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ABSTRACT

Nucleus–mitochondria crosstalk is essential for cel-
lular and organismal homeostasis. Although an-
terograde (nucleus-to-mitochondria) pathways have
been well characterized, retrograde (mitochondria-
to-nucleus) pathways remain to be clarified. Here,
we found that mitochondrial dysfunction triggered a
retrograde signaling via unique transcriptional and
chromatin factors in hepatic cells. Our transcrip-
tomic analysis revealed that the loss of mitochon-
drial transcription factor A led to mitochondrial
dysfunction and dramatically induced expression of
amphiregulin (AREG) and other secretory protein
genes. AREG expression was also induced by var-
ious mitochondria stressors and was upregulated in
murine liver injury models, suggesting that AREG
expression is a hallmark of mitochondrial damage.
Using epigenomic and informatic approaches, we
identified that mitochondrial dysfunction-responsive
enhancers of AREG gene were activated by c-
JUN/YAP1/TEAD axis and were repressed by chro-
matin remodeler BRG1. Furthermore, while mito-
chondrial dysfunction-activated enhancers were en-
riched with JUN and TEAD binding motifs, the re-
pressed enhancers possessed the binding motifs for
hepatocyte nuclear factor 4� , suggesting that both
stress responsible and cell type-specific enhancers
were reprogrammed. Our study revealed that c-JUN
and YAP1-mediated enhancer activation shapes the
mitochondrial stress-responsive phenotype, which
may shift from metabolism to stress adaptation in-
cluding protein secretion under such stressed con-
ditions.

GRAPHICAL ABSTRACT

INTRODUCTION

Nucleus–mitochondria crosstalk is essential for cell main-
tenance and environmental responses (1). While mitochon-
dria rely most of their function on nuclear genome-encoded
proteins, mitochondria supplies the nucleus with metabo-
lites such as acetyl-CoA and S-adenosylmethionine, which
are essential for DNA and histone modifications (2,3).
Thus, cells need to regulate both anterograde (nucleus-to-
mitochondria) and retrograde (mitochondria-to-nucleus)
pathways in a highly ordered manner to properly maintain
cell function.

In the anterograde pathway, nuclear transcription fac-
tors such as peroxisome proliferator-activated receptor-
� coactivator-1� (PGC-1�) and nuclear respiratory fac-
tor 1 (NRF1) promote the expression of mitochondria-
related genes including mitochondrial transcription factor
A (TFAM), which plays a pivotal role in regulating tran-
scription, replication and organization of the mitochondrial
genome (4–6). Therefore, TFAM is involved in metabolic
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activities in the mitochondria as an essential regulator be-
tween cellular organelles. In addition, chromatin regula-
tors in the nucleus significantly contribute to mitochon-
drial functions. For example, lysine specific demethylase-
1 (LSD1) inhibits oxidative phosphorylation (OXPHOS)
and fatty acid oxidation by repressing the PGC-1α gene
via flavin adenine dinucleotide (FAD)-dependent demethy-
lation of histone H3 at lysine 4 (7,8). SETD8 (also known
as PR-Set7) protects cellular senescence by limiting pro-
tein synthesis and energy metabolism through the mono-
methylation of histone H4 at lysine 20 (9). These previous
studies have established that mitochondrial function is con-
trolled by the nuclear factors (10,11).

Mitochondria are important regulators of a variety of
metabolites, including acetyl-CoA, S-adenosylmethionine,
ATP, NAD+/NADH, FAD/FADH2 and second messen-
gers such as free calcium and reactive oxygen species in
mammalian cells (1,3). Because the production of these
metabolites is influenced by mitochondria damage, they di-
rectly or indirectly constitute the retrograde pathway, also
known as mitochondrial stress signaling. In addition, some
transcription factors/cofactors such as SIRT3 contribute
to retrograde signaling (12,13). Recently, G-protein path-
way suppressor 2 (GPS2) was found to mediate the retro-
grade pathway via the mitochondria-to-nucleus transloca-
tion (14). However, not much is known about how damaged
mitochondria transfer their signal to the nuclear machin-
ery and change gene expression. In particular, mechanisms
by which retrograde signal can induce specific epigenomic
changes at specific loci remain unclear.

Human cases and mouse models of non-alcoholic fatty
liver disease (NAFLD) and non-alcoholic steatohepatitis
(NASH) are associated with fat accumulation in the liver,
mitochondrial dysfunction and cellular senescence in hepa-
tocytes (15–18). These chronic fatty liver conditions widely
affect the global adult population and are potentially severe
because of the increased risk of metabolic syndrome and the
development of hepatocellular carcinoma. Although mi-
tochondrial stresses play crucial roles in disease develop-
ment, it is unclear whether abnormal crosstalk between the
nucleus and mitochondria coexists with NAFLD/NASH
pathophysiology.

In this study, we identified a TFAM depletion-induced
retrograde pathway that involves multiple signaling and
transcription factors in hepatic cells. Our data reveal the
molecular mechanism of mitochondrial stress-induced phe-
notype, which might explain how cells adapt and survive
under stressful conditions.

MARERIALS AND METHODS

Cell culture

HepG2 cells were purchased from the Japanese Collection
of Research Bioresources (JCRB) Cell Bank and cultured
in Dulbecco’s modified Eagle’s medium (DMEM)-high glu-
cose (Sigma) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (FBS) and penicillin/streptomycin
(P/S). HeLa cells (JCRB) were cultured in DMEM/F-12
Ham medium (Sigma) supplemented with 10% FBS and
P/S. IMR90 cells (ATCC) were cultured in Eagle’s mini-
mum essential medium with Earle (Sigma) supplemented

with 200 mM L-glutamine, 10% FBS, and P/S. To establish
�0 cells, HepG2 cells were cultured in the above-mentioned
DMEM-high glucose containing 1 �g/ml ethidium bro-
mide, 100 �g/ml sodium pyruvate and 50 �g/ml uridine for
10 days (19). Mitochondrial DNA (mtDNA) was extracted
using DNAzol Reagent (Thermo Fisher Scientific), and the
tRNA-Leu and �2 microglobulin contents were quantified
by quantitative real-time PCR. The amount of mtDNA
was calculated using the tRNA-Leu/�2 microglobulin (20).
For inhibition of oxidative phosphorylation, HepG2 cells
were treated with 0.5 �g/ml of oligomycin (O4876, Sigma)
for 24 h. For the knockdown experiments, siRNAs were
transfected using Lipofectamine RNAiMAX Transfection
Reagent (Thermo Fisher Scientific) according to the man-
ufacturer’s protocol. For c-JUN knockdown, siGENOME
Human JUN siRNA SMARTpool (Dharmacon) was used.
Target sequences of siRNAs are listed in Supplementary
Table S1. Unless otherwise stated, knockdown experiments
were conducted after 72 h. An inhibitor of the c-JUN N-
terminal kinase (JNK), SP600125 (420119, Sigma-Aldrich),
was added to the medium at the indicated concentrations
until 4–72 h after siRNA transfection.

Antibodies

For immunofluorescence, western blot analysis or ChIP-
qPCR, the following antibodies were used in these exper-
iments: TFAM (ab89818 or ab176558, Abcam), amphireg-
ulin (AF262, R&D Systems), beta tubulin (66240–1-Ig, Pro-
teintech), c-JUN (H-79) (sc-1694, Santa Cruz Biotechnol-
ogy) or c-JUN (G-4) (sc-74543), phospho-c-Jun (Ser73)
(D47G9) XP rabbit mAb (#3270, Cell Signaling Technol-
ogy), YAP/TAZ (D24E4) (#8418) or YAP (D8H1X) XP®
rabbit mAb (#14074), phospho-YAP (Ser127) (D9W2I)
rabbit mAb (#13008), purified mouse anti-TEF-1 (610923,
BD Biosciences), TFIID (TBP) (58C9) (sc-421), BRG-1 (G-
7) (sc-17796), anti-FLAG M2 monoclonal, affinity puri-
fied (F1804, Sigma-Aldrich), anti-histone H3 (mono methyl
K4) - ChIP grade (ab8895) or anti-histone H3 (acetyl K27)
- ChIP grade (ab4729).

Transcriptome analysis

Genome-wide expression analysis was conducted using the
Affymetrix GeneChip Human Genome U133 Plus 2.0 Ar-
ray. mRNA from HepG2 and HeLa cells was extracted us-
ing the RNeasy Mini Kit (QIAGEN), and cDNA synthe-
sis, cRNA amplification, hybridization and scanning were
provided by Takara Bio Inc. The raw data were normal-
ized with the MAS5 algorithm, and data annotation analy-
sis was conducted using the GeneSpring GX software (Ag-
ilent). The GeneChip array data have been deposited in the
GEO under ID codes GSE196511. In addition, HNF4�-
regulated genes were analyzed using the expression array
data from HNF4�-KD HepG2 cells (GSE29084) (21). The
raw data were normalized using the RMA algorithm.

Quantitative RT-PCR

Total RNA was extracted from cells using TRIzol reagent
(Thermo Fisher Scientific). Complementary DNA was syn-
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thesized using ReverTra Ace qPCR RT Master Mix or Re-
verTra Ace qPCR RT Master Mix with gDNA Remover
(TOYOBO). Relative gene expression was quantified us-
ing THUNDERBIRD SYBR qPCR Mix or THUNDER-
BIRD Next SYBR qPCR Mix (TOYOBO) reagent and
StepOnePlus or QuantStudio 3 Real Time PCR System
(Thermo Fisher Scientific). Fold changes were determined
using the 2-��Ct method, and were calculated as the dif-
ference between the experimental and the respective control
groups. Primer sequences are listed in Supplementary Table
S2.

Immunofluorescence

Immunofluorescence of the cell lines was conducted as pre-
viously described (22). Briefly, cells were fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS) for
15 min at room temperature, washed with PBS, permeabi-
lized with 0.2% Triton X-100 and 0.5% BSA in PBS for
5 min on ice, blocked with 0.5% bovine serum albumin in
PBS, incubated with specific primary antibodies for 1 h at
room temperature or overnight at 4◦C, and then incubated
with appropriate fluorescent-labeled secondary antibodies
for 1 h at room temperature. The cells were counterstained
with DAPI (1 �g/ml) before mounting. Images were ob-
tained with a microscope IX-71 (Olympus) and the image
acquisition software Lumina Vision Version 2.4 (Mitani).

Western blot analysis

At 72 h after siRNA transfection, cells were washed in PBS
and lysed with ice-cold RIPA buffer (50 mM Tris-HCl pH
8.0, 150 mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-100,
0.1% SDS, 0.1% sodium deoxycholate) supplemented with
a protease inhibitor and phosphatase inhibitor cocktails
(Nacalai Tesque). For AREG detection, cells were treated
with 5 �g/ml brefeldin A (022–15991, FUJIFILM Wako
Chemicals)-containing medium for 6 h prior to harvest-
ing. Lysates were subjected to SDS–PAGE, followed by im-
munoblotting using the Trans-Blot Turbo Transfer System
(Bio-Rad). Membranes were blocked with 5% skim milk
and 0.3% Tween20 in PBS for 30 min at room tempera-
ture, incubated with primary antibody overnight at 4◦C, and
incubated with horseradish peroxidase-labeled secondary
antibody for 1 h at room temperature. ECL Prime west-
ern blotting Detection Reagent (GE Healthcare) or West-
ern Lightning Plus-ECL (PerkinElmer Japan) were used as
the substrate. Band detection and quantification were con-
ducted using ImageQuant LAS 4000 and ImageQuant TL
(GE Healthcare).

Luciferase vector construction

To construct the pGL4.15-RE-AREG promoter, the
BamHI-SalI fragment containing the SV40 early
enhancer/promoter was deleted from pGL4.15. Addi-
tionally, 2.3 kb of the AREG promoter, amplified by PCR
from the HepG2 genome, was inserted into the HindIII
site. RE1, RE2 or RE3 fragments were also amplified from
the HepG2 genome and inserted into the NheI-BglII site.
The primers, amplicon size and restriction enzyme sites at
both ends were as follows:

RE 1; RE 1 EcoRV-F, RE 1 BglII-R, 1.3 kb, EcoRV and
BglII

RE 2; RE 2 XhoI-F, RE 2 EcoRV-R, 0.5 kb, XhoI and
EcoRV

RE 3; RE 3 NheI-F, RE 3 XhoI-R5, 0.5 kb, NheI and
XhoI

Luciferase reporter assay

Luciferase reporter analyses were conducted using a dual-
luciferase reporter assay system (Promega) following the
manufacturer’s protocol. For AREG enhancer analysis,
the pGL4.15-RE-AREG promoter reporter vector was co-
transfected with the reference vector pGL4.74[hRluc/TK]
into the HepG2 cells. After 48 h of culture, the cells were
collected for luciferase measurements. Data are presented
as mean ± SD. Tukey’s honestly significant difference test
was conducted with a significance level of 0.05, using JMP
14 software (SAS).

Cytoplasmic and nuclear extraction

Trypsinized cells were resuspended in nuclear extraction
buffer (5 mM PIPES, pH 8.0, 85 mM KCl, 0.5% NP-40)
supplemented with protease inhibitor cocktail and phos-
phatase inhibitor cocktail (Nacalai Tesque) by pipetting.
After incubation on ice for 10 min, the cells were centrifuged
at 830 × g for 5 min, and the supernatant was collected as
the cytoplasmic fraction. The pellet was washed with ice-
cold wash buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl,
1 mM EDTA, 1 mM EGTA) containing protease or phos-
phatase inhibitor cocktail, then resuspended in 2× sample
buffer, centrifuged at 18 000 × g for 10 min at 4◦C, and the
supernatant was collected as the nuclear fraction.

Lentiviral transduction

To generate the CSII-EF-3xFLAG-IRES2-Bsd mock vec-
tor, the IRES2-Bsd fragment from CSII-CMV-MCS-
IRES2-Bsd (RDB04385, RIKEN BRC DNA BANK) and
an oligo with XhoI and EcoRI sites, added to both ends
of the 3xFLAG sequence, were inserted into the BamHI-
XbaI sites of CSII-EF-MCS (RDB04378). For overexpres-
sion of c-JUN, CSII-EF-3xFLAG-c-JUN-IRES2-Bsd was
generated by inserting a 1 kb PCR amplicon from HepG2
cDNA into the EcoRI-BamHI sites of CSII-EF-3xFLAG-
IRES2-Bsd. The PCR primers used were c-JUN EcoRI-
F and c-JUN BamHI-R. For overexpression of YAP1 or
YAP1(S127A) mutant, 1.5 kb fragments were amplified by
PCR from p2xFlag CMV2-YAP2 (#19045, Addgene) or
p2xFlag CMV2-YAP2-S127A mutant (#19050, Addgene)
using YAP1 EcoRI-F and YAP1 NotI-R. Amplicons (1.5
kb) were inserted into the EcoRI-NotI sites of CSII-EF-
3xFLAG-IRES2-Bsd. Primer sequences are listed in Sup-
plementary Table S2. Each plasmid was co-transfected with
pCAG-HIVgp (RDB04394) and pCMV-VSV-G-RSV-Rev
(RDB04393) into the Lenti-X 293T cells (Takara Bio). Af-
ter 48 h, the supernatant containing the virus was col-
lected, filtered, and infected with HepG2 cells in the pres-
ence of 8 �g/ml polybrene. Infected cells were selected
with 3 �g/ml blasticidin S (029–18701, FUJIFILM Wako
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Chemicals). For co-expression of c-JUN and YAP1, HepG2
cell lines established by mock, YAP1, or YAP1(S127A)
lentivirus infection were infected with the c-JUN virus for
48 h.

Chromatin immunoprecipitation (ChIP)-qPCR

ChIP experiments for detecting modified histones were
conducted as previously described (8). Briefly, cells were
crosslinked with 1% formaldehyde for 10 min at room tem-
perature. Following cell lysis, cells were sonicated by Pi-
coruptor (Diagenode) for 10 min or treated with 10 U of
Micrococcal nuclease per 1 × 106 nuclei at 37◦C for 20
min. Chromatin fragments were incubated at 4◦C overnight
with the appropriate antibodies, followed by a pull-down
assay using protein A/G-conjugated beads. Purified DNA
was subjected to quantitative PCR (qPCR) using the primer
sets listed in Supplementary Table S2. For ChIPs targeting
transcription factors, Dynabeads M-280 sheep anti-rabbit
or anti-mouse IgG (Thermo Fisher Scientific) were used for
pull-down.

ChIP-seq analysis

For ChIP-seq analyses, 5 × 106 HepG2 cells per immuno-
precipitation (IP) were collected 72 h after siRNA trans-
fection. Crosslinking and fragmentation were conducted as
described for the ChIP-qPCR. Chromatin fragments were
incubated at 4◦C overnight with 2 �g of appropriate an-
tibodies and immunoprecipitated with Dynabeads protein
A/G (Life Technologies). After decrosslinking, the DNA
was purified using a QIAquick PCR Purification Kit (Qia-
gen). The ChIP-seq library was prepared using a NEBNext
Ultra DNA Library Prep Kit and sequenced using the Illu-
mina NextSeq 500/550 system (Illumina), according to the
manufacturer’s protocol. The sequenced reads were mapped
to the human reference genome (hg19) using the Burrows-
Wheeler alignment algorithm with default parameters (23).
Peak detection was performed using the MACS2 algorithm
with an FDR cutoff value of 0.05, a composite broad region
option (24), and selected peaks of enrichment greater than
five times the control KD. The ChIP-seq data have been de-
posited in the GEO under ID codes GSE197242.

Transcription factors co-localized with the modified ac-
tive enhancer mark regions were predicted using ChIP-
Atlas (25) and the ChIP-seq data for c-JUN (GSM1700784)
(26), YAP1 (GSM1614029) (27) and HNF4� (GSM469863)
(28) were used for subsequent analyses. Peak annotations
and motifs were analyzed using Homer (29), and the co-
localization of ChIP-seq data was visualized using the com-
pute matrix of deep tools (30). Functional enrichment anal-
ysis was conducted using clusterProfiler (31,32) with an
FDR cutoff of 0.05. The results were visualized via dot plot
or gene concept-network (cnet) plot.

For analyzing the active enhancer mark and transcription
factor enrichment on enhancer regions of secretory pro-
tein genes induced by mitochondrial stress, enhancers of the
genes were predicted using GeneHancer (33). ChIP-seq data
of TFAM-depleted HepG2 cells, c-JUN (GSM1700784),
YAP1 (GSM1614029) and TEAD1 (GSM1667161) were in-
tegrated using the Integrative Genomics Viewer (34).

Data analysis of murine NAFLD/NASH model

To analyze the in vivo mitochondrial stress in mice, RT-
qPCR was conducted using liver samples. For the NAFLD
model, 7-week-old male C57BL/6J mice were fed with
normal-diet (ND), high-fat diet (HFD), or methionine and
choline-deficient (MCD) diet for 4 weeks (35). For the
NASH model, we reanalyzed the transcriptome dataset
GSE137449 (36). Briefly, row count data obtained from
RNA sequences in the liver of wild-type (WT) mice treated
with ND or a choline-deficient L-amino acid-defined HFD
(CDAHFD) were normalized using Deseq2 (37). Equality
of variance was examined using with a significance level of
0.05.

Real-time measurement of OXPHOS activity

Cellular OXPHOS activity was monitored in real time
using the XF24 Extracellular Flux Analyzer (Seahorse
Bioscience), according to the manufacturer’s instructions.
HepG2 or HeLa cells were transfected with siRNAs 3 days
prior to the assay, and 5 × 104 or 4 × 104 cells per well of
HepG2 or HeLa cells were seeded on the Seahorse assay
plate a day before the assay. The maximum OXPHOS ca-
pacity was determined as described previously (8).

Determination of intracellular ATP

To determine intracellular ATP concentrations, HepG2
cells were collected 48 h after siRNA transfection. ATP
concentrations were determined using an ATP Biolumines-
cence Assay Kit CLS II (Roche), according to the manufac-
turer’s instructions. ATP concentrations were normalized to
the number of cells in the same samples.

Formaldehyde-assisted isolation of regulatory elements
(FAIRE)-qPCR

FAIRE experiments to detect open chromatin sites were
conducted according to a previously published protocol
(38). Briefly, 9 × 105 HepG2 cells were seeded the day be-
fore siRNA transfection, and the cells were harvested 24 h
after transfection. Cells were crosslinked with 1% formalde-
hyde for 10 min at room temperature, and after cell lysis,
the DNA was sheared using a Bioruptor (Diagenode) for
10 min. The samples were de-crosslinked by overnight in-
cubation at 65◦C and purified by ethanol precipitation. The
samples were subsequently treated with RNase A, purified
using a QIAquick PCR purification kit (Qiagen), and used
for qPCR analysis. The primer sets are listed in Supplemen-
tary Table S2.

Identification of super-enhancers

Super-enhancers were identified by Homer’s findPeaks tool
based on the algorithm of Whyte et al. (39) using acetylated
H3K27 peak data from control- and TFAM-knockdown
HepG2 cells.

Analysis of genome-wide long-range interactions

To analyze the interaction of RE sites and distal genomic
regions, we used ChromContact, a web tool to utilize the
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information obtained by Hi-C (40). Regions that inter-
act with RE1, RE2 or RE3 were examined in AREG-
expressing (NHEK, HMEC) and non-AREG-expressing
(IMR90, HUVEC) cells at a resolution of 5 kb.

RNA sequencing data analysis of human NAFLD patients

Transcriptome data (GSE160016) from the livers of donors
who underwent organ donation after cardiac death (6 non-
NAFLD donors and 5 NAFLD donors) (41) were reana-
lyzed as human controls and mitochondrial stress condi-
tions, respectively.

Motif Analysis of c-JUN and TEAD1

Potential binding sequences of AP-1 and TEAD (TEA
domain transcription factor) near the RE1, RE2, and
RE3 sites were predicted with MatInspector (http://www.
genomatix.de) (42).

Definition of secretory protein

The 2641 genes predicted by The Human Protein Atlas
(HPA) (www.proteinatlas.org) (43) according to the defini-
tion of ‘all ensemble genes with at least one predicted secre-
tory transcript’ were used as secretory proteins.

RESULTS

Elevated expression of AREG is a hallmark of mitochondrial
dysfunction

TFAM is a nuclear-encoded protein and indispensable for
the function of mitochondrial genome. To understand the
nuclear response against mitochondrial dysfunction (Fig-
ure 1A), we conducted transcriptome analyses in cultured
human cells (HepG2 and HeLa) under TFAM knock-
down (KD), using two siRNAs against the coding and
3′-untranslated sequences of TFAM mRNA (Supplemen-
tary Figure S1A). Under TFAM-KD for 72 h, both ox-
idative phosphorylation (OXPHOS) and glycolytic activ-
ities decreased, together with a reduction in intracellu-
lar ATP levels (Supplementary Figure S1B,C), indicating
that metabolic dysfunction occurred in mitochondria. We
found that 52 nuclear genes were commonly upregulated by
≥1.5-fold by TFAM-KD, while 23 genes were downregu-
lated (Figure 1B and Supplementary Table S3). Among the
genes upregulated by TFAM-KD, Amphiregulin (AREG)
showed the highest induction ratio (Figure 1C), in addi-
tion to an enrichment of secretory protein genes such as
thrombospondin-1 (THBS1) and CD44. AREG upregula-
tion was verified by quantitative RT-PCR analyses (Figure
1D,E). We also found a dramatic increase of AREG expres-
sion in diploid fibroblast IMR90 under TFAM-KD (Fig-
ure 1E). By immunostaining analysis, we confirmed that
the AREG protein was abundantly expressed in TFAM-KD
cells (Figure 1F). Intracellular AREG in TFAM-KD cells
was increased by the treatment with brefeldin A (BFA), an
ER-Golgi trafficking inhibitor (Figure 1G), indicating that
AREG was actively secreted. Notably, AREG upregulation
was also found under two different mitochondrial stresses

in HepG2 cells, OXPHOS inhibition by oligomycin treat-
ment and mtDNA depletion (rho0 or �0 state) by long-term
ethidium bromide treatment (Figure 1H,I). These data in-
dicated that the induced expression of AREG is a hallmark
of mitochondrial dysfunction, and thus a key target of the
retrograde signaling.

Tfam downregulation and Areg upregulation in mouse liver
tissues under mitochondrial stress

We then investigated whether the expression of TFAM and
AREG are altered under mitochondrial stress conditions in
vivo. When fed a high-fat diet (HFD) combined with me-
thionine and choline deficiency (HFD/MCD), mice devel-
oped liver injury due to mitochondrial damage (44). By
comparing the transcriptome profile of HFD/MCD-fed
mouse liver with that of normal diet (ND)-fed mice (35),
we found a clear downregulation of Tfam expression in the
HFD/MCD mice, together with a significant inverse corre-
lation with that of Areg (P < 0.01) (Figure 2A). Next, we
analyzed the transcriptome dataset from another liver in-
jury model, in which mice were fed either ND or L-amino
acid-defined/choline-deficient HFD (CD) (36). In compar-
ison with the ND-fed mice, Areg and other TFAM-KD in-
duced genes (Figure 1C), including Thbs1 and Cd44, were
significantly increased in the CD mice, in the presence of a
decrease in Tfam expression (Figure 2B and Supplementary
Figure S2A). In addition to mouse liver injury model, we
evaluated human transcriptome datasets of liver specimens
from non-alcoholic fatty liver disease (NAFLD) and non-
NAFLD groups (41). AREG and TFAM transcripts tended
to increase and decrease in the NAFLD group, respectively,
in comparison with the non-NAFLD group (Supplemen-
tary Figure S2B). Collectively, the data suggest that the in-
duction of Areg is a hallmark of liver injury, in which TFAM
is inactivated.

Unique transcriptional regulators act on AREG gene en-
hancers under mitochondrial stress

Two tandem AREG genes, separated by a 170 kb-genomic
sequence, are located within the EGF family gene clus-
ter at human chromosome 4q13.3 (45) (Figure 3A). To
evaluate the impact of mitochondrial dysfunction on
the epigenome in HepG2 cells, we performed chromatin
immunoprecipitation-sequencing (ChIP-seq) of mono-
methylated H3K4 (H3K4me1) and acetylated H3K27
(H3K27ac), which are histone marks characteristic of
enhancer activity (46,47). Based on the enrichment of these
active enhancer marks by TFAM-KD, we identified three
putative regulatory elements (REs) between AREG and
betacellulin (BTC) genes, named RE1, RE2 and RE3, in
this region (Figure 3A). Consistent with the upregulation
of the AREG gene, TFAM-KD elevated the levels of
both H3K4me1 and H3K27ac at these sites (Figure 3B).
Further, these RE1-3 sites were selectively detected as a
super-enhancer that showed the accumulation of H3K4me1
and H3K27ac in TFAM-KD cells (Supplementary Figure
S3A). Because enhancer activation is often accompanied by
chromatin opening, we performed a FAIRE-quantitative
PCR to analyze the chromatin structure around the

http://www.genomatix.de
http://www.proteinatlas.org
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Figure 1. Transcriptome analyses identify AREG as a mitochondrial stress-induced secretory factor. (A) Study of mitochondrial stress-induced cellular
response. Mitochondrial stresses stimulate signaling, transcriptional and epigenomic changes for nuclear gene control. (B) Transcriptome analyses of
TFAM knockdown (KD) cells. The Venn diagrams show the number of genes whose expression levels changed by ≥1.5-fold after the distinct TFAM-KD
experiments (siTFAM #1 or #2) in HepG2 and HeLa cells. (C) The top-ranked genes commonly upregulated by TFAM-KD include AREG and THBS1
(Supplementary Table S3). Among them, secretory protein genes are shown in the heatmap. (D) Inverse correlation of TFAM and AREG mRNAs after
TFAM-KD. RT-qPCR analysis was conducted in the time course. siTFAM #1 was indicated as ‘siTFAM’ in most experiments throughout the study. (E)
Induction of AREG mRNA by TFAM-KD. TFAM-KD for 72 h in HepG2, HeLa cells and IMR90 fibroblasts. mRNA levels were normalized by the
RPLP0 (ribosomal protein lateral stalk subunit P0) gene and were indicated by mean ± SD (n = 3). **P < 0.01, *P < 0.05. (F) Immunofluorescence
and western blot analyses of AREG protein in HepG2 cells. TFAM-KD was carried out for 72 h (left); scale bar: 10 �m. The cells were then treated
with 5 �g/ml of brefeldin A (BFA) for 6 h to store intracellular AREG without being secreted (right). (G) Accumulation of AREG in IMR90 cells by
TFAM-KD and BFA treatment. (H,I) Induction of AREG mRNA by various mitochondrial stresses. HepG2 treated with 0.5 �g/ml oligomycin for 24 h
(H), HepG2-derived �0 cells established by ethidium bromide treatment for 10 days (I). mRNA levels were analyzed as described in panel (E).
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Figure 2. Tfam downregulation and Areg upregulation in mouse liver tissues under mitochondrial stresses in vivo. (A) Diet-induced murine NASH model
corresponding to mitochondrial stresses. Seven-week-old male C57BL/6J mice were fed with normal diet (ND), high-fat diet (HFD) and HFD in com-
bination with methionine and choline deficiency (MCD) for 4 weeks. RT-qPCR analysis of Tfam and Areg mRNAs from liver sections (n = 6). Box plot
data are shown by the median and minimum/maximum whiskers. Inverse correlation between Tfam and Areg expression in the MCD group (right). Pear-
son product-moment correlation coefficient and P values are indicated. (B) Expression of mitochondrial stress-related genes such as Tfam, Areg, Thbs1
and Cd44 in L-amino acid-defined HFD/choline deficiency (CD)-fed mice that had moderate liver injury (n = 8). Data are from GSE137449; *P < 0.05,
**P < 0.01.

RE sites. We found constitutively accessible chromatin
structure at RE1, RE2 and RE3 in both the control and
TFAM-KD cells (Supplementary Figure S3B). Using the
chromatin interaction database (ChromoContact) (40), we
found that RE3 interacted with the promoter region of the
5′-located AREG gene, which formed an approximately
285 kb chromatin loop harboring two AREG genes in
AREG-positive cells but not in AREG-negative cells
(Supplementary Figure S3C). To directly assess the en-
hancer activity, functional reporter assays were conducted
in which the human AREG promoter was fused to the
luciferase reporter gene with various combinations of the
RE sequences (Figure 3C). As expected, AREG/luciferase
activities were induced by each RE and were synergistically
augmented by combinations of RE under the TFAM-KD
condition, suggesting that RE enhancers cooperatively
regulate AREG induction.

To identify transcriptional regulators that directly tar-
get these AREG enhancers, we compared our ChIP-seq
data with published datasets using ChIP-Atlas (http://chip-
atlas.org/) (25). The RE sites showed high enrichment of c-
JUN, c-FOS, YAP1 and TEAD proteins in various AREG-
expressing cells (Figure 3D and Supplementary Table S4).
In addition, BRG1/SMARCA4, p300 and MLL4/KMT2D
were significantly co-localized in the RE enhancers.

We then examined the contribution of these RE-
associated factors to AREG induction by TFAM deple-
tion. Under TFAM-KD, the inhibition of c-JUN, YAP1
or TEAD1 resulted in the reduction of AREG at both the
RNA and protein levels (Figure 3E and Supplementary Fig-
ure S3D), indicating that these transcription factors pro-

moted AREG induction. In contrast, the loss of BRG1 up-
regulated AREG expression (Figure 3F and Supplemen-
tary Figure S3D,E), indicating that this ATP-dependent
chromatin remodeler suppressed AREG expression. Since
BRG1 was decreased under TFAM-KD (Supplementary
Figure S3F), in parallel with a decline in intracellular
ATP (Supplementary Figure S1C), BRG1 activity might
have been suppressed by mitochondrial dysfunction. Col-
lectively, these results indicate that AREG expression is in-
duced by dynamic activities of positive and negative regula-
tors under mitochondrial stress.

c-JUN is upregulated by mitochondrial stress and directly
promotes AREG expression

We next sought to gain mechanistic insights into how mito-
chondrial stress-responsive AREG enhancers are regulated.
Among the factors involved in the upregulation of AREG
genes, we first focused on c-JUN, since c-JUN expression
was dramatically induced under TFAM-KD (Figure 1C),
and all three RE enhancers contains the consensus motif for
AP1 complex (c-FOS/c-JUN) (Supplementary Table S5).
We found that phosphorylated c-JUN (p-c-JUN) at Ser73,
a functionally active form of this protein (35,48–50), was
increased in the nuclear fraction of the TFAM-KD cells
(Figure 4A). Phosphorylated c-JUN was also increased in
TFAM-depleted HeLa or IMR90 cells and in oligomycin-
treated HepG2 cells (Supplementary Figure S4A). Consis-
tently, p-c-JUN abundantly bound to the RE enhancers un-
der TFAM inhibition, indicating its dynamic participation
in the mitochondrial stress response (Figure 4B). To fur-

http://chip-atlas.org/
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Figure 3. Epigenomic analyses reveal multiple transcriptional regulators acting on AREG gene enhancers under mitochondrial stress. (A) ChIP-seq analyses
of active enhancer marks (H3K4me1 and H3K27ac) in HepG2 cells. After TFAM-KD for 72 h, enhancer marks-enriched sites were found between AREG
and betacellulin (BTC) genes, named as RE1, RE2 and RE3. (B) Verification of H3K4me1 and H3K27ac enrichments at RE sites. Three independent
ChIP-qPCR analyses were conducted under conditions similar to those in (A). The bars indicate the relative changes of modified histones (TFAM-KD
versus control-KD) on a log2 scale. (C) Enhancer activity assay of single or multiple combinations of RE fused to AREG promoter-driven luciferase
gene. Control and TFAM-KD HepG2 cells were analyzed 48 h after reporter plasmid transfection (n = 3). Differences in letters above the bars (a-h)
indicate significant differences (Tukey’s HSD test, P < 0.05). (D) ChIP-Atlas analysis of transcriptional regulators at mitochondrial stress-responsive RE
enhancers. The datasets were extracted from the top-ranked fold enrichment (Supplementary Table S4). The ChIP-seq data are from GSM1835989 for
BRG1, GSM1240110 for p300, GSM1240109 for MLL4, GSM1700784 for c-JUN, GSM777644 for c-FOS, GSM1010772 for TEAD4, GSM1614029 for
YAP1 and GSM1667161 for TEAD1. (E, F) Knockdown effects of RE-associated transcriptional regulators on AREG induction by TFAM depletion.
RT-qPCR and immunofluorescence analyses were performed using indicated combinations of siRNAs against TFAM and each factor for 72 h in HepG2
cells; scale bar: 100 �m; **P < 0.01.
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Figure 4. c-JUN and activated YAP1/TEAD1 induce AREG expression under mitochondrial stress. (A) Western blot analysis of c-JUN and p-c-JUN
(phosphorylated c-JUN at Ser73) in cytoplasmic and nuclear fractions from HepG2 cells (control and TFAM-KD for 72 h). (B) ChIP-qPCR analysis of
p-c-JUN at RE sites in the AREG gene region. Control and TFAM-KD cells for 72 h were tested (n = 3). Transcription start sites (TSSs) of AREG and JUN
genes were used as negative and positive controls, respectively (left). Data are represented as mean ± SD. ** P < 0.01. Based on Supplementary Table S5,
fold difference bars indicate the relative enrichments of p-c-JUN for the three REs (TFAM-KD vs. control-KD) on a log2 scale (right). (C) Overexpression
of c-JUN using lentivirus gene transfer and blasticidin S selection in HepG2 cells. Representative images of mock and c-JUN-expressing virus infected
cells (day 7) (Supplementary Figure S4B). (D) Expression of c-JUN and AREG in c-JUN overexpressing cells (n = 3); ** P < 0.01, *P < 0.05. (E) Western
blot analysis of YAP1, TAZ, and TEAD1 in cytoplasmic and nuclear fractions from HepG2 cells (control and TFAM-KD for 72 h). (F, G) ChIP-qPCR
analysis of YAP1 (F) and TEAD1 (G) at RE sites in the AREG gene region. Control and TFAM-KD cells for 72 h were tested (n = 3). TSS of AREG gene
and other sites were used as negative controls (left). Data are represented as mean ± SD. **P < 0.01. Based on Supplementary Table S5, fold difference
bars indicate the relative enrichments of YAP1 and TEAD1 at RE2/3 enhancers (TFAM-KD versus control-KD) on a log2 scale (right). (H) RT-qPCR
analysis of AReG mRNA; n = 3, **P < 0.01, *P < 0.05.
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ther test the involvement of c-JUN in AREG expression,
we introduced a lentiviral vector to force c-JUN expression
(Figure 4C). Interestingly, c-JUN overexpression strongly
induced AREG expression (Figure 4D). Under these condi-
tions, we observed no evident cell damage (Supplementary
Figure S4B), or no changes in the expression of TFAM and
mtDNA-coded genes such as cytochrome c oxidase subunit
1 (CO1), NADH dehydrogenase 1 (ND1) and NADH de-
hydrogenase 6 (ND6), or in the relative copy numbers of
mtDNAs (Supplementary Figure S4C). Interestingly, the
use of the JNK inhibitor, SP600125, did not significantly
inhibit c-JUN phosphorylation and AREG induction un-
der the TFAM-KD (Supplementary Figure S4D) (see the
Discussion). These results suggest that mitochondrial dys-
function upregulates c-JUN, which in turn strongly enhance
AREG expression.

Activated YAP1 targets AREG gene enhancers

We then examined the involvement of YAP1 and TEAD1
in the mitochondrial stress response, since YAP1 expres-
sion was upregulated in parallel with AREG and c-JUN
in TFAM-KD HepG2 cells (Supplementary Figure S4E).
YAP1 is phosphorylated and stabilized by the LAT ki-
nases, whereas dephosphorylated YAP1 translocates to the
nucleus, regulates gene expression together with TEAD1,
and is then degraded by the proteasome pathway (51).
TFAM depletion evidently increased cytoplasmic YAP1 in
HepG2 cells (Figure 4E), but nuclear YAP1 was unde-
tectable probably due to its degradation. The amount of
TEAD1 in the nuclei was not affected by TFAM-KD. Sim-
ilarly, TFAM depletion increased the total YAP1 as well as
phosphorylated c-JUN in HeLa and IMR90 cells (Supple-
mentary Figure S4A). The RE2/3 enhancers of the AREG
genes, which contains the TEAD-binding motifs (Supple-
mentary Table S5), were targeted by YAP1 and TEAD1
under TFAM-KD, indicating that YAP1 was actively in-
volved in AREG induction (Figure 4F,G). To validate this
event, we used lentivirus gene transfer to examine the over-
expressing effect of wild-type YAP1 and constitutively ac-
tive YAP1 (S127A; phosphorylation-defective) on AREG
expression (Supplementary Figure S5A). Overexpression of
YAP1 caused no evident cell damage. FLAG-tagged YAP1
(S127A) was short-lived at the protein level and was pre-
dominantly localized to the nucleus (Supplementary Figure
S5B). Interestingly, YAP1 (S127A) overexpression moder-
ately increased AREG expression (Figure 4H and Supple-
mentary Figure S5B), possibly via the enrichment of YAP1
(S127A) and TEAD1 at RE2 (Supplementary Figure S5C),
suggesting that YAP1 functions for AREG induction.

c-JUN and YAP1 cooperatively upregulate AREG and
THBS1 genes

To investigate the cooperative role of c-JUN and YAP1,
we examined the effect of co-expression of c-JUN with ei-
ther YAP1 or YAP1 (S127A) in HepG2 cells (Figure 5A).
We did not observe any mutual influence on the expression
levels. Co-expression of c-JUN and YAP1 (S127A) upregu-
lated the expression of AREG (Figure 5B), with an ampli-
tude similar to TFAM-KD (Figure 1E). Notably, the com-
bination of c-JUN and YAP1 did not affect the expression

of TFAM, and mtDNA-coded CO1, ND1 and ND6 genes,
suggesting that c-JUN and YAP1 enhanced the expression
of AREG without inducing mitochondrial dysfunction.

In addition to AREG, we found a number of secretory
protein-encoding genes, whose expression was significantly
upregulated by TFAM-KD (Figure 1C). Among them,
THBS1 was also upregulated by the co-expression c-JUN
and YAP1 (Figure 5B). Our ChIP-seq analyses revealed
that TFAM-KD increased the levels of both H3K4me1
and H3K27ac at the proximal and upstream distal en-
hancers of THBS1, which were occupied by c-JUN and
YAP1/TEAD1 (Figure 5C). Similar data were obtained in
genes encoding other secretory proteins, including CD44,
C1orf54 (hypothetical) and ERLIN2 (Supplementary Fig-
ure S6), indicating that c-JUN and YAP1 play central roles
in shaping mitochondrial stress-associated transcriptome.
Further, this finding was emphasized by our data that
AREG, THBS1, p-c-JUN and YAP1 were upregulated in
�0 cells, while TFAM clearly disappeared (Supplementary
Figure S7).

The loss of TFAM triggers epigenetic remodeling at en-
hancers associated with stress response and metabolism path-
ways

To explore whether c-JUN/YAP1/TEAD1 axis is preva-
lent in the chromatin regulation under mitochondrial stress,
we analyzed the enrichment of transcription factor-binding
motifs in regions with altered enhancer marks (H3K4me1
and H3K27ac) by TFAM-KD. JUN/AP-1 and TEAD con-
sensus sequences were listed at the top-ranked motifs in re-
gions with increased active enhancer marks (Figure 6A).
Consistently, under TFAM-KD, enhancer marks were ac-
cumulated near the c-JUN- or YAP1-bound sites which
were defined using publicly available ChIP-seq data (Fig-
ure 6B). By a functional enrichment analysis using cluster-
Profiler, we found that genes associated with various stress
response pathways were enriched in 309 genes which were
bound by c-JUN and upregulated by TFAM-KD with en-
riched enhancer marks (Figure 6C,D and Supplementary
Table S6). In addition, both similar and unique pathways
were enriched in 195 genes which were bound by YAP1 and
upregulated by TFAM-KD with enriched enhancer marks
(Figure 6D,E and Supplementary Table S6). Actually, 175
of the 195 YAP1-targeted genes were merged with the c-
JUN-targeted genes (Supplementary Figure S8A). These
results indicate that TFAM depletion triggers a c-JUN- and
YAP-mediated epigenetic remodeling leading to stress re-
sponses. Notably, gene concept-network (cnet) plot analy-
ses showed that these c-JUN- and YAP1-targeted genes en-
coded many secretory proteins such as AREG and THBS1
(Supplementary Figure S8B,C).

On the other hand, we found enriched binding mo-
tifs for cell type-specific transcription factors such as
hepatocyte nuclear factor-4� (HNF4�) in regions with
reduced enhancer marks by TFAM-KD (Figure 6A).
Consistently, HNF4�-bound enhancers showed decreased
H3K27ac levels in the TFAM-KD HepG2 cells (Figure 6B).
325 HNF4�-bound genes were overlapped with transcrip-
tional downregulation and decreased enhancer marks un-
der TFAM-KD (Figure 6F and Supplementary Table S6).
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Figure 5. (A) Preparation of HepG2 cells that co-overexpressed c-JUN and YAP1 by lentivirus gene transfer. Expression levels of c-JUN, YAP1 and
YAP1(S127A) mRNAs. (B) RT-qPCR analysis of AREG and THBS1, and mitochondria-related genes. n = 3, data are represented as mean ± SD;
**P < 0.01, *P < 0.05. (C) Coexistence of active marks (H3K4me1 and H3K27ac), c-JUN and YAP1/TEAD1 in the proximal and distal enhancers of
THBS1 gene. ChIP-seq data are from GSM1700784 for c-JUN, GSM1614029 for YAP1 and GSM1667161 for TEAD1.

Functional enrichment analysis of 325 overlapping genes
revealed the pathways involved in liver-specific metabolic
processes (Figure 6G), suggesting that multiple metabolic
genes were influenced by HNF4� under mitochondrial
stress. A large portion of such genes were positively reg-
ulated by HNF4� under normal condition (Supplemen-
tary Figure S8D), suggesting that HNF4� function may be
compromised under mitochondrial dysfunction. Taken to-
gether, our study highlighted that TFAM depletion triggers

a unique retrograde signaling to transcriptional and epi-
genetic reprogramming, possibly resulting in a shift from
metabolism to stress responses including protein secretion.

DISCUSSION

Mitochondria-to-nucleus signaling profoundly contributes
to cellular functions and homeostasis. Although key play-
ers for such retrograde signaling including metabolites, ki-
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Figure 6. Genome-wide gene regulation mediated by c-JUN, YAP1 and HNF4� under mitochondrial stress. (A) Enriched motifs in the regions with
increased or decreased enhancer marks (H3K4me1 and H3K27ac) in TFAM depleted-HepG2 cells. Motifs for transcription factor binding were identified
using the HOMER algorithm. (B) Enhancer marks near c-JUN, YAP1 or HNF4� binding sites (–3 to + 3 kb) in control and TFAM-KD cells. Normalized
enrichment values are from GSM1700784 for c-JUN, GSM1614029 for YAP1 and GSM469863 for HNF4�. (C,E) Venn diagram of 309 genes merged
with transcriptional upregulation (≥1.5-fold in TFAM-KD), increased enhancer marks by TFAM-KD and c-JUN binding (C), and 195 genes merged
with transcriptional upregulation (≥1.5-fold in TFAM-KD), increased enhancer marks by TFAM-KD and YAP1 binding (E) (listed in Supplementary
Table S6). (D) Top five Molecular Signatures Database (MSigDB) Hallmark pathways enriched in 309 c-JUN target genes (C) and 195 YAP1 target genes
(E). The gene ratios of Peroxisome and TGF-� signaling in c-JUN targets and TGF-� signaling in YAP1 targets were 0.08, 0.05 and 0.06, respectively.
FDR < 0.05. (F) Venn diagram of 325 genes merged with transcriptional downregulation (≥1.5-fold in TFAM-KD), decreased enhancer marks by TFAM-
KD, and HNF4� binding (listed in Supplementary Table S6). (G) The MSigDB Hallmark pathways enriched in 325 overlapped genes (F). The gene ratios
for Xenobiotic metabolism and Bile acid metabolism were 0.16 and 0.10, respectively; FDR < 0.05.



Nucleic Acids Research, 2022, Vol. 50, No. 17 9777

nases and transcriptional regulators have been identified,
not much is known about how these players dynamically
communicate to generate specific gene expression patterns.
Here, we found that the loss of TFAM caused mitochon-
drial dysfunction, stimulated cooperation of c-JUN and
YAP1, and induced expression of the AREG gene with tran-
scriptionally active marks at newly identified RE enhancers.
Further, investigations of murine NAFLD/NASH models
showed that Areg gene was upregulated, while the Tfam
gene was downregulated in the liver tissues, suggesting that
AREG expression is a hallmark of mitochondrial dysfunc-
tion in the liver. Thus, multiple signaling pathways cooper-
ate to specifically induce transcriptional and epigenetic al-
terations when mitochondria are damaged.

Communication between the nucleus and mitochon-
dria consists of anterograde and retrograde pathways (1).
TFAM is a well-known transcription factor acting on
mtDNA in the anterograde pathway (3,6,52). We found that
TFAM depletion directly initiated mitochondrial stress or
dysfunction, followed by a subsequent retrograde pathway.
Thus, these bidirectional pathways are continuously linked
to each other as a biological cycle. We also found that mito-
chondrial stress is transmitted to the nucleus via activation
of c-JUN and YAP-mediated signaling, and that the result-
ing cells reprogram gene expression, allowing unique pro-
tein production and secretion. Although c-JUN is known
to be functionally activated via its phosphorylation by
the JNK (35,48–50), we observed that the JNK inhibitor,
SP600125, did not diminish the increase in phosphorylated
c-JUN under the TFAM-KD (Supplementary Figure S4D),
indicating that other kinases may operate for this mitochon-
drial stress response. In addition, YAP proteins translo-
cate to the nucleus through dephosphorylation mediated
by protein phosphatase 2A (PP2A) (51,53). The use of
the PP2A inhibitor, LB-100, increased the phosphorylated
form of YAP1 under TFAM-KD (data not shown), suggest-
ing that PP2A is involved in the mitochondrial stress re-
sponse. However, our experimental condition using TFAM-
KD may represent the early stage of mitochondrial dysfunc-
tion, as gene sets involved in the mitochondrial unfolded
protein response (UPRmt) (54,55) did not vary in the cells
tested (data not shown). If c-JUN and YAP1 are more es-
sential for acute response to mitochondrial stress, it may be
reasonable that we observed no evident upregulation of c-
Jun and Yap1 mRNAs in murine NAFLD/NASH models
(data not shown). In addition, the loss of Tfam might have
distinct effects on gene control including Areg expression,
depending on cell types and experimental conditions (56).

Our ChIP-seq investigations revealed that mitochondrial
stress frequently activated distal enhancers of target genes,
which were enriched with c-JUN and YAP1/TEAD1 bind-
ing (Figures 3D, 5C and Supplementary Figure S6). Addi-
tionally, such distal enhancers were accompanied by the ac-
cumulation of chromatin remodeling factors such as p300,
MLL4, and BRG1 in the AREG gene (Figure 3D and data
not shown in other genes). It has been previously reported
that AP-1 (c-FOS/c-JUN) and YAP/TAZ/TEAD are colo-
calized at distal enhancers of proliferative genes and pro-
mote growth via chromatin loop formation between en-
hancers and promoters in breast cancer cells (27). In fi-
broblasts, the AP-1 complex, together with TEAD and

lineage-specific transcription factors, binds to nucleosome-
occluded enhancers and recruits the BAF chromatin re-
modeling complex to establish an accessible chromatin state
(57). These results suggest that c-JUN and YAP/TEAD col-
laborate with the chromatin remodeling complex at distal
enhancers to induce selective expression of target genes. In
other words, combinations of c-JUN and YAP/TEAD may
be an enhancer repertoire strategy.

For the YAP-driven cell growth and tumorigenesis, ro-
bust YAP binding was restricted to a relatively small num-
ber of hyperactive distal enhancers. YAP interacted with
the transcriptional mediator complexes at the enhancers,
which allowed the recruitment of cyclin-dependent kinase 9,
which regulated the promoter-proximal polymerase II (Pol
II) pause release (58). This enabled rapid and regulatory
gene induction, similar to the immediate early genes (59,60).
Consistently, we found that the mediator complex subunit
1 (MED1) and cyclin-dependent kinase 8 accumulated at
the YAP1-enriched RE enhancers of the AREG gene (data
not shown). Thus, acute mitochondrial stress responses may
utilize the Pol II pause release to support rapid gene control.

Interestingly, mitochondrial stress induced production or
secretion of newly synthesized proteins such as AREG and
THBS1. AREG is an autocrine or paracrine growth modu-
latory factor while THBS1 plays a role in extracellular ma-
trix and cell-to-cell interactions. Both proteins have been
demonstrated to control the proliferation of various cells
under developmental, inflammatory, senescent and cancer-
ous conditions (61–63). There is the possibility that this se-
cretion is a compensatory growth-promoting alert from mi-
tochondrial dysfunction cells to acceptor cells in the tissue.

Cellular senescence is induced by various stresses, such
as oncogene induction, telomere attrition, DNA damage,
and deregulation of chromatin. Senescent cells have been
found to cause mitochondrial dysfunction, either activa-
tion or decline, and a proinflammatory program referred
to as the senescence-associated secretory phenotype (SASP)
(64,65). Wiley et al. have reported that knockdown of sir-
tuin 3 (SIRT3), a mitochondrial sirtuin, led to senescence in
human fibroblasts which was not accompanied by the ex-
pression of proinflammatory cytokines (66). Interestingly,
SIRT3 depletion-induced senescent cells upregulated the
AREG and IL-10 genes. This may be consistent with our
results that cells undergoing mitochondrial dysfunction ac-
quired the unique production of AREG and THBS1 in hep-
atic cells and liver tissues.

Chronic liver diseases such as NAFLD/NASH repre-
sent hepatic triglyceride accumulation, mitochondrial dys-
function, and cellular senescence in the liver (15–18). Mito-
chondrial stress is deeply implicated in the development of
these diseases, as the activities of OXPHOS and ATP syn-
thesis decrease in liver tissues from these patients. Impor-
tantly, hepatic lipid overload is known to induce a c-JUN-
mediated stress response, which is often associated with
NAFLD pathogenesis (35). In the present study, murine
NAFLD/NASH models showed upregulation of Areg and
downregulation of Tfam gene in liver tissues (Figure 2). The
human liver transcriptome of NAFLD patients exhibited
a similar tendency of AREG and TFAM expression (Sup-
plementary Figure S2). Our data suggest that alteration
of anterograde and/or retrograde pathways contributes to
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NAFLD/NASH pathophysiology, which may be emerging
diagnostic/therapeutic targets.

Taken together, our study highlights the molecular ba-
sis of mitochondria-to-nucleus signaling and the mitochon-
drial stress-induced transcriptional and epigenomic remod-
eling, and promotes our understanding of the mitochon-
drial dysfunction-driven cellular responses.
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