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Original Article
The miR-200eZeb1 axis regulates key aspects of
b-cell function and survival in vivo
Alexandra C. Title 1,2, Pamuditha N. Silva 1, Svenja Godbersen 1, Lynn Hasenöhrl 1, Markus Stoffel 1,2,3,*
ABSTRACT

Objective: The miR-200eZeb1 axis regulates the epithelial-to-mesenchymal transition (EMT), differentiation, and resistance to apoptosis. A
better understanding of these processes in diabetes is highly relevant, as b-cell dedifferentiation and apoptosis contribute to the loss of functional
b-cell mass and diabetes progression. Furthermore, EMT promotes the loss of b-cell identity in the in vitro expansion of human islets. Though the
miR-200 family has previously been identified as a regulator of b-cell apoptosis in vivo, studies focusing on Zeb1 are lacking. The aim of this
study was thus to investigate the role of Zeb1 in b-cell function and survival in vivo.
Methods: miR-200 and Zeb1 are involved in a double-negative feedback loop. We characterized a mouse model in which miR-200 binding sites
in the Zeb1 30UTR are mutated (Zeb1200), leading to a physiologically relevant upregulation of Zeb1 mRNA expression. The role of Zeb1 was
investigated in this model via metabolic tests and analysis of isolated islets. Further insights into the distinct contributions of the miR-200 and
Zeb1 branches of the feedback loop were obtained by crossing the Zeb1200 allele into a background of miR-141e200c overexpression.
Results: Mild Zeb1 derepression in vivo led to broad transcriptional changes in islets affecting b-cell identity, EMT, insulin secretion, cellecell
junctions, the unfolded protein response (UPR), and the response to ER stress. The aggregation and insulin secretion of dissociated islets of mice
homozygous for the Zeb1200 mutation (Zeb1200M) were impaired, and Zeb1200M islets were resistant to thapsigargin-induced ER stress ex vivo.
Zeb1200M mice had increased circulating proinsulin levels but no overt metabolic phenotype, reflecting the strong compensatory ability of islets to
maintain glucose homeostasis.
Conclusions: This study signifies the importance of the miR-200eZeb1 axis in regulating key aspects of b-cell function and survival. A better
understanding of this axis is highly relevant in developing therapeutic strategies for inducing b-cell redifferentiation and maintaining b-cell
identity in in vitro islet expansion.

� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The global prevalence of diabetes was estimated to be 9.3% of the
adult population, or 463 million people, in 2019, with projections for a
25% increase by 2030 [1]. Glucose homeostasis is dependent on the
proper functioning and survival of pancreatic b-cells. Type 2 diabetes
(T2D) pathophysiology is centered around a chronic and increased
demand on pancreatic b-cells for sufficient insulin secretion, which
surpasses their compensatory ability and ultimately leads to b-cell
exhaustion and apoptosis [2,3]. In recent years, there has been a
growing understanding that the loss of functional b-cell mass may not
simply depend on apoptosis but also the loss of b-cell function and
impaired insulin secretion via dedifferentiation [4,5]. In parallel, islets
from T2D patients express increased levels of the mesenchymal
marker vimentin, indicating that an epithelial-to-mesenchymal tran-
sition (EMT) may further contribute to a loss of b-cell identity and
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diabetes progression [6e8]. EMT also occurs in in vitro monolayer
cultures of human islets [9e12], which is not only relevant for the field
of islet transplantation, as in vitro expansion could help increase the
supply of human b-cells, but also points to the importance of epithelial
junctions and cellecell contacts in b-cell function [12]. Therefore,
advancing our knowledge on the molecular mechanisms controlling b-
cell identity, function, and survival is essential to understanding b-cell
demise in diabetes and developing potential therapeutic interventions.
In mammals, microRNAs (miRNA) are ~22-nucleotide-long noncoding
RNAs that most often repress the expression of target mRNAs post-
transcriptionally through the specific binding to seed regions in their
3’ UTR [13]. A given miRNA generally has hundreds of target mRNAs,
and thus, usually acts by modulating the expression of many target
genes, which can cumulatively lead to major phenotypic consequences
[14]. The miR-200 family (referred to as miR-200 for simplicity)
comprises five miRNAs divided into two genomic clusters: Mir-
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200b~200~429 and Mir-200c~141. These miRNAs can also be
subdivided into two functional families based on their seed region:
miR-200b, miR-200c, and miR-429 share one seed (AAUACUG), and
miR-200a and miR-141 share a seed that differs by a single base
(AACACUG) [15]. miR-200 is highly expressed in islets and has been
previously identified as a regulator of apoptosis and differentiation in
b-cells [16e18]. It has also been extensively studied in the context of
cancer as a regulator of EMT [19], mostly via its repression of the EMT
transcription factor (EMT-TF), Zeb1 [15,20,21]. Interestingly, the
modulation of EMT, mediated by miR-200 and Zeb1, is accentuated by
the reinforcing activity of a double-negative feedback loop that exists
between these two factors [22e24].
Zeb1 is best studied as an EMT-TF that drives tumor invasion and
metastasis [21,25]. In addition, Zeb1 also plays critical roles in wound
healing and embryonic development [26e28]. Zeb1 has only been
studied in a limited manner in islets, namely as a contributor to EMT
and the dedifferentiation of human islets in culture [11]; its function in
b-cells in vivo has not been investigated. Zeb1 is a unique and
intriguing miR-200 target gene, as its 3’ UTR harbors nine conserved
binding sites for miR-200 in mice and eight in humans [29,30]. Fewer
than 2% of miRNA target genes have more than two binding sites for a
particular miRNA [31], and as the site number is correlated with the
repressive activity of miRNAs [13,32], Zeb1 is predicted to be a
particularly robust miR-200 target gene and potentially a major
contributor to miR-200-mediated phenotypes. This was recently
observed in vivo in an insulinoma mouse model, in which dissociation
of Zeb1 mRNA from miR-200 repression phenocopied miR-200-
ablation in mediating a phenotype of tumor dedifferentiation and in-
vasion [25].
Thus, the miR-200 family and Zeb1 have been previously described as
regulators of differentiation, EMT, and survival, all of which are
important modulators of functional b-cell mass in diabetes patho-
physiology. Though the function of miR-200 in b-cells has been
studied in vivo [16], that of Zeb1 has not been addressed. To identify
the role of Zeb1 in b-cells, we utilized a previously generated mouse
model in which miR-200 binding sites in the Zeb1 30UTR are geneti-
cally mutated (Zeb1200), leading to a mild and physiologically relevant
upregulation of Zeb1 mRNA expression [25]. By crossing the Zeb1200

allele into a mouse model with b-cell-specific overexpression of miR-
141e200c (RipmiR-141~200c), we further sought to disentangle the
miR-200 and Zeb1 branches of the double-negative feedback loop.
Using these models, we describe the functions of Zeb1 in regulating
critical aspects of b-cell biology, including islet aggregation, b-cell
identity, insulin secretion, and resistance to apoptosis and ER stress
through the combinatorial regulation of both direct ZEB1 target genes
and miR-200 target genes via the miR-200eZeb1 double-negative
feedback loop.

2. MATERIALS AND METHODS

2.1. Experimental animals
Mice were housed in a pathogen-free animal facility at the Institute of
Molecular Health Sciences in ETH Zürich, in a temperature-controlled
room (22 �C) with humidity at 55%, and on a 12 h lightedark cycle
(lights on from 6:00 to 18:00). Mice were fed standard laboratory chow
and water ad libitum. All ethical regulations were followed, and all
animal experiments were approved by the Kantonale Veterinäramt
Zürich. The generation of mice with mutated miR-200 binding sites in
the Zeb1 30UTR (Zeb1200) was described previously [25], along with
the generation of mice with b-cell-specific overexpression of miR-
141e200c (RipmiR-141~200c) [16].
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2.2. Fasted plasma samples
Mice were fasted for 6 h and blood-sampled from the tail into EDTA-
containing tubes. Samples were centrifuged for plasma separation
(8 min, 10,000�g, 4 �C). Plasma insulin was measured using the Rat
Ultrasensitive Insulin ELISA kit (Alpco), and plasma proinsulin was
measured using the Rat/Mouse Proinsulin ELISA kit (Mercodia).

2.3. Longitudinal measurements and in vivo metabolic testing
All blood glucose measurements were made using a Contour XT
glucometer (Bayer). For longitudinal monitoring, body weight and
random-fed blood glucose were measured weekly at the same time of
day (mid-afternoon). For metabolic tests, mice were fasted for 6 h
before intraperitoneal injection with 2.5 g/kg glucose (IPGTT), 0.9 U/kg
insulin (IPITT), or 2 g/kg pyruvate (IPPTT). Blood glucose was measured
immediately before injection and at 15, 30, 45, 60, 90, and 120 min
post-injection. For in vivo insulin secretion tests, mice were fasted for
6 h and blood-sampled before intraperitoneal injection with 2.5 g/kg
glucose. Blood was further sampled at 15 and 30 min. Plasma insulin
was measured using the Rat Ultrasensitive Insulin ELISA kit (Alpco).

2.4. Primary islet isolation and culture
Islet isolation was performed as previously described [33] with slight
modifications. In brief, 5 mg/mL Liberase TM (Roche) was diluted in
RPMI buffer (Invitrogen) to a concentration of 0.2 mg/mL and perfused
via the common bile duct into the pancreas, which was then removed
and incubated for 17 min at 37 �C. Islets were separated from exocrine
cells by centrifugation with Histopaque 1077 (Sigma) and further pu-
rified using a 70 mm filter (Miltenyi). Islets were handpicked and
cultured in RPMI 1640 containing 11.1 mM glucose and supplemented
with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin.

2.5. Islet reaggregation
Isolated islets were dispersed with 0.25% trypsin and seeded into
GravityPLUS plates (InSphero) at a density of 2000 cells per hanging
drop. Aggregation was allowed to occur for 4 days, at which point
reaggregated islets were dropped into recipient low-attachment wells.
Insulin secretion assays and imaging were performed on the same day
or 1 day after reaggregated islets were dropped. For adenovirus-
treated reaggregated islets, dispersed islets were reaggregated in
the presence of adenovirus particles mixed into the media used for
hanging drop formation (MOI 200).

2.6. Reaggregated islet morphology characterization
Reaggregated islet morphology was analyzed on ImageJ. A variance
filter and the ImageJ auto-threshold were used to generate an outline
of the islet. Circularity was defined as 4p*area/perimeter̂ 2 of this
shape, where 1 represents a perfect circle, and increased tortuosity
decreases circularity.

2.7. Insulin secretion assays
For insulin secretion assays from native islets, islets were isolated from
mice and allowed to recover overnight. Islets were handpicked and
size-matched in pools of ~25e30 islets. Islets were starved in KRBH
buffer in the absence of glucose for 2 h, then incubated with 3.3 mM
glucose KRBH buffer for basal insulin secretion measurements, fol-
lowed by a 1-hour incubation with secretagogues in KRBH buffer (high
glucose, KCl, GLP-1). Supernatants were collected after each incu-
bation and centrifuged to remove any remaining cells. At the end of the
experiment, islets were acid-ethanol extracted (15 mM HCl, 75% EtOH,
0.1% Triton-X) for total insulin content measurements. For insulin
secretion assays from reaggregated islets, a similar process was
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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followed, except assays were performed from single reaggregated
islets in 20 mL hanging drops of KRBH buffer. Insulin measurements
were performed from appropriately diluted samples using the Rat Ul-
trasensitive Insulin ELISA kit (Alpco).

2.8. Cell culture experiments
INS-1E cells were cultured in RPMI 1640 media (Thermo Fisher)
supplemented with 11.1 mM glucose, 10% FBS, 10 mM HEPES, 1 mM
Pyruvate, 50 mM beta-mercaptoethanol, 2 mM Glutamax, and P/S (100
U/mL penicillin and 100 mg/mL streptomycin). For siRNA-knockdown
experiments, cells were reverse-transfected with 20 nM scramble
siRNA or Zeb1 siRNA (Dharmacon, ONTARGETplus SMARTpool) using
RNAiMax (Thermo Fisher). siRNA sequences are listed in Supplemental
Table 1. For adenovirus treatment, INS-1E-containing wells seeded the
previous day were treated with Ad-GFP (control) or Ad-Zeb1 (MOI 5),
and the medium was exchanged 8 h after transduction.

2.9. Thapsigargin ER stress experiments
Islets were isolated and allowed to recover overnight. Islets were then
pooled according to genotype and separated into replicate wells.
Control islets were cultured in standard islet media, and treatment
islets were cultured for 48 h in a high-glucose islet media (25 mM
glucose), followed by 6 or 20 h of treatment with 1 mM thapsigargin
(Sigma). Samples were harvested, washed with PBS, and used either
for RNA or protein extraction. For INS-1E experiments, cells were
treated with 500 nM thapsigargin for 6 h, 60 h after siRNA transfection
or 48 h after adenovirus treatment.

2.10. Immunofluorescence staining
Pancreata were fixed in 4% paraformaldehyde, embedded in paraffin,
and cut into 3.5 mm sections. Antigen retrieval was performed with a
10 mM sodium citrate buffer (pH 6.0). Sections were permeabilized and
blocked in phosphate buffered saline (PBS) containing 0.1% Triton-X-
100, 1% bovine serum albumin (BSA), and 5% donkey or goat
serum. Primary antibody binding was performed overnight at 4 �C,
whereas secondary antibody incubation was performed at room tem-
perature for 1 h. Slides were scanned using a 20� objective on the
Pannoramic 250 Slide scanner (3D Histech). TdT-mediated dUTP-biotin
nick end labeling (TUNEL) staining was performed using the Click-iT
TUNEL Alexa Fluor Imaging Assay (Invitrogen) with the following
modification: after deparaffinization, slides were incubated with Pro-
teinase K for 15 min, rinsed, and immersed in 4% paraformaldehyde for
5 min before continuing with the protocol. Antibodies used for immu-
nofluorescence staining are listed in Supplemental Table 2.

2.11. Image analysis
For the determination of b-cell mass, four pancreatic sections spread
500 mm apart were stained with anti-insulin antibody per mouse.
Slidescanner images were exported in a Pannoramic Viewer (3D
Histech) and analyzed using Qupath [34]. Pancreatic b-cell mass was
calculated as the ratio of the number of b-cells/total number of DAPI
nuclei x pancreas wet weight. For TUNEL analysis, two sections per
mouse were co-stained with the TUNEL assay and anti-insulin anti-
body. Images were analyzed in ImageJ, and data were calculated as %
TUNEL positive nuclei of the total number of b-cells per section.

2.12. Confocal imaging analysis
Immunofluorescence staining was performed to label UCN3 and Insulin
with Cy5 and Alexa 488 fluorophores. Each fluorophore was imaged
sequentially on a Leica SP8 confocal microscope using 633 nm and
488 nm laser lines, and emission was collected with HyD detectors
MOLECULAR METABOLISM 53 (2021) 101267 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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with bandpass filters set to 508e631 nm and 664e784 nm,
respectively. Analysis was performed on ImageJ, where islet areas
were first manually outlined before a Percentile threshold on the Alexa
488 channel was applied to calculate the insulin signal intensity. The
same mask was applied in the Cy5 channel to calculate the UCN3
signal intensity. Similarly, MAFA was labeled with Alexa 633 in the
absence of insulin staining but using the same imaging parameters as
Cy5. The Hoechst nuclear signal was used as a mask applied to the
Alexa 633 channel to determine the MAFA signal intensity per islet.

2.13. miRNA and gene-expression analysis
RNA was extracted using TRI Reagent (SigmaeAldrich). miRNA
expression analysis was performed using miRNA-specific TaqMan
MicroRNA Assays (Thermo Fisher). RNA was reverse transcribed using
the TaqMan MicroRNA Reverse Transcription Kit (Thermo Fisher), and
qPCR was performed with the TaqMan Universal PCR Master Mix No
Amp UNG (Thermo Fisher). For gene-expression analysis, RNA was
reverse transcribed using the High-Capacity cDNA Reverse Tran-
scription kit (Thermo Fisher), and qPCR was conducted using gene-
specific primers and 2x KAPA SYBR FAST qPCR MM (Kapa Bio-
systems). Relative expression values were calculated using the ddCT
and standard curve methods, employing snoRNA202 for miRNA or
mouse 36b4 (Rplp0) for gene-expression normalization in mouse
samples, and miR-16 for miRNA or rat 36b4 (Rplp0) for gene-
expression normalization in rat samples. TaqMan assays and qPCR
primers used are listed in Supplemental Table 1.

2.14. Immunoblotting
Samples were disrupted in RIPA buffer (150 nM NaCl, 1% Triton-X,
50 mM Tris, 0.5% sodium deoxycholate, 0.1% SDS), supplemented
with Complete, EDTA-free Protease inhibitors (Roche) and Halt Phos-
phatase inhibitors (Pierce), and sonicated. Protein concentrations were
measured by bicinchoninic acid assay (BCA). Laemmli buffer was
added to samples, and equal protein amounts were separated by
sodium dodecyl sulfateepolyacrylamide gel electrophoresis (SDS-
PAGE). Samples were transferred by electro-blotting to nitrocellulose
membranes (Protran), and membranes were blocked in 5% milk or 5%
BSA in Tris-buffered saline with Tween-20 (TBS-T) for 1 h. Membranes
were incubated with appropriate antibodies overnight at 4 �C, then
exposed to secondary antibodies for 1 h at room temperature and
developed using ECL Western Blotting Substrate. Band density was
evaluated using ImageJ. Antibodies used for immunoblotting are listed
in Supplemental Table 2. The following proteins were probed together
on the same blot: ZEB1 (Figure 1C), CDH1 (Figure 2F), MAFA (Figure
2B), and control HSP90 (Figures 1C, 2B, 2F); UCN3, PCSK1, and
control TUBULIN (Figure 2B); p-PERK, PERK, p-IRE1a, IRE1a, GRP94,
BiP, CHOP, and control BETA ACTIN (on 2 replicate blots) (Figure 5B);
and pEIF2a, EIF2a, ATF6, and control BETA ACTIN (Figure 5B).

2.15. Adenoviral vectors
Recombinant adenoviruses were based on the human adenovirus type
5 (dE1/E3) backbone. Recombinant adenovirus-expressing pre-miR-
141~200c (Ad-141e200c) was previously described [16]. In brief,
450 bp- and 250 bp-spanning sequences of pre-miR-141~200c were
cloned into pcDNA3 and pAd5 for adenovirus production (Viraquest).
Human Zeb1 adenovirus was purchased from Vectorbiolabs. Control
adenovirus (Ad-Ctrl) includes GFP but lacks a transgene.

2.16. RNA sequencing
For Zeb1200M vs. WT mice, RNA was extracted from islets isolated
from 13-to-15-week-old mice using the Picopure RNA Isolation kit
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 1: Mutation of miR-200-binding sites in Zeb1 leads to regulation of the miR-200eZeb1 feedback loop and strong transcriptional changes in unstressed islets.
(A) Volcano plot depicting log2FC and -log10(FDR) of all expressed genes in Zeb1

200M vs. WT islets. (B) Expression of Zeb1 (FPKM) in WT and Zeb1200M islets. (C) Immunoblotting of
ZEB1 and loading control HSP90 in WT and Zeb1200M islets (n ¼ 1e2 mice per well). (D) Selected canonical pathways derived from Ingenuity analysis of significantly regulated
genes in Zeb1200M vs. WT islets. (E) Cumulative distribution of log2FC of putative Zeb1 targets in Zeb1200M vs. WT islets. (F) Diagram depicting double-negative feedback loop
between miR-200 family and Zeb1. (G, H) Cumulative distributions of log2FC of (G) miR-200c and (H) miR-141 predicted targets subdivided by context þ score in Zeb1200M vs. WT
islets. Data information: (AeB, DeE, GeH) RNA sequencing of Zeb1200M vs. WT islets, n ¼ 4, 13e15 weeks of age. (B) Data are plotted as mean � SD. Significance was
evaluated by two-tailed t-test (B), KolmogoroveSmirnov test (E), and KruskaleWallis test followed by Dunn’s multiple comparisons test (GeH). ns, P > 0.05; *P � 0.05;
**P � 0.01; ***P � 0.001; ****P � 0.0001.
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Figure 2: Zeb1200 mutation drives partial b-cell dedifferentiation and promotes EMT gene expression program in unstressed islets. (A) log2FC and P-values of selected
transcripts in Zeb1200M vs. WT islets pertaining to b-cell differentiation and maturity. (B) Immunoblotting of PCSK1, UCN3, MAFA, and loading controls HSP90 and TUBULIN in WT
and Zeb1200M islets (n ¼ 1e2 mice per well). (C) Representative confocal images of immunofluorescence staining of UCN3 and insulin expression in WT and Zeb1200M islets. Scale
bar ¼ 50 mm. (D) log2FC of mesenchymal EMT genes (mEMT) and epithelial EMT genes (eEMT) in Zeb1200M vs. WT islets. (E) Heatmap depicting log2FC and P-values of selected
EMT transcripts in WT and Zeb1200M islets. (F) Immunoblotting of CDH1, VIM, and loading control HSP90 in WT and Zeb1200M islets (n ¼ 1e2 mice per well). (G) Representative
immunofluorescence staining of insulin and CDH1 in WT and Zeb1200M islets. Scale bar ¼ 50 mm. (H) Representative confocal images of immunofluorescence staining of insulin
and EpCAM in WT and Zeb1200M islets. Scale bar ¼ 50 mm. (I) Representative brightfield microscopy images of reaggregated WT and Zeb1200M islets. Scale bar ¼ 62 mm. (J)
Quantification of circularity as a measure of aggregation efficiency of WT and Zeb1200M reaggregated islets (n ¼ 26e30 reaggregated islets). (K) Insulin secretion expressed as %
of the content of reaggregated WT and Zeb1200M islets following exposure to high glucose and KCl (n ¼ 5e6). (L) Representative brightfield microscopy images of reaggregated
RipmiR-141~200c and RipmiR-141~200c Zeb1200M islets. Scale bar ¼ 62 mm. (M) Insulin secretion expressed as % of the content of reaggregated RipmiR-141~200c Zeb1200M

and Zeb1200M islets following exposure to high glucose (n ¼ 11). (N) Insulin secretion expressed as % of the content of reaggregated Zeb1200M islets transduced with control, miR-
141e200c, or Zeb1 adenovirus during the reaggregation process and stimulated with high glucose (n ¼ 11e12). Data information: (A, DeE) RNA sequencing of Zeb1200M vs.
WT islets, n ¼ 4, 13e15 weeks of age. Data are plotted as (A) mean � 95% confidence intervals and (D) mean with an overlay of log2FC of individual transcripts, (JeK, MeN)
mean � SD. Significance was evaluated by quasi-likelihood differential expression test (A, E), KruskaleWallis test followed by Dunn’s multiple comparisons test (D), unpaired t-
test (J), and two-way ANOVA followed by Sidak’s multiple comparisons test (K, MeN). *P � 0.05; **P � 0.01; ***P � 0.001; ****P � 0.0001.
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Figure 3: Zeb1200M mice have increased circulating proinsulin, and ex vivo Zeb1200M islets have defective insulin secretion. (A) Representative immunofluorescence
staining of insulin and glucagon in WT and Zeb1200M islets. Scale bar ¼ 100 mm left, 50 mm right. Signal intensity has been boosted to reveal islet morphology. (BeE) Fasted
plasma (B) insulin and (C) proinsulin levels and (D) proinsulin/insulin ratio in adult mice and (E) aged mice (60 weeks). (F) Heatmap depicting log2FC and P-values of genes
involved in different aspects of insulin secretion in WT and Zeb1200M islets. (GeI) Ex vivo insulin secretion assays of WT and Zeb1200M islets exposed to (G) high glucose, (H) KCl,
and (I) GLP-1. (J) Representative microscopy image of isolated WT and Zeb1200M islets (100x). Data information: (F) RNA sequencing of Zeb1200M vs. WT islets, n ¼ 4, 13e15
weeks of age. (BeE, GeI) Data are plotted as mean � SD. Significance was evaluated by a two-tailed t-test (BeE), quasi-likelihood differential expression test (F), and two-way
ANOVA followed by Sidak’s multiple comparisons test (GeI). *P � 0.05; **P � 0.01; ***P � 0.001; ****P � 0.0001.
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Figure 4: Zeb1200 mutation partially inhibits miR-141~200c-induced apoptosis. (A) Longitudinal random fed blood glucose measurements of RipmiR-141~200c, RipmiR-
141~200c Zeb1200H, and RipmiR-141~200c Zeb1200M mice (n ¼ 22, 14, 13, respectively). (B) Fasted plasma insulin of RipmiR-141~200c and RipmiR-141~200c Zeb1200M mice
(n ¼ 8e10, 18 weeks of age). (C) b-cell mass of RipmiR-141~200c and RipmiR-141~200c Zeb1200M mice (n ¼ 5 mice, 18 weeks of age). (D) Representative insulin
immunofluorescence staining in pancreatic sections of 18-week-old RipmiR-141~200c and RipmiR-141~200c Zeb1200M mice. (E) % Tunel-positive b-cells in RipmiR-141~200c
and RipmiR-141~200c Zeb1200M islets (n ¼ 8 pancreatic sections, 6 weeks of age). (F) Representative Insulin/TUNEL immunofluorescence staining in pancreatic sections of 6-
week-old RipmiR-141~200c and RipmiR-141~200c Zeb1200M mice. (G) Subcategories of top-ranked molecular and cellular function “cell death and survival” derived from
Ingenuity analysis and ranked by P-value in RipmiR-141~200c Zeb1200M vs. RipmiR-141~200c islets. (H) Significantly regulated apoptosis signaling genes in RipmiR-141~200c
Zeb1200M vs. RipmiR-141~200c islets. “T” depicts genes that are putative Zeb1 target genes. Data information: (GeH) RNA sequencing of RipmiR-141~200c Zeb1200M vs.
RipmiR-141~200c islets, n ¼ 4e5, 6 weeks of age. (AeC, E) Data are plotted as mean � SD. Significance was evaluated by two-way ANOVA followed by Dunnett’s multiple
comparisons test (A), one-tailed t-test (B), and two-tailed t-test (C, E). *P � 0.05; **P � 0.01; ***P � 0.001; ****P � 0.0001.
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Figure 5: Zeb1200 mutation blunts ER stress signaling. (A) Heatmap depicting log2FC and P-values of ER stress sensors, ER chaperones, and ERAD components in WT and
Zeb1200M islets. (B) Western blots showing induction of ER stress signaling in WT and Zeb1200M islets (n ¼ 6e8 mice per genotype, pooled) cultured with high glucose for 48 h
followed by thapsigargin (Tg) treatment (6 h for upper 8 blots, 20 h for lower 4 blots). (CeD) Western blot densitometry quantification of (C) pIRE1a/b-ACTIN and (D) CHOP/b-
ACTIN. (EeF) qPCR measurement of Xbp1 splicing in islets treated with high glucose (48 h) and Tg (6 h) via quantification of spliced Xbp1 (Xbp1s) over total Xbp1 (Xbp1t) in (E)
islets of WT and Zeb1200M mice (n ¼ 4 mice per genotype, pooled) and (F) islets of WT, Zeb1200M, RipmiR-141~200c and RipmiR-141~200c Zeb1200M littermate mice (n ¼ 2e5
mice per genotype, pooled). (GeL) qPCR measurement of (G) Xbp1s/Xbp1t, (H) Ern1/36b4, and (K) miR-200c/miR-16 in INS-1E cells transduced with control adenovirus or Zeb1-
overexpressing adenovirus and treated with DMSO or Tg (6 h); and (I) Xbp1s/Xbp1t, (J) Ern1/36b4 (L) miR-200c/miR-16 in INS-1E cells transfected with control siRNA or Zeb1-
siRNA and treated with DMSO or Tg (n ¼ 4). Data information: (A) RNA sequencing of Zeb1200M vs. WT islets, n ¼ 4, 13e15 weeks of age. (CeL) Data are plotted as
mean � SD. Significance was evaluated by quasi-likelihood differential expression test (A), and one-way ANOVA followed by Tukey’s multiple comparisons test (EeJ), with
significance only shown for most relevant comparisons. P > 0.05; *P � 0.05; **P � 0.01; ***P � 0.001; ****P � 0.0001.
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(ThermoFisher). Library preparation was performed using the TruSeq
Stranded mRNA Library Prep Kit (Illumina). For RipmiR-141~200c
Zeb1200M vs. RipmiR-141~200c, RNA was extracted from islets
isolated from 6-week-old mice using TRI-Reagent (SigmaeAldrich),
followed by purification using the Picopure RNA Isolation kit (Ther-
moFisher). Library preparation was performed using the Smartseq II
kit (Illumina). Libraries were sequenced on an Illumina Novaseq
6000 at the Functional Genomics Center Zürich (FGCZ).

2.17. Data availability
RNA sequencing data of Zeb1200M vs. WT islets and RipmiR-141~200c
Zeb1200M vs. RipmiR-141~200c islets are available at ArrayExpress
under accession numbers E-MTAB-10535 and E-MTAB-10537,
respectively.

2.18. Statistical analysis
Statistical analysis was performed using GraphPad Prism 9.0. Data are
represented as mean � SD unless otherwise stated. Details regarding
statistical tests used and biological and technical replicates are indi-
cated in the respective figure legends. Statistical significance is indi-
cated as * P � 0.05; **P � 0.01; ***P � 0.001; ****P � 0.0001.
Animals in experiments were age-matched, and littermates were used
whenever possible.

2.19. Bioinformatic analysis
RNA sequencing data analysis was performed by the Functional Ge-
nomics Center Zürich. In brief, raw reads were cleaned by removing
adapter sequences, trimming low-quality ends, and filtering low-
quality reads (phred quality <20) using Trimmomatic (Version 0.36)
[35]. The sequence pseudo alignment of the resulting high-quality
reads to the mouse reference genome (GRCm38.p6) and gene level
expression quantification (gene models from GENCODE release M32)
were carried out using Kallisto (version 0.44) [36]. Differentially
expressed genes were identified using R package edgeR (Bio-
conductor, Version 3.10) [37] by using a generalized linear model (glm)
regression, a quasi-likelihood (QL) differential expression test, and the
trimmed means of M-values (TMM) normalization. Pathway enrich-
ment analysis and upstream regulator analysis were performed using
Ingenuity (Qiagen). Motif analysis of Zeb1200M vs. WT sequencing data
was performed using ISMARA [38]. Predicted miR-200c and miR-141
target genes were identified using Targetscan v6.2 [29,30]. Heatmaps
were generated using the online tool Morpheus (Broad Institute,
https://software.broadinstitute.org/morpheus) and represent the
log2FC of normalized counts of individual samples vs. the average
normalized counts for each gene.

3. RESULTS

3.1. Mutation of miR-200-binding sites in Zeb1 leads to regulation
of the miR-200eZeb1 feedback loop and strong transcriptional
changes in unstressed islets
To better understand the function of Zeb1 in b-cells and define its
contribution to miR-200-mediated phenotypes, we performed tran-
scriptional analysis of islets isolated from mice homozygous for the
Zeb1200 mutation (Zeb1200M) and WT littermates. We identified 2408
downregulated and 2212 upregulated genes, with the highest ampli-
tude fold-change among downregulated genes (Figure 1A). Zeb1 mRNA
levels increased ~2-fold (log2FC ¼ 0.989, p ¼ 5.116e-09) (Figure 1B)
and ZEB1 protein levels increased ~6-fold (Figure 1C, Supplemental
Figure 1A), confirming Zeb1 derepression upon the mutation of its
endogenous miR-200-binding sites. Significantly regulated canonical
MOLECULAR METABOLISM 53 (2021) 101267 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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functions determined by Ingenuity analysis included terms relating to
insulin secretion signaling, epithelial adherens junctions, unfolded
protein response, endoplasmic reticulum stress pathway, and oxidative
stress response, all with negative Z-scores signifying decreased activity
(Figure 1D, Supplemental Figure 1B).
An analysis of an existing ChIP dataset performed in epithelial cells [39]
showed significant downregulation of putative ZEB1 target genes in
Zeb1200M vs. WT islets (Figure 1E), consistent with ZEB1’s primary role
as a transcriptional repressor [40,41]. Though Zeb1 is a direct target of
miR-200, it also binds to E-box and Z-box domains in the promoter
regions of both miR-200 genomic clusters and decreases their
expression, effectively engaging in a double-negative feedback loop
with the miR-200 family [22e24] (Figure 1F). As previously observed
in an insulinoma mouse model [25], Zeb1 overexpression driven by
homozygous Zeb1200 mutation led to a strong repression of all 5
members of the miR-200 family but not of control miR-16
(Supplemental Figure 1CeH). As a result, the predicted target genes
harboring miR-200c and miR-141 seed regions were derepressed
(Figure 1GeH). Interestingly, unbiased analysis of all differentially
expressed genes in Zeb1200M vs. WT islets using ISMARA, which
identifies key transcription factors and miRNAs driving gene expression
changes [38], ranked ZEB1 as the top regulator and the miR-200b/
200c/429 seed in the second position, while the miR-141/200a
seed was only in position 44 (Supplemental Figure 1I). This result
confirmed the more potent role of the miR-200c seed compared to the
miR-141 seed in this context, which was also reflected in the target
gene derepression (Figure 1GeH) and previously observed in islets and
insulinomas [16,25]. In summary, dissociation of Zeb1 from the
repressive function of the miR-200 family in unstressed islets led to
strong and consistent transcriptional changes affecting multiple as-
pects of b-cell biology, likely resulting from regulation of both direct
Zeb1 target genes and the secondary regulation of miR-200 target
genes by ZEB1 via the double-negative feedback loop.

3.2. Zeb1200 mutation drives partial b-cell dedifferentiation and
promotes EMT gene expression program in unstressed islets
Based on the well-studied role of Zeb1 in regulating EMT and dedif-
ferentiation in cancer [21,42], we next focused on those pathways in
unstressed islets. In Zeb1200M islets, expression levels of some critical
b-cell differentiation markers were significantly reduced compared to
WT islets, including Hnf4a, Glut2, Kir6.1, Pcsk1, Gjd2 (Cx36), Ins1,
Ins2, and Foxo1, indicating a partial loss of identity [43,44]. In addition,
Mafb and Mct1, which are enriched in immature neonatal b-cells
compared to mature adult b-cells [45], were more highly expressed in
adult Zeb1200M vs. WT islets, whereas Ucn3, a marker of functional
maturity in b-cells [43], was decreased to 38.5% of its WT levels, a
gene expression pattern indicative of reduced functional maturation in
Zeb1200M islets (Figure 2A). Surprisingly, Mafa and Esrrg, two drivers
of functional maturation of b-cells, were overexpressed in Zeb1200M

islets compared to WT. However, known targets of Mafa, including
Ins2, Slc2a2, Pdx1, Nkx6-1, and Pcsk1 [46], were either decreased in
expression or not regulated, suggesting a lack of transcriptional con-
sequences of this upregulation ofMafa. Transcriptional regulation of b-
cell differentiation markers was further confirmed at the protein level
by immunoblotting and immunofluorescence staining, revealing a
decreased expression of pro-PCSK1 and mature PCSK1, UCN3, and
Insulin expression in Zeb1200M compared to WT islets, as well as a
subtle increase in MAFA expression (Figure 2BeC; Supplemental
Figure 2AeG). Together, these data reveal that Zeb1200M islets ex-
press markers of partial dedifferentiation and reduced functional
maturation compared to WT islets.
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9

https://software.broadinstitute.org/morpheus
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Original Article
As described above, the miR-200 family and Zeb1 negatively regulate
each other transcriptionally (Figure 1F, Supplemental Figure 1CeH),
obscuring the distinction between direct Zeb1 functions and indirect
functions via the miR-200 family. To resolve these two branches, we
crossed the Zeb1200 locus into RipmiR-141~200c mice that over-
express the miR-141e200c cluster in b-cells, which leads to an in-
crease in the expression of miR-141 and miR-200c ~4e6 fold
compared to WT animals [16]. Notably, the RipmiR-141~200c trans-
gene is not subject to repression by ZEB1, enabling the generation of
mice with derepressed Zeb1 and a sustained expression of miR-200c
and miR-141 (Supplemental Figure 2HeL), the two most highly
expressed miRNAs of the miR-200 family [16]. In contrast to Zeb1200M

vs. WT islets, expression levels of Ins1, Ins2, and other b-cell differ-
entiation markers were not decreased in RipmiR-141~200c Zeb1200M

vs. RipmiR-141~200c islets, while functional maturity markers were
similarly deregulated (Supplemental Figure 2M). In relation to the miR-
200eZeb1 axis, this suggests that b-cell identity is controlled by miR-
200 target genes other than Zeb1, while functional maturation is
mainly dependent on ZEB1 target genes independent of the miR-200
family. This observation is in line with previous data in an insuli-
noma mouse model, in which tumors and metastases were more
frequently insulin-positive upon miR-200-reexpression [25].
Analysis of core EMT genes obtained in a meta-analysis of 18 studies
[47] in Zeb1200M vs. WT islets revealed a significant increase in the
expression of EMT genes associated with a mesenchymal state
(mEMT) and a significant decrease in the expression of genes asso-
ciated with an epithelial state (eEMT; Figure 2D). Mesenchymal marker
Vim, EMT-TFs Zeb2 and Snai1, and mesenchymal cadherin Cdh2 were
significantly upregulated, while in parallel, epithelial junction proteins
such as Ocln, Cdh1, Epcam, and Dsp were strongly downregulated in
Zeb1200M islets, down to 27% (Ocln), 16% (Cdh1), or only 3% (Epcam,
Dsp) of their WT mRNA levels (Figure 2E). Importantly, an increased
expression of VIM and decreased expression of CDH1 and EpCAM were
further confirmed at the protein level (Figure 2 FeH, Supplemental
Figure 2 NeO). Interestingly, in the RipmiR-141~200c background,
sustained miR-200 expression combined with Zeb1200M led to a less
consistent increase in mEMT gene expression but a similar reduction in
eEMT gene expression (Supplemental Figure 2PeQ). This finding is
consistent with the direct repression of eEMT genes such as Cdh1 and
Epcam by ZEB1 [27,48] and is independent of miR-200 expression.
Several studies have shown that junctional proteins, particularly E-
cadherin (CDH1), are crucial for the proper aggregation of b-cell lines
into pseudoislets in vitro [49e51]. To determine whether the tran-
scriptional changes in Zeb1200M islets perturb aggregation in vitro, we
dispersed islets isolated from Zeb1200M and WT mice and reag-
gregated them using a hanging drop method, beginning with an equal
number of cells (2000 cells). We utilized commercially available plates
optimized to generate highly consistent, functional, and size-matched
islet spheroids for this procedure. Dispersed Zeb1200M islet cells
reaggregated into islets, though they had a looser, less defined
appearance than reaggregated WT islets (Figure 2I). In line with their
reduced aggregation and compaction, Zeb1200M reaggregated islets
had a less circular shape than WT reaggregated islets (Figure 2J).
Functionally, Zeb1200M reaggregated islets demonstrated impaired
insulin secretion upon exposure to high glucose or KCl (Figure 2K),
whereas basal insulin secretion and total insulin content were un-
changed (Supplemental Figure 2R), confirming the importance of celle
cell contacts and adhesion in insulin secretion [52e54].
To further explore the role of miR-200 target genes vs. direct ZEB1
target genes in aggregation, we repeated this experiment starting
from RipmiR-141~200c Zeb1200M and RipmiR-141~200c islets.
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Surprisingly, the overexpression of miR-200 (Supplemental
Figure 2SeT) rescued the looser appearance of Zeb1200M reag-
gregated islets (Figure 2L) and increased insulin secretion
(Figure 2M). These results suggest that though expression of key
epithelial junction proteins, such as Cdh1, was strongly reduced in
both Zeb1200M vs. WT islets and RipmiR-141~200c Zeb1200M vs.
RipmiR-141~200c islets, other adhesion and junction proteins also
play important roles in islet cell aggregation. Furthermore, numerous
genes belonging to the Ingenuity term “cell adhesion,” which were
differentially expressed in Zeb1200M vs. WT islets, were not signifi-
cantly regulated in RipmiR-141~200c Zeb1200M vs. RipmiR-
141~200c islets (Supplemental Figure 2UeV), offering additional
possible candidates that might explain the observed differences in
aggregation.
Finally, we sought to determine whether miR-141e200c adenoviral
transduction in dissociated Zeb1200M islets during reaggregation would
lead to similar results. Treatment with adenovirus overexpressing miR-
141e200c to levels similar to RipmiR-141~200c Zeb1200M reag-
gregated islets (Supplemental Figure 2SeT) led to no significant
improvement in reaggregated islet appearance compared to control
adenovirus or adenovirus expressing Zeb1 (Supplemental Figure 2W).
This finding is perhaps due to a developmental defect that could not be
rescued by miR-200 overexpression in adult islets or the delay in
adenoviral overexpression in relation to the early stages of the reag-
gregation process. However, we did detect a mild increase in insulin
secretion upon miR-141~200c re-expression (Figure 2N), again con-
firming a role for the miR-200 family in regulating b-cell function.

3.3. Zeb1200M mice have increased circulating proinsulin, and
ex vivo Zeb1200M islets have defective insulin secretion
The Zeb1200 mutation led to many transcriptional changes in islets,
inducing gene expression patterns indicative of partial dedifferentiation
and EMT (Figure 2AeH) and suggestive of potential perturbation of
insulin secretion and the unfolded protein response (UPR) (Figure 1D).
Therefore, we sought to determine the in vivo impact of the Zeb1200M

mutation in a metabolic context. Immunofluorescence staining of
Zeb1200M and WT pancreatic sections revealed no apparent change in
islet morphology or the distribution of a- and b-cells (Figure 3A),
suggesting no major developmental defects of the endocrine pancreas
were due to Zeb1 overexpression. In addition, b-cell-mass was un-
changed (Supplemental Figure 3A). Zeb1200M mice displayed no sig-
nificant metabolic changes: longitudinal blood glucose and body weight
were unaltered (Supplemental Figure 3BeC), and glucose tolerance,
insulin tolerance, and pyruvate tolerance were normal (Supplemental
Figure 3DeG). Interestingly, while Zeb1200M mice had normal fasted
plasma insulin levels (Figure 3B), they had significantly higher proinsulin
levels (Figure 3CeD), an effect that became more pronounced with age
(Figure 3E), suggesting a defect in proinsulin processing.
Ingenuity analysis of Zeb1200M vs. WT islet RNA sequencing data
identified the “insulin secretion signaling pathway” as the canonical
function with the most significant p-value and assigned it a negative Z-
score (Supplemental Figure 1B). In line with the observed increase in
plasma proinsulin in Zeb1200M mice (Figure 3CeE), Zeb1200M islets had
decreased expression of several genes involved in proinsulin pro-
cessing, including prohormone convertase Pcsk1 and components of
the SSR and Sec61 translocon, involved in the translocation of pre-
proinsulin into the ER (Figure 3F) [55]. In addition, transcripts in other
components of the insulin secretion signaling pathway had decreased
expression as well, including glucose transporter Glut2 (Slc2a2),
junctional components such as Cx36 and Cdh1 that are key for celle
cell communication in a coordinated insulin secretion response, and
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exocytosis-related genes such as Rab27a (Figure 3F) [53,56]. To
determine the in vivo effects of the Zeb1200M mutation on insulin
secretion, we injected fasted Zeb1200M and WT mice with a glucose
bolus and measured plasma insulin 15 and 30 min later. Insulin levels
before and after glucose injection were similar in Zeb1200M and WT
mice, suggesting no defect in in vivo insulin secretion, and thus, likely
reflecting an ability for the islets to compensate for these deficiencies
(Supplemental Figure 3HeI). Intriguingly, insulin secretion from isolated
islets was reduced in Zeb1200M islets upon high glucose, KCl, and GLP-
1 treatment compared to WT islets (Figure 3GeI), in line with the
transcriptional perturbations of the insulin secretory network and the
reduced expression of Glut2 and Glp1r (Figure 3F). Of note, isolated
islets from Zeb1200M mice exhibited a less defined appearance than WT
islets, suggesting that the isolation process may exacerbate junctional
defects mediated by Zeb1 overexpression, reducing cellecell
communication and contributing to defects in insulin secretion as
observed with the reaggregated islets (Figures 3J and 2K).

3.4. Zeb1200 mutation partially inhibits miR-141e200c-induced
apoptosis
In b-cells, it was previously shown that the in vivo overexpression of
miR-141e200c under the rat insulin promoter (RipmiR-141~200c)
leads to b-cell apoptosis and hyperglycemia in mice through the
downregulation of a network of anti-apoptotic genes [16]. Interestingly,
the derepression of Zeb1 in this model (RipmiR-141~200c Zeb1200M)
led to a blunted increase in longitudinal blood glucose (Figure 4A), a
mild increase in fasted plasma insulin (Figure 4B), and reduced body
weight loss (Supplemental Figure 4A) compared to RipmiR-141~200c
and RipmiR-141~200c Zeb1200H mice (heterozygous for the Zeb1200

mutation). b-cell-mass was significantly higher in RipmiR-141~200c
Zeb1200M mice than in RipmiR-141~200c mice (Figure 4CeD), and
TUNEL staining at 6 weeks of age suggested a mild decrease in the
percent of apoptotic b-cells (Figure 4EeF). Ingenuity analysis of mo-
lecular and cellular functions of RipmiR-141~200c Zeb1200M vs.
RipmiR-141~200c islets identified “cell death and survival” as the top
regulated function (Supplemental Figure 4B). Within this category,
apoptosis was the most significantly regulated term and was assigned
a negative Z-score, in support of a gene expression program of
reduced apoptosis upon Zeb1 mutation, while cell viability was also
highly significant and assigned a positive Z-score (Figure 4G).
Mechanistically, only one of the four anti-apoptotic genes previously
identified in the RipmiR-141~200c model [16] was significantly
increased in expression (Supplemental Figure 4C). In contrast, two of
the identified Trp53-targets, Bax and Phlda3, which were upregulated
in RipmiR-141~200c vs. WT islets, were downregulated upon
Zeb1200M mutation (Supplemental Figure 4D). Though the regulation of
these transcripts likely contributes to the observed reduction in
apoptosis in RipmiR-141~200c Zeb1200M islets, numerous additional
apoptosis signaling genes were significantly regulated in RipmiR-
141~200c Zeb1200M vs. RipmiR-141~200c islets (Figure 4H), a ma-
jority in an anti-apoptotic manner, suggesting a more complex
mechanism. Interestingly, some of these genes have been identified as
putative Zeb1 target genes in ChIP experiments (Figure 4H, marked
with T) [39,57], while Bcl2l11 (Bim) has been demonstrated in
particular to be a direct ZEB1 target involved in apoptosis resistance in
cancer models [58,59].

3.5. Zeb1200 mutation blunts ER stress signaling
Ingenuity analysis of Zeb1200M vs. WT islet RNA-sequencing data
identified the UPR and ER stress response pathways as two signifi-
cantly regulated canonical functions with negative Z-scores (Figure 1D).
MOLECULAR METABOLISM 53 (2021) 101267 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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Independently, unbiased causal analysis of all transcriptional changes
in Zeb1200M vs. WT islets using Ingenuity ranked Xbp1 as the top
upstream regulator of this dataset, with an activation Z-score
of �8.468 and p-value of 1.99e-44. Transcriptional analysis of un-
stressed Zeb1200M vs. WT islets revealed significantly decreased
expression of transcripts at all levels of the ER stress response
pathway. At the level of ER stress sensing, all 3 branches (Ire1a-Xbp1,
Atf6, and Eif2ak3/Perk) had reduced expression. ER chaperones such
as Hspa5 (BiP), Pdia6, and Calr, which have known roles in proinsulin
folding [60], and ERAD components including Derl3 and Sel1l were also
reduced in expression (Figure 5A, Supplemental Figure 5A). This
decrease in the expression of UPR genes and folding machinery may
explain the increased circulating plasma proinsulin levels in Zeb1200M

vs. WT mice (Figure 3CeE). Interestingly, RipmiR-141~200c Zeb1200M

mice also had an increased ratio in fasted circulating proinsulin/insulin
levels compared to RipmiR-141~200c mice, suggesting that Zeb1
targets other than miR-200 contribute to this defect in proinsulin
processing (Supplemental Figure 5B).
All the transcriptional patterns described above occurred in unstressed
islets, suggesting that subjecting Zeb1200M and WT islets to ER stress
may reveal relevant functional consequences. Treatment of islets with
thapsigargin (Tg), a commonly used ER-stress inducer, led to the
blunted activation of IRE1a, GRP94, EIF2a, and CHOP in Zeb1200M

islets compared to WT islets (Figure 5BeD, Supplemental Figure 5Ce
J) and reduced Xbp1 splicing measured by a decrease in spliced Xbp1
(Xbp1s) over total Xbp1 (Xbp1t; Figure 5E) [61]. Thus, in accordance
with the transcriptional changes described, Zeb1200M islets displayed
resistance to chemically induced ER stress. Intriguingly, in the RipmiR-
141~200c background, the decreased Xbp1 splicing upon Zeb1200

mutation was lost (Figure 5F), suggesting the resistance to ER stress
is, at least partially, mediated via ZEB1 regulation of miR-200.
To confirm that ZEB1 directly regulates Xbp1 splicing, we manipulated
Zeb1 levels in the INS1E b-cell line, followed by Tg treatment. The
overexpression of Zeb1 led to a mild decrease in Xbp1 splicing and a
downward trend in Ern1 (Ire1a) expression (Figure 5GeH,
Supplemental Figure 5K), whereas Zeb1-knockdown (KD) led to the
inverse effect, notably increased Xbp1 splicing and increased Ern1
expression (Figure 5IeJ, Supplemental Figure 5L). To determine the
dependency on miR-200 in these scenarios, we further quantified the
expression levels of the miR-200 family. Zeb1 overexpression did not
downregulate miR-200c, miR-141, or miR-200a expression in these
experimental conditions (Figure 5K, Supplemental Figure 5M�N),
presumably due to the stability of mature miRNAs, whereas Zeb1-KD
led to the derepression of miR-200c, miR-141, and miR-200a
(Figure 5L, Supplemental Figure 5OeP). These results, generated in
a transformed b-cell line, emphasize that the miR-200eZeb1 axis
regulates the response to ER stress in a cell-autonomous manner and
that this regulation is likely mediated by both miR-200 target genes
and ZEB1 target genes.

4. DISCUSSION

Although the miR-200eZeb1 axis has been extensively studied in the
context of cancer progression, studies in the realm of pancreatic islets
and metabolism are scarce. Here we sought to determine the role of
Zeb1 in islet development, function, and survival by dissociating it from
its repressor, the miR-200 family. Genetic mutation of all miR-200
binding sites in the Zeb1 30UTR induced an upregulation of Zeb1
expression z2-fold in murine b-cells, which was sufficient to induce
extensive and consistent transcriptional changes in islets, affecting key
pathways such as insulin secretion, cellecell junction remodeling and
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signaling, and ER stress response. Interestingly, in unstressed con-
ditions, these transcriptional changes did not lead to pronounced
morphological or metabolic consequences in vivo, demonstrating the
remarkable plasticity and extraordinary ability of islets to compensate
and maintain their function. In contrast, in pro-apoptotic conditions,
Zeb1 overexpression provided a protective effect.
A few previous studies have examined the function of the miR-200e
Zeb1 axis in islets. miR-200 levels are overexpressed in ob/ob mice
[16,17], in parallel with a decrease in Zeb1 expression [17]. Further-
more, the overexpression of the miR-141e200c cluster in vivo induced
b-cell apoptosis [16], concurring with in vitro data demonstrating that
the overexpression of miR-200b or Zeb1-KD induces apoptosis in INS-
1 cells [17]. Inhibition of miR-141~200c expression led to a reduction
in luciferase activity of an insulin reporter [62], and a recent study
identified miR-200a as a key regulator of b-cell differentiation [18].
Finally, increased Zeb1 expression was associated with EMT in the
in vitro expansion of human islets [11]. Therefore, our results are in
concordance with previous studies and add to the role of the miR-
200eZeb1 axis in b-cell function, differentiation, and survival. We
further identify novel functions of the miR-200eZeb1 axis in regulating
aggregation, UPR, and the ER stress response in islets.
Distinguishing the respective contributions of the miR-200 and Zeb1
branches of the miR-200eZeb1 axis is complicated by their involve-
ment in a double-negative feedback loop [22,23]. This loop has pri-
marily been studied in a cancer context [25,63] and is, therefore,
interesting to observe that in unstressed conditions, a z2-fold in-
crease in Zeb1 expression leads to a profound downregulation of all
five miR-200 family members by z 90%. To distinguish functions of
direct ZEB1 target genes and miR-200 target genes indirectly regu-
lated via the feedback loop, we studied the pathways identified in
Zeb1200M vs. WT islets in the RipmiR-141~200c background, in which
miR-141~200c is re-expressed and not subject to repression by ZEB1.
Some transcriptional patterns, such as strongly reduced Cdh1 and
Epcam expression, were maintained in the RipmiR-141~200c back-
ground, whereas others such as reduction of Ins1 and Ins2 expression
were lost. Furthermore, reduced Xbp1 splicing upon thapsigargin
treatment of Zeb1200M vs. WT islets was also lost, whereas apoptosis
resulting from miR-141~200c overexpression in b-cells was partially
mitigated via Zeb1200 mutation. The results of this study suggest that
Zeb1 function in b-cells is exerted via a combination of direct ZEB1
target genes (other than miR-200) and indirect regulation of miR-200
target genes. In reality, the complexity of regulation is even more
intricate, as ZEB1 has also been found to regulate the expression of
numerous other miRNAs, either by binding their promoters directly
(i.e., miR-1199) or indirectly (i.e., miR-34a). Intriguingly, miR-34a
likely plays a role in b-cell apoptosis [64,65], thus confirming the
potential relevance of these additional layers of regulation in b-cell
function and survival.
The high sensitivity and evolutionary conservation of the miR-200e
Zeb1 double-negative feedback loop reflect its important biological
function. Double-negative feedback loops are particularly powerful in
reinforcing and maintaining the establishment of either state in a
bistable system [66]. Interestingly, several examples of double-
negative feedback loops between miRNAs and transcription factors
involved in the regulation of developmental processes and differenti-
ation exist, reflecting evolutionary pressure for network motifs that
combine both post-transcriptional and transcriptional regulation [67].
For the miR-200eZeb1 loop and EMT, miR-200 promotes an epithelial
state, and ZEB1 promotes a mesenchymal state; due to the reinforcing
activity of this double-negative feedback loop, an upstream signal can
more efficiently induce a shift into either state [23]. In contrast to some
12 MOLECULAR METABOLISM 53 (2021) 101267 � 2021 The Author(s). Published by Elsevier GmbH. T
double-negative feedback loops [67,68], the miR-200eZeb1 double-
negative feedback loop is reversible, conferring a certain degree of
plasticity depending on the stimulus [23,24], which is important in the
context of EMT. Though EMT plays critical roles in establishing the
mesenchymal cell fate during embryonic development [69], it is also
involved in keratinocyte migration and re-epithelialization during
wound healing [26], a process that requires reversibility to return to the
original epithelial state. In the context of islets and differentiation, the
reversibility of the miR-200eZeb1 feedback loop may enable adult
mature b-cells to undergo mild dedifferentiation in order to proliferate
during pregnancy- or obesity-associated b-cell compensation, before
reverting to a more mature state. This finding would be in line with
previous observations in vivo and in vitro that proliferating b-cells have
decreased expression of b-cell identity and maturity markers [70e72].
A comparative transcriptomic analysis of WT and Zeb1200M islets
revealed gene expression patterns indicative of EMT, dedifferentiation,
and defects in insulin secretion, all of which could lead to perturbations
in islet morphology and function. EMT is thought to be involved in the
development of mouse, sheep, and human endocrine pancreases and
coalescence of islets [73,74]. The function of Cdh1, the most highly
expressed cadherin in islets and a direct target of ZEB1, has been
studied: specifically, overexpression of a dominant-negative truncated
CDH1 mutant was found to perturb islet formation in vivo [75]. Two
later loss-of-function studies, however, demonstrated that Cdh1 was
dispensable for proper islet formation [76,77]. In support of the latter
two studies, Zeb1200M mice had morphologically normal islets, despite
a strong downregulation of Cdh1, pointing toward a likely compen-
satory mechanism by other adhesion proteins. In the context of b-cell
identity and function, despite downregulation of key b-cell differenti-
ation markers and gene expression patterns indicative of functional
immaturity and insulin secretory defects in islets, Zeb1200M mice had
normal blood glucose and insulin levels and displayed no impairment
in insulin secretion in vivo. Therefore, it seems that b-cells can
compensate for a certain degree of dedifferentiation in vivo. Under-
standing the mechanisms of dedifferentiation and its functional con-
sequences is highly relevant, as b-cell-dedifferentiation is thought to
complement apoptosis as a mechanism for the loss of functional b-
cell-mass, contributing to hyperglycemia in T2D [4]. Furthermore, b-
cell-dedifferentiation is important in the field of b-cell transplantation,
as in vitro expansion of human b-cells has been shown to lead to
dedifferentiation [10,11,78,79]. Notably, in line with the results of this
study, increased Zeb1 and Zeb2 were found in dedifferentiating human
islets in culture [11], while miR-200a drives b-cell differentiation [18],
thus supporting the role of the miR-200eZeb1 axis as an important
regulator of b-cell identity.
One intriguing result of this study was that the defect in the aggregation
of dissociated Zeb1200M islets was lost in the RipmiR-141~200c
background. Zeb1 has been thoroughly studied as a driver of EMT,
notably via its direct repression of epithelial junction proteins such as
Cdh1 and Epcam [27,48]. Importantly, the strong downregulation of
these transcripts and other epithelial adhesion proteins by the Zeb1200M

mutation was maintained in the RipmiR-141~200c background, con-
firming their direct repression by ZEB1. The function of Cdh1 has been
studied in the context of aggregation and insulin secretion. Several
studies demonstrated that the aggregation of Min6 cells into pseu-
doislets was perturbed by an antibody blockade of CDH1 [50,51] or
antisense inhibition [49]. Though we also observed a disruption of
reaggregation of islets with overexpressed Zeb1 and reduced Cdh1,
this effect was lost upon miR-141~200c overexpression, whereas
Cdh1 was still strongly repressed. This result suggests the importance
of the many other adhesion proteins expressed in islets in in vitro
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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aggregation and of the involvement of the miR-200 family in their
regulation. In addition, cellecell junctions and intraislet communication
have also been found to be key for a coordinated insulin secretion
response [52]: Min6 cells have improved glucose-stimulated insulin
secretion (GSIS) when grown as pseudoislets compared to adherent
culture [51], whereas dispersed islets have impaired GSIS compared to
native or reaggregated islets [80]. More specifically, higher Cdh1
expression has been found to be correlated with increased GSIS in
individual b-cells [81], and b-cell-KO of Cdh1 leads to mild glucose
intolerance and defective insulin secretion in mice [76]. In our study,
Zeb1200M mice had normal glucose tolerance, possibly because Cdh1
was downregulated but not completely silenced. However, our findings
of impaired insulin secretion in poorly reaggregated Zeb1200M islets
support the importance of cellecell contact and junctional proteins
such as CDH1 in b-cell function.
Perturbation of the miR-200eZeb1 axis in b-cells led to the tran-
scriptional downregulation of genes involved in many aspects of the ER
stress signaling pathway, including ER stress sensors, ER chaperones,
and ERAD components. Defective insulin processing in Zeb1200M mice,
as revealed by their increased circulating proinsulin levels compared to
WT littermates, may have impaired initiation of the UPR due to a lack of
sensing, as further demonstrated by the blunted activation of IRE1a-
XBP1, EIF2a, and CHOP in Zeb1200M islets treated with thapsigargin.
This finding may seem paradoxical, as a functional UPR is thought to
alleviate ER stress in islets [82,83], and elevated proinsulin levels are
commonly associated with T2D [84]. In this case, however, reduced
insulin expression in Zeb1200M vs. WT islets (Figure 2A,C;
Supplemental Figure 2F) may help to alleviate the low-level ER stress
typically experienced by b-cells due to high insulin production, as
previously demonstrated in mice with tamoxifen-induced insulin
knockout [85], and that a mild defect in the sensing of misfolded
proteins may be advantageous by preventing the progression of
chronic ER stress to a pro-apoptotic response. It is also relevant to note
that Chop ablation in the Akita model of b-cell ER stress reduced b-cell
apoptosis and delayed hyperglycemia [86], suggesting that apoptosis
in this model is related to pro-apoptotic ER stress signaling and not to
the presence of the misfolded insulin itself.
Another relevant aspect to consider is how EMT and dedifferentiation
are linked with ER stress. Chronic ER stress and failure of the adaptive
UPR response in b-cells are thought to lead to T2D and b-cell dedif-
ferentiation, as dedifferentiation may provide an escape from apoptosis
[4]. The causative effect of EMT and dedifferentiation on the ER stress
response, however, has not been investigated; this directionality is
more relevant in the context of the Zeb1200M model, as it is an increase
in Zeb1 expression that drives gene signatures of EMT and dediffer-
entiation, as well as decreased UPR and ER stress signaling. The UPR
and ER stress responses are critical in b-cells, in which an elevated
production of insulin, which comprises 30e50% of total protein syn-
thesis in the b-cell, requires a high ER capacity for protein synthesis
and folding [87,88], especially given the propensity of proinsulin to
misfolding [89]. As a result, UPR genes are highly expressed in islets
compared to other tissues [90]. Thus, it is conceivable that the loss of
b-cell identity in the Zeb1200Mmodel led to a parallel loss of expression
of UPR genes, as these cells expressed less insulin and became less
b-cell-like. Interestingly, a similar phenomenon was observed in the
Tg7a2 mouse model, in which b-cell dedifferentiation and EMT are
also associated with a loss in expression of many UPR genes [91].
Finally, another recent study found that miR-24 overexpression in Min6
cells led to an increased expression of b-cell dedifferentiation markers
and resistance to thapsigargin-induced apoptosis [92].
MOLECULAR METABOLISM 53 (2021) 101267 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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Understanding the molecular mechanisms controlling dedifferentiation,
EMT, and aggregation in b-cells is crucial for developing novel strategies
for treating diabetes, such as promoting the redifferentiation of b-cells in
T2D patients [93]. In addition, in vitro culture of human islets leads to
EMT and dedifferentiation but increased proliferation [11,94], raising the
possibility of exploiting these proliferative properties to produce b-cells
for transplantation, as long as this process can be followed by a reversal
of EMT and dedifferentiation. Understanding the gene networks essential
for b-cell aggregation is also relevant for transplantation therapy, as the
establishment of proper cellecell junctions is crucial for maximal insulin
secretion and viability. In summary, the miR-200eZeb1 axis is involved
in regulating many key aspects of b-cell biology, and a better under-
standing of the mechanisms involved may yield results of basic bio-
logical and therapeutic value.
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