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Abstract

Background: MicroRNAs (miRNAs) play a key role in mediating the action of insulin
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pancreatic beta cells.

Results: We applied our computational framework to the expression profiles of
miRNA/mMRNA of INS-1, at different glucose concentrations. A total of 1437
differentially expressed genes (DEGs) and 153 differentially expressed miRNAs
(DEmiRs) were identified from multi-omics profiles. In particular, 121 DEmIRs
putatively regulated a total of 237 DEGs involved in glucose metabolism, fatty acid
oxidation, ion channels, exocytosis, homeostasis, and insulin gene regulation.
Moreover, Argonaute 2 immunoprecipitation sequencing, gRT-PCR, and luciferase
assay identified Crem, Fn1, and Stc1 are direct targets of miR-146b and elucidated
that miR-146b acted as a potential regulator and promising target to understand the
insulin signaling network.

Conclusions: In this study, the integration of experimentally verified data with
system biology framework extracts the miRNA network for exploring potential
insulin-associated miRNA and their target genes. The findings offer a potentially
significant effect on the understanding of miRNA-mediated insulin signaling network
in the development and progression of pancreatic diabetes.
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Background
MicroRNAs (miRNAs) are short, noncoding RNAs of approximately 22 nucleotides in
length that function as important regulators at the post-transcriptional level either by
degrading mRNA molecules or suppressing protein translation [1]. miRNAs play crit-
ical roles in regulating numerous physiological processes, including the cell cycle [2],
cell growth, development, differentiation [3], apoptosis [4], and pathological processes,
such as those associated with various cancers [5]. Recent advances in multi-omics pro-
filing technologies have fundamentally changed the process of large-scale screening in
miRNA studies. Different techniques, such as RNA sequencing (RNA-seq), small RNA
sequencing (sRNA-seq), Argonaute immunoprecipitation sequencing (Ago IP-seq),
Argonaute cross-linking and immunoprecipitation sequencing (CLIP-seq) and chroma-
tin immunoprecipitation sequencing (ChIP-seq) can facilitate discovery of novel miR-
NAs, miRNA-target interactions (MTIs), and miRNA regulation by transcription
factors (TF). In addition, miRTarBase 7.0 [6] houses 4076 mature miRNAs and about
422,517 MTIs that are supported by considerable strong experimental evidence.
Diabetes is a metabolic disorder occurring in patients with high blood glucose level
or hyperglycemia, which brings serious complications, such as heart and kidney dis-
eases. Pancreatic beta - cells are responsible for the secretion of insulin by which the
blood glucose level is controlled [7]. High glucose infusion in rats can lead to an ap-
proximately 40-60% increment in mass and proliferation of beta-cells [8]. Several intra-
cellular signaling pathways, such as the phosphatidylinositol 3-kinase (PI3K)/Akt
pathway [9], can induce beta-cell proliferation and is correlated with blood sugar. Re-
cently many studies have identified several miRNAs as pathological factors, which con-
tribute to the development of diabetes [10-12]. For example, miR-375 is an abundantly
found miRNA in beta-cells [13] and increased expression of this miRNA is observed in
patients with type 2 diabetes (T2D) [14]. Moreover, overexpression of miR-375 down-
regulates 3phosphoinositide-dependent protein kinase-1 [15] and decreases glucose-
stimulated insulin secretion whereas its up-regulation is correlated with beta-cell mass
loss [16]. Substantial accumulating evidence indicates that miRNAs can perform regula-
tory roles of cell proliferation and diabetes through glucose-stimulated response in pan-
creatic beta-cells [17, 18]. The secretion of insulin is negatively regulated by miR-375
and the repression of miR-375 through the cAMP-PKA pathway may enhance the insu-
lin response in pancreatic beta-cells [19]. Due to repression in miR-7, mTOR-signaling
gets activated, which in turn promotes beta-cell proliferation in both human and mouse
[20]. However, miR-7 functions in supporting the survival of beta-cell at the embryonic
developmental stage. The delivery of miR-7 morpholinos to early mouse embryos
results in a decrease of the total beta-cells number and their dysfunction [21].
miR-124a-2, another important regulator of embryonic pancreatic development,
targets Foxa2, the activator of pancreatic duodenal homeobox 1 involved in the
differentiation and survival of pancreatic beta cells [22]. Defected miR-124a-2 may
be associated with beta-cell dysfunction [23]. Even though numerous studies have
provided evidence that glucose- stimulated insulin secretion (GSIS) can be medi-
ated by miRNAs, the comprehensive molecular mechanisms of miRNA-mediated
gene regulation in glucose-stimulated pancreatic beta cells remain poorly under-
stood. MTIs analysis has become a widely adopted approach to unravel target
genes and pathways in biological systems.
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Recently several web servers and online bioinformatics tools have been developed for
the study of MTIs and miRNA regulatory networks. For example, dChip-GemiNi [24]
is a web server that can be used to identify miRNA, TF, and their target gene networks
with gene and miRNA expression profiles. Another web server, mirConnX [25] pro-
vides mRNA and miRNA gene regulatory networks through the computational predic-
tion of MTIs and TF-miRNA. Similarly, MAGIA [26] provides platforms to construct
TF-miRNA regulatory networks. All of these tools offer an integrated gene and miRNA
expression profiles with target prediction. For confirming the uncertainty of miRNA
target prediction tools, high-throughput experimental techniques for MTIs with Ago
IP-seq and TF-miRNA association studies with ChIP-seq are widely applied in the
study of miRNA-gene regulatory networks [27, 28].

To facilitate the study of novel MTIs in glucose-stimulated beta cells and to discover
new insights into diabetes, we used an integrative multi-omics and systems biology ap-
proach, including RNA sequencing (RNA-seq) and small RNA sequencing (sSRNA-seq)
at different glucose concentrations to reconstruct the miRNA-mediated gene regulatory
network in INS-1 pancreatic beta cells (INS-1). INS-1 cells display important character-
istics of the pancreatic beta cells, including insulin expression, stable pancreatic beta-
cell phenotype over 116 passages, and responsiveness to glucose within the physio-
logical range [29]. Due to the above reasons, we selected INS-1 as the model cell line to
investigate the MTIs in this study.

In this study, we combined the multi-omics profiles, public MTI database, TF-
miRNA database, and computational prediction tools to enhance the identification of
MTIs. Based on our newly constructed miRNA-gene regulatory network, we further
performed the large-scale MTIs validation based on Ago2 IP-seq methodology [30] to
rule out the possibility of false-positive MTIs. In addition, we further validated that
miR-146b which inhibited by high glucose concentration can promote the regulation of
insulin release-related genes. In brief, this study reveals a novel MTIs in INS-1 under
increasing glucose conditions and clarifies the molecular mechanisms associated with

insulin signaling network in the pancreatic beta-cell.

Results

Figure 1 presents an overview of the proposed computational framework to identify the
novel MTIs in INS-1 under different glucose concentrations by high-throughput ex-
pression profiles. The method includes the following two steps: (1) identification of dif-
ferentially expressed genes (DEGs) and differentially expressed miRNAs (DEmiRs) from
RNA-seq and small RNA-seq data, respectively; (2) mapping of DEGs and DEmiRs to
the curated novel MTIs and reconstruction of the regulatory network and functional
annotation of the target genes.

Effects of glucose concentration on INS-1 growth

INS-1 doubling time was between 50 and 100 h depending on the glucose concentra-
tion of the culture medium [31]. The speed of cell division was affected by glucose
levels, and the average subculture time was 1 week. Insulin secretion and complete cell
morphology were retained even after 80 generations of the successive subculture; thus,
the cells were considered stable for the study. Subculture generations 4 to 10 were used
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Fig. 1 Schematic overview of the computational approaches to reconstruct the miRNA-gene
regulatory network

in the study. Cell morphology and growth pattern were observed under a microscope
(Figure S1). A high glucose level of 30 mM was beneficial to INS-1 adhesion, but a
massive suspension of INS-1 was observed on day 4 under a low glucose level of 2 mM
(Figure S1). To obtain a detailed understanding of the effect of glucose on INS-1
growth, we measured the cell growth curve and doubling time. The INS-1 doubling
times were 102.76, 51.63, and 45.69 h at 2 mM, 11.1 mM, and 30 mM glucose concen-
tration, respectively (Figure S2). The cell doubling time under moderate or high glucose
level was found to be consistent with the values in the literature [31].

Effect of glucose concentration on miRNAs and genes expression in INS-1

sRNA-seq and RNA-Seq are highly sensitive and accurate tools for measuring miRNAs
and mRNAs expression across the transcriptome under different environmental condi-
tions. In our study, there were three RNA samples under three increasing glucose condi-
tions (2mM, low glucose; 11.1 mM, moderate glucose; and 30 mM, high glucose) for
sRNA and mRNA sequencing to observe the DEGs and DEmiRs. The read quality of the
sRNA-seq and RNA-seq are shown in Fig. 2 and Figure S3. The read length distribution
line chart indicates that all samples reached a peak miRNA length in Fig. 2a. More than
87% reads were mapped to the reference genome in Fig. 2b. Figure 2c¢ displays more than
40% of reads were obtained from miRNAs. On the other hand, the read quality of RNA-
seq present in Figure S3A and more than 91% reads were mapped to the reference gen-
ome. Figure S3B present the DEGs analyzed from RNA-seq data using Volcano plot. The
detailed information about differentially expressed miRNAs and mRNAs are provided in
Additional file 1 and Additional file 2. Furthermore, miRNAs were identified as signifi-
cantly and differentially expressed relative to those at moderate glucose concentration if
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Fig. 2 Read quality and distribution of small RNA-seq data. a The read length distribution shows that all
samples reached a peak miRNA length b Mapping ratio of reads to the reference genome ¢ Propor-tion of
reads (> 40%) detected from miRNAs

A\

the fold change exceeded or was equal to 1.4 (upregulated miRNAs) or was less than or
equal to 0.71 (downregulated miRNAs). mRNAs were identified as significantly and differ-
entially expressed relative to moderate glucose concentration if the fold change > 1.5 (up-
regulated mRNAs) or < 0.67 (downregulated mRNAs).

To analyze the experimental results of the miRNA expression and their target genes, we
defined eight types of expression profiles according to their responses to different glucose
concentrations. Figure 3 demonstrates different profile categories for miRNA (Fig. 3a) and
mRNA (Fig. 3b) expression. The gene expression profiles of low and high glucose condi-
tions were correlated with moderate glucose concentration. The eight types of expression
profiles were named as follows: I (increased continuously); D (decreased continuously); M
(decreased under both low and high glucose conditions); V (increased under both low and
high glucose conditions); LD (decreased under low glucose and no significant expression
change under high glucose conditions); LI (increased under low glucose and no significant
expression change under high glucose conditions); HI (increased under high glucose con-
ditions and no significant expression change under low glucose); HD (decreased under
high glucose conditions and no significant expression change under low glucose).

Under our assumption that most miRNAs act as a negative regulator of their target
mRNAs, each type of miRNA and its target should present an inverse expression pro-
file. For example, the inverse expression of the I type was the D type and that of the HD
type was the HI type. The number of genes and miRNAs in each type are shown in Fig. 3a
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Fig. 3 Eight types of (@) miRNA and (b) mMRNA gene expression profiles in response to different glucose
concentrations. The x-axis shows three different glucose concentrations (low, normal, and high). The y-axis
shows the log2 fold change compared with normal glucose concentration. The red line represents the
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(increased under high glucose conditions and no significant expression change under low glucose); HD
(decreased under high glucose conditions and no significant expression change under low glucose)

and b, respectively. To obtain high-confidence MTTI pairs from the high-throughput data,
we defined MTIs by using experimental or predicted evidence and miRNA and its target
gene with the inverse expression level. Eight types of MTI pairs with high confidence were
observed and further analyzed to construct the network and function.

In this study, RNA and small RNA sequencing techniques were applied to obtain
DEGs and DEmiRs for each glucose concentration in which INS-1 cells were incubated.
To validate the expression profiling of DEGs and DEmiRs, we selected nine genes
(Glplr, Calr, Pde4b, Cited2, Trpc4, Crem, Insl, Rasgrp2, and Camk) and two miRNAs
(miR-375 and miR-16) on the basis of the reports published in the literature [32]. Then,
quantitative reverse-transcription PCR (qRT-PCR) was conducted to verify the expres-
sion profile of these genes in RNA samples used in next-generation sequencing and an-
other three independent RNA samples under three culture conditions at different
glucose concentrations. The results of qRT-PCR validation (Figure S4A) show that the
experimental design is highly relevant, and the trend of differential gene expression in-
duced by glucose is consistent with that of the RNA-seq profiles FPKM (fragments per
kilobase of transcript per million mapped reads) value (Figure S4B).

Novel MTIs analysis of miRNA-mediated gene regulatory in different glucose
concentration stimulated

On the basis of the previous report [33], we selected genes with the following keywords:
glucose/carbon/insulin (indicated as G), ion/calcium (indicated as O), exocytosis/
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homeostasis (indicated as E), and CREB/cAMP/transcription factor (indicated as C)
[34—-39]; and then, we conducted network analysis to find the novel miRNA-mediated
gene regulatory network under glucose variation in Figs. 4, 5, S5 and S6. In these fig-
ures, the solid line (Level 1) represents the interactions of miRNA targets with strong
experimental evidence (supported by luciferase reporter assay or Western blot); dotted/
dashed line (Level 2) represents the interactions of miRNA targets with substantial
weaker experimental evidence (supported by CLIP-seq experiments); dashed line (Level
3) represents the interactions of the predicted miRNA targets.

The downregulated miRNA (DN-miRNA)-mediated gene regulatory network in high
glucose involved 14 DN-miRNAs and 80 upregulated genes, which were associated with
the selected gene function (G, O, E, and C) (Fig. 4). The results of our study indicated
that miR-185-5p and miR-10a-5p were the key miRNAs that regulated more than 10
genes under high glucose conditions. The upregulated miRNA (UP-miRNA)-mediated
gene regulatory network in high glucose involved 29 UP-miRNAs and 51 downregu-
lated genes, which were associated with the selected gene function (G, O, E, and C)
(Fig. 5). miR-423-5p, miR-3577, miR-21-3p, and miR-320-3p were the key regulators
that suppressed more than 10 genes. The differentially expressed miRNA (DE-
miRNA)-mediated gene regulatory network at low glucose concentration are shown in
Figures S5 and S6. We used gene functional annotation and analyzed the network

under different conditions because of the large number of genes involved in different

types of networks.
We summarized the top 20 gene ontology (GO) results of different glucose-
stimulated types of the miRNA-mediated gene regulatory network. We found that DN-

miRNA-mediated genes under high glucose conditions (Figure S7) were associated with
the organelle membrane (p-value: 4.01E- 4), response to starvation (p-value: 0.001) and
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Fig. 4 DN-miRNA-mediated gene regulatory network in high glucose concentration. Level 1 represents the
interactions of miRNA targets with strong experimental evidence (supported by luciferase reporter assay or
Western blot). Level 2 represents the interactions of miRNA targets with substantial weaker experimental
evidence (supported by CLIP-seq experiments). Level 3 represents the interactions of the predicted miRNA
targets. The oval denotes mRNA, the triangle represents miRNA
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Fig. 5 UP-miRNA-mediated gene regulatory network at high glucose concentration. Level 1 represents the
interactions of miRNA targets with strong experimental evidence (supported by luciferase reporter assay or
Western blot). Level 2 represents the interactions of miRNA targets with substantial weaker experimental
evidence (supported by CLIP-seq experiments). Level 3 represents the interactions of the predicted miRNA
targets. The oval denotes mRNA, the triangle represents miRNA

nutrient levels (p-value: 0.002) under biological process categories. UP-miRNA-
mediated genes under high glucose conditions (Figure S8) were majorly associated with
the transcription regulator activity (p-value: 8.30E- 4) under the categories of biological
process and molecular function. Cell cycle-related genes (p-value: 1.12E-10) were
downregulated at low glucose levels (DN-miRNA-mediated genes in low glucose con-
centration, Figure S9); this result is in accordance with the slow growth rate of INS-1
cells when cultured under low glucose condition. The genes were induced by glucose
starvation (UP-miRNA-mediated genes in low glucose concentration Figure S10) via
the endoplasmic reticulum-unfolded protein response, which protects cells from cell
death (p-value: 2.90 E x 10°).

In addition, we established TF-miRNA regulatory networks in pancreatic beta cells.
Thirty-four TF-miRNA interactions, including 10 TFs and 28 DE-miRNAs, were identi-
fied using TransmiR and gene/miRNA expression profiling Fig. 6 and these results indi-
cated EGR1 as a key transcription factor regulating 19 DE-miRNAs.

High-throughput identification of miRNA-target interactions by Ago2
Immunoprecipitation (Ago2 IP)

In silico prediction of miRNA targets is an extremely useful approach to identify poten-
tial mRNA targets from sequencing data, however, the large number of MTIs still need
further experimental validation. The identification of miRNA targets is experimentally
laborious and time-consuming. Recently, high-throughput sequencing methods are
combined with Ago2 IP-seq to identify miRNAs associated with Ago2. In order to re-
duce the number of possibilities of MTIs, we further validated the MTIs using Ago2
IP-seq under high or low glucose conditions. Combining the Ago2 IP-seq results, we
successfully reduced the number of MTIs in INS-1 pancreatic beta-cells under high
glucose concentration. The original number of MTIs from Fig. 4 (151 MTIs), Fig. 5
(331 MTIs), Figure S4 (668 MTTIs), and Figure S5 (1013 MTIs), has been reduced to 11
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(Additional file 3: Table S1), 85 (Additional file 3: Table S2), 197 (Additional file 3:
Table S3), and 314 (Additional file 3: Table S4), respectively. In Fig. 7, we summarized
the gene analysis results of different glucose-stimulated types of miRNA-mediated gene
regulatory network. The dashed (Level 3) represents the interactions of the predicted
miRNA targets under glucose stimulation and the solid red line (Level 4) indicated the

MTTIs which validated by Ago2 IP-seq experiment.

Regulatory role of miR-146b on insulin-related genes

On the basis of the novel reconstructed miRNA-mediated gene regulatory network
(Fig. 7), we further selected and validated two MTIs of Crem and Fnl to miR-146b by
miR-146b mimic transfection, independent Ago2 IP, and qRT-PCR experiments. Not-
ably, the two genes are related to the GSIS mechanism, but no evidence supports that
miR-146b can participate in the simultaneous regulation of these genes. The potential
target sites of Crem and Fnl of miR-146b are shown in Fig. 8a. To investigate the regu-
lation of miR-146b target genes, we overexpressed miR-146b and measured the expres-
sion levels of Crem and Fnl using qRT-PCR. The qRT-PCR results confirmed that the
mRNA expression of the targets genes was downregulated by miR-146b mimics in
comparison with the scramble control (Fig. 8b). Furthermore, as mentioned above,
RNA fractions were concentrated using the Ago2 IP method and subjected to miRNA
target validation. Either miR-146b mimic or the miR-146b scrambled control (src) was
delivered to INS-1 cells with low miR-146b expression level under high glucose condi-
tion. Then, qRT-PCR was used to compare the expression levels of Crem and Fnl
mRNAs. The results show that the expression levels of Crem and Fnl were enriched in
the Ago2 IPRNA fractions, whereas low expression of Crem and Fnl was observed in
the total RNA fractions, probably due to the RISC cleavage (Fig. 8c). Moreover, to
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determine whether miR-146b can repress Crem and Fnl by targeting its binding site at
3UTR, we inserted the PCR product containing full length of 3'UTR of two target
genes into pmiRGLO luciferase reporter vector. Considering that the translation of tar-
get genes are affected by miRNA, we performed dual luciferase reporter assay with
INS1 cells co-transfected with either empty luciferase vector or the construct contain-
ing 3'UTR of five target genes individually and miR-146b mimics or scramble control.
The luciferase assay data indicated that the luciferase reporter activities of Crem and
Fnl were markedly repressed by miR-146b mimics in comparison to scramble control
(Fig. 8d). The repression of luciferase reporter assay might be due to binding of miR-
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Fig. 8 Validation of the two target genes Crem and Fn1 of miR-146b that are common in prediction and
RNA-seq analysis. a Predicted target sites of miR-146b in 3-UTR of rat Crem and Fn1. b mRNA expression
analysis of two target genes of miR-146b by qRT-PCR ¢ Ago2-IP analysis was carried out to measure relative
enrichment of Crem and Fn1 genes of miR-146b as measured by qRT-PCR. src-scramble. d Luciferase
activity in INS1 cells cotransfected with either empty luciferase vector pmiR-GLO as positive control or the
construct containing 3'UTR of two target genes Crem and Fn1 and miR-146b mimics (mimic) or scramble
control (scr)
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146b to the 3'UTR of these target genes. These results suggest that miR-146b might
target Crem and Fnl via their 3’'UTR.

Discussion

Hypoglycemia is a metabolic disorder condition characterized by abnormally low blood
glucose levels of usually less than 70 mg/dL. Hypoglycemia is referred to as an insulin
reaction or insulin shock. By contrast, hyperglycemia is a medical condition character-
ized by high blood glucose. When diabetes occurs the blood sugar level fluctuates peri-
odically [40, 41]. Several glucose-dependent genes in pancreatic beta cells have been
reported to date. For example, Txnip is a key regulatory factor for apoptosis and dia-
betic beta-cell dysfunction and prevents T1D and T2D in a rat model. Previous studies
showed that Txnip is strongly induced by glucose. In this study, RNA-seq analysis
showed that Txnip gene expression increased by 17 times with elevated glucose level
from 2mM to 30 mM. The regulatory mechanism of Txnip shows that transcription
regulation initiated by glucose is highly correlated with miRNA [42].

Accumulating data suggest the important role of miRNA in diabetes [43]. We found
that the glucose level-associated miRNAs identified using our workflow matched the
previously reported diabetes-associated miRNA, such as miR-34, miR-141, and miR-
200c [44]. The expression levels of miR-200 family miRNAs, which include miR-141
and miR-200c, were reportedly upregulated in db/db mice and induce the upregulation
of apoptosis genes. In addition to its function in diabetes, miR-200c facilitates the regu-
lation of the expression of class III beta-tubulin (TUBB3) under the hypoglycemic con-
dition in ovarian cancer [45]. Our present study found that the miR-200 family
miRNAs in the INS-1 cell line were downregulated with the increase in environmental
glucose concentration, suggesting that the miR-200c family may also play a role in
hypoglycemia.

Several miRNAs identified in T2D patients may be useful biomarkers for the disease
progression of T2D and treatment response to antidiabetic medications. miR-185-5p is
one of the most significantly decreased miRNAs. The effect of decreased miR-185 in
diabetes patients remains unclear [46]. In our study, we found that low miR-185-5p ex-
pression level at both low and high glucose concentrations. According to the miRNA-
mRNA-target interaction analysis, we found four predicted target genes that were reg-
ulated by miR-185-5p. Three of the genes (Cyp46al, Pdlim1, and Algl4) control the
synthesis of cholesterol and long-chain fatty acids. The dominant factor in the patho-
genesis of T2D is insulin resistance which in turn increases fatty acid and cholesterol of
plasma membranes [47].

Moreover, Cyp46al encodes a member of the cytochrome P450 superfamily of en-
zymes. Cytochrome P450 proteins have monooxygenase activity and catalyze a large
number of reactions which are involved in drug metabolism as well as the synthesis of
cholesterol, steroids, and other lipids [48]. p75 neurotrophin receptor (p75NTR/
CD271) mediates glioma invasion that requires regulated interaction with PDLIM1
[49]. Similar to other tumors, gliomas are believed to primarily metabolize glucose for
energy production. However, the dependence of gliomas on glycolysis has recently
gained attention because fatty acid oxidation enzymes are present and active within gli-
oma tissues. Targeting of this metabolic pathway can reduce energy production and
cellular proliferation in glioma cells [50]. The endoplasmic reticulum is the
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predominant site of the elongation of long-chain fatty acids. A study in cultured rat he-
patocytes showed that the suppression of N-linked glycosylation enhances the activa-
tion of the sterol regulatory element-binding protein-1 following increase in the
downstream expression of DNL enzymes, including fatty acid synthase [51].

It should be noticed that the V-type miRNA (Fig. 3b) was expressed regardless of glu-
cose level and may be involved in maintaining constant blood sugar levels. The expres-
sion of inverted V-type miRNA was inhibited regardless of glucose level. These results
suggest that the target gene is inhibited at the normal glucose level and provide a good
basis for future research on miRNAs related to glucose metabolism disorders. By con-
trast, according to the known T2D-related miRNA target or pathway genes (such as
p38, PTEN, PI3K/AKt, Bax, Foxa22, and Glut4) [52, 53], we found that none of these
genes were screened probably because the short-term glucose-stimulated culture can-
not rapidly induce changes in gene expression.

In this study, we also used the Ago2 IP-seq experiment to observe and reduce the
number of possibilities of MTIs of the rat INS-1 pancreatic beta-cells under high glu-
cose concentration. It is noteworthy that in this Ago2 IP-seq experiment, we observed
several miRNAs which have been confirmed to be associated with diabetes or metabolic
abnormalities, such as miR-30b, miR-143, and miR-27b. miR-30b is one of miRNA
which correlates with human obesity and T2D [54]. In addition, miR-143 is correlated
with metabolic stress in the liver, resulting in insulin resistance on organismal glucose
metabolism [55]. Furthermore, glucocorticoids transcriptionally regulate the miR-27b
expression and promote body fat accumulation [56]. In brief, through Ago2 IP-seq, we
can observe the changes of MTIs under different experimental conditions accurately
and extensively. The identified novel MTIs in this study may provide valuable insights
into blood glucose homeostasis.

The two candidate direct target genes (Crem and Fnl) of miR-146b under glucose
stimulation are presented in Fig. 7. Notably, the two genes are related to the insulin re-
lease mechanism [57], Insulin receptor signaling cascade [58], and the correlation of
glycemia and glycosylated hemoglobin among patients with T2D [59], respectively, but
no evidence supports that miR-146b can participate in the simultaneous regulation of
these genes. Two target genes of miR-146b were still not annotated in miRTarBase
[60]; thus, these target genes were potential candidates for experimental validation. Ac-
cording to computational prediction, overexpressed miR-146b mimic, and Ago2IP with
qRT-PCR results (Figs. 7 and 8a-c), Crem and Fnl were highly associated with miR-
146b. Further validation by luciferase reporter assay proved that the direct integration
between miR-146b and Crem or Fnl genes (Fig. 8D).

In addition, Yipf3 is a predicted target gene of miR-501-3p and miR-185-5p (Fig. 7).
Yipf3 is involved in the maintenance of the Golgi structure and plays a role in
hematopoiesis. Due to hyperglycemia, dysregulated hematopoietic cells move to those
organs which are affected by diabetes and cause different effects like inflammation, cel-
lular dysfunction, and accelerated apoptosis [61].

Conclusions

In summary, we combined our computational framework with wet-laboratory experi-
ments to uncover the effect of environmental glucose level on the dynamic of miRNA—
mRNA regulatory network in the INS-1 cells. The expression profiles of miRNA and
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mRNA under various experimental conditions were measured by high-throughput
sequencing and the differential expression of the selected genes were validated
using qRT-PCR. Our data enabled us to reconstruct the miRNA-mediated regula-
tory network and disclosed previously unidentified miRNA-mediated regulation in
adapting to different glucose levels. Notably, GO analysis demonstrated that genes
with similar biological functions were regulated by the same miRNAs and shared
similar expression profiles; these findings suggest that miRNA-mediated gene regu-
lation can be used as a biomarker for examination or treatment. Moreover, we
found that more than 30% of reported miRNAs associated with diabetes show dif-
ferential expression with the change in glucose level. In addition, using Ago2 IP
experiment and luciferase reporter assay, we showed that miR-146b can inhibit the
mRNA levels of Crem and Fnl genes under high glucose condition and these re-
sults provide the first evidence of the involvement of miR-146b in the glucose-
stimulated insulin secretion mechanism. These findings offer a potentially signifi-
cant effect on the understanding of miRNA-mediated regulatory networks in the
development and progression of pancreatic diabetes. The integration of experimen-
tally verified data with this computational framework can effectively and efficiently
extract the miRNA network and is thus suitable for exploring potential pancreatic
disease-associated miRNA and their target genes.

Methods

Cell culture, RNA isolation, and library preparation for RNA and small RNA sequencing
INS-1 cells (AddexBio, Taoyuan, Taiwan) were routinely cultured in RPMI-1640
(Thermo Fisher, Waltham, MA, USA) supplemented with 10% FBS, 1 mM pyruvate, 10
mM HEPES, and 50 mM 2-mercaptoethanol at 37 °C in a humidified atmosphere at 5%
CO,. The cells were detached using Trypsin—-EDTA and were passaged once per week.
For RNA isolation, INS-1 cells were plated at a density of 10° cells per T-75 flask and
incubated in RPMI-1640 containing 2 mM (low glucose), 11.1 mM (moderate glucose),
and 30 mM glucose (high glucose). As osmolality control, mannose was added to the
culture medium to avoid osmotic effects resulting from low glucose levels [62]. On the
following day, the cells were collected, and RNA extraction was carried out. mRNA
from the INS-1 cells was extracted using RNAZol kit (SigmaAldrich, Merck KGaA),
and miRNA was extracted using miRNeasy Mini Kit (Qiagen, Hilden, Germany). The
extracted RNA was dissolved in RNase-free water and stored at — 80 °C. The concentra-
tion of RNA was measured using a Nanodrop spectrophotometer (Thermo Fisher, Wal-
tham, MA, USA). The integrity of total RNA was assessed using Agilent 2200
TapeStation-RNA R6K assay (Agilent, Santa Clara, CA). RNA-seq and small RNA-seq
c¢DNA libraries were constructed following the standard Illumina (Illumina, San Diego,
CA) protocol. All resulting cDNA library fragments were validated using Agilent 2200
TapeStation-D1000 assay (Agilent). The cDNA libraries were measured using quantita-
tive reverse-transcription PCR (qRT-PCR) (Roche, LightCycler® 480 system, Basel,
Switzerland) and a Qubit fluorometer (Invitrogen, Carlsbad, California, USA), pooled,
and sequenced on an Illumina NextSeq 500 platform in single-ended mode with 75
bps. Depth of coverage of approximately 20 million or 5 million reads was obtained in
RNA-seq or small RNA-seq, respectively. The expression levels of selected target genes
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in RNA sequencing samples and other independent samples were validated via qRT-
PCR method using a general SYBR Green PCR Kit (Roche).

RNA sequencing data analysis

Quality control of RNA-seq reads was conducted by using the FASTX-Toolkit version
0.0.13.2. Nucleotides with high-quality base calling (Phred quality score =20, which
represents 99% accuracy of a base call) were included, and RNA reads exceeding 35 nu-
cleotides were retained. Then, the reads were mapped to the UCSC Rattus norvegicus
genome rn6 by using TopHat2 [63] version 2.1.0 with the option --b2-very-sensitive
and -G for transcriptome annotations from the UCSC Genome Browser [64]. The
transcripts were assembled, and the estimated abundances were normalized by Cuf-
flinks version 2.2.1 [65]. Gene expression profiles were estimated using Cuffdiff version
2.2.1. Genes with FPKM values of less than 10 in both compared samples were filtered.
Genes were identified as upregulated or downregulated if the fold change exceeded 1.2
or was less than 0.83, respectively.

Small RNA sequencing data analysis

The 3’-adapters of the small RNA-seq reads were trimmed using Cutadapt v1.5 [66].
Quality control and data preprocessing were done using the FASTX-Toolkit. Only nu-
cleotides with Phred quality score > 20 and reads longer than 18 were included. To as-
sess the quality of the small RNA distribution and miRNA in the sequencing data,
ncPRO-seq [67] package (version 1.6.1) was used to confirm the read distribution in
the reference genome. Only reads that were mapped with a maximum of one mismatch
and 20 locations in the genome were used (Bowtie [68] v1.1.2 parameter: -v1 -a -m20
--best --strata --nomaqround -f -y). Five databases, namely, the UCSC reference gen-
ome (rn5), miRBase v21, UCSC refGene, RFam v11.0, and UCSC RepeatMasker (rn5)
were employed for annotation. To quantify the miRNA profiles, miRDeep2 [69] pack-
age (version 2.0.0.5) and same bowtie parameter as ncPRO-seq were used. To
standardize miRNA expression across different samples, we normalized the read count
in each sample into reads per million (RPM). To categorize extremely low-expressed
miRNA, we filtered miRNAs with RPM lower than 10 in both compared samples. miR-
NAs were identified as upregulated or downregulated if the fold change exceeded 1.4
or was less than 0.71, respectively.

A computational approach for reconstruction of miRNA-mediated gene regulatory
network

An overview of the proposed computational approach to reconstruct the miRNA-gene
regulatory network is shown in Fig. 1. Information on TF-miRNA regulation was de-
rived from the TransmiR [70] database and review of the literature. DEGs and miRNAs
were obtained from expression profiles. Experimental MTIs were obtained from miR-
TarBase [71]. The predicted MTIs were obtained using four prediction tools, namely,
miRanda [72], PITA [73], TargetScan [74], and RNAhybrid [75]. Only MTIs with mini-
mum free energy <10 and miRanda score > 140 and predicted by at least three tools
were selected. For each MTI, the miRNA and its target gene with inverse expression
level (upregulated genes with downregulated miRNAs or downregulated genes with
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upregulated miRNAs) were selected to further reconstruct the miRNA-mediated regu-
latory network. Each type of miRNA and its target interaction was based on inverse ex-
pression level, whereas each type of TF and its potential association with miRNA were
defined on the basis of regulatory type by TransmiR or by the literature. Cytoscape
(version 3.4.0) software [76] was used to visualize the association of TF and miRNA or
MTIL To discuss the function of the miRNA regulatory network, we further analyzed
the miRNA target gene functional annotation by using DAVID [77].

Argonaute 2 immunoprecipitation sequencing (Ago2 IP-seq)

The detailed information of cell crosslinking, cell lysis and Ago2 IP are described in the
Supplementary Information. Purified total RNA from INS-1 cell lysate was used as a
template for subsequent RNA-seq and small RNA-seq experiments. The mRNAs with
FPKM values of less than 8 and the miRNAs with RPM lower than 100 were filtered.
The expression of target genes of miRNA was analyzed using qRT-PCR.

Experimental validation of miR-146b targets

To investigate the regulation of target genes by miR-146b, we overexpressed the miR-
146b, and the levels of expression of two target genes Crem and Fnl were measured using
qRT-PCR. Prior to qRT-PCR, INS-1 cells were transfected with the miR-146b mimics and
scrambled control. After 48 h of transfection, total RNA was isolated from the INS-1 cell
line, and the mRNA expression levels of four target genes were measured. In addition, the
RNA fractions were concentrated using the Ago2 IP method (Supplementary Informa-
tion) and used to validate the target mRNA of miR-146b by using qRT-PCR.

Plasmid construction and dual luciferase reporter assay

The 3'UTR of Crem and Fnl were amplified using genomic DNA and cloned down-
stream of the Renilla luciferase open reading frame in the pmiRGLO vector (Promega)
using Pmel and Xbal restriction sites. The primers for 3'UTR amplification are Crem-
F: 5’CTAGCTAGCTAGAGAATAGCCTGACACGGCTA3; Crem-R: 5TGCTCTA-
GAGCAAACTCATTCCAGATAATAA3ZFnl-F:;5CTAGCTAGCTAGCAGCCCAAGC
CAACAAGTGTS3; Fnl-R: TGCTCTAGAGCAAGACAATAATACTGAGCAGT3'. The
day before performing the luciferase reporter assay, 12 well plate with 1 x 10* INSI cells
were co-transfected with either empty luciferase vector or the construct containing
3'UTR of two target genes Crem and Fnl and miR-146b mimics or scramble control.
pmiRGLO vector with no insert was used as control. The plates were removed from
the incubator next day and 200 ul of Dual-Glo reagent was added to each well and
mixed and allowed to wait for 10 min for cell lysis to occur, then firefly luminescence
was measured using Lumat 9507 LB (Berthold Technologies). One hundred microliter
of Dual-Glo Stop & Glo was added to the cell lysate and mixed well and then renilla lu-
minescence was measured. Normalized luciferase activity (firefly luciferase activity/
renilla luciferase activity) for each construct was calculated.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.1186/512859-020-03678-0.

[ Additional file 1. RNA-seq data. ]
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Additional file 4. Supplementary Information.
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