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ABSTRACT
The orphan nuclear receptor ESRRA (estrogen related receptor alpha) is critical in mitochondrial biogenesis and 
macroautophagy/autophagy function; however, the roles of ESRRA in intestinal function remain uncharacter-
ized. Herein we identified that ESRRA acts as a key regulator of intestinal homeostasis by amelioration of 
colonic inflammation through activation of autophagic flux and control of host gut microbiota. Esrra-deficient 
mice presented with increased susceptibility to dextran sodium sulfate (DSS)-induced colitis with upregulation 
of intestinal inflammation. In addition, esrra-null mice had depressed AMP-activated protein kinase phosphor-
ylation (AMPK), lower levels of TFEB (transcription factor EB), and accumulation of SQSTM1/p62 (sequesto-
some 1) with defective mitochondria in intestinal tissues. Esrra-deficient mice showed distinct gut microbiota 
composition and significantly higher microbial diversity than wild-type (WT) mice. Cohousing or fecal micro-
biota transplantation from WT mice to Esrra-deficient mice ameliorated DSS-induced colitis severity. 
Importantly, patients with ulcerative colitis (UC) had significantly decreased ESRRA expression in intestinal 
mucosal tissues that correlated with disease activity, suggesting clinical relevance of ESRRA in UC. Taken 
together, our results show that ESRRA contributes to intestinal homeostasis through autophagy activation and 
gut microbiota control to protect the host from detrimental inflammation and dysfunctional mitochondria.

Abbreviations: ABX, antibotics; AMPK, AMP-activated protein kinase; ATP5A1, ATP synthase, H+ transporting, 
mitochondrial F1 complex, alpha subunit 1; BECN1, beclin1, autophagy related, CCL, C-C motif chemokine 
ligand; CD, Crohn disease; CLDN, claudin; COX4I1, cytochrome c oxidase subunit 4I1; cKO, conditional knock-
out; cWT, conditional wild-type; CXCL, C-X-C motif chemokine ligand; DAI, disease activity index; DSS, dextran 
sodium sulfate; EGFP, enhanced green fluorescent protein; ESRR, estrogen related receptor; ESRRA, estrogen 
related receptor alpha; Esrra+/+, Esrra wild type; esrra–/-, esrra homozygous knockout; FMT, fecal microbiota 
transplantation; GABARAP, gamma-aminobutyric acid receptor associated protein; GSEA, gene set enrichment 
analysis; IBD, inflammatory bowel disease; IL, interleukin; KO, knockout; LAMP1, lysosomal-associated mem-
brane protein 1; LCN2, lipocalin 2; LEfSe, linear discriminant analysis (LDA) effect size; LPS, lipopolysachharide; 
MAP1LC3/LC3, microtubule associated protein 1 light chain 3; NDUFAB1, NADH: ubiquinone oxidoreductase 
subunit AB1; OCLN, occludin; OUT, operational taxonomic unit; OXPHOS, oxidative phosphorylation; PCoA, 
principal coordinate analysis; PPARGC1A, PPARG coactiva- tor 1 alpha; PRKAA, 5’-AMP-activated protein kinase 
catalytic subunit alpha; PTGS2/COX2, prostaglandin-endoperoxide synthase 2; RAB7, member RAS oncogene 
family; SDHB, succinate dehydrogenase complex, subunit B, iron sulfur (Ip); SQSTM1/p62, sequestosome 1; 
S100A9, S100 calcium binding protein A9 (calgranulin B); TCA, tricarboxylic acid; TFEB, transcription factor EB; 
TNF, tumor necrosis factor; UC, ulcerative colitis; UCP2, uncoupling protein 2 (mitochondrial, proton carrier); 
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Introduction

The ESRR (estrogen related receptor) family consists of three 
subfamilies, including the first identified orphan nuclear recep-
tor ESRRA/NR3B1 (estrogen related receptor alpha), ESRRB/ 
NR3B2, and ESRRG/NR3B3 [1–3]. Among them, ESRRA is the 
most studied member; this protein is a regulator of energy 
metabolism [4] and is highly expressed in various human tissues 
and organs [5]. Due to its critical function in mitochondrial 
biogenesis and energy metabolism, ESRRA dysregulation can 
result in metabolic disorders, particularly liver disease and breast 
cancer [3,6,7]. In addition, ESRRA is crucially involved in the 
regulation of autophagy in macrophages at transcriptional and 
post-translational levels [8]. Recent studies have shown that 
ESRRA has immune controlling action in infection and inflam-
mation [8–11], suggesting a much broader function of ESRRA in 
maintaining immune homeostasis than early envisioned.

Inflammatory bowel disease (IBD), which mainly includes 
Crohn disease (CD) and ulcerative colitis (UC), is a complicated 
polygenic disorder with multiple etiologies that include genetic, 
environmental, and dysbiosis of gut microbiota factors [12–16]. 
Recent evidence suggests that autophagy, a cellular catabolic path-
way, is strongly associated with intestinal homeostasis, through 
multiple mechanisms including regulation of inflammation and 
antimicrobial peptide generation [17,18]. Several studies have also 
supported the role of mitochondria in prevention of intestinal 
inflammation, since mitochondrial dysfunction may play impor-
tant roles in epithelial barrier maintenance and disease pathogen-
esis in IBD [19]. Both autophagy and mitochondrial function are 
important in the maintenance of biological homeostasis during 
stress conditions. Nevertheless, the fine-tuning of these functions 
remains elusive in the context of intestinal homeostasis, as the 
central players controlling both pathways have not yet been 
clarified.

According to recent studies, the gut microbiota is closely 
linked to intestinal pathology and inflammation through reg-
ulation of autophagy. For example, Fusobacterium nucleatum is 
increased in the gut of colorectal cancer patients and is asso-
ciated with chemoresistance in response to chemotherapeutics 
through activation of the autophagy pathway [20]. In addition, 
human commensal Bacteriodes fragilis secretes outer mem-
brane vesicles to activate autophagy for protection against 
colitis [21]. However, it remains largely unknown whether 
a causal relationship exists among gut microbiota, autophagy, 
and inflammation in terms of intestinal homeostasis.

Because ESRRA is highly expressed in intestinal tissues 
[22], ESRRA may play a key function in the regulation of 
intestinal function that so far has been underexplored. In this 
study, we found that ESRRA is critically required for intestinal 
homeostasis and mediates its function through amelioration 
of colonic inflammation by coordinating autophagy and mito-
chondrial function. Esrra deficiency led to defective phos-
phorylation of AMP-activated protein kinase (AMPK), 
decreased expression of TFEB (transcription factor EB), and 
reduced the upregulation of SQSTM1 levels in intestinal coli-
tic tissues. In addition, ESRRA ablation in intestinal epithelial 
cells led to defective autophagic flux, reduced expression of 
genes involved in autophagic flux, and enhanced inflamma-
tion. Furthermore, Esrra-deficient mice had higher bacterial 

diversity and a significant shift in the microbiome composi-
tion, which was characterized by an increase in the phyla 
Firmicutes and a decrease in the phyla Bacteroidetes. 
Colonization of Esrra-deficient mice with fecal microbiota 
from wild-type (WT) littermates improved the survival rate 
and ameliorated colonic inflammation. Furthermore, ESRRA 
expression levels were significantly diminished in intestinal 
tissues from patients with UC. Taken together, these results 
suggest that ESRRA contributes to intestinal homeostasis 
through autophagy and gut microbiota control to protect 
the host from detrimental inflammation and mitochondrial 
dysfunction.

Results

ESRRA is decreased in colonic tissues and is required for 
controlling host susceptibility during DSS-induced colitis.

To determine whether ESRRA is predominantly expressed in 
intestinal tissues, we performed immunohistochemical stain-
ing for ESRRA in murine colonic tissues. As shown in Figure 
1A, abundant ESRRA was primarily observed in the epithelial 
cells of intestinal mucosal tissue. Next, we studied whether the 
expression pattern of ESRRA was changed in an experimental 
colitis mouse model. A dextran sodium sulfate (DSS)-induced 
colitis model, which mimics UC in humans, was used in this 
study [23]. To analyze differences in the expression patterns 
of ESRRA during experimental models of IBD, qPCR and 
western blot analysis was performed on total extracts of 
colon tissues from mice challenged with or without DSS. It 
was noted that mRNA and protein levels of ESRRA were 
significantly downregulated in colonic tissues after DSS chal-
lenge (Figure 1B, C).

To explore the role of ESRRA in host protective effects 
against intestinal inflammation, we challenged Esrra-deficient 
(esrra−/-) mice and their WT littermates (Esrra+/+) with 1.5% 
and 2% DSS. When age- and sex-matched Esrra+/+ and 
esrra−/- mice were exposed to 1.5% DSS in drinking water, 
the body weight and survival rate of esrra−/- mice were nota-
bly decreased after 6 days, compared with those of Esrra+/+ 

mice (Figure 1D, E). Furthermore, more than half of esrra−/- 

mice died by day 9 of the study, whereas no Esrra+/+ mice 
died (Figure 1E). Additionally, an increased ratio of colon 
weight:length, a marker of tissue edema [24], was prominent 
in esrra−/- mice at 5 days after onset of DSS-induced colitis, as 
illustrated in Figure 1F and S1A. Similarly, following chal-
lenge with 2% DSS, esrra−/- mice robustly succumbed to death 
as early as 7 days after DSS exposure; nearly all mice died 
within 10 days after DSS administration (Fig. S1B). As indi-
cated by disease activity index (DAI) values, DSS caused 
dramatic pathological responses (i.e., weight loss, rectal bleed-
ing, and loose stool) in esrra−/- mice, in comparison with 
Esrra+/+ mice, at the indicated days (P < 0.001) (Fig. S1C). 
Histological evaluation of DSS-treated esrra−/- mice demon-
strated remarkable effacement of the brush border, extensive 
mucosal inflammation, and edematous submucosal tissues, 
compared with Esrra+/+ mice (Figure 1G); this was consistent 
with a high overall histological injury score, with increased 
immune cell infiltration in lamina propria, crypt loss, 
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abscesses and ulcer, in esrra−/- mice (Figure 1H). Epithelial 
injury and inflammatory lesions were not detected in 
untreated Esrra+/+ and esrra−/- mice (Figure 1G). Because 
ESRRA expression was high in the epithelial cells of intestinal 
mucosal tissue, Esrra cWT (conditional wild-type; Esrraflox/ 

flox) mice were crossed with Vil1 (villin)-Cre mice to generate 
intestinal epithelial cell-specific esrra conditional knockout 
(esrra cKO) mice; pups were treated with DSS. Eight days 
after DSS administration, the body weight of esrra cKO mice 
was notably decreased compared with the weight of Esrra 
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Figure 1. Loss of Esrra aggravates DSS-induced colitis in mice. (A) Immunohistochemical analyses of ESRRA expression in large intestine. Black arrows label intestinal 
epithelial cells of intestinal mucosal tissues. (B, C) ESRRA expressions in colon of DSS-induced colitis model of mice by qPCR and western blotting. (D) initial weight 
and percent body weight after 1.5% DSS treatment of Esrra+/+ and esrra−/− mice. (E) Survival of control and mutant mice after 1.5% DSS administration. (F) colon 
length and representative photographs of colon from control and 1.5% DSS-treated mice of each genotype. (G) representative light microscopy images of H&E 
stained colon tissue sections from Esrra+/+ and esrra−/− mice before and 5 days after 1.5% DSS administration. Scale bars: 600 μm. Arrowhead denote epithelial cell 
damage. (H) colon histological score at day 9. (n > 5 per group). (I) Initial weight and percent body weight after 1.5% DSS treatment of EsrraFlox/Flox and esrra cKO. 
*P < 0.05, **P < 0.01, ***P < 0.001. Mann-Whitney U test (B and H), Two-way ANOVA (D) and log-rank (Mantel-Cox) test (E). Data are the representative of three 
independent experiments (A, C, F, and G), and values represent means (± SEM) from three or four independent experiments performed in triplicate (B, D, E, and H). 
Un, untreated. DSS, DSS treated.
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cWT littermates (Figure 1I). These data suggest that Esrra 
deficiency, particularly in intestinal epithelial cells, exacer-
bates experimental chemical colitis in vivo.

Esrra deletion upregulates the severity of mucosal 
permeability and inflammatory responses in colonic 
tissues.

To evaluate differences in barrier function between Esrra+/+ 

and esrra−/- colons, an in vivo intestinal permeability assay 
was performed using FITC-dextran on day 5 of DSS challenge. 
As shown in Figure 2A, serum FITC-dextran levels were sig-
nificantly higher in esrra−/- mice after DSS treatment, indicat-
ing decreased intestinal barrier function in these mice, 
compared with this function in Esrra+/+ mice. Further exam-
ination of the colonic mucosa by transmission electron micro-
scopy showed severely disrupted tight junctions in DSS-treated 
esrra−/- epithelia in colonic tissues (Figure 2B). In contrast, 
Esrra+/+ epithelia showed relatively intact crypts and tight 
junctions after DSS treatment (Figure 2B). Consistent with 
these findings, we found that the expression levels of numerous 
genes involved in the tight junction complex, including cldn3 
(claudin 3), cldn7 and cldn8 as well as ocln (occludin), were 
remarkably depressed in esrra−/- colonic tissues, compared with 
those tissues in Esrra+/+ mice (Figure 2C, S2A). Notably, 
numerous genes involved in the tight junction complex pos-
sessed at least two ESRRA consensus motifs (5′-TNAAGGTCA 
-3′) [25] in their promoter regions (within 5 kb upstream of the 
transcription start sites) (Fig. S2B), suggesting that ESRRA 
exhibits functional importance in terms of the transcriptional 
activation of multiple gene sets associated with the integrity of 
the intestinal epithelial barrier. These data confirm that ESRRA 
is required for gut barrier function and maintenance of the 
integrity of junctional complexes in colonic epithelia of mice 
with DSS-induced colitis.

We subsequently investigated whether the synthesis of 
inflammatory mediators is differentially regulated in the colo-
nic mucosa between Esrra+/+ and esrra−/- mice. Heatmap 
analysis of global mRNA expression between Esrra+/+ and 
esrra−/- colons showed that DSS challenge led to increased 
expression levels of numerous inflammatory cytokines/che-
mokines in the colons of esrra−/- mice, compared with the 
colons of Esrra+/+ mice (Figure 2D). In addition, qPCR ana-
lysis validated the RNA sequencing analysis data and showed 
that the mRNA expression levels of several inflammatory 
cytokines and chemokines (Tnf [tumor necrosis factor], Il6 
[interleukin 6], Il1b [interleukin 1 beta], S100a9 [S100 calcium 
binding protein A9 (calgranulin B)], Lcn2 [lipocalin 2], Ccl2 
[C-C motif chemokine ligand 2], Ccl3 [C-C motif chemokine 
ligand 3], Cxcl1 [C-X-C motif chemokine ligand 1], Cxcl2 
[C-X-C motif chemokine ligand 2], and Il12a [interleukin 
12A]) were significantly increased in esrra−/- colon tissues, 
compared with Esrra+/+ colons (Figure 2E, S3A). 
Furthermore, TNF protein expression and macrophage infil-
tration levels were significantly increased in DSS-treated 
esrra−/- colons (Figure 2F, G). Western blot analysis revealed 
that the protein levels of various inflammatory mediators 
(PTGS2/COX-2 [prostaglandin-endoperoxide synthase 2], 
IL1B/IL-1β, and TNF) and MAPK1/ERK2-MAPK3/ERK1 

phosphorylation, which regulates inflammatory mediator 
PTGS2 [26], were dramatically upregulated in esrra−/- colons, 
compared with Esrra+/+ colons (Fig. S3B). These results indi-
cated that ESRRA is essentially required for amelioration of 
excessive intestinal inflammation in the epithelia of colon 
tissues in DSS-induced colitis.

Esrra deficiency affects autophagic flux in colonic 
tissues and epithelial cells.

Because autophagy is essential in the maintenance of intest-
inal homeostasis, dysregulation of autophagy may be linked to 
the pathogenesis of IBD [27]. In addition, ESRRA functions as 
a positive regulator of autophagy in macrophages at the tran-
scriptional and post-translational levels [8]. Nevertheless, it 
remains unclear whether and how ESRRA is involved in 
autophagy activation in the colon and colonic epithelial 
cells. To assess whether ESRRA is involved in the autophagy 
process in colonic tissues, we examined the expression levels 
of proteins associated with autophagy and autophagic flux in 
colonic epithelial tissues from Esrra+/+ and esrra−/- mice. The 
SQSTM1 (sequestosome 1) expression level and intensity was 
significantly increased in esrra−/- colons (Figure 3A; S4A and 
S4B), indicating that autophagic flux was significantly inhib-
ited in esrra−/- intestinal epithelia. In addition, the expression 
level of TFEB and the phosphorylation level of AMPK were 
significantly decreased in the colons of esrra−/- mice, com-
pared with Esrra+/+ mice (Figure 3A). We further examined 
the mRNA expression levels of Tfeb and downstream target 
genes involved in autophagic flux (Vps11 [VPS11, CORVET/ 
HOPS core subunit], Uvrag [UV radiation resistance asso-
ciated gene], Becn1 (beclin 1, autophagy related), Gabarap 
[gamma-aminobutyric acid receptor associated protein], 
Rab7 [RAB7, member RAS oncogene family], and Lamp1 
[lysosomal-associated membrane protein 1]) [28], and found 
that they were significantly decreased in colonic epithelia 
from DSS-treated esrra−/- mice (Figure 3B; S4C).

To assess the role of ESRRA in the regulation of autop-
hagic flux in epithelial cells, we generated CRISPR-Cas9 
ESRRA knockout (KO) cells derived from HT-29 cells; we 
confirmed that ESRRA levels were markedly downregulated, 
whereas SQSTM1 levels were upregulated, in ESRRA KO 
cells (Fig. S4D). When WT and ESRRA KO HT-29 cells 
were transduced with mCherry-EGFP-LC3B retrovirus, 
ESRRA KO cells displayed defective quenching of the GFP 
signal, while ESRRA WT cells showed red-colored signals 
(Figure 3C); this supported our findings regarding the block-
ade of autolysosome acidification. In addition, the mRNA 
and protein levels of TFEB were decreased in ESRRA KO 
cells (Figure 3D, E), compared with those in ESRRA WT 
cells. Because previous studies found that autophagosome 
formation was reduced at higher densities of certain cells 
[29], we compared TFEB expression at both low and high 
cell densities; the pattern of TFEB expression levels did not 
differ (Figure 3E). Similar to in vivo results, mRNA expres-
sion of UVRAG was lower in unstimulated ESRRA KO cells, 
compared to ESRRA WT cells (Figure 3F). We additionally 
assessed whether inhibition of autophagic flux is related to 
the upregulation of inflammatory responses in ESRRA KO 
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cells. As shown in Fig. S4E, ESRRA deficiency led to 
a significant increase in the mRNA levels of inflammatory 
mediators, including IL6, IL1B, CCL2, CXCL2, IL12A and 

LCN2. These data strongly suggested that ESRRA is 
a positive regulator of autophagy that controls inflammatory 
responses, in colonic epithelial cells.
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ESRRA is required for the maintenance of mitochondrial 
function and increases the number of functional 
mitochondria in colonic tissue and epithelial cells.

ESRRA is a nuclear receptor that regulates numerous genes 
involved in mitochondrial and metabolic functions, including 
fatty acid β-oxidation, tricarboxylic acid cycle, and oxidative phos-
phorylation (OXPHOS) [30] in cooperation with PPARGC1A/ 
PGC1α (PPARG coactivator 1 alpha) [31,32]. In addition, auto-
phagy activity is strongly associated with mitochondrial home-
ostasis [33]. Thus, we next examined whether ESRRA functions in 
mitochondrial biogenesis, OXPHOS, and the maintenance of 
mitochondrial membrane potential. As shown in Figure 4A-4D, 
percentage of damaged mitochondria were significantly increased 
in esrra−/- colonic epithelia after DSS challenge (Figure 4A, B, from 
Esrra+/+ and esrra−/-mice; Figure 4C, D, from Esrraflox/flox and esrra 
cKO mice). A heatmap analysis of the global mRNA expression 
profiles of Esrra+/+ and esrra−/- colons showed that esrra−/- colons 
exhibited a remarkable reduction in the number of genes involved 
in OXPHOS (Fig. S5).

Next, we found that the expression levels of several genes 
related to mitochondrial respiratory chain complexes genes 
including Ndufab1 (NADH:ubiquinone oxidoreductase subu-
nit AB1), Sdhb (succinate dehydrogenase complex, iron sulfur 
(Ip)), Uqcrc1 (ubiquinol-cytochrome c reductase core pro-
tein), Cox4i1 (cytochrome c oxidase subunit 4I1), and 
Atp5a1 (ATP synthase, H+ transporting, mitochondrial F1 
complex, alpha), and Ucp2 (uncoupling protein 2 (mitochon-
drial, proton carrier)) were depressed in esrra−/- colons after 
colitis induction (Figure 4E). In addition, monitoring of 
TMRE fluorescence revealed a significant degree of depolar-
ization of the mitochondrial membrane potential (ΔΨm) in 
ESRRA KO HT-29 cells, when compared with WT cells 
(Figure 4F). We further compared the number of dysfunc-
tional mitochondria in ESRRA WT and KO cells by dual 
staining with MitoTracker Red (respiring) and MitoTracker 
Green (total). The proportions of non-respiring and dysfunc-
tional (MitoTracker Green-positive, MitoTracker Red- 
negative) mitochondria were significantly increased in 
ESRRA KO cells (Figure 4G, H). Together, these data sug-
gested that ESRRA plays an essential function in mitochon-
drial homeostasis in intestinal cells and tissues.

Alteration of gut microbiota in esrra KO mice and 
following DSS treatment.

To investigate whether the difference in DSS-induced colitis sus-
ceptibility, depending on ESRRA genotype, is associated with 
alterations in the gut microbiota, we compared the gut microbial 
compositions of Esrra+/+ and esrra−/- littermate mice before and 
after DSS treatment. Principal coordinate analysis (PCoA) based 
on unweighted UniFrac distance revealed marked differences in 
microbial community structure with clearly separated clusters of 
untreated esrra−/- and untreated Esrra+/+ mice (PERMANOVA, 
p = 0.001) (Figure 5A). DSS-induced colitis has been reported to 
induce a shift in the composition of intestinal microbiota [34–36]. 
Consistent with these reports, an unweighted PCoA plot showed 
that the induction of DSS colitis resulted in clear separation of 
microbiota composition across the groups (PERMANOVA, 

p = 0.001). Segregation of the four experimental groups was 
confirmed by PCoA plot based on weighted UniFrac distances 
(Fig. S6A). The diversity indices of untreated esrra−/- mice were 
higher than those of Esrra+/+ mice, but statistical significance was 
achieved only for the Shannon diversity index (Figure 5B). The gut 
microbial richness and diversity of Esrra+/+ mice were not chan-
ged, but those of esrra−/- mice were decreased after DSS-induced 
colitis; however, no indices exhibited statistical significance.

We then compared the relative abundances of major taxa (> 
0.5% of the mean abundance) at the family level. We found 
depletion of Prevotellaceae and Lactobacillaceae, as well as enrich-
ment of Lachnospiraceae, in both DSS-treated and untreated 
esrra−/- mice. Furthermore, Bacteroidaceae was enriched in 
untreated Esrra+/+ mice, compared with untreated esrra−/- mice; 
Erysipelotrichaceae was depleted in DSS-treated Esrra+/+ mice, 
compared with DSS-treated esrra−/- mice (Fig. S6B). To identify 
differentially represented bacterial taxa associated with genotype 
and DSS treatment, we performed linear discriminant analysis 
(LDA) effect size (LEfSe) analysis (Figure 5C). The LEfSe results 
revealed that Alloprevotella, Bacteroides and unclassified 
Bacteroidales were enriched in untreated Esrra+/+ mice, whereas 
Atopostipes, Acetatifactor, Desulfovibrio, unclassified 
Ruminococcaceae, and unclassified Alphaproteobacteria were 
enriched in untreated esrra−/- mice (LDA score > 3.0, p < 0.05). 
After DSS treatment, Alloprevotella, Gemella, Barnesiella, Dorea, 
and unclassified Bacteroidales were enriched in Esrra+/+ mice, 
while Anaerotruncus, Odoribacter, Mucispirillum, Ruminococcus, 
Desulfovibrio, Bifidobacterium, unclassified Lachnospiraceae, and 
unclassified Erysipelotrichaceae were enriched in esrra−/- mice 
(LDA score > 3.0, p < 0.05). To investigate the effect of DSS 
treatment on gut microbiota, we compared the untreated groups 
with DSS-treated groups. Notably, the genera Barnesiella, 
Anaerotruncus and Anaerofustis were enriched in untreated 
Esrra+/+ mice, while the genera Bacteroides, Vampirovibrio, 
Acetatifactor, Streptococcus, and unclassified Clostridiales were 
enriched in colitis-induced Esrra+/+ mice. Furthermore, the gen-
era Barnesiella, Anaerofustis, unclassified Ruminococcaceae, and 
unclassified TM7 were enriched in the untreated esrra−/- mice, 
while the genera Bacteroides, Helicobacter and Vampirovibrio 
were enriched in colitis-induced esrra−/- mice (Supple Fig. 6C.). 
Statistical analysis using t-tests also revealed significant differences 
in the relative abundance of specific taxa, which were identified by 
LEfSe based on an LDA score of 3.0 (Figure 5D). Significant 
differences in specific taxa were observed, comprising marked 
depletions of the genera Alloprevotella and Bacteroides, as well as 
enhancements of the genera Desulfovibrio and Acetatifactor in 
untreated esrra−/- mice. The genus Barnesiella was decreased in 
untreated esrra−/- mice; however, this genus did not significantly 
differ between Esrra+/+ and esrra−/- mice. After DSS treatment, 
Odoribacter and Mucispirillum were significantly increased, 
whereas Dorea was significantly decreased, in DSS-treated 
esrra−/- mice. The genus Acetatifactor was increased only in 
Esrra+/+ mice after DSS treatment; Bacteroides was increased in 
all DSS-treated groups, but was decreased in esrra−/- mice com-
pared with Esrra+/+ mice, although this difference was not statis-
tically significant. Alloprevotella was not affected by the induction 
of colitis and Barnesiella was sensitive to DSS treatment. These 
observations suggested that homeostasis of the gut microbial 
community is regulated by ESRRA; moreover, altered intestinal 
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Figure 5. Changes in gut microbiota depending on the Esrra genotype and induction of colitis. (A) principal coordinate analysis (PCoA) results based on unweighted 
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Figure 6. The severity of colitis is transmissible by the gut microbiota. (A-D) Survival of mice after 1.5% DSS administration. (A) Esrra+/+ (n = 7) and esrra−/− (n = 6) 
mice were given ABX in the drinking water for 4 weeks before the DSS treatment (control mice without ABX: experimental mice with ABX). The antibiotic mixture was 
composed of 1 g/L each of ampicillin, neomycin sulfate, and metronidazole and 0.5 g/L of vancomycin hydrochloride. (B) DSS experiments were conducted Esrra+/+ 

(n = 8), esrra−/− mice (n = 7) and blindly on cohoused Esrra+/+ (n = 6) with esrra−/− (n = 8) mice for 4 weeks. (C) littermate mice (Esrra+/+ litt, n = 6; esrra+/− litt, n = 6; 
esrra−/− litt, n = 5) were generated from heterozygous crossing and kept in the same cage. DSS experiments were conducted blindly considering mouse genotype at 
8 weeks of age. (D) Four weeks before DSS experiments, esrra−/− mice were reconstituted with or without fresh supernatant of fecal content from Esrra+/+ (Esrra+/+ → 
esrra−/−; n = 4 per group) and survival was monitored for indicated days after DSS treatment. (E) Colons were harvested from cohoused Esrra+/+ and esrra−/− mice 
before and 5 days after 1.5% DSS administration. qPCR analysis of whole colon homogenates was performed to assess the mRNA expression of indicated cytokines. 
(F) quantitative representation of confocal microscopy to show the expression levels of LC3 and SQSTM1 in intestinal tissues of cohoused Esrra+/+ and esrra−/- mice 
(n = 5, per group). (G) qPCR analysis to determine the mRNA expression of Tfeb and Vps11 in intestinal tissues of cohoused Esrra+/+ and esrra−/- mice (n = 5, per 
group). (H) Expression of SQSTM1, phospho-PRKAA/AMPKα, TFEB and ACTB in colon tissue from DSS-induced Esrra+/+ and esrra−/− mice with FMT or control by 
western blot analysis. *P < 0.05, ns: not significant. Log-rank (Mantel-Cox) test (A-D) and Two-way ANOVA (E-G). Values are represented as means ± SEM (E-G). Un, 
Untreated. DSS, DSS treated.
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microbiota in esrra−/- mice may be associated with the develop-
ment of DSS-induced colitis and its severity.

The severity of colitis is transmissible by gut microbiota.

To explore the role of the bacterial microbiota in modulating the 
severity of experimental colitis in Esrra deficiency, we first admi-
nistered broad-spectrum antibiotics (ABX) for 4 weeks prior to 
DSS colitis induction. ABX treatment significantly protected 
esrra−/- mice from DSS-induced colitis and resulted in severity 
comparable with that of Esrra+/+ mice treated with ABX (Figure 
6A). Subsequently, Esrra+/+ and esrra−/- mice were cohoused for 
4 weeks and survival differences between the two groups were 
evaluated. Similar to the findings obtained from ABX-treated 
groups, there was no difference in mouse survival following DSS 
challenge between the two groups (Figure 6B).

We next validated the ABX and cohousing results by using 
littermates generated from in-house heterozygous crossing and 
housing them together from birth to the day of the experiment. 
Consistent with the ABX and cohousing experiment findings, we 
found no differences in the survival of esrra−/-, esrra±, and Esrra+/+ 

littermates cohoused from birth, which implied that the maternal 
transmission of microbiota is critically involved in ESRRA- 
induced intestinal homeostasis (Figure 6C). Finally, we evaluated 
whether fecal microbiota transplantation (FMT) from Esrra+/+ 

littermates to esrra−/- mice exerts beneficial effects on intestinal 
pathological conditions in esrra−/- mice. Feces derived from 
Esrra+/+ littermates were repeatedly transferred into esrra−/- mice 
by oral gavage prior to DSS treatment. FMT-treated esrra−/- mice 
showed significantly increased survival (Figure 6D), suggesting 
that ESRRA affects disease activity by modulation of gut 
microbiota.

Similarly, the mRNA levels of proinflammatory cytokines 
and tight junction complex proteins were comparable in the 
intestinal tissues between cohoused Esrra+/+ and esrra−/- mice 
(Figure 6E and S7A). To examine the effect of cohousing on 
autophagy, the protein levels of SQSTM1 and LC3 were evalu-
ated. Similar LC3 and SQSTM1 expression levels were detected 
in intestinal tissues from cohoused Esrra+/+ and esrra−/- mice 
(Figure 6F). In addition, the Tfeb, Vps11, Uvrag, Becn1, Gabarap, 
Rab7, and Lamp1 mRNA levels were similar in intestinal tissues 
from cohoused Esrra+/+ and esrra−/- mice, before and after DSS 
challenge (Figure 6G and S7B). Furthermore, we performed 
FMT for esrra−/- mice, by reconstitution with feces from 
Esrra+/+ mice. As shown in Figure 6H, we found that FMT 
from Esrra+/+ mice resulted in significantly increased AMPK 
and TFEB, but decreased SQSTM1 levels, in esrra−/- mice, com-
pared with control condition (with PBS). These data collectively 
suggested that the gut microbiota modulate ESRRA-mediated 
intestinal homeostasis by controlling autophagic flux.

Clinical relevance of ESRRA in the disease severity of 
human UC.

Given the aforementioned results regarding the pathogenesis 
of DSS-induced colitis, we analyzed ESRRA expression in 
a public gene dataset (datasets GSE9452 and GSE11223) of 
UC samples. The results showed that ESRRA expression was 
reduced in these samples compared with samples from 

normal colonic tissue (Figure 7A). Immunohistochemistry 
results also revealed a low level of ESRRA expression in UC 
tissue samples, compared with normal colonic tissues (Figure 
7B). Furthermore, the expression of ESRRA was decreased 
depending on the disease severity in the GSE11223 dataset 
(Figure 7C). Together, these data suggested that ESRRA 
expression is significantly decreased in active UC.

To confirm our experimental results, we assessed the expres-
sion of ESRRA and various signaling pathway proteins using Gene 
Set Enrichment Analysis of the GSE11223 dataset. Similar to the 
results we obtained by analysis of Esrra+/+ and esrra−/- mice, we 
found positive associations between ESRRA expression and reac-
tome autophagy, KEGG tight junction, and reactome mitochon-
drial biogenesis (Figure 7D-F). Additionally, negative associations 
between ESRRA and the inflammation-related pathways includ-
ing hallmark inflammatory response, hallmark IL6-JAK-STAT3 
signaling, and hallmark TNF signaling via NFKB/NFκB were 
identified in UC clinical specimens (Figure 7G). Taken together, 
these results highlighted that ESRRA is a key regulator of intestinal 
homeostasis in human UC.

Discussion

Both CD and UC are major types of IBD, for which the etiologies 
are complicated and affected by multiple factors, including 
genetic, immunological, microbial, and environmental causes 
[37]. Among these etiological factors, there is emerging evidence 
to suggest immune and autophagic dysregulation and intestinal 
dysbiosis are crucial causes for IBD pathogenesis [38,39]. 
Microbial-based therapies are thought to be promising strategies 
for IBD, particularly for UC, through regulation of both intestinal 
dysbiosis and inflammatory responses [38]. Despite this, the key 
player(s) that control intestinal homeostasis through coordinated 
control of immunological, autophagic, and dysbiotic microbiota 
are largely unknown. Understanding the mechanisms that orches-
trate the interplay among gut microbiota, autophagy, and inflam-
mation would provide new knowledge for development and 
optimization of therapeutic strategies against UC.

ESRRA is a transcriptional factor, known to be central for 
the regulation of mitochondrial metabolism and function 
[4,6]. In addition, ESRRA is important for controlling innate 
immune and inflammatory responses [6,40]; it is related to 
the phenotypes and progression of certain cancers [41]. We 
previously showed that ESRRA functions in the transcrip-
tional and post-translational control of autophagy, thereby 
promoting host defense against mycobacterial infection [8]. 
In addition, ESRRA is ubiquitously expressed in various tis-
sues of the human body, including the small and large intes-
tine [22]. However, ESRRA regulation of intestinal 
inflammation remains undefined. The present study identifies 
a previously unappreciated role of ESRRA in the regulation of 
intestinal homeostasis using a combination of bioinformatics, 
biological, and in vivo studies. We found that ESRRA is 
critically required for TFEB-induced activation of autophagy, 
which ameliorates intestinal inflammation and maintains 
mitochondrial function in intestinal epithelial cells, as well 
as for shaping of beneficial gut microbiota, during experi-
mental colitis (summarized in Figure 8).
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Figure 7. Clinical relevance of ESRRA in IBD patients. (A) boxplot of ESRRA expression levels in healthy controls and UC patients (using dataset GSE9452 and 
GSE11223) (B) Immunohistochemical examination of ESRRA protein in healthy and UC samples. Representative ESRRA staining results are shown (left). Arrow showing 
the highly stained area of the tissue. (Scale bars: 50 μm). Bar graph of ESRRA staining (Right). (C) Colonic ESRRA levels in biopsies from healthy subjects, UC patients 
with active disease (Active) or remission (Rem) (using dataset GSE11223) (D-G) Gene set enrichment analysis (GSEA) reveals correlation between ESRRA expression 
and genes involved in autophagy, tight junction, mitochondrial biogenesis and inflammation. GSEA probing for enrichment of (D) REACTOME_AUTOPHAGY (E) 
KEGG_TIGHT_JUNCTION, (F) REACTOME_MITOCHONDRIAL_BIOGENESIS and (G) HALLMARK_ INFLAMMATORY_RESPONSE, HALLMARK_IL6_JAK_STAT3_SIGNALING 
and HALLMARK_TNFA_ SIGNALING_VIA_NFKB active gene signature in IBD patients (GSE11223; n = 129). *P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant. 
Mann-Whitney U test (A and B) and one-way ANOVA with Dunn’s multiple comparison test (C). Values are represented as means ± SEM. NES = normalized 
enrichment score. FDR = false discovery rate.
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The autophagy pathway is fundamental for the regulation of 
excessive inflammatory responses during a variety of stress condi-
tions. Genetic risk factors associated with host autophagy have 
been proposed to contribute to IBD pathogenesis [13,14]. In the 
present study, we identified a crucial role of ESRRA in the activa-
tion of autophagic flux; we found that it plays a beneficial role in 
the regulation of DSS-induced colitis. In addition, we demon-
strated that ESRRA is highly expressed in intestinal epithelial 
cells, and plays a key role in the control of inflammatory colitis. 
In ESRRA-deficient intestinal tissues, we found that the levels of 
proinflammatory factors including TNF, IL6, and IL1B were 
markedly increased, compared with those levels in littermate con-
trols. Combined with results from recent studies that demon-
strated autophagy genes involved in IBD risk factors could 
attenuate inflammation by constraining inflammasome activation 
[27,42–44], these data provide strong evidence or the contribution 
of autophagy to the protection of IBD. Furthermore, we showed 
that TFEB and downstream gene expression were significantly 
downregulated in ESRRA-null intestinal epithelial cells. These 
findings are partly consistent with the results of recent studies, 
which demonstrated that TFEB in the intestinal epithelium was 

critically involved in the regulation of DSS-induced intestinal 
injury [45].

Our data showed that Esrra-deficient mice and intestinal 
cells had defective mitochondria and increased damage and 
dysfunction, suggesting that ESRRA plays a critical role in the 
maintenance of mitochondrial quality control. There is 
increasing evidence to support the function of mitochondria 
in IBD pathogenesis, because mitochondrial dysfunction is 
closely associated with intestinal inflammation and colorectal 
cancer [46,47]. Recently, a UC mucosal transcriptome study 
reported dramatic suppression of mitochondrial genes and 
function in active UC cohorts, revealing mitochondriopathy 
in UC pathogenesis [48]. In addition, mitochondrial DNA, as 
well as mucosal mitochondrial damage, were increased in IBD 
patients [49], suggesting a strong role for mitochondrial func-
tion in IBD pathology. Indeed, mitochondrial dysfunction is 
closely related to overwhelming inflammation and disease 
pathogenesis in a variety of inflammatory and autoimmune 
diseases [50]. Moreover, given that the autophagy pathway is 
essential for mitochondrial quality control and function [22], 
our data strongly suggested that ESRRA-dependent autophagy 
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Figure 8. A proposed model of ESRRA-mediated intestinal homeostasis through TFEB-induced autophagy activation. In intestinal epithelial cells, ESRRA is essential 
for the activation of AMP-activated protein kinase, which is known to inhibit MTOR kinase, thereby upregulating the nuclear translocation of TFEB. In addition, ESRRA 
is required for the gene expression of tight junction composition, Tfeb, and its downstream target genes involved in autophagy activation. The increased autophagy 
contributes to the maintenance of mitochondrial function and control the intestinal inflammation during DSS challenge. Furthermore, ESRRA is crucial for the shaping 
of beneficial gut microbiota, which confers the intestinal homeostasis through activation of autophagic flux.
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activation is essential for maintaining mitochondrial quality 
control and amelioration of inflammatory responses in the 
intestine. Therefore, ESRRA orchestrates colonic inflamma-
tory signaling, mitochondrial function, and the autophagy 
network to biologically control intestinal homeostasis.

The gut microbiota is shaped by numerous environmental 
factors including the host genotype, immune system, and diet 
[51–54]. Dysbiosis of the gut microbiota is closely associated 
with the development of IBD or colorectal carcinoma [55–59] 
and the severity of colitis [60]. The current study is important 
because it highlights the function of ESRRA in the mainte-
nance of healthy gut microbiota composition for host protec-
tion against colitis. We found significant differences in the gut 
microbiota of the mice, according to Esrra genotype and 
treatment type (Figure 5 and S5). LEfSe analysis showed that 
decreased abundance of the genus Bacteroides was observed in 
untreated esrra−/- mice; increased abundance of the genus 
Mucispirillum was detected in DSS-treated esrra−/- mice. 
Intestinal Bacteroides, one of the most abundant and well- 
studied taxa, has anti-inflammatory properties and is 
decreased in IBD patients [61–63]. Among Bacteroides spe-
cies, Bacteroides thetaiotaomicron was reported to have pro-
tective effects against DSS-induced colitis characterized by 
weight loss, colon shortening, and immune activation [64]. 
Another Bacteroides species, B. fragilis, has capsular polysac-
charide A that can induce anti-inflammatory IL10-secreting 
regulatory T cells to protect against chemically induced colitis 
in mice [65]. Notably, Bacteroides vulgatus has a protective 
role against Escherichia coli-induced colitis in gnotobiotic il2 
KO mice [66]. In contrast to Bacteroides, the abundance of 
Mucispirillum was found to be increased by DSS treatment 
and was detected in inflamed colonic areas [67–69]. 
Mucispirillum was also necessary for the development of coli-
tis and exhibited selective accumulation in a colitis mouse 
model with combined deficiency of NOD2 (nucleotide bind-
ing oligomerization domain containing 2) and phagocyte 
CYBB/NADPH oxidase [70]. Colitogenic commensal bacteria 
that are increased in Esrra-deficient mice and anti- 
inflammatory commensal bacteria that are decreased in Esrra- 
deficient mice may aggravate DSS-induced colitis severity. 
Importantly, we found that antibiotic treatment and cohous-
ing ameliorated colitis severity and improved the survival rate 
of esrra−/- mice to Esrra+/+ levels. Additionally, FMT from 
Esrra+/+ to esrra−/- mice improved the survival rate of WT 
mice. Our findings strongly suggest that ESRRA can shape the 
host gut microbiota to regulate autophagy with the immune 
system to generate anti-inflammatory and protective effects 
during colitis, although the specific bacterial taxa and asso-
ciated mechanism involved in amelioration of DSS-induced 
colitis were not revealed in our study. Further studies are 
needed to clarify the specific microbes from esrra−/- mice 
that are involved in the induction and development of intest-
inal colitis.

In addition to the biological importance of ESRRA, we propose 
that ESRRA is relevant to the pathogenesis of UC. By means of 
bioinformatics analysis, we found that the ESRRA level was 
strongly associated with UC. In addition, histopathological analy-
sis showed that ESRRA expression was significantly decreased in 
tissue samples from UC patients, compared with unaffected 

individuals. Thus far, genetic approaches for IBD have revealed 
more than 200 risk loci; however, few gene loci and/or genetic 
markers are shared between CD and UC [71,72]. Recent bioinfor-
matics approaches identified several candidate molecules that are 
differentially expressed in intestinal mucosal tissues from UC 
patients, compared to normal tissues, using the GEO datasets 
[73–75]. Several previous studies have reported differential expres-
sion profiles of candidate molecules (including proinflammatory 
mediators) between inflamed UC tissues and healthy tissues [73–-
73–75]. For example, epithelial cells from the colonic mucosa of 
UC patients have a deregulated transcriptional signature with 
epithelial cell dysfunction [76]. In another report, local inflamma-
tory responses, characterized by increased bioactive IL1B and 
neutrophil extracellular traps, were significantly increased in the 
colons of UC patients, but not CD patients [77]. Combined with 
current findings, these data strongly suggested that targeted 
approaches to the control of intestinal pathological inflammation 
are crucial for the development of novel therapeutics for UC.

Importantly, ESRRA expression was downregulated in active 
UC biopsy samples and was also strongly associated with reactome 
autophagy and hallmark inflammatory response in a GSEA ana-
lysis. Although the mRNA expression levels of BRG1, a regulator 
of ATG16L1, AMBRA1, ATG7, and WIPI2, are reduced in both 
UC and CD patients [74], it remains unknown whether autophagy 
regulators are specifically associated with UC disease activity. 
Given the strong link between ESRRA and autophagy genes in 
UC biopsy samples, our data strongly suggest that therapeutic 
targeting of ESRRA may upregulate autophagy responses, thus 
limiting the pathological inflammatory response in UC pathogen-
esis. Together, these data suggest that ESRRA activation or 
ESRRA-regulated regulation of the microbiota have therapeutic 
potential for intestinal inflammatory diseases, particularly UC.

Materials and Methods

Animals

Esrra+/+ and esrra−/− mice aged 8 to 10 weeks and sex-matched 
were used. All mice were maintained under specific pathogen-free 
conditions. All experiments were performed using littermate ani-
mals from heterozygous breeding pairs; at weaning, the mice were 
separated by sex and genotype (single cage). In some experiments, 
at weaning, mice were separated by sex (co-housing of Esrra+/+ 

and esrra−/− littermates). For cohousing experiments, age- and 
gender-matched Esrra+/+ and esrra−/− mice were transferred at 
a 50/50 ratio into an isolator cage for 4 weeks before the DSS 
experiment. For ablation of the intestinal bacteria, an antibiotic 
mixture of 1 g/L each of ampicillin (sodium salt), neomycin sulfate, 
and metronidazole and 0.5 g/L of vancomycin hydrochloride (all 
antibiotics from Sigma-Aldrich) was added to the drinking water 
for at least 4 weeks starting at 3 weeks of age and was changed once 
in three days.

Fecal microbiota transplantation was conducted as previously 
described with a few modifications [78]. Briefly, fresh feces from 
Esrra+/+ donors were homogenized in 10 ml of sterile PBS and 
filtered through a disposable needle filter, and then collected. For 
the fecal transplantation, esrra−/− mice were administered with 
200 μL of collected fresh supernatants prepared from feces of WT 
littermates, via oral gavage once a week for 3 weeks. For control 
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mice, 200 μL of PBS were treated via oral gavage once a week for 3 
weeks. The DSS experiment was performed 1 week after fecal 
transplantation or treatment with PBS.

For experiments of heterozygous parents and littermates, 
Esrra+/+, esrra+/−, and esrra−/− mice were generated from hetero-
zygous crossing, and the age- and gender-matched mice were kept 
in the same cage. DSS experiments were conducted blindly con-
sidering genotype at 8 weeks of age. All animal-related procedures 
were reviewed and approved by the Institutional Animal Care and 
Use Committee, Chungnam National University School of 
Medicine (CNUH-014-A0006; Daejeon, Korea).

Generation of Esrra floxed mice by CRISPR genome 
editing

For generation of the targeting fragment for Esrra floxed 
allele, the Esrra gene was isolated from genomic DNA 
extracted from C57BL/6 MEF by PCR using KOD FX NEO 
(Toyobo, KFX-201). The targeting fragment was constructed 
by a 0.5-kb fragment of Esrra genomic DNA containing exon 
2 and loxP site-containing 0.5-kb subfragments using restric-
tion enzymes in pBluescript. The templates of Esrraflox1 and 
Esrraflox2 for gRNA in vitro transcription were generated 
using primers; Esrraflox1: TTA ATA CGA CTC ACT ATA 
GGc tgt cag tta ctg gcc tca gGT TTT AGA GCT AGA AAT 
AGC AAG TTA AAA T, or Esrraflox2: TTA ATA CGA CTC 
ACT ATA GGa gaa tgc ttg cct agt tta cGT TTT AGA GCT 
AGA AAT AGC AAG TTA AAA T gRNA PCR product was 
gel purified and used as the subsequent generation of gRNA. 
MEGAshortscript T7 (Life Technologies, AM1354) was used 
for the generation of the gRNA. Cas9 mRNA was generated 
by in vitro transcription (IVT) using mMESSAGE 
mMACHINE T7 ULTRA kit (Life Technologies, AMB13455) 
and the template that was amplified by PCR and gel-purified. 
The synthesized gRNA and Cas9 mRNA were purified using 
MEGAclear kit (Life Technologies, AM1908) and eluted in 
RNase-free water (Nacalai tesque, 36420–61). C57BL/6 female 
mice (6-week-old) were superovulated and mated to C57BL/6 
males. The targeting vector was co-injected into the embryos 
with Cas9 mRNA and Esrraflox1/Esrraflox2_gRNA to obtain 
Esrraflox/flox pups. Fertilized one-cell stage embryos were col-
lected from oviducts and injected into the cytoplasm with the 
Cas9 mRNA (100 ng/μl) and the gRNA (50 ng/μl). The 
injected live embryos were transferred into oviducts of pseu-
dopregnant ICR females at 0.5 dpc. Male pups harboring the 
desired mutation were mated to C57BL/6 female mice and 
tested for the germline transmission. Heterozygotic mice were 
intercrossed to generate homozygotic Esrraflox/flox mice to be 
used for in vitro and in vivo assays. To generate Esrra cKO 
mice, Esrraflox/flox mice were crossed with Vil1 (villin)-Cre 
mice with IEC-specific Cre recombinase expression.

Colitis induction

To induce experimental colitis, Esrra+/+ and esrra−/− mice were 
treated with 1.5% and 2% (wt:vol) dextran sodium sulfate (DSS, 
36,000 to 50,000 Mw; MP Biomedical, 0216011001) in drinking 
water ad libitum for 5 d, followed by normal water for 5 
d. Control animals were given water only. Weight was 

monitored daily and rectal bleeding and stool consistency 
were measured and scored as previously reported [79]. Disease 
activity index (DAI) scores were determined based on body 
weight loss, occult blood, and stool consistency. A score of 
1–4 was given for each parameter with a maximal total score 
of 12. After treatment, mice were sacrificed by CO2 inhalation. 
The colon was removed and its length and weight were 
measured.

Histology

The animals were sacrificed and tissues from Esrra+/+ and 
esrra−/− mice were fixed in 10% neutral buffered formalin, 
routinely processed, sectioned at 6 mm, and stained with 
hematoxylin and eosin (H&E) for light microscopic exam-
ination. Colon tissue sections were analyzed for epithelial 
damage, inflammatory infiltration, crypt loss and ulcera-
tions as described previously [80].

Immunohistochemistry

Patients with UC and non-UC control subjects for this 
study were recruited from Chungnam National University 
Hospital. The diagnosis of UC was based on a standard 
combination of clinical endoscopic, histological, and radi-
ological criteria. The use of pathological specimens as well 
as the review of all pertinent patient records were 
approved by the IRB (2020–03-105).

The expression of ESRRA was analyzed by immunohis-
tochemistry on paraffin-embedded tissue sections from 
human and mouse colon tissues. Sections from paraffin 
blocks with a thickness of 3 µm were used for immuno-
histochemistry. A monoclonal rabbit antibody directed 
against ESRRA (Cell Signaling Technology [CST], 
13826S) was diluted 1:800 with a background-reducing 
diluent (Dako, Code S3002), and tissue sections were 
incubated for 30 min at room temperature. Two experi-
enced pathologists without any access to clinical informa-
tion of the study, examined slides and assigned scores for 
blind comparison of the samples. The immunostaining of 
the tumor was divided into four grades based on the 
staining intensity and scored: score 0, no staining; score 
1, weak; score 2, intermediate; and score 3, strong. In the 
cases of heterogeneous staining within samples, the higher 
score was chosen if >50% of the cells showed a higher 
staining intensity. Cases with no staining and a score of 1 
were categorized into a low-expression group (LEG), 
whereas those with a score of 2 and 3 were categorized 
into a high-expression group (HEG).

Immunofluorescence

Sections (3-µm thick) from mouse colon tissue were pre-
pared for immunofluorescence staining. Briefly, staining 
was achieved with use of primary anti-bodies against 
TNF/TNF-α (1:50, mouse monoclonal; Santa Cruz 
Biotechnology [SCBT], sc-52746), ADGRE1/F4/80 (1:50, 
rat monoclonal; SCBT, sc-52664), LC3B (1:100, mouse 
monoclonal; CST, 83506S) and SQSTM1/p62 (1:100, rabbit 
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polyclonal; Sigma-Aldrich, P0067. And following appro-
priate secondary antibodies purchased from Life 
Technologies were used: Alexa Fluor 488 conjugated-goat 
anti-mouse IgG (H + L) (1:1,000; A28175), Alexa Fluor 
594 conjugated-donkey anti-rat IgG (H + L) (1:100; 
A21209) or Alexa Fluor 594 conjugated-goat anti-rabbit 
IgG (H + L) (1:1,000; A-11037). Nuclei were stained with 
4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, 
D9542) for 1 min. Immunofluorescence images were 
acquired using a confocal laser-scanning microscope 
(Zeiss, Germany).

RNA extraction and quantitative real time PCR (qPCR) 
analysis

Whole colon tissue, IEC and cell RNA extraction were 
performed using the TRIzol reagent (Invitrogen, 
15596026) and cDNA was synthesized using Superscript 
II Reverse Transcriptase (Invitrogen, 18064) according to 
the manufacturer’s protocol. qPCRs were carried out using 
SYBR Green PCR Kits (Qiagen, 204074) in the Real-time 
PCR cycler Rotor-Gene Q 2plex system (Qiagen, 9001620). 
The samples were amplified for 40 cycles as follows: 95°C 
for 10 s and 60°C for 30 s. To analyze qPCR data, we 
performed relative quantification using the 2ΔΔCt method 
with mouse or human ACTB/β-actin as an internal control 
gene; data were expressed as relative fold changes. The 
sequences of primers used in qPCR are shown in Table S1.

Western blot

Western blot analysis was performed as described pre-
viously [81]. Cells or tissues were lysed in radioimmuno-
precipitation assay (RIPA) buffer (50 mM Tris-HCl, pH 
7.5, 2 mM EDTA, 150 mM NaCl, 0.1% sodium dodecyl 
sulfate [SDS; Sigma-Aldrich, R0278], 1% sodium deoxy-
cholate [Life Technologies, 89904], 1% Triton X-100 
[Sigma, T8787]) supplemented with protease inhibitor 
cocktail (Roche, 11836153001) and phosphatase inhibitor 
cocktail (Sigma-Aldrich, P5726). Protein extracts were 
boiled in 1× SDS sample buffer and subjected to immuno-
blotting analysis. Proteins were separated by 10, 12 or 15% 
SDS-polyacrylamide gel electrophoresis and transferred to 
a polyvinylidene difluoride membrane (Millipore). 
Membranes were blocked in 5% nonfat milk in PBST 
(3.2 mM Na2HPO4, 0.5 mM KH2PO4, 1.3 mM KCl, 135  
mM NaCl, 0.05% Tween 20 [Sigma-Aldrich, P1379], pH 
7.4) for 1 h and incubated with the primary antibodies. 
Following antibodies purchased from indicated sources 
were diluted in 5% nonfat milk in PBST: Anti-ESRRA 
(13826S), anti-IL1B/IL-1β (2022s), anti-phospho-MAPK 
/ERK (9101s) anti-phospho-PRKAA/AMPKα (2535s) 
from CST; anti-ACTB/β-actin (sc-47778) and anti-TNF 
/TNF-α (sc-52746) from SCBT; anti-PTGS2/COX-2 
(ab15191) from Abcam; anti-SQSTM1/p62 (P0067) from 
Sigma-Aldrich, and anti-TFEB (A303-673A) from Bethyl 
laboratories. After incubation with the appropriate sec-
ondary antibodies, immunoreactive bands were visualized 
using an ECL reagent (Millipore, WBKLS0500) in 

a UVitec Alliance mini-chemiluminescence device 
(UVitec, UK).

Intestinal permeability and intestinal epithelial cell 
(IEC) isolation

Intestinal permeability was assessed by luminal enteral 
administration of FITC-dextran 4000 (Sigma-Aldrich, 
46944), a non-metabolizable macromolecule as described 
previously [82]. Briefly, all mice were fed with FITC- 
dextran (40 mg/100 g body weight) via oral gavage, 4 h 
before sacrificing. Whole blood was obtained by cardiac 
puncture at the time of killing, and FITC-dextran mea-
surements were performed in duplicate by fluorometry. 
Dilutions of FITC-dextran in PBS were used for 
a standard curve preparation, and 100 μL of serum or 
standard was used to determine the concentration using 
a fluorometer at an excitation wavelength of 485 nm and 
emission of 528 nm.

For RNA-extraction, IECs from mice treated with DSS for 
5 d were isolated using isolation buffer (30 mM EDTA and 
1 mM DTT).

RNA-seq analysis

Total RNA of colon from control and DSS-treated Esrra+/+ 

and esrra−/− mice was isolated using TRIzol reagent fol-
lowing the manufacturer’s instructions. Purity of samples 
and efficiency of extractions were verified by spectropho-
tometry (NanoDrop) and using an Agilent 2100 
Bioanalyzer.

The first step in the workflow involved purifying the 
poly-A containing mRNA molecules using poly-T oligo- 
attached magnetic beads. Following purification, the 
mRNA was fragmented into small pieces using divalent 
cations under elevated temperature. The cleaved RNA 
fragments were copied into first strand cDNA using 
reverse transcriptase and random primers. This was fol-
lowed by second strand cDNA synthesis using DNA 
Polymerase I and RNase H. These cDNA fragments then 
have the addition of a single “A” base and subsequent 
ligation of the adapter. The products were then purified 
and enriched with PCR amplification. We then quantified 
the PCR yield by Qubit and pooled the samples together 
to make a single strand DNA circle (ssDNA circle), which 
gave the final library. DNA nanoballs (DNBs) were gen-
erated with the ssDNA circle by rolling circle replication 
(RCR) to enlarge the fluorescent signals at the sequencing 
process. The DNBs were loaded into the patterned 
nanoarrays and pair-end reads of 100 bp were read 
through on the BGISEQ-500 platform for the following 
data analysis study. For this step, the BGISEQ-500 plat-
form combines the DNA nanoball-based nanoarrays and 
stepwise sequencing using Combinational Probe-Anchor 
Synthesis Sequencing Method.

We mapped clean reads to reference using Bowtie2, and 
then calculated the gene expression level with RSEM. RSEM 
is a software package for estimating gene and isoform 
expression levels from RNA-Seq data. Then, we calculated 
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Pearson correlation between all samples using cor, per-
formed hierarchical clustering between all samples using 
Hclust, and drew the diagrams with ggplot2 with functions 
of R.

Electron microscopy and morphology

After DSS treatment for indicated time, mice were eutha-
nized and colon tissues from control and DSS-treated 
Esrra+/+ and esrra−/− mice were removed, washed with 
PBS and fixed with 3% glutaraldehyde in 0.1 M sodium 
cacodylate buffer (pH 7.2) containing 0.1% CaCl2 for 3 h. 
Then they were post-fixed with 1% osmium tetroxide in 
0.1 M sodium cacodylate buffer containing 0.1% CaCl2 for 
2 h. Then the samples were rinsed with cold distilled 
water, dehydrated slowly with series of ethanol concentra-
tions and propylene oxide at 4°C. The tissues were 
embedded in Embed-812 (EMS; 14120), and cured at 60° 
C for 36 h. The ultrathin sections (70–80 nm) were cut 
with a diamond knife and ULTRACUT UC7 ultramicro-
tome (Leica, Germany), and mounted on formvar-coated 
slot grids. Sections were stained with 4% uranyl acetate for 
10 min and lead citrate for 7 min. Stained sections were 
scanned using a Bio-High Voltage EM system (JEM-1400 
Plus and JEM-1000 BEF; JEOL Ltd., Tokyo, Japan).

CRISPR-Cas-9 mediatedESRRAknock out HT-29 cell 
generation

For the depletion of ESRRA in HT-29 cells, oligos were 
synthesized and inserted into the px330-puro vector (kind 
gift from Dr. Todd Macfarlan, NICHD, NIH, USA) through 
standard protocol to generate gRNA with hCas9 protein. 
gRNA sequences were designed using the open access soft-
ware provided at http://crispr.mit.edu/. gRNA sequences were 
as follows: ESRRA – seq GCAACTAGTGCGGCGGCTGC 
and transfected into HT-29 cells using Lipofectamine 2000 
reagent according to the manufacturer’s instructions 
(Invitrogen). After 24 h cells were exposed with 1 μg/ml 
puromycin for two days, and clones propagated from single 
cells were picked out. The depletion of target genes was 
confirmed by western analysis.

Generation of retroviruses encoding tandem-tagged 
mCherry-EGFP-LC3B for autophgic flux analysis

The production of a tandem LC3B retroviral vector 
(mCherry-EGFP-LC3B) for the measurement of autophagic 
flux was performed as described previously [83]. Human 
Phoenix AMPHO cells were seeded at 70% confluence into 
a 6-well plate and transfected with 1 μg of pBABE-puro 
mCherry-EGFP-LC3B (Addgene, 22418; deposited by 
Jayanta Debnath), 0.75 μg of pCL-Eco (Addgene, 12371; 
deposited by Inder Verma), and 0.25 μg of pDM2.G 
(Addgene, 12259; deposited by Didier Trono) using 
Lipofectamine 2000 for 18 h. The transfected cell culture 
medium was removed and replaced with fresh medium. 
Retrovirus-containing medium was harvested at 60 h post- 
transfection and filtered through a 0.45 μm syringe filter. WT 

and ESRRA KO HT-29 cells were transduced with mCherry- 
EGFP-LC3B retrovirus for 24 h. The transduced cells on 
coverslips were washed twice with PBS and fixed with 4% 
paraformaldehyde for 15 min. After mounting, fluorescence 
images were acquired using a confocal laser-scanning micro-
scope. To analyze endogenous autophgic flux, the ImageJ 
software was used. Slides were assayed in triplicate, and at 
least 200 cells per well were counted.

Flow cytometry

WT and ESRRA KO HT-29 cells were incubated with 
25 nM MitoTracker Green FM (Invitrogen, M7514) and 
25 nM MitoTracker Deep Red FM (Invitrogen, M22426) at 
37°C. After 20 min, cells were washed with PBS and 
measured using FACSCanto II flow cytometer and ana-
lyzed using the FlowJo software. The percentage and mean 
fluorescence intensity level of the mitochondrial mass 
were calculated for each sample. WT and ESRRA KO 
HT-29 cells were incubated with 100 nM tetramethylrho-
damine,ethyl ester, perchlorate (TMRE; Invitrogen, T669) 
at 37°C in the dark. After 20 min, the dye intensity was 
measured by flow cytometry using the FL2 channel 
(582 nm). Data were analyzed using the Flow Jo software.

16S rRNA gene-based community analysis

Fecal samples were collected before and after 4 days of DSS 
treatment from Esrra+/+ and esrra−/- mice. Bacterial geno-
mic DNA was extracted from a fecal sample using the 
QIAamp DNA Stool Mini Kit (Qiagen, 51604) [21]. The V3- 
V4 hyper variable regions of 16S rRNA gene were amplified 
by polymerase chain reaction (PCR) using forward 5ʹ-TCG- 
TCG-GCA-GCG-TCA-GAT-GTG-TAT-AAG-AGA-CAG- 
CCT-ACG-GGN-GGC-WGC-AG-3ʹ and the reverse primer 
5ʹ- GTC-TCG-TGG-GCT-CGG-AGA-TGT-GTA-TAA- 
GAG-ACA-GGA-CTA-CHV-GGG-TAT-CTA-ATC-C-3ʹ. 
The PCR was performed in a C1000 thermal cycler (Bio- 
Rad) and PCR conditions were as follows: initial denatura-
tion at 95°C for 3 min; followed by repeated 24 cycles of 
denaturation at 95°C for 30 s, annealing at 55°C for 30 s and 
extension at 72°C for 30 s; and a final extension step at 72°C 
for 5 min. Three PCR reactions with the same template were 
pooled and purified using the QIAquick PCR purification 
kit (Qiagen, 28106). Purified amplicons were calculated to 
equimolar amounts and sequencing libraries were prepared 
and sequenced by Macrogen (Seoul, Korea).

Sequence processing and analysis

Paired-end reads were joined and quality-filtered using the 
QIIME 1.9.1 software. Chimeric sequences were excluded 
from the quality-filtered sequence sets using USEARCH 
v6.1.544 software. Operational taxonomic units (OTUs) 
were clustered using the UCLUST ref within QIIME 1.9.1 
software at 97% sequence similarity. The OTUs identified 
as a singleton, found in only single sample or unassigned 
into a specific bacterial phylum were excluded from 
further analyses. Taxonomic assignment was performed 
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in the Ribosomal Database Project (RDP) [84] v11.5 via 
RDP classifier [85] with a minimum confidence at 70%. 
The alpha diversity of each sample was calculated with 
Chao1 index, an estimator of richness; the Shannon diver-
sity index, which integrates OTU richness and abundance 
into a single evenness value; the number of observed 
OTUs; and the phylogenetic diversity whole tree, which 
is based on a phylogenetic tree and adds up all the branch 
lengths as a measure of diversity through QIIME 1.9.1 
software. The beta diversity was determined based on 
unweighted UniFrac distance and weighted UniFrac dis-
tance by principal coordinate analysis (PCoA). The linear 
discriminant analysis (LDA) effect size (LEfSe) was used to 
identify genus level bacterial taxa discriminating the 
Esrra+/+ and esrra−/- mice.

Bioinformatic analysis in patients

Analysis in human IBD datasets was carried out essentially as 
previously described [86]. The raw data can be downloaded as 
GSE9452 and GSE11223. The ESRRA expression was derived 
from GSE9452 and GSE11223 in order to compare UC patient 
group with healthy group.

To compare univariate differential expression in each data 
set, we analyzed RNA data using the Wilcoxon-Mann-Whit 
ney test with Benjamini-Hochberg FDR correction (P < 0.05, 
q < 0.25). Pathway analysis was performed on the IBD data-
sets (GSE11223) using GSEA. GSEA was performed with 
weighted log2 ratio ranking and 1000 gene set permutations 
using the REACTOME_AUTOPHAGY, KEGG_TIGHT_JUN 
CTION, REACTOME_ MITOCHONDRIAL_BIOGENESIS, 
HALLMARK_INFLAMMATORY_RESPONSE, HALLMARK 
_IL6_JAK_STAT3_SIGNALING and HALLMARK_TNFA_SI 
GNALING_VIA_

NFKB from MSigDB.

Statistical analysis

Statistical analysis was performed in Prism (GraphPad 
Software, v8.0). Data with a p-value less than 0.05 were 
considered significant. Data are presented as means ± SEM 
(standard error of the mean). Normality was assessed 
using D’Agostino and Pearson omnibus normality test, 
and data were analyzed using two-tailed Student’s t test 
or non-parametric tests were used. In non-parametric 
tests, two conditions were compared using Mann- 
Whitney U-Test and three or more conditions using one- 
way ANOVA with Dunn’s multiple comparison test when 
appropriate. Two-way ANOVA with Bonferroni’s test was 
used to compare the data from each esrra−/− condition 
with the corresponding Esrra+/+. Elimination of outliners 
for the relative abundance comparison of bacterial genera, 
the method of ROUT (robust regression and outlier 
removal) [87] was used with Q coefficient value set at 
1% (GraphPad Prism v8.0). The log-rank (Mantel-Cox) 
test was used for survival studies.
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