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ABSTRACT: Zinc fingerBEDdomain containingprotein 6 (Zbed6) has evolved fromadomesticatedDNAtransposonand
encodes a transcription factor unique to placentalmammals. The aimof the present studywas to investigate further the
role of ZBED6 in insulin-producing cells, usingmouseMIN6 cells, and to evaluate the effects of Zbed6 knockdown on
basalb-cell functions, such asmorphology, transcriptional regulation, insulin content, and release.Zbed6-silenced cells
and controls were characterizedwith a range ofmethods, including RNA sequencing, chromatin immunoprecipitation
sequencing, insulin content and release, subplasma membrane Ca2+ measurements, cAMP determination, and mor-
phologic studies. More than 700 genes showed differential expression in response to Zbed6 knockdown, which was
paralleled by increased capacity to generate cAMP, as well as by augmented sub-plasmalemmal calcium concentration
and insulin secretion in response toglucose stimulation.We identified>4000putativeZBED6-binding sites in theMIN6
genome, with an enrichment of ZBED6 sites at upregulated genes, such as the b-cell transcription factors v-maf mus-
culoaponeurotic fibrosarcoma oncogene homolog A and Nk6 homeobox 1. We also observed altered morphology/
growth patterns, as indicated by increased cell clustering, and in the appearance of axon-like Neurofilament,
medium polypeptide and tubulin b 3, class III-positive protrusions. We conclude that ZBED6 acts as a transcriptional
regulator in MIN6 cells and that its activity suppresses insulin production, cell aggregation, and neuronal-like
differentiation.—Wang, X., Jiang, L., Wallerman, O., Younis, S., Yu, Q., Klaesson, A., Tengholm, A., Welsh, N.,
Andersson, L. ZBED6 negatively regulates insulin production, neuronal differentiation, and cell aggregation in
MIN6 cells. FASEB J. 33, 000–000 (2019). www.fasebj.org
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The zinc finger BED domain-containing protein 6 (ZBED6)
is a recentlydiscovered transcription factor,which isunique
to and highly conserved among all placental mammals (1).
The high sequence conservation of its dimerization and
DNA-binding domains in placental mammals, but not in
marsupials, suggests that Zbed6 has evolved an essential
function after the split between marsupials and Eutherian
mammals (2). ZBED6 has a validated binding site in intron
3 of the Igf2 gene, and it acts as a repressor at this site in
muscle cells (1, 3). A single nucleotide substitution at the
ZBED6-binding site in intron 3 of Igf2 in pigs abrogates the
binding of ZBED6 and leads to increased IGF2 expression,
resulting in increased muscle growth and reduced sub-
cutaneous fat depth. Also inmice, ZBED6 binding to its site
in the Igf2 gene reduces IGF2 levels in adult tissues and
therefore, also the growth ofmuscle and internal organs (4).

It was previously reported that defective IGF2 produc-
tion in the embryonic pancreas preceded the subsequent
b-cell mass anomaly that develops in the diabetic rat (5),
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Furthermore, IGF2 overexpression in b-cells promotes cel-
lular dysfunction in vitro (6) and diabetes in mice (7).
Interestingly, it has recently been observed that a loss-of-
function splice acceptor variant in the Igf2 gene protects
against type 2 diabetes (8). The splice acceptor variant re-
duced expression of IGF2 isoform 2, suggesting that IGF2
modulates the risk of type 2 diabetes in humans (8). Thus,
ZBED6, via control of IGF2 expression, controls not only
muscle growth but also may modulate events related to in-
sulin production and sensitivity. In further support for a role
of ZBED6 in b-cells, chromatin immunoprecipitation se-
quencing (ChIP-seq) identified .1200 genes with ZBED6-
binding sites in C2C12 cells (1). Several genes encoding
master transcription factors in b-cell maturation, such as
v-mafmusculoaponeurotic fibrosarcomaoncogenehomolog
A (Mafa), Neurogenin 3 (Neurog3), Neurogenic differentia-
tion2 (Neurod2), andNk6homeobox1 (Nkx6-1),wereamong
thegenesboundbyZBED6inC2C12cells.Therefore,ZBED6
mayplaya significant roleduringb-cell development andas
a consequence, might be pertinent to the pathogenesis of
various types of diabetes mellitus.

We have recently observed that knockdown of Zbed6 in
mouse b-TC6 cells resulted in increased insulin production
and decreased proliferation rates (9). Therefore, the aim of
the present study was to investigate further the role of
ZBED6 in insulin-producing cells, usingmouseMIN6 cells,
and to evaluate the effects on ZBED6 knockdown on basal
b-cell functions, such as morphology, transcriptional regu-
lation, insulin content, and release.

MATERIALS AND METHODS

Cell culture

MIN6 cells (passage 20–35)weremaintained inDMEMwith 15%
fetal calf serum, 2 mM L-glutamine, 70 mM 2-ME, streptomycin
(0.1 mg/ml), and benzylpenicillin (100 U/ml) at 37°C in a hu-
midified atmosphere with 5% CO2. In some experiments, MIN6
cellswere culturedoncultureplates coatedwith10mg/mlmouse
laminin (Thermo Fisher Scientific, Waltham, MA, USA).

Generation of stable ZBED6-shRNA MIN6 cell lines

Short hairpin (sh) sequences against the Zbed6 gene were cloned
into lentiviral vectors and used for MIN6 cell transduction, as
previously described (9). Two target sequences were used
(ZBED6-sh1: 59-CTTCAACACTTCAACGACA-39 and ZBED6-
sh2: 59-TGTGGTACATGCAATCAAA-39), and cells with stable
shZBED6 expressionwere selected by puromycin (10mg/ml) for
at least 2 wk. Control cells (shMock) were transducedwith virus
carrying a scrambled shRNA sequence.Multiple cell clones from
the shMock, sh1, and sh2 treatmentswere pooled to generate the
3 mixed cell populations, which minimizes the risk of random
clonal selection.

ChIP-seq

Cells were crosslinked with 1% formaldehyde for 10 min,
quenched with glycine, and stored at280°C. After thawing and
treatmentwith cell lysis buffer, chromatinwas sonicated in RIPA
buffer using a BioRuptor (40 min with 30 s on/off cycles in 2 3
750 ml buffer). Two separate ChIPs were prepared on chromatin

from 66 and 10 million cells, respectively, using 20 ml Dynal
Protein G Beads with 2 mg ZBED6 antibody. NEXTflex adaptors
(Bioo Scientific, Austin, TX, USA) were used for library prepa-
ration with enzymes from Thermo Fisher Scientific (Fast End
Repair, 25 ml for 15 min, 1 ml Klenow exo-minus DNA poly-
merase for 30 min at 37°C, 0.5 ml fast ligase for 15 min) before
sequencing on an IlluminaHiSeq2000. Readswere aligned to the
mouse mm9 assembly using Burrows-Wheeler Aligner v.0.5.9,
SAMtools (10) were used to remove alignments with low-
alignment quality (,20), and a MIN6 input sample (E-MTAB-
1143) was used as a control in peak calling using model-based
analysis of ChIP-seq version 1.41 with merged reads from both
replicates. All reads were used in peak calling to avoid saturated
peaks.Motifs of 6–20 bp lengthwere identifiedwithmultiple EM
for motif elicitation (MEME)-ChIP (11) in 200 bp sequences cen-
tered on the summits of the 500 highest peaks.

RNA sequencing

RNA from shMock and sh1 MIN6 cells was isolated using the
RNeasy mini kit (Qiagen, Germantown, MD, USA) and were fur-
ther enriched for mRNA with MicroPoly (A) Purist (Ambion,
Austin, TX,USA). Thequality andquantityof themRNAtriplicates
for each treatmentwere evaluatedwith aBioanalyzer 2100 (Agilent
Technologies, SantaClara,CA,USA), and0.5–1mgmRNAfor each
sample was used for RNA sequencing (Illumina HiSeq 2000 plat-
form)with the ScriptSeqprotocol. Paired-endpooled sequencing of
6 barcoded samples (3 independent samples of each cell type) was
doneon2 lanes, and readswerealigned tomm9usingTopHat 2.0.4
(12). The Cufflinks package v2.0.2 (13) with Reference Sequence
(RefSeq) genes was used for differential expression analysis.

Gene ontology analysis

The official gene symbols of the differentially expressed (DE) genes
were submitted to the Database for Annotation, Visualization and
IntegratedDiscovery (DAVID) Bioinformatics Resources 6.7 (http://
david.abcc.ncifcrf.gov/) for the functional annotation chart analysis
with default settings for gene ontology (GO) analysis. A false-
discovery rate (FDR)-corrected P, 0.05 and fold enrichment.2.5
were used to identify significantly enriched GO categories.

DNA constructs and reporter gene activity assays

Thepromoter sequences that showedhigh-transcriptionactivities
in pancreatic tissues of the 3 genes [pancreatic and duodenal ho-
meobox 1 (Pdx1), Nkx6-1, and Mafa] were extracted from the
FANTOM5 database (14). These promoter sequences that harbor
the putative ZBED6-binding sites were cloned into the pGL4.15
[luc2P/Hygro] vector (Promega, Madison, WI, USA). The Pdx1
construct containeda680bp insert [chr5:147,269,967–147,270,646,
mouse Dec. 2011 (GRCm38/mm10) assembly] with 5 putative
ZBED6-binding sites, the Nkx6-1 construct contained a 700 bp
insert [chr5:101,664,577–101,665,276, mouse Dec. 2011 (GRCm38/
mm10) assembly] with 6 binding sites, and the Mafa construct
contained a 600 bp insert [chr15:75,747,747–75,748,346, mouse Dec.
2011 (GRCm38/mm10) assembly] with 3 binding sites. The differ-
ences between the wild-type (WT) and mutant constructs are the
substitutionofanAforGat theZBED6consensusmotif59-GCTCG-
39 in the cloned insert (15). MIN6 cells were cultured in a 24-well
plate and then cotransfectedwith 750ngDNAconstructs and50ng
Renilla vector, ph-RG-TK (Promega) using Opti-MEM I Reduced
SerumMedia, and Lipofectamine 3000 (Thermo Fisher Scientific).
Cells were incubated for 36 h, and luciferase activity was mea-
suredusing theDual LuciferaseReporterAssayKit (Promega) and
an Infinite M200 Luminometer (Tecan, Männedorf, Switzerland).
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Luciferaseactivitywasexpressedas relative luciferaseunits (Firefly/
Renilla luciferase activity). The differences between the WT and
mutant sequences activities were considered significant at P, 0.05
of Student’s t test with 2-tailed distribution, n = 4 experiments.

Insulin release and total insulin
content measurement

Stable ZBED6-shRNA and shMock MIN6 cells (13 105 cells/well,
24-wellplate)wereseededandpreculturedinDMEMfor2d. Insulin
contents were measured, as previously described (9). For insulin
release determinations, the cells were preincubated for 30 min in
4-2-hydroxyethyl)-1-piperazineethanesulfonic acid-balanced Krebs-
Ringerbicarbonatebuffer (9) containing0.2%bovineserumalbumin
and 1.67 mM D-glucose and then incubated for 1 h with 1.67 or
16.7 mM glucose or 30 mM KCl combined with 1.67 mM glucose.
Insulin concentrations were measured by the Mercodia Insulin
ELISAKit (MercodiaAB,Uppsala, Sweden). The amount of insulin
was normalized by cell number, as assessed by flow cytometry.

Measurements of the subplasma membrane
Ca2+ concentration

Cellswere seededontoa25mmcoverslipatadensityof23105cells
per glass. After overnight culture, the cells were loadedwith a Ca2+

indicator by 30 min incubation at 37°C in experimental buffer con-
taining 125mMNaCl, 4.8 mMKCl, 1.3mMCaCl2, 1.2 mMMgCl2,
25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH
7.40), and1.67mMglucoseandsupplementedwith1.5mMFluo-5F-
acetoxymethyl ester (ThermoFisherScientific).After rinsing the cells
in indicator-free buffer, the coverslipwasmounted in a superfusion
chamber on the stage of a custom-built total internal reflection
fluorescence microscopy setup, previously described (16). The sys-
tem was based on an E600FN (Nikon, Tokyo, Japan) upright mi-
croscope contained in an acrylic glass box thermostated at 37°C.
Fluo-5F fluorescencewas excitedby a 491nmdiode-pumped, solid-
state laser (Cobolt) and detected through a 163, 0.8 numerical ap-
erturewater-immersionobjective at 530nm(50nmhalf-bandwidth)
with a digital camera (Orca-AG, Hamamatsu, Japan) under the
control of MetaFluor software (Molecular Devices, Sunnyvale, CA,
USA). Images were acquired every 3 s. Changes in fluorescence
intensity over timewere recorded frommanuallydefined regions of
interest corresponding to individual cells.Thedatawerenormalized
by expressing the fluorescence relative to the prestimulatory inten-
sity after background subtraction. Time-average Ca2+ levels were
calculated by measuring the area under the curve, followed by
normalization for the elapsed time.

Measurements of cAMP content in response to
forskolin and IBMX

MIN6 cells in 6-well plates were incubated in DMEM culture
medium with the addition of 10 mM forskolin and 100 mM
3-isobutyl-1-methylxanthine (IBMX) for 20 min. The cAMP levels
were measured by the cAMP ELISA Kit (Cayman Chemical, Ann
Arbor, MI, USA), according to the manufacturer’s instructions.

Real-time semiquantitative RT-PCR

IsolationofRNAandcDNAsynthesiswasperformedaspreviously
described (9). The mRNA transcripts were measured by semi-
quantitative PCR (qPCR) analysis using the SYBR Green Taq
Readymix (MilliporeSigma, St. Louis, MO, USA) on a Light Cycler
2.0 instrument (Roche, Basel, Switzerland) (9). We used 18S and
b-actin as housekeeping genes. Data were normalized by using the

average Ct value of these 2 endogenous controls and further ana-
lyzedby the 22DDCtmethod. Sequences of theprimers are given in
Supplemental Table S1.

Immunoblot analysis

Immunoblot analysis was performed as previously described (9)
using the following antibodies: ZBED6 (1:1000), PDX1 (1:1000; Cell
SignalingTechnology,Danvers,MA,USA),a-tubulin (1:1000; Santa
CruzBiotechnology,Dallas,TX,USA), andNeurofilament,medium
polypeptide (NEFM; 1:500; Santa Cruz Biotechnology). Total pro-
tein loading and transfer onto the membranes were visualized by
amidoblack staining.

Immunofluorescence microscopy

MIN6cellswere culturedonpolylysineor laminin-coatedcoverslips
for 2–5 d before staining. Cells were fixed in 4% paraformaldehyde
for 10 min at room temperature, permeabilized with 0.2% Triton
X-100onicefor10min,blockedwith5%fetalcalf serumfor30minin
PBS, and then incubated for 1 hwith rabbit anti-ZBED6, guinea pig
anti-insulin (Fitzgerald,Atlanta,GA,USA), rabbitanti-PDX1,mouse
anti-NEFM, or tubulin b 3, class III (Tubb3) antibodies at room
temperature.Thecellswerethenwashed4timeswithPBStoremove
unbound antibodies and then treated with Alexa Fluor 488-labeled
goat anti-rabbit and goat anti-mouse, Alexa Fluor 594-labeled
goat anti-guinea pig, and goat anti-mouse secondary antibodies
(20mg/mleach;ThermoFisherScientific) for 1h.Cellswerewashed
4 times with PBS, mounted with Vectashield Hard Set mounting
mediumwithDAPI(VectorLaboratories,Burlingame,CA,USA),and
inspectedwith aNikon Eclipse C1/TE2000Umicroscope (Nikon).

Statistical analysis

Data are presented as means 6 SEM. Statistical significance for
pairwisecomparisonswasanalyzedusingStudent’s t test.One-way

Figure 1. Validation of stable Zbed6 silencing. MIN6 cells were
transduced with either Zbed6 (sh1 or sh2) or mock (shMock)
shRNA lentiviral vectors. A) Mean 6 SEM from 3 qPCR
measurements of Zbed6 mRNA levels. *P , 0.05. B) Western blot
of ZBED6 protein levels compared with a-tubulin staining. C)
ZBED6 localization and the knockdown effect were investigated by
immunofluorescence staining.
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ANOVAonranks, followedbytheStudent-Newman-Keulmethod,
was used for multiple comparisons. For identification of DE genes,
weusedanFDRvaluesmaller than0.05andnocutoff limit.TheFDR
value is the multiple test-adjusted P value from the Student’s t test
based on the reads per kilobase per million mapped reads (RPKM)
value for each of the 3 biologic replicates. Statistical significance is
detailed in figure legends.

RESULTS

Stable Zbed6 silencing in MIN6 cells

Lentiviral vectors that express 2 different Zbed6-specific
shRNAs (sh1andsh2)wereused for stable silencingofZbed6
in theMIN6 cell line.We recently observed that the effects of
sh1- and sh2-mediatedZbed6 knockdown could be reversed
by reconstitution of Zbed6 expression, which strongly indi-
cates that the sh1/sh2-inducedphenotype occurs via specific
Zbed6 knockdown (9). Amock lentiviral vector containing a
scrambled shRNAsequencewasused togenerate anegative
control cell line (shMock).Zbed6 silencingwas confirmed by
qPCR and a.50% reduction ofZbed6mRNAwas achieved
in the stable sh1 and sh2 cell lines (Fig. 1A).Western blotting
confirmedefficient suppressionofZBED6proteinexpression
in both cell lines (Fig. 1B). Immunofluorescence staining
showed weak nuclear and strong cytoplasmic staining of

ZBED6 in shMockMIN6 cells (Fig. 1C). In sh1 cells, both the
nuclearandcytoplasmicstainingofZBED6wasdramatically
decreased (Fig. 1C).

We also attempted to downregulate ZBED6 in human
islet cells but failed as lentivirus-transduced islet cells
exhibited low viability (results not shown).

ChIP-seq analysis with anti-ZBED6 antibody in
MIN6 cells

Weobtained10millionuniquelyaligned reads from2ChIP-
seq libraries with high enrichment for ZBED6 inMIN6 cells
(Fig. 2A). Peak calling with model-based analysis of ChIP-
seq (17) gave close to 30,000 peaks, and peaks of all heights
were foundtobeenriched for theZBED6consensus-binding
sequenceGCTCGbut at low levels among lowerpeaks (Fig.
2B). We thus increased the cutoff to a peak height of 30 to
reduce the number of false-positive peaks, thereby limiting
the list of significant peaks to 4070 (Supplemental Table S2).
In agreement with our previous results frommouse C2C12
myoblast cells (1) and human islet cells (9), there was a
preference for ZBED6-binding immediate downstream of
transcription start sites (TSS; Fig. 2C), with a high overlap
between peaks from the 2 mouse cell lines. The overlap
between putative-binding sites in MIN6 islet cells and
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Figure 4. b-Cells with Zbed6 knockdown contain and release more insulin. A) shMock, sh1, and sh2 MIN6 cells were stained with insulin
(red) and DAPI (blue) after 5 d culture. Pictures were taken with a 633 oil objective. B–C) The insulin content (B) and insulin release (C)
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human islets was lower (39%) but increased with a more
stringentcutoff in thehumanisletdataset to;50%, indicating
that many of the strong binding sites are evolutionary con-
served between mouse and human but that the overlap is
higher between cell types within species (Fig. 2D and Sup-
plemental Table S2). The highest scoring motif identified us-
ingMEME-ChIP (11) was a 12 bpmotif with a core GCTCG
sequence (Fig. 2E), consistentwith the previously established
consensus motif for ZBED6 (1). This motif was present in
82.4% of the peaks, which shows that most of the identified
peaks are at locations of direct ZBED6 binding. The ZBED6-
binding genes that were in common for MIN6, C2C12, and
human islet cells (SupplementalTable S3)were submitted for
enrichment analysis of GO terms andKyoto Encyclopedia of
Genes and Genomes pathways using DAVID.We observed
that 38 genes belonging the GO category “Transcription
Regulation” (enrichment score 5.47) were significantly clus-
tered (P, 0.001 using the Benjamini test), and among them
weretranscriptionfactorcodinggenesNkx6-1,Maf,CCAAT/
enhancer binding proteina, sex-determining region Y-box 9,
forkhead box o3, andWWdomain containing adaptor with
coiled-coil (Supplemental Table S4). No other GO categories
were significantly clustered, suggesting that ZBED6 acts
primarily as a transcriptional regulator.

Whole transcriptome analysis by
mRNA sequencing

We generated 29–97 million 100 bp paired-end reads from
triplicate sh1 and shMock samples, and 78–88% of these
wereuniquelymapped to themousegenomeusingTopHat.
We used Cufflinks with the RefSeq gene model to calculate
the RPKM values and to identify DE genes. The shZBED6
andshMocksamples showedasimilaroveralldistributionof
geneexpression,with themajorityof thegenesexpressedata
level in the range of 1–100 RPKM (Supplemental Fig. S1A).
We detected 12,352 out of 24,468 (50.5%) annotated RefSeq
with sufficient expression for DE analysis. Four genes that
code for typical b-cell proteins (Insulin II, Islet amyloid
polypeptide, Insulin like growth factor 2, and Secretogranin
II) were all expressed at very high levels (Supplemental Fig.
S1B). The genes for these 4proteins hadRPKMvalues above
2000 and contributed 6.8% of all mapped reads.

ZBED6 knockdown increases b-cell
transcription factor expression, insulin
content, and glucose-induced insulin release

We identified.700 DE genes with an FDR smaller than 5%
after Zbed6 silencing inMIN6 cells (Supplemental Table S5).
The transcription factor genes Mafa and Nkx6-1, which are
crucial for pancreatic b-cell maturation and function, were

among the significantlyupregulatedgenes (Fig. 3A,B).Pdx1,
another transcription factor of crucial importance in b-cells,
also showed a trend of increased expression after Zbed6 si-
lencing (Fig. 3A), supported by qPCR (Fig. 3B). Interestingly,
all 3geneshadZBED6peaksat theTSS,withpeakheights for
Pdx1 andNkx6-1well above the cutoff (Supplemental Table
S2), indicating that they are repressed by ZBED6 at the
transcriptional level. Immunostaining indicated increased
PDX1 levels in the nuclei of sh1 and sh2 cells (Fig. 3C), and
Western blotting showed a 22% increase (,0.01) of the
PDX1 protein in sh1 cells (Fig. 3D). A trend to increased
Pdx1 was observed in sh2 cells, but it did not reach
statistical significance (Fig. 3D). Further support for
direct ZBED6-mediated transcriptional control of Pdx1,
Mafa, and Nkx6-1 genes was obtained by luciferase re-
porter analysis. We observed that promoter constructs
for these 3 genes, in which ZBED6-binding sites were
mutated, generated stronger firefly luciferase signals
comparedwithWTpromoters (Fig. 3E).When expressing
the Firefly signal as a ratio to the Renilla luciferase signal,
both Mafa and Nkx6-1 promoter-driven signals were sig-
nificantly increased by the ZBED6-binding mutation,
whereas the increase in Pdx1 was borderline significant
(Fig. 3E).

As the upregulation of Mafa, Pdx1, and Nkx6-1 is com-
patible with a more mature b-cell phenotype, we also
analyzed the content and release of insulin in these cells.
Immunostaining of insulin indicated increased accumula-
tion of insulin granules in the cytoplasm ofmost of the sh1
cells and some of the sh2 cells (Fig. 4A). The insulin content
was significantly higher in sh1MIN6 comparedwithmock
cells (Fig. 4B). The insulin release of both sh1 and sh2MIN6
cells at a high-glucose concentration was significantly
higher than inmock cells (Fig. 4C). In addition, an increase
of insulin release at a low-glucose concentration was ob-
served in sh1 cells, possibly reflecting the higher insu-
lin content of these cells. The release of insulin in response
to potassium chloride was not significantly different in
sh1/sh2 cells compared with mock cells (Fig. 4C), indi-
cating that depolarization-mediated insulin release is not
affected by silencing of Zbed6. The increased glucose-
stimulated insulin secretion in the ZBED6 knockdown
cells was accompanied by a more pronounced glucose-
induced rise of the cytoplasmic Ca2+ concentration in the
subplasma membrane space, as evaluated with total in-
ternal reflection microscopy and the fluorescent Ca2+ in-
dicator Fluo-5F (Fig. 4D). The differences between control
and sh1 and sh2 cells were most pronounced during the
initial 5 min when the time-averaged response was twice
as high in the knockdown cells compared with control
(Fig. 4E), but the Ca2+ levels were consistently higher in
the knockdown cells throughout the stimulation period
(Fig. 4D).

induced by 1.67 mM glucose (low), 16.7 mM glucose (high), and 30 mM KCl combined with 1.67 mM glucose were measured in
shMock, sh1, and sh2 MIN6 cells. Results in B are means6 SEM for 4 independent experiments. *P, 0.05, Student’s t test. Results
in C are means 6 SEM for 6 independent experiments, *P , 0.05 using 1-way ANOVA on ranks followed by the Student-Newman-
Keul test. D) Subplasma membrane Ca2+ recordings from shMock, sh1, and sh2 MIN6 cells during elevation of the glucose
concentration from 1.67 to 16.7 mM. Means 6 SEM of Fluo-5F fluorescence recorded with total internal reflection microscopy
from 213 (shMock), 131 (sh1), and 173 (sh2) cells from 3 independent experiments. E) Means 6 SEM for the time-average Ca2+

level during the initial increase, indicated by a bracket in D. ***P , 0.001 for difference from shMock, Student’s t test.
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Zbed6 knockdown enhanced cAMP content in
response to forskolin and IBMX

Apart fromthetriggeringroleofCa2+,accumulatingevidence
indicates that glucose-induced insulin secretion is markedly
amplified by cAMP. cAMP is synthesized from ATP by
adenylyl cyclases (ACs) and degraded by phosphodies-
terases (PDE). Interestingly, our RNA sequencing results
showed that zbed6 knockdown resulted in increased levels
of mRNA coding for ACs Adcy1 and Adcy9 and decreased
levels for PDEs Pde3a/5a/6a/8a/10a (Table 1). When
stimulated with forskolin, an enhanced cAMP content was
observed in sh1 cells (Fig. 5).

Genes associated with neuronal
differentiation and cell adhesion were
significantly over-represented among
DE genes after Zbed6 silencing

Having observed that ZBED6 antagonizes themature b-cell
phenotype, we submitted all DE genes for enrichment
analysis of GO terms andKyoto Encyclopedia of Genes and
GenomespathwaysusingDAVIDanalysis to studywhether
other aspects of b-cell function were affected by ZBED6.
Several GO categories were significantly enriched (FDR-
corrected P , 0.05), including neuronal differentiation and
projection, cell projection, regulation of neuronal differenti-
ation, generation of precursor metabolites, axon guidance
molecules, MAPK signaling pathway, and cell adhesion
(Fig. 6A).Among these,wedecided to focus on cell adhesion
andneuronal differentiation, 2 importantprocesses involved
inb-cellmaturationandfunction(18–20).Therefore,18outof
;70 DE genes that belong to the 2 categories—neuronal
differentiation and cell adhesion—were randomly selected
for qPCR validation, 10 from the first category (Sonic
hedgehog (Shh), Semaphorin 6a (Sema6a), Nkx6-1, Neuro-
filament, light polypeptide (Nelf), LIM homeobox protein 2
(Lhx2), Isl1, Dihydropyrimidinase-like 5 (Dpysl5), CD24a
antigen (Cd24a), BR serine/threonine kinase 2 (Brsk2), and
Activated leukocyte cell adhesionmolecule (Alcam)) and the
remaining 8 from the second category [Transmembrane
protein 8 (five membrane-spanning domains) (Tmem8),
protocadherin 19 (Pcdh19) Neuropilin 2 (Nrp2), Neph-
ronectin (Npnt), Immunoglobulin superfamily, member
11(Igsf11),Catenindelta2 (Ctnnd2), cadherin23(Cdh23)and

Brevican (Bcan)]. All genes except 1 showed the same di-
rection of expression changes in both RNA sequencing and
qPCR analysis and one-half of them was also significantly
affected in the qPCR analysis (Fig. 6B). Thus, ZBED6 affects
the expression of genes that control neuronal differentiation
and cell adhesion.

Genes with ZBED6-binding sites are
overrepresented among DE genes

We overlapped the list of ChIP-seq peaks with the DE genes
(Supplemental Tables S2 and S6) and identified 239 (32.7%)
DE genes with at least 1 ZBED6 site within 10 kb up- or
downstream of the TSS (Supplemental Table S6), compared
withbindingat24.3%ofexpressednon-DEgenes.Thus, there
is a statistically significant over-representation of genes with
ZBED6-binding sites among DE genes (P , 0.0001) after
stable silencingofZbed6 (Table2). TheDEgeneswithZBED6
binding were also enriched for several GO terms including
“regulation of neuronal differentiation” and “cell adhesion”
(Fig. 6C). Among the 10DEgenes associatedwith regulation
of neuronal differentiation, Semaphorin 6a, Nkx6-1, Neuro-
philament, light polypeptide, LIM homeobox protein 2, Isl1,
Dihydropyridiminase-like 5, andBRserine/threonine kinase
2 were all upregulated after stable Zbed6 silencing, whereas
3 genes (Sonic hedgehog, CD24 antigen, and Activated
lymphocyte cell adhesionmolecule)were downregulated, as
assessed by RNA sequencing and qPCR (Fig. 6B).

Zbed6 knockdown affects cell morphology/
growth patterns and promotes the formation
of NEFM-positive and axon-like protrusions

Having observed that Zbed6 silencing causes alterations in
the expression of genes involved in neuronal differentiation

Figure 5. Zbed6 knockdown enhanced cAMP content in response
to forskolin and IBMX. cAMP was measured at basal conditions
(control) and after stimulation with 10 mM forskolin and 100 mM
IBMX for 20 min using a commercial ELISA kit (Cayman
Chemical). The results were normalized to the cell number (per
1 million cells) in each well. Nine replicates were measured, and
data are presented as means 6 SEM. *P 6 0.05, Student’s t test.

TABLE 1. Zbed6 knockdown affects expression of ACs and PDEs

Gene shMock shZbed6
log2 (fold change of
shZbed6 to shMock) P

Adcy9 15.1754 20.3737 0.424974 5.92E-05
Adcy1 2.24748 6.11523 1.4441 0.00114
Pde6a 2.65377 1.69154 20.649701 0.00116
Pde5a 1.28682 0.787112 20.709171 0.00135
Pde10a 7.77087 6.0643 20.357735 0.00171
Pde8a 12.5159 9.43184 20.408149 0.00243
Pde3a 1.29783 0.648056 21.00191 0.00044

The mRNA expression of ACs and PDEs was measured by RNA
sequencing in shMock and sh1 Zbed6-silenced cells. The average
mRNA expression levels (RPKM) of triplicates of shMock and sh1
MIN6 cells were listed in the table.
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and cell adhesion,wenext analyzed cellmorphologyduring
culture with or without laminin coating. Interestingly, clear
morphologic differences were observed after a 5 d culture
period in the absence of laminin coating when comparing
sh1 and sh2 cells with mock-transfected cells. The sh1 and
sh2 cells were more aggregated and formed 3-dimensional
structures, whereas the control cells, to a higher extent,
spreadoutasa traditionalmonolayer (Fig.7A).This indicates
that ZBED6 is required for monolayer growth on a plastic
support. As laminin is a crucial component of the non-
transformedb-cell extracellularmatrix,we next investigated
the effects of knockdown of Zbed6 on MIN6 cells morphol-
ogy cultured on a laminin-coated support. In this case, the
3-dimensional cell clusters were still evident in the sh1 and
sh2 cell lines after 5 d of culture. In addition, thin and ex-
tendedaxon-likeprotrusionswereobservedtooriginate from
theZbed6-silenced cells (Fig. 7A). Based on the enrichment of
genes associated to the neuronal differentiation category
among the DE genes and that ZBED6 binds to the upregu-
lated Nefm gene, we analyzed NEFM immunoreactivity in
the differentMIN6 cell lines. shMock cells were only weakly
stained for NEFM, with some cells showing no NEFM im-
munoreactivity at all, whereas sh1 and sh2 cells exhibited
clearNEFMstaining(Fig.7B).Weobserved insh1/sh2MIN6
cells dense NEFM fibers present in the axon-like protrusions
(Fig. 7B). The increased expression of NEFM in sh1 and sh2

cellswasalsoconfirmedbyWesternblotting(Fig.7C).Finally,
wealsostainedforTubb3,whichisalsoaneurodifferentiation
marker, and in this case, we observed increased cytoplasmic
staining in sh1 and sh2 cells compared with the mock-
transfected cells (Fig. 7B).

DISCUSSION

Our previous studies have demonstrated that a mutation
abolishing1 singleZBED6site in IGF2has amajor effect on
muscle growth and alters the body composition of pigs
and that ZBED6 controls insulin production, proliferation,
and apoptosis of b-TC6 cells (1, 9). The present study

Figure 6. Genes associated with neuronal differentiation and cell adhesion were over-represented among DE genes after Zbed6 silencing.
A) The significantly enriched GO categories (y-axis) among the 731 DE genes with an FDR , 0.05. B) The log2 fold changes detected
by RNA sequencing and qPCR of the DE genes associated with neuronal differentiation and cell adhesion. C) Significantly enriched GO
categories (y-axis) among the DE genes that had at least 1 ZBED6-binding site within 10 kb, up- or downstream of the TSS.

TABLE 2. Analysis of the correlation between DE after stable Zbed6
silencing in MIN6 cells and the presence of ZBED6-binding sites
within 10 kb of the TSS of expressed genes

ZBED6 sites DE genes Non-DE genes

Yes 239 (32.7%)a 3002 (24.3%)
No 492 (67.3%) 9350 (75.7%)
Total 731 12,352

aOver-representation of genes with ZBED6-binding sites among
DE genes (x2 test, 2-tailed, P , 0.0001).
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Figure 7. Zbed6 knockdown affected cell morphology and upregulated NEFM and Tubb3 expression. A) Morphology of shMock,
sh1, and sh2 MIN6 cells after 5 d of culture with or without laminin; equal numbers of cells were seeded to Nunc plastic culture
plates with or without 10 mg/ml laminin coating. Arrowheads (no laminin coating; left) point to cell aggregates; arrowheads
(laminin coating; middle) point to axon-like protrusions. B) Staining of NEFM and Tubb3 in shMock, sh1, and sh2 MIN6 cells on

(continued on next page)
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confirms and extends the findings from b-TC6 cells, as our
ChIP-seqandRNAsequencingresults stronglysuggest that
ZBED6 is an important transcriptional regulator in the
insulin-producing MIN6 cell line. We observed .700 DE
genes and an enrichment for ZBED6-binding sites among
upregulatedgenes inZbed6-silencedcells.Among thegenes
with higher expression in Zbed6-silenced cells were Pdx1,
Mafa, andNkx6-1.MutationofZBED6-binding sites in these
gene promoters resulted in increased reporter gene activi-
ties, indicating direct gene promoter binding leading to
suppression of transcription. PDX1 is known to play a key
role in both pancreatic lineage determination and b-cell
terminal differentiation (21), and it also promotes insulin
gene transcription in mature b-cells by binding to the in-
sulin promoter (22). The transcription factor MAFA coop-
erates with PDX1 in the activation of insulin transcription
and in the stimulation of terminalb-cell differentiation (23).
NKX6-1 is required for thedevelopmentofb-cellprecursors
during the second wave of b-cell development (24).
Therefore, it is highly noteworthy that the expression of
these 3 important b-cell transcription factors was coor-
dinatively suppressed by ZBED6 and that strong ZBED6
binding was found for both the Pdx1 andNkx6-1 genes.

In addition to the well-known b-cell transcription factors
MAFA,PDX1, andNKX6-1,weobservedZBED6binding to
some35other transcription-relatedgenes thatwere common
targets for ZBED6 among the 3 different cell types MIN6,
C2C12, and human islet cells. Among these genes was, for
example, CCAAT/enhancer binding protein a, a transcrip-
tion factor primarily involved in hematopoietic cell differ-
entiation but also expressed in b-cells, where it seems to
mediateproapoptotic effects in response toproinflammatory
cytokines (25). A second ZBED6-binding gene of putative
importancewas sex-determining region Y-box 9, a regulator
of early embryonic duodenal and pancreatic differentiation
(26). Thirdly, ZBED6 may target WW domain containing
adaptor with coiled-coil, a gene that seems to be induced
during differentiation of induced pluripotent stem cells to
immature b-cells (27). These examples of putative ZBED6 –
target gene interactionsmay indicate an anti-differentiation/
apoptosis effect of ZBED6, but further experimentation will
be necessary to verify such specific roles of ZBED6.

In further support of ZBED6 acting as an anti-b-cell
maturation factor, we observed that MIN6 cells with low-
eredZBED6expressioncontainedmore insulinandreleased
more insulin at a high-glucose concentration. Thus, the role
of ZBED6 may be to maintain proliferation and prevent
premature b-cell differentiation during different precursor
stages preceding the terminally differentiated and non-
replicating b-cell. This fits well with our recent finding
that Zbed6 knockdown in insulin-producing b-TC6 cells
resulted in a restricted proliferation and an enhanced in-
sulin production (9) and that Zbed6 silencing in mouse
C2C12 myoblasts promotes differentiation and the for-
mation of myotubes (1). Clearly, further studies on ZBED6

expression and function during normal and pathologic
b-cell differentiation/regeneration are warranted.

Amatureb-cell requires not only insulingene expression
butalso theactivationofspecificgenenetworks thatmediate
proper hormone secretion and cell adhesion. It is well
known that b-cells resemble neurons, as both cell types are
excitable and capable of regulated secretion. Martens et al.
(19) reported that 15% of conserved b-cell markers were
shared with neurons and that these genes were mainly in-
volved in regulating synaptic vesicle transport. It has also
been observed that a MIN6 subline with an intact glucose-
induced insulin release expressed more NEFM and Nefl
than a MIN6 subline with an impaired insulin release (28)
and that a small molecule neuronal differentiation inducer
increased insulin expression and release in MIN6 cells (20).
Thus, it is likely that increasedb-cellneuronaldifferentiation
underlies an improved insulin release andb-cell function. In
the present investigation, Zbed6 silencing resulted mainly
in upregulation of genes belonging to the GO category
neuronal differentiation. A characteristic feature of both
neurons and b-cells is that exocytosis is triggered by
voltage-dependent Ca2+ influx. The more pronounced
glucose-induced Ca2+ increases after Zbed6 silencing
provide a direct explanation to the enhanced insulin se-
cretion at high-glucose concentrations. Ca2+-triggered in-
sulin secretion canbe amplified by cAMP. Increased levels
of ACs AC1 and AC9, as well as decreased levels of PDEs
PDE3a/5a/6a/8a/10a in zbed6-silenced cells indicate a
higher cAMP synthesis capacity upon stimulation in this
type of cells. Indeed, when triggered by forskolin, an en-
hanced cAMP content has been observed in zbed6-
silenced cells. We therefore suggest that increased cAMP
levels may contribute to the enhanced glucose-induced
insulin secretion in zbed6-silenced cells. An anti-neuronal
differentiation function of ZBED6 is further supported by
our observations that Zbed6-silenced b-cells formed
pointed and axon-like protrusions, which stained for
NEFM, and that also Nelf and microtubule-associated
protein t were upregulated in Zbed6-silenced cells. In-
terestingly, not only do mouse MIN6 cells respond to in-
creased neuronal differentiation with improved b-cell
function, but also, rat RINm5F cells have been reported to
release more insulin when neuronally differentiated in
response to nerve growth factor (29, 30).

Zbed6 silencing also led to upregulation of themajority of
DE cell adhesion genes. These included Cdh4, a classic Cdh
that is preferentially expressed in b-cells and neuronal cells
(31) and forms adherens junctions during mesenchymal to
epithelial transitions (32), and Pcdh (Pcdh17 and Pcdh19),
which seem to mediate homotypic cell-to-cell binding (33),
suggesting increased epithelial cell–cell adhesion in the
Zbed6-silencedMIN6 cells. Interestingly, cdh23, which seems
to mediate heterotypic cell-to-cell adhesion (34), was de-
creased in ZBED6-deficient cells. These results are consistent
with the increased formation of islet-like cell clusters thatwe

laminin-coated coverslips. Equal numbers of cells were cultured on 10 mg/ml laminin-coated coverslips for 5 d and then stained
with anti-NEFM (red) and Tubb3 (green) antibodies. DAPI is blue. Pictures were taken with 633 objective. C) The increased
protein expression of NEFM after Zbed6 silencing was verified by Western blotting. Equal numbers of cells were seeded to
standard 6-well culture plates without any coating and cultured for 5 d before analysis.
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observed inZbed6-silencedcells (35). It iswell establishedthat
intercellular interactions within islets of Langerhans are im-
portant for the development and maintenance of the b-cell
phenotype, and this is associated with increased insulin ex-
pression and release (36). Accordingly, it has been reported
that the functionofMIN6 improveswhen the cells aggregate
into 3-dimensional islet-like structures, known as pseudois-
lets (37). More recently, it has become increasingly clear that
b-cells relynotonlyon theadhesion tootherb-cells butmore
importantly, to basal membrane components derived from
islet endothelial cells, a process that also requires expression
of appropriate cell adhesionmolecules (18). Furthermore,we
have recently observed an increase in cell-to-cell contacts
between Zbed6-silenced b-cells and neural crest stem cells
(35). Thus, we propose that ZBED6 silencing modulates
b-cell adhesion factor expression and that this contributes to
improved function.

CONCLUSIONS

In summary, the results of this investigation indicate
that ZBED6-mediated transcriptional regulation causes di-
minished b-cell adhesion, neuronal differentiation, and in-
sulinproduction. It is easilyenvisaged thatZBED6activity is
required during early stages of b-cell differentiation to pre-
vent premature or improper development. Today, many
attempts are focused on the generation of new b-cells
for transplantation or in situ regeneration purposes. In
this context, it is possible that strategies aimed at increas-
ing b-cell proliferation benefit from forced ZBED6 over-
expression and that strategies aimed at stimulating b-cell
maturation benefit from decreased ZBED6 expression.
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C., Mart́ınez-Hernández, A., Córdova, E. J., Mendoza-Caamal, E.,
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