the pancreatic islets, and its deficiency
alters pancreatic structure and function. High glucose
increases INS production by pancreatic -cells by activating
TAZ through inhibition of the Hippo pathway and subse-
quently by promoting the DNA-binding and transcriptional
activity of PDX1. TAZ also promotes IPCs differentiation
from MSC, contributing to glucose homeostasis regulation.
TAZ deficiency impairs INS production and causes hyper-
glycemia, leading to increased obesity and INS resistance
(Fig. 8).

Maintaining INS-producing -cell mass is important
for glucose homeostasis [46]. The Hippo pathway coor-
dinately regulates B-cell differentiation, proliferation, and
apoptotic cell death, maintaining f-cell homeostasis [27].
It has been reported that deletion of MST1/2, the first com-
ponent of the Hippo pathway, causes pancreatitis through
immune cell infiltration [47, 48]. It has also been reported
that MST1 is activated in diabetes, and its inhibition pro-
tects against f-cell apoptosis and restores B-cell function

in diabetes [49, 50]. Moreover, LATS2, another key Hippo
pathway component, induces apoptotic cell death and dys-
function of f-cells, whereas its deficiency improves p-cell
viability and INS secretion function [30]. Consistent with
the improved B-cell function in the deficiency of MST and
LATS, we also confirmed that enhanced TAZ activation
resulting from the inhibition of MST kinases enhanced INS
production by p-cell. However, sustained activation of YAP
impairs pancreatic f-cell differentiation and function while
YAP inhibition increases differentiation of stem cell-derived
INS-producing B-cells [28, 29]. The TEAD family, the key
transcription factor of the Hippo pathway, is important in
maintaining cell proliferation, but it is also essential for
maintaining -cell identity through direct activation of p-cell
markers, and its deficiency develops diabetes due to the lack
of INS secretion [27, 51]. Despite these complex and con-
tradictory results, it is clear that the Hippo signaling path-
way is important for regulating pancreatic p-cell function. It
also implies that Hippo mediators transduce the optimized
signal required to control the balance of p-cell differentia-
tion and proliferation through different molecular interac-
tions and mechanisms. The finding that the pancreas-specific
TAZ deletion did not alter YAP expression in the pancreas
but resulted in decreased INS secretion and hyperglycemia
clarified that TAZ plays an independent function different
from YAP. Unlike YAP regulates TEAD activity and subse-
quently induces B-cell proliferation and survival, TAZ more
likely increases PDX1 activity and promotes f-cell differ-
entiation and function through interaction with TEAD and
PDX1 [51]. It will be interesting to identify whether and
how TAZ selects PDX1 and TEAD as its partner for induc-
ing INS. TAZ may be an essential and beneficial target for
regulating glucose homeostasis by increasing INS produc-
tion in response to high glucose. In addition to alterations
in B-cells, dysregulated Hippo pathway causes aberrant pan-
creatic acinar differentiation and pancreatic cancer develop-
ment [47, 52, 53]. Altered pancreatic architecture in TAZ
deficiency, including decreased islets, misplaced a-cells, and
damaged epithelial cells, are similar to the aberrant pancre-
atic architecture caused by defective Hippo signaling [33].
Apart from the functional mechanisms of TAZ in pancreatic
cancer development, it would be interesting to elucidate the
detailed molecular mechanisms by which TAZ contributes
to maintaining the pancreatic architecture.

Progressive B-cell loss from autoimmune attack leads
to chronic hyperglycemia and increases the prevalence of
obesity in type 1 diabetes (T1D); furthermore, obesity-
induced hyperglycemia contributes to and exacerbates INS
resistance, which is an important clinical feature of type 2
diabetes (T2D) [54, 55]. The prevalence of double diabetes
(DD) or hybrid diabetes, a combination of INS resistance
and autoimmune destruction of the INS-producing p-cells,
has increased worldwide in youth onset diabetes [56, 57].
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«Fig.7 Promoted IPC differentiation by TAZ. A Stable C3H10T1/2
cells expressing TAZ WT or S4A were transfected with the pINS-
luc reporter and PDX1 expression vector. The immunoblot analyzed
TAZ expression, and the pINS-luc promoter activity was assessed
by reporter assay. B Stable TAZ knockdown cells (TAZi/C3H) were
established and transfected with the p/NS-luc reporter and PDX1
expression vector. C—E Stable cells expressing PDX1, TAZ, and
PDX1/TAZ were established in C3H10T1/2 cells and induced to dif-
ferentiate into IPCs via three-stage methods. Relative transcripts of
PDX1 and TAZ were analyzed in undifferentiated stable cells (C).
Relative transcript levels of INS and PDXI were determined in IPCs
at differentiation day 7 of stage 3 (D). Undifferentiated cells and dif-
ferentiated IPCs were cultured in 25 mM glucose for 24 h, and super-
natants were subjected to INS ELISA (E). Differentiated IPCs were
stimulated with 25 mM glucose for 1 h after glucose deprivation
for 2 h, followed by INS ELISA. The stimulation index was calcu-
lated by dividing INS levels at 25 mM glucose with INS released at
5 mM glucose (F). G—I MSCs were isolated from the bone marrow
of WT, TAZ KO, and TAZ Prrx1-KO (MSC-KO) mice and induced
to differentiate into IPCs. The stimulation index was determined by
measuring secreted INS at 5 mM and 25 mM glucose (G). MSCs and
differentiated IPCs were stimulated with 25 mM glucose for 1 h for
GSIS assay (H). Differentiated IPCs were harvested and subjected
to quantitative real-time PCR analysis (I). J-L WT and TAZ KO
MSCs were transfected with TAZ-expressing viruses and induced to
differentiate into IPCs. TAZ and PDX1 expression were analyzed by
immunoblot assay (J). IPCs were stimulated with 25 mM glucose for
1 h after glucose deprivation, followed by INS ELISA (K). IPCs were
stimulated with 25 mM glucose for 12 h and harvested to determine
relative transcript levels of islet markers (L). All experiments were
conducted at least three times, and a representative image is presented
in A, B, and J. Data are expressed as the mean+SEM (n=3-5).
#P <0.05; P <0.01 by ANOVA with Tukey’s HSD test
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In addition, older adults with T1D are also at an increased
risk for developing severe hyperglycemia and INS resist-
ance, strongly suggesting the importance and necessity of
developing therapeutics for DD [54, 58]. The TAZ genetic
defect in the pancreas causes hyperglycemia, increases the
prevalence of ageing- or HFD-related obesity, and exac-
erbates HFD-induced INS resistance. Therefore, it is sug-
gested that TAZ P-KO mice are useful for developing and
evaluating DD therapeutics. Various therapeutic strategies
have been developed to treat diabetes, including INS deliv-
ery, immunotherapy, and p-cell replacement [59]. Some or
all of INS-producing p-cells are destroyed in the pancreas
in T1D, leaving the patient with little or no INS and too
much glucose in the bloodstream. Thus, transplantation of
IPCs is considered the most promising therapeutic strat-
egy; however, this strategy has limitations in terms of poor
viability after transplantation [59]. Therefore, it will be
important to study whether TAZ gene delivery to human
islet cells or MSCs can improve cell transplantation effi-
ciency, potentiate INS-secreting p-cell function, and atten-
uate complications for treating T1D. Since TAZ promotes
muscle cell differentiation and increases INS sensitivity in
muscle cells [60, 61], TAZ-delivered MSCs therapeutics
may have dual beneficial effects in diabetes by increas-
ing INS secretion and INS sensitivity in vivo. In addition,
pharmacological approaches to activate endogenous TAZ
in the pancreas may prevent and treat T1D, T2D, and DD.
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Fig. 8 Modulation of insulinogenesis in pancreatic 3-cells by a Hippo
mediator, TAZ. The hippo pathway transduces on/off signaling to
modulate INS by pancreatic p-cells in response to glucose concen-
tration. TAZ activation following Hippo off signaling in response
to high glucose promotes INS production through cooperation with

No sufficient insulin
Hyperglycemia
Insulin resistance

PDX1, leading to regulation of glucose homeostasis. However, TAZ
deficiency fails to increase the DNA-binding and transcriptional
activity of PDX1, which reduces INS production and impairs glucose
homeostasis. The persistent failure of glucose homeostasis in TAZ
deficiency also results in INS resistance upon ageing and obesity
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Indeed, the TAZ activator TM25659 has been reported to
improve HFD-induced hyperglycemia and INS resistance
in mice [38, 62], indicating the potential of TAZ in the
prevention and treatment of metabolic diseases.
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