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In brief

Erener et al. identify miR-216a as a
pancreas-specific miRNA affecting
pancreatic pathologies. Under a high-fat
diet, deletion of miR-216a reduces beta
cell mass and induces acinar gene
expression. In cancer-prone mice, miR-
216a deletion decreases pancreatic
neoplasia frequency. Circulating miR-
216a levels are elevated in mice and
humans with pancreatic cancer.
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SUMMARY

miRNAs have crucial functions in many biological processes and are candidate biomarkers of disease. Here,
we show that miR-216a is a conserved, pancreas-specific miRNA with important roles in pancreatic islet and
acinar cells. Deletion of miR-216a in mice leads to a reduction in islet size, B-cell mass, and insulin levels. Sin-
gle-cell RNA sequencing reveals a subpopulation of B-cells with upregulated acinar cell markers under a
high-fat diet. miR-216a is induced by TGF- signaling, and inhibition of miR-216a increases apoptosis and
decreases cell proliferation in pancreatic cells. Deletion of miR-216a in the pancreatic cancer-prone mouse
line Kras®"2P;Ptf1a°"°ER reduces the propensity of pancreatic cancer precursor lesions. Notably, circulating
miR-216a levels are elevated in both mice and humans with pancreatic cancer. Collectively, our study gives
insights into how B-cell mass and acinar cell growth are modulated by a pancreas-specific miRNA and also

suggests miR-216a as a potential biomarker for diagnosis of pancreatic diseases.

INTRODUCTION

Perturbations in the function of pancreatic endocrine and
exocrine cells leads to the development of life-burdening and/
or life-threatening diseases such as diabetes and pancreatic
cancer. Although diabetes is characterized by hyperglycemia re-
sulting from defects in insulin secretion, insulin action, or both,
pancreatic ductal adenocarcinoma (PDAC), a major form of
pancreatic cancer in humans, results from the abnormal prolifer-
ation of the exocrine cells in response to oncogenic mutations. '+
To date many protein coding genes necessary for pancreas
development and function have been identified, but the role of
the majority of small RNAs is still unclear.

MicroRNAs (miRNAs) are short (~21-22 nt long) non-coding
RNAs that have emerged in the past two decades as buffers of
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signaling pathways to maintain normal tissue development and
function.® Mature miRNAs function as evolutionarily conserved
post-transcriptional gene regulators that mainly decrease the
stability or inhibit translation of messenger RNAs (mRNAs)
through binding to complementary sequences.* A single miRNA
can affect the regulation of hundreds of genes with multiple tar-
gets within cellular networks that enable modulation of entire
pathways in the context of an individual biological process.®®
In the pancreas, conditional deletion of the miRNA processing
endonuclease Dicer at the onset of pancreatic development
(€9.5) using a Pdx1-Cre strain results in defects in all pancreatic
lineages with dramatic reduction in the ventral pancreas as well
as a reduction in the overall epithelial contribution to the dorsal
pancreas at e18.5.” Postnatal Dicer ablation in B-cells using
the conditional RIP2-Cre or Pdx1-CreER strain impairs islet
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Figure 1. miR-216a is enriched in pancreatic islets and is highly conserved among various species

(A) miRNA profiling of adult human islets compared with human embryonic stem cells. miRNAs with greater than 3-fold increase in the islets are shown in
magenta. Arrow points to miR-216a. n = 3 human islet donors. Data represent mean log, signals + SEM (from human islets).

(B) Equal amounts of RNA from various human tissues (each a pool of three tissue donors) was reverse-transcribed, and miR-216a expression was determined
using gRT-PCR. Threshold cycle 33 (Ct = 33) was arbitrarily set as 1.

(C) Human embryonic stem cells (ESCs) were differentiated to pancreatic endocrine cells for the indicated days, and miR-216a expression was measured using
qRT-PCR and expressed relative to levels in undifferentiated ESCs. In ESCs, Ct = 27.

(D) Fetal and adult human pancreata were probed with DIG-labeled miR-216a and scrambled control miRNA probes at the indicated gestational weeks. Purple
color indicates presence of miRNA expression. Scale bar, 100 um.

(E) Comparison of mature miR-216a sequences in different species.

(legend continued on next page)
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architecture, insulin secretion, and B-cell mass, while deletion of
Dicer in acinar cells using Mist1-CreERT mice promotes epithe-
lial to mesenchymal transition accompanied by acinar-to-ductal
metaplasia.®™'" Although previous findings demonstrated impor-
tant roles for Dicer in the pancreas, in vivo studies investigating
the role of individual miRNAs in both endocrine and exocrine
function are limited. Furthermore, the majority of investigated
miRNAs do not have pancreas-specific expression.

Tissue-specific patterns of gene expression play fundamental
roles in tissue development and function.'? Although the majority
of miRNAs are ubiquitously expressed, some miRNAs exhibit tis-
sue-specific or developmental stage-specific expression pat-
terns and contribute to maintaining normal tissue identity and
function.'®'* Tissue-specific mMiRNAs are also found in mouse
and human plasma and serum at surprisingly high concentra-
tions."'® In the present study, we hypothesized that pancreas-en-
riched miRNAs might have critical roles for endocrine and
exocrine cell function and serve as biomarkers for diagnosing
pancreatic diseases. We find that miR-216a is a pancreas-spe-
cific miRNA and contributes to B-cell and acinar cell function
by modulating cell growth. We further show that circulating
miR-216a levels are altered in both mice and humans with
pancreatic tumors. Our data unveil the potential of tissue-spe-
cific miRNAs to contribute to disease mechanisms and to serve
as biomarkers.

RESULTS

To identify the miRNAs that are enriched in pancreatic islets, we
performed miRNA profiling from adult human islets and
compared it with embryonic stem cells (ESCs). We identified
nine miRNAs that showed greater than 3-fold expression in hu-
man islets compared with ESCs (Figure 1A). Among the nine
miRNAs identified, only miR-216a showed a pancreas-specific
expression pattern (Figure 1B), while the other miRNAs were
ubiquitously expressed in the analyzed tissues (Figure S1A).
gRT-PCR analysis of miR-216a levels in multiple tissues showed
that miR-216a was expressed in human islets and whole
pancreas to comparable levels (Figure S1B). To examine
whether miR-216a levels are changed during endocrine cell
development, we differentiated human ESCs to pancreatic-like
cells. When comparing sequential time points, the single largest
increase in levels of miR-216a occurred on day 14 (Figure 1C) of
the differentiation protocol, which marks the generation of
PDX1*/NKX6.1* pancreatic endocrine progenitor cells.'® miR-
216a levels further increased during differentiation, reaching
the highest levels at the final stage of differentiation (days
26-33), correlating with the presence of pancreatic endocrine
cells. To further investigate miR-216a expression during devel-
opment, we performed in situ hybridization with human fetal
pancreatic tissue using DIG-labeled miR-216a-LNA probes.
There was faint staining in the pancreatic tissue at the gestational
age 8 weeks, 4 days (Figure 1D; Figure S2), during the time when
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insulin and glucagon double-positive cells emerge.'” However,
we detected strong miR-216a staining in the branching pancre-
atic epithelium that harbor PDX1*/NKX6.1* pancreatic endo-
crine progenitor cells.’” Analysis of human adult pancreas also
revealed strong pancreatic miR-216a staining with further
enrichment in pancreatic islets (Figure 1D; Figure S2). To further
investigate the specificity of miR-216a for pancreatic tissue, we
performed in situ hybridization on kidney capsule grafts obtained
from mice and rats implanted with pancreatic progenitor cells
that had developed to endocrine cells.'® There was strong reac-
tivity for miR-216a in the grafts, whereas neighboring kidney sec-
tions had no detectable staining (Figure S1C). We next examined
the miR-216a sequence across diverse species and found it to
be highly conserved (Figure 1E), suggestive of a functional
importance. A thorough tissue expression analysis from
C57BL/6 mice showed that miR-216a levels were specifically
expressed in the pancreas with further enrichment in pancreatic
islets (Figure 1F). To further investigate the expression of miR-
216a in ductal cells, we differentiated mouse exocrine cells
into ductal cells and quantified miR-216a expression by qRT-
PCR. Expression of miR-216a was significantly downregulated
as the cells differentiated into ductal cells (Figures 1G and 1H).
Overall, these data suggest a role for miR-216a miRNA in
pancreatic acinar cell and islet development and/or function.
To explore the role of miR-216a in pancreatic islet function
in vivo, we generated miR-216a knockout (KO) mice in which
the precursor sequence of miR-216a (pre-miR-216) was deleted
by homologous recombination.’® miR-216a KO mice were viable,
and gRT-PCR analysis from isolated islets of miR-216a KO mice
confirmed miR-216a was efficiently deleted (Figure S3A). Body
weight, fasting blood glucose levels, and glucose tolerance
were comparable between miR-216a KO and wild-type (WT)
littermate controls when fed with a chow diet (Figures S3B-
S3G). Pancreas weight and pancreatic cell size were unchanged
(Figures S3H and S3I). To investigate the effect of miR-216a dele-
tion on endocrine pancreas, we isolated islets from miR-216a KO
mice and WT littermates and analyzed islet function. During
glucose-stimulated insulin secretion (GSIS) assays, miR-216a
KO islets secreted less insulin at basal glucose concentration
(2.8 mM) (Figure 2A). To determine whether the observed effects
on insulin secretion were cell autonomous and direct, we trans-
fected rat INS-1 cells with miR-216a mimetics and performed
GSIS assays. Inhibition of miR-216a did not change insulin secre-
tion at low or high glucose concentrations (Figure S2J). Analysis
ofisolated islets revealed that miR-216a KO were smaller than the
WT islets (Figure 2B), with miR-216a KO mice lacking bigger islets
and trending toward having an increased number of smaller islets
(Figures 2C and 2D). Immunostaining of pancreas from adult mice
with insulin and glucagon antibodies demonstrated that B-cell
mass was significantly reduced in the miR-216a KO mice
compared with controls, while a-cell mass was unchanged (Fig-
ures 2E-2G). Islet circularity and the location of a-cells were un-
changed (Figures S3K and S3L). Consistent with the isolated islet

(F) Same as in (B) except that the tissues were harvested from 8-week-old C57BL/6 male mice. n = 3 mice. Threshold cycle 33 (Ct = 33) was arbitrarily set as 1.

Individual data points are shown in (C) and (F), and data represent mean + SEM.

(G) Bright-field images of acinar cells differentiated toward ductal cells at day 1 (D1) and day 5 (D5) of differentiation. Scale bar, 100 um.
(H) miR-216a expression was measured using qRT-PCR and normalized to miR-93-5p levels. Expression at day 5 is arbitrarily set as 1. Atday 0, miR-216a Ct = ~18.
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Figure 2. miR-216a knockout (KO) mice have smaller islets and reduced -cell mass

(A) Insulin secretion and content from islets isolated from male WT and KO mice exposed to 2.8 and 16.7 mM glucose. n = 3 mice.

(B) Representative images of isolated islets from 10-week-old male WT and KO mice. Scale bar, 100 pm.

(C and D) Average size of isolated islets (C) and the distribution of islet size (D). n = 3 or 4 mice. A two-tailed Student’s t test was performed to assess significance.
(E-I) Pancreata from 21-week-old male WT and KO mice were immunostained for insulin (Ins), glucagon (Gcg), and synaptophysin (Syp). (E) Representative
images of insulin, glucagon, and synaptophysin immunostaining, along with an overlay of Ins and Gcg. Nuclei were identified with DAPI (blue). Scale bars, 100 pm.
(F) B-cell mass, (G) a-cell mass, (H) average islet size, and (|) islet size distribution. n = 4 or 5 mice.

Individual data points are shown in ( (A), (C), (D), and (F-I). Data represent mean + SEM. *p < 0.05.

data, the area of islets determined by synaptophysin immuno-
staining was significantly smaller in miR-216a KO mice (Figures
2E and 2H), and miR-216a KO pancreatic sections harbored
less of the larger islets, compared with WT controls (Figure 21).
In 1-day-old miR-216a KO pups and WT littermates, B-cell and
a-cell area were not different (Figures S4A-S4C). Similarly,
average islet size was comparable, with no statistical difference
in various islet size groups (Figures S4A, S4D, and S4E). Islet
circularity and peripheral a-cells were also comparable (Figures
S4F and S4G), suggesting a postnatal role for miR-216a in regu-
lating B-cell mass and islet size.

4 Cell Reports Medicine 2, 100434, November 16, 2021

Regulation of islet size is complex and involves cellular pro-
cesses such as fusion, fission, growth, and migration.”° Cell migra-
tion is critical for both islet formation and the movement of islets
away from ducts.?"*” To test whether miR-216a alters cell migra-
tion and/or proliferation, we transfected PDAC PANC-1 cells that
have very low miR-216a levels (not shown) and migration ability
with control (ctrl) or miR-216a mimetics and performed a migration
assay using transwell chambers. Quantification of the cells that
traversed the Boyden chambers demonstrated that miR-216a
more than doubled the number of migrating cells compared with
untransfected and control miRNA-transfected wells (Figure 3A).



Cell Reports Medicine

¢? CellPress

OPEN ACCESS

A B 100 C o D TGF-p
30 *k o WT KO 3 c 30-
5 2 — 3 2 8
2 2 $ 60 7 £ 20
g S 40{ g 5
x 10 e T o E 10 8
20 T ® o
E2 e x
0 N 0 % IS oA
& & & & & a wTKe ° XN
N) rl:\ é\\o ,b(\ Qﬂe’ Qq (\Q
((\\Q" Q N\ ) 0?3 °
E SB431542 . .
*
s 2097 gF——
g 400 |*_| W WT 100+ ECM PCR array
0 157 o - ° [ Ko o °
S o 300 >
X o o S 501
® 1.0 o < S -
8 <) I 200 0 ° O 10+
Z o . .
- 00 . S 51 e e g o
E 0.51 g 8 s ° L’é 1001 & o Bl o B & 9 £ 0 o2 °
= o -51 . .
1S °b:<|>:8 AT
00 N @ @ @ Smad7 Pten Becn1 Ybx1 RS S
PRI CR AN RN o
N2
H 20 XTT I J
20 . 100 UTR . w0 .
8 15 o 3 -a Ctrlinh. I miR-negi
© L - miR-216a inh. £ 300 H miR-216ai
8 10 o £ -
s 3 g 200
=) c
o 05 < € 100
®
0.0 0
\{6‘ \{\(‘ \{\(‘ BAD BCL-xL
S & OJG)
fl, 2
&

Figure 3. miR-216a regulates cell migration and apoptosis

(A) Percentage of calcein-stained PANC-1 cells migrating through a transwell following transfection with miR-216a or control (Ctrl) mimetics or untransfected
(UTR). n = 3 technical replicates.

(B) Percentage of islets isolated from 10-week-old male WT or KO mice that appeared as having defined, transitionary (transit.), or spread boundaries 3 days after
plating on collagen wells. n = 3 mice.

(C) Distance to duct was quantified using the H&E stains of WT and miR-216a KO adult pancreata.

(D and E) Human EndoC-BH1 cells were treated with varying concentrations of TGF- or TGF-f inhibitor SB431542, and miR-216a levels were quantified using
qRT-PCR. n = 6 technical replicates. Ct levels for miR-216a in untreated human EndoC-BH1 cells = ~21.

(F) Islets from 10-week-old male WT and KO mice were isolated and expression of Smad7, Pten, Becn1, and Ybx1 was quantified with gRT-PCR. n = 3 or 4 mice.
(G) MING cells were transfected with miR-216a and control mimetics and expression of 84 ECM-related genes was quantified using qRT-PCR. Genes displaying
>2-fold difference are shown. Each value is the mean of three independent transfections.

(H and 1) INS1-E cells were transfected with the indicated miRNA inhibitors (inh.) or with a scrambled control miRNA inhibitor (Ctrl inh.), and cell viability was
assessed using XTT (2,3-bis-[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide) assay (H) or live cell imaging using Hoechst and Alexa 647
annexin V (l). TNF-a, IFN-v, and IL-1B were added to media prior to imaging cells at 37°C and 5% CO in an ImageXpress Micro. n = 4 technical replicates.
(J) Mouse islets were transfected with a control miRNA (miR-negi) and miR-216a inhibitor. Expression of Bad and Bcl-x/ was quantified using gRT-PCR. n =5
mice.

A two-tailed Student’s t test (A-F, H, and J) or two-way ANOVA with Bonferroni’s multiple-comparison post-test (l) was performed to assess significance. *p <
0.05 and **p < 0.01. Individual data points are shown in (B)—(F), (H), and (J). Data represent mean + SEM.

We next assessed the migration ability of miR-216a KO islet cells
ex vivo. We coated cell culture plates with the matrix secreted by
804G cells and monitored the spreading of islets by light micro-

scopy. Five days post-seeding, more WT islets spread compared
with miR-216a KO islets, while miR-216a KO islets had more
defined borders, suggestive of less spreading (Figure 3B). To

Cell Reports Medicine 2, 100434, November 16, 2021 5
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Figure 4. miR-216a KO mice have decreased insulin secretion, B-cell mass, and islet size on a high-fat diet (HFD)

(A) Islets were isolated from WT and leptin knockout (LepKO) male rats, and expression of miRNAs was quantified using gRT-PCR and expressed relative to levels
in WT cells.

(B-J) WT and miR-216a KO male mice were fed with a 60% HFD for 8 weeks. Oral glucose tolerance tests (OGTT) were performed 2 weeks post-HFD; blood
glucose levels are shown in (B) and plasma insulin concentrations in (C). (D) Pancreata from WT and miR-216a KO mice were fixed and stained with the indicated
antibodies 8 weeks post-HFD (n = 3 mice/group). Representative images are shown. Scale bars, 100 um. Insets are enlarged 4 x. Quantifications of insulin (E),

(legend continued on next page)
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further explore the possibility that miR-216a KO alters islet migra-
tion, we quantified the distance of islets from the ducts in both WT
and KO pancreata. Islets from miR-216a KO mice were closer to
the ducts compared with WT islets (p = 0.058) (Figure 3C).

TGF-B signaling regulates pancreatic epithelium branching
and cell migration to form islet clusters.?® It has been previously
shown that miR-216a expression is regulated by TGF-f signaling
and alters expression of Pten and Smad7.?*?° To investigate the
potential signaling pathways regulating miR-216a expression in
the pancreas, we treated EndoC-fH1 cells, which have high
endogenous miR-216a levels, with a TGF-B agonist TGF-p1
and the inhibitor SB431542 and measured miR-216a levels by
gPCR. TGF-B1 treatment significantly increased miR-216a
expression and inhibition of TGF signaling with SB431542 signif-
icantly decreased miR-216a levels (Figures 3D and 3E). We next
examined mRNA levels of potential miR-216a target genes in the
pancreatic islets of WT and miR-216a KO mice. gRT-PCR anal-
ysis of islets of WT and miR-216a KO mice indicated that Smad7
expression was significantly upregulated in the miR-216a KO is-
lets, whereas Pten, Becn1, and Ybx1 levels were unchanged
(Figure 3F). We also examined expression of key hormones
and transcription factors regulating endocrine cell identity. Insu-
lin, Glucagon, Pdx1, and Nkx6. 1 levels were not changed in islets
from miR-216a KO mice (Figure S5). TGF-f signaling and Smad7
are known regulators of cell migration, and their mode of action is
thought to be via altering the expression of genes involved in
regulating extracellular matrix (ECM) composition.”® We
analyzed the levels of ECM genes in miR-216a transfected cells
using an ECM gene array. miR-216a altered the expression of 12
of the 87 genes analyzed (Figure 3G). Levels of genes involved in
basement membrane, such as Col4a2, Ecm1, Fbin1, Lama3,
Lamb2, and Lamb3, were upregulated in the miR-216a trans-
fected cells, suggesting that TGF-B-induced miR-216a can
increase cell migration by altering the ECM integrity of basement
membrane. We next investigated whether inhibition of miR-216a
can affect cell proliferation and cell death by transfecting INS-1E
B-cells with miR-216a and a control scrambled miRNA inhibitor.
INS-1E B-cells have higher levels of miR-216a compared with
other rodent B-cell lines such as MIN6 (not shown) and thus
were chosen for miR-216a inhibition experiments. Inhibition of
miR-216a significantly reduced cell proliferation compared with
control miRNA inhibitors (Figure 3H). Analysis of cell death using
live cell imaging indicated that inhibition of miR-216a in the pres-
ence of cytotoxic factors (TNF-a, IFN-vy, IL-1B) increased the rate
of apoptosis (Figure 3l). Similarly, inhibition of miR-216a in
mouse islets increased expression of the pro-apoptotic gene
Bad (Figure 3J).

¢ CellP’ress

Many miRNAs regulated by metabolic stressors coordinate
the adaptive responses of islet cells to metabolic stresses during
obesity and diabetes.?” We sought to investigate whether dele-
tion of miR-216a would change insulin secretion when chal-
lenged with metabolic overload. We first explored miR-216a
levels in the islets of leptin KO (LepKO) rats, a model of obesity
with disturbed glucose and energy metabolism and larger is-
lets.?® miR-216a levels were significantly higher in the LepKO
rat islets, whereas levels of another well-studied islet enriched
miRNA, miR-375, were unchanged (Figure 4A). Notably, miR-
216a levels were also reported to be increased in human islets
from subjects with T2D.?° When placed on a 60% high-fat diet
(HFD) for 8 weeks, fasting body weight and blood glucose levels
were comparable between miR-216a KO mice and littermate WT
controls (Figures S6A and S6B). However, an oral glucose toler-
ance test performed 2 weeks after HFD revealed that miR-216a
KO mice secreted less insulin in response to glucose administra-
tion despite no significant differences in blood glucose levels
(Figures 4B and 4C). Insulin tolerance tests indicated similar in-
sulin sensitivity of miR-216a KO and WT mice (Figure S6C), sug-
gesting compromised islet function in miR-216a KO mice under
HFD. Consistent with the reduced insulin secretion from miR-
216a KO mice in vivo, pancreata from miR-216a KO mice had
significantly reduced B-cell mass compared with controls after
HFD feeding (Figures 4D and 4E). Furthermore, miR-216a KO
mice had decreased circulating miR-375 and proinsulin levels
compared with WT after 8 weeks of HFD feeding (Figures 4F
and 4G). The degree of cell proliferation was comparable in the
WT and miR-216a KO B-cells as assessed by PCNA immuno-
staining (Figure 4H), and miR-216a KO mice fed the HFD also
had significantly smaller islets (Figure 4l), with increased fre-
quency of smaller islets and decreased occurrence of larger
islets (Figure 4J). Overall, these data indicate that under meta-
bolically stressed condition of 60% HFD, miR-216a KO mice
secrete lower insulin during a glucose challenge and have
decreased islet size with reduced B-cell mass and proinsulin pro-
tein levels.

For an unbiased investigation of islet dysfunction, we per-
formed single-cell RNA sequencing (RNA-seq) analysis from
the islets of WT and miR-216a KO mice exposed to 60% HFD
for 9 weeks. Cell counts and viability assessments prior to
sequencing did not indicate any differences between WT and
KO islet cell preparations (Table S1). After sequencing, we as-
signed cell clusters to specific cell types for further analysis on
the basis of differential expression of canonical genes (Tables
S2 and S3). Some clusters contained multiple cell populations
(Figure 4K), and some cell types were contained in multiple

PCNA (H), and synaptophysin (I and J) immunoreactivity. (F) qRT-PCR analysis for miR-375 from plasma of WT and miR-216a KO mice, 8 weeks post-HFD; n =3
or 4 mice. (I) Average islet size and (J) islet size distribution on the basis of synaptophysin immunostaining.

(K-N) Single-cell RNA-seq was carried out on mouse pancreatic islets. (K} UMAP plot of cells from KO and WT animals labeled by cell type, identified by
expression of canonical genes, showing the presence of all major cell types in both genotypes in approximately equal proportions. (L) Normalized expression
values of Ins7, Ins2, and lapp shows likely contamination across all cells but particularly high expression of all three canonical B-cell genes in the .1 and B.2
clusters. Normalized expression of Cpa7, a gene differentially expressed in acinar cells, is highest in the acinar cluster but has increased expression in the .2
cluster compared with the .1 cluster. (M) A heatmap showing normalized gene expression for the statistically significantly up- or downregulated genes within the
B.2 cluster comparing between genotypes, further analyzed in (N), showing gene set enrichment analysis on all differentially expressed genes, reveals an
increased acinar phenotype in cells within this cluster from KO animals compared with WT.

A two-tailed Student’s t test (A, E-J) or two-way ANOVA with Sidak’s multiple-comparison post-test (C) was performed to assess significance. *p < 0.05, *p <
0.01, and ***p < 0.001. Individual data points are shown in (A) and (E)-(J). Data represent mean + SEM.
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Figure 5. RNA-seq analysis of pancreata
from miR-216a-KO mice

(A) RNA from the pancreata of 1-day old male WT
and miR-216a KO mice was isolated and sub-
jected to RNA sequencing and top 50 most
abundant genes are shown by heatmap.

(B) A treemap plot, combining statistically signifi-
cant GO terms in the biological processes cate-
gory into similar terms. The size of the square in-
creases with a decreasing p value, and the color of
the square indicates the grouping of like terms
(labeled in larger text with a gray background).
Statistically significant terms were identified using
hypergeometric tests with a false discovery rate
of 0.1.

(C) All statistically significant KEGG terms are
shown in a network map, with nodes representing
KEGG terms and edges connecting nodes repre-
senting differentially expressed genes in common
between KEGG terms. Statistically significant
terms were identified using hypergeometric tests
with a false discovery rate of 0.1.

(D) Normalized gene expression data for key genes
. of interest. All genes shown are differentially ex-
pressed, with adjusted p values < 0.05 (adjusted
by the Benjamini-Hochberg correction).

(E and F) PANC-1 cells were transfected with the
indicated miRNAs, and 48 h later TGF-B was added
to cell culture media and cell number was counted
(E). Individual data points are shown. n = 3 tech-
nical replicates. (F) Cell death was assessed with

nuclear division
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clusters. The proportion of cells in each cluster were similar, and
all clusters were represented in both genotypes (Figure 4K).
B-cells were restricted to those that had statistically significantly
upregulated expression of Ins1, Ins2, and lapp genes (Figure 4L).
Many clusters had no (7 of 30 clusters) or fewer than 10 (15 of 30
clusters) differentially expressed genes between genotypes (Ta-
ble S4), suggesting that overall, most pancreatic cells were
similar between genotypes. There appeared to be two major
subpopulations of B-cells (Figures 4K and 4L); one population
contained clusters with upregulation of genes typical for mature
B-cells, such as Unc3 and Mafa (B.1; Table S3), whereas the
other population (B.2) lacked these genes and had higher
expression of Cpal, a canonical acinar gene, as well as being
closer to the acinar population in local UMAP (uniform manifold
approximation and projection) space (Figure 4L) compared
with cluster B.1. There were no or few differentially expressed
genes in the B.1 cluster between the genotypes, but many genes
were differentially expressed in the B.2 cluster when comparing
WT and KO cells (Figure 4M; Table S4). Similarly, many genes
were differentially expressed in the acinar cell cluster (Fig-
ure S6D; Table S4). To further investigate the differentially ex-
pressed genes, we performed gene set enrichment analysis for
the two most different clusters, 3.2 and acinar cells (Figure 4N;
Figure S6E). For the B.2 cluster, many genes related to digestion
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24 27 30 33 36

live cell imaging using Hoechst and Alexa 647 an-
nexin V. Cells were imaged at 37°C and 5% CO, in
an ImageXpress Micro. n = 5 technical replicates.
A two-tailed Student’s t test (E) or two-way
ANOVA with Bonferroni’s multiple-comparison
post-test (F) was performed to assess signifi-
cance. *p < 0.05. Data represent mean + SEM.

were upregulated, suggesting that islets from KO mice had more
characteristics of acinar-like cells than those of WT mice. Addi-
tionally, the TGF-B receptor signaling pathway was downregu-
lated in KO cells compared with WT. Many pathways that were
significantly different between WT and KO cells in the B.2 cluster,
including “activation of matrix metalloproteinases,” “digestion,”
and “collagen degradation,” were also different in the acinar cell
clusters. Interestingly, Gcg was statistically significantly upregu-
lated in many of the KO clusters.

As miR-216a is expressed in both endocrine and exocrine
pancreas, we sought to perform a global analysis to further
explore signaling pathways targeted by miR-216a in the whole
pancreas. We performed RNA-seq from the pancreata of 1-
day-old WT and miR-216a KO mice. The RNA integrity numbers
(RINs) obtained from the pancreata of miR-216a KO mice were
all above 8 and suitable for RNA-seq (not shown). We examined
the top 50 most abundant genes expressed in WT and miR-216a
KO pancreata and observed the expected abundance for genes
encoding amylase, trypsin, and insulin, but they were not signif-
icantly different between WT and miR-216a KO mice (Figure 5A).
Differential gene expression analysis from all the transcripts us-
ing an adjusted p value < 0.05 revealed that 409 genes were
differentially expressed between WT and KO pancreata (Table
S5). To identify more globally the affected biological processes
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in the miR-216a KO pancreata, we next performed a Gene
Ontology (GO) analysis and found cell cycle to be most signifi-
cantly altered (Figure 5B). Similarly, KEGG (Kyoto Encyclopedia
of Genes and Genomes) pathway analysis indicated that cell cy-
cle, DNA replication, and repair pathways were statistically
different in the miR-216a KO versus WT pancreata (Figure 5C).
Next, we compared the expression of genes involved in cell cy-
cle pathways between WT and miR-216a KO pancreata and
observed that many cyclin-dependent kinases (e.g., Cdk4,
Cdk1) and cyclins (e.g., Ccne1) as well as DNA replication genes
(e.g., Pcna, Mcm2, Mcm5) were decreased in the pancreas of
miR-216a KO mice (Figure 5D). This was consistent with our
observation that inhibition of miR-216a decreases cell prolifera-
tion in INS-1E B-cells (Figure 3H) and the presence of reduced
B-cell mass and islet size in the miR-216a KO mice. A map of
the cell cycle pathway with genes significantly regulated in
miR-216a KO pancreata is shown in (Figure S7). To investigate
the effect of miR-216a on cell proliferation in cells with exocrine
origin, we transfected human PANC-1 cells with the miR-216a

Kras®'?® Ptf1a“** miR216a"

Sox9/Dapi
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Figure 6. miR-216a-KO mice have a lower
(KO) incidence of pancreatic intraepithelial
(PanlIN) lesions

(A) Schematic showing the design of the study.
Expression of KrasG12D was induced in exocrine
cells by three tamoxifen injections on alternating
days when the mice were 21-25 days old. Pan-
creata were harvested 8 months later.

(B) Pancreatic H&E staining. Scale bars (black),
3 mm; inset scale bars (white), 400 pm.

(C) Pancreatic Alcian blue staining. Insets are 5x
enlarged; inset scale bars, 400 um.

(D) Alcian blue-positive area. Individual data points
are shown. n = 4-6 mice. A two-tailed Student’s t
test was performed to assess significance. Data
represent mean + SEM. *p < 0.05.

(E) Representative images of Cpal and Sox9 im-
munostaining. Scale bar, 500 um.

(F) C57BL/6 mice were treated with a single high
dose (180 mg/kg) of the B-cell toxin STZ or vehicle
injection. Total RNA was isolated from the plasma
on the indicated days (DO, D1, and D7), and miR-
216a levels were measured using qRT-PCR. n =
4-7 mice.

(G) Total RNA was isolated from the plasma of LSL
KrasG12D;Ptf1a-Creex1 mice at the indicated
weeks. miR-216a levels were measured using
qRT-PCR and normalized to miR-93-5p levels. n =
3-6 mice.

(H) Total RNA was isolated from the sera of pa-
tients with type 2 diabetes (T2D), chronic pancre-
atitis (CP), pancreatic ductal adenocarcinoma
(PDAC), and pancreatic ductal adenocarcinoma
with metastasis (MPDAC) and control subjects.
miR-216a levels were measured using qRT-PCR.
n = 9-20 human subjects. Ct for controls = ~32.
A two-way ANOVA (F) or one-way ANOVA (G and
H) with Bonferroni’s multiple-comparison post-
test was performed to assess significance. *p <
0.05. Data represent mean + SEM.

Cpal/Dapi

mimetic and another miRNA, miR-217. Similar to INS1-1E
B-cells, miR-216a transfection significantly increased the num-
ber of cells (Figure 5E), and decreased the rate of apoptosis (Fig-
ure 5F), thus confirming the role of miR-216a in regulating cell
proliferation in another pancreatic cell type.

We next investigated whether the absence of miR-216a alters
the progression of a pancreatic pathology related to cell cycle/
proliferation in acinar cells. Oncogenic KRAS can induce PDAC
precursor lesions from pancreatic acinar cells.>**" A number
of studies have shown that PDAC develops from abnormally
proliferating cells in the precursor lesions termed pancreatic in-
traepithelial neoplasia (PanIN), the most common precursor le-
sions observed in humans.®> A mutation in KRAS oncogene is
currently considered as the initiating factor in pancreatic can-
cer.® Expression of constitutively active Kras®’2 allele in mice
induces PanlINs and, after a significant latency period, PDAC.>*
We crossed miR-216a KO mice with the pancreatic cancer-
prone Kras®'2P;ptf1a"EF mice (Figure 6A) and analyzed the fre-
quency of PanINs in the pancreata of offspring. As expected,
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H&E staining from the pancreata of Kras®'20;Ptf1a®Er:
miR-216a™"* mice revealed widespread lesions with columnar
to cuboidal cells with varying degrees of cytological and archi-
tectural atypia (Figure 6B). In contrast, the pancreata of mice
lacking miR-216a had limited neoplastic lesions. Further histo-
logical analysis with Alcian blue staining confirmed the histolog-
ical characteristic of high acidic mucin content of PanINs in the
WT mice, whereas miR-216a KO pancreata had decreased
PanIN frequency (Figure 6C). In Kras®'2P;Ptf1ac*ER;:miR-
216a~’~) mice, there was more than 2-fold reduction in the Alcian
blue* area compared to Kras®'2P:Ptf1aER:miR-216a*"+ mice
(Figure 6D). We assessed acinar-to-ductal metaplasia by immu-
nostaining the pancreas using the acinar and ductal cell markers
Cpal and Sox9, respectively. Pancreata from the Kras®'?>;
Ptf1a R :miR-216a*¥ mice had increased Sox9 and
reduced Cpal expression indicative of ductal metaplasia,
with widespread acinar cell loss. Pancreata from Kras®'?>;
Ptf1a°"FR:miR-216a~’~) mice maintained abundant acinar cell
content with little ductal-like cells (Figure 6E). These data indi-
cate that acinar cells from the miR-216a"~) mice have less
propensity than miR-216a™* mice to form PanINs and acinar-
to-ductal metaplasia in response to oncogenic KRAS.

Finally, to explore whether circulating miR-216a levels are
changed in diabetes and pancreatic cancer, we used STZ-
induced diabetes and LSL-Kras®'2P;Ptf1a-Cre®! pancreatic
cancer-prone mouse models, respectively. Plasma miR-216a
levels were increased by 1 day post-STZ, reaching significant
levels 7 days post-injection (Figure 6F). In the pancreatic cancer
mouse model, we detected a significant increase in plasma miR-
216a levels as the mice developed tumors, reaching significance
at 36 weeks of age (Figure 6G). To investigate the relevance in
humans, we measured miR-216a levels from the sera of patients
with type 2 diabetes (T2D), chronic pancreatitis (CP), PDAC, or
PDAC with metastasis (mMPDAC). Age and gender information
of the donors is provided in Table S6. miR-216a levels were
not elevated in T2D patients (Figure 6H). Yet there was a trend
toward an increase in miR-216a levels in all exocrine
pancreas-related diseases, with a significant increase in sera
from patients with PDAC with metastasis. These data suggest
a clinical opportunity to use circulating miR-216a as a biomarker
for exocrine-related pancreatic diseases.

DISCUSSION

We predicted that pancreas-enriched miRNAs likely have spe-
cific, critical roles for pancreas function and hence sought to
identify miRNAs enriched in pancreatic cells. Using human and
mouse tissue panels, fetal and adult human pancreas and human
endocrine cell transplant models, we demonstrated that miR-
216a is specific to pancreatic tissue. It was highly expressed in
the islets and acinar cells, with little expression in the ducts.
Therefore, a whole-body miR-216a KO mouse was used to inves-
tigate the role of miR-216a in both endocrine and exocrine com-
partments in vivo. Islets isolated from the miR-216a KO mice
were smaller and secreted less insulin than control islets. Simi-
larly, analysis of pancreatic tissue confirmed the presence of
smaller islets and reduced B-cell mass in the miR-216a KO adult
mice. Interestingly, pancreata from the miR-216a KO newborn
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mice had a trend toward increased islet size. Islet growth is size
dependent during development, with preferential expansion of
smaller islets and fission of large interconnected islet-like struc-
tures occurring most actively at approximately 3 weeks of age
at the time of weaning.?® The ROCK-nmMyoll pathway was
shown to coordinate epithelial cell morphogenesis by narrowing
the apical surface of the cell, basalward cell movement and cell-
rear detachment from the apical lumen, enabling clustering as
nascent islets under the basement membrane.*®> More recently,
it was shown that as endocrine progenitors differentiate, they
migrate in cohesion and form bud-like islet precursors.*® As we
observed a major difference in islet size in the miR-216a KO
mice postnatally, our data support a postnatal role for miR-
216a in islet cell expansion and migration. Indeed, we showed
miR-216a increases cell migration and proliferation in vitro. Islets
from miR-216a KO mice were also closer to the ducts compared
with WT islets. Further studies are required to examine the spatio-
temporal expression of miR-216a within the epithelial plexus.

Levels of miR-216a were regulated by TGF-f signaling and
deletion of miR-216a led to an increase in Smad7 levels in the
miR-216a KO islets. This result is in alignment with published
data showing that forced expression of miR-216a increases
epithelial-to-mesenchymal transition (EMT) and migration with
metastatic ability in epithelial hepatic cellular carcinoma (HCC)
cells by targeting Pten and Smad7.>® Although we did not
observe any differences in Pten, Becn1, and Ybx1 mRNA levels,
we found an increase in Smad?7 levels in islets of miR-216a KO
mice. We also observed changes in the expression of genes
involved in EMT and migration in MIN6 and PANC-1 cells. Lack
of Pten, Becn1, and Ybx1 regulation by miR-216a in our study
could be explained by differences in target gene selection under
physiological versus overexpression conditions. Alternatively,
the selection of studied cell types (pancreatic islets versus renal
mesangial cells or endothelial cells) could lead to differences in
miRNA targets.

miRNAs can mediate various stress responses in diseases.”’
Although miR-216a KO mice had smaller islets and reduced
B-cell mass, it was insufficient to cause glucose intolerance
even when placed on 60% HFD, suggesting absence of miR-
216a did not affect glucose homeostasis in vivo under metabolic
stress. In rodents, hyperglycemia is reported to develop when
~80% of B-cell mass is lost.>” The extent of B-cell loss in patients
with overt T2D is estimated at ~65%.°° Type 1 diabetes is diag-
nosed when patients lose the majority of p-cells (>70%).°° The
degree of B-cell mass reduction in the KO mice was not sufficient
to significantly impair glucose tolerance. However, miR-216a KO
mice had smaller islets, reduced B-cell mass, and diminished in-
sulin secretion. A recent study showed that miR-216a-targeting
theranostic nanoparticles could promote proliferation of insulin-
secreting cells in vivo.*® These results are in line with our data
and provide additional evidence for a role of miR-216a in regu-
lating B-cell mass. Single-cell RNA sequencing from the islets
of HFD fed WT and KO mice revealed no major differences in
the proportions of different cell types. However, interestingly,
we observed a subpopulation of -cells with upregulated acinar
cell markers in the KO islets, suggesting a dysfunctional p-cell
subpopulation may contribute to the islet dysfunction in the KO
mice.
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Analysis of RNA-seq results from the pancreata indicated that
cell cycle pathways were the most significantly enriched GO
term in the miR-216a KO mice. Similarly, DNA replication, nu-
clear division, and cell proliferation were among the most altered
biological processes. As miRNAs affect the expression of multi-
ple genes, identifying signaling pathways targeted by miRNAs
rather than minor changes in individual genes is more meaningful
to interpret the role of miRNAs in the cellular and physiological
context. By opting to isolate pancreatic RNA from 1-day-old
pups, we focused on the earliest biological changes that
occurred in the miR-216a KO mice postnatally, thereby revealing
the potential causal mechanisms for the observed phenotype.
On the basis of the expression of miR-216a in the acinar tissue
as well as on the altered pathways in miR-216a KO pancreata,
we hypothesized miR-216a may have a functional role in pancre-
atic cancer. Our data suggest that deletion of miR-216 in the
presence of oncogenic signals reduces incidence of neoplastic
lesions in pancreatic cancer. In contrast to our findings, ectopic
miR-216 expression in PANC-1 cells inhibited tumor growth in
mouse xenografts.*'**> However, these studies are considerably
different from ours. We induced pancreatic cancer in the pancre-
atic acinar cells in vivo by crossing the pancreatic cancer-prone
mouse line Kras®'2P with Ptf1°"*ER mice. Thus, in our studies,
miR-216a was fully absent, including during embryonic develop-
ment. In addition, pancreatic cancer was induced in our studies
in the acinar pancreatic tissue, whereas in the aforementioned
studies, PANC-1 cells were implanted subcutaneously, such
that the findings may not be directly comparable with ours. Engi-
neered exosomes carrying short hairpin RNA specific to onco-
genic Kras®'?P targeted oncogenic KRAS with enhanced
efficacy and suppressed cancer in multiple mouse models of
pancreatic cancer.*® It remains to be investigated whether inhi-
bition of miR-216a either alone or in combination with KRAS
can lead to a greater attenuation of tumor growth and an in-
crease in overall survival in PDAC.

Cancer is characterized by uncontrolled proliferation resulting
from aberrant activity of cell cycle proteins, so many cell cycle
regulators are important targets in cancer therapy.** A hallmark
genetic event in PDAC is loss of the CDKN2A/2B tumor suppres-
sor locus, which encodes Cdk4/6 inhibitors that are particularly
important for KRAS driven tumors, such as PDAC.**™*" Our
RNA-seq analysis identified downregulation of many cell cycle
and proliferation genes, such as Cdk1, Cdk4, and Pcna, in the
miR-216a KO mice, and we found reduced PanIN formation in
the presence of oncogenic KRAS, both of which suggest partial
protection from pancreatic cancer initiation. TGF-f signaling
pathway is another important and commonly deregulated
signaling pathway in pancreatic carcinomas.’® Activation of
TGF-B leads to phosphorylation of Smad complexes to translo-
cate to the nucleus and activate their target genes involved in cell
cycle progression.*® We showed that miR-216a levels are regu-
lated by TGF-8 signaling and miR-216a deletion increases levels
of Smad7, which is a known inhibitor of cell cycle progression.
Our results support a model whereby TGF-B-induced miR-216
directly reduces Smad?7 levels and increases the expression of
genes involved in cell cycle progression, which in the presence
of oncogenic mutations such as KRAS give rise to PanIN lesions.
Whether there are other direct miR-216a targets mitigating this
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effect needs further evaluation. RNA-interference-based thera-
pies are becoming more attractive because of their stability
and sequence specificity and the relative ease of synthesis.*’

miR-375 was the first reported islet-“specific” miRNA with a
role in maintaining normal a- and B-cell mass.*%°" Although we
also observed an enrichment for miR-375 in human and mouse
islets, it is also expressed at high levels in other tissues, and
non-pancreatic roles for this miRNA have been identified, such
as in the regulation of gut mucosal immunity and gastric tumor-
igenesis.*>>* Specificity of miR-216a for the pancreas suggests
clinical opportunities to exploit this miRNA as a biomarker in
pancreatic pathologies. Indeed, in humans, we show a signifi-
cant increase in serum miR-216a levels in patients with metasta-
tic PDAC. Previously, Goodwin et al.>* showed that circulating
miR-216 levels are increased in a mouse model of acute pancre-
atitis. Given the pancreas specificity of miR-216a, it is not sur-
prising for miR-216a to be elevated in pancreatic cell damage
mouse models. Our human data also point to a trend toward
elevated miR-216a levels in CP. Given the complexity of access-
ing pancreatic tissue for biopsy, a blood-based biomarker that
can diagnose pancreatic pathologies would be of tremendous
value for clinical use. At the very least, circulating miR-216a
could be useful as a biomarker for the noninvasive monitoring
of PDAC progression in mice.

In summary, our results reveal a pancreas-specific miRNA
(miR-216a) with physiological roles in both endocrine and
exocrine cells and reveal how dysregulation of miR-216a
levels affects B-cell mass and pancreatic cancer initiation.
Given the specificity of miR-216a for the pancreas and
elevated blood levels in pancreatic diseases, our findings
also provide biomarker opportunities to evaluate disease sta-
tus or progression.

Limitations of study

In this study, we investigated the function of miR-216a using
whole-body miR-216a KO mice. Although miR-216a is ex-
pressed mainly in the pancreas, we cannot exclude the possibil-
ity that some of the effects we observed resulted from miR-216a
deletion in other organs. The role of miR-216a in pancreatic can-
cer was studied in a mouse model in which a common Kras®'2P
mutation seen in pancreatic cancer was induced in acinar cells.
Yet pancreatic cancer can originate in acinar or ductal cells, and
pancreatic tumors accumulate other mutations such as TP53,
CDKN2A, and SMADA4. It remains to be investigated how miR-
216a affects tumor progression in tumors with ductal origin
and in the presence of multiple driver mutations. We observed
an increase in serum miR-216a levels in pancreatic pathologies,
especially in pancreatic cancer. Further studies are required to
evaluate the utility of miR-216a as a serum biomarker of pancre-
atic pathologies in larger cohorts and whether it can distinguish
among different forms of pancreatic cancer and/or pancreatitis.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Timothy J. Kieffer (tim.
kieffer@ubc.ca).

Materials availability
miR-216a KO ES cell clones (4H7 and 4H9) are available for purchase from the Mutant Mouse Resource and Research Center (USA).
pScamp EF1a-premir-216a-EGFP expression plasmid generated in this study is available upon request.

Data and code availability

Single-cell RNA-seq and bulk RNaseq data generated during the current study are available in the NCBI’s Gene Expression Omnibus
database (single cell RNA-seq: GEO: GSE159844, bulk RNA-seq: GEO: GSE159970). Code related to the bulk and single cell RNA-
seq analyses can be found at https://github.com/caraee/miR216a_KO.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

The INS-1 rat insulinoma cell line was cultured in RPMI-1640 containing 11.2 mM glucose and 2 mM L-glutamine. The medium was
supplemented with 10% fetal bovine serum, 1 mM sodium pyruvate (#S8636, Sigma-Aldrich), 10 mM HEPES, 50 uM 2-mercaptoe-
thanol (Sigma Aldrich), 100 U/mL penicillin (Sigma Aldrich), and 100 pg/mL streptomycin (Sigma Aldrich). PANC-1 cells were cultured
in DMEM media (Life Technologies) containing 4 mM L-glutamine, 4500 mg/L glucose, 1 mM sodium pyruvate, and 1500 mg/L
sodium bicarbonate supplemented with 10% FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin. EndoC-BH1 cells provided
by (Drs. R Scharfmann, and P. Ravassard) were cultured on ECM-fibronectin—coated (1% and 2 ng/ml, respectively) (Sigma-Aldrich)
culture wells and maintained in DMEM (Sigma Aldrich) that contained 5.6 mM glucose, 2% BSA fraction V (Roche Diagnostics), 50 uM
2-mercaptoethanol, 10 mM nicotinamide (Sigma-Aldrich), 5.5 ng/ml transferrin (Sigma-Aldrich), 6.7 ng/ml selenite (Sigma-Aldrich),
100 U/ml penicillin, and 100 pg/ml streptomycin.*® For transfections, cells were plated on 6-well plates (unless stated otherwise),
and the next day 50%-70% confluent cells were transfected with miR-216a (50 nM) and miRNA controls (50 nM) using RNAimax
(Life Technologies) following manufacturer’s instructions. To control for transfection effects, at least 3 wells were left untransfected.
To differentiate CA1S human ES cells into pancreatic endocrine cells, we used our previously published 33-day, 7-stage differenti-
ation protocol.'®>° Briefly, CA1S cells were cultured in mTesR1 media (Stem Cell Technologies, Vancouver BC, Canada) on 1:30
Matrigel coated surfaces (Stem Cell Technologies). Upon ~90%-95% confluency, hESCs were directed in MCDB 131 media through
7 stages of pancreatic development in the presence of growth factors and small molecules as described in detail before.'® Briefly
following compounds were added to induce differentiation: Stage 1 (Day1): GDF-8 (100 ng/mL) and MCK-928 (2.5 uM); Stage 1
(Days 2-4): GDF-8 (100 ng/mL)); Stage 2 (Days 5-6): FGF-7 (50 ng/mL); Stage 3 (Days 7-10): FGF-7 (50 ng/mL), Activin A (20 ng/
mL); SANT-1 (0.25 uM), retinoic acid (2 pM), retinoic acid (2 uM), LDN193189 (200 nM); Stage 4 (Days 11-13): SANT-1 (0.25 uM),
LDN193189 (200 nM), TBP (500 nM), CYP26a inhibitor (100 nM); Stage 5 (Days 14-16): LDN193189 (200 nM), ALK5 inhibitor
(1 uM), Cyp26a inhibitor (100 nM); Stage 6 (Days 17-19): LDN193189 (200 nM), ALKS5 inhibitor (1 pM); Stage 7 (Days 20-33):
LDN193189 (200 nM), ALKS5 inhibitor (1 uM), Vitamin A (100 nM).

Mouse models
The miR-216a KO ES cell line was generated by the Wellcome Trust Sanger Institute'® and the miR-216a—/— (miR-216a KO) mouse
line was generated by the Centre for Phenogenomics in Toronto, Canada. Briefly, two frozen miR-216a KO ES cell (JM8AS3 derived
from C57BL/6N) clones (4H7 and 4H9) were purchased from the Mutant Mouse Resource and Research Center (USA) and were
expanded and aggregated with diploid CD1 embryos. Coat color chimerism was scored and chimeras were bred with albino B6N
(B6N-Tyr°/BrdCrCrl) females to test germline transmission. Successful germline transmission was confirmed with TagMan
gPCR of DNA prepared from tail clips, using the primers as indicated below in the experimental details.

miR-216a—/— mice were crossed with WT C57BL/6 mice for at least 3 generations before use in experiments and maintained on a
C57BL/6 background obtained from the University of British Columbia Animal Care Facility. Mice were fed a chow diet (2918,
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Research Diets). Mice were housed with a 12-h:12-h light-dark cycle with constant temperature and humidity and ad libitum access
to food and water. miR-216a—/— male mice were sacrificed at 21-weeks of age for tissue analysis. In all experiments, aged-matched
littermates of miR-216a KO mice were used as controls.

For high-fat-diet (HFD) studies, C57BL/6 wild-type littermates and miR-216a KO male mice were fed a 60% HFD diet (D12492i,
Research Diets, Cedarlane, Burlington, Canada) starting at 6-8 weeks of age for 8 weeks. Pancreata were analyzed from 14-16 weeks
old male mice. For STZ studies, 8-week old C57BL/6 male mice were rendered diabetic with a single intraperitoneal injection of strep-
tozotocin (STZ) at a dose of 180 mg/kg. Blood samples were collected 2 hours, 24 hours and 7 days after STZ injection. LSL-Kras®'2P
(Kras®12P) and Ptf1a®ER have been described previously.*%'~%° Briefly, the LSL-Kras®'2P strain carries a Lox-Stop-Lox (LSL)
sequence followed by the Kras G12D point mutation and the Ptf1a®™ER strain carries a knock-in allele to abolish the function of the
Ptf1a gene function and express tamoxifen-inducible CreER protein from the Ptfla promoter/enhancer elements. Expression of
Kras G12D was induced in Kras®'2P x Ptf1a°"®ER x miR-216a—/— and Kras®'2P x Ptf1a®"ER x miR-216a+/+ mice by 3 subcutaneous
tamoxifen injections at a dose of 125 nug/g body weight on alternating days when the mice were 21-25 days old. Pancreata were har-
vested 8 months later from both male and female mice for analysis. Leptin knock-out rats harbored a 151 bp deletion within Exon 1 of
Leptin gene on chromosome 4 and were on Sprague-Dawley background strain.?® Leptin knock-out and littermate control rats used
for islet isolation and the subsequent miRNA analysis in this study were female and 20-weeks old. Kidney capsule grafts were obtained
from mice and rats implanted with pancreatic progenitor cells. Briefly, male 8- to 10-week-old SCID-beige mice (C.B-Igh-1b/
GbmsTac-Prkdcs®®-Lyst®9N7) and male 8- to 10-week-old nude rats (Crl:NIH-Foxn1™) were transplanted with pancreatic progenitor
cells under the left kidney capsule as we described before.'® Engrafted kidneys were harvested at 22 weeks post-transplantation.

Ptf1a-Cre®™" mice carry Cre recombinase in place of the exon 1 (ex1) of the Ptf1a locus.®* Murine serum samples from mutant LSL-
Kras®'2P;Ptf1a-Cre®" mice were collected at between 6- and 36-weeks of age (at different stages of tumor development) from both
male and female mice. All procedures with animals were approved by the local Animal Care Committee and carried out in accordance
with the national Animal Care guidelines (Canadian Council on Animal Care guidelines or German Animal Protection Law).

Human samples

Human fetal pancreata were kindly provided by Dr. Renian Wang, University of Western Ontario, London, Canada.'” Briefly, Human
fetal pancreata (8-week to 14-week) were fixed in 4% (wt/vol.) paraformaldehyde, embedded in paraffin and sectioned for histolog-
ical analysis (Wax-it Histology Services, Vancouver, BC, Canada). Human fetal pancreata were collected according to protocols
approved by the Health Sciences Research Ethics Board at the University of Western Ontario with informed consent to use for
research purposes. Based on the ethics protocol, we are unable to obtain gender information of these samples. Human adult islets
(Donor 1: male, 54 years; donor 2: male, 22 years; donor 3: male, 46 years) were provided by the Irving K. Barber Human Islet Isolation
Laboratory (Vancouver, British Columbia) with informed consent to use for research purposes.

Human serum samples were selected for analysis on the basis of the following criteria: 1) patients with chronic pancreatitis (CP), 2)
patients who were newly diagnosed and previously untreated (PDAC), 3) patients with metastatic pancreatic cancer, previously un-
treated (MPDAC), 4) control samples with no current diabetes or pancreas cancer diagnosis (Control) and, 5) patients diagnosed with
type 2 diabetes (T2D). Serum samples from patients (1-3) were collected at the Second Department of Internal Medicine and Surgery,
Klinikum rechts der Isar at the Technical University Munich and all patients accepted and signed an informed consent that had been
approved by the local ethics committee (license number: 1926/07). Serum samples (4-5) were collected at the Department of
Medicine of University of Leipzig. The study was approved by the Ethics Committee of the University of Leipzig (approval numbers:
363-10-13122010 159-12-21052012), and performed in accordance to the declaration of Helsinki. All subjects gave written informed
consent to use their data in anonymized form for research purposes. The age and gender of the donors can be found in Table S6 and
sample size is included in the legend of Figure 6. All serum samples were frozen at —80°C until used.

METHOD DETAILS

Mouse model experimental details
Successful germline transmission was confirmed with TagMan gPCR of DNA prepared from tail clips, using the primers in two sepa-
rate reactions (KO and WT allele). The KO allele assay yields a 125 bp product. Forward: 5’AGT TCC TATTCC GAAGTT CCTATTC3'.
Reverse: 5 AGA GGT TGA GGA CAG ACA GTA 3. Probe (sense); TGG TCA TAG CTG TTT CCT GAA CAC CA. Cycling conditions:
98°C, 30 s; 40 cycles of 98°C, 5 s; 56°C, 10 s. The WT allele assay yields a 135 bp product. Forward: 5 GGC TAT GAG TTG GTT
TA 3. Reverse: 5 GGA AAT TGC TCT GTT TAG 3'. Probe (antisense): CTG TGA GGA ATG ATA GGG AC. Cycling conditions:
95°C, 30 s; 35 cycles of 95°C, 5 s; 59°C, 10 s. Reactions were performed using the iTaq Universal Probes Supermix (Bio-Rad
#1725131, Hercules, California, USA) on the CFX96 Touch Thermal Cycler (Bio-Rad 1855195). Both probes were labeled with 6’-FAM.
Body weight and blood glucose were measured after a 4-hour morning fast. Blood was collected from the saphenous vein with
heparin coated capillary tubes.

Metabolic assessments

All metabolic analyses were performed in conscious mice that were restrained during blood sampling. Blood glucose values were
determined with a OneTouch Ultra 2 glucometer (LifeScan, Inc., Burnaby, Canada) measured from saphenous vein blood. Fasting
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(4 hours) glucose and body weight were monitored weekly. For glucose tolerance tests with chow-diet or HFD fed mice, 6 hour fasted
mice were given 2 g/kg glucose either by intraperitoneal injection or oral gavage, and blood was collected into heparin-coated
capillary tubes at indicated times following glucose administration. For insulin tolerance tests, 4 hour fasted mice were injected intra-
peritoneally with 0.75 U/kg insulin (Novolin ge Toronto, Novo Nordisk Canada, Mississauga, Canada), with glucose measures at
indicated times following glucose administration.

Islet isolation

Mouse islets were isolated as previously described using Type Xl collagenase (1000 units/mL; #C7657, Sigma-Aldrich, St. Louis, MO).5°
Following digestion and filtration, islets were picked with a pipette in three rounds to > 95% purity. Islets were cultured overnight in
RPMI-1640 (Sigma-Aldrich, St. Louis, MO) supplemented with 10% FBS (#F1051, Sigma-Aldrich, St. Louis, MO), 100 units/mL penicillin
and 100 pg/mL streptomycin. For glucose stimulated insulin secretion assays, the next day after isolation 30 islets per mouse were
placed in 24-well plates with KRBB buffer (129 mM NaCl, 4.8 mM KCI, 1.2 mM MgSQ;,, 1.2 mM KH,PQO4, 2.5 mM CaCl,, 5.0 mM
NaHCO3;, 10 mM HEPES, 0.5% BSA, pH: 7.4) supplemented with 2.8 mM Glucose (low-Glucose). After one hour of incubation at
37°C, media was discarded. Islets were then serially placed in low Glucose (2.8 mM Glucose) KRBB buffer, high Glucose (16.7 mM)
KRBB buffer and 20 mM KCI for 1 hour at 37°C. At the end of each incubation media was collected, centrifuged and stored
at —20°C. Following the last media collection, islets were lysed in 0.18 M HCI/70% ethanol, homogenized, then incubated again
at —20°C overnight. Following centrifugation, the aqueous solution was neutralized 1:2 with 1 M Tris, pH 7.5.

Isolation of pancreatic acinar cells and 3D-culture

Primary pancreatic acinar cells were prepared as previously described.®® In brief, the pancreas was removed, washed three times
with ice-cold Hank’s balanced salt solution (HBSS), minced to ~1 mm and digested with collagenase | at 37 °C with gentle shaking.
The digested pancreatic pieces were washed twice with HBSS containing 5% FBS and then pipetted through 100 pum filters. The
supernatant of the cell suspension containing acinar cells was added dropwise to HBSS containing 30% FBS. Acinar cells were
then centrifuged and re-suspended in Waymouth media supplemented with 1% FBS, 0.1 mg ml~" trypsin inhibitor, 1 pg ml~" dexa-
methasone. For the 3D acinar culture, cell culture plates were coated with collagen | in Waymouth media. Isolated primary pancreatic
acinar cells were added as a 1:1 mixture with collagen I/Waymouth media on the top of this layer. The cells were cultured in the pres-
ence of TGF-a (50 ng/mL). Further, Waymouth complete media with 10% FBS, 100 units/mL penicillin and 100 pg/mL streptomycin,
0.1 mg ml~" trypsin inhibitor, 1 pg ml~! dexamethasone was added on top of the cell/gel mixture, replaced on days 1 and 3. At days 1
and 5 formation of ducts were visualized under a microscope.

Cloning

miRNA-GFP expression vectors were generated by initially creating a EGFP expression vector, pScamp EF1a-EGFP, which contains
the 5’ end of the human EF1A gene (a genomic PCR amplicon containing 1407 bp of proximal promoter, exon 1, intron 1, and the UTR
of exon 2), followed by the EGFP ORF and SV40 poly(A) signal, all cloned into pBluescript. This was subsequently modified into a
“miRtron” expression vector, pScamp EF1a-premir-216a-EGFP, by removing 450 bp of the middle EF1A intron with restriction en-
donucleases BfuAl and Xhol, and replacing it with a compatible BsmBI-Sall restriction fragment of a 575-bp amplicon* consisting of
the full hsa-premir-216a sequence, flanked on either side by roughly 200 bp of endogenous genomic sequences. Cells transfected
with this plasmid produce a chimeric EF1A-EGFP mRNA that gets translated into a fluorescent protein, while the excised intron is
processed into mature hsa-miR-216a.* miRtron hsa-premir-216a cloning primers (BsmBlI and Xhol 5’ overhangs are underlined). For-
ward: 5’ gggcacacaCGTCTCGACGCAGATTATACTTTTATGACATTACATGCAATATAGC 3'; Reverse: 5 cacacaGTCGACCCAAGT
AGCACTGAAGGAGCG 3'.

Pancreas immunohistochemistry and histology

Pancreata were fixed overnight in 4% paraformaldehyde (PFA) and then stored in 70% EtOH prior to paraffin embedding and
sectioning (5 um thickness; Wax-it Histology Services; Vancouver, BC). Immunofluorescent staining was performed as previously
described.®’ Briefly, slides were deparaffinized in xylene and hydrated by graded ethanol washes. Slides were then washed in phos-
phate-buffered saline (PBS) followed by 10-15 min incubation in 10 mM sodium citrate/0.05% Tween 20, pH 6.0 at 95°C. Slides were
incubated with DAKO Protein Block Serum-Free (Agilent Technologies, Inc, Santa Clara, CA) at room temperature for 10 minutes and
then with the primary antibodies diluted in Dako Antibody Diluent (Agilent Technologies, Inc.) overnight at 4°C. The following primary
antibodies were used: insulin (Cell Signaling, # 3014 at 1:200), glucagon (Sigma Aldrich, #G2654 at 1:1000), synaptophysin (Mono-
san, #MON9013 at 1:10), and PCNA (BD Transduction, #610665 at 1:100). The next day slides were serially washed with PBS and
were incubated in appropriate Alexa Fluor 488 or 594 secondary antibodies (Thermo Fisher Scientific, Waltham, MA) diluted in Dako
Antibody Diluent. Following serial PBS washes, slides were coverslipped with VECTASHIELD HardSet Mounting Medium with DAPI
(Vector Laboratories, Burlingame, CA). Images were captured using a ImageXpress Micro™ Imaging System and analyzed using
MetaXpress 5.3.0.5 Software (Molecular Devices Corporation, Sunnyvale, CA, USA). B-cell mass was analyzed in three pancreas
sections per mouse, at least 200 um apart, on insulin-labeled sections. Islet size was quantified as the synaptophysin-positive
area per islet. For the a-cell analysis, glucagon-immunoreactive cells were counted using the ImageJ Cell Counter tool. Only islets
with visible DAPI stained nuclei and at least 40 cells and 10 or more non-f cells were used to determine periphery or core localization
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of a-cells. a-cells were considered to be in the periphery of the islet if they were within 2 outermost cell layers of the islet or the core if
they were deeper than the 2 outermost cell layers of the islet. For the islet circularity analysis, islets stained with synaptophysin and
DAPI were used. Only islets with at least 40 cells and 10 or more non-f cells were used to determine islet circularity. Allimages were
converted to 8-bit and non-islet nuclei were erased using ImagedJ outline and clear function. Islet circularity was determined using
Analyze Particles with threshold set until the entire area of islet was filled. H&E staining and Alcian blue staining on pancreatic sections
were performed by Wax-it Histology Services Inc. (Vancouver, Canada). Distance to ducts was quantified on the H&E stains.
Distance from islet to nearest duct was defined with islets as minimum of 3 cells with a cell shape and eosinophilic appearance of
endocrine cells.

RNA isolation and quantitative RT-PCR
Tissues were homogenized with an Ultra-Turrax and total RNA was isolated using the miRCURY RNA isolation kit (QIAGEN) as per the
manufacturer’s instructions including a DNase (Life Technologies) treatment step. mRNA was reverse transcribed with iScript cDNA
Synthesis Kit (Bio-Rad Laboratories, Hercules, CA) and quantitative RT-PCR was performed using Ssofast EvaGreen Supermix (Bio-
Rad). Primer sequences to amplify Pdx7, Nkx6.1, and Hprt transcripts were described previously.®® A human RNA panel was pur-
chased from ThermoFisher Scientific (#AM6000). miRNA was reverse transcribed with a Universal cDNA synthesis kit (QIAGEN
and gRT-PCR was performed using SYBR Green master mix (QIAGEN) with LNA-based miRNA primers (QIAGEN). Relative values
were calculated by the quantified by the 2722°T method. RNA from the pancreata of 1-day old mice was isolated using a protocol
specific for pancreatic RNA isolations.®®

Extracellular RNA was isolated from 50 puL mouse plasma or 200 uL human serum (centrifuged for 5 minutes at 3000 x g) in the
presence of an MS2 carrier RNA (Roche, Laval, Quebec) using a miRNeasy kit (QIAGEN, Mississauga, Ontario, Canada). RNA
was reverse transcribed with a Universal cDNA synthesis kit (QIAGEN Quantitative RT-PCR (qRT-PCR) was performed using
SYBR Green master mix (QIAGEN) with LNA-based miRNA primers (QIAGEN). Relative values were calculated by the quantified
by the 2722CT method.

In situ hybridization

Human fetal pancreata were kindly provided by Dr. Renian Wang, University of Western Ontorio, London, Canada and were
described elsewhere.'” Human adult pancreas was provided by the Irving K. Barber Human Islet Isolation Laboratory (Vancouver,
British Columbia) with consent to use for research purposes. All samples were fixed overnight in 4% PFA, embedded in paraffin
and sectioned (5 um thickness; Wax-it Histology Services; Vancouver, BC). Slides were de-paraffinized with three consecutive xylene
washes, rehydrated with graded ethanol washes (100% x 3, 95%, 70%, each 5 minutes), and washed in diethylpyrocarbonate
(DEPC)-treated water. In situ hybridization was carried out with a IsHyb In Situ Hybridization kit (Biochain, San Francisco, California).
Sections were fixed with 4% PFA for 20 minutes, washed twice with DEPC-treated PBS, and treated with 10 pg/mL Proteinase K
(Sigma Aldrich) at 37°C for 15 minutes. Slides were washed with DEPC-treated PBS, fixed again with PFA for 15 minutes, and washed
with DEPC-treated water. Sections were incubated for 4 hours at 50°C in pre-hybridization solution (Biochain). Afterward, pancreatic
sections were incubated with DIG-labeled hsa-miR-216a miRCURY LNA detection probe (Exiqon#38495-15- now QIAGEN) or con-
trol scrambled miRNA probe (Exiqon#99004-15, now QIAGEN) at 0.25 ng/uL in hybridization solution (Biochain) for 14 hours at 45°C.
Then, slides were washed in SSC buffer (Biochain) as follows: 2X SSC buffer, 2x10 min, 45°C; 1.5X SSC buffer, 1x10min, 45°C; 2x
SSC buffer, 2x20 minutes, 37°C. After washing steps, sections were incubated with 1X blocking solution (Biochain) in PBS for 1 hour.
Slides were incubated overnight with alkaline-phosphate conjugated anti-digoxinogen antibody (diluted 1:500 in PBS) (Biochain) at
4°C. The following day, slides were washes three times with PBS for 10 minutes, twice with alkaline phosphatase buffer (Biochain) for
5 minutes, and incubated with nitro-blue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt (BCIP)
solution (6.6 pL NBT and 3.3 uL BCIP were diluted in 1 mL alkaline phosphatase buffer) (Biochain) for 20 hours at room temperature.
Slides were scanned using a ScanScope CS system (Aperio; Vista, CA).

Assays

Insulin was measured in plasma, islets and cell culture media using a Mouse Ultrasensitive Insulin ELISA (ALPCO, Salem, NH). Pro-
insulin was measured from plasma collected from cardiac blood using Rat/Mouse Proinsulin ELISA (Mercodia, Sweden). To perform
migration assay with cultured cell lines, PANC-1 cells were transfected with the miR-216a and control scrambled miRNA mimetics
(Dharmacon, Lafayette, CO) and 24 hours later, seeded on trans-well migration chambers (Trevigen, Gaithersburg, MD) in media
without FBS. Cells were allowed to migrate for 16 hours and the number of cells transversing the boyer chamber was quantified
by incubating the cells in the bottom chamber with Calcein-AM for one hour and measuring the fluorescence at 485 nm excitation,
520 nm emission with a Tecan Plate Reader. For the XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxani-
lide) assay, cells were transfected with miR-216a and the control miRNAs and an XTT assay was performed 3 days post-transfection
in 96-well plates. XTT (Life Technologies) was dissolved in pre-warmed 37°C cell culture media at 1 mg/mL and stock Phenazine
methosulfate (PMS) solution was prepared in PBS at 10 mM. PMS was mixed with the XTT solution immediately before labeling
the cells and 25 pL of XTT/PMS solution was directly added to each well containing 100 pL cell culture media. Cells were incubated
for two hours at 37°C in a CO, incubator. Absorbance was read at 450 nm using a Tecan Plate Reader. For live cell imaging, INS-1
cells seeded on 96-well plates were transfected with control or miR-216a expressing plasmids or left untreated. Two days after
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transfection, cells were incubated with 50 ng/mL Hoechst and 1:500 diluted Alexa647 annexinV 30 min prior to imaging. TNF-a., IFN-Y
and IL-1B (10 ng/mL each) was added to media and cells were imaged every 2 hours at 37°C and 5% CO i, an ImageXpress Micro™
(Molecular Devices).

Single-cell RNA sequencing and analysis

C57BL/6 wild-type littermates and miR-216a KO mice were fed a 60% HFD diet (D12492i, Research Diets, Cedarlane, Burlington,
Canada) starting at 6-8 weeks of age for 9 weeks. Mouse islet were isolated by ductal inflation, followed by collagenase incubation,
filtration and hand-picking to ~95% purity as described above. Islets were resuspended in RPMI 1640 (Thermo Fisher Scientific
#11875-093), 10% FBS, 1% Pen/Strep) then picked into PBS in microcentrifuge tubes (Eppendorf, DNA LoBind, 022-43-104-8). Is-
lets were centrifuged at 290 g for 5 minutes at 4°C then transferred to TrypLE, resuspended, then incubated at 37°C for 13.5 minutes
in total, pipetting up and down five times every 2 minutes. FACS buffer was added to stop the dissociation process, then single cells
were centrifuged again using the same parameters. Islets were resuspended in fresh FACS buffer then filtered into a fresh microcen-
trifuge tube. Cell concentration was counted and viability measured using a NucleoCounter-200 (ChemoMetec).

All samples were processed according to 10X Genomics Chromium Single Cell 3’ Reagent Guidelines v3.1 Chemistry as per the
manufacturer’s protocol. RNA sequencing was provided by the UBC Biomedical Research Centre Core Facility. Fastq files were
generated using the cellranger pipeline (version 3.1.0), then version 4.0.0 were used for all subsequent steps. Prior to alignment, files
were trimmed using cutadapt version 2.10 with default options except for a maximum error rate of 0.1. Trimmed files were aligned to
GRCm38 release 101 and genes counted using cellranger count with default options. Counts were read into R using Seurat version
3.2.1 for quality control, dimensionality reduction, cell clustering, and differential expression analysis.” Cells were filtered from the
analysis if they had less than 200 or greater than 10,000 features or greater than 5% mitochondrial genes. Libraries were integrated
using the Seurat SCTransform pipeline and donor effects regressed out during normalization using the variance stabilizing transform
methodology with 3000 variable features.® Unsupervised clustering was done with the original Louvain algorithm using the Find-
Neighbors and FindClusters functions with a resolution of 1.2. Assignment of cell clusters to cell types was based on differentially
expressed canonical genes for each cluster detected in a minimum of 5% of cells enriched by a minimum log fold change threshold
of 0.15 in populations compared (Table S2) using the Wilcoxon Rank Sum test.”® Clusters marked as more than one cell type had
more than one canonical marker differentially expressed compared to the rest of the dataset, suggesting that the cluster contains
a mix of cell types. Differentially expressed genes within clusters or cell types between genotypes were identified in a similar manner.
Heatmap plotting top marker genes for clusters and between genotypes were generated using the DoHeatmap function with the-
matic modifications using ggplot2 v.3.3.2.5°

Gene set enrichment analysis was performed using the fgsea package version 1.14.0 using Reactome pathways, with genes
included if they were expressed in a minimum of 5% of cells enriched by a minimum log fold change threshold of 0.05 to speed
up calculations.®%""

RNA sequencing and analysis

RNA sequencing was performed by the Biomedical Research Center Genomics facility at the University of British Columbia, Vancou-
ver, Canada. Sample quality control was assessed using an Agilent 2100 Bioanalyzer. Qualifying samples (samples with RNA integrity
numbers > 8) were then prepared following the standard protocol for the NEBnext Ultra ii Stranded mRNA (New England Biolabs).
Sequencing was performed on the lllumina NextSeq 500 with Paired End 42bp x 42bp reads. Sequencing data were demultiplexed
using lllumina’s bcl2fastg2.

Fastq files were retrieved from lllumina Basespace and aligned with salmon (version 0.13.1) to the most current Ensembl Mus mus-
culus genome (as of 2019-05-08) using the gcBias, validateMappings, and rangeFactorizationBins (with 4 as the binning parameter)
options. Quality of the Fastq files was assessed using FastQC (version 0.11.8).”>7“ All fastq files passed quality control. All further
analyses were performed in R (version 3.6.0).”> Counts were imported using the tximport package (version 1.12.0) and the biomaRt
package (version 0.8.0).”°7"® Analysis of differentially expressed genes was performed using the DESeq?2 (version 1.24.0).”° Genes
with less than 5 counts in 2 samples or fewer were dropped from the analysis. Gene Ontology analysis was performed on genes with
an IQR greater than 0.5 across all samples and an adjusted p value < 0.05 (adjusted by Benjamini-Hochberg method) between wild-
type and control mice. Significantly enriched terms for Biological Process, Cellular Components, and Molecular Functions were iden-
tified using the categoryCompare package (version 1.28.0) and visualized using Cytoscape via the RCy3 package (version 2.4.0).5%8'
Further KEGG network analyses were performed using the gage (version 2.34.0) and pathview (version 1.24.0) packages.®**® Finally,
GO terms were summarized using the REVIGO methodology and plotted using the treemap (version 2.4.2) package.®*:°

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed using GraphPad Prism 7, with significance defined as p < 0.05. Unless specified in the figure
legend, Student’s t tests were used for normally distributed data (two-tailed, unpaired). Bonferroni correction was used to correct

for multiple comparisons, where applicable. Data are represented by bar plots with individual values indicated, individual values
only, or line graphs. Results show mean+SEM.
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