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ARTICLE INFO ABSTRACT
Keywords: Objective: Mitochondrial dysfunction affects hepatic lipid homeostasis and promotes ROS gener-
Copine7 ation. Copine7 (CPNE7) belongs to the ubiquitous copine family of calcium-dependent phos-

fatty liver

Reactive oxygen species
Lipid metabolism
Mitochondrial dynamics

pholipid binding proteins. CPNE7 has a high calcium ion binding affinity and the capacity to
scavenge reactive oxygen species (ROS). A recent study reported that abnormalities in fatty acid
and lipid metabolism were linked to the gene variant of CPNE7. Therefore, the purpose of this
study is to examine the role of Cpne7 in hepatic lipid metabolism based on mitochondrial
function.

Methods: Lipid metabolism, mitochondrial function, and ROS production were investigated in
high-fat diet (HFD)-fed Gpne7 /~ mice and HyOy-damaged HepG2 hepatocytes following CPNE7
silencing or overexpression.

Results: Cpne7 deficiency promoted severe hepatic steatosis in the HFD-induced NAFLD model.
More importantly, mitochondrial dysfunction was observed along with an imbalance of mito-
chondrial dynamics in the livers of HFD-fed Cpne7 / mice, resulting in high ROS levels. Simi-
larly, CPNE7-silenced HepG2 hepatocytes showed high ROS levels, mitochondrial dysfunction,
and increased lipid contents. On the contrary, CPNE7-overexpressed HepG2 cells showed low ROS
levels, enhanced mitochondrial function and decreased lipid contents under HyO,-induced
oxidative stress.

Conclusions: In the liver, Cpne7 deficiency causes excessive ROS formation and mitochondrial
dysfunction, which aggravates lipid metabolism abnormalities. These findings provide evidence
that Cpne7 deficiency contributes to the pathogenesis of NAFLD, suggesting Cpne7 as a novel
therapeutic target for NAFLD.

1. Introduction

Mitochondria are essential organelles that play a vital roles in cell biology by producing energy through fatty acid beta-oxidation,
the tricarboxylic acid cycle, and oxidative phosphorylation [1]. Metabolic stressors or genetic variants can be responsible for mito-
chondrial dysfunction. Mitochondrial dysfunction is primarily characterized by excessive ROS formation, oxidative stress, and reduced
respiratory chain. These results are intimately linked to lipid accumulation, inflammation, and hepatic cell death during the
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non-alcoholic fatty liver disease (NAFLD) development [2]. Therefore, NAFLD is also regarded as a form of mitochondrial disease [3].

NAFLD, a chronic liver disorder, is one of the most prevalent metabolic diseases and a public health concern worldwide [4,5].
However, there is no approved treatment for NAFLD to date. Therefore, it is necessary to better understand the pathological mech-
anism of NAFLD and to develop therapeutic targets. NAFLD is mainly characterized by lipid metabolic disorder, and hepatic lipid is
produced by the influx of fatty acids through de novo lipogenesis, adipose tissue lipolysis, and reabsorption in circulation [6,7]. Hepatic
lipids are removed through the beta-oxidation of fatty acids in mitochondria and their release into very-low-density lipoprotein (VLDL)
[8]. The liver is one of the most mitochondrial-rich tissues, and there are between 500 and 4000 mitochondria per hepatocyte [9].
During early stages of NAFLD, compensatory mitochondrial adaptation is induced to counteract fat accumulation; at these stages,
increased mitochondrial respiratory activity, biogenesis, and mass are observed [10,11]. However, compensatory metabolic responses
are lost during NAFLD progression. Although higher mitochondrial biogenesis and mass are observed at these stages, it is characterized
by lower respiration rates, an imbalance of mitochondrial dynamics, and increased oxidative stress [12-14]. This indicates that the
degradation of damaged mitochondria is defective, resulting in a lower density of functional mitochondria [13]. Therefore, the
maintenance of mitochondrial dynamics and function is crucial for hepatic lipid metabolism and integrity.

Copines (CPNE) are a Ca®*-dependent phospholipid-binding protein family that has two C2 domains (C2A and C2B) and one von
Willebrand factor A domain [15]. The C2 domain is involved in Ca®*-dependent phospholipid binding, and the von Willebrand factor A
domain is known to mediate protein-protein interactions by binding to the tetratricopeptide repeat domain [16]. Copines exist
ubiquitously in most eukaryotes, except yeast and Drosophila, and are generally present as a family of multiple homologs [15]. The
high degree of conservation and multiplicity of this copine family suggests that copines play a fundamental role in cell biology. Copines
are involved in the development and differentiation of the nervous system as well as the occurrence and development of numerous
tumor types. The immune microenvironment of tumors is affected by Copines [17]. Recent studies have consistently reported that the
copine family is associated with the lipid metabolic pathway; the low expression of CPNE3 is associated with the risk of acute
myocardial infarction in patients with stable coronary artery disease and genetic variants of CPNE5 were associated with obesity [18,
19]. Moreover, a study reported that whole-exome sequencing and genome-wide association analyses of Nunavik Inuit revealed a high
frequency of ICAMS5, STAT2, RAFI, and particularly CPNE7 gene variants. These gene variants including CPNE7 were associated
abnormalities in fatty acid and lipid metabolism, increasing genetic risk responsible for a predisposition to metabolic syndrome [20].

Considering the findings of previous studies, it is indispensable to investigate the relationship between lipid metabolism and Cpne?.
Therefore, this study aims to explore the role of Cpne7 in the liver, which is the central organ of lipid metabolism based on mito-
chondrial function.

2. Methods
2.1. Animals

All animal procedures were approved by the Institutional Animal Care and Use Committee of Seoul National University (SNU-
210208-4-1). This study also conformed to the ARRIVE guidelines and was performed in accordance with the National Research
council’s Guide for the Care and Use of Laboratory Animals. C57BL/6 mice were purchased from Dooyeol Biotech (Seoul, Korea), and
the CpneZ-null (Cpne7 /™) mice were created by deleting Exons 5, 6, and 7 of the Cpne7 gene through the CRISPR/Cas9 system and
cloning a vector containing EGFR and NeoR by Macrogen (Seoul, Korea). The cloned vector was transformed using the electroporation
method in the CMTI-1 ES cell line derived from 129/SVEV mice. After electroporation, G418/ganciclovir-resistant colonies were
selected and transplanted into surrogate mothers to generate offspring. Cpne7 /~ mice were identified by PCR. The primers used were
exon7 F (5-CAGAAGGCCTTTGAGGAGGAGC-3', deleted region), neo F (5'-CAA TATGGGATCGGCCATTGAAC -3/, Cpne7’/ ~ vector
sequence) and exon8 RR (5-GTTTGTACTTGGCAT TCACACAGTCC-3'). The schematic diagram of generation of Cpne7 ~/~ mice is
found in the Supplementary Fig. 1. Experiments were performed on male mice. All mice used in the experiment were housed in cages
with a 12:12-h light/dark cycle at about 20° C-25 °C and 45%-55 % humidity.

2.2. RNA-sequencing analysis

Total RNA was extracted from homogenized liver tissues of 1-month-old wild-type (WT) and Cpne7_/ ~ mice (n = 3) using the
TRIzol reagent per the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). The total RNA (2 pg) of each group was shipped in
a freezing container to Macrogen. RNA-seq library construction was performed using the TruSeq Stranded mRNA LT Sample Prep Kit
(Illumina, San Diego, CA, USA). cDNA libraries were produced via the purification of total RNA, random fragmentation, and reverse
transcription into cDNA. The libraries were sequenced using the NovaSeq 6000 system (Illumina). The detailed procedure is found in
the supporting information.

For the list of significant differentially expressed genes, the Gene set enrichment analysis in a biological process and molecular
function, was performed using gProfiler (https://biit.cs.ut.ee/gprofiler/orth). The functional protein association networks were
conducted using String database (https://string-db.org).

2.3. HFD-induced NAFLD model

The control WT and Cpne7_/ ~ mice (n = 6) were fed a chow diet (CD; 2018s, Envigo, Udine, Italy). For NAFLD induction, the
experimental WT and Cpne7 /'~ mice (n = 6) were fed a 60 % high-fat diet (HFD; TD.06414, Envigo). The diet composition is found in
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the supporting information. The HFD was performed on 6-week-old male mice for 16 weeks. At each HFD replacement, residual feeds
were monitored to ensure that food consumption was not affecting the results. After CD or HFD feeding for 16 weeks, the mice were
anesthetized with a 2.5 % 2-methyl-2-butanol (Avertin; 240,486, Sigma-Aldrich, MO, USA) solution diluted with RNase-free water
(BWA-8000, T&I, Korea). Subsequently, the body and liver weights were measured, and a macroscopic analysis of the body and liver
was conducted.

2.4. Serum analysis

The mice (n = 4) were anesthetized, and blood samples were collected via cardiac puncture after overnight fasting prior to their
sacrifice. The whole blood was centrifuged at 2000 g for 10 min to obtain serum. The obtained serum was shipped in freezing con-
tainers to GCCL (Yongin, Korea). The serum levels of albumin (g/dL), alanine aminotransferase (ALT; U/L), total cholesterol (T. col;
mg/dL), triglyceride (TG; mg/dL), free fatty acid (FFA; pEq/L), and glucose (mg/dL) were measured through GCCL.

2.5. Hematoxylin and eosin (H&E) staining

The harvested tissues (n = 6) were fixed in 4 % paraformaldehyde in PBS at 4 °C for a day. Subsequently, dehydration, clearing, and
paraffin infiltration were performed using an automatic tissue processor (TP 1020, Leica, Wetzlar, Germany). The tissues were
embedded in paraffin and sectioned into 5-pm-thick slices using a microtome (RM 2155, Leica, Wetzlar, Germany). After deparaffi-
nization and rehydration, these sections were stained with H&E, dehydrated, cleared, and mounted.

For lipid droplet (LD) quantification, the void area occupied by lipid infiltrates in the H&E-stained images at x 400 was analyzed
using the particle analysis of Image J (National Institute of Health, USA). To exclude central veins and liver sinusoids, the size of the
measurement range was set to 20-5000 pm?, and the circularity was set to 0.5-1.0. The percentage of steatosis is the ratio of area
covered by lipids to total area.

2.6. Transmission electron microscopy (TEM) analysis

The harvested tissues were fixed in Karnovsky’s fixative at 4 °C for 4 h. Subsequently, the tissues were post-fixed in 1 % osmium
tetroxide diluted in 0.1-M sodium cacodylate buffer. After en bloc staining with 0.5 % uranyl acetate, dehydration was performed using
a graded ethanol series and propylene oxide, and the infiltration of Spurr’s resin was conducted. The polymerized blocks were
sectioned using an ultramicrotome (Leica, EM UC6). TEM images were obtained using JEM-1400 Flash.

2.7. Cell culture and transfection

The HepG2 cell line was purchased from the Korea Cell Line Bank (Seoul, Korea, KCLB n0.88065). HepG2 cells were grown and
maintained in MEM (Gibco BRL, Carlsbad, CA, USA) supplemented with 10 % FBS (Gibco BRL) and antibiotic-antimycotic reagents
(Gibco BRL) at 37 °C in a humidified 5 % CO, atmosphere.

The expression vector encoding DDK (Flag)-tagged CPNE7 (NM_153,636) was purchased from Origene (Rockville, MD, USA).
Control shRNA (sc-37007) and CPNE7 shRNA (sc-93065-SH) were purchased from Santa Cruz Biotechnology. The HepG2 cells were
seeded in 60 mm culture dishes at a density of 5 x 10° cells per well. The cells were transfected with DDK (Flag)-tagged CPNE7 and
shCPNE7 using the Metafectene Pro reagent (Biontex, Marinsried, Germany) per the manufacturer’s instructions.

2.8. Western blot

Western blotting was performed as previously described [21]. Liver tissue samples were homogenized using ice-cold RIPA buffer
with a homogenizer (SuperFastPrep-2, #6012500, MP Biomedicals, USA). The cells were lysed using ice-cold RIPA buffer. The liver
homogenates and lysed cells were centrifuged at 13,000 rpm for 30 min, and the supernatant was collected. Proteins (5-40 pg) were
loaded into the polyacrylamide gel and probed primary antibody. Antibodies used are listed in the supporting information. Anti-CPNE7
were produced as previously described [22]. After incubation with the secondary antibody, protein loading was measured by the
expression of GAPDH. Semi-quantitative assessments were conducted using Image Studio Lite (Version 5.2, Li-cor, Lincoln, NE, USA).

2.9. Measurement of ROS levels

ROS levels were analyzed using a ROS assay kit (ab113851, Abcam, Cambridge, UK). The ROS assay was performed per the
manufacturer’s instructions. Deparaffinized tissue sections were incubated with the 2, 7-Dichlorofluorescin diacetate (DCFDA) so-
lution for 45 min at 37 °C in the dark. After being washed, the tissue sections were stained with 4, 6-diamidino-2-phenylindole (DAPI)
for 5 min. Subsequently, the mounting procedure (s3023, DAKO, Copenhagen, Denmark) was conducted. ROS levels of tissue sections
were measured via confocal laser scanning microscopy (CarlZeiss, LSM 800) at Ex/Em = 485/535 nm.

The cells were seeded 96-well microplates with 25,000 cells per well. After incubation overnight, the cells were stained by adding
the DCFDA solution for 45 min at 37 °C in the dark. Subsequently, the DCFDA solution was removed and HoO (1 mM) was treated for
4 h. The plates were measured on a fluorescence plate reader at Ex/Em = 485/535 nm.
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Fig. 1. Numerous lipid droplets and differentially expressed genes are observed in the livers of chow diet (CD)-fed Gpne7-null (Cpne7~) mice. (A)
H&E-stained images in the livers of 1-month-old wild-type (WT) and Cpne7/~ mice (scale bars = 20 um). (B-F) RNA-sequencing analysis on liver
homogenates. (B) Heat map for hierarchical clustering. The left column represents WT control, and the right column represents Cpne7 /~ group.
Each row represents a single gene. The color change from yellow to blue 1g (FPKM+1) value ranging from high to low. (C) The number of
differentially expressed genes by fold change (n = 3). (D, E) GO functional analysis. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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2.10. Measurement of mitochondrial function

Oxygen consumption rate (OCR) was measured by Seahorse XFe96 Extracellular Flux Analyzer with XF Cell Mito Stress Test Kit as
per manufacturer’s protocol (Seahorse Bioscience, North Billerica, MA, USA). Briefly, HepG2 cells were treated using HoO2 (200 pM,
24h) following transfection of control, shCPNE7 and CPNE7 o/e and were seeded at a density of 2 x 10* cells/well onto 96-well cell
culture plate for overnight. The medium was replaced the following day to XF running medium with 2 mM r-glutamine and 1000 mg/L
p-glucose for OCR measurement. Cells were sequentially exposed to Oligomycin (1.5 pM; ATPase inhibitor), FCCP (0.5 pM; mito-
chondrial uncoupler) and Rotenenone/Antimycin A (0.5 pM; complex I/III inhibitor). The average measurement from experiments
conducted in triplicate is shown by each point in the traces.

2.11. Oil-red O staining

After treatment with HyO, (200 pm) for 24 h, HepG2 cells were fixed in 10 % formalin (Junsei Chemical, Japan) for 30 min. After
being washed, the cells were incubated in 60 % isopropanol (Duksan, Korea) for 5 min and covered in the oil-red O solution (Sigma-
Aldrich) for 20 min. After being washed, the cells were counterstained using hematoxylin for 1 min and washed with distilled water,
followed by viewing under a microscope. For quantification, after staining with hematoxylin and washing, the cells were washed using
60 % and 100 % isopropanol, and then the supernatant was used to read the absorbance at 492 nm.

2.12. Statistical analysis

Statistical analyses were performed using GraphPad Prism software (version 5, GraphPad Software, CA, USA). All values are
expressed as the mean + standard deviation for at least three independent experiments. Between-group statistical analyses were
performed using the independent t-test or one-way analysis of variance followed by Tukey’s post-hoc test. Statistically significant
differences between groups were considered at *p < 0.05, **p < 0.01 and ***p < 0.001.

3. Results
3.1. Cpne7 deficiency is associated with impaired hepatic lipid metabolism under normal conditions

3.1.1. Hepatic fatty changes occur in CD-fed Cpne7 ~/~ mice

To investigate whether Cpne? is involved in hepatic lipid metabolism, histological analysis was conducted in the livers of WT and
Cpne7~/~ mice. In the H&E-stained images, several LDs were observed in the livers of Cpne7 /~ mice compared with WT mice,
although there was no statistical difference (Fig. 1A). This result suggests that Cpne? is linked to hepatic lipid metabolism.

3.1.2. Cpne7 deficiency is involved in dysregulated lipid metabolism and mitochondrial dysfunction in RNA-sequencing analysis of liver
tissues

To determine the difference in lipid metabolism-related gene expression, RNA-sequencing was performed in liver tissues of WT and
Cpne7/~ mice (n = 3). As a result of RNA-sequencing, the significant gene expression pattern, as seen through the heat map, was
different in the livers of WT and Cpne7/~ mice (Fig. 1B). There were 178 upregulated genes and 171 downregulated genes in the livers
of Gpne7/~ mice compared with those of WT mice on the condition of |fold change (FC)| > 2. Among the genes, 135 genes were
significantly increased, and 81 genes were significantly decreased in the livers of Cpne7/~ mice compared with those of WT mice
(Fig. 1C).

Subsequently, a Gene Ontology (GO) enrichment analysis targeting the list of significant differentially expressed genes was per-
formed. The top 20 GO terms satisfying the p-value <0.05 for each category were presented as a dot plot. Most GO terms in the
biological process were associated with lipid metabolism processes such as the lipid metabolic, lipid biosynthetic, fatty acid metabolic,
and cholesterol metabolic processes (Fig. 1D). The top GO terms in molecular functions were catalytic activity and oxidoreductase
activity related to mitochondrial functions (Fig. 1E).

The functional protein association networks were conducted using the list of significant differentially expressed genes (Supple-
mentary Fig. 2). The line represents protein-protein associations. Each node (circles) represents all the proteins produced by a single,
protein-coding gene locus. The node color indicates the corresponding GO terms. The interaction network showed that genes involved
in lipid metabolism, fatty acid metabolism, insulin receptor signaling, and antioxidant activity were organically linked.

As can be seen in the list of significant differentially expressed genes related of lipid metabolism of Supplementary Table 1, sterol
regulatory element binding transcription factor 1 (Srebf1), a transcription factor for lipogenesis, and downstream lipogenic genes were
upregulated in the livers of Cpne7 /™ mice compared with those of WT mice. Furthermore, fatty acid synthesis genes such as Acot1,
Acotl1, Fabp2, Gpcpdl, Nudt7, Pex11a, Pex11a and Plcgl were upregulated in the livers of Cpne7’/ ~ mice compared with those of WT
mice. Conversely, the leptin receptor (Lepr) and insulin-like growth factor-binding protein 1 (Igfbp1) were downregulated in the livers
of Cpne7~/~ mice compared with those of WT mice.

In the list of significant differentially expressed genes related of oxidoreductase activity, the expression of cytochrome P450 (Cyps)
family, which is mostly found in the mitochondria and endoplasmic reticulum (ER), was altered. Additionally, NADPH oxidase 4
(Nox4), which causes oxidative stress, was upregulated and the genes with antioxidant activity such as Mgst3, Nqo1, and S100a9 were
downregulated in the livers of Cpne7 /™ mice compared with those of WT mice (Supplementary Table 1). These results indicate the
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Fig. 2. Cpne7 deficiency accelerates hepatic fatty changes in the HFD-induced NAFLD model. (A) Representative macroscopic liver images and liver
weights in CD-fed and HFD-fed WT and Cpne7 ™ mice. (B) H&E-stained images in the livers of CD-fed and HFD-fed WT and Cpne7 ™ mice (scale
bars = 20 pm), and quantitative analysis of percentage of steatosis using Image J software. (C) Serum levels of albumin, alanine aminotransferase

(ALT), total cholesterol (T.chol), triglyceride (TG), free fatty acid (FFA), and glucose in CD-fed and HFD-fed WT and Cpne7’/ ~ mice. (*p < 0.05, **p
< 0.01 and ***p < 0.001).
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possibility that Cpne7 deficiency could affect hepatic lipid metabolism and mitochondrial function.

3.2. Cpne7 deficiency destroys lipid metabolism and mitochondrial redox balance in the HFD-induced NAFLD model

3.2.1. Cpne7 deficiency exacerbates hepatic steatosis in the HFD-induced NAFLD model
To examine the effect of Cpne7 on the hepatic lipid metabolism, we established a HFD-induced NAFLD model. HFD feeding was
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performed in WT and Cpne7 /'~ mice for 16 weeks (n = 6). In the HFD-induced NAFLD model, macroscopic analyses demonstrated that
the livers of Cpne7~/~ mice were larger and had more pale-yellow appearances than those of WT mice. Moreover, liver weights of HFD-
fed mice were significantly increased in Cpne7 ™ mice compared to WT mice (Fig. 2A).

During histological analyses, several LDs were observed in the livers of Gpne7 /™ mice even among CD-fed mice. The livers of HFD-
fed Cpne7/~ mice showed severe steatosis features such as excessive lipid accumulation and hepatocyte ballooning. According to LD
quantification in the H&E-stained images, in HFD-fed mice, the percentage of steatosis were significantly higher in Cpne7/~ mice than
in WT mice (Fig. 2B).

Additionally, blood tests in each group were performed after overnight fasting. Regarding the levels of liver damage markers, the
ALT levels of HFD-fed Cpne7 /™ mice were significantly increased compared to those of WT mice. Furthermore, glucose levels were
significantly increased in CD- and HFD-fed Cpne7 /~ mice compared to WT mice (Fig. 2C). Investigation of the effect on whole-body
lipid metabolism revealed that there was no significant difference in body weight, but a significant increase in fat percentage in HFD-
fed Cpne7~/~ mice compared to HFD-fed WT mice (Supplementary Fig. 3). These results suggest that Cpne7 deficiency accelerates
hepatic lipid accumulation in the HFD-induced NAFLD model, resulting in hepatotoxicity and abnormal lipid metabolism.

3.2.2. Cpne7 deficiency leads to mitochondrial dysfunction and elevated ROS levels in the livers in vivo

To identify how Cpne7 deficiency induced lipid accumulation, we analyzed mitochondrial function, which is known to be strongly
associated with lipid metabolism [10,23-25]. A TEM analysis was performed to compare the mitochondrial morphology. In CD-fed
mice, the hepatic mitochondria of Cpne7 /™ mice were swollen and lost cristae; however, those of WT mice did not. The hepatic
mitochondria of HFD-fed WT mice were swollen, and cristae loss was observed compared to those of CD-fed WT mice. The most
striking result to emerge from TEM data is that most of the mitochondria were damaged, and abnormal mitochondrial morphologies
were observed due to severe cell injury in the livers of HFD-fed Cpne7 /~ mice (Fig. 3A). In the marker expression analysis of mito-
chondrial dynamics, both fission regulators such as DRP1, MFF, and FIS1 and fusion regulators such as MFN1 and MFN2 were
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Fig. 4. CPNE7 overexpression rescues CPNE?7 silencing-induced mitochondrial dysfunction and lipid accumulation in H,O,-damaged HepG2 cells.
(A) CPNE?7 expression by western blotting to assess the efficiency of sh\CPNE7, and CPNE7 overexpression vector (o/e) transfection in HepG2 cells.
The uncropped version is available in the supplementary file. (B) Fluorescence intensity of cellular ROS in control, shCPNE7, and CPNE7 o/e
transfected HepG2 cells with control and H,O»-induced oxidative stress. (C) Representative and statistical results of mitochondrial respiration in
control, shCPNE7, and CPNE7 o/e transfected HepG2 cells with control and H;0,-induced oxidative stress (D) Oil-red O staining for detection of
lipid content in control, shCPNE7, and CPNE7 o/e transfected HepG2 cells with control and H,O»-induced oxidative stress (scale bars = 20 ym) and
quantification of oil-red O analysis. (*p < 0.05, **p < 0.01 and ***p < 0.001). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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significantly decreased in the livers of HFD-fed Gpne7/~ mice compared to those of HFD-fed WT mice (Fig. 3B). Furthermore, the RNA
levels of mitochondrial oxidative phosphorylation subunits (CI- CV) are downregulated in the livers of HFD-fed Cpne7 /~ mice
(Supplementary Fig. 4). To assess whether Cpne7 deficiency could elicit excessive ROS production, we measured the ROS levels. High
ROS production was observed in the livers of CD-fed and HFD-fed Cpne7 /~ mice (Fig. 3C). These findings suggest that Cpne7 defi-
ciency results in excessive ROS formation as well as hepatic mitochondrial damages such as abnormal morphology and decreased
mitochondrial dynamics.

3.3. CPNEY7 overexpression restores hepatic mitochondrial dysfunction and lipid accumulation caused by CPNE7 silencing under oxidative
stress in vitro

To validate the role of CPNE7 in hepatocytes in vitro, HepG2 cells were transfected with shRNA and expression vectors of CPNE7.
The transfection efficiency was evaluated via protein levels of CPNE7. Compared with controls, protein levels of CPNE7 were
significantly decreased and increased by shCPNE7 and CPNE7 overexpression (o/e), respectively (Fig. 4A). Cellular ROS in H30o-
treated HepG2 cells was significantly increased compared to HepG2 cells not treated with HyO,. In HoO5-induced oxidative stress,
cellular ROS was increased in CPNE7-silenced cells compared with controls, and CPNE7-overexpressed cells showed decreased ROS
levels compared with CPNE7-silenced cells (Fig. 4B). Mitochondrial respiration in HyOg-treated HepG2 cells was significantly
decreased compared to HepG2 cells not treated with Hy0,. In H202-induced oxidative stress, maximal respiration is significantly
reduced in CPNE7-silenced cells compared with controls, CPNE7-overexpressed cells showed increased mitochondrial function
including basal respiration, ATP production, and maximal respiration (Fig. 4C). In the results of oil-red O staining, lipid contents in
Hy0,-treated HepG2 cells were significantly increased compared to HepG2 cells not treated with HyO2. CPNE7-silenced cells showed
markedly increased lipid contents, and lipid contents in CPNE7-overexpressed cells were significantly decreased compared with those
of controls under HyOy-induced oxidative stress (Fig. 4D). These results implicate that CPNE7 silencing promotes hepatic lipid
accumulation by causing excessive ROS production and mitochondrial dysfunction under HyO-induced oxidative stress, whereas
CPNE7 overexpression returns mitochondrial function and lipid metabolism to normal conditions.

4. Discussion

Previous studies have emphasized that hepatic mitochondria play a role in the pathogenesis of NAFLD [3,26,27]. In this study, we
investigated whether Cpne7 affects hepatic lipid metabolism and mitochondrial function using Cpne7 /™ mice in vivo and Cpne7-si-
lenced and Cpne7-overexpressed HepG2 cells in vitro. The differentially expressed genes in the livers of Cpne7/~ mice were involved in
lipogenesis and mitochondrial dysfunction. Srebfl, a transcription factor for lipogenesis [28], was increased, and most of its down-
stream lipogenic genes were significantly increased. Fatty acid synthesis genes were significantly upregulated. In addition,
hormone-related genes, such as Lepr and Igfbp1, were downregulated, linking that not only fat accumulation but also insulin resistance
[29,30]. In differentially expressed genes with oxidoreductase activity, changes in the Cyps expression were noticeable. Considering
that Cyps are expressed in mitochondria and plays roles in xenobiotics and steroid hormone metabolism [31-33], changes of these gene
expression could be related to mitochondrial function, hepatotoxicity, and insulin resistance. Furthermore, Cyps and Nox4 are known
the sources of ROS [34,35]. In contrast, there was a downregulation of genes involved in antioxidant activity such as Mgst3, Nqo1, and
$100a9. Similar alterations in these gene expression levels occurred in the livers of CD- and HFD-fed Cpne7 /~ mice (Supplementary
Fig. 5). These findings suggest that Cpne7 deficiency could cause lipogenesis, elevated ROS levels, and mitochondrial dysfunction.

Typical pathological manifestations of NAFLD, such as increased liver sizes, pale-yellow appearances, severe steatosis, and he-
patocyte ballooning, were accelerated in the livers of HFD-fed Gpne7/~ mice compared with those of HFD-fed WT mice. Additionally,
numerous LDs were observed in the livers of CD-fed Cpne7/~ mice but not in those of CD-fed WT mice. Interestingly, Cpne7 deficiency
not only resulted in fatty changes in the liver but also mitochondrial dysfunction. Abnormal mitochondrial morphology and high ROS
levels were observed in CD-fed and HFD-fed Cpne7 /~ mice. Furthermore, in line with the results of in vivo investigations, high ROS
levels, mitochondrial dysfunction and lipid accumulation were observed in HoOz-damaged shCPNE7 HepG2 cells.

These results align with several previous studies indicating that mitochondrial ultrastructural abnormalities appeared with
increasing NAFLD severity [36-39]. The deterioration of the mitochondrial morphology may indicate an increase in oxidative stress
and the disruption of the biological system regulating mitochondrial biogenesis, mitophagy, fission and fusion [25]. Mitochondria are
dynamic organelles in which fission and fusion occur continuously. Mitochondrial dynamics are involved in the quality control
mechanism that maintains mitochondrial function [40,41]. Mitochondrial morphology can be modulated by the structural compo-
nents and signaling pathways [41]. Changes in mitochondrial morphology help mitochondria adapt to specific cellular and tissue
demands and regulates mitochondrial reaction to cytosolic signals [42]. Therefore, mitochondrial fusion and fission are key events
regulating normal mitochondrial function and prevent disease [43]. Mitochondrial fusion is mediated by two mitofusins (MFN1 and
MFN2) and optic atrophyl (OPA1). MFN1 fuse the inner mitochondrial membrane (IMM) with OPA1 and the outer mitochondrial
membrane (OMM) with MFN2 [44,45]. In addition, MFN2 participate in tethering mitochondrion to mitochondrion and mitochondria
to other organelles [46,47]. Mitochondrial fission is primarily regulated by dynamin-related protein 1 (DRP1), mitochondrial fission
factor (MFF) and mitochondrial fission 1 protein (FIS1). DRP1 oligomerizes and drive fragmentation [48]. FIS1 and MFF functions as a
DRP1 receptors to recruit DRP1 [49,50].

Several reports have shown that DRP1, a key regulator of mitochondrial fission, was reduced in a rodent model of western diet-
induced NASH and liver-specific deletion of DRP1 caused the loss of fatty acid oxidation [51,52]. Consistent with the findings of
previous studies, mitochondrial fission regulators such as DRP1, MFF, and FIS1 in the livers of HFD-fed Gpne7 /~ mice were
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significantly reduced compared to those of HFD-fed WT mice. This inhibition of mitochondrial fission could induce the accumulation of
damaged mitochondria, which could exacerbate mitochondrial dysfunction [53,54]. Recently, Mary P. Moore et al. reported that the
levels of markers of mitochondrial turnover decreased with the severity of human NAFLD and that low levels of these markers could
trigger mitochondrial dysfunction and progression to NASH [25]. Based on the findings of these studies, we suggest that Cpne7
deficiency causes mitochondrial dysfunction, exacerbating hepatic lipid metabolism.

However, there are some unanswered questions. In injury models such as HFD-fed Cpne7~/~ mice or HyOo-treated shCPNE7 HepG2
cells, lipogenesis was noticeably increased, and mitochondrial function was significantly reduced. A similar pattern was also seen in
the brain; Cpne7-knockout (KO) increased the amount of REM sleep in cage-changing or water immersion and restraint stress (WIPS)
environments, whereas normal sleep was observed under basal conditions [55]. Therefore, the actions of CPNE7 appear to be more
noticeable in response to environmental stimuli or stressful environments than in the basal condition. Although the mechanism is still
unclear, it is speculated that CPNE7 is related to the homeostatic effect and further research is required. Additionally, further mea-
surements of hepatic cholesterol and TG levels are needed since neither serum cholesterol nor ¢TG levels in HFD-fed Cpne7/~ mice
were significantly elevated. HFD feeding in this study performed on young mice (6-week-old). Considering that metabolic diseases are
closely involved in aging, further studies on the effect of Cpne7 are needed in HFD-fed old mice (18-month-old). Furthermore,
cellular-level assessment of mitochondrial morphology is required for determining mitochondrial abnormalities.

In summary, Cpne7 deficiency in stressful environments causes mitochondrial dysfunction including imbalanced mitochondrial
dynamics and reduced mitochondrial respiration, as well as excessive ROS formation. These abnormal biological processes lead to
hepatic steatosis through upregulation of lipogenic genes and dysregulated fatty acid oxidation [14,26,56]. Conversely, excessive lipid
accumulation has been reported to increase the formation of ROS [57,58]. The vicious cycle between the ROS formation, mito-
chondrial dysfunction, and lipogenesis aggravates the progression of NAFLD (Fig. 5). Therefore, this study shows that Cpne7 deficiency
deteriorates hepatic lipid metabolism by mitochondrial dysfunction and excessive ROS production. In contrast, CPNE7 overexpression
can be alleviate aberrant lipid metabolism by modulating the mitochondrial function. In conclusion, this study highlights the critical
role of CPNE7 in hepatic mitochondrial function and the development of NAFLD, suggesting Cpne7 as a novel therapeutic target for
NAFLD. The insights gained from this study contribute to the understanding of the pathogenesis of NAFLD.
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