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Acute pancreatitis (AP) is a common digestive disease
without specific treatment, and its pathogenesis features
multiple deleterious amplification loops dependent on trans-
lation, triggered by cytosolic Ca2+ ([Ca2+]i) overload; howev-
er, the underlying mechanisms in Ca2+ overload of AP re-
mains incompletely understood. Here we show that
microRNA-26a (miR-26a) inhibits pancreatic acinar cell
(PAC) store-operated Ca2+ entry (SOCE) channel expression,
Ca2+ overload, and AP. We find that major SOCE channels
are post-transcriptionally induced in PACs during AP,
whereas miR-26a expression is reduced in experimental
and human AP and correlated with AP severity. Mechanisti-
cally, miR-26a simultaneously targets Trpc3 and Trpc6 SOCE
channels and attenuates physiological oscillations and patho-
logical elevations of [Ca2+]i in PACs. MiR-26a deficiency in-
creases SOCE channel expression and [Ca2+]i overload, and
significantly exacerbates AP. Conversely, global or PAC-spe-
cific overexpression of miR-26a in mice ameliorates pancre-
atic edema, neutrophil infiltration, acinar necrosis, and
systemic inflammation, accompanied with remarkable im-
provements on pathological determinants related with
[Ca2+]i overload. Moreover, pancreatic or systemic adminis-
tration of an miR-26a mimic to mice significantly alleviates
experimental AP. These findings reveal a previously un-
known mechanism underlying AP pathogenesis, establish a
critical role for miR-26a in Ca2+ signaling in the exocrine
pancreas, and identify a potential target for the treatment
of AP.
This is an open access article under the CC BY-N
INTRODUCTION
Acute pancreatitis (AP) is an increasingly common digestive disease
characterized by abnormal intracellular digestive enzyme activation
that can lead to pancreatic necrosis, systemic inflammation, organ
failure, and death,1–3 but remains without specific and targeted treat-
ment.4 It is imperative to understand the underlying pathophysiolog-
ical mechanisms and develop therapeutic strategies to halt disease
progression.

Calcium (Ca2+) signaling is crucial to the function of pancreatic
acinar cells (PACs) and regulates ductal epithelial cells, immune cells,
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and most other cells,5–7 but is sabotaged by toxins that induce AP
through cytosolic Ca2+ ([Ca2+]i) overload.8,9 Physiological Ca2+

signaling in PACs is characterized by repetitive, oscillatory spikes of
[Ca2+]i predominantly in the apical pole, to coordinate stimulus-
metabolism and stimulus-secretion coupling.5 Toxins that induce
AP cause sustained, global increases in [Ca2+]i, predominantly depen-
dent on Ca2+ entry from the external milieu, the central upstream
event that induces AP through mitochondrial injury, impaired auto-
phagy, intracellular zymogen activation, endoplasmic reticulum (ER)
stress, and inflammasome activation amplifying pathology.8–10

Experimental AP is mitigated by inhibition of store-operated Ca2+ en-
try (SOCE) through transient receptor potential cation channel ca-
nonical 3 (TRPC3),11,12 ORAI calcium release-activated calcium
modulator 1 (ORAI1),13,14 TRP melastatin 2 channels,15 or increased
activity of SOCE-associated regulatory factor (SARAF), which re-
duces TRPC and ORAI1 channel activation by stromal interaction
molecule 1 (STIM1).16 SOCEs have been widely considered as attrac-
tive therapeutic targets for the treatment of AP.12–14 The functional
importance and therapeutic implication of Ca2+ channels have been
well documented. It has not been determined, however, how the dy-
namics of Ca2+ channel expression operates in AP, and whether this
expression could serve as a pathophysiological mechanism for Ca2+

overload.

MicroRNAs (miRNAs) constitute a class of endogenous short non-
coding RNAs that mediate post-transcriptional gene silencing.17

MiRNAs play critical roles in diverse biological and physiological pro-
cesses, and thus have become promising therapeutic targets to treat
numerous human diseases in both preclinical and early clinical tri-
als.18,19 Specifically, miRNAs have been shown to regulate Ca2+

signaling in cardiomyocytes,20–22 neurons,23 and immune system,24

and have been implicated in heart diseases and neurodegenerative
disorders. However, there has been no study reporting the involve-
ment of miRNAs in AP-associated Ca2+ overload, albeit a few clues
have suggested the potential of miRNAs in AP pathogenesis, diag-
nosis, and therapy.25,26 It is of interest to investigate the potential
pathophysiological role of miRNAs in Ca2+ overload and explore
new strategies for AP treatment.

MiR-26a is highly expressed in various human tissues27 and regulates
numerous physiological and pathological processes.28 MiR-26a is
often reduced in cancer,27,29,30 obesity,31 and metabolic disor-
ders,32–35 and has emerged as a promising therapeutic target for these
diseases.36 However, the role of miR-26a in the exocrine pancreas, as
well as in AP pathogenesis, is not known.

Here, we report that miR-26a functions as a crucial inhibitor of Ca2+

overload in PACs and prevents AP development.We find that thema-
jor SOCEs are post-transcriptionally induced in PACs during AP. Of
these SOCEs, Trpc3 and Trpc6 are directly targeted by miR-26a, the
levels of which are inversely proportional to severity of experimental
and humanAP.MiR-26a deficiency enhances while its overexpression
or inhibition of its targeted SOCEs alleviates [Ca2+]i overload, ATP
loss, and necrosis in PACs. MiR-26a deficiency exacerbates while its
2 Molecular Therapy Vol. 30 No 4 April 2022
overexpression (generic or PAC-specific overexpression) or pancre-
atic or systemic administration of an miR-26a mimic markedly ame-
liorates severity of AP along with pancreatic autophagy impairment,
ER stress, and inflammasome activation. Our results demonstrate
that miR-26a regulates Ca2+ signaling and its sequelae cellular events
in PACs with major effects on Ca2+ overload in AP, and identify the
therapeutic potential of miR-26a for AP treatment.

RESULTS
SOCE protein but not mRNA expression is induced in PACs and

AP

To investigate the potential cause for pathogenic Ca2+ overload in
AP, we measured changes in levels of key SOCE channels (Orai1,
Trpc3, and Trpc6) and regulators (Stim1, Saraf) in experimental
AP. Repetitive supramaximal stimulation with cerulein, a cholecys-
tokinin (CCK) analogue, causes a sustained rise in intracellular Ca2+

levels and induces experimental AP (CER-AP) in rodents,37 which is
the most widely used model resembling human pancreas histopa-
thology.38 Therefore, in our study, CER-AP was induced in wild-
type (WT) mice by repeated intraperitoneal injections of cerulein.
Western blotting showed levels of SOCE proteins were significantly
elevated in CER-AP pancreata (Figure 1A), while corresponding
mRNA levels remained unchanged, except Orai1 (Figure 1B), in
typical CER-AP (Figures S1A–S1C). Taurolithocholic acid 3-sulfate
disodium (TLCS) also induces global transient oscillations and long-
lasting Ca2+ elevations, and thus triggers cell injury/death and acti-
vation of inflammatory pathways.39 Elevation of SOCE proteins but
not mRNAs was confirmed in another clinically relevant model
(Figures 1C and 1D), in which TLCS was retrogradely infused
into the pancreatic duct to induce TLCS-AP representing human
biliary etiology (Figures S1D–S1F).38 These results suggest that a
post-transcriptional increase in Ca2+ entry proteins may be a gen-
eral feature of AP.

To ascertain whether changes in SOCE proteins occur in PACs, we
stimulated freshly isolated PACs from WT mice with CCK for 1 h.
We found levels of Orai1, Trpc3, Trpc6, Stim1, and Saraf in PACs
were markedly elevated by CCK (Figure 1E), while their mRNA
levels remained unchanged (Figure 1F). These changes were
confirmed in PACs exposed to TLCS for 30 min, further indicating
a rapid post-transcriptional induction mechanism (Figures 1G and
1H). Taken together, these results suggest that SOCE channels
can be post-transcriptionally regulated by distinct AP insults both
in vivo and in vitro, which might contribute to Ca2+ overload and
AP pathogenesis.

MiR-26a directly targets Trpc3 and Trpc6

MiRNAs mediate post-transcriptional gene silencing and function as
prominent regulators of stress responses.17 Therefore, we explored the
potential of miRNAs to regulate the post-transcriptional induction of
the aforementioned SOCE channels.Weused the TargetScan algorithm
to search for evolutionarily conserved miRNAs that could target SOCE
genes (Orai1, Stim1, Saraf, Trpc3, and Trpc6; Table S1). We identified
that both human and mouse Trpc3 and Trpc6 harbor one predicted



Figure 1. SOCE proteins are increased in PACs and experimental AP

(A and B) Expression of proteins (A) and mRNAs (B) of SOCE channels and regulators in CER-AP pancreata (seven cerulein injections) 12 h after disease induction. (C and D)

Expression of proteins (C) and mRNAs (D) of SOCE channels and regulators in TLCS-AP pancreata (5 mM TLCS) 6 h after disease induction. (E and F) Expression of proteins

(E) and mRNAs (F) of SOCE channels and regulators in isolated mouse PACs stimulated with CCK (100 nM) for 1 h. (G and H) Expression of proteins (G) and mRNAs (H) of

SOCE channels and regulators in isolated mouse PACs stimulated with TLCS (500 mM) for 30 min. Data are from 6–13 mice per group, shown as mean ± SEM.
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miR-26a binding site (Figure 2A), suggesting strong evolutionary con-
servation.Moreover, the predictedmiR-26a target sites are located near
the 50 end of the 30 UTR of these mRNAs, consistent with effective tar-
geting.40 MiR-26a is highly expressed in human tissues27 and has been
implicated in diabetes,31,33 liver diseases,32 and oncogenesis.27 In partic-
ular,miR-26a attenuates ER stress32 and inflammation,41,42 key features
of AP;8–10,43 miR-26a also enhances autophagy,35 which is impaired in
AP.10 Therefore, miR-26a was chosen for further analysis.
To directly test whether miR-26a targets Trpc3 and Trpc6, we gener-
ated luciferase constructs harboringWT or mutated miR-26a binding
sites and found miR-26a significantly repressed luciferase activity of
both WT constructs (Figure 2B). Mutation of the predicted miR-
26a binding sites within Trpc3 or Trpc6 abolished inhibition by
miR-26a (Figures 2B, S2A, and S2B), indicating direct interaction
of miR-26a with these sites. Next, we determined the effect of miR-
26a on Trpc3 and Trpc6 expression. Trpc3 and Trpc6 were markedly
Molecular Therapy Vol. 30 No 4 April 2022 3
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increased in PACs of miR-26a double-knockout (26a DKO)mice, but
decreased in miR-26a overexpression (Hprt Tg) PACs (Figures 2C,
S3A, and S3B),34 compared with their WT littermates. These data
collectively demonstrate that miR-26a directly and simultaneously
targets Trpc3 and Trpc6.

MiR-26a expression is reduced in murine and human AP

To determine if induction of SOCE proteins in AP is consequent on
miR-26a reduction and confirm whether these changes occur in AP
pathogenesis, we initially measured miR-26a expression in murine
AP. MiR-26a was significantly decreased in murine CER-AP and
TLCS-AP pancreata (Figures 2D and 2E). This decrease was further
verified in murine PACs treated with CCK or TLCS (Figures 2F
and 2G). The reciprocal expression of miR-26a and Trpc3/6 in mouse
AP indicates a causal role of miR-26a in increased SOCE proteins and
AP development.

We then extended the relevance of our experimental findings on
pancreatic miR-26a/TRPCs axis to AP patients and disease severity.
Samples of normal human pancreata were obtained from patients un-
dergoing resectional surgery for left-sided or small unobstructing
pancreatic tumors,44 while samples of AP pancreata were obtained
from patients undergoing open necrosectomy or pseudocyst drainage
procedures (Table S2). miR-26a levels were significantly reduced in
AP compared with normal pancreata (Figure 2H), while TRPC3
and TRPC6 proteins were markedly elevated (Figure 2I). miR-26a
levels were >50% lower in the pancreata of patients with infected
than sterile necrosis (Figure 2J; Table S3), suggesting a negative cor-
relation between pancreatic miR-26a expression and AP severity.

Next, we determined the circulating miR-26a levels in AP mice and
patients. Circulating miR-26a levels were significantly decreased in
CER-AP and TLCS-AP (Figures 2K and 2L). Similarly, plasma
miR-26a levels were markedly reduced in human AP on the day of
hospital admission compared with healthy controls and significantly
restored circa 72 h thereafter (Figure 2M; Table S4). Plasma miR-26a
levels were significantly and inversely correlated with serum urea,
creatinine (CREA), lactate dehydrogenase (LDH), and hematocrit
(HCT), routine biomarkers indicative of AP severity (Figure 2N).
Taken together, these data reveal a consistent reduction of miR-26a
expression in both murine and human AP that allows escape of
SOCE protein translation from this shared checkpoint.
Figure 2. MiR-26a targets TRPC3 and TRPC6 and is reduced in AP

(A) Schematic of human TRPC3 and TRPC6 and mouse Trpc3 and Trpc6 30 UTRs. Lo
activity in HEK293T cells transfected with reporter constructs containing theWT or muta

26a) or negative control (NC). (C) Protein levels of Trpc3 and Trpc6 in PACs of 26a DKO, H

(7 cerulein injections) at 12 h (D) and TLCS-AP (5 mM TLCS) at 24 h (E). (F and G) Lev

(500 mM) for 30min (G). (H and I) Expression of miR-26a (H) and representative immunohi

in AP and normal pancreata (Ctrl). Black outlines: higher magnification of the indicated p

magnification �400). TRPC3 and TRPC6-positive area were quantified per five high-p

patients with sterile or infected necrosis. (K and L) Serum levels of miR-26a in CER-AP (K)

volunteers (left) and AP patients on admission (middle) and at 72 h of hospitalization (rig

routine clinical biomarkers for severity assessment. Data are from 6–13 mice per group

(infected necrosis) in (J), n = 27 (healthy volunteers) and n = 85 (AP patients) in (M), an
MiR-26a attenuates Ca2+ signaling and overload in PACs

Given the significance of TRPCs in the pancreas, we assessed the
effect of miR-26a on Ca2+ responses in PACs. Acetylcholine
(ACh) at quasi-physiological concentrations evokes Ca2+ oscilla-
tions in PACs, essential to enzyme secretion.5 Freshly isolated
PACs from 26a DKO and Hprt Tg mice as well as their WT litter-
mates were treated with 50 nM ACh and [Ca2+]i changes moni-
tored in real time by confocal microscopy. The frequency and
average peak amplitude of [Ca2+]i oscillations elicited by ACh
were significantly increased in 26a DKO (Figure 3A) and markedly
decreased in Hprt Tg PACs (Figure 3B), compared with WT. Su-
pra-physiological concentrations of CCK or the pancreatitis toxin
TLCS at increasing concentrations induce increasingly prolonged
[Ca2+]i elevations in PACs, causing premature intracellular activa-
tion of zymogens.45 MiR-26a deficiency augmented the peak
amplitude and prolonged [Ca2+]i elevations (Figures 3C and 3E),
whereas miR-26a overexpression reduced both parameters induced
by 10 nM CCK or 200 mM TLCS (Figures 3D and 3F), compared
with WT. Similar changes were seen at higher toxin concentra-
tions, which typically induce sustained [Ca2+]i elevations. MiR-
26a deficiency substantially increased the peak amplitude, period,
and area under the curve of the [Ca2+]i plateau (>2-fold) induced
by 100 nM CCK or 500 mM TLCS compared with WT (Figures 3G
and 3I), whereas miR-26a overexpression reduced the [Ca2+]i
plateau by over 50% (Figures 3H and 3J). These results demon-
strate that miR-26a is capable of modulating physiological and
pathological Ca2+ responses in PACs.

Trpc3 and Trpc6 inhibition parallels effects of miR-26a in PACs

Next, we tested whether the effect of miR-26a on Ca2+ responses is
associated with Trpc3 and Trpc6. Ryr3 has been widely utilized to
selectively and effectively inhibit TRPC3 at a concentration of
3 mM.12 However, the effect of TRPC6 inhibitor SAR7334 has not
yet been explored in PACs. Therefore, we initially determined the po-
tential toxicity of SAR7334 in PACs, with a working concentration
from 5 nM to 100 nM.46 It showed that 100 nM SAR7334 induced
PAC death (Figures S4A and S4B), and we thus chose 50 nM for
further analysis. Sustained [Ca2+]i elevations induced by 500 mM
TLCS were substantially diminished by the Trpc3 inhibitor Pyr3
and Trpc6 inhibitor SAR7334 in both WT (Figure 3K) and 26a
DKO PACs (Figure 3L). Moreover, simultaneous blockade of Trpc3
and Trpc6 had a stronger inhibitory effect on TLCS-induced
cations of the predicted miR-26a binding sites are indicated. (B) Relative luciferase

ted (Mut) 30 UTR of target genes and co-transfected with either miR-26a mimic (miR-

prt Tg, and control mice. (D and E) Levels of miR-26a in the pancreata with CER-AP

els of miR-26a in mouse PACs stimulated with CCK (100 nM) for 1 h (F) and TLCS

stochemical staining (scale bar, 50 mm;magnification�200) of TRPC3 and TRPC6 (I)

ancreata area in the low magnification images by black squares (scale bars, 20 mm;

owered fields with ImageJ software. (J) Expression of miR-26a in AP pancreata of

and TLCS-AP (L) from (D and E), respectively. (M) Level of plasmamiR-26a in healthy

ht). (N) Heapmap depicting Spearman correlation between admission miR-26a and

in (D)–(G), n = 10 (AP) and n = 7 (Ctrl) in (H) and (I), n = 6 (sterile necrosis) and n = 4

d shown as mean ± SEM.
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[Ca2+]i elevations than inhibition of either channel alone (Figures 3K
and 3L).

Pathological Ca2+ elevations result in diminished ATP production
and necrosis, both hallmarks of AP.47 A marked fall of ATP in WT
and even greater decrease in 26a DKO PACs was induced by
500 mM TLCS, losses moderately reduced by Pyr3 treatment (Fig-
ure S4C); changes in necrotic cell death pathway activation were
consistent with these findings (Figure S4D). In contrast, miR-26a
overexpression prevented ATP loss (Figure S4E) and necrosis (Fig-
ure S4F) induced by TLCS. Intriguingly, administration of Pyr3 had
no effect on TLCS-induced ATP loss and necrosis in Hprt Tg PACs
(Figures S4E and S4F), suggesting functional redundancy between
miR-26a overexpression and Trpc inhibition. Taken together, these
results strengthen the link between miR-26a, Trpc3, Trpc6, and
Ca2+ responses in AP pathogenesis.

MiR-26a deficiency exacerbates CER-AP and TLCS-AP

We next examined the in vivo role of miR-26a in experimental AP,
which are dependent on dysregulated Ca2+ signaling.11–16,48,49 In
CER-AP, 26a DKOmice had greater pancreatic injury thanWT (Fig-
ure 4A), although the pancreatic histopathology was similar in both
genotypes without cerulein treatment. Histopathological analyses
found 2-fold increases in edema, inflammation, necrosis, and total
histopathology score (combined overall severity score of these param-
eters), in 26a DKO mice (Figure 4B). MiR-26a deficiency elevated
serum amylase, lipase, and interleukin-6 (IL-6; Figure 4C), and
augmented expression of pancreatic gene markers associated with
inflammation (Asc, Casp1, Nlrp3, Il-1b, and Il-6) and oxidative
(Hmox1) and ER (Bip, Chop, and Eif2s1) stress over those inWT (Fig-
ures 4D–4F and S5A). Of note, the levels of Trpc3 and Trpc6 proteins
were markedly increased in 26a DKO pancreata (Figure 4G).

In TLCS-AP, miR-26a deficiency significantly exacerbated pancreatic
damage (Figures 4H and 4I), serum indices of AP (Figure 4J), and the
pancreatic gene markers of inflammation, oxidation, and ER stress
(Figures 4K–4M and S5B), recapitulating the full range of findings
in CER-AP.

Taken together, these results demonstrate that miR-26a deficiency ex-
acerbates the severity of AP through loss of miR-26a-mediated regu-
lation of TRPCs, inflammation, and cell death.

MiR-26a overexpression prevents CER-AP and TLCS-AP

Next, we investigated the consequences of miR-26a overexpression in
CER-AP. Compared with WT littermate controls, Hprt Tg mice had
reduced pancreatic tissue damage (Figure 5A), histopathology scores
Figure 3. MiR-26a attenuates Ca2+ responses in PACs

(A–J) Representative traces and response areas (200–800 s) of Ca2+ oscillations or susta

(200 mM) (E and F), CCK (100 nM) (G andH), or TLCS (500 mM) (I and J) in PACs isolated fr

Representative traces and response areas (200–800 s) of sustained Ca2+ plateaus indu

HEPES (Ctrl), Trpc3 inhibitor (Pyr3, 3 mM), Trpc6 inhibitor (SAR7334, 50 nM), or both fo

independent repeats which yielded a sum of 30–40 cells per group.
(Figure 5B), and serum amylase, lipase, and IL-6 levels (Figure 5C) in
CER-AP. Levels of mRNA marker for inflammation, oxidative and
ER stress (Figures 5D–5F and S6A), and levels of Trpc3 and Trpc6
proteins (Figure 5G) were reduced in the pancreata of Hprt Tg
mice. Notably, levels of serum amylase, IL-6, and pancreatic
(mRNA) Asc, Nlrp3, Bip, and Chop were comparable in CER-AP
and control Hprt Tg mice (Figures 5C, 5D, and 5F). Expression of
PAC markers (mRNA) Amy2, Cpa1, and Rbpjl, which have been
shown to be reduced by CER,50 was preserved in Hprt Tg mice (Fig-
ure S6B), further supporting a potent protection of miR-26a.

In TLCS-AP, miR-26a overexpression decreased pancreatic injury
(Figure 5H), histopathology scores (Figure 5I), elevations of serum
amylase and lipase (Figure 5J), and inductions of pancreatic gene
markers of inflammation (Figure 5K), and oxidative (Figure 5L)
and ER stress (Figures 5M and S6C). Particularly, the histopathology
scores (Figure 5I), serum lipase levels (Figure 5J), and mRNA levels of
inflammatory (Figure 5K), oxidative (Figure 5L), and ER stress
markers (Figure 5M) remained similar in TLCS-AP and control
Hprt Tg mice. Together, these results strongly suggest that miR-26a
overexpression has a marked protective effect on the likelihood and
severity of AP, which is reproducible and model independent.
MiR-26a inhibits inflammation, ER stress, and impaired

autophagy in AP

We determined the effect of miR-26a on early global gene expression
in CER-AP by RNA sequencing (RNA-seq). Pancreata from Hprt Tg
mice and their WT littermates were collected 5 h after the first of a
total of four cerulein injections. We analyzed the transcriptome data-
sets using a self-organizing map (SOM) machine-learning tech-
nique,51 which enables a detailed evaluation of the transcriptomic
data, taking into account the multidimensional nature of gene regu-
lation. This yielded distinct SOM spots in Hprt Tg mice and their
WT littermates (Figure 6A; Table S5). An analogous result was ob-
tained for differences between Hprt Tg and WT mice, both with
CER-AP (Figure 6B). The spot associated with immune responses
in WT littermates (highlighted within rectangle in Figure 6B) disap-
peared in Hprt Tg mice, indicating an inflammatory signature modu-
lated by miR-26a.

Comparison of the transcriptome data fromWT with versus without
CER-AP and Hprt Tg with versus without CER-AP identified 4,284
and 4,635 differentially expressed genes (DEGs; >2-fold, p < 0.05)
respectively (Figures S7A–S7E; Tables S6 and S7). These two datasets
of DEGs were analyzed using Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG). The analyses showed that
Hprt Tg mice had significantly attenuated immune responses during
ined Ca2+ plateaus induced by ACh (50 nM) (A and B), CCK (10 nM) (C and D), TLCS

om 26aDKO (A, C, E, G, and I), Hprt Tg (B, D, F, H, and J), and control mice. (K and L)

ced with 500 mM TLCS in isolated WT (K) and 26a DKO (L) PACs pre-treated with

r 30 min. Data are shown as mean ± SEM. All experiments were from three or more
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Figure 4. MiR-26a deficiency exacerbates CER-AP and TLCS-AP

(A–G) Representative images (H&E; scale bar, 50 mm; magnification �200) for pancreatic histopathology (A) and corresponding scores for edema, inflammatory cell infil-

tration, acinar cell necrosis, and their sum value (B), serum amylase, lipase, and IL-6 levels (C), pancreatic mRNAmarkers for inflammation (D), oxidation (E), and ER stress (F),

and pancreatic protein levels of Trpc3 and Trpc6 (G) from 26a DKO and their control littermates in CER-AP (7 cerulein injections) 12 h after disease induction. (H–M)

Pancreatic histopathology changes (H&E; scale bar, 50 mm; magnification �200) (H) and corresponding scores for edema, inflammatory cell infiltration, acinar cell necrosis,

and their sum value (I), serum amylase, lipase, and IL-6 levels (J), and pancreatic mRNAmarkers for inflammation (K), oxidation (L), and ER stress (M) from 26a DKO and their

control littermates in TLCS-AP (3 mM) 12 h after disease induction. Data are from six to eight mice per group, shown as mean ± SEM.
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CER-AP (Figures 6C and 6D), consistent with the SOM analysis (Fig-
ures 6A and 6B). Expression of 366 genes was downregulated and 269
upregulated in Hprt Tg mice compared with their WT littermates
(Table S8), the largest proportion associated with chemotaxis and im-
mune responses; 42 immune response genes exhibited significantly
less expression (Figure 6E; Table S9), as did ER stress genes in Hprt
Tg mice (Figure 6F; Table S10). The effects of miR-26a on inflamma-
tion and ER stress were verified by qRT-PCR of Hprt Tg (Figure 6G)
and 26a DKO pancreata (Figure S7F). Moreover, western blotting re-
vealed increases in markers for impaired autophagy (P62 and LC3)
and NLRP3-inflammasome activation (Caspase-1), characteristic fea-
tures of AP associated with Ca2+ overload,10 were consistently
reduced in Hprt Tg mice (Figure 6H), but increased in 26a DKO
mice (Figure 6I), compared with their respective WT littermates.

Altogether, the transcriptome dynamics suggest miR-26a mediates
modular organization and substantial transcriptional reprogram-
ming, further supporting the protective role of miR-26a in AP.
MiR-26a in PACs, but not myeloid cells, ameliorates pancreatic

injury and systemic inflammation in CER-AP

Next, we further clarified which cellular source of miR-26a is respon-
sible for the above protective effects observed in mouse AP models.
Given the mighty suppression of miR-26a on AP-related inflamma-
tion, we initially determined the potential contribution of immune
cells by utilizing our recently established myeloid cell-specific miR-
26a overexpression (Lyz Tg) mice.52 Intriguingly, Lyz Tg mice and
their WT littermate controls exhibited a similar phenotype in CER-
AP, as shown by comparable localized pancreatic injury (Figure 7A),
histopathology scores (Figure 7B), serum amylase and lipase levels
(Figure 7C), and the expression of inflammatory genes (Il-6 and Il-
1b, Figure 7D). Lungmyeloperoxidase (Figure 7E) and histopatholog-
ical scoring (Figure 7F) of the lung tissues were also nearly identical in
both genotypes. These data argue against a protective role for miR-
26a in myeloid cells, including macrophages, in AP pathogenesis.

To directly demonstrate the significance of miR-26a in PACs, we then
generated PAC-specific miR-26a overexpression (Ela-Tg) mice by
utilizing a tamoxifen-inducible cela1-Cre (Figure S8A), which has
been widely used in AP research by inducing specific transgene
expression in PACs.53–56 As expected, the expression of miR-26a in
PACs was increased in Ela-Tg mice treated with tamoxifen
(Figure S8B). We next examined the role of miR-26a in CER-AP (Fig-
ure 7G). Along with induced miR-26a expression (Figure S8C),
Ela-Tgmice had lower pancreatic tissue damage (Figure 7H), histopa-
thology scores (Figure 7I), serum amylase, lipase, and IL-6 levels (Fig-
Figure 5. MiR-26a overexpression ameliorates CER-AP and TLCS-AP

(A–G) Representative images (H&E; scale bar, 50 mm; magnification �200) for pancrea

tration, acinar cell necrosis, and their sum value (B), serum amylase, lipase, and IL-6 leve

and pancreatic protein levels of Trpc3 and Trpc6 (G) from Hprt Tg and their control lit

Pancreatic histopathology changes (H&E; scale bar, 50 mm; magnification �200) (H) an

and their sum value (I), serum amylase, lipase, and IL-6 levels (J), and pancreatic mRNA

control littermates in TLCS-AP (5 mM) 24 h after disease induction. Data are from five
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ure 7J) compared with their WT littermate controls. Accordingly,
levels of mRNAmarkers for oxidative stress, ER stress, and inflamma-
tion (Figures 7K–7M and S8D), and protein markers of inflamma-
some activation and autophagy impairment (Figure 7N), as well as
Trpc3 and Trpc6 protein levels (Figure 7N), were reduced in the pan-
creata of Ela-Tg mice. Moreover, TdT-mediated dUTP nick-end la-
beling (TUNEL) staining revealed that CER-APWTmice had a small
proportion of apoptotic PACs, and it was decreased in CER-AP Ela-
Tg mice (Figure S8E), in agreement with the notion that necrosis, but
not apoptosis, is the major mode of PAC death in CER-AP.57 Simi-
larly, a few infiltrations of CD3+ and CD4+ T cells was exhibited in
CER-AP WT mice, but reduced in Ela-Tg mice, in line with their
AP phenotypes (Figure S8F). These results strongly suggest that
altered expression of miR-26a in PACs, but not myeloid cells, may
be the primary contributor to AP development.
Pancreatic and systemic administration of miR-26a

ameliorates AP

In view of the evident protective role of miR-26a, we sought to vali-
date the therapeutic potential of miR-26a in murine AP. We first
tested pancreas-specific miR-26a restoration by pancreatic ductal in-
jection of an miR-26a mimic via mini-pump, shortly after infusion of
5 mM TLCS (Figure 8A). Pancreatic miR-26a expression was over
10-fold greater after the mimic than after vehicle (Figure 8B), but re-
mained unchanged in other organs such as the liver and kidney (Fig-
ures S9A and S9B). The miR-26a mimic significantly reduced all
sequelae of TLCS-AP, including pancreatic injury (Figure 8C) and
histopathological scores (Figure 8D), preventing any detectable in-
crease in serum indices (Figure 8E).

As an miR-26a mimic could become a common treatment for human
AP of multiple etiologies, and to approximate more widely applicable
routes of administration (e.g., intravenous), we tested the mimic in
another model, CER-AP, by intraperitoneal administration. The
mimic was injected 3.5 h after the first cerulein injection and CER-
AP assessed at 24 h (Figure 8F), which resulted in >2-fold increase
in pancreatic miR-26a expression (Figure 8G). This increase offset
the comparable 50% suppression of miR-26a in CER-AP and
TLCS-AP (Figures 2D and 2E), providing an excellent model to char-
acterize the effects of miR-26a restoration in AP. Mice treated with
the miR-26a mimic and its vehicle showed no discernible clinically
relevant changes in histological or hematological parameters (Figures
S10A and S10B). Strikingly, mice that received the mimic had signif-
icantly diminished parameters of AP (Figures 8H–8J), including
decreased expression of pancreatic gene markers for inflammation,
oxidative and ER stress (Figures S10C–S10E), reduced protein
tic histopathology (A) and corresponding scores for edema, inflammatory cell infil-

ls (C), pancreatic mRNAmarkers for inflammation (D), oxidation (E), and ER stress (F),

termates in CER-AP (seven cerulein injections) 12 h after disease induction. (H–M)

d corresponding scores for edema, inflammatory cell infiltration, acinar cell necrosis,

markers for inflammation (K), oxidation (L), and ER stress (M) from Hprt Tg and their

to eight mice per group, shown as mean ± SEM.



Figure 6. MiR-26a overexpression ameliorates pancreatic inflammation, autophagy, and ER stress in experimental AP

(A) SOM patterns show different mRNA signature enrichments by RNA-seq analysis with spot areas representing clusters of upregulated (red) and downregulated (blue)

expression of genes in the pancreata of WT and Hprt Tg mice with CER-AP (four cerulein injections) 4 h after disease induction compared with control. Each map depicts the

average SOM profile across three mice per group. (B) SOM portrait of gene expression signature enrichment analysis depicting differences between WT and Hprt Tg in

(legend continued on next page)
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markers of inflammasome activation and autophagy impairment, and
downregulated Trpc3 and Trpc6 levels (Figure 8K). Taken together,
these results provide proof of principle for miR-26a as a potentially
effective therapeutic for human AP.

DISCUSSION
Here we report a previously unknown mechanism underlying AP
pathogenesis and identify miR-26a as an intrinsic checkpoint for
Ca2+ signaling and overload in PACs (Figure 8L). We found that
SOCE proteins were increased in the pancreata of AP mice and hu-
mans caused by pathological Ca2+ signaling,9,38 as well as in isolated
PACs treated with different AP inducers for a short period of time.
These results define for thefirst time, to our knowledge, a dynamic pro-
file of SOCE proteins during AP initiation and progression. Due to the
lack of reliable experimental systems in long-termPACculture in vitro,
it is difficult to directly determinewhether increased SOCEproteins are
the cause of Ca2+ overload observed in AP. However, a strong correla-
tion among levels of SOCEproteins, [Ca2+]i concentration, and disease
progression has been indicated in other systems, such as proteinuric
kidney disease.58 Importantly, we demonstrated that Trpc3/6-target-
ing miR-26a dramatically attenuates physiological and pathological
Ca2+ responses, supporting a causal role of increased SOCE proteins
in Ca2+ overload. These findings represent a general feature of AP
and indicate a post-transcriptional regulation mechanism for Ca2+-
handling protein underlying Ca2+ overload in AP pathogenesis.

In this study, we have demonstrated that miR-26a directly targets
both Trpc3 and Trpc6 to reduce their expression, restricting Ca2+

influx and placing limits on SOCEs. This protective function is dimin-
ished rapidly in AP through suppression of miR-26a expression, re-
sulting in escape and upregulation of SOCE protein expression,
Ca2+ influx, and Ca2+ overload, inducing AP.8–16,43,48,49 These find-
ings in two classical models of AP, with confirmation of miR-26a sup-
pression and SOCE protein upregulation in human AP, underline the
critical role of Ca2+ overload in the pathogenesis of AP. While over-
expression of miR-26a did not wholly block but decreased neurohu-
moral Ca2+ signaling and toxic Ca2+ overload, it did significantly and
consistently ameliorate the pathological sequelae of experimental AP,
as did the miR-26a mimic. In line with the implications of miRNAs in
either AP progression or Ca2+ signaling,59,60 our work provides the
first evidence, to our knowledge, that a unique miRNA robustly
modulates Ca2+ overload and AP pathogenesis on the basis of
data obtained at the cellular, animal, and human levels. Interestingly,
the regulation of Trpc3/6 by miR-26a has recently been reported
in other systems,42,61 suggesting the significance of this prevalent
regulatory mode in pathology. In addition, it is of importance to
confirm the expression of pancreatic miR-26a in a larger cohort of pa-
tients with AP.
CER-AP derived from (A). (C and D) Chord diagrams displaying top 10GObiological proc

(E and F) Heatmaps demonstrating inflammation (E) and ER stress (F) gene expression i

PCR analysis of six inflammation and three ER stress genes expressed in WT versus H

cerulein or saline injection. (H and I) Levels of protein markers for autophagy (P62 and LC

pancreata (H) from same mice as in (G) and WT versus 26a DKO pancreata (I) from sa
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Each of the key SOCE proteins TRPC3, TRPC6, ORAI1, and STIM1
participate in Ca2+ entry,11–14,62 while SARAF, through interaction
with STIM1, mediates Ca2+-dependent channel inactivation.16 Our
identification of TRPC6 as a channel regulated by miR-26a, integral
to Ca2+ entry in PACs and upregulated in AP, expands the range of
Ca2+ channels implicated in AP. Heteromultimerisation of TRPC3
with TRPC1 and separately TRPC6 with TRPC4 facilitates their coop-
eration with ORAI1 and STIM1 in an interdependent manner. The
overall impact of upregulation of these channels is largely unre-
strained by SARAF, however, as SARAF interaction with STIM1 is
unstable in AP.14 Additionally, TRPC3 and TRPC6 operate in
STIM1-independent modes, not curtailed by SARAF-STIM1 interac-
tion.15 Moreover, the miR-26a suppression we found in AP leads to
the loss of protective functional redundancy betweenmiR-26a expres-
sion and Trpc3 inhibition. In the face of multiple mechanisms of
injury, the attraction of an miR-26a mimic is simultaneous targeting
of multiple Ca2+ channels, providing augmented inhibition of
SOCE over that achieved by single-channel inhibition. In addition
to SOCE-mediated calcium entry, release of Ca2+ from internal stores,
mediated by inositol-1,4,5-trisphosphate (IP3), phospholipase C, rya-
nodine receptors, and IP3 receptors, etc.,

63–65 also contribute to Ca2+

overload and AP development. It is of interest for future study to
expand the potential role of miR-26a in intracellular Ca2+ channels
and related Ca2+ influx.

MiR-26a is expressed comprehensively across vertebrates34 and hu-
man tissues,27 but, as shown here, is a target for decreased expression
and/or degradation in AP, followed by loss of control of SOCE protein
expression and a gamut of transcriptional responses that contribute to
amplification loops in AP.9 MiR-26a could therefore have clinical
utility as an early circulating prognostic biomarker in AP.25 We
have shown the extent to which variation in the expression of this
one miRNA can change the whole pancreas transcriptome. MiR-
26a deficiency increased, whereas overexpression decreased, tran-
scription of gene complexes integral to inflammation, oxidative stress,
ER stress, and impaired autophagy, critical processes in AP.8–10,43

Inflammation, oxidative stress, ER stress, and autophagy are down-
stream pathological pathways of Ca2+ overload in the progression
of AP,8,66 and it thus is reasonable that these effects of miR-26a
may be associated with its suppression on TRPC3/6. Besides, certain
Ca2+-independent mechanism(s) might contribute to these effects of
miR-26a. Indeed, accumulating evidence suggests a direct regulatory
role of miR-26a in inflammation, ER stress, and autophagy. For
example, miR-26a can directly target the cytokine Il-6,41 as well as
the ER stress mediator eukaryotic translation initiation factor 2, sub-
unit 1 alpha (Eif2s1) and the negative regulators of autophagy dual
specificity phosphatase 4 and 5 (Dusp4 andDusp5), as in the liver.32,35

The molecular mechanisms underlying miR-26a0s function in these
esses (C) and KEGG pathways (D) forWT versus Hprt Tg in CER-AP derived from (A).

n WT versus Hprt Tg with or without CER-AP derived from (A). (G) Heatmap of qRT-

prt Tg pancreata with or without CER-AP (7 cerulein injections) 12 h after the first

3) and inflammasome activation (Pro Casp-1 and Casp-1 p10) in WT versus Hprt Tg

me mice as in Figures 4A–4G.



Figure 7. Overexpression of miR-26a in PACs, but not myeloid cells, mitigates pancreatic injury and systemic inflammation in CER-AP

(A–F) Effects of myeloid cell-specific miR-26a overexpression (Lyz Tg) on CER-AP. Representative images (H&E; scale bar, 50 mm; magnification �200) for pancreatic

histopathology (A) and corresponding scores for edema, inflammatory cell infiltration, PAC necrosis, and their sum value (B), serum amylase and lipase (C), pancreatic mRNA

(legend continued on next page)
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Ca2+ overload-related pathways await further investigation. Integra-
tive omics approaches would be useful to explore possible crosstalk
between these actions of miR-26a in disease. Under these circum-
stances, it is conceivable that a small change in miR-26a expression
may result in a large physiological effect. Indeed, a minor decrease
in miR-26a expression (about 2-fold) remarkably aggravated the
development of AP, whereas a modest increase inmiR-26a expression
by genetic and pharmacological interventions was sufficient to pre-
vent all sequelae of experimental AP. Furthermore, we generated
PAC- andmyeloid cell-specific miR-26a overexpression mice, respec-
tively. Intriguingly, overexpression of miR-26a in PACs, but not
myeloid cells, recapitulated the protective effects induced by global
miR-26a overexpression in CER-AP. Of note, PAC-specific overex-
pression of miR-26a in our study was obtained by utilizing Ela-cre
mice that express Cre under the clea1 promoter. Although Ela-cre
mice have been broadly used to control PAC-specific transgene
expression,53–56,67 recent evidence suggests that clea1 is also ex-
pressed in other cell types, including T cells.68 In these circumstances,
the possibility of synergistic effect of miR-26a overexpression in PACs
and other cells, such as T cells, on AP pathogenesis would be critically
evaluated in the future.

Finally, we explored the therapeutic potential of miR-26a in AP. Entry
of miR-26a into the pancreas after intraperitoneal administration in
severe CER-AP demonstrated effective target engagement, essential
to drug development. This was further validated in a more severe
TLCS-AP in which miR-26a was infused via pancreatic duct shortly
after TLCS. In view of the rapid loss of miR-26a in PACs and AP,
an miR-26a mimic is likely to require early administration in human
AP for maximum effect. Notably, both Trpc3 and Trpc6 are broadly
expressed in many tissues,69 and the administration of exogenous
miR-26a mimic may lead to its biodistribution into other organs
beyond the pancreas. Intriguingly, the expression of miR-26a in the
organs that we examined appeared to be unchanged post administra-
tion of the miR-26a mimic. Therefore, it is likely that the miR-26a/
TRPC regulatory axis in the pancreas, rather than other tissues, pre-
dominantly accounts for the beneficial role of miR-26a in AP patho-
genesis, although the possibility of contributions from other organs
warrants future study. Additionally, it would be interesting to inves-
tigate the potential protective role of miR-26a in AP under comorbid
obesity or metabolic disorder conditions as well as in chronic
pancreatitis.

In summary, this work demonstrates that miR-26a can robustly
modulate PAC Ca2+ overload and AP pathogenesis based on data ob-
tained at the cellular, animal, and human levels. These findings reveal
markers for inflammation (D), as well as lungmyeloperoxidase (MPO) activity (E) and lung

AP (50 mg/kg/h � 7 cerulein) at 12 h after disease induction. (G–N) Effects of PAC-

administration of tamoxifen-induced miR-26a overexpression and cerulein administratio

for pancreatic histopathology (H) and corresponding scores for edema, inflammatory ce

levels (J), pancreatic mRNA markers for oxidation (K), ER stress (L), and inflammasom

flammasome activation (N) from Ela-Tg mice and their WT littermates in CER-AP. All e

analysis (n = 3).
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a previously unknown pathophysiological mechanism of surveilling
Ca2+ overload and highlights the potential for clinical translation of
miR-26a for AP management.

MATERIALS AND METHODS
Human studies

All human studies were conducted according to the principles of the
Declaration of Helsinki, and approved by the Institutional Review
Board and Biomedical Ethics Committee of West China Hospital,
Sichuan University (2017, no. 456; 2020, no. 196). The biobanking
procedures were certified by the China Human Genetic Resources
Management Office as a part of West China Biobanks (2016, no.
406). Fully informed consent was obtained from all patients prior
to sampling of blood and/or pancreatic tissues. The procedures for
clinical data collection were described in our previous studies70 and
data were stored in an electronical database (Microsoft Access).

Human blood sample collection

Samples of peripheral venous blood were taken from patients diag-
nosed with AP according to the revised Atlanta classification,71 within
72 h after the onset of abdominal pain. Patients were excluded from
blood sampling if they had chronic pancreatitis, pancreatic tumor,
trauma, or pregnancy as etiologies or any advanced pre-existing co-
morbidities.70 Patients who died were also excluded. Plasma samples
of fasted healthy volunteers were retrieved from the West China
Biobanks.

Blood samples collected in ethylenediaminetetraacetic acid (EDTA)
tubes were processed following a protocol we previously described.72

For AP patients, routine blood (Sysmex XN-9000) and biochemical
(Cobas8000) indices were determined using automatic analyzers.

Human pancreata samples collection

Small (<1 cm2 � 1 mm) samples of viable pancreas were taken from
patients undergoing surgery for symptomatic pseudocysts compli-
cating AP or for infected pancreatic necrosis. Normal pancreatic sam-
ples (<1 cm2 � 1 mm) were taken from patients undergoing surgery
for left-sided or small unobstructing pancreatic tumors following Liv-
erpool’s protocols.44

Animals

C57BL/6 background, 10- to 12-week-old, male WT or genetically
modified mice were used throughout the study. Mice were fed a stan-
dard laboratory chow, water ad libitum, under a 12-h light-dark cycle
(lights on from 8 a.m. to 8 p.m.) at constant temperature (22�C). All
animal experiments were conducted according to the protocols
alveolar membrane thickening score (F) from Lyz Tg and their WT littermates in CER-

specific miR-26a overexpression on CER-AP. Schematic showing intraperitoneal

n regimens (G). Representative images (H&E; scale bar, 50 mm; magnification�200)

ll infiltration, PAC necrosis, and their sum value (I), serum amylase, lipase, and IL-6

e activation (M), and Trpc3 and Trpc6 protein levels, impaired autophagy, and in-

xperiments had six to nine mice in each group except for those in western blotting
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approved by the Institutional Animal Care and Use Committee of
West China Hospital, Sichuan University.

Generation of generic 26a DKO or overexpression mice

Generation of 26a double knockout (DKO)31 and transgenic miR-26a
(Hprt Tg)34 mice was previously described.

Generation of PAC-specific miR-26a overexpression mice

Generation of Tg (CAG-Neo-STOPfl-Mir26a1) mice has been
described by us previously.34 We generated a cela1-cre driver line
consisting of a tamoxifen-inducible CreERT2 recombinase to
construct Ela-CRE mice. PAC-specific miR-26a overexpression
(Ela-Tg) mice were generated by crossing Tg (CAG-Neo-STOPfl-
Mir26a1) mice with Ela-CRE mice. Ela-Tg and littermate Tg
(CAG-Neo-STOPfl-Mir26a1) mice were used for experiments. To
induce ectopic miR-26a expression, Ela-Tg mice, as well as their
WT littermates, were treated with tamoxifen (T5648, Sigma-Al-
drich, St. Louis, MO) before experiments. Tamoxifen was dissolved
at a final concentration of 20 mg/mL in corn oil. Two- to 3-month-
old mice received intraperitoneal injection of tamoxifen (100 mg/
kg) once per day for five consecutive days. Induction of experi-
mental AP in these mice began 1 day after the last injection
tamoxifen.

Generation of myeloid cell-specific miR-26a overexpression

mice

Myeloid cell-specific miR-26a overexpression (Lyz Tg) mice were
generated by crossing Tg (CAG-Neo-STOPfl-Mir26a1) mice with
Lyz-CRE mice as described previously.52 Lyz Tg and littermate Tg
(CAG-Neo-STOPfl-Mir26a1) mice were used for experiments.

Induction of experimental AP models

These protocols were performed by following our previously publi-
cations.13,49,73,74 Mice received four, seven, or 12 intraperitoneal
injections of cerulein (50 mg/kg; catalog number 6264, Tocris
Bioscience; Ellisville, MO) at hourly intervals to induce hyperstim-
ulation AP (CER-AP), while control mice received saline injections
of the same volume at the same intervals.13,49,73,74 Taurolithocholic
acid 3-sulfate disodium (TLCS; 3 or 5 mM; T0512, Sigma-Aldrich,
St. Louis, MO) was retrogradely infused (5 mL/min for 10 min) into
the pancreatic duct via a mini-pump (Pump33DDS, Harvard Appa-
ratus; Boston, MA) to induce AP (TLCS-AP).13,49,73 Mice were
anesthetized with isoflurane immediately prior and during the infu-
sion TLCS or saline.
Figure 8. Pancreatic and systemic administration of miR-26a mimic ameliorate

(A) Schematic showing pancreatic ductal TLCS and miR-26a mimic administration re

Representative images (H&E; scale bar, 50 mm; magnification �200) of pancreatic histo

necrosis, and their sum value (D), serum amylase, lipase, and IL-6 levels (E) in TLCS-AP

miR-26a mimic administration regimens. (G) Levels of miR-26a in the pancreata with or w

�200) of pancreatic histopathology (H) and corresponding scores for edema, inflammat

lipase levels (J). (K) Levels of Trpc3, Trpc6, autophagy (P62 and LC3), and inflammaso

without miR-26a mimic. (L) Summary diagram of the critical role of miR-26a in PAC [Ca2

potential of miR-26a in AP. Data are from seven to nine mice per group, shown as me
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Administration of miR-26a mimic

The miR-26a mimic and its negative control without chemical modifi-
cation were synthesized (Xi’an XiRQCON Biotechnology, Xi’an,
China), and then prepared freshly with its transfection reagent Entran-
ster-in vivo (18668, Engreen,Beijing,China) before systemicor pancre-
atic administration to WT mice. Briefly, miR-26a mimic and its
negative control were diluted with endotoxin-free water to 1 mg/mL,
and then an equal volume of transfection reagent was added andmixed
thoroughly. After incubation at room temperature for 15 min, the
transfection reagent-miR-26a/negative control mixture was injected
intraperitoneally or injected into the pancreatic duct of mice. For
CER-AP, the miR-26a mimic (2 mg/kg) was intraperitoneally admin-
istered at 3.5 h after the first cerulein injection. For TLCS-AP, miR-26a
mimic (0.8 mg/kg) was retrogradely infused via the pancreatic duct
3minafterTLCS (5mM).Controlmice received systemicor pancreatic
application of negative control (vehicle) at the same volume and time
regimen.

Isolation of primary PACs

Mouse PACs were freshly isolated by collagenase digestion as
described previously.49 After culling the mice, the pancreas was
immediately removed, washed twice in HEPES solution (pH 7.3;
140 mM NaCl, 4.7 mM KCl, 10 mM HEPES, 10 mM glucose,
1 mM CaCl2, and 1.13 mM MgCl2), followed by injections of 250 U
collagenase (C9697, Sigma-Aldrich, St. Louis, MO) into the main
pancreatic duct and surrounding tissue to maximize homogeneous
digestion. After incubation at 37�C for up to 17 min, the pancreas
was placed into a 50-mL centrifuge tube with 3–5 mL of HEPES
and quickly pipetted, a process repeated several times until the solu-
tion became clear. The solution of digested tissue was passed through
a 70-mm cell filter to obtain dispersed PACs, followed by centrifuga-
tion at 260 g � 2 min twice. The final pellet was resuspended in
HEPES and PACs were used within 4 h of isolation.

Ca2+ measurement in PACs

Ca2+ measurement in PACs was performed as described previously
with minor modifications.49 PACs were loaded with Fluo-4 AM
(5 mM; F14201, Thermo Fisher Scientific, Waltham, MA), followed
by incubation with ACh (50 mM; A7000, Sigma-Aldrich), CCK (10
and 100 nM without O-sulfation, which would otherwise increase ac-
tivity for approximately � 100; C2175, Sigma-Aldrich),75 or TLCS
(200 and 500 mM) with or without Trpc3 inhibitor Pyr3 (3 mM;
P0032, Sigma-Aldrich), Trpc6 inhibitor SAR7334 (50 nM; HY-
15699, MedChem Express, Shanghai, China), or both during imaging.
s AP

gimens. (B) Levels of miR-26a in the pancreata with or without TLCS-AP. (C–E)

pathology (C) and corresponding scores for edema, inflammatory cell infiltration, cell

with or without miR-26a mimic. (F) Schematic showing intraperitoneal cerulein and

ithout CER-AP. (H–J) Representative images (H&E; scale bar, 50 mm; magnification

ory cell infiltration, cell necrosis, and their sum value (I) as well as serum amylase and

me activation (Pro Casp-1 and Casp-1 p10) proteins in CER-AP pancreata with or
+]i overload and its downstream pathological pathways, highlighting the therapeutic

an ± SEM.
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After incubation, the cells were centrifuged (260 � g � 1 min) and
resuspended in fresh HEPES. The [Ca2+]i concentration was deter-
mined by confocal microscopy (Nikon, N-STORM & A1; excitation
488 nm, emission 500–550 nm) in a flow chamber perfused with
HEPES-based extracellular solution. The series of images were re-
corded at 256 � 256 pixel resolution with two consecutive frames
(time interval 2 s) averaged. Fluorescence was plotted as F/F0, where
F0 was an averaged fluorescence signal collected from the first 10
baseline images, and samples or average traces were presented on
graphs. For quantitative analysis of Ca2+ responses, areas under indi-
vidual traces (the increase over baseline) recorded between 200 and
800 s were calculated and averaged to be presented with mean ± SEM.

Cell culture

HEK293T cells (CRL3216, ATCC, Rockville, MD) were cultured in
Dulbecco’s modified Eagle’s medium (Gibco, Grand Island, NY) sup-
plemented with 10% fetal bovine serum (Gibco) and 1% penicillin-
streptomycin (Gibco), grown in a 37�C incubator with 5% CO2.

In vitro necrosis assays

Necrotic cell death activation was determined as a proportion of
cells stained with propidium iodide (PI; 1 mM; P1304MP, Invitro-
gen, Carlsbad, CA) contrasted with total nuclei (Hoechst 33342;
10 mg/mL; H1399, Invitrogen) representing the total number of cells.
Fluorescence of PI (excitation 488 nm, emission 630–693 nm) and
Hoechst 33342 (excitation 364 nm, emission 405–450 nm) was de-
tected by an epi-fluorescent confocal microscope (ZEISS AX10
imager A2/AX10 cam HRC, Heidelberg, Germany). Images were
made of 10 separate fields from each experiment, repeated in tripli-
cate or more.

Western blotting

Total proteins of pancreatic tissue andPACswere extractedusingRIPA
lysis buffer (89901, Thermo Fisher Scientific) with protease inhibitors
(11873580001, Roche, Basel, Switzerland) and phosphatase inhibitors
(B15001, Bimake, Houston, TX) and determined by Bradford assay
(500-0205, Bio-Rad, Hercules, CA). The following antibodies were
used: anti-Caspase-1 (sc-56036, Santa Cruz Biotechnology, San Lucas,
CA), anti-ORAI1 (ab59330, Abcam, Cambridge, England), anti-
SARAF (PA5-77334, Thermo Fisher Scientific), anti-TRPC3 (A7742,
ABclonal, Wuhan, China), anti-LC3A/B (12741, Cell Signaling Tech-
nology, Danvers, MA), anti-STIM1 (5668, Cell Signaling Technology,
Danvers, MA), anti-P62 (18420-1-AP, ProteintechGroup, Wuhan,
China), anti-TRPC6 (18236-1-AP, ProteintechGroup), and anti-
tubulin (10094-1-AP, ProteintechGroup).

RNA extraction and qRT-PCR

The totalRNAof pancreatic tissues andPACswas extractedusingTRI-
zol reagent (TR118, MRC, Cincinnati, OH) as described previously.31

The total RNA from mouse serum and human AP plasma of AP was
extracted using TRIzol LS (TS120, MRC) according to the manufac-
turer’s protocol. The reverse transcription of RNA (1–2 mg) to
cDNA was conducted using M-MLV Reverse Transcriptase
(28025021, Thermo Fisher Scientific). qRT-PCR was done using
SYBRGreen PCRMasterMix (208052,Qiagen,Nasdaq,NY)with spe-
cific primers. Primers used are provided in Table S11.

ATP measurements

Cellular ATP was assayed using the ATP Assay Kit (S0026, Beyotime,
Shanghai, China) according to the manufacturer’s instructions.

Luciferase reporter assay

30 UTR sequences of TRPC3 and TRPC6 were generated by PCR with
specific primers and cloned into psiCHECK-2 vector, which contains
a Renilla luciferase open reading frame (ORF) and a constitutively ex-
pressed firefly luciferase gene. The predictedmiR-26a binding site was
mutated using Blunting Kination Ligation Kit (6127A, TaKaRa,
Kyoto, Japan). HEK293T cells were cultured in 96-well plates and
co-transfected with 200 ng of the indicated 30 UTR luciferase reporter
vectors with miR-26a mimic (40 nM) or its negative control using At-
tractene reagent (301005, Qiagen). Activities of firefly and Renilla
luciferase were analyzed using the Dual-Luciferase Reporter Assay
System (E1910, Promega, Madison, WI) at 24 h after transfection.
Primers used are provided in Table S12.

RNA-seq analysis

RNA-seq analysis was performed by the Bejing Novogene Company.
Sequencing libraries were generated using NEBNext Ultra RNA Li-
brary Prep Kit (E7530L, Ipswich, MA) for Illumina (NEB) following
manufacturer’s recommendations, and index codes were added to
attribute sequences to each sample. Downstream analysis was per-
formed using a combination of programs including Bowtie2, To-
phat2, HTseq, and Cufflink. RNA-seq data were deposited into
NCBI Sequence Read Archive (SRA) database and can be accessed
via the BioProject accession number: PRJNA782201.

Bioinformatic analysis environment

All bioinformatic analyses were performed within the R environment
(version 3.6.2, https://www.r-project.org/).

SOMs

Genes with zero or constant expression were removed from the gene-
centric expression data, which was log2-transformed and quantile
normalized. The resulting matrix of DEGs and their origins were
used as input for the unsupervised, SOM neural network building us-
ing the oposSOM Bioconductor package (https://bioconductor.org/
packages/release/bioc/html/oposSOM.html, version 2.4.0) with a
map space of 40� 40.51 To investigate associations between the sam-
ple phenotype and the SOMmetagenes, sample groups were provided
as group labels.

Functional and pathway enrichment analysis

Functional and pathway enrichment analysis of the DEGs was
conducted using clusterProfiler Bioconductor package (https://
bioconductor.org/packages/release/bioc/html/clusterProfiler.html,
version 3.14.3). GO and KEGG analyses for the DEGs were conduct-
ed. The Benjamini and Hochberg method was used to adjust the
p values and <0.05 was significant.
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H&E staining and histopathology

Fresh pancreas was collected and immersed in 10% neutral-buffered
formalin for fixation, followed by paraffin embedment. Then they
were cut into 4-mm-thick sections and stained with hematoxylin-
eosin (H&E) for morphological analyses. The pancreatic (edema, in-
flammatory cell infiltration, and PAC necrosis) histopathology scores
were evaluated as previously reported.49,76

For all experimental groups, 10 random fields of each pancreatic slide
were graded by two independent blinded observers at magnification
of 200�. Severity of pancreatic injury was defined by the extent of
edema (scored as 0–4 where 0 = absent, 1 = focally increased between
lobules, 2 = diffusely increased between lobules, 3 = acini disrupted,
4 = acini separated), inflammatory cell infiltration (scored as 0–4
where 0 = absent, 1 = around ductal margins in ducts, 2 = in <50%
of the lobules of the parenchyma, 3 = in 50%–75% of the lobules of
the parenchyma, 4 = in > 75% of the lobules of the parenchyma),
and PAC necrosis (scored as 0–4 where 0 = absent, 1 = < 5% periduc-
tal necrosis, 2 = 5%–20% focal parenchymal necrosis, 3 = 20%–50%
diffuse parenchymal necrosis, 4 = > 50% diffuse parenchymal necro-
sis), and overall histopathology score calculated as the sum of individ-
ual scores.76

Immunohistochemistry staining

Pancreatic sections were incubated with anti-TRPC3 and TRPC6 an-
tibodies, followed by binding with horseradish peroxidase-conjugated
secondary antibodies, and detected with a DAB Kit (ZLI-9017, Zsbio,
Beijing, China) and counterstained with hematoxylin.

TUNEL staining

TUNEL assays were performed on paraffin sections according to
the manufacturer’s instructions (A113, Vazyme; Nanjing, China).
Briefly, sections were counterstained with 40,6-diamidino-2-phe-
nylindole (DAPI; 62248, Thermo Fisher Scientific), and then
digital images were obtained using an epi-fluorescent confocal mi-
croscope (ZEISS AX10 imager A2/AX10 cam, HRC, Heidelberg,
Germany).

Determination of serum amylase, lipase, and IL-6

Serum amylase (C016) and lipase (A054) were measured by respec-
tive specific kits from Nanjing Jiancheng Bioengineering Institute.
Serum IL-6 was measured by Quantikine ELISA from R&D Systems
(M600B, Minneapolis, MN).

Measurement of myeloperoxidase

Lung myeloperoxidase was tested as previously reported.49

Statistical analysis

Independent data are presented as mean ± SEM in box or violin
plots with dot plots representing individual values, while continuous
variables are depicted as line graphs. Statistical analysis was per-
formed with GraphPad Prism 8 software (version 8.0.1) using
two-tailed unpaired Student’s t test with a p value of < 0.05 consid-
ered significant.
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