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The incidence of type 2 diabetes mellitus (T2DM) is tightly
linked to obesity. High levels of circulating glucose and saturated
free fatty acids (FFAs), known as glucolipotoxicity (GLT), is
implicated in B cell dysfunction and/or death. This study aims
to identify miRNAs capable of protecting B cells from GLT-
induced cell death (GICD). A library of 2,080 human miRNA
mimics was transfected in B cells followed by exposure to GLT.
We identified 45 miRNAs capable of protecting B cells from
GICD and selected miR-642a-3p for further studies. RNA-seq
revealed that miR-642a-3p restored the expression of B cell iden-
tity genes and modulated pathways associated with cell survival
and lipid metabolism. Moreover, we showed that transfection of
B cells with miR-642a-3p protected them from GLT-induced
changes in insulin secretion. Compared with the control, hyper-
caloric-fed mice showed a trend toward decreased expression of
GLT-protective miRNAs. Notably, we demonstrated that miR-
642a-3p expression was downregulated in human islets isolated
from T2DM patients compared with non-diabetic controls.
Importantly, in obese patients, the expression of GLT-protective
miRNAs in plasma-derived extracellular vesicles was increased
in non-diabetic patients. Overall, we have identified a potential
dual role for miR-642a-3p as both a biomarker and a facilitator
of B cell survival and function, offering a novel theranostic tool
for the management of diabetes and/or obesity.

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a chronic, progressive, and multi-
factorial disease characterized by uncontrolled elevated glucose levels
secondary to P cell dysfunction and/or death."

Obesity is a critical risk factor for the development of T2DM” and it is
associated with elevated concentrations of circulating free fatty acids
(FFAs)." Increased plasma concentrations of saturated FFAs, such as
palmitate (PA), negatively affect § cell function and may constitute a
key link between obesity and diabetes.” In vitro exposure of B cells to
high concentrations of FFAs and glucose recapitulates glucolipotox-
icity (GLT)—a pathophysiological condition found in vivo in pancre-
atic islets of obese patients and a well-established model to study the
mechanisms governing B cell dysfunction and/or death.*” GLT im-
pinges on B cell health and function® via several different mechanisms
including oxidative stress and mitochondrial dysfunction,* lipid
droplet (LD) formation,” modulation of survival pathways such as
AKT and FOXOLI signaling,'” loss of B cell identity genes,'' and
impairment of B cell glucose-stimulated insulin secretion (GSIS).M!

However, the risk of developing diabetes is not uniform among indi-
viduals with obesity, suggesting the existence of protective mecha-
nisms. In this context, studies have shown that microRNAs (miRNAs)
may provide protection against T2DM, even in the presence of
obesity.'” Several miRNAs are known to regulate glucose and lipid
metabolism.'® For instance, miR-34a'*'° and miR-21'° were involved
in B cell apoptosis, miR-375 was associated with insulin synthesis and
secretion,'” and miR-17-3p was involved in the proliferation and
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Figure 1. High-throughput screening assay to
identify miRNAs capable of protecting B cells from
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survival of B cells.'® Moreover, overexpression of miR-190 exerted pro-
tective effects against glucotoxicity-induced P cell damage by attenu-
ating the over-production of ROS and alleviating oxidative stress.'’
Since one miRNA can regulate the expression of multiple mRNAs,
they play a key role in governing gene networks where multiple genes
interact to orchestrate cellular responses. Consequently, miRNA-
based therapies present an innovative and promising approach for ad-
dressing complex diseases such as diabetes and obesity.”’

Bariatric surgery (BS) remains a prominent and highly effective strat-
egy for addressing obesity and T2DM, and a significant number of pa-
tients achieve remission in a relatively short period.”' Although the
precise mechanisms are not fully elucidated, ongoing studies are
actively exploring whether miRNAs may contribute to the observed
therapeutic effects.”

In this study, we set out to identify miRNAs capable of protecting 8
cells from GLT-induced B cell death (GICD) followed by validation
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hsa-miR-642a-3p: 5’AGACACAUUUGGAGAGGGAACC-3’

hsa-miR-642b-3p: 5’AGACACAUUUGGAGAGGGACCC-3"

- H q13.32

Tukey’s multiple comparisons test. ****p < 0.001. Results
are presented as mean + SD (n = 4 biological replicates,
each biological replicate containing three technical repli-
cates). Scale bar, 50 pm.

of those miRNAs in in vitro and in vivo
) models (mouse and human).
m|R-42a-3p +GLT
RESULTS
Identification of miRNAs capable of
protecting B cells from GICD
INSIE cells, insulin-producing B cells known
to be susceptible to PA-induced apoptosis™
selected for the high-throughput
screening (HTS) assay. INSIE cells were
exposed to increasing concentrations of PA
for 24 h in medium containing 1% (v/v) fetal bovine serum (FBS)
and either 11 or 25 mM glucose. Metabolic activity and cell mass

were

were quantified as indirect measurements of metabolism, viability,
and proliferation, respectively.””** The GLT condition selected for
the HTS assay (0.75 mM PA and 25 mM glucose in medium with
1% [v/v] FBS) induced a 62% and a 71% decrease in metabolic ac-
tivity and cell mass, respectively (Figure S1). A library containing
2,080 human miRNA mimics was screened (Figure 1A). A non-tar-
geting miRNA (miR-SRC) and a Lipofectamine (LP) control were
included in the HTS assay (Figure S2). miRNAs capable of
increasing the metabolic activity and/or cell mass more than 3 times
the mean of the GLT condition were considered a hit. On this basis,
we identified 45 hits: 17 miRNAs increased the metabolic activity
and 28 the cell mass (Figure 1B; Table S1). Notably, 7 miRNAs
(miR-432-5p, miR-370, miR-377-3p, miR-17-5p, miR-642b-3p,
miR-372, and miR-20a-5p) increased both metabolic activity and
cell mass (blue dots, Figure 1B). Using the same experimental con-
ditions of the primary screening and three technical replicates, we
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confirmed that these 7 miRNAs were able to protect B cells from
GICD (Figure 1C; Table S2).

miR-642a-3p protects B cells from GICD and loss of function
One of the hits, miR-642b-3p, belongs to the same family as miR-
642a-3p, a miRNA recently identified by us as capable of enhancing
the survival of endothelial cells (ECs) exposed to ischemia-
mimicking conditions.”® These two miRNAs differ by one single
nucleotide and, more importantly, share the same seed sequence
(Figure 1D).

Given the potential impact of a single miRNA on two phenotypes
highly relevant to diabetes (protection against GLT and survival of
ECs), we selected miR-642a-3p for mechanistic studies. Firstly, we
confirmed that miR-642a-3p effectively protected B cells from
GICD resulting in a 1.57-fold increase in metabolic activity and
1.97-fold increase in cell mass, compared with GLT condition
(Figures 1E and 1F). Next, we determined the impact of GLT and
miR-642a-3p in B cell function. Our results showed that B cells
increased insulin secretion in response to glucose stimulation, revert-
ing to baseline levels upon exposure to low glucose concentration.
Strikingly, compared with the control, exposure of B cells to GLT
led to a significant increase in insulin secretion, regardless of the
glucose concentration. Notably, transfection of B cells with miR-
642a-3p protected B cells from the changes elicited by GLT
(Figures 2A and 2B). These results were further confirmed using
immunofluorescence and qRT-PCR (Figures 2C-2E).

miR-642a-3p opposes GLT-induced transcriptional changesin
cells

RNA-seq analysis showed that, compared with the control, exposure
of B cells to GLT resulted in a total of 4,666 DEG (4,221 upregulated
and 445 downregulated). Volcano plots and hierarchical clustering
were generated to compare gene expression between GLT- and
bovine serum albumin (BSA)-treated B cells (Figures 3A and 3B;
Table S3). Our results showed that genes upregulated by GLT were
associated with positive regulation of apoptotic processes, intrinsic
apoptotic signaling pathways in response to endoplasmic reticulum
stress, cytokine-cytokine receptor interaction, MAPK signaling
pathway, and apoptosis, whereas downregulated genes were associ-
ated with cell division, chromosome segregation, mitotic cytokinesis,
and cell cycle and homologous recombination (Figures 3C and 3D).
Overall, these results suggest that GLT treatment downregulates cell
division pathways and upregulates those involved in inflammation
and apoptosis.

Compared with GLT-treated B cells, transfection with miR-642a-3p
followed by GLT exposure resulted in a total of 5,039 DEG (2,969 up-
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regulated and 2,070 downregulated). Volcano plots and hierarchical
clustering were generated to compare gene expression between
miR-642a-3p and GLT-treated B cells (Figures 3E and 3F;
Table S4). Our results showed that genes upregulated by miR-642a-
3p were associated with chromatin remodeling, cell migration,
mitotic cytokinesis and axon guidance, focal adhesion, MAPK
signaling pathway, and the PI3K-Akt signaling pathway, whereas
downregulated genes were associated with the intrinsic apoptotic
signaling pathway in response to endoplasmic reticulum stress, nega-
tive regulation of fat cell differentiation, positive regulation of
apoptotic process and dopaminergic synapse, relaxin signaling
pathway, and insulin signaling pathway (Figures 3G and 3H).

Given the fact that the putative targets of miR-642a-3p should be
found among the downregulated genes, we transfected B cells with
miR-642a-3p for 48 h and, compared with the control, our results
showed a total of 7,495 DEG (3,538 up and 3,921 down). Using the
filtering criteria described in the methods, functional annotation
and gene ontology (GO) enrichment analysis revealed that the upre-
gulated genes were involved in synapse organization, neuron differen-
tiation, and regulation of inflammatory responses, whereas the down-
regulated genes were involved in synapse assembly and miRNA
loading onto RISC (Figure S3; Tables S5 and S6). From the list of
downregulated genes, and after applying the filtering criteria, we
ended up with 238 genes. To narrow our search, we intersected this
list with the list of putative targets retrieved from TargetScan and
miRWalk, resulting in a final list of 72 genes (set A) (Table S7).
Finally, this list of 72 putative targets was intersected with the list
of genes downregulated upon transfection of B cells with miR-
642a-3p followed by exposure to GLT (115 genes) (set B)
(Table S8), resulting in 7 common genes: Wdrl3, Zdhhc7, Prkab2,
Cmtm6, Akt2, Dusp4, and Dnajc27 (Figure 31I). To validate these tar-
gets, we performed an independent experiment and used RT-PCR to
analyze the expression of the selected genes. Compared with the con-
trol, our results showed that exposure of B cells to GLT did not affect
the expression of Wdrl13, Prkab2, Akt2, and Dnajc27 but inhibited the
expression of Zdhhc7. However, upon transfection of B cells with
miR-642a-3p, our results showed a statistically significant inhibition
in the expression of Wdr13, Zdhhc7, Dusp4, and Dnajc27 and a trend
toward decreased expression of Cmtmé6 and Akt2 (Figure 3]). Finally,
to further validate that the inhibition of these genes could phenocopy
the protective effects observed with miR-642a-3p, we individually
knockdown Wdri3, Zdhhc7, Dusp4, Dnajc27, and Cmtm6 using
short-interference RNAs (siRNAs) under conditions similar to those
reported for the primary screening and subsequent validation assays.
Our results showed that only the inhibition of Cmtm6 was able to
recapitulate the protective effect observed with miR-642a-3p (Fig-
ure 3K). In silico prediction pairing between the hsa-miR-642a-3p

Figure 2. Effect of miR-642a-3p in B cell function

(A) Schematic overview of glucose-stimulated insulin secretion (GSIS) assay in INS1E cells. (B) Quantification of insulin secretion evaluated by ELISA. (C and D) Representative
images of immunofluorescence staining for insulin in INS1E cells exposed to control, GLT, and miR-642a-3p and their respective quantification. (E) RT-PCR analysis of insulin
expression in INS1E cells exposed to GLT or miR-642a-3p and GLT. The results are the average of three independent experiments. Statistics was determined using two-way
ANOVA followed by Tukey’s multiple comparison test. *p < 0.0388, **p < 0.0051, ***p = 0.0007, ***p < 0.0001. Error bars represent SD. Scale bar, 25 pm.
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Figure 3. RNA-seq for INS1E cells exposed to GLT and miR-642a-3p

(A) Volcano plot for INS1E cells treated with BSA and GLT showing the magnitude of the gene expression changes (log2 fold-change; x axis) and statistical differences (-log10
q value; y axis). (B) Heatmaps highlighting the differential expression of genes between BSA vs. GLT (412 downregulated and 210 upregulated). (C) Gene ontology analysis
(biological processes [BP] and KEGG pathways) for genes upregulated by GLT. (D) GO:BP and KEGG pathways for genes downregulated by GLT. (E) Volcano plot GLT vs.
miR-642a-3p showing the magnitude of the gene expression change (log2 fold-change; x axis) and statistical differences (-log10 q value; y axis). (F) Heat maps between

(legend continued on next page)
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and the 3’ UTR of rat Cmtm6 mRNA is shown in Figure S4. Overall,
these findings suggest that Cmtmé6 could be one of the targets of miR-
642a-3p.

miR-642a-3p restores the expression of 8 cell identity markers
after exposure to GLT and activates pro-survival signaling
pathways

We analyzed the impact of GLT and miR-642a-3p in the expression of
genes related to B cell identity (Foxa2, Nkx6.1, Mafa, and PdxI)
(Figures 4A-4D). Our RNA-seq results indicated that exposure of 8
cells to GLT downregulated the expression of Foxa2 and that miR-
642a-3p restored its expression. However, in an independent experi-
ment and using RT-PCR analysis, we showed no differences in the
expression of Foxa2 (Figure 4A). Next, we showed that, compared
with the control, exposure of B cells to GLT significantly downregu-
lated the expression of Nkx6.1 and Mafa, whereas transfection with
miR-642a-3p was sufficient to maintain the expression of these genes
(Figures 4B and 4C). Moreover, compared with the BSA control and
the GLT condition, miR-642a-3p significantly upregulated the
expression of PdxI (Figure 4D). Interestingly, inhibition of Cmtmé6
followed by exposure to GLT also resulted in the upregulation of
the B cell identity gene Pdx1, but not Nkx6.1, Foxa2, and Mafa (Fig-
ure S5B). We further extended this evaluation to genes involved in
lipid metabolism (fatty acid synthase [Fasn]), oxidative stress (cata-
lase [Cat] and thioredoxin-binding protein [Txnip]), and B cell func-
tion (Paired Box 6 [Pax6]) (Figure S6). RNA-seq analysis revealed
that exposure of B cells to GLT resulted in the downregulation of
Fasn, Txnip, and Pax6 genes. Remarkably, transfection with miR-
642a-3p increased the expression of Fasn, Cat, and Pax6 compared
with the GLT condition. By RT-PCR analysis, and compared with
the control, we demonstrated a statistically significant downregula-
tion of Fasn by GLT, and transfection with miR-642a-3p was unable
to rescue its expression. In the case of Cat, compared with the control,
there was a significant upregulation upon exposure to GLT which was
further enhanced upon transfection with miR-642a-3p. In the case of
Txnip, our results showed no significant changes in expression upon
exposure to GLT, whereas transfection with miR-642a-3p led to a sig-
nificant increase in Txnip expression. Finally, compared with the con-
trol, we observed a downregulation of Pax6 by GLT which was
rescued upon transfection with miR-642a-3p. Given the crucial role
of glucagon-like peptide-1 receptor (Glp1lr) in B cell survival and pro-
liferation,>” we showed that transfection of B cells with miR-642a-3p,
in the presence of GLT, led to a significant upregulation of GlpIlr
(Figures S7A-S7D).

Considering that miR-642a-3p protects B cells from GICD, and since
the PI3K signaling pathway—a well-established pro-survival path-
way—was shown to be modulated in GO enrichment analysis, we
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further dissected the role of this pathway. Compared with the control,
our results showed that transfection of B cells with miR-642a-3p
downregulated PTEN expression and increased the phosphorylation
of the downstream targets AKT and p44/42 MAPK, both previously
downregulated by GLT exposure (Figures 4E and 4F). Interestingly,
our results showed that exposure of  cells to GLT did not change
the cytoplasmic/nuclear ratio of FOXO1 (a well-established AKT
target) but, upon transfection of B cells with miR-642a-3p, we
observed a 1.7-fold increase in cytoplasmic/nuclear ratio of FOXO1
(Figures 4G and 4H). Collectively, these findings demonstrate the ca-
pacity of miR-642a-3p to modulate classical pro-survival pathways
ultimately protecting B cells from GICD.

miR-642a-3p increases lipid accumulation in B cells

We investigated whether PA influences cellular lipid dynamics and if
the protective effects observed upon transfection of B cells with miR-
642a-3p could involve changes in lipid metabolism. Compared with
the control, our results demonstrated a statistically significant in-
crease (3.8-fold) in LD accumulation upon exposure of miR-642a-
3p transfected B cells to GLT (Figures 5A and 5B). We also showed
that exposure of B cells to GLT in the presence of oleate recapitulated
the increase in LD accumulation observed upon transfection with
miR-642a-3p. Of note, LD accumulation did not increase in B cells
exposed to 0.5 mM PA and 25 mM glucose. Given the involvement
of Plin2 and Plin5 in lipid metabolism,”® we decided to analyze their
expression in our RNA-seq dataset. Our results showed that,
compared with the control, miR-642a-3p increased the expression
of Plin2 and Plin5 (Figure 5C). Taken together, these results suggest
that both oleate and miR-642a-3p exert a protective effect on f3 cells
exposed to GLT, likely by improving their capacity to accumulate
lipids intracellularly. Similarly to the results obtained for miR-642a-
3p, the increase in lipid accumulation by oleate was accompanied
by an increase in cell survival (Figure 5D).

miRNA-mediated protection in pancreas and liver of
hypercaloric-fed mice

The selection of GLT-protective miRNAs identified in our screening
for further experiments was guided by comprehensive literature min-
ing of the transcriptome and proteome datasets from PA-treated
INSIE cells and/or human islet preparations.***** We investigated
the expression of miR-17-5p, miR-20a-5p, miR-20b-5p, and miR-
432-5p in the pancreas and liver of mice fed with a hypercaloric
diet (Figures 6A and S8). Overall, our results showed that, compared
with control mice, the expression of the selected miRNAs was down-
regulated, without reaching statistical significance, in mice fed with a
hypercaloric diet, both in the liver and pancreas (Figures 6B and 6C).
These results suggest that mice fed with a hypercaloric diet showed a
reduction in the levels of GLT-protective miRNAs. Since miR-642-3p

miR-642a-3p vs. GLT performed with 701 genes (115 downregulated and 586 upregulated). (G) GO:BP and KEGG pathways for genes upregulated by miR-642a-3p. (H)
GO:BP and KEGG pathways for genes downregulated by miR-642a-3p. () Common putative targets for miR642a-3p. (J) gRT-PCR quantification of the expression of miR-
642a-3p putative targets. (K) Metabolic activity following siRNA-mediated knockdown of Cmtm6, Dusp4, Wrd13, Dnajc27, and Zdhhc7 followed by exposure to GLT.
Statistical analysis was determined using one-way ANOVA, followed by Tukey’s multiple comparison test. *p < 0.045, **p < 0.0066, ***p = 0.0002, ****p < 0.0001. The results

are presented as mean + SD (n = 3 biological replicates).
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is not conserved in mice, we analyzed publicly available datasets
to assess its expression in human islets from control and T2DM
donors.”"** Analysis of two independent datasets revealed a downre-
gulation of miR-642-3p in T2DM-derived islets, supporting our find-
ings that it may play a protective role in this context (Figure 6D).

miRNA-extracellular vesicles signature in plasma of patients
with obesity undergoing BS

Given that GLT leads to B cell dysfunction and death, phenomena
frequently associated with obese and/or diabetic patients, we analyzed
the expression of the same five GLT-protective miRNAs mentioned
above (miR-642a-3p, miR-17-5p, miR-20a-5p, miR-20b-5p, and
miR-432-5p) in extracellular vesicles (EVs) isolated from the plasma
of patients undergoing BS (Figures 7A and S9). Our results showed
that, before surgery, the diabetic group had 7.25% Hb, ., whereas
the non-diabetic group had 5.6%. As expected, BS resulted in a reduc-
tion in BMI, decreasing from 44.62 before surgery to 35.48 kg/m’
1 month post-surgery (Figure 7B).

Importantly, our results showed that, before surgery, obese non-dia-
betic patients exhibited higher levels of GLT-protective miRNAs in
plasma-derived EVs in contrast to their obese diabetic counterparts.
Moreover, the number of copies of miR-642a-3p per EV were statis-
tically significant higher in non-diabetic patients (1.26 x 107> *
2.05 x 107°) compared with diabetic patients (1.65 x 107° +
2.81 x 10~°) before surgery. Interestingly, for both groups of patients,
there was an increase in the expression of GLT-protective miRNAs
between pre-surgery and 1 month after surgery (Figure 7C). Overall,
these results may suggest that elevated levels of GLT-protective miR-
NAs play a protective role in obese patients against diabetes.

DISCUSSION

Using an unbiased screening we identified, for the first time, miR-
642a-3p as a miRNA capable of protecting B cells (and ECs) from
GICD and restoring GLT-induced changes in insulin secretion as
well as the expression of B cell identity genes. In hypercaloric-fed
mice, we showed a reduction in the expression of GLT-protective
miRNAs, whereas in obese patients we showed that the expression
of these GLT-protective miRNAs was increased in obese non-diabetic
patients (compared with obese and diabetic). Overall, our findings
suggest a protective role for the miRNAs identified in our screening.

High glucose levels and PA act synergistically to worsen [ cell func-
tion, ultimately leading to B cell death, which might in part explain
the link between obesity and T2DM."** Previous studies have shown
dysregulation of the miRNA landscape in obesity and T2DM.”*** Liu
et al. reported that mice lacking miR-21 developed glucose intoler-

Molecular Therapy: Nucleic Acids

ance due to impaired GSIS, but the liposome-mediated delivery of
miR-21 to the pancreas of db/db mice was shown to promote Glut2
expression and reduce blood glucose levels.”® Also, miR-17-5p was
found to be downregulated in the plasma of rats fed with a high-fat
and high-sugar diet.”” However, there is a lack of consensus regarding
which miRNAs can be used as biomarkers for T2DM and/or which
ones can be used therapeutically to rescue/ameliorate disease course.
This is mostly due to a diversity of diabetic and/or obese disease
models as well as different methods to isolate and analyze the expres-
sion of selected miRNAs. For example, elevated levels of miR-146a
were found in plasma’® of T2DM patients, whereas other study indi-
cated lower levels of miR-146a in the serum.™

To overcome these limitations, we used an unbiased approach and
screened a library 0f 2,080 miRNAs to identify miRNAs capable of pro-
tecting P cells from GICD. Since implementing an assay to evaluate 8
cell function in an HTS format poses considerable challenges, we
decided to evaluate the impact of each individual miRNA on B cell sur-
vival. Out of the 7 miRNAs identified, we explored in detail miR-642a-
3p, since we recently showed that this miRNA was also able to enhance
the survival of EC exposed to ischemic conditions.*®
ous work showed that miR-642a-3p was an adipocyte-specific miRNA
that actively promotes adipogenesis making it an appealing target to
explore in the context of GLT."’ Research conducted in rodent and hu-
man islets showed that insulin secretion was dependent on the duration
of FFA exposure, with acute exposure increasing secretion and chronic
exposure decreasing it.**'*** Here, we showed that GLT acutely stimu-
lates insulin secretion by [ cells thereby contributing to chronic hyper-
insulinemia—a hallmark feature of obese T2DM patients.” Function-
ally, we showed that miR-642a-3p decreased GLT-induced
hyperinsulinemia in B cells unraveling a mechanism by which miR-
642a-3p could protect B cells and preserve their function under GLT.
An intriguing result was the impact of the BSA on GSIS. Similar to
others, we used free fatty acid BSA in our experiments* and previous
work has shown that acute exposure to BSA led to a reduction in GSIS,
while a 4-6 h pre-incubation with FEA-free BSA increased GSIS.**

Moreover, previ-

GLT has been shown to downregulate key B cell identity markers,
including Mafa and Pdx1.*>*® In line with previous studies, our re-
sults demonstrated that GLT significantly downregulated the expres-
sion of Mafa and Nkx6.1 and that miR-642a-3p was sufficient to
restore their expression. Interestingly, miR-642a-3p increased the
expression of Glplr, an effect typically observed solely in situations

where glucose control is restored to physiological levels.*”**

Mechanistically, we showed that miR-642a-3p was able to enhance
LD accumulation. This was supported by increased expression of

Figure 4. Effect of miR-642a-3p on the expression of genes involved in B cell identity and on the pro-survival signaling pathway

(A-D) FPKM and RT-PCR analysis of the transcription factors known to be involved in B cell identity (Foxa2, Nkx6. 1, Mafa, and Pdx1). (E and F) Western blotting was used to
analyze and quantify the expression of proteins known to be involved in cell survival. (G and H) Representative immunofluorescence images of FOXO1 expression in INS1E
cells exposed to GLT and miR-642a-3p, and quantification of the cytoplasmatic/nuclear ratio of FOXO1, respectively. Statistical analysis was determined using one-way
ANOVA, followed by Tukey’s multiple comparisons test *p < 0.03, **p < 0.0086, ***p = 0.0007, ****p < 0.0001. The results are presented as mean + SD (n = 3 biological
replicates, each biological replicate containing three technical replicates). Scale bar, 25 um. FPKM, fragments per kilobase of transcript per million mapped reads.
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Figure 5. Effect of miR-642a-3p on lipid droplet accumulation by INS1E cells

(A and B) Representative bright-field images of INS1E cells exposed to different concentrations of fatty acids (PA, oleate, or a combination) in the presence or absence of miR-
642a-3p (A) and quantification of liquid droplets (B). Cells were stained with Nile red. (C) FPKM values obtained by RNA-seq analysis for Plin3 and Plin5. The results of lipid
accumulation are the average of two independent experiments. Statistical analysis was determined using one-way ANOVA, followed by Tukey’s multiple comparison test. **p
< 0.0019, **p < 0.0008. (D) Metabolic activity (% to BSA) of INS1E cells cultured for 24 h with 0.25 mM oleate, 0.75 mM PA, and a combination of 0.25 mM oleate with
0.75mM PA, in 25 mM glucose, and media containing 1% (v/v) FBS. Statistical analysis was determined using one-way ANOVA, followed by Tukey’s multiple comparisons
test. *p < 0.0019, **p < 0.0008, ***p < 0.0001. Error bars represent mean + SD (at least two independent biological replicates were performed, each biological replicate

containing three technical replicates).

Plin2 and Plin5, as well as upregulation of Fasn, a known lipid
accumulation facilitator.*” Others have shown that the extent of lip-
otoxicity is influenced by the fatty acid species, with oleate reported
as being less lipotoxic for B cells compared with PA and other satu-
rated fatty acids.”™! Moreover, Perilipin (PLIN) proteins contribute
to LD structure, stability and function, with PLIN2 being shown to
promote lipid storage and attenuate lipotoxicity.”®

Upon phosphorylation by AKT, FOXOL1 is translocated into the nu-
cleus inhibiting the expression of Pdxl, a mechanism previously
shown to drive apoptosis of B cells exposed to PA.”* This suggests
that the delicate equilibrium between FOXO1’s retention in the cyto-
plasm and its translocation into the nucleus may play a pivotal role in
determining whether B cells survive or succumb to the challenges
posed by GLT.' In line with this, B cells transfected with miR-
642a-3p increased the cytoplasmic/nuclear ratio of FOXO1, although
we did not observe changes in the nuclear ratio of FOXO1 upon expo-
sure to GLT.

Using RNA-seq, we identified Akt2, Wdrl13, Prkab2, Cmtmé6, Zdhhc7,
Dusp4, and Dnajc27 as putative targets of miR-642a-3p. Interestingly,
these genes have previously been associated with obesity and/or pro-
liferation of B cells in diabetes. AKT2 is a serine/threonine protein ki-
nase important for modulating insulin sensitivity and carbohydrate
metabolism.”” In a high-fat diet-induced hepatic steatosis mouse
model, AKT2 was shown to regulate obesity-induced lipid metabolic
disorders in the liver and heart, and inhibition of AKT?2 alleviated he-
patic and cardiac injuries associated with obesity.”* Our results
showed a downregulation of Akf2 in B cells transfected with miR-
642a-3p and an increase in AKT phosphorylation at Ser473. While
protein levels are primarily influenced by transcript concentrations
in steady-state conditions, this relationship can be altered during
stress responses, and post-transcriptional processes can cause devia-
tions from the expected correlation between mRNA and protein
expression. Other levels of regulation beyond just transcript concen-
tration may play a role in determining protein expression levels.>
Ablation of WDR13 in a Lepr (db/db) mouse model of diabetes
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Figure 6. Expression of GLT-protective miRNAs in the pancreas and liver of mice fed with a control or hypercaloric diet
(A) Experimental graphical abstract of a mouse model of diabetes induced by a hypercaloric diet. (B) Pancreatic and (C) hepatic expression of miR-20a-5p, miR17-5p, miR-
20b-5p, and miR-432-5p. (D) Expression analysis of miR-642a-3p in human pancreatic islets from control (ND) and T2DM donors (T2D). Statistical analysis was determined

using unpaired t test. *o = 0.0324. Error bars represent SD.
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Figure 7. miRNA signature from plasma-derived EVs of obese patients selected for BS
(A) Schematic overview of sample collection. (B) Patient BMI and HbA . before and after BS. (C) Copies of miR-642a-3p, miR-20a-5p, miR17-5p, miR-20b-5p, and miR-432-
5p per EV particle in plasma. Statistical analyses was performed using t test. *p = 0.0041. Results are presented as mean + SEM. BMI, body mass index; HbA1C, glycated

hemoglobin; pnd, people non-diabetic; pwd, people with diabetes.

resulted in a significant increase in islet mass due to B cell prolifera-
tion.”® Zinc finger DHHC-type palmitoyltransferase 7 (Zdhhc7) plays
a crucial role in the covalent attachment of palmitic acid (palmitoyla-
tion) to target proteins.”” DnaJ/HSP40 homolog, subfamily C, mem-
ber 27 gene (Dnajc27), was shown to be upregulated in peripheral
blood mononuclear cells and adipose tissue of obese individuals
and it was linked to dysregulation of leptin and resistin.”® DUSP4 in-

hibits the ERK pathway by inhibiting ERK1/2, suggesting a role in
controlling cell proliferation and survival. Moreover, it has been
shown that DUSP4 protects podocytes against oxidative stress and
reduced DUSP4 expression impairs insulin signaling, contributing
to insulin resistance in diabetic nephropathy.> Despite their potential
role in diabetes, we showed that inhibition of these genes with siRNA
did not phenocopy the survival effect observed with miR-642a-3p. On
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the other hand, inhibition of Cmtmeé, a gene belonging to a relatively
understudied gene superfamily, known as the chemokine-like factor
family, was able to phenocopy the effects observed with miR-642a-
3p. Previous studies have shown that Cmtm6 maintained the persis-
tent expression of PD-L1 preventing its degradation by ubiquitina-
tion®” and, interestingly, that the reduction of Cmtm6 in macrophages
has been linked to a decrease in LDL uptake, suggesting a pivotal role
in lipid metabolism.®" Interestingly, the knockdown of Cmtm6 led to
an upregulation of Pdx1, although the exact mechanism by which the
inhibition led to the upregulation remains to be studied.

Mice fed with diets rich in fat and sugar exhibit a gradual onset of
features associated with GLT.®* Changes in the miRNA expression
profile secondary to excessive intake of fat and sugar may contribute
to the overall metabolic dysfunction in tissues other than B cells,
including the liver—a critical organ in the regulation of both glucose
and lipid metabolism.” A high-fat diet was linked to downregula-
tion of miR-122 and upregulation of miR-200a, miR-200b, and
miR-429 in the liver.®® Here, we observe a trend toward decreased
expression of GLT-protective miRNAs, suggesting that low levels
could be involved in the loss of metabolic control. Notably, we
demonstrated that miR-642a-3p expression was downregulated in
human islets isolated from T2DM patients compared with non-dia-
betic controls.

Multiple studies have investigated how the miRNAs’ signatures,
including exosomal-derived miRNAs, are associated with obesity
and how BS affects their expression.”” Bae et al. reported that BS
altered exosomal miRNA expression and identified a set of nine miR-
NAs that were associated with obesity and responsive to the surgical
treatment.®* The study of miRNAs expressed in patient-derived sam-
ples is often constrained by a limited sample size and by the use of
miRNA microarrays that analyze only a restricted number of miR-
NAs.* Although these limitations frequently result in a lack of
consensus, a systematic summary of studies comparing miRNA
expression levels before and after BS was performed and 13 miRNAs,
reported in at least two human studies, were found to have the
same direction of modulation (downregulated: hsa-miR-93-5p, hsa-
miR-106b-5p, hsa-let-7b-5p, hsa-let-7i-5p, hsa-miR-16-5p, hsa-
miR-19b-3p, hsa-miR-92a-3p, hsa-miR-222-3p, hsa-miR-142-3p,
hsa-miR-140-5p, hsa-miR-155-5p; upregulated: hsa-miR-7-5p, hsa-
miR-320c).22 Given these discrepancies, and since exosomal miRNAs
are protected from extracellular RNases, we analyzed the expression
of GLT-protective miRNAs identified in our screening in EVs isolated
from plasma of patients undergoing BS. We showed that, before sur-
gery, the expression of miR-642a-3p was significantly higher in non-
diabetic patients compared with their diabetic counterparts, suggest-
ing that the higher levels of miR-642a-3p in the non-diabetic patients
could have contributed to the preservation of their B cells despite their
obesity. The results presented herein suggest that profiling exosomal
miRNAs in the context of obesity and/or metabolic syndrome could
be used to identify patients at risk and, more importantly, miRNA-
based therapies could be a novel therapeutic strategy for obese and/
or diabetic patients. In fact, it has been shown that plasma-derived
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EVs from obese mice promoted glucose intolerance and dyslipidemia
when injected into lean mice for 4 weeks. Furthermore, the same
metabolic effects were obtained by treating control mice with EV's ob-
tained from control mice previously transfected with four miRNA
mimics known to be upregulated in obese mice: miR-122, miR-192,
miR-27a-3p, and miR-27b-3p.%” Further preclinical studies are essen-
tial to unravel the potential applications of miRNA-based therapies.
Bioengineered EVs, designed to enhance bioactivity, biodistribution,
and targeted delivery to the pancreas, present promising candidates
for addressing diabetes and obesity.” In the context of pancreatic B
cell delivery, we could envision the use of delivery systems (i.e., EV,
lipid nanoparticles, hydrogels) functionalized with GLP1 agonists/an-
tagonists (targeting) and/or miRNAs (bioactivity). Limitations of this
study include the following: (1) the use of a rat cell line instead of a
human cell line, since some studies suggest that PA did not signifi-
cantly affect apoptosis,”” (2) with no access to human-derived islets,
we mostly used rat insulinoma cell lines to unravel the mechanisms
governing GLT and the protective effect of miR-642a-3p, (3) the
in vivo analysis of miRNA expression in the pancreas is limited in
its ability to pinpoint the specific impact on [ cells, as the full pancreas
was processed, making it impossible to determine the contribution of
individual cell types, (4) the plasma EVs (pEVs) isolated might have
been contaminated with other non-vesicular structures/proteins and
therefore the results obtained need to be further confirmed using EVs
isolated and/or purified using different methods.

In conclusion, the present study identified miR-642a-3p as a miRNA
capable of rescuing B cells from GICD. Mechanistic studies showed
that miR-642a-3p restored the expression of B cell identity genes
and rescued B cell function. In hypercaloric-fed mice and patients
subjected to BS, we showed an upregulation of GLT-protective miR-
NAs in non-diabetic mice and patients.

This is the first study showing that miR-642a-3p protects B cells from
GLT-induced dysfunction and cell death.

MATERIALS AND METHODS

Cell culture

INSIE cell line was cultured in RPMI 1640, supplemented with 10%
(v/v) FBS (no. 10270106, Gibco), 50 U/mL penicillin, 50 pg/mL strep-
tomycin, 10 mM HEPES, 1 mM sodium pyruvate, 50 pM B-mercap-
toethanol, and maintained in 5% CO, at 37°C. Cells were used be-
tween passages 61 and 72 and were tested regularly for mycoplasma
infection, using Mycoalert mycoplasma detection kit (no. LT07-
418), Lonza, according to the manufacturer’s instructions.

PA in BSA-containing medium

Sodium palmitate (no. P9767, Sigma-Aldrich, St. Louis, MO) was pre-
pared at 50 mM stock concentration in 90% (v/v) ethanol, heated at
60°C until dissolved and diluted to a final concentration of 0.75%
(v/v) fatty acid-free BSA-containing medium (no. 3117057001,
Roche), in 11 or 25 mM glucose. Control for equal amounts of ethanol
were tested.
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GLT assay

PA stock was diluted in 0.75% (v/v) fatty acid-free BSA-containing
RPMI 1640 media (no. 3117057001, Roche), with either 11 or
25 mM glucose, as before.*?

Next, 4 x 10* INS1E cells were seeded in a flat-bottom 96-well plate
(no. 734-1662, Corning, NY) in RPMI 1640, supplemented with 10%
(v/v) FBS (no. 10270106, Gibco), 50 U/mL penicillin, 50 pg/mL strep-
tomycin, 10 mM HEPES, 1 mM sodium pyruvate, 50 pM B-mercap-
toethanol, for 24 h before adding increasing concentrations of PA, for
another 24 h.

Cell metabolic activity assay

After being subject to different treatments, cell metabolic activity was
evaluated through resazurin reduction assay (Invitrogen, Waltham,
MA) according to the manufacturer’s instructions.®® In brief, the me-
dium was replaced with RPMI supplemented with 10% (v/v) FBS,
50 U/mL penicillin, 50 pg/mL streptomycin, and 10 pg/mL resazurin.
Cells were incubated for 1-2 h at 37°C and 5% of CO, upon which
fluorescence was measured (540 nm excitation and 590 nm emission)
using the microplate reader Synergy H1 (BioTek Instruments, Wi-
nooski, VT).

Cell mass (sulforhodamine B) assay

The sulforhodamine B (SRB) assay is based on the measurement of
cellular protein content.”” In brief, after applying different treat-
ments, cells were fixed with 1% (v/v) acetic acid in methanol for
18 h at —20°C, upon which the fixation solution was removed,
and the plates dried at 37°C for 1-2 h. Next, 150 pL of 0.05%
(v/v) SRB solution was added to the wells and incubated at 37°C
for 1 h upon which the wells were washed with 1% (v/v) acetic
acid in water and dried. Then, 10 mM Tris (pH 10) was added
and the plates were stirred for 15 min and optical density was
measured (540 nm) using the microplate reader Synergy HI
(BioTek Instruments).

HTS assay

INSIE (4 x 10* cells) were reverse transfected in a 96-well plate
with a library of miRNAmimics (Dharmacon miRIDIAN miRNA
Library—Human mimic miRBase version 19.0; 2,080 miR mimics)
according to the manufacturer’s instructions. Per well, complexes
of miRNA:Lipofectamine RNAIMAX (Thermo Fisher Scientific,
no. 13778) were prepared with 50 nM miRNA and 0.3 pL Lipofect-
amine RNAIMAX in OptiMEM medium (Gibco, no. 51985-026) in
a final volume of 100 pL. Complexes were allowed to form during
30 min at room temperature. Lipofectamine RNAiMAX-treated
cells were used as a control.’® After the incubation, INSIE cells
were added to the well and transfection was allowed to proceed
for 48 h, upon which the GLT stimulus (0.75 mM PA, 25 mM
glucose, 1% FBS [v/v]) was added for further 24 h. After 24 h we
evaluated the metabolic activity and cell mass and a bright-field im-
age was acquired for each individually transfected miRNA using the
InCell Analyzer 2200 automated high-content imager (GE Health-
care) at 40x magnification.

GSIS and insulin levels by ELISA

INSIE (4 x 10* cells) were reverse transfected in a 96-well plate with
50 nM miR-642a-3p for 48 h and exposed to GLT conditions
(0.75 mM PA, 25 mM glucose, 1% FBS [v/v]) for 24 h. Afterward, su-
pernatant were used to quantify the degree of GSIS. In brief, to
enhance the sensitivity of INSIE cells to a high-glucose challenge,
cells were washed in Krebs-Ringer solution (KRB) (HEPES-buffered,
no. J67795.AP, Alfa Aesar) supplemented with 120 mM NaCl, 5 mM
KCl, 1 mM MgCl,, 5.5 mM HEPES, 2 mM CaCl,, 25 mM NaHCOs,
1 mM glucose (pH 7.2) supplemented with 0.5% (v/v) BSA.*>”° Sub-
sequently, cells were incubated in KRB low glucose (1.67 mM) for 1 h,
washed, another 1 h in KRB high glucose (16.7 mM), washed 3 times,
and finally 1 h in KRB low glucose (1.67 mM). Samples were collected
between each treatment, centrifuged at 300 x g for 3 min and the su-
pernatant was stored at —20°C for subsequent analysis. Secretion of
insulin was measured using the High Range Rat Insulin enzyme-
linked immunosorbent assay (ELISA) (no. 10-1145-01, Mercodia,
Uppsala, Sweden), according to the manufacturer’s recommenda-
tions. In brief, 10 pL of each of the calibrators, controls, and samples
were pipetted into a mouse monoclonal anti-insulin-coated plate and
50 uL of enzyme conjugate 1 x solution was added and incubated on a
plate shaker (700-900 rpm) for 2 h at room temperature (18°C-
25°C). Afterward, the wells were washed 6 times with 350 pL wash
buffer 1x solution, 200 pL TMB substrate was added per well and
incubated for 15 min on the bench at room temperature (18°C-
25°C). Finally, 50 pL Stop Solution was added to each well, the plate
was placed on the shaker for approximately 5 s to ensure mixing, and
the optical density was read at 450 nm. The amount of insulin
secreted was normalized for the total protein content.

siRNA-mediated knockdown

INSIE (4 x 10* cells) were reverse transfected in a 96-well plate with
siRNA pre-designed to target specific genes (IDT, Coralville). Per
well, complexes of siRNA:Lipofectamine RNAiIMAX (Thermo Fisher
Scientific, no. 13778) were prepared using 50 nM siRNA and 0.3 pL
Lipofectamine RNAiMAX in OptiMEM medium (Gibco, no.
51985-026) in a final volume of 100 uL. Complexes were allowed to
form during 30 min at room temperature. Lipofectamine RNAi-
MAX-treated cells were used as a control.”® After the incubation,
INSIE cells were added to the well and transfection was allowed to
proceed for 48 h, upon which the GLT stimulus (0.75 mM PA,
25 mM glucose, 1% FBS [v/v]), was added for further 24 h. After
24 h we evaluated the metabolic activity and evaluated B cell identity
markers by RT-PCR.

Immunofluorescence microscopy

INSIE (4 x 10* cells) were reverse transfected with 50 nM of miR-
642a-3p for 48 h and exposed to GLT conditions (0.75 mM PA,
25 mM glucose, 1% FBS [v/v]), for 24 h. Afterward, cells were washed
with 100 pL PBS and fixed with 50 pL 4% (v/v) paraformaldehyde for
10-20 min at room temperature. Next, cells were permeabilized using
0.2% (v/v) Triton X-100 for 10-20 min at room temperature. To block
non-specific interactions, cells were incubated in 1% (v/v) BSA, with
5% (v/v) normal goat serum and 0.3% (v/v) Triton X-100 in PBS, for
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45 min. The following primary antibodies were used: insulin (1:50;
FLEX Polyclonal Guinea Pig Anti Insulin [no. IR00261-2, Agilent],
FOXO1 [1:100, C29H4] Rabbit mAb [no. 1672880S, Cell Signaling
Technology]) and Rabbit Polyclonal GLP-1R Antibody (1:250;
NBP1-97308SS, Novus Biologicals). All the antibodies were diluted
in PBS with 1% (v/v) BSA and 0.3% (v/v) Triton X-100 and incubated
for 1 h at room temperature. Subsequently, cells were washed and
incubated with secondary Alexa 568 anti-guinea pig (1:1,000) or
Alexa 488 anti-rabbit (1:1,000), diluted in a PBS solution containing
1% (v/v) BSA and 0.3% (v/v) Triton X-100 for 1 h at room tempera-
ture. Finally, the nuclei were stained with DAPI (1 pg/mL) for 10 min
at room temperature. Randomly, 8 fields per well were selected for
image acquisition using the InCell Analyzer 2200 automated high-
content imager (GE Healthcare) using 40x magnification. InCell
Investigator software (GE Healthcare) was used for quantification.
Cytosolic and nuclear FOXO1 were resolved by following an im-
age-based segmentation strategy using InCell Investigator software
(GE Healthcare).

Western blotting

INSIE (4 x 10* cells) were reverse transfected with 50 nM miR-642a-
3p for 48 h and exposed to GLT conditions (0.75 mM PA, 25 mM
glucose, 1% FBS [v/v]) for 24 h. Afterward, cells were gently washed
with PBS, lysed in RIPA Lysis Buffer containing 100x protease/phos-
phatase inhibitor cocktail (no. 5872, Cell Signaling), vortexed, and
kept on ice for 30 min. The supernatant was collected after centrifu-
gation at 13,000 rpm for 15 min. Protein was quantified by the mi-
croBCA method using BSA as a standard (no. 23235, Thermo Fisher
Scientific). Protein samples (20-50 ng) were separated by electropho-
resis using 12% (v/v) sodium dodecyl sulfate (SDS)-polyacrylamide
gels. After electrophoresis, the proteins were transferred onto
PVDF membranes (Millipore, Billerica, MA). The membranes were
blocked in 5% (v/v) BSA (Roche, Basel, Switzerland) in Tris-buffered
saline-Tween at room temperature for 60 min. The following anti-
bodies were incubated overnight at 4°C: Rabbit Polyclonal p-AKT
Antibody (1:500; no. 4060s, Cell Signaling), Rabbit Polyclonal AKT
Antibody (1:500; no. 46918, Cell Signaling), Rabbit Polyclonal Phos-
pho-p44/42 MAPK Antibody (Erk1/2) (1:500; no. 4376S, Cell
Signaling), Rabbit Polyclonal p44/42 MAPK (Erkl/2) Antibody
(1:500; 46958, Cell Signaling), Mouse polyclonal B-tubulin Antibody
(1:5,000; no. T8328, Sigma-Aldrich), Rabbit Polyclonal GLP-1R
Antibody (1:250; NBP1-97308SS, Novus Biologicals). Next, the mem-
branes were incubated at room temperature for 60 min with anti-rab-
bit-HRP-conjugated (1:5,000; Cell Signaling Technology) or anti-
goat-HRP-conjugated secondary antibody (1:5,000; Cell Signaling).
Blots were imaged using a Biospectrum-Multispectral imaging system
(UVP; LLC Upland, CA; Cambridge, UK) and the densities of each
band were calculated with Quantity one software (Bio-Rad).

Nile red

Lipid accumulation was assessed by Nile red staining assay, as previ-
ously described.® In brief, a 1:200 dilution from Nile red was pre-
pared from the stock (0.5 mg/mL in acetone) in medium without
FBS and 100 pL of this solution was added to the cells for 1 h in
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the dark at 37°C. Subsequently, the lipid content was measured fluori-
metrically (excitation: 520 nm; emission: 620 nm) using the micro-
plate reader Synergy H1 (BioTek Instruments). The percentage of
lipid accumulation was normalized to the nuclear counts. Images of
the stained cells were acquired using InCell Analyzer 2200 automated
high-content imager (GE Healthcare) at 40 x magnification.

RT-PCR

INSIE (4 x 10* cells) were reverse transfected with 50 nM miR-642a-
3p for 48 h and exposed to GLT conditions (0.75 mM PA, 25 mM
glucose, 1% FBS [v/v]), for 24 h. Afterward, cells were lysed and
RNA was isolated using a RNeasy Micro Kit (no. 50974034,
QIAGEN, Hilden, Germany) according to the manufacturer’s in-
structions and quantified on a spectrophotometer. Next, 500 ng of
RNA was reverse transcribed using a qScript SuperMix kit (no.
95048; Quantabio, MA) and the obtained cDNA was used to quantify
the mRNA expression of target genes using quantitative real-time
PCR analysis. For this, PCR products were amplified using the
NZYSpeedy qPCR Green Master Mix kit (no. MB22403, NZYtech,
Lisbon, Portugal) according to the manufacturer’s recommendations.
The housekeeping gene Actb was used for normalization and fold
changes were determined using the 27¢““" method.”" Primer se-
quences are available in Table S9.

RNA-seq and data analysis

INSIE (4 x 10* cells) were reverse transfected with 50 nM miR-
642a-3p for 48 h and exposed to GLT conditions (0.75 mM PA,
25 mM glucose, 1% FBS [v/v]), for 24 h (n = 2). Afterward, cells
were lysed and RNA was isolated using a RNeasy Micro Kit (no.
50974034, QIAGEN) according to the manufacturer’s instructions
and quantified on a spectrophotometer. Two biological replicates
were performed. The mRNA library construction was done with
different steps: (1) the oligo dT selection (mRNA enrichment)
was done using oligo dT beads to enrich mRNA with a poly(A)
tail, (2) the fragment the RNA and first-strand cDNA was generated
using random N6-primed reverse transcription, followed by second-
strand cDNA synthesis with dUTP instead of dTTP, (3) the synthe-
sized cDNA was subjected to end-repair, 3’ adenylated and adaptors
were ligated to the ends of these 3’ adenylated cDNA fragments, (4)
before PCR amplification, the dUTP-marked strand was selectively
degraded by uracil-DNA-glycosylase and the remaining strand was
amplified to generate a cDNA library suitable for sequencing. Mul-
tiple rounds of PCR amplification were performed to enrich the pu-
rified cDNA template using PCR primer; the PCR product was heat
denatured, the single-strand DNA was cyclized by splint oligo and
DNA ligase followed by a DNA nanoball synthesis and sequencing
on DNBSEQ (DNBSEQ Technology) platform. Subsequent analysis
were performed after the filtered clean reads were aligned to the
reference sequence. The sequencing data filtering was done using
the software SOAPnuke.”* Hierarchical Indexing for Spliced Align-
ment of Transcripts (HISAT) was the software used for mapping
RNA-seq reads” and significantly up- and downregulated genes
(differentially expressed) were selected based on criteria described
below.
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Filtering criteria

Compared with the control (Lipofectamine-treated cells), transfec-
tion of B cells with 50 nM miR-642a-3p for 48 h resulted in a total
of 7,495 DEG (3,538 upregulated and 3,921 downregulated). We
further filtered this list based on genes with a log2FC > |1| and
FPKM > 1 for each of the replicas of one of the conditions, ending
up with 1,381 genes (903 downregulated and 478 upregulated)
(Table S5).

To analyze the transcriptional changes induced by GLT on f cells, vo-
lcano plots were constructed with the applied criteria log2FC > |1|, re-
sulting in 3,950 genes. From this list, we selected genes with a
log2FC > |2| and FPKM > 1 for each of the replicas of one of the con-
ditions, ending up with 622 genes (412 downregulated and 210 upre-
gulated) to build the heatmap (Table S3).

To analyze the transcriptional changes induced by miR-642a-3p on 8
cells, volcano plots were constructed with selected genes with a
log2FC > |1|, resulting in 4,069 genes and, from this list, we selected
genes with alog2FC > |2| and FPKM > 1 for each of the replicas of one
of the conditions ending up with 701 genes (586 upregulated and 115
downregulated) to build the heatmap (Table S4).

Targets of the miR-642a-3p: we focused our analysis on genes down-
regulated by miR-642a-3p (903 genes). To that end, we selected genes
with an FPKM > 1 for each of the replicas of one of the conditions and
a log2FC > |1.5| and ended up with a list of 238 genes (Table S6).

miR-642 binding conservation

Genome FASTA and GTF files were retrieved from the Ensembl data-
base for human (Homo sapiens GRCh38, Ensembl GTF version 113),
mouse (Mus musculus GRCm39, Ensembl GTF version 113), and rat
(Rattus norvegicus mRatBN7.2, Ensembl GTF version 113). Mature
miRNA sequences for hsa-miR-642a-3p in FASTA format were
downloaded from miRbase (release 22.1).”* For each species, the
chromosome position and strand orientation of the Cmtmé6 3 UTR
were extracted from the GTF file, and the output was saved into a
BED file. A FASTA file with the full-length 3’ UTR sequences was
made by using bedtools (version 2.30.0) getfasta with the option -s
to force the strandedness. miRNA binding scores were computed us-
ing the miRanda software,”” with the miRNA FASTA and 3’ UTR
FASTAs as input. The settings applied were: score threshold of 140,
energy threshold of 1 kcal/mol, scaling parameter of 4, gap-open pen-
alty of —4, and gap-extend penalty of —9. Sequence conservation be-
tween the human, mouse, and rat 3’ UTRs was performed in python,
using needle pairwise sequence alignment (emboss version 6.6.0.0;
psa version 1.0.1). Sequence conservation, miRNA binding scores,
and binding position for each species were visualized using pygeno-
meviz (version 1.3.0). Code is available at https://github.com/tjj-de-
winter/miRNA_conservation.

GLT-protective miRNA selection
The GLT-protective miRNA selection was based on literature mining
of the transcriptome and proteome of PA-treated INSIE cells and/or

human islets preparations (Table S4). We identified 17 miRNAs using
HTS and selected 5 (miR-642a-3p, miR-20a-5p, miR-17-5p, miR-
20b-5p, and miR-432-5p) based on their capacity to target a high
number of differentially expressed genes. Other miRNAs were disre-
garded due to their low expression in pEVs of patients undergoing BS.

Bariatric cohort

Study population

All samples were obtained from patients from the surgery depart-
ment of the Centro Hospitalar e Universitdrio de Santo Anténio
(CHUdSA) after receiving an informed consent. This study was
approved by the Ethics Commission of the CHUdSA with the refer-
ence number 2020-075 (060-DEFI. 061-CE). With support from our
National Health Service facilities and adherence to the established
project protocol, no costs were incurred by the patient.

Sampling

To obtain plasma, blood samples were collected from each patient in a
labeled EDTA tube. Centrifugation was performed at 15,000 x g for
10 min at 4°C and the supernatant was stored at —80°C until use.

Animal study

Animal experiments were conducted in compliant with the Animal
Care National and European Directives. The project received app-
roval (no. 3/2022) from the local animal welfare body (ORBEA).
The animal study was performed in a mouse model of diabetes
induced by a hypercaloric diet, using 13, 6-week-old male mice
(C57BL/6] strain) purchased from Charles-River and maintained in
the Coimbra Institute for Clinical and Biomedical Research (iCBR)
animal facility at the Faculty of Medicine of the University of Coimbra
(FMUC). After 2 weeks of quarantine, the animals were randomly
divided into two groups. Twenty-week protocol (control group,
n = 6): mice maintained ad libitum on standard chow; diabetic group
(n =7): mice maintained ad libitum with a hypercaloric diet (60% car-
bohydrates, Mucedola, ref. PF4215). Throughout the study, the
weekly evolution of their weight was monitored. I vivo, glucose toler-
ance tests (GTTs) and insulin tolerance tests (ITTs) were performed
at weeks 19 and 20 of the study. The sample size was determined with
an o level set at 0.05 and a power level at 0.95. The variation in the
group sizes stems from the loss of an animal in the control group dur-
ing an in vivo experimental procedure (ITT). Measures were taken
into account to follow the 3Rs principles, such as a small number
of mice (n =7 per group). The sample size was calculated using G*po-
wer software.). In terms of refinement, the team members that carried
out the animal procedures are very experienced in in vivo tests
(including GTT and ITT) and in ex vivo determinations, an appro-
priate species and strain was used, which allows conclusions to be
drawn, a robust model was chosen, excellent conditions in terms of
animal facility were available, and monitoring of animal welfare
was thorough. Critical limits, such as food/water intake, weight loss
weight loss of more than 15% (fluid therapy was used if necessary),
and feces consistency, were monitored, and animals were humanely
euthanized under deep anesthesia. Animal behavior and body appear-
ance were also closely observed throughout the study. The animals
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were sacrificed with an anesthetic overdose and blood was collected
for separation into serum. Liver and pancreas were collected for
miRNA profile, and immediately stored at —80°C until use.

Metabolic characterization

On the day of sacrifice, after a fasting period of 6 h, glucose levels were
determined. A drop of blood was collected from the jugular vein
through venipuncture and measured using an Accu-Chek Aviva gluc-
ometer (Roche, Mannheim, Germany) GTT: on week 19, mice were
administered intraperitoneally with a glucose bolus of 2 g/kg BW
following a 6-h fasting period. Blood glucose levels were quantified
through the tail vein before the injection and 15, 30, 45, and
60 min after, using the portable Accu-Chek Aviva glucometer (Roche,
Mannheim, Germany). The area under the curve (AUC) for the GTT
was calculated by using the trapezoidal method, as previously
described.”

Insulin tolerance test (ITT): on week 20, 0.75 U/kg BW of insulin was
administered intraperitoneally (Actrapid Novo Nordisk) following a
6-h fasting period. A drop of blood was collected from the tail vein
before the bolus and blood glucose levels were measured using the
portable Accu-Chek Aviva glucometer (Roche, Mannheim, Ger-
many) 30, 60, and 120 min thereafter. The AUC for the ITT was
calculated by using the trapezoidal method.

Serum levels of total cholesterol, alanine aminotransferase, and aspar-
tate aminotransferase were assessed by colorimetric methods using an
automated analyzer (Hitachi 717, Roche Diagnostics, Mannheim,
Germany).

Pancreas and liver miRNA profile by RT-PCR

Total RNA was extracted using the TRIzol reagent (Life Technologies,
Carlsbad, CA) according to the manufacturer’s protocol. RNA con-
centration and purity were determined using NanoDrop (Thermo
Fisher Scientific, Waltham, MA). Next, RNA was reverse transcribed
using 5x miRCURY RT reaction buffer and 10x miRCURY RT
Enzyme Mix, and the obtained cDNA was used to quantify miRNA
expression by quantitative real-time PCR analysis. For this, PCR
products were amplified using the NZYSpeedy qPCR Green Master
Mix kit (no. MB22403, NZYtech) according to the manufacturer’s in-
structions. Normalization was done to U6 and fold changes were
determined using the 274" method.

pEV isolation

Isolation of pEVs was performed as previously described with small
modifications.”” In brief, samples were centrifuged at 3,000 x g for
15 min to remove cells and cell debris. The supernatant was mixed
with 5 U/mL human thrombin (no. T7009, Sigma-Aldrich) for
5 min and centrifuged at 10,000 x g for 5 min to remove fibrinogen.
Next, the corresponding amount of ExoQuick (no. EXOTC10A-1,
System BioSciences) was added according to the manufacturer’s in-
structions (ratio 5:1 [v/v]), mixed, and incubated for 45 min at 4°C.
Samples were centrifuged at 1,500 x g for 30 min, resuspended in a
final volume of 150 pL, subjected to 2 pg/mL RNase (no. R4875,
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Sigma-Aldrich) treatment for 30 min at room temperature, and re-
purified again via ExoQuick. Finally, pEVs were resuspended in
150 pL of PBS and stored at —80°C.

EV characterization

Nanoparticle tracking analysis

The size and concentration of the pEVs were calculated using a
NanoSight NS300 (Malvern Instruments, Malvern, UK). To obtain
a reliable reading, pEVs were diluted in PBS until a value of 15-45
particles/frame was obtained. The PBS used was confirmed to be
pure (<5 particles per frame). For each sample, 5 videos of 30 s
were recorded with the camera level set at 13. All the videos were
processed with nanoparticle tracking analysis (NTA 3.0) analytical
software.”®

Zeta potential

Surface charge of pEVs was measured using the NanoBrook Zeta-
PALS Potential Analyzer (Brookhaven Instruments, Long Island,
NY). Per sample, 5 pL of EVs were diluted in 1,500 pL of biolog-
ical-grade ultrapure water (Fisher Scientific, NH) and the EVs were
placed in contact with the zeta potential electrode and allowed to sta-
bilize for 10 min. Five runs (using the Smoluchowski module) were
performed for each sample at room temperature.

Protein quantification

Quantification of the total protein of pEVs was performed using the
microBCA protein assay’” kit (Thermo Fisher Scientific) following
the manufacturer’s recommendations. In short, a 10-point standard
curve was obtained with BSA. For disrupting the EV membrane, sam-
ples were diluted in 2% (v/v) SDS at room temperature. Then, 50 pL
of the latest mix was pipetted in duplicate in a 96-well Corning Costar
cell culture plate (Corning), the reaction solution was added and
incubated for 2 h at 37°C. Finally, the plate was equilibrated at
room temperature for 15 min and the absorbance at 562 nm was
read in microplate reader Synergy H1 (BioTek, VT).

EV-miRNA signature by RT-PCR

RNA from plasma-derived EVs was isolated by miRNeasy Micro Kit
(no. 217084, QIAGEN) according to the manufacturer’s instructions
and quantified on a spectrophotometer. Next, RNA was reverse tran-
scribed using a 5x miRCURY RT reaction buffer and 10x miRCURY
RT Enzyme Mix. The resulting cDNA was used to quantify miRNA
expression by quantitative real-time PCR. For this, PCR products
were amplified using the NZYSpeedy qPCR Green Master Mix kit
(no. MB22403, NZYtech) according to the manufacturer’s instruc-
tions. Normalization was done to 5S. miRNA-EV signature was rep-
resented as the number of miRNA copies per particle.

Statistics
GraphPad Prism (version 9) software was used to perform statistical
analysis. All experiments were performed as at least two independent
experiments. Results were expressed as the mean + SD. For statistical
comparison, analysis of variance (ANOVA) or t tests were used as
indicated.
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