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Abstract

Arsenic is a pervasive environmental toxin that is listed as the top priority for investigation by the Agency for Toxic Substance
and Disease Registry. While chronic exposure to arsenic is associated with type 2 diabetes (T2D), the underlying mechanisms
are largely unknown. We have recently demonstrated that arsenic treatment of INS-1 832/13 pancreatic beta cells impairs
glucose-stimulated insulin secretion (GSIS), a T2D hallmark. We have also shown that arsenic alters the microRNA profile of
beta cells. MicroRNAs have a well-established post-transcriptional regulatory role in both normal beta cell function and T2D
pathogenesis. We hypothesized that there are microRNA master regulators that shape beta cell gene expression in pathways
pertinent to GSIS after exposure to arsenicals. To test this hypothesis, we first treated INS-1 832/13 beta cells with either
inorganic arsenic (iAs™) or monomethylarsenite (MAs'") and confirmed GSIS impairment. We then performed multi-omic
analysis using chromatin run-on sequencing, RNA-sequencing, and small RNA-sequencing to define profiles of transcription,
gene expression, and microRNAs, respectively. Integrating across these data sets, we first showed that genes downregulated
by iAs'™! treatment are enriched in insulin secretion and T2D pathways, whereas genes downregulated by MAs'!! treatment
are enriched in cell cycle and critical beta cell maintenance factors. We also defined the genes that are subject primarily to
post-transcriptional control in response to arsenicals and demonstrated that miR-29a is the top candidate master regulator of
these genes. Our results highlight the importance of microRNAs in arsenical-induced beta cell dysfunction and reveal both
shared and unique mechanisms between iAs™! and MAs!™.
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Introduction been associated with numerous medical complications,

such as cancer and cardiovascular disease (Sarkar and Paul

Inorganic arsenic (iAs) is a potent and ubiquitous envi-
ronmental toxin that is ranked as the number one priority
for investigation by the Agency for Toxic Substances and
Disease Registry (ASTDR) (Styblo et al. 2021; Chung
et al. 2014; ASTDR 2020). Chronic exposure to iAs has
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2016), and acts through a variety of different mechanisms
(Khairul et al. 2017; Hughes 2002; Nurchi et al. 2020). iAs
and its methylated trivalent metabolites, monomethylarsen-
ite (MAs'"") and dimethylarsenite (DMAs™), are known to
exert toxic effects in a tissue-specific and arsenical-specific
manner (Styblo et al. 2021; Styblo et al. 2000). Arsenicals
are established human diabetogens, though the underlying
mechanisms remain unclear (Maull et al. 2012; Navas-Acien
Ana et al. 2006).

Type 2 diabetes (T2D) is a multi-faceted disease, with
both genetic and environmental risk factors (Kahn 2003, 2;
Langenberg and Lotta 2018; Huang and Hu 2015), which is
marked by impaired beta cell function; specifically, defec-
tive glucose-stimulated insulin secretion (GSIS) (American
Diabetes Association 2004; Christensen and Gannon 2019;
Al-Sulaiti et al. 2019). T2D affects over 400 million people
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worldwide and it is estimated that 10% of global health
expenses are spent on diabetes treatment (IDF Atlas 9th
Edition). Given this costly toll, it is imperative that we iden-
tify mechanisms of disease onset and progression toward
the goal of novel and effective therapeutic interventions.
Although iAs exposure is associated with diabetes-related
phenotypes, the underlying molecular mechanisms of dis-
ease pathogenesis remain largely unknown.

Previous studies by our group and others have shown that
trivalent arsenicals impair GSIS in both isolated murine
islets as well as rodent beta cell lines (Douillet et al. 2013;
Huang et al. 2019; Diaz-Villasefior et al. 2006). More
recently, we have demonstrated that iAs™ alters the micro-
RNA (miRNA) landscape in beta cells much more substan-
tially than other metals that can also affect GSIS, suggesting
that miRNAs may play an important role in the mechanisms
underlying the inhibition of GSIS by iAs™ (Beck et al. 2019;
Beck et al. 2017).

MiRNAs are short non-coding RNA molecules that
regulate gene expression post-transcriptionally (Bartel
2004). Studies over the past 15+ years have established
roles for miRNAs in beta cell survival, proliferation, and
function, including insulin secretion (Poy et al. 2004; Poy
et al. 2009; Bagge et al. 2012; Belgardt et al. 2015; Eliasson
and Esguerra 2014; Vienberg et al. 2017). Though we have
shown that iAs"! alters miRNA expression in INS-1 832/13
beta cells, it has not been reported whether MAs'™, a potent
inhibitor of GSIS (Douillet et al. 2013), has a similar effect.
Also, it is completely unknown which, if any, miRNAs are
the primary drivers of altered gene expression in beta cells
after exposure to arsenicals. To address this knowledge gap,
we implemented a multi-omics analysis pipeline that inte-
grates information from state-of-the-art chromatin run-on
sequencing (ChRO-seq), RNA-sequencing (RNA-seq), and
small RNA-sequencing (sSmRNA-seq). This novel integrative
genomics approach identified a candidate master miRNA
regulator of the effects of arsenicals on beta cells. The results
of this study highlight the importance of miRNAs in arseni-
cal-induced beta cell dysfunction and reveal both shared and
unique mechanisms between iAs™! and MAs'!.

Methods
Cell culture

The INS-1 832/13 rat insulinoma beta cell line was main-
tained at 5% CO,, 37 °C in RPMI 1640 media (Gibco,
Waltham, MA, USA) supplemented with 2 mM L-glutamine
media (Gibco, Waltham, MA, USA), 10% FBS, 10 mM
HEPES media (Gibco, Waltham, MA, USA), 1 mM sodium
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pyruvate media (Gibco, Waltham, MA, USA), 100 U/mL
penicillin media (Gibco, Waltham, MA, USA), 100 pg/
mL streptomycin media (Gibco, Waltham, MA, USA), and
0.05 mM B-mercaptoethanol (Sigma, St. Louis, MO, USA).
INS-1 832/13 cells were exposed to iAs™ (iAs"; sodium
arsenite >99% pure; Sigma-Aldrich, St. Louis, MO, USA)
or MAs™! (methylarsine oxide, >98% pure) for 24 h prior to
GSIS and chromatin or RNA isolation.

Glucose stimulated insulin secretion assay

As previously described (Beck et al. 2019), INS-1 832/13
cells were seeded at 1,000,000 cells/well in a 12-well
plate 24 h prior to beginning experiments. Cells were
then exposed to either iAs™ or MAs™ for 24 h. After 24 h
cells cell culture media was replaced with secretion assay
buffer (SAB), which consists of 114 mM NaCl, 4.7 MM
KCl, 1.2 mM KH,PO,, 1.16 mM MgSO,, 20 mM HEPES,
2.5 mM CacCl,, 0.2% bovine serum albumin, 25.5 mM
NaHCO;, and 0 mM of glucose. Cells remained in glu-
cose-free media for 40 min before incubating in SAB with
2.5 mM of glucose for 60 min followed by an SAB with
16.7 mM glucose incubation for 2 h. Aliquots of media
were collected at 2.5 mM and 16.7 mM glucose incuba-
tions. Insulin levels were detected using the Ultra Sensitive
Mouse Insulin ELISA Kit (Crystal Chem) and normalized
to cellular protein. Biological replicates are shown as the
mean with the + standard error. A two-tailed unpaired Stu-
dent’s ¢ test was used for statistical analysis using a p value
threshold < 0.05.

RNA isolation and sequencing

Total RNA was isolated using the Total RNA Purifica-
tion Kit (Norgen Biotek, Thorold, Ontario, Canada) and
quantified using the Nanodrop 2000 (Thermo Fisher
Scientific, Waltham, MA). RNA integrity was assessed
using the 4200 Tapestation (Agilent Technologies, Santa
Clara, CA). Isolated RNA was used to make librar-
ies for both smRNA-sequencing and RNA-sequencing.
SmRNA-sequencing libraries were prepared by the
Genome Sequencing Facility of Greehey Children’s Can-
cer Research Institute at the University of Texas Health
Science Center at San Antonio using the TriLink Clean-
Tag Small RNA Ligation kit (TriLink Biotechnologies,
San Diego, CA). Eight libraries were sequenced per
lane with single-end 50 X on the HiSeq3000 platform.
RNA-sequencing libraries (polyA +) were prepared at
Cornell’s Transcriptional Regulation and Expression
Facility (TREx) using NEB Next Ultra II kits (New Eng-
land BioLabs, Ipswich MA). Paired-end sequencing was
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performed at 20 million reads/sample on the NextSeq500
platform (Illumina, San Diego, CA).

ChRO-seq library preparation and sequencing

Chromatin isolation was performed as previously
described (Mahat et al. 2016; Chu et al. 2018). Control
and arsenical-treated INS-1 832/13 cells were pelleted
and then resuspended in cold 1X NUN lysis buffer [0.3 M
NaCl, 1 M Urea, 1% (v/v) NP-40, 20 mM HEPES pH
7.5, 7.5 mM MgCl,, 0.2 mM EDTA, 1 mM DTT, 50U/
mL SUPERase In RNAse Inhibitor (Thermo Fisher Scien-
tific, Waltham, MA), and 1X Protease Inhibitor Cocktail
(Roche, Basel, Switzerland)]. Samples were incubated
at 12 °C in a Thermomixer (Eppendorf, Hamburg, Ger-
many) at 2000 rpm for 30 min and then centrifuged at
12,500 x g for 30 min at 4 °C. Resultant chromatin pellets
were washed three times with 1 mL wash buffer [SO0 mM
Tris—HCI1 pH 7.5 supplemented with 40U/mL RNase
Inhibitor], and centrifuged at 10,000 xg for 5 min at 4 °C
between washes. After the final wash step, samples were
stored in chromatin storage buffer [S0 mM Tris—HCl1
pH 8.0, 25% (v/v) glycerol, 5 mM magnesium acetate,
0.1 mM EDTA, 5 mM DTT, and 40U/mL RNase Inhibi-
tor], loaded into a Biorupter at 4 °C (Diagenode, Denville,
NIJ), and sonicated to solubilize the chromatin pellets into
solution.

Using solubilized chromatin, run-on reactions were per-
formed by mixing each sample with an equal volume of
2X run-on reaction mix [10 mM Tris—HCI pH 8.0, 5 mM
MgCl,, 1 mM DTT, 300 mM KCI, 400 uM ATP, 0.8 uM
CTP, 400 pM GTP, 400 uM UTP (NEB, Ipswich, MA),
40 uM Biotin-11-CTP (Perkin Elmer, Waltham, MA),
100 ng yeast tRNA (VWR, Radnor, PA), 0.8U/uL RNase
Inhibitor, and 1% (w/v) sarkosyl]. The samples were then
incubated in a Thermomixer at 750 rpm for 5 min at 37 °C.
Run-on reactions were terminated by adding TRIzol LS
(Thermo Fisher Scientific, Waltham, MA) and incubating
the samples at room temperature. Following phenol—chlo-
roform extraction, samples were pelleted with GlycoBlue
(Thermo Fisher Scientific, Waltham, MA) to visualize the
nascent RNA. Pellets were then resuspended in DEPC-
treated water and heat denatured at 65 °C for 40 s. To frag-
ment nascent RNA molecules, base hydrolysis was per-
formed by incubating samples with 0.2 N NaOH on ice for
4 min followed by the addition of 1 M Tris—HCI pH 6.8 and
subsequent cleanup via Micro Bio-Spin P-30 gel columns
(Bio-Rad, Hercules, CA).

These nascent RNA samples were used to construct
ChRO-seq libraries through the following procedures: (i)
3" adapter ligation with T4 RNA Ligase 1 (NEB, Ipswich,
MA); (ii) Streptavidin bead binding; (iii) 5" de-capping

with RNA 5" pyrophosphohydrolase (NEB, Ipswich, MA);
(iv) 5" end phosphorylation using T4 polynucleotide kinase
(NEB, Ipswich, MA) followed by TRIzol extraction; (v)
5" adapter ligation with T4 RNA Ligase 1, in which the
adapter contained a 6-nucleotide unique molecular iden-
tifier (UMI) for bioinformatic detection and elimination
of PCR duplicates in downstream data processing steps;
(vi) Streptavidin bead binding followed by TRIzol extrac-
tion; (vii) cDNA synthesis by reverse transcription via
SuperScript IV Reverse Transcriptase (Thermo Fisher
Scientific, Waltham, MA); and (viii) PCR library amplifi-
cation with the Q5 High-Fidelity DNA Polymerase (NEB,
Ipswich, MA). The resultant libraries were sequenced (5’
single end; single-end 75X) using the NextSeq500 high-
throughput sequencing system (Illumina, San Diego, CA)
at the Cornell University Biotechnology Resource Center
Genomics Facility.

Bioinformatics analysis

Small RNA-seq reads were processed using miRquant 2.0
(Kanke et al. 2016). In brief, the 3’ sequencing adapter was
removed from the read, reads larger than 14nt were aligned
to the rat genome (rn6), and aligned reads were quanti-
fied. Any reads aligning to miRNAs loci were annotated
according to miRbase (v18). Differential miRNA expression
was determined using DESeq2 (Love et al. 2014). RNA
sequencing reads were aligned to the rat genome (rn6) using
STAR (v2.4.2a) (Dobin et al. 2013), and reads aligning to
the transcriptome were quantified using Salmon (Patro
et al. 2017). Differential gene expression across treatment
groups was determined using DESeq?2 (Love et al. 2014).
The design used was ~ batch + condition, where condi-
tion is the arsenical used (except in the analysis of INS-1
832/13 cells exposed to MASs™, for which the design used
was ~ condition).

ChRO-seq data were analyzed using an established bio-
informatic pipeline (Chu et al. 2019). First, PCR duplicates
were removed by UMI collapsing and trimming with PRIN-
SEQ lite 0.20.2 (Schmieder and Edwards 2011). 3" adapt-
ers were trimmed from the remaining reads using Cutadapt
1.16 Martin 2011) with a maximum 10% error rate. Next,
reads were mapped using Burrows-Wheeler Aligner to the
annotated rn6. The location of active RNA polymerase was
represented by a single base that denotes the 3’ end of the
nascent RNA, which corresponds to the position on the 5’
end of each sequenced read. Analysis of differentially tran-
scribed (DT) genes was performed using stranded ChRO-
seq signals present in annotated gene bodies, excluding
reads within 500 bases downstream of the transcription
start site to avoid bias due to the pausing of RNA polymer-
ase at promoters. Furthermore, gene bodies of less than
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Fig. 1 Exposure to arsenicals
impairs glucose stimulated insu-
lin secretion in INS-1 832/13
cells. INS-1 832/13 cells were
exposed to 0.5 pM of MAs'™, 15+
1 pM of iAs™ (A), or 2 pM of .
iAs"" (B) for 24 h. Secreted
insulin was quantified via
insulin ELISA assays in techni-
cal and biological replicates

of 3 and normalized to INS-1
832/13 cells incubated with
high glucose and no arsenical.
Experimental run 1 (A) and
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run 2 (B) were performed by
two separate technicians with
separately prepared arsenicals.
Two-tailed unpaired Students &
t test was used to calculate the

p values: *p value <0.05, **p

value <0.01 arsenical treatment

versus untreated high glucose

control

1000 bases were excluded given the bias introduced against
shorter genes with the removal of the aforementioned pause
peak. DT genes across treatment groups were identified and
filtered by DESeq2 (Love et al. 2014) analysis using two
stages per comparison (i.e., iAs™ vs. Control or MAs™ vs.
Control).

Post-transcriptionally regulated genes were identified
first by applying DESeq2 two-factor analysis in order
to define post-transcriptionally unstable or stable genes
(adjusted p value < 0.2). Then we filtered for genes which
were unchanged at the transcriptional level (i.e., baseMean
> 100 across all samples and an adjusted p value > 0.2 by
ChRO-seq analysis), but changed at the steady-state gene
expression level (i.e., baseMean > 100 across all sam-
ples, log2fold-change > 0.5 or < —0.5, and an adjusted p
value < 0.2 by RNA-seq analysis). Post-transcriptionally
regulated gene lists, either up or down, were analyzed for
miRNA target site enrichment using miRhub (Baran-Gale
et al. 2013). In brief, miRhub scores a gene list based
on the density of microRNA binding sites across the
genes. A Monte-Carlo simulation is employed to score
random gene lists of the same size (1000 permutations)
and determine significance. The Limma package function
RemoveBatchEffect() was used when applicable to correct
for batch effect.

Statistics

Significance was determined using a two-tailed unpaired
Student’s ¢ test unless explicitly stated otherwise. All
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correlations are reported with Pearson’s correlation
coefficient.

Results

Exposure to iAs" and MAs" similarly impairs GSIS
inINS1832/13 cells

We have previously shown that trivalent arsenicals, arsenite
(iAs™) and its methylated metabolite MAs', significantly
impair GSIS in INS1 832/13 cells (Beck et al. 2019; Dover
et al. 2018) and isolated murine islets (Douillet et al. 2013;
Huang et al. 2019). In this study, we first sought to confirm
that exposure to arsenicals leads to reduced GSIS in INS1
832/13 cells (Fig. 1). In the first experiment, we observed
that 24-h exposure to either 1 pM iAs™ or 0.5 pM MAs!™!
significantly impairs GSIS (Fig. 1A). When repeated by a
separate technician, with a new preparation of iAs™ and
MAs™, we confirmed the effects, though the dose required
for iAs™ (2 uM) was slightly higher (Fig. 1B). It is important
to note that these concentrations have been shown previously
to not be cytotoxic (Douillet et al. 2013; Dover et al. 2018;
Huang et al. 2019).

iAs" and MAs" alter miRNA profiles similarly
inINS1832/13 cells

It is well established that miRNAs regulate insulin secre-
tion (Kaur et al. 2020; Poy et al. 2004; Eliasson and
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Esguerra 2014; Latreille et al. 2014; Belgardt et al. 2015;
Melkman-Zehavi et al. 2011) in beta cells and that per-
turbed miRNA expression leads to GSIS impairment
(Bagge et al. 2012; Sun et al. 2019; Dooley et al. 2016;
Pullen et al. 2011; Lovis et al. 2008). We have shown previ-
ously that iAs'! alters the miRNA profile of INS1 832/13
cells (Beck et al. 2019; Dover et al. 2018), yet it is not
known whether MAs!!" has a similar effect. INS1 832/13
cells were exposed to either arsenical for 24 h, after which
we performed RNA isolation and small RNA-sequencing.
Mapping statistics and read length distributions indi-
cated high-integrity RNA and high-quality sequencing
data (Supplemental Table 1 and Supplemental Fig. 1).
We then analyzed these data using miRquant 2.0, a cus-
tomized tool for miRNA quantification. Principal compo-
nent analysis (PCA) of the miRNA profiles showed that
iAs'-treated INS1 832/13 cells are distinctly separated
from the untreated control group (Fig. 2A). In addition, we
observed that the miRNA profiles between the two separate
experiments are highly correlated (Supplemental Fig. 2A).
Nonetheless, we applied batch correction for purposes of
rigor and reproducibility. Differential expression (DE)
analysis revealed that 10 miRNAs are significantly altered
after exposure to iAs"™": 4 upregulated and 6 downregulated
(p adjusted < 0.05, log2fold-change < — 0.5 or > 0.5, base-
mean > 500) (Fig. 2B).

PCA of the miRNA profiles showed that cells exposed
to MAs'™ also clustered separately from the control
group (Fig. 2C), though treatment was not responsible
for the majority of variation between groups (Supplemen-
tal Fig. 3A, B). MAs!! treatment led to 4 significantly
altered miRNAs: 3 upregulated and 1 downregulated (p
adjusted < 0.05, log2fold-change < — 0.5 or> 0.5, base-
mean > 500) (Fig. 2D). Upon further analysis, we found
no altered miRNAs that are shared between treatment
groups in the downregulated group (miR-218-1, miR-
218-2, and miR-301a) and one miRNA shared in the
upregulated group (miR-29a) (Fig. 2E). Overall, iAs'!
and MAs!! treated cells exhibit highly similar altera-
tions in miRNA expression (Supplemental Fig. 4). That
said, there are several altered miRNAs that are unique to
each exposure, such as miR-877, which is altered only
by iAs"!, or miR-708, which is altered only by MAs'™!
(Fig. 2F).

iAs" or MAs" exposure leads to unique changes
in gene expression depending on the arsenical

To define the effects of arsenicals on gene expression in INS1
832/13 cells, we performed RNA-sequencing on samples

exposed to either iAs™ or MAs™! for 24 h. PCA showed
treatment-specific clustering (Fig. 3A). There was very lit-
tle apparent batch effect for either treatment group (Supple-
mental Fig 2B); nonetheless, formal batch correction was
applied to match the analysis of the miRNA data. DE analy-
sis revealed significantly altered gene expression patterns
in both iAs™ and MAs™ treated cells (p adjusted < 0.05,
log2fold-change < — 0.5 or> 0.5, basemean > 500) (Fig. 3B).
Specifically, we found 1251 genes significantly altered upon
iAs™ treatment (623 up, 678 down) and 1414 after MAs!
treatment (584 up, 830 down) (Fig. 3B). Although we found
that more genes are uniquely altered by each arsenical than
are common to both treatments (Fig. 3C), it is evident that
this is a consequence of the application of strict significance
thresholds, because correlation analysis showed that iAs™
and MAs'! exhibit similar overall altered gene expression
patterns (Supplemental Fig. 5). Analysis using the Enrichr
tool (Kuleshov et al. 2016) showed that genes downregulated
by iAs'! treatment are enriched in maturity onset diabetes
of the young (MODY), T2D, insulin secretion, and calcium
signaling pathways, as well as MAPK signaling and cell
cycle (Supplemental Table 2). Notably, while the genes
downregulated by MAs™ are also enriched in cell cycle and
MAPK signaling, as well as glycolysis, they are not as over-
represented in MODY, T2D, or calcium signaling pathways
(Supplemental Table 3).

Among the genes, significantly downregulated after iAs
treatment are Atpla3, Cacnalg, Ffarl, and Gnall (Fig. 3D).
These genes are involved in intracellular calcium signal-
ing and insulin secretion (Supplemental Table 2). Atpla3
encodes a subunit isoform of a major Na+ /K + ATPase
pump (Salles et al. 2021), which is important for insulin
secretion (Rorsman and Ashcroft 2018). Cacnalg codes for
a component of the voltage-gated calcium channel, which
is also essential for insulin secretion (Yang and Berggren
2006). Proper regulation of Cacnalg is imperative in beta
cells, as reduced expression and activity leads to mitigated
Ca2 +influx and weakened GSIS (Gilon et al. 2014). Ffarl
encodes Fatty Acid Receptor 1, a G-coupled protein recep-
tor (GPCR) known to promote insulin secretion in beta cells
(Arora et al.; Kristinsson et al.; J. Liu et al.; Haber et al.).
Finally, Gnal 1-mediated GPCR signaling is critical for auto-
crine potentiation of insulin secretion in mice (Sassmann
et al. 2010).

Among the genes, most prominently downregulated after
MAs™ treatment are Mapk8, Ccnel, and Myc, which are all
involved in controlling beta cell survival and proliferation
(Maedler et al. 2008; Varona-Santos et al. 2008; Cozar-Cas-
tellano et al. 2008; Karslioglu et al. 2011). Notably, specific
genes encoding proteins that regulate insulin secretion, such

I
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«Fig.2 Exposure to iAs™' and MAs'! alters miRNA expression in
INS-1 832/13 cells similarly. A Principal components analysis (PCA)
plot of miRNA profiles in iAs™ treated cells compared to control
group (untreated). Batch 1 and 2 were performed by separate tech-
nicians and therefore batch correction using the limma package was
implemented. PCA plot was generated after variance stabilizing
transformation (VST) of the data. B Volcano plot representing the dif-
ferential expression (DE) analysis of miRNAs after iAs™ treatment.
10 significantly altered miRNAs are highlighted: 6 downregulated
genes and 4 upregulated (p adjusted <0.05, log2fold-change < — 0.5
or>0.5, basemean > 500). C PCA plot of miRNA profiles in MAs!"
treated cells compared to control group (untreated). PCA was gener-
ated after applying VST. All MAs'! treatments were performed by
a single technician. D Volcano plot representing the DE analysis of
miRNAs after MAs'™ treatment. 4 significantly altered miRNAs are
highlighted: 1 downregulated and 3 upregulated, in the MAs treat-
ment compared to the control group (p adjusted <0.05, log2fold-
change<— 0.5 or>0.5, basemean>500). E Venn diagrams show-
ing shared and uniquely altered miRNAs between iAs and MAs. F
Significantly altered miRNA expression in iAs and MAs™ treatment
groups. Normalized counts generated by DESeq2. The Benjamini—
Hochberg method was used to calculate the adjusted p value: **p
adjusted <0.01

as Gnall or Ffarl, which are suppressed after iAs'! treat-

ment, are unaffected by MAs'!!. Overall, while there is high
overall concordance in gene expression changes between
iAs"™ and MAs'!, there are some altered genes and pathways
that are unique to each arsenical.

Exposure to iAs" or MAs"! leads to unique changes
in chromatin activity

RNA-seq measures steady-state mRNA levels in the cell,
whereas chromatin run-on sequencing (ChRO-seq) measures
nascent transcription as well as promoter and enhancer activ-
ity landscapes (Chu et al. 2018). We performed ChRO-seq
on samples exposed to either iAs™ or MAs™ for 24 h to
define gene transcription profiles. Mapping statistics indi-
cate high-quality sequencing data (Supplemental Table 4).
We showed that changes in transcription (via ChRO-seq)
after arsenical exposure are well-correlated with changes
in steady-state expression (via RNA-seq) (Fig. 4A); how-
ever, as expected, they are not identical due in large part
to post-transcriptional regulation (Blumberg et al. 2021).
PCA showed that iAs"" and MAs™ confer distinct changes
to transcriptional profiles (Fig. 4B). Both treatments led
to significant changes in the transcription levels of hun-
dreds of genes (p adjusted <0.05, log2fold-change < — 0.5
or>0.5) (Fig. 4C). Moreover, we found that the overlap in
the changes between iAs'! and MAs'! is modest (Fig. 4D).

Genes coding for proteins involved in glucose transport,
including Slc2a2 (Glut2) (Rorsman and Ashcroft 2018;
Thorens 2015; Thorens et al. 1990; Orci et al. 1990) and

Mgat4a (Lopez-Orduia et al. 2007; Ohtsubo et al. 2005),
and calcium and potassium channels that promote insulin
secretion, including Cacnala and Kcnql, are significantly
downregulated by iAs"! at the levels of both transcrip-
tion and steady-state expression (Fig. 4E). Other genes
involved in beta cell survival (Ccnd2 (Cozar-Castellano
et al. 2008; Cozar-Castellano et al. 2006), Pten (Mziaut
et al. 2020)) and insulin secretion (Kcna2 (Tamarina et al.
2005), Oserl (Mahajan et al. 2018)) are suppressed by
iAs'™ only at the steady-state expression level but not at
the transcriptional level (Fig. 4F), suggesting strong post-
transcriptional regulation of those genes after iAs'! expo-
sure. After MAs™ treatment, genes encoding two master
transcription factors critical for the maintenance of beta
cell function, Neurodl (Meulen and Huising 2015; Gu
et al. 2010) and Rfx6 (Smith et al. 2010; Piccand et al.
2014), are dramatically suppressed at the level of tran-
scription (Fig. 4G), whereas several other genes (including
genes coding for calcium channel Cacna2d2 and sodium
pump Atpla3a, both of which promote insulin secretion)
are strong candidates for post-transcriptional regulation
(Fig. 4H).

miR-29a is the top candidate master regulator
of arsenic-induced post-transcriptional changes
in gene expression

MiRNAs are prominent regulators of gene expression at the
post-transcriptional level (Bartel 2004) and are well-known
to confer robust control of beta cell function (Chakraborty
et al. 2014; Kaur et al. 2020; Eliasson and Esguerra 2014).
Therefore, we next sought to identify miRNAs that may be
responsible for the regulation of genes controlled primar-
ily at the post-transcriptional level after arsenical expo-
sure. First, for each arsenical treatment condition, we per-
formed DESeq2 two-factor integration analysis to identify
genes solely post-transcriptionally regulated (PTR) (Meth-
ods, Fig. 5A). Among PTR genes, those that are increased at
the mRNA level were subject to a loss of post-transcriptional
suppression (LPS) and those that are decreased at the mRNA
level were subject to a gain of post-transcriptional suppres-
sion (GPS).

To determine potential miRNA contributions to GPS
genes, we next analyzed the GPS genes associated with
either iAs™ or MAs™! treatment for enrichment of pre-
dicted targets of miRNAs that are significantly upregulated
after exposure to the corresponding arsenical. We found
that GPS genes associated with either arsenical are signifi-
cantly enriched (p value for iAs™ and MAs"™ =0.000998)
for predicted target sites of only one up-regulated miRNA,
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«Fig.3 Exposure to iAs™ or MAs™" leads to unique changes in gene
expression profiles in INS-1 832/13 cells. A PCA plot of gene expres-
sion profiles in iAs™ and MAs™ treated cells compared to the control
group (untreated). Batch 1 and 2 were performed by separate tech-
nicians and therefore batch correction using the limma package was
implemented. PCA plot was generated after applying VST. B Vol-
cano plots representing the DE analysis of genes after iAs'! or MAs™!!
treatment (significance indicated by red or blue; p adjusted <0.05,
log2fold-change < — 0.5 or>0.5, basemean > 500). C Venn diagrams
showing shared and uniquely altered genes between iAs'™! and MAs'™.
D Significantly altered gene expression in iAs™ and MAs™ treatment
groups. Normalized counts generated from DESeq2 analysis. The
Benjamini—Hochberg method was used to calculate the adjusted p
value: **p adjusted <0.01

miR-29a. MiR-29a is a well-established regulator of insulin
secretion and beta cell function (Bagge et al. 2012; Dooley
et al. 2016; Pullen et al. 2011; Duan et al. 2019) and there-
fore an exciting candidate to investigate further. Approxi-
mately, 33% of the GPS genes after iAs"™! exposure harbor
predicted miR-29a target sites, and nearly 25% of the GPS
genes after MAs!!! exposure are also predicted to be targeted
by miR-29a (Fig. 5B). Although there is a substantive num-
ber of miR-29a target GPS genes shared between MAs™ and
iAs, there are also many that are unique to each arsenical
(Fig. 5C). This finding suggests that although miR-29a is the
top candidate master post-transcriptional regulator of gene
expression in both iAs'" and MAs™ conditions, it may be
involved in the control of overlapping but slightly different
sets of genes depending on the arsenical.

We have highlighted some of the GPS genes, including
two well-known miR-29a targets that are also important for
beta cell health and identity, Dnmt3a (Hu et al. 2015; Dha-
wan et al. 2015) and Pten (Mziaut et al. 2020; Galimov et al.
2015) (Fig. 5D). In both treatment groups, we found genes
important for insulin secretion (Slcl6al, Stx2, Kcnkl0,
Kcna2, and Adcyaplrl) (Pullen et al. 2011; Zhu et al. 2017;
Kang et al. 2004; Liu et al. 2019) and beta cell survival
(Tnfaip3 and Ccnd2) (Ratajczak et al. 2021; Cozar-Castel-
lano et al. 2006), though some of the genes are arsenical
specific. In the MAs'! treatment group, we found Slc/6al
and Tnfaip3 to be significantly and uniquely downregulated.
In the iAs™ treatment group, we found that AdacypIrl, Stx2,
and Knca2 were significantly and uniquely downregulated. It
is important to note that while Kcna? is significantly down-
regulated in both iAs"! and MAs™ groups (Fig. 5D), it is
only a GPS gene in the iAs'! treatment group (Fig. 4F, G).

Discussion

In this study, we used a multi-omics approach to identify
miR-29a as a candidate master regulator of gene expres-
sion in INS-1 832/13 cells after exposure to either iAs"™! or
MAs". The INS-1 832/13 cell line is a classical model for

studying GSIS, as it maintains a robust response to glucose
stimulus in culture (Hohmeier et al. 2000). It has been estab-
lished that iAs™ and its metabolites are potent inhibitors of
GSIS (Beck et al. 2019; Dover et al. 2018; Douillet et al.
2013; Huang et al. 2019), though the underlying mecha-
nisms remain unclear. We sought to identify the effects of
iAs'" and MAs™ on miRNA expression. Our experiments
revealed miR-29a as a shared altered miRNA between arsen-
ical treatments. MiR-29a is a well-established modulator of
insulin secretion, in part through regulation of target genes
such as syntaxin-1 (Bagge et al. 2012; Pullen et al. 2011;
Duan et al. 2019; Filios and Shalev 2015; Baran-Gale et al.
2013; Bagge et al. 2012; Roggli et al. 2012).

We also identified key beta cell genes that are altered at
the transcriptional and/or post-transcriptional levels, sug-
gesting that multiple regulatory mechanisms may underlie
arsenical-impaired GSIS. GSIS is a detailed process that uti-
lizes numerous enzymes and channels within the beta cell.
In brief, glucose enter through the glucose transporter Glut2
(gene name Slc2a2) and is metabolized to generate ATP.
The increase in intracellular ATP closes the ATP-sensitive
sodium/potassium channels, depolarizing the membrane
and opening voltage-gated calcium channels. This results
in a calcium influx, which ultimately leads to the secretion
of insulin granules (Sabatini et al. 2019). After iAs™! treat-
ment, we found that Slc2a2 is significantly downregulated
at the transcriptional level (Fig. 4E). Arsenicals have been
hypothesized to use glucose permeases as a means to enter
cells (Garbinski et al. 2019). Downregulation of Slc2a2 may
represent a protective mechanism against further arsenic
damage or beta cells beginning to lose their identity and
functionality. In MASs™ treated cells, we found that two
genes encoding prominent factors of beta cell maintenance,
Neurodl and Rfx6, are dramatically and uniquely sup-
pressed. Neurod]1 is a well-established transcription factor
in the beta cell trajectory and is necessary for maintaining
functional beta cell identity (Meulen and Huising 2015; Gu
et al. 2010). Loss of the transcription factor Rfx6 is also
associated with impaired glucose sensing and insulin secre-
tion (Smith et al. 2010; Piccand et al. 2014). Loss of both
or either Neurodl and Rfx6 can result in an immature and
non-functional beta cell.

We found that GPS (gain of post-transcriptional suppres-
sion) genes are significantly enriched for miR-29a targets in
both iAs™ and MAs!! treatment groups (Fig. 5B). Kcna2
is an example of a gene that is GPS after iAs'!! treatment
and is also a predicted miR-29a target. It encodes a protein
that is a component of the voltage-gated potassium channel
that is responsible for re-establishing the membrane poten-
tial of beta cells and thus preparing for the next wave of
insulin granule secretion (Tamarina et al. 2005). Though
Kcna? is not a GPS gene in the MAs™ treated cells, it is
still significantly downregulated, highlighting that there may
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«Fig. 4 Exposure to iAs™ or MAs™" leads to unique changes in gene
transcription profiles in INS-1 832/13 cells. A Correlation analy-
sis between gene fold-changes at the RNA-seq level and ChRO-
seq level (iAs'™: R=0.45, p value<2.2e — 16; MAs": R=0.57, p
value<2.2e — 16). Only genes with baseMean> 500 in the RNA-
seq data are shown. B PCA plot of altered gene transcription pro-
files in iAs™ and MAs'! treated cells compared to the control group
(untreated). The limma package was used for batch correction
between experimental runs. PCA plot was generated after applying
VST. C Volcano plots representing differentially transcribed (DT)
genes after iAs™ or MAs™ treatment (significance indicated by red
or blue; p adjusted <0.05, log2fold-change < — 0.5 or>0.5). D Venn
diagrams showing shared and uniquely altered genes between iAs'!!
and MAs™. E Significantly altered genes both transcriptionally and at
the mRNA level in the iAs™ treatment group. F Significantly altered
genes at only the mRNA level in the iAs™ treatment group. G Signifi-
cantly altered genes both transcriptionally and at the mRNA level in
the MAs'™ treatment group. H Significantly altered genes at only the
mRNA level in the MAs™ treatment group. Normalized counts gen-
erated from DESeq2 analysis. The Wald test was used to calculate p
values: *p value <0.05, **p value <0.01

be miR-29a-independent mechanisms (at the transcriptional
level) that are involved in Kcna2 dysregulation under cer-
tain conditions. Interestingly, we found that a gene coding
for another type of potassium channel, Kcnkl0, is signifi-
cantly downregulated in both iAs™ and MAs™ treated cells
(Fig. 5D). Kcnkl0 is important for insulin secretion during
metabolic stress (Kang et al. 2004) and its loss of expres-
sion may indicate that arsenicals increase susceptibility to
diet-induced T2D. Previous studies have found that arsenic
and high-fat diet, when administered together, work syner-
gistically to impair insulin secretion in beta cells (Ahangar-
pour et al. 2018; Barrett 2011). Another gene of interest is
Adcyaplrl, as it codes for a protein that potentiates insulin
secretion and has been considered as a potential T2D thera-
peutic option (Filipsson et al. 1999; Inagaki et al. 1996; Liu
et al. 2019; Marzagalli et al. 2015). Therefore, the loss of
Adycaplrl is important to highlight in arsenic-induced T2D.
Overall, our data reveal that, while there are some shared
gene expression changes in iAs and MAs'! treated beta
cells, iAs™ and MAs™ exert some unique effects on beta cell
processes. Specifically, while miR-29a-mediated regulation
of insulin secretion pathways appears to be prominent after
iAs'™! treatment, miR-29a-mediated regulation of beta cell
survival and maintenance is likely to be of greater relevance
in the context of MAs'! treatment.

iAs™ is an established diabetogen (Maull Elizabeth et al.
2012; Navas-Acien Ana et al. 2006), though the mechanisms
by which it causes T2D have been poorly characterized. In

isolated murine islets, it has been shown that arsenicals
impair GSIS by potentially directly interfering with either
the K rp or Cav1.2 channels and that GSIS could be restored
to a degree using potassium channel blockers (Huang et al.
2019). Here, we find genes encoding components of both of
these channels to be downregulated after arsenical exposure.
Others have shown that arsenic induces apoptosis, indicating
that impaired GSIS could be due to loss of beta cells (Pan
et al. 2016; Fu et al. 2010). Furthermore, arsenicals have
also been shown to change transcription and expression of
insulin (Diaz-Villasefior et al. 2006) and alter methylation
patterns in cultured cells (Ehrlich et al. 2002), thus altering
transcription patterns. Our findings support that arsenic does
alter the transcriptional profiles in beta cells thereby leading
to upregulation of miR-29a and miR-29a-mediated beta cell
dysfunction. We also identified potential miR-29a-independ-
ent mechanisms, highlighting that arsenic-induced beta cell
dysfunction is due to multiple disrupted processes. Future
studies should be aimed at testing the hypothesis that inhibi-
tion of miR-29a can counteract the effects of arsenicals and
at least partially restore GSIS in beta cells.

While we selected the INS-1 832/13 cell line for its
robust GSIS response (Hohmeier et al. 2000), it does har-
bor limitations with regard to modeling inter-islet cellular
communication. We do not know how arsenical exposure
affects miRNA expression in other islet cell types and how
this impacts GSIS from beta cells. Also, another important
limitation is that the INS-1 832/13 cells are murine in origin.
It will be important in the future to interrogate the effects
of arsenicals on a newly established human beta cell line
and/or human islets. While our bioinformatics pipeline does
account for cross-species conservation, we cannot determine
from the present study whether target genes identified in
INS-1 832/13 cells are truly conserved in human beta cells
without functionally validating in a human beta cell-like
system.

Taken together, our data points to miR-29a as: (i) a
top-candidate master regulator of gene expression in beta
cells in response to both iAs™ and MAs™ treatment and
(ii) a key regulator of genes involved in insulin secretion
especially in the context of iAs treatment, and (iii) a key
regulator of genes involved in beta cell maintenance and
survival after either iAs™ or MAs™ treatment. Ultimately,
our work suggests that miR-29a is a shared master regulator
between iAs™! and MAs™ exposed beta cells, though it may
act through the suppression of overlapping, but distinct sets
of target genes.
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«Fig.5 miR-29a is a candidate master regulator for arsenical-induced
post-transcriptional changes in gene expression. A Two-factor anal-
ysis reveals genes significantly altered according to RNA-seq (p
adjusted < 0.05, log2fold-change < — 0.5 or>0.5) but not significantly
altered according to ChRO-seq (p adjusted>0.2) for iAs™ (top)
and MAs™ (bottom). GPS genes are in purple and LPS genes are in
orange. B Percentage of GPS genes that are miR-29a predicted tar-
gets in rats is shown. C Venn diagram representing overlap in con-
served (between rat and two other species among human, mouse,
and dog) miR-29a target GPS genes in iAs™ and MAs™ treatment
conditions. D Significantly altered miR-29a target GPS genes in
iAs™ only, MAs only, or both treatment groups. Normalized counts
generated from DESeq2 analysis. The Benjamini-Hochberg method
was used to calculate the adjusted p values: *p adjusted <0.05, **p
adjusted <0.01

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00204-022-03263-9.

Funding National Institute of Environmental Health Sciences,
P42ES031007, Miroslav Styblo, P42ES031007, Praveen Sethupathy.

Declarations
Conflict of interest The authors declare no conflicts of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ahangarpour A et al (2018) Evaluation of diabetogenic mechanism of
high fat diet in combination with arsenic exposure in male mice.
Iran J Pharm Res IJPR 17:164-183

Al-Sulaiti H et al (2019) Metabolic signature of obesity-associated
insulin resistance and type 2 diabetes. J Transl Med 17:348

American Diabetes Association (2004) Diagnosis and classification of
diabetes mellitus. Diabetes Care 27:s5—s10

Ana N-A et al (2006) Arsenic exposure and type 2 diabetes: a sys-
tematic review of the experimental and epidemiologic evidence.
Environ Health Perspect 114:641-648

Arora A et al (2021) Free fatty acid receptor 1: a ray of hope in the ther-
apy of type 2 diabetes mellitus. Inflammopharmacology. https://
doi.org/10.1007/s10787-021-00879-8

ASTDR (2020) Substance priority list. ATSDR. Agency Toxic Subst
Dis Regist

Bagge A et al (2012) MicroRNA-29a is up-regulated in beta-cells by
glucose and decreases glucose-stimulated insulin secretion. Bio-
chem Biophys Res Commun 426:266-272

Baran-Gale J et al (2013) Beta cell 5'-shifted isomiRs are candidate
regulatory hubs in type 2 diabetes. PLoS ONE 8:¢73240

Barrett JR (2011) A different diabetes: arsenic plus high-fat diet yields
an unusual diabetes phenotype in mice. Environ Health Perspect
119:a354-a354

Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell 116:281-297

Beck R et al (2017) Arsenic exposure and type 2 diabetes: microRNAs
as mechanistic links? Curr Diab Rep 17:18

Beck R et al (2019) Arsenic is more potent than cadmium or manga-
nese in disrupting the INS-1 beta cell microRNA landscape. Arch
Toxicol 93:3099-3109

Belgardt B-F et al (2015) The microRNA-200 family regulates pan-
creatic beta cell survival in type 2 diabetes. Nat Med 21:619-627

Blumberg A et al (2021) Characterizing RNA stability genome-wide
through combined analysis of PRO-seq and RNA-seq data. BMC
Biol 19:30

Chakraborty C et al (2014) Influence of miRNA in insulin signaling
pathway and insulin resistance: micro-molecules with a major role
in type-2 diabetes. Wires RNA 5:697-712

Christensen AA, Gannon M (2019) The beta cell in type 2 diabetes.
Curr Diab Rep 19:81

Chu T et al (2018) Chromatin run-on and sequencing maps the tran-
scriptional regulatory landscape of glioblastoma multiforme. Nat
Genet 50:1553-1564

Chu T et al (2019) Discovering transcriptional regulatory elements
from run-on and sequencing data using the web-based dREG gate-
way. Curr Protoc Bioinforma 66:70

Chung J-Y et al (2014) Environmental source of arsenic exposure. J
Prev Med Pub Health 47:253-257

Cozar-Castellano I et al (2006) Molecular control of cell cycle progres-
sion in the pancreatic f-cell. Endocr Rev 27:356-370

Cozar-Castellano I et al (2008) Lessons from the first comprehensive
molecular characterization of cell cycle control in rodent insu-
linoma cell lines. Diabetes 57:3056-3068

Dhawan S et al (2015) DNA methylation directs functional maturation
of pancreatic f cells. J Clin Invest 125:2851-2860

Diaz-Villasefior A et al (2006) Sodium arsenite impairs insulin secre-
tion and transcription in pancreatic p-cells. Toxicol Appl Phar-
macol 214:30-34

Dobin A et al (2013) STAR: ultrafast universal RNA-seq aligner. Bio-
informatics 29:15-21

Dooley J et al (2016) The microRNA-29 family dictates the balance
between homeostatic and pathological glucose handling in diabe-
tes and obesity. Diabetes 65:53-61

Douillet C et al (2013) Methylated trivalent arsenicals are potent inhibi-
tors of glucose stimulated insulin secretion by murine pancreatic
islets. Toxicol Appl Pharmacol 267:11-15

Dover EN et al (2018) Arsenite and methylarsonite inhibit mitochon-
drial metabolism and glucose-stimulated insulin secretion in
INS-1 832/13 B cells. Arch Toxicol 92:693-704

Duan J et al (2019) miR-29a negatively affects glucose-stimulated
insulin secretion and MIN6 cell proliferation via Cdc42/p-
catenin signaling. Int J Endocrinol 2019:¢5219782

Ehrlich M et al (2002) Hypomethylation and hypermethylation of
DNA in Wilms tumors. Oncogene 21:6694-6702

Eliasson L, Esguerra JLS (2014) Role of non-coding RNAs in pan-
creatic beta-cell development and physiology. Acta Physiol
211:273-284

Filios SR, Shalev A (2015) p-cell microRNAs: small but powerful.
Diabetes 64:3631-3644

Filipsson K et al (1999) PACAP is an Islet neuropeptide which con-
tributes to glucose-stimulated insulin secretion. Biochem Bio-
phys Res Commun 256:664-667

Fu J et al (2010) Low-level arsenic impairs glucose-stimulated insu-
lin secretion in pancreatic beta cells: involvement of cellular

@ Springer


https://doi.org/10.1007/s00204-022-03263-9
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10787-021-00879-8
https://doi.org/10.1007/s10787-021-00879-8

1698

Archives of Toxicology (2022) 96:1685-1699

adaptive response to oxidative stress. Environ Health Perspect
118:864-870

Galimov A et al (2015) Growth hormone replacement therapy regu-
lates microRNA-29a and targets involved in insulin resistance.
J Mol Med 93:1369-1379

Garbinski LD et al (2019) Pathways of arsenic uptake and efflux.
Environ Int 126:585-597

Gilon P et al (2014) Calcium signaling in pancreatic p-cells in health
and in Type 2 diabetes. Cell Calcium 56:340-361

Gu C et al (2010) Pancreatic f cells require NeuroD to achieve and
maintain functional maturity. Cell Metab 11:298-310

Haber EP, et al. New insights into fatty acid modulation of pancreatic
B-cell function. In: International Review of Cytology. Academic
Press; 2006. p. 1-41

Hohmeier HE et al (2000) Isolation of INS-1-derived cell lines with
robust ATP-sensitive K+ channel-dependent and -independent
glucose-stimulated insulin secretion. Diabetes 49:424-430

Hu W et al (2015) miR-29a maintains mouse hematopoietic stem
cell self-renewal by regulating Dnmt3a. Blood 125:2206-2216

Huang T, Hu FB (2015) Gene-environment interactions and obesity:
recent developments and future directions. BMC Med Genom-
ics 8:1-6

Huang M et al (2019) Arsenite and its trivalent methylated metabo-
lites inhibit glucose-stimulated calcium influx and insulin secre-
tion in murine pancreatic islets. Arch Toxicol 93:2525-2533

Hughes MF (2002) Arsenic toxicity and potential mechanisms of
action. Toxicol Lett 133:1-16

IDF Atlas (2019) 9th edition

Inagaki N et al (1996) PACAP/VIP receptors in pancreatic p-cells:
their roles in insulin secretiona. Ann N 'Y Acad Sci 805:44-51

Kahn SE (2003) The relative contributions of insulin resistance and
beta-cell dysfunction to the pathophysiology of Type 2 diabetes.
Diabetologia 46:3—-19

Kang D et al (2004) Functional expression of TREK-2 in insu-
lin-secreting MING6 cells. Biochem Biophys Res Commun
323:323-331

Kanke M et al (2016) miRquant 2.0: an expanded tool for accurate
annotation and quantification of microRNAs and their isomiRs
from small RNA-sequencing data. J Integr Bioinforma 13:47-56

Karslioglu E et al (2011) cMyc is a principal upstream driver of
B-cell proliferation in rat insulinoma cell lines and is an effec-
tive mediator of human f-cell replication. Mol Endocrinol
25:1760-1772

Kaur P et al (2020) Role of miRNAs in the pathogenesis of T2DM,
insulin secretion, insulin resistance, and p cell dysfunction: the
story so far. J Physiol Biochem 76:485-502

Khairul I et al (2017) Metabolism, toxicity and anticancer activities of
arsenic compounds. Oncotarget 8:23905-23926

Kristinsson H et al (2013) FFARI1 is involved in both the acute and
chronic effects of palmitate on insulin secretion. Endocrinology
154:4078-4088

Kuleshov MV et al (2016) Enrichr: a comprehensive gene set enrich-
ment analysis web server 2016 update. Nucleic Acids Res
44:W90-W97

Langenberg C, Lotta LA (2018) Genomic insights into the causes of
type 2 diabetes. The Lancet 391:2463-2474

Latreille M et al (2014) MicroRNA-7a regulates pancreatic 3 cell func-
tion. J Clin Invest 124:2722-2735

LiuJ et al (2018) FFAR1 agonism restores insulin secretion in rodents,
human islets, and diabetic monkeys. Diabetes. https://doi.org/10.
2337/db18-609-P

Liu M et al (2019) PACAP stimulates insulin secretion by PAC1 recep-
tor and ion channels in B-cells. Cell Signal 61:48-56

Loépez-Orduia E et al (2007) The transcription of MGAT4A glycosyl
transferase is increased in white cells of peripheral blood of Type
2 Diabetes patients. BMC Genet 8:1-7

@ Springer

Love Ml et al (2014) Moderated estimation of fold change and disper-
sion for RNA-seq data with DESeq2. Genome Biol 15:550
Lovis P et al (2008) Alterations in microRNA expression contribute
to fatty acid-induced pancreatic B-cell dysfunction. Diabetes
57:2728-2736

Maedler K et al (2008) Glucose and leptin induce apoptosis in human
f- cells and impair glucose-stimulated insulin secretion through
activation of c-Jun N-terminal kinases. FASEB J 22:1905-1913

Mahajan A et al (2018) Fine-mapping of an expanded set of type 2 dia-
betes loci to single-variant resolution using high-density imputa-
tion and islet-specific epigenome maps. Nat Genet 50:1505-1513

Mabhat DB et al (2016) Base-pair-resolution genome-wide mapping of
active RNA polymerases using precision nuclear run-on (PRO-
seq). Nat Protoc 11:1455-1476

Martin M (2011) Cutadapt removes adapter sequences from high-
throughput sequencing reads. Embnet J 17:10-12

Marzagalli R et al (2015) Emerging role of PACAP as a new potential
therapeutic target in major diabetes complications. Int J Endo-
crinol 2015:160928

Maull EA et al (2012) Evaluation of the association between arsenic
and diabetes: a National Toxicology Program Workshop Review.
Environ Health Perspect 120:1658-1670

Melkman-Zehavi T et al (2011) miRNAs control insulin content in
pancreatic p-cells via downregulation of transcriptional repres-
sors. EMBO J 30:835-845

Mziaut H et al (2020) MiR-132 controls pancreatic beta cell prolifera-
tion and survival through Pten/Akt/Foxo3 signaling. Mol Metab
31:150-162

Nurchi VM et al (2020) Arsenic toxicity: molecular targets and thera-
peutic agents. Biomolecules 10:235

Ohtsubo K et al (2005) Dietary and genetic control of glucose trans-
porter 2 glycosylation promotes insulin secretion in suppressing
diabetes. Cell 123:1307-1321

Orci L et al (1990) Reduced beta-cell glucose transporter in new onset
diabetic BB rats. J Clin Invest 86:1615-1622

Pan X et al (2016) Arsenic induces apoptosis by the lysosomal-mito-
chondrial pathway in INS-1 cells. Environ Toxicol 31:133-141

Patro R et al (2017) Salmon provides fast and bias-aware quantification
of transcript expression. Nat Methods 14:417-419

Piccand J et al (2014) Rfx6 maintains the functional identity of adult
pancreatic f cells. Cell Rep 9:2219-2232

Poy MN et al (2004) A pancreatic islet-specific microRNA regulates
insulin secretion. Nature 432:226-230

Poy MN et al (2009) miR-375 maintains normal pancreatic a- and
f-cell mass. Proc Natl Acad Sci 106:5813-5818

Pullen TJ et al (2011) miR-29a and miR-29b contribute to pancre-
atic B-cell-specific silencing of Monocarboxylate Transporter 1
(Mctl). Mol Cell Biol 31:3182-3194

Ratajczak W et al (2021) A20 controls expression of beta-cell regula-
tory genes and transcription factors. ] Mol Endocrinol 67:189-201

Roggli E et al (2012) Changes in MicroRNA expression contribute to
pancreatic -cell dysfunction in prediabetic NOD mice. Diabetes
61:1742-1751

Rorsman P, Ashcroft FM (2018) Pancreatic $-cell electrical activity
and insulin secretion: of mice and men. Physiol Rev 98:117-214

Sabatini PV et al (2019) Friend and foe: -cell Ca2+ signaling and the
development of diabetes. Mol Metab 21:1-12

Salles PA et al (2021) ATP1A3-related disorders: an ever-expanding
clinical spectrum. Front Neurol 12:447

Sarkar A, Paul B (2016) The global menace of arsenic and its conven-
tional remediation—a critical review. Chemosphere 158:37-49

Sassmann A et al (2010) The Gq/G11-mediated signaling pathway is
critical for autocrine potentiation of insulin secretion in mice. J
Clin Invest 120:2184-2193

Schmieder R, Edwards R (2011) Quality control and preprocessing of
metagenomic datasets. Bioinformatics 27:863-864


https://doi.org/10.2337/db18-609-P
https://doi.org/10.2337/db18-609-P

Archives of Toxicology (2022) 96:1685-1699

1699

Smith SB et al (2010) Rfx6 directs islet formation and insulin produc-
tion in mice and humans. Nature 463:775-780

Styblo M et al (2000) Comparative toxicity of trivalent and pentavalent
inorganic and methylated arsenicals in rat and human cells. Arch
Toxicol 74:289-299

Styblo M et al (2021) Origins, fate, and actions of methylated trivalent
metabolites of inorganic arsenic: progress and prospects. Arch
Toxicol 95:1547-1572

Sun Q et al (2019) miR-149 negative regulation of mafA is involved in
the arsenite-induced dysfunction of insulin synthesis and secretion
in pancreatic beta cells. Toxicol Sci 167:116-125

Tamarina NA et al (2005) Delayed-rectifier (KV2.1) regulation of pan-
creatic f-cell calcium responses to glucose: inhibitor specificity
and modeling. Am J Physiol-Endocrinol Metab 289:E578-E585

Thorens B (2015) GLUT2, glucose sensing and glucose homeostasis.
Diabetologia 58:221-232

Thorens B et al (1990) Reduced expression of the liver/beta-cell glu-
cose transporter isoform in glucose-insensitive pancreatic beta
cells of diabetic rats. Proc Natl Acad Sci 87:6492-6496

van der Meulen T, Huising MO (2015) Role of transcription factors in
the transdifferentiation of pancreatic islet cells. ] Mol Endocrinol
54:R103-R117

Varona-Santos JL et al (2008) c-Jun N-terminal kinase 1 is deleterious
to the function and survival of murine pancreatic islets. Diabeto-
logia 51:2271-2280

Vienberg S et al (2017) MicroRNAs in metabolism. Acta Physiol
219:346-361

Yang S-N, Berggren P-O (2006) The role of voltage-gated calcium
channels in pancreatic p-cell physiology and pathophysiology.
Endocr Rev 27:621-676

Zhu D et al (2017) Syntaxin 2 acts as inhibitory SNARE for insulin
granule exocytosis. Diabetes 66:948-959

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Candidate master microRNA regulator of arsenic-induced pancreatic beta cell impairment revealed by multi-omics analysis
	Abstract
	Introduction
	Methods
	Cell culture
	Glucose stimulated insulin secretion assay
	RNA isolation and sequencing
	ChRO-seq library preparation and sequencing
	Bioinformatics analysis
	Statistics

	Results
	Exposure to iAsIII and MAsIII similarly impairs GSIS in INS1 83213 cells
	iAsIII and MAsIII alter miRNA profiles similarly in INS1 83213 cells
	iAsIII or MAsIII exposure leads to unique changes in gene expression depending on the arsenical
	Exposure to iAsIII or MAsIII leads to unique changes in chromatin activity
	miR-29a is the top candidate master regulator of arsenic-induced post-transcriptional changes in gene expression

	Discussion
	References




