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Abstract

BACKGROUND & AIMS—Mitochondrial dysfunction disrupts the synthesis and secretion of
digestive enzymes in pancreatic acinar cells and plays a primary role in the etiology of exocrine
pancreas disorders. However, the transcriptional mechanisms that regulate mitochondrial function
to support acinar cell physiology are poorly understood. Here, we aim to elucidate the function
of estrogen-related receptor -y (ERRy) in pancreatic acinar cell mitochondrial homeostasis and
energy production.

METHODS—Two models of ERRYy inhibition, GSK5182-treated wild-type mice and ERRy
conditional knock-out (cKO) mice, were established to investigate ERR+y function in the exocrine
pancreas. To identify the functional role of ERRy in pancreatic acinar cells, we performed
histological and transcriptome analysis with the pancreas isolated from ERRy cKO mice. To
determine the relevance of these findings for human disease, we analyzed transcriptome data
from multiple independent human cohorts and conducted genetic association studies for ESRRG
variants in two distinct human pancreatitis cohorts.

RESULTS—BIlocking ERRy function in mice by genetic deletion or inverse agonist treatment
results in striking pancreatitis-like phenotypes accompanied by inflammation, fibrosis, and

cell death. Mechanistically, loss-of-ERRy in primary acini abrogates mRNA expression and
protein levels of mitochondrial oxidative phosphorylation (OXPHOS) complex genes, resulting in
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defective acinar cell energetics. Mitochondrial dysfunction due to ERRy deletion further triggers
autophagy dysfunction, ER stress, and production of reactive oxygen species, ultimately leading
to cell death. Interestingly, ERR-y-deficient acinar cells that escape cell death acquire ductal cell
characteristics indicating a role for ERRy in acinar-to-ductal metaplasia. Consistent with our
findings in ERRy cKO mice, ERRy expression was significantly reduced in patients with chronic
pancreatitis compared to normal subjects. Furthermore, candidate locus region genetic association
studies revealed multiple single nucleotide variants (SNVs) for ERRy that associated with chronic
pancreatitis.

CONCLUSIONS—Caollectively, our findings highlight an essential role for ERRvy in maintaining
the transcriptional program that supports acinar cell mitochondrial function and organellar
homeostasis and provide a novel molecular link between ERR+y and exocrine pancreas disorders.

Keywords

ERRy; Pancreatic acinar cells; Mitochondrial oxidative phosphorylation; Reactive oxygen species;
Acinar-to-ductal metaplasia

Introduction

Acinar cells of the exocrine pancreas perform exceptionally high rates of protein translation
to support the synthesis, storage, and secretion of digestive enzymes. The intense energetic
demands to support these processes necessitate a robust cellular program for mitochondrial
oxidative phosphorylation (OXPHOS) and energy production.! Of note, pathological
conditions, such as acute pancreatitis, associate with abnormal mitochondria, reduced
cellular respiration, and diminished ATP reserves. Impaired acinar cell OXPHOS can lead to
the accumulation of reactive oxygen species (ROS), ER stress, and autophagy dysfunction,
and, when sustained, leads to acinar cell death in mouse models of pancreatitis.?: 3

While it is clear that high levels of energy production are crucial for normal acinar cell
function, the molecular program that governs acinar cell energetics and mitochondrial
function remains unknown. To address this gap, we turned our attention to a common

link between several observations regarding mitochondrial function and exocrine pancreas
dysfunction. First, deficiency of PPAR~y coactivator 1 a (PGC-1a.), a master regulator

of mitochondrial biogenesis and energy metabolism, has been shown to exacerbate
experimentally induced acute pancreatitis in mouse studies.* Second, the clinical use

of tamoxifen has been linked to acute pancreatitis of unknown etiology and impaired
respiration of cancer cells through estrogen receptor-independent mechanisms.>: 8 Notably,
both PGC-1a and tamoxifen can directly bind and regulate estrogen-related receptor

v (ERRYy), suggesting that ERRy may play a role in acinar cell biology and energy
metabolism.

ERRy is an orphan nuclear receptor and a member of the estrogen-related receptors (ERRS)
subfamily including ERRa and ERR. Transcriptional activity of ERRs is enhanced by
PGC-1 family coactivators and together orchestrate transcriptional programs involved in the
regulation of mitochondrial biogenesis, the tricarboxylic acid (TCA) cycle, and OXPHOS
components.’ Notably, one or more ERRs are recruited near the transcriptional start sites
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of about 64% of nuclear-encoded mitochondrial genes.® However, despite the fact that

there are many overlapping target genes between ERRa and ERRy, the two transcription
factors have differential effects on regulation of target gene expression. For example,

ERRa upregulates glycolytic enzymes in breast cancer to sustain aerobic glycolysis and
proliferation, while ERRy inhibits proliferation in breast cancer cells via a shift to oxidative
metabolism.®-11 Furthermore, whole-body ERRa KO mice are developmentally normal,
whereas whole-body ERRy KO mice exhibit perinatal lethality due to heart failure.12: 13
Although the natural ligand for ERR-y is not known, several synthetic ligands can regulate
ERRYy activity by disrupting ERRy-cofactor interactions. For example, diethylstilbestrol
(DES) and 4-hydroxytamoxifen (4-OHT), first identified as ER ligands, can also function as
ERRY inverse agonists.14

Here, we investigate the role of ERRy in acinar cell biology and find both pharmacological
inhibition of ERRy as well as genetic ablation of ERRy cause degenerative pancreatitis-
like phenotypes accompanied by immune cell infiltration, inflammation, and fibrosis. To
understand the cellular and molecular basis of the obligate requirement for ERRy in

the exocrine pancreas, we performed transcriptome analysis of gain- and loss-of-ERRy
pancreatic acini and identify that ERRy is required for the transcriptional control of
mitochondrial gene networks. Consistent with transcriptome analysis results, disrupting
ERRYy function by pharmacological inhibition or genetic ablation triggered mitochondrial
dysfunction. ERR-y inhibition, and the resultant mitochondrial dysfunction, also led to
increased oxidative stress, impaired autophagy, and ER stress indicating that ERRy is
required for pancreatic acinar cell organellar homeostasis. In addition to the requirement
for ERRy as an essential coordinator of acinar cell metabolism, loss-of-ERRy induces
reprogramming of acinar cells to transdifferentiate into duct-like cells. Taken together, our
study uncovers a previously unappreciated and crucial role for ERRvy in maintaining acinar
cell metabolism, function, and identity.

ERRY is required for maintaining pancreas tissue homeostasis and function

Clinical use of tamoxifen (TAM), a selective ER modulator, has been reported to induce
acute pancreatitis.> Confirming previous reports, pancreas tissue from mice treated with
TAM at higher doses, 150 and 300 mg/kg, displayed degenerative acinar cell morphology
and decreased amylase content (Supplementary Figure 1A). However, a lower dose of
TAM at 75 mg/kg did not show any significant effects on pancreas tissue (Supplementary
Figure 1A). The molecular target(s) mediating TAM-induced pancreatitis are unclear but
may involve non-ER targets such as the ERRs.> ® Coactivator recruitment assays for ERRs
revealed that 4-hydroxytamoxifen (4-OHT) inhibits transcriptional activity of ERRp (IC50
=0.915 pM) and ERRy (IC50 = 0.078 uM), but had no effect on ERRa transcriptional
activity (Supplementary Figure 1B). To further test whether ERRP and/or ERRy may

be involved in the TAM-induced pancreas phenotype, we treated mice with GSK5182,

an inverse agonist of ERRB/-y, via osmotic pump delivery (0.5 mg/mouse/day) for 1 wk
(Figure 1A). Examination of pancreatic tissue from GSK5182-treated mice revealed marked
atrophy of acinar structures and reduction of amylase content that closely resembles the
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pancreas phenotype in TAM-treated mice (Figure 1B). Of note, GSK5182 (10 uM) treatment
reduced acinar amylase content in primary mouse acini, indicating that GSK5182 has a
cell-autonomous effect on pancreatic acini (Figure 1C and D).

Next, we sought to determine which target of GSK5182, ERRP or ERRy, mediates the
pancreatic atrophy phenotype using genetic loss-of-ERRP and -ERR-y models. Germline
deletion of ERRp and ERR-y in mice results in embryonic and neonatal lethality,
respectively, thereby precluding analysis of adult pancreas tissue.13: 1516 To circumvent

this early lethality, we generated ERRp and ERR~y conditional knockout mice by crossing
ERRBMM and ERRy ™/l mice with CAG-CreERT2 transgenic mice (hereafter ERRB cKO
and ERRy cKO) (Figure 1E and Supplementary Figure 1C). We confirmed efficient deletion
of ERRB and ERRy in mice treated with 75 mg/kg TAM by genomic DNA PCR and

gene expression analysis (Figure 1F and G, data not shown). While ERRp cKO mice did

not show any appreciable pancreas phenotype, ERRy cKO mice of both sexes exhibited
severe pancreatic atrophy (Figure 1H and Supplementary Figure 1C) and decreased pancreas
weight without changes in body weight (Figure 11 and J). Histological analysis of ERRy
cKO pancreas showed acinar cell dystrophy and marked fibrosis (Figure 1K and L)
accompanied by upregulation of a-SMA (Acta2), collagen 1A1 (Collal), and collagen

1A2 (Colla2) (Figure 1M). We next analyzed tissues other than the pancreas in ERRy

cKO mice but did not observe any histological abnormalities in metabolic organs or other
exocrine glands (Supplementary Figure 2A and B). To further analyze whole body metabolic
phenotypes in ERRy cKO mice, we performed indirect calorimetry and found no significant
differences in oxygen consumption, carbon dioxide production, respiratory exchange ratio
(RER), and heat production in ERRy cKO mice compared to control (Supplementary Figure
3A-E).

Next, we investigated whether ERR~y function is required in a pancreas-autonomous manner
in vivo. To this end, Cre-expressing adenovirus was injected into the parenchyma of
pancreas tissue of ERRy/fl; mTmG reporter mice (Supplementary Figure 4A). Local
deletion of ERRYy in the pancreas by Cre-expressing adenovirus resulted in acinar cell
dystrophy and fibrosis similar to ERRy cKO mice (Supplementary Figure 4B). Collectively,
these results uncover a striking tissue-autonomous requirement for ERRy in the adult
exocrine pancreas and suggest that ERRy may be a target mediating TAM-induced
pancreatitis.

Genetic deletion of ERRy causes progressive degeneration of the adult exocrine pancreas

We next examined cellular and molecular changes along a time course following ERRYy
ablation. Pancreas from ERRy cKO mice harvested for histological analysis 0, 5, 8 and 11
d after the final TAM injection exhibited rapid and progressive pancreatic atrophy (Figure
2A). Notably, ERR-y cKO pancreas acini, marked by amylase expression, underwent both
cell death and compensatory proliferation as shown by increased cleaved caspase-3 (CC3)
and phosphor-histone H3 (P-H3), respectively, followed by the activation of fibrosis as
shown by increased a-SMA (Figure 2B). Local infiltration of macrophages, T-cells and
B-cells marked by F4/80, CD3, and B220, respectively, was also dramatically induced in
ERRy cKO pancreas (Supplementary Figure 5A—C). Absence of enlarged lymph nodes or
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spleen indicate that the inflammatory changes were confined to the pancreas (Supplementary
Figure 5D). Furthermore, dexamethasone treatment had no observable effect on the ERRy
cKO pancreas phenotype, indicating that local or systemic inflammation cannot account for
the degenerative changes observed in ERRy cKO pancreas (Supplementary Figure 5E-H).
Ultrastructure analysis of ERRy cKO pancreatic tissue revealed markedly reduced zymogen
granules in the acinar cells (Figure 2C) which was associated with reduced expression of
acinar cell markers, amylase and elastase (Figure 2D and E). In contrast to exocrine pancreas
atrophy, ERRy cKO mice displayed a significant increase in islet size (Supplementary
Figure 6A and B). Consistent with this observation, ERRy cKO mice showed reduced blood
glucose levels, improved glucose tolerance, and a trend towards increased serum insulin
levels in both male and female mice (Supplementary Figure 6C-E).

We next performed whole pancreas RNA-seq analysis to identify molecular pathways
associated with the ERRy cKO pancreas phenotype. Gene Ontology (GO) analysis

revealed that ERR-y deletion causes unique transcriptional changes, which was not due

to the effect of Cre expression nor tamoxifen (Figure 2F). Transcripts involved in
peptidase/protease inhibitory activity and mitochondrial genes were downregulated whereas
transcripts involved in peptidase/protease activation activity, inflammation, and apoptosis
were upregulated by ERRy ablation (Figure 2G and H). We performed Enrichr analysis with
differentially expressed genes in ERRy cKO pancreas to identify disease associations using
the Jensen database and the Disease perturbations from GEO UP. Down regulated gene

sets from RNA-seq in ERRy cKO pancreas showed significant association with pancreatitis
(Supplementary Figure 7A and B). Taken together, ERRy cKO pancreas display progressive
cellular and molecular alterations that coincide with exocrine pancreas dysfunction and
pancreatitis.

ERRYy is required for maintenance of mitochondrial OXPHOS in pancreatic acinar cells

We next sought to identify the cellular and molecular processes regulated by ERRy within
pancreatic acinar cells. To investigate acinar cell-autonomous transcriptional regulation by
ERRy, we performed RNA-seq using primary acini isolated from ERR-y cKO pancreas

and primary acini transduced with recombinant adenovirus expressing ERRy. GO analysis
of differentially expressed genes from loss- and gain-of-ERRy function in primary acini
revealed enrichment of genes associated with mitochondrial function (Figure 3A). For
example, mitochondrial OXPHOS genes were downregulated in ERRy cKO acini, whereas
ERRy-overexpressing acini showed opposite trends (Figure 3B and C). Downregulation of
mitochondrial gene expression was accompanied by decreased mtDNA copy number (Figure
3D) and OXPHOS complex protein and transcript levels (Figure 3E, Supplementary Figure
8A) in ERR+y cKO pancreas. Interestingly, the expression of PGC-1a., a master regulator of
mitochondrial biogenesis, was also decreased at both RNA (Figure 3G) and protein levels
(Supplementary Figure 8B). ERRy has been demonstrated to directly bind and regulate the
expression of mitochondrial genes in various cell types.17-21 To extend these findings to
pancreatic acinar cells, we conducted ChIP-gPCR with anti-ERRy antibodies using primary
acini nuclei and confirmed direct binding of ERRy at mitochondrial gene loci, Aco2 and
Sdhb (Supplementary Figure 8C).
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Next, we performed extracellular flux analysis to measure mitochondrial function in wild-
type primary acini treated with vehicle or GSK5182 (Figure 3H). Pharmacological inhibition
of ERRy by GSK5182 in primary acini reduced basal respiration, maximal respiration, ATP
production and spare capacity (Figure 31-M), but did not alter extracellular acidification
(Supplementary Figure 9A-F). These results indicate that ERRy is required for maintaining
mitochondrial OXPHQOS function but not glycolysis in primary acini. We next measured
metabolites associated with mitochondrial function and found significant increases of
lactate, acetoacetate and 2-hydroxybutyrate, and 3-hydroxypropionate levels in ERRy cKO
pancreatic tissue, which is consistent with impaired mitochondrial function (Supplementary
Table 1). Interestingly, metabolites involved in the initial part of the TCA cycle, e.g.

citrate, cis-aconitate, and isocitrate, were increased, whereas metabolites involved in the
later part of the TCA cycle, e.g., a-ketoglutarate, succinate, and fumarate were significantly
decreased (Supplementary Table 1). These patterns of changes in TCA cycle intermediates
and elevation of ketone body production closely mirrors what has been observed from
metabolomics studies in acute pancreatitis mice models.22 Collectively, these results indicate
that ERRy plays a pivotal role in mitochondrial energy metabolism via regulation of
OXPHOS gene expression in pancreatic acinar cells.

Mitochondrial dysfunction by ERR+y ablation promotes ROS accumulation in pancreatic

acinar cells

Abnormal OXPHOS gene expression and cellular respiration frequently accompany
structural changes in mitochondria.2% 24 Indeed, analysis of ERRy cKO pancreas acinar
cell ultrastructure revealed mitochondria with markedly reduced cristae and aberrant outer
membrane contour compared to control (Figure 4A). We next evaluated ROS production in
ERR+y cKO pancreas as mitochondrial dysfunction of pancreatic acinar cells is associated
with the production of ROS.16 ERRy ¢KO pancreas showed increased oxidative stress, as
measured by increased 4-hydroxynonenal (4-HNE), a marker of oxidative stress-induced
lipid peroxidation (Figure 4B). Accordingly, nuclear factor erythroid 2-related factor (Nrf2),
a master regulator of antioxidant responses, and its target genes were also upregulated in
ERRy cKO pancreas (Figure 4C). Interestingly, fluorescence imaging of ERRy cKO acini
stained with mitoSOX dye revealed a distinct perinuclear clustering pattern of mitochondria
(Figure 4D and Supplementary Figure 10) as well as increased mitochondrial ROS (Figure
4E). Perinuclear clustering of mitochondria has been associated with the disposal of
damaged mitochondria by mitophagy.2® To analyze in vivo mitophagy, we generated

ERRy cKO mice expressing the mt-Keima transgene, which encodes a mitochondrial pH-
dependent fluorescence reporter25, and performed intravital imaging of the pancreas. Red
fluorescence signals, which represent mitophagy of damaged mitochondria, were increased
in ERRy cKO pancreas compared to controls (Figure 4F—H). These results demonstrate that
ERRy ablation leads to mitochondria dysfunction, increased ROS, and activated mitophagy
in pancreatic acinar cells.

Antioxidant treatment ameliorates exocrine pancreas atrophy in ERRy cKO mice

The pronounced increase of oxidative stress observed in ERRy cKO pancreas, prompted
us to explore whether antioxidants might ameliorate the exocrine pancreas pathology due
to ERRy ablation. To test this, control and ERRy cKO mice were fed either normal chow
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diet (NCD) or chow diet containing butylated hydroxyanisole (BHA), an antioxidant (Figure
5A). The decrease in pancreas weights was mitigated in ERRy cKO mice fed BHA-diet
compared to ERRy cKO mice fed NCD (Figure 5B). Histological analysis of pancreas

from ERRy cKO mice fed with BHA-diet showed dramatic reversal of multiple pancreas
phenotypes observed in ERRy cKO pancreas, including acinar cell atrophy, amylase
deficiency, cell proliferation, and cell death (Figure 5C). These data strongly suggest that
oxidative stress, likely induced by mitochondrial dysfunction, is a major driver of the
pancreatic pathologies observed in ERRy cKO mice.

Loss-of-ERRYy increases autophagy and ER stress in pancreatic acinar cells

Energy deficiency and oxidative stress caused by mitochondrial dysfunction can lead to
impaired autophagy and ER stress in pancreatic acinar cells.? Ultrastructural analysis of
ERR+y cKO pancreas showed dilated rough ER and the accumulation of autophagosomes,
indicating defects in protein folding and autophagy (Figure 6A). Consistent with these
findings, BIP and CHOP, regulators of the unfolded protein response, and LONPL1, a
conserved mitochondrial protease involved in the mitochondrial unfolded protein response,
were upregulated in ERRy cKO pancreas (Figure 6B and C). We next analyzed mRNA and
protein expression of autophagy pathway genes in acinar cells and pancreas from control
and ERRy cKO mice. We observed increased mRNA expression of autophagy-related
genes in ERRy cKO pancreas relative to controls (Figure 6D). LC3B-11/LC3B-I protein
ratio was increased in the absence of changes in P62 protein levels in the pancreas and
primary acini from ERRy cKO mice, suggesting activated autophagy (Figure 6E). To
directly visualize and quantify autophagy in ERRy cKO pancreas, we generated ERRy
cKO mice harboring the GFP-LC3 transgene. Consistent with autophagy gene expression
changes, autophagosome accumulation was increased in pancreas tissue of ERRy cKO;
GFP-LC3 transgenic mice (Figure 6F-H). Intravital imaging of pancreas tissue in ERRy
cKO; GFP-LC3 transgenic mice also showed marked increase of autophagosomes (green
puncta) at day 5 after the final tamoxifen injection (Figure 61).

Similar to ERRy cKO pancreas, pharmacological inhibition of ERRy with GSK5182 in
pancreatic acini also activated autophagic influx (Supplementary Figure 11A-C) and ER
stress response (Supplementary Figure 11D and E). Moreover, blocking mitochondrial
OXPHQOS with rotenone (Supplementary Figure 11F), a complex I inhibitor, was sufficient
to activate autophagy (Supplementary Figure 11G and H) and ER stress (Supplementary
Figure 111 and J), indicating an upstream role for OXPHOS in acinar cell dysfunction
caused by ERRy deficiency. These results demonstrate that mitochondrial dysfunction
resulting from ERRy ablation can subsequently disrupt organellar homeostasis, activating
autophagy and ER stress in pancreatic acinar cells.

ERR+y deletion induces acinar cell reprogramming.

Pancreatic acinar cells can transdifferentiate to progenitor-like cells with ductal
characteristics under stress conditions such as pancreatitis. This conversion from acinar

to duct-like cells, or acinar-to-ductal metaplasia (ADM), is a reversible process to restore
acinar cell function and mass, but can also contribute to the early stages of pancreatic
cancer.2 In parallel with the aforementioned decrease in acinar cells, we noticed an increase
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of cells with ductal cell characteristics in ERRy cKO pancreas (Figure 7A). The identity of
these cells was confirmed by immunostaining of CK19, a marker for ductal cells, and SOX9,
a marker for pancreatic progenitor cells (Supplementary Figure 12A). Consistent with these
observations, expression of genes for maintaining acinar cell identity dramatically decreased
(Supplementary Figure 12B) while ductal and progenitor markers increased in both pancreas
tissue (Figure 7B) and primary acini (Figure 7C) isolated from ERR-y cKO mice compared
to controls.

Ex vivo culture of primary acini on gelatin or matrigel induce transdifferentiation of acinar
cells to ductal cells and serve as a model for ADM. We used this ex vivo culture system

to analyze acinar-to-ductal transdifferentiation of acinar cells isolated from control and
ERRy cKO mice. At day 3 of ex vivo culture, ERRy cKO acini showed accelerated ductal
transdifferentiation compared to controls (Figure 7D). Interestingly, primary acini derived
from wild-type mice downregulate ERR-y expression during ADM in ex vivo cultured
acini (Supplementary Figure 12C). We next examined whether the increased number of
duct-like cells may be due to ductal cell proliferation. To identify the proliferating cell
type(s), we performed bromodeoxyuridine (BrdU) pulse-labeling at 7 d after the final

TAM injection (Supplementary Figure 13A), which is before increased cell proliferation

is observed in ERRy cKO pancreas (Figure 2B). 4 days after the BrdU pulse, i.e. 11 d after
the final TAM injection, most BrdU-positive cells co-stained with amylase but not CK19
in ERRy cKO pancreas, suggesting that increased CK19-positive cells result from acinar
cell transdifferentiation and not ductal cell proliferation (Supplementary Figure 13B). These
results reveal a novel role for ERRy in the maintenance of acinar cell identity and ADM.

As inflammation is known to affect the ADM process, we examined the effect of
metabolically-induced chronic inflammation on the ERR-y cKO pancreas phenotype. To

this end, mice were placed on 8 weeks of high-fat diet prior to TAM-induced ERRy deletion
and analyzed 2 weeks after the final tamoxifen injection (Figure 7E). HFD-fed ERRy cKO
mice also showed severe pancreatic atrophy (Figure 7F). Body weights of HFD-fed ERRy
cKO mice did not change (Figure 7G) but pancreas weights were decreased by ~70%
(Figure 7H) compared to controls. Strikingly, ERRy cKO pancreas exhibited a complete
loss of amylase-positive acinar cells and an exaggerated ADM phenotype as shown by a
massive increase of CK19-positive duct-like cells (Figure 71). These results demonstrate that
the ADM phenotype observed in ERRy cKO pancreas is further exacerbated by metabolic
inflammation, a clinically relevant modifier of pancreatic disease.

ERR+y expression is downregulated in pancreatic tissue from patients with pancreatitis.

Our findings from mouse models demonstrated ERR'y is required for exocrine pancreatic
function. In order to investigate the relevance of these findings for human disease, we
examined ERRy expression in pancreas transcriptome data from two independent cohorts
of normal subjects and chronic pancreatitis patients ((GSE143754] and [E-EMBL-6]).28: 29
Consistent with the pancreatitis-like phenotypes from genetic or pharmacological inhibition
of ERRy in mice, we found that ERRy expression was significantly reduced in chronic
pancreatitis compared to normal pancreas (Figure 8A and B). In both mice and humans,

we did not observe significant sexual dimorphism in terms of ERR~y expression levels
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(Supplementary Figure 14 A and B). Next, we compared significantly downregulated genes
in the pancreas of ERRy cKO mice to genes downregulated in human pancreatitis (Figure
8C). In doing so, we identified a common signature set of 83 genes, many of which

are direct targets of ERR-y based on previous ERR-y ChlP-seq datasets (GSE104905 and
GSE144224), that are reduced in both ERRy knockout mice and human pancreatitis (Figure
8C and 8D). Strikingly, Enrichr analysis with the signature set of 83 genes revealed a highly
significant association with hereditary pancreatitis (Figure 8E). In addition, the common
signature gene-set was predicted to be of acinar cell type, suggesting that dysregulated
ERRy expression within the acinar cells is associated with pancreatitis (Figure 8E). To
further evaluate the acinar cell-specific role of ERRy, we utilized single nucleus-RNA-seq
(snRNA-seq) data from EGAD00001006396 that includes normal pancreas and pancreatitis
patient samples.30 After establishing an snRNA-seq dataset with expression restoration,

we extracted acinar cells and found that ERR-y expression was reduced in the pancreatitis
group relative to the normal pancreas group (Figure 8F). Interestingly, we found that ERRy
target genes were significantly reduced in acinar-REG+ and acinar-s, but generally not

in the acinar-i subtype of pancreatic acinar cells from pancreatitis patients (Figure 8G).
Overall, these findings indicate that decreased ERRy expression is associated with impaired
pancreatic function and contribute to the pathogenesis of pancreatitis.

Functional genetic variants in the ESRRG locus are associated with human pancreatitis.

To determine whether functional genetic variants in the ESRRG locus, which encodes the
human ERRy gene, affect susceptibility to acute pancreatitis (AP) or chronic pancreatitis
(CP), we conducted candidate locus region genetic association studies in the UK Biobank
(UKBB) and the North American Pancreatitis Study 1l (NAPS2) cohorts. We compared
pancreatitis cases and controls for differences in frequency of common single nucleotide
variants (SNV) (MAF >1%) within the ESRRG exons and introns (GRCh38. Chromosome
1: 216676587...217311097 [634.511kb] plus 50 kb borders).

UKBB Cohort.—The UKBB is a population-based cohort of over 502,000 well
characterized adult individuals living in England that contains genetic and phenotypic data
collected on individuals aged 40 to 69, recruited from 2006—-2010.31 32 We identified
patients with pancreatitis phenotypes using a two-step process, plus 24,000 random controls
(see Methods). Association studies were completed on final populations of AP only
(n=3229) and CP only (n=1027) and the SNVs were then filtered for association with
p<0.001 (Supplementary Table 2A). Multiple individual functional SNVs were identified for
association with CP that manifested potential effects on gene expression based on HaploReg
v4.1.33 No SNVs in the AP cohort reached p<0.001, although 9 SNV, representing
independent functional SNVs were associated with AP at p<0.01 (Supplementary Table

3).

Evidence for effects of ESRRG genetic variants on CP were stronger than for AP, with
effects based on a number of CP cases only a third the size of the number of AP cases.
The lead SNV, rs201118685 (OR=0.82; p=9.80e~%) is a single nucleotide deletion at 1.5
kb 5’ of ESRRG that is rare (MAF <0.0001) but it is predicted to disrupt multiple gene
regulatory elements33 and to be protective. Two of the five remaining CP-associated SNVs
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are intronic to the ESRRG gene (rs17669622 and rs12023399). SNV rs12023399 is in high
linkage disequilibrium (LD r2 0.95-1.0) with multiple SNVs that lie within gene enhancer
histone marks (including pancreatic tissue linked to rs1857413, LD r2=0.95) and multiple
nucleotide binding site motifs.33 Three additional SNVs associated with CP are located in
the region 5’ to the ESRRG gene (rs1502358, rs12119765, rs72743335). Both rs1502358
and rs12119765 are highly linked to multiple potentially functional SNPs. SNV rs72743335
is predicted to alter pancreatic tissue enhancer histone marks and alters two nucleotide
binding motifs (Nr2f2, Pax-5).33 This SNV is also in high LD with at least 11 other SNVs
that alter promoter histone marks, enhancer histone marks, DNAse protection and multiple
additional nucleotide binding motifs.

NAPS2 Cohort.—The NAPS2 cohort represents three sequential, cross-sectional, case-
control studies of recurrent acute pancreatitis (RAP) and CP as previously described 34-36,
The subset of patients used for this additional analysis from the NAPS2 cohort was CP
(n=818) and RAP+CP (n=1,277) subjects of European ancestry (EA).

The primary findings from the NAPS2 cohort for SNV associations with CP are given in
Supplementary Table 2B. As seen with the UKBB cohort, there are multiple CP-associated
SNVs located in gene regulatory elements or in LD with variants in gene regulatory
elements.33 The strength of the effects was similar (see ORs in Supplementary Table 2A
and B) although the p-values in the NAPS2 cohort were less significant. Taken together,
these data demonstrated that, in two independent cohorts, multiple gene expression-altering
SNVs in the ESRRG locus are associated with CP.

Discussion

ERRy has emerged as a key regulator of cellular metabolism in a variety of tissues including
muscle, brain, and insulin-secreting beta-cells.17-21 However, its role in the exocrine
pancreas is unknown. Initial evidence linking ERRy to exocrine pancreas function came
from the observation that GSK5182 treatment, an inverse agonist of ERRy, in mice induced
exocrine pancreatic pathology similar to tamoxifen-induced pancreatic injury. Extending
this observation, we find ERRy cKO mice present with rapid and irreversible atrophy

of the exocrine pancreas, confirming an obligate /n vivorole for ERRYy in this tissue.

Of note, immunosuppression by dexamethasone treatment did not alter the ERRy cKO
pancreas phenotype, whereas local deletion of ERRy by viral Cre delivery phenocopied

the ERRy cKO pancreas. These results establish ERRy as a tissue-autonomous regulator
of adult exocrine pancreas function that cannot be compensated by related transcription
factors such as ERRa or ERRp. Furthermore, the pancreas phenotypes resulting from
pharmacological inhibition or genetic deletion of ERR-y in mice suggest a potential link to
human pancreatitis. Indeed, transcriptome data analysis from multiple independent cohorts
revealed a significant reduction in ERRy expression in pancreas tissues from patients with
chronic pancreatitis compared to normal subjects.

The unique energetic and biosynthetic demands of acinar cell function require the concerted
actions of an interdependent multi-organellar network including mitochondria, endoplasmic
reticulum (ER), and the endo-lysosomal system.2 3 We show that ERRy is necessary
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and sufficient for the transcriptional control of mitochondrial gene networks, particularly
OXPHOS-related genes, in pancreatic acini. Furthermore, disrupting ERRy function not
only triggered mitochondrial dysfunction but also led to increased oxidative stress, impaired
autophagy, and ER stress in pancreatic acini. These results demonstrate a primary molecular
function for ERRy as a transcriptional regulator of the mitochondrial gene expression
program required for pancreatic acinar cell organellar homeostasis and function.

Acinar-to-ductal metaplasia (ADM) is a regenerative process following pancreatic injury
but also contributes to the development of pancreatic intraepithelial neoplasia (PaniIN),

a precursor lesion for pancreatic ductal adenocarcinomas.*%-44 Oncogenic mutations of
Kras have been shown to promote ADM and PanIN development driven by mitochondrial
dysfunction and ROS production.*>: 46 ERRy cKO mice also present with an ADM
phenotype that is modified by antioxidant treatment and diet-induced obesity, indicating
that ROS and metabolic inflammation, respectively, are key mediators for ADM induced
by ERRYy ablation. Furthermore, ERR-y cKO pancreas show decreased expression of genes
involved in acinar cell development such as Ptfla, NrbaZ, and Rbpjl (Supplementary Figure
12B), indicating a role for ERRy in maintaining pancreatic acinar cell identity.

Reliable gene expression data sets on pancreatic tissue are very limited due to the

difficulty of obtaining pancreatic tissue and also extracting high-quality RNA. Nevertheless,
we analyzed ERRy expression in two independent patient cohorts comprised of normal
pancreas and chronic pancreatitis through published data sets. Consistent with our studies

in mice, ERRy expression was significantly reduced in chronic pancreatitis compared to

the normal pancreas. Moreover, ERRy gene signature module scores were dramatically
decreased in the acinar cells in human pancreatitis compared to other cells (data not shown).
Additionally, the human genetic studies provide new evidence that altered regulation of

the ESRRG gene in humans may affect the development of chronic pancreatitis. Although
no SNVs in the coding region of ESRRG were associated with AP or CP, we found

multiple independent regulatory SNVs that were strongly associated with CP but not

AP, with p<0.0001 being significant for a candidate gene approach rather than genome-
wide significance. The identification of CP-associated SNVs linked to multiple functional
regulatory elements highlights the importance of ERRYy in responding to ongoing injury

or stress, rather than being a primary susceptibility gene such as CFTRA7 or PRS5148. A
limitation of the genetic approach is that the two cohorts (UKBB and NAPS2) used different
SNV arrays that did not generally overlap within this locus, even after SNV imputation,
which may explain the lack of replication. Future studies using overlapping SNV content, or
whole genome sequencing approaches (to provide better coverage of the gene coding region)
will give deeper insights into the spectrum of gene variant affects associated with chronic
pancreatitis in the £SRRG locus.

Decades of research highlight the importance of acinar cell bioenergetics in normal
physiology and pathophysiology of the exocrine pancreas. In this study, we identify

an essential /n vivorole for ERRy in the control of mitochondrial gene networks
supporting acinar cell energetics. In addition to this role, we show that ERRy is required
for maintaining acinar cell identity. These findings advance our understanding of the
molecular programs regulating acinar cell metabolism and have therapeutic implications
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for relevant disorders such as pancreatitis and pancreatic cancers as ERRy lies within a
pharmacologically accessible niche.

Materials and Methods

Animal studies

ERRy conditional knockout mice (kindly provided by Yann Herault, PHENOMIN-Mouse
Clinical Institute, France, and Chul-Ho Lee, Korea Research Institute of Bioscience

and Biotechnology, Korea) were crossed with R26-CreERT2 (B6.129-Gt(ROSA)26Sor
tm1(Cre/ERT2)TY]) mice (The Jackson Laboratory, Bar Harbor, Maine, USA). To induce
deletion of ERR-y, tamoxifen (75 mg/kg) was intraperitoneally injected to mice daily for

5 consecutive days. Other mouse strains used in this study are listed in Supplementary Table
4. All mice were housed in a specific pathogen-free facility within the KAIST Laboratory
Animal Resource Center. Mice were maintained under a 12 h light-dark cycle and given
free access to food and water. All protocols for mouse experiments were approved by the
Institutional Animal Care and Use Committee (IACUC) of the Korea Advanced Institute of
Science and Technology.

Dual-fluorescent Cre reporter mice and adenoviral Cre transduction of pancreas tissue

ERRy™ mice were crossed with R26-mTmG reporter mice. The mTmG reporter

mice express a membrane-targeted tdTomato (tdT) prior to Cre expression and express
membrane-targeted GFP after Cre-mediated recombination. Mice were anesthetized with
isoflurane and the pancreas was exposed via laparotomy. Control or Cre recombinant
adenovirus (1.6 x 1078 pfu) was injected at multiple sites within parenchymal regions of
the pancreas with a 31-gauge needle.

Measurement of mitochondrial ROS production

4 d after the final tamoxifen injection, primary acinar cells were stained with 5 uM
MitoSOX™ Red (Invitrogen, Carlsbad, CA, USA) for 10 min at 37°C. Mitochondrial ROS
production was detected using confocal microscopy at 510/580 (excitation/emission) nm and
the fluorescence intensity was quantified with Image J.

mtDNA Quantification

The mitochondrial DNA (mtDNA, ND1) to nuclear DNA (nDNA, HK?2) ratio was measured
by gRT-PCR analysis. Primers are listed in Supplementary Table 7.

Oxygen consumption rate measurement

Oxygen consumption rates of primary pancreatic acinar cells was recorded in 96-well plates
using a XF96 Extracellular Flux Analyzer and the XF Cell Mito Stress Test Kit (Seahorse
Bioscience, North Billerica, MA) following the manufacturer’s protocol. Briefly, primary
acinar cells from C57BL/6J mice were seeded in gelatin-coated 96-well cell culture plate
and subsequent treated with GSK5182 for 48 h. Cells were washed and pre-incubated in XF
DMEM media (pH7.4) for 1 h prior to this assay. The Mito Stress Tests were performed
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according to the manufacturer’s protocol. Oligomycin (2 uM), FCCP (2 uM), and rotenone
& antimycin A (0.5 uM) were added as indicated.

Intravital imaging of pancreas

Mice were anesthetized by intraperitoneal injection of a mixture of Zoletil (20 mg/kg) and
xylazine (10 mg/kg) and mounted on heating pad for maintaining the body temperature

at 37°C during intravital imaging. The pancreas was exposed via laparotomy and kept
hydrated through repeated saline treatment during intravital imaging with an all-in-one
intravital confocal microscopy (IVM-C, IVIM Technology, Daejeon, Republic of Korea). the
biodistribution of autophagosome and mitophagy were detected through z-stack imaging at
multiple locations. To visualize vasculature in pancreas, 25 pg anti-CD31 conjugated with
Alexa Fluor 647 was injected into the tail vein of mice.

Data Availability Statement

Transcriptome datasets generated during the current study are available in GEO
[GSE161757], GEO [GSE181529] and SRA [PRINA750674].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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<WHAT YOU NEED TO KNOW>
BACKGROUND AND CONTEXT

Mitochondria play crucial roles in pancreatic acinar cell energetics and physiology.
However, the mechanisms regulating acinar cell mitochondrial gene expression programs
are poorly understood.

NEW FINDINGS

Estrogen-related receptor -y (ERRYy) plays an essential /7 vivorole in the transcriptional
control of mitochondrial gene networks that support acinar cell energetics, organellar
homeostasis, and identity.

LIMITATIONS

Further mechanistic studies of ERRy in relationship to exocrine pancreas disorders such
as pancreatitis are required for translation to human disease.

IMPACT

ERRYy is identified to regulate the transcriptional program governing acinar cell
mitochondrial function with clinical and therapeutic implications for exocrine pancreas
disorders such as pancreatitis.

<LAY SUMMARY>

We identify ERRy as a master regulator of pancreatic acinar cell mitochondrial gene
networks, with novel molecular connections to human pancreatitis.
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Figure 1. ERRYy is required for maintaining the pancreatic exocrine gland
(A) Scheme of experiments. Vehicle or GSK5182 was administered to C57BL/6J mice

through an osmotic pump for 1 wk (0.5 mg/day). (B) H&E and immunofluorescence
staining of amylase (AMY) in pancreas from vehicle or GSK5182 treated mice. (C) Scheme
of experiments. Primary acini isolated from C57BL/6J mice were treated with vehicle or
GSK5182 for 48 h. (D) Western blot for amylase and HSP90 in primary acini isolated

from C57BL/6J mice. (E) Genomic structure of TAM-induced ERR~y conditional KO (cKO)
allele. R26, ROSA26 locus; red triangle, loxP sequence; blue box, exonic regions. (F) PCR
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analysis of genomic DNA showing the deletion of ERRy in primary acini from control

and ERR cKO mice. (G) Relative gene expression of ERRy in pancreas from control and
ERRy cKO mice. (H) Gross images of pancreas from control and ERRy cKO mice 7 d after
the final TAM injection. TAM (75 mg/kg) was administered once daily by intraperitoneal
injection for 5 consecutive days. Scale bar, 1 cm. (I-J) Body weights (1) and pancreas (J)
from control and ERRy cKO mice. (K) H&E staining (upper panel) and Masson’s trichrome
staining (lower panel) of pancreas from control and ERRy cKO mice. (L) Quantitation of
collagen deposited area over total area in trichrome stained pancreas sections. (M) Relative
gene expression of fibrosis marker genes in pancreas from control and ERRy cKO mice.
Results were normalized to 36b4. CON, control; cKO, ERRy cKO. All data are presented as
mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.005 by student’s t-test.
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Figure 2. ERRy deletion causes rapid and progressive pancreatic atrophy.
(A-B) Images of control and ERRy cKO pancreas sections with H&E staining or

fluorescence immunostaining for amylase (AMY, red), phospho-H3 (P-H3, white), cleaved
caspase 3 (CC3, green), a-smooth muscle actin (a-SMA, green), and DAPI (blue). Pancreas
samples obtained on indicated day after final TAM injection. (C) Immunofluorescence
images for a-amylase (red) and DAPI (blue) in control and ERRy cKO pancreas. Scale

bar, 50 um (upper panel). Transmission electronic microscopy images of pancreas from
control and ERRy cKO mice. Scale bar, 5 um (lower panel). (D) Western blot for amylase,
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CK19 and HSP90 in pancreas from control and ERRy cKO mice. (E) Relative gene
expression of amylase2a (Amy2a) and elastase (Ela). (F) RNA-seq analysis of whole
pancreas transcriptome. Cluster analysis of differentially expressed genes in pancreas from
ERRy cKO mice before TAM injection (cKO day 0), after the final day of TAM injection
(cKO day 5), and control mice after the final day of TAM injection (CON day 5). (G-H)
Gene ontology (GO) analysis of upregulated genes (G) and downregulated genes in ERRy
cKO pancreas compared to indicated sample. CON, control; cKO, ERRy cKO. All data are
presented as mean £ SEM. *** p < 0.005 by student’s t-test.
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Figure 3.

ERRYy is an essential regulator of the mitochondrial OXPHOS program in pancreatic
acinar cells. (A-B) Gene ontology (GO) (A) and gene set enrichment analysis (GSEA) (B)
of top rank enriched cellular components between ERRy cKO primary acini and ERRy
adenovirus transduced (ERRy OE) primary acini, compared to respective controls (CON).
(C) Heatmap for differential gene expression in ERRy cKO primary acini and ERRy OE
primary acini, compared to respective controls. (D-G) Pancreatic RNA, DNA, and protein
were extracted from control and ERR-y cKO mice 7 d after the final TAM injection. (D)
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Mitochondrial DNA content was quantified by ND1 (mtDNA) / HK2 (nDNA) ratio. (E)
Western blot for OXPHOS complex proteins in pancreas from control and ERRy cKO
mice. a-tubulin, loading control. (F) Quantitation of protein levels from (E) normalized to
a-Tubulin expression. (G) Relative gene expression of PGCla and PGC1p. (H) Scheme of
experiments. Primary acini from C57BL/6J mice were treated with vehicle or GSK5182 (10
uM) for 48 h. (1-M) Extracellular flux analysis measurements for (1) oxygen consumption
rate, (J) basal respiration, (K) maximal respiration, (L) ATP production and (M) spare
capacity. CON, control; cKO, ERRy cKO. All data are presented as mean + SEM. ** p <
0.01, *** p < 0.005 by student’s t-test.
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Figure 4. Mitochondrial dysfunction by ERRy deletion induces ROS in pancreatic acinar cells.
(A) Transmission electronic microscopy images of pancreas tissue showing acinar cell

mitochondria from control and ERRy cKO 0 d (left panel) and 7 d (right panel) after the
final TAM injection. Scale bar, 1 pm. (B) Western blot for 4-HNE and HSP90 in pancreas
from control and ERRy cKO mice 3 d after the final TAM injection. (C) Bright field (left
panel) and fluorescence (right panel) images for MitoSOX (red) and DAPI (blue) in primary
acini isolated from control and ERRy cKO mice pancreas. MitoSOX fluorescence indicates
production of mitochondrial superoxide. Scale bar, 5 um. (D) Quantitation of MitoSOX
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fluorescence intensity (arbitrary units). (E) Relative gene expression of antioxidant markers
in pancreas from control and ERRy cKO mice. Results were normalized to 36b4. (F) In
vivo time-course imaging of pancreas in control and ERRy cKO; mt-Keima mice. mt-Keima
protein is localized in the mitochondrial matrix and displays a bimodal excitation peak that
is pH-dependent. The 488 nm excitation peak of mt-Keima (green) indicates mitochondria
exposed to a neutral environment. The 561 nm excitation peak of mt-Keima (red) indicates
mitochondria exposed to an acidic environment. Scale bar, 50 pm. (G-H) Quantitation of the
mitophagy index as calculated by red/green area of mt-Keima signals at d 0 (G) and d 5.
CON, control; cKO, ERRy cKO. All data are presented as mean £ SEM. * p < 0.05, *** p <
0.005 by student’s t-test.
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Figure 5. Antioxidant treatment ameliorates degenerative pancreatic phenotypes in ERRy cKO
mice.

(A) Scheme of experiments. Control and ERRy cKO mice were fed with normal chow

diet (NCD) or NCD supplemented with butylated hydroxyanisole (BHA) for 1 wk prior to
first TAM injection and analyzed 7 d after the final TAM injection. (B) Pancreas weights
from NCD or BHA fed control and ERRy cKO mice. (C) H&E staining and fluorescence
immunostaining of pancreas in NCD or BHA fed control and ERRy cKO mice for amylase
(AMY, red), phospho-H3 (P-H3, white), cleaved caspase 3 (CC3, green) and DAPI (blue).
CON, control; cKO, ERRy cKO. Scale bar, 50 um. All data are presented as mean + SEM.
**p < 0.01 by student’s t-test.

Gastroenterology. Author manuscript; available in PMC 2023 July 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Choi et al. Page 30

@
[=}
53
=}

3 S
3 . B4 o
B 40 8 p=]
g @ ,g.ao °
@
G20 3 22 o
(&% e
o o
‘5 ol 55 . 0
CON cKO CON cKO
8
Pancreas 1° Acini CON cKO

o

CON cKO CON cKO
- = —|CcHoP
== ==BiP
L. e = /LONPT
- o | HSPOO

IS

N

Relative expression w

o

o

Pancreas 1° Acini

CON cKO CON cKO
MEPE[E®E=| c3E
TSN - - ps2
| ] o ] HSPOO

IS

N

Relative expression O
w

GFP-LC3/CD31

Figure 6. Loss of ERRYy results in ER stress and autophagy in pancreatic acinar cells.
(A) Transmission electronic microscopy images of pancreas tissue showing acinar cell from

control and ERR-y cKO pancreas at indicated day after the final TAM injection. Scale
bar, 5 um and 1 pm for region of interest (ROI) (B) Western blot for ER stress markers

in pancreas and primary acini from ERR-y cKO mice, compared to control 4 d after the
final TAM injection. (C) Relative gene expression of ER stress markers in pancreas from
control and ERRy cKO mice. Results were normalized to 36b4. (D) Western blot for
autophagy markers in pancreas and primary acinar cells of ERRy cKO mice. (E) Relative
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gene expression of autophagy markers in pancreas from control and ERRy cKO mice.
Results were normalized to 36b4. (F) P62 immunofluorescence staining of frozen tissue
sections from control and ERRy cKO; GFP-LC3 transgenic mice pancreas. Scale bar, 5

um (G-H) Quantitation of GFP-LC3 puncta per cell (G) and P62 puncta per cell (H). (1)
Intravital imaging control and ERRy cKO; GFP-LC3 transgenic pancreas. GFP-LC3 puncta
(green) indicate autophagosomes and CD31 (red) indicates blood vessels. CON, control;
cKO, ERRy cKO. Scale bar, 50 um. All data are presented as mean + SEM. * p < 0.05, **
p<0.01, *** p < 0.005 by student’s t-test.
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Figure 7. ERRy deletion induces acinar cell reprogramming.
(A) H&E and immunofluorescence images for amylase (AMY, red), CK19 (green), and

SOX9 (magenta) control and ERRy cKO pancreas 7 d after the final TAM injection.

Scale bar, 20 pm. (B) Relative gene expression of pancreatic lineage markers from control
and ERRy cKO mice pancreas. Results were normalized to 36b4. (C) Western blot for
amylase, CK19 and HSP90 in primary acini isolated from control and ERRy cKO mice.

(D) Micrographs of ex vivo cultured primary acini on gelatin-coated wells (upper panel) and
guantitation of percent duct-like cells over total cells per well (lower panel). Scale bar, 20
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um. (E) Scheme of experiments. Control and ERRy cKO mice were fed high-fat diet (HFD)
for 8 wk and then intraperitoneally injected with TAM (75mg/kg) daily for 5 consecutive
days. Analysis was performed 2 wk after the final TAM injection. (F-H) gross images (F),
body weights (G), and pancreas weights (H) from control and ERR-y cKO mice. Scale bar,

1 cm. (1) H&E and immunofluorescence images for amylase (red) and CK19 (green) in
control and ERRy KO pancreas. Scale bar, 50 pm. CON, control; cKO, ERRy cKO. All data
are presented as mean + SEM. * p < 0.05, *** p < 0.005, by student’s t-test.
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Figure 8. ERRy and ERRy-dependent genes are downregulated in human pancreatitis cohorts.

ERRy expression in normal pancreas (n=9) and pancreatitis (n=

6) from the human cohort

1 (GSE143754). The microarray data was extracted and normalized. Expression level was

shown as log, scale. (B) ERR+y expression in normal pancreas

(n=9) and pancreatitis (n=9)

from the human cohort 2 (E-EMBL-6). The microarray data was extracted and normalized.
Expression level was shown as log, scale. (C) Overlapping genes between down-regulated
genes in ERRy cKO mouse and down-regulated genes in human pancreatitis from human
cohort 1. (D) The heatmap shows expression patterns of overlapping genes. Individual
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gene expression was normalized and shown as a range of min and max. Comparison

of overlapping gene set with ERRy ChIP-seq peaks was presented using red color. (E)
Enrichr analysis predicts diseases and cell types. The overlapping gene set is associated with
hereditary pancreatitis as a top predicted disease. The top predicted cell type was acinar
cells in pancreas. The scale was presented in -logqg(P-value). (F) Single nucleus RNA-seq
analysis showing decreased ERRy expression in acinar cells. The sSnRNA-seq object was
established from the EGA dataset (EGAD00001006396). (G) In acinar-REG+ and acinar-s
cells, gene expression of the expected ERRy targets was significantly decreased, but not in
acinar-i cells.
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