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ARTICLE INFO ABSTRACT

Keywords: Reduced mitochondrial ATP synthase (ATPS) capacity plays crucial roles in the pathogenesis of metabolic dis-
FAM3A orders. However, there is currently no effective strategy for synchronously stimulating the expressions of ATPS
ATPS

key subunits to restore its assembly. This study determined the roles of mitochondrial protein FAM3A in regu-
lating the activity and assembly of ATPS in hepatocytes. FAM3A is localized in mitochondrial matrix, where it
interacts with F1-ATPS to initially activate ATP synthesis and release, and released ATP further activates P2
receptor-Akt-CREB pathway to induce FOXD3 expression. FOXD3 synchronously stimulates the transcriptions of
ATPS key subunits and assembly genes to increase its assembly and capacity, augmenting ATP synthesis and
inhibiting ROS production. FAM3A, FOXD3 and ATPS expressions were reduced in livers of diabetic mice and
NAFLD patients. FOXD3 expression, ATPS capacity and ATP content were reduced in various tissues of FAM3A-
deficient mice with dysregulated glucose and lipid metabolism. Hepatic FOXD3 activation increased ATPS as-
sembly to ameliorate dysregulated glucose and lipid metabolism in obese mice. Hepatic FOXD3 inhibition or
knockout reduced ATPS capacity to aggravate HFD-induced hyperglycemia and steatosis. In conclusion, FAM3A
is an active ATPS component, and regulates its activity and assembly by activating FOXD3. Activating FAM3A-
FOXD3 axis represents a viable strategy for restoring ATPS assembly to treat metabolic disorders.

ATP production
Glucose and lipid metabolism

1. Introduction production particularly gluconeogenesis is the central event in the
development of hyperglycemia and type 2 diabetes [2,3]. Meanwhile,

It has been estimated that >500 million people are suffering from fatty liver disease is highly associated with increased hepatic gluco-
type 2 diabetes worldwide at present [1]. Increased hepatic glucose neogenesis and diabetes [4]. Mitochondrial dysfunction including the
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reduction of adenine triphosphate (ATP) synthesis and the increase of
reactive oxygen species (ROS) production plays decisive roles in trig-
gering insulin resistance, diabetes and steatosis [5-7]. A decrease in
hepatic ATP content is highly correlated with insulin resistance, stea-
tosis and hyperglycemia in obese and/or diabetic humans and animals
[8-13]. Beyond metabolic disorders, mitochondrial dysfunction also
plays crucial roles in the pathogenesis of many other diseases [14].

The majority of ATP is generated by mitochondrial ATP synthase
(ATPS) [15], which is composed of Fo and F1 parts, and several other
ancillary factors. Fo part (Fo-ATPS), which mainly consists of b, ¢ and
d subunits, is embedded in the inner membrane of mitochondria, while
F1 part (F1-ATPS), which mainly consists of a, f, y, 8 and € subunits, is
located in the matrix of mitochondria and takes the responsibility for
ATP synthesis [16,17]. ATPS synthesizes ATP using the proton gradient
across the intermembrane space and matrix of mitochondria. A decrease
in ATPS capacity impairs ATP synthesis ability and increases mito-
chondrial membrane potential (MMP, Ay) to generate excessive ROS as
evidenced by mutations in ATPS subunit genes in cultured human fi-
broblasts [18]. The p subunit (ATPSp) is the catalytic subunit of ATPS
[16,17]. ATPSP expression and ATPS capacity were reduced in the livers
of diabetic and steatotic animals [19-21]. Hepatic overexpression of
ATPSp elevated ATP production and release, and released ATP activated
P2 receptor-Ca%*-Calmodulin (CaM) pathway independent of insulin to
suppress gluconeogenesis and lipogenesis, ameliorating hyperglycemia
and steatosis of obese diabetic mice [21]. Although reduced ATP pro-
duction is tightly associated with metabolic disorders, it is difficult to
restore ATPS assembly for treating them due to the complexity of ATPS
complex, which consists of up to 17 types of different subunits including
F1/Fo part and ancillary factors [22]. So far, there is no confident
strategy for simultaneously stimulating the expressions of ATPS key
subunits and assembly factors to restore ATPS assembly and capacity
under physiological conditions.

Family with sequence similarity 3 (FAM3) gene family consists of
four members designated as FAM3A, FAM3B, FAM3C and FAM3D,
respectively [23]. FAM3A is a new mitochondrial protein that enhances
ATP production. Hepatic overexpression of FAM3A reversed hypergly-
cemia and steatosis of obese diabetic mice, whereas hepatic FAM3A
inhibition caused hyperglycemia and lipid deposition in normal mice
[24,25]. FAM3A activates ATP-P2 receptor-CaM-Akt pathway inde-
pendent of insulin to suppress gluconeogenesis in hepatocytes [24,25].
FAMS3A activation also ameliorates steatosis in obese mice [24,25].
Under obese condition, free fatty acids activate miR-423-5p to repress
FAM3A expression, causing hepatic gluconeogenesis and steatosis [25].
Our previous studies have established that hepatocyte-released ATP is
an important signaling molecule that suppresses gluconeogenesis and
reduces lipid deposition [21,24-27]. Inhibition of miR-423-5p to in-
crease FAM3A expression is involved in exercise-induced improvement
of hyperglycemia in diabetic animals [28]. FAM3A also plays important
roles in regulating the functions of adipocytes, pancreatic beta cells and
vascular smooth muscle cells (VSMCs) by stimulating ATP production
and release [29-33]. Moreover, FAM3A protects various cell types
against oxidative-induced death by improving mitochondrial dysfunc-
tions and reducing ROS production [25,34-37]. Anti-depressive drug
doxepin [27] and imipramine [38] activates FAM3A pathways to
ameliorate hyperglycemia and steatosis in obese animals. Clearly,
FAMS3A plays important roles in regulating many biological processes by
modulating mitochondrial ATP synthesis. However, the mechanism(s)
of FAM3A in stimulating mitochondrial ATP production remains unre-
vealed, which greatly restricts the understanding on its in-depth roles
and mechanisms in various biological processes.

This study aimed to determine whether FAM3A regulated mito-
chondrial ATP synthesis by modulating the assembly and activity of
ATPS.
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2. Materials and methods

Animals - 8-10 weeks of male C57BL/6J mice, 8-12 weeks of male
db/db and db/m mice with the BKS background were used in this study.
C57BL/6J mice were fed on 45 % high fat diet (HFD) or normal diet
(ND) for 12 weeks to induce diabetic and steatotic phenotype. FAM3A ™/
~ mice were generated using TALEN technology in previous study [25],
and male FAM3A ™/~ mice were used in the current study. All procedures
involving experimental animals were approved by the Institutional
Animal Care and Use Committee of Peking University Health Science
Center (LA2018179).

Plasmid information - FOXD3 plasmid (c-Myc-Flag tag) was pur-
chased from OriGene China (Cat No. MR222218), CREB1 plasmid (c-6
x His tag) was purchased from Mailgene Biosciences China
(NM_004379.4), and FAM3A plasmid (c-6 x His-Flag tag) was pur-
chased from WZ Biosciences Inc. China (NM_021806). The mutant
plasmids of FAM3A (c-6 x His-Flag tag) were constructed by Shanghai
Generay Biotech Co., Ltd (China). Adenovirus expressing FOXD3 was
constructed by BAC Biological Technology Co., Ltd (China).

Adenoviral overexpression of FOXD3 in HFD mouse livers - 1.0
x 10° pfu Ad-FOXD3 or Ad-GFP were injected into tail vein of C57BL/6J
mice after feeding on 45 % HFD or ND for 12 weeks. Oral glucose
tolerance tests (OGTT), insulin tolerance tests (ITT) and pyruvate
tolerance tests (PTT) were performed at 7 days and 14 days after in-
jection, respectively. The mice were sacrificed at the fifteenth day. The
serum and tissues were collected for biochemical analyses.

Construction of AAV-shFOXD3 - Three shRNA sequences targeting
on CDS region of mice FOXD3 (shRNA1l: GCACCACGTCGCTCAT-
CAATTCAAGAGATTGATGAGCGACGTGGTGCTTTTTT, shRNA2: GCCT
GCAGCTACAGCTCAACATTCAAGAGATGTTGAGCTGTAGCTGCAGGCT
TTTTT, shRNA3: AGACGGCGCTGATGATGCATTCAAGAGATGCATCA
TCAGCGCCGTCTTTTTTT) were cloned into a pAV-3inl-shRNA-GFP
vector under the U6 promoter and packaged into adeno-associated
virus 8 (AAV-shFOXD3), the empty AAV-GFP virus served as control
(WZ Biosciences Inc., China).

Adeno-associated viral inhibition of FOXD3 in ND or HFD mouse
livers - 8-week C57BL/6J male mice were divided into 4 groups based
on OGTT. 5 x 10*! vg AAV-shFOXD3 or AAV-GFP were injected into tail
veins of mice. These mice fed on 45 % high fat diet (HFD) or normal diet
(ND) for 14 weeks. OGTT, ITT and PTT were performed at different time
points after injection to monitor the metabolic phenotype changes. Then
mice were sacrificed, then the serum and tissues were collected for
biochemical analyses.

Generation of mice with liver-specific deletion of FOXD3 gene -
Two Loxp sites were inserted on both ends of exon 1 (the only exon) of
mouse FOXD3 gene by Cyagen Biosciences Inc. (China). FOXD3-Loxp
(FOXDBﬂ/ fl) mice on a C57BL/6J background were crossed with mice
specifically expressing Cre in livers promoted by Albumin promoter
(Alb-Cre) to generate mice with specific deletion of FOXD3 in hepato-
cytes (FOXD3MeP—7/-),

Cell culture - HepG2 cells and 293T cells were cultured in DMEM
medium (Gibco) supplemented with 10 % fetal bovine serum (Hyclone),
2 mM t-glutamine, 100 units/mL penicillin, and 100 units/mL strepto-
mycin in incubator at 37 °C with 5 % CO,. Cells were infected with 50
MOI Ad-GFP or Ad-FAM3A, Ad-ATPSp and Ad-FOXD3 for 24 h with or
without P2 receptors inhibitor suramin (50 pM). After 24 h, protein or
RNA were collected for subsequent experiments. All cell lines were
routinely tested for mycoplasma presence using a PCR detection kit
(MP0035, Sigma).

Plasmid transfection - Cells were plated in 6-well plates the day
before transfection, when the cells grow to about 50 % in the plates,
replace with fresh medium, cells were transfected with 2 pg CREB
plasmid, FAM3A plasmid or its mutations (His tag) for 24 h using
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vigofect (T001, Vigorous Biotechnology, China), the same concentration
of GFP plasmid was used as a negative control.

Western blotting assays - Protein samples were separated by SDS-
PAGE and transferred to a nitrocellulose membrane. After overnight
incubation with primary antibodies, membranes were washed and
incubated with HRP-conjugated secondary antibodies (Biodragon,
China) and then were detected using chemiluminescence kit (Santa Cruz
Biotechnology, USA). Anti-FAM3A (SAB1102488, Sigma-Aldrich Inc.,
Germany), Anti-ATPSp (ab14730), anti-FOXD3 (ab107248) and anti-
Fatty Acid Synthase (ab22759) antibodies were from Abcam (U-K).
Anti-EIF5 (A6583), anti-CREB1 (A1189) and anti-phospho-CREB1-S133
(AP0019) antibodies were from Abclonal (China). Anti-phospho-Akt-
Ser473 (4060S), anti-Akt (9272S), anti-FOXO1 (2880S), and anti-
phospho-FOX01-S256 (9461S) antibodies were from Cell Signaling
Technology, Inc. (MA). Anti-His-Tag and anti-C-Myc-Tag antibodies
were from Biodragon (China). Anti-PEPCK (BS6870) antibody was from
Bioworld (USA). Anti-G6Pase (sc-25840) antibody was from Santa Cruz
Biotechnology, Inc. (USA). Anti-ATP11 (18016-1-AP) was from Pro-
teintech (USA). Anti-Complex IV (bsm-33037M) was from Bioss (China).

Extraction of mitochondrial fractions - Extraction of mitochondria
was performed according to the instructions for the Mitochondria/
Cytosol Isolation Kit (C1260-100, Applygen Technologies, China).
100-200 mg of fresh mouse liver tissues or 2-5 x 107 cells homogenized
in the ice-cold Mito Solution buffer, and centrifuged for 5 min at 4 °C,
800g. The supernatant was collected and centrifuged at 4 °C, 12,000g for
10 min. 1 mg mitochondria pellet was re-suspended with 40 pL. T10E20
buffer (containing 10 mM Tris-HCl and 1 mM EDTA, pH 7.6) then added
10 pL (0.1 mg) digitonin. After mixing, 150 pL 250 mM sucrose solution
was added in, mixed, and then centrifuged at 4 °C, 12,000g for 15 min.
The pellet contained the mitochondrial inner membrane and matrix
components, and the supernatant contained the mitochondrial outer
membrane and intermembrane space components [39].

Analysis of ATPS complex - Mitochondrial protein was extracted
using Mitochondria Isolation Kit mentioned above, and native-PAGE
plus western blotting assay was performed to measure F1/Fo-ATPS
complex [40]. Briefly, 50 pg mitochondrial proteins were separated by
native-PAGE, and then transferred to a nitrocellulose membrane. After
overnight incubation with anti-ATPSf antibodies, membranes were
washed and incubated with HRP-conjugated secondary antibodies
(Biodragon, China), then detected using chemiluminescence kit (Santa
Cruz Biotechnology, USA). Complex IV was probed as loading control.
The estimated molecular weight of F1/Fo-ATPS complex is about 600
kD, and that of Complex IV is about 166 kD [40].

Reactive oxygen species detection - HepG2 cells and primary
mouse hepatocytes infected with viruses for 24 h were washed with PBS
twice after treatment and incubated with PBS containing 20 pM DCFH-
DA [41] (Reactive oxygen species Assay Kit, Nanjing Jiancheng Bioen-
gineering Institute, China) for 30 min. After washed twice with PBS,
cells resuspended with PBS were sent to flow cytometry assay to detect
the level of reactive oxygen species. The value was normalized to the
control value.

Mitochondrial membrane potential detection - HepG2 cells and
primary mouse hepatocytes infected with viruses for 24 h were washed
with PBS twice after treatment and incubated with PBS containing 100
nM TMRM [42] (Invitrogen, USA) for 30 min. After washed twice with
PBS, cells resuspended with PBS were sent to flow cytometry assay to
detect the level of mitochondrial membrane potential. The value was
normalized to the control value.

Measurement of mitochondrial ATP synthase activity - Mito-
chondrial Complex V activity was detected as previously described
[43,44]. Briefly, mitochondria were isolated using the Mitochondria/
Cytosol Fractionation Kit mentioned above from HepG2 cells. Mito-
chondrial precipitation was diluted in 250 mM sucrose and 2 mM EDTA
(pH 9.0), and subjected to ultrasonic sonication. 100 or 200 ng/mL re-
combinant human FAM3A protein (TP303495, OriGene, USA) or solvent
(25 mM Tris-HCl, 100 mM glycine, 10 % glycerol, pH 7.3) was added
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into the same amount of mitochondrial suspension, and incubated for
15 min at room temperature. ATP synthase activity was determined
using the commercial kit (A089-5-1, Nanjing Jiancheng Bioengineering
institution, China) to detect the NADH oxidation by spectrophotometer
at 340 nm following the manufacturer’s instructions.

Measurement of superoxide dismutase (SOD) activity - HepG2
cells or primary mouse hepatocytes infected with viruses for 24 h, or
wide type and FAM3A-deficient hepatocytes were washed with PBS
twice, and then lysed and detected by the SOD assay kit (BC0175,
Solarbio, China) according to manufacturer’s instruction [45]. The ac-
tivity was normalized with the protein content in each sample (U/
mg-protein).

Real-time PCR assays - Real-Time PCR was performed using Stas-
tagene Mx3000P real-time quantitative PCR system (Agilent Technolo-
gies). Target gene mRNA level was normalized to f-actin of the same
sample. All primer sequences were provided in Supplemental Table 1.

siRNA transfection - For CREB1 or FOXD3 knockdown, cells were
treated with 50 nM siRNA mixture against human CREB1 or mouse
FOXD3 mRNA (Beijing Biolino Nucleic Acid Technology Co., Ltd, China)
for 24 h (The same concentration of scrambled siRNAs was used as
negative control) before experimental assays. Or the cells were trans-
fected with siRNAs for 6 h, followed by infection with viruses for 24 h.
All the siRNA sequences were listed in Supplemental Table 2.

Luciferase reporter assay - The human ATPSp and FOXD3 gene
promoter fragments flanking —2000 bp to 0 bp were cloned into the
pGL3-basic vector, respectively. The positive clone was selected and
confirmed by DNA sequencing. The activation of firefly luciferase and
ranilla luciferase were measured with the Dual-Luciferase reporter assay
kit (Promega, USA) at 24 h after transfection as detailed previously [25].

Co-Immunoprecipitation (CoIP) - CoIP was performed using Pierce
Crosslink Immunoprecipitation Kit (#26147, Thermo, USA) following
the protocol in HepG2 cells as detailed in our previous reports [46].

GST Pull Down - Human FAM3A (NM_021806), ATP5A1
(NM_001001937), ATP5B (NM_001686) and ATP5G1 (NM_005175)
genes were synthesized by WZ Biosciences Inc. (Shandong, China), and
cloned to pGEX-4T-1 or pET-28a vector to make pET-28a-ATPSa/f/c-
His or pGEX-4T-1-FAM3A-GST recombinant plasmid, respectively. Then
the recombinant plasmids were expressed in E. coli BL21 (DE3) to obtain
the fusion protein. The protein extract supernatant containing His-tag
fusion protein (ATPSa/p/c-His) were purified by Ni-agarose resin, and
replaced into desalting buffer (20 mM Tris, 150 mM NaCl, 5 mM EDTA,
1 mM DTT, 5 % GLY, pH = 8.0) by ultrafiltration centrifugation tube.
The null-GST or FAM3A-GST fusion protein were immobilized on
glutathione-sepharose resin, then incubated with purified ATPSa/p/c
protein in desalting buffer at 4 °C rotating overnight separately. GST-
elution buffer (20 mM Tris, 150 mM NaCl, 10 mM GSH, 1 mM DTT,
pH = 8.0) was used to elute the resin, then performed with western
blotting assays to detect the interaction.

Chromatin immunoprecipitation (ChIP) - HepG2 cells were
washed with warm PBS twice and then fixed with 1 % formalin for 10
min at 37 °C. Wash and collect the cells using cold PBS, centrifuge at
3000 rpm for 10 min at 4 °C. Discard the flow-through. Dissolve the cells
with 300 pL lysis buffer and incubate on ice for 10 min. Centrifuge the
lysate at 14,000g for 10 min then collect the flow-through. Pre-clear
lysate using the Control Agarose Resin and Salmon sperm DNA for 2 h.
Centrifuge the lysate at 1000 rpm for 5 min then collect the flow-
through. Add 2 pg antibody (anti-FOXD3/CREB, normal IgG as con-
trol) to the lysate and then incubate column with gentle end-over-end
mixing or shaking overnight at 4 °C. Add agarose resin and salmon
sperm DNA to the lysate and then incubate column at 4 °C for 2 h.
Centrifuge at 1000 rpm for 5 min and discard the flow-through. Wash
sample once with TSEI, TSEII, TSEIIl and TE in turn. Add 100 pL of
elution buffer and centrifuge. Put the final sample on 65 °C for 6 h to
isolate the protein and DNA. Extract the DNA with phenol, chloroform
and isoamyl alcohol. Agarose gel electrophoresis was performed after
PCR. The primer sequences used in this research were provided in
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Supplemental Table 3.

Mitochondrial respiration measurement - O, consumption rate in
HepG2 cells was measured at 25 °C using the OROBOROS Oxygraph-2K
(Innsbruck, Austria). In brief, wash the holes and add 2 mL DMEM to the
holes. Pull up the plugs, and balance for about 30 min to ensure that the
O, consumption rate was close to zero. Press the plug, balance for 10
min. HepG2 cells were collected after 24-h viral infection. Add the cells
to pole A and B respectively, followed by treatment with 1 pM oligo-
mycin (Selleck #S1478, inhibitor of mitochondrial ATPS), and 0.05-0.4
puM carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP, Sell-
eck #S8276, a protonophoric uncoupler), and 0.5 pM antimycin A
(Sigma #A8674) together with 0.5 M rotenone (Selleck #52348).

ATP content measurement - ATP was assayed using Biolumines-
cence assay using ATP Assay Kit according to manufacturer’s instruction
as detailed previously [25]. For determination of intracellular and
extracellular ATP content, the absolute ATP values were measured and
normalized with protein content, and then normalized to control values.

Glucose production Assay - HepG2 cells or primary mouse hepa-
tocytes were infected with Ad-GFP or Ad-FOXD3 for 30 h in the absence
or presence of suramin (50 pM) and then washed by PBS for three times.
Glucose production protocol was detailed previously [25,47]. The
glucose content was detected using Glucose Assay Kit (Sigma-Aldrich,
GAGO-20) and normalized with protein content in each sample (pg/
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mg-protein).

Human liver samples - The physiological and biochemical charac-
teristics of NAFLD patients and HCC patients were detailed previously
[48]. The application for patient derived materials was approved by the
Research Ethics Committee of Xijing Hospital, the Fourth Military
Medical University (Ethics Number KY20172013-1) [48].

Cells neutral lipid staining - Cells plated on coverslips were
infected with adenovirus in the presence of FFAs (0.2 mM oleic acid and
0.4 mM palmitic acid) and suramin (50 pM) for 24 h. Cells were washed
with PBS for 3 times, and fixed with 4 % paraformaldehyde for 10 min.
Cells were stained with LipidTOX™ neutral lipid stain (Invitrogen) for
30 min at room temperature away from light. After nuclear staining with
DAPI for 1 h, coverslips were washed and mounted on glass slides. The
cells on coverslips were visualized and imaged by fluorescence micro-
scopy using Confocal Laser Scanning Microscope. TG content in the cells
was determined using TG detection kit (E1013, Applygen, China) ac-
cording to the manual.

Magnetic resonance imaging (MRI) - Mice were anesthetized using
isoflurane and imaged in a horizontal position. The body of each animal
was plain-scanned into 18-slice and the body composition was assessed
by 3.0T MRTRIOTIM (SIEMENS) using NUMARIS/4, version syngo MR
B17. The signals of liver fat or whole body fat were scratched and
analyzed for lipid quantitation. The middle part of the body covering 8-
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Fig. 1. FAM3A protein is localized in the matrix of mitochondria, and interacts with ATPS to regulate its activity. A-B) FAM3A is localized in the inner membrane/
matrix of mouse livers (A) and HepG2 cells (B). The outer membrane/inter space and inner membrane/matrix were isolated as detailed in the experimental pro-
cedure. F1-ATPSB and TOM20 were used as biomarkers for matrix and outer membrane fractions, respectively. C) Identification of proteins that potentially interacted
with FAM3A in HepG2 cells. Hepatocytes were transfected with 6 x His tagged FAM3A plasmid for 24 h before ColIP was performed. Several protein bands were
analyzed by mass spectrometry. B1-3, bands 1-3. ATPS alpha and beta subunits (ATPSa and ATPSB) were among the potential proteins of Band 1. D) FAM3A
interacted with ATPS as confirmed by CoIP and immunoblotting assays. HepG2 cells were transfected with 6 x His tagged FAM3A expression plasmid for 24 h
before immunoprecipitation was performed. E) Characterization of mutant FAM3A expression in HepG2 cells. M1-M4, mutant FAM3A plasmids 1-4. F-G) Char-
acterization of interactions between mutant FAM3A proteins and ATPSp in HepG2 cells. The images shown above were the representatives of 3 independent ex-
periments. H-I) Mutant FAM3A proteins failed to activate Akt (H) and induce ATP production (I) in HepG2 cells. Cells were transfected with wild type and mutant
FAMB3A plasmids for 24 h before experimental assays. N = 3-5, *P < 0.05 versus pGFP-transfected cells. J) Recombinant FAM3A protein activated ATP synthase
activity in isolated mitochondria from HepG2 cells. fFAM3A, recombinant human FAM3A protein. N = 6, *P < 0.05 versus solvent. K) Overexpression of FAM3A and
ATPSp similarly increased intracellular ATP production and repressed ROS production in HepG2 cells. ROS level was determined at 24 h post viral infection.
Representative ROS measurement curve was shown in upper panel, and quantitative data was shown in lower panel. N = 3-4, *P < 0.05 versus Ad-GFP-infected cells.
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slice images was chosen as representative images in the figure.

Statistical analysis - The results are analyzed using Graphpad Prism
8.0 (GraphPad Prism Software, Inc., San Diego, CA) and presented as
mean + SEM. Statistical significance of differences between groups was
analyzed by t-test or ANOVA for the normal distributed data. Non-
normal distributed data were calculated by Mann-Whitney U test (two
groups) or Kruskal-Wallis test (multiple groups). P values < 0.05 were
considered as statistically significant.

3. Results

FAM3A interacts with and activates F1-ATPS - We had previously
demonstrated that FAM3A protein is mainly located in mitochondria of
hepatocytes, pancreatic § cells, adipocytes and VSMCs [24,29-32]. Here
we further showed that FAM3A protein is predominantly located in the
inner membrane/matrix fraction of mitochondria in mouse livers and
human hepatocytes (Fig. 1A-B). To determine whether FAM3A inter-
acted with some protein(s), mouse FAM3A gene containing a 6 x His tag
was overexpressed in HepG2 cells, and then ColIP was performed using
anti-His antibodies. Several protein bands immunoprecipitated by anti-
His antibodies were analyzed by mass spectrometry. Notably, mito-
chondrial ATPSp and ATPSa, which located in the matrix of mitochon-
dria and form F1-ATPS, were among the potential proteins identified for
band 1 (Fig. 1C and Supplemental Table 4). Cross CoIP experiments
confirmed that FAM3A indeed interacted with F1-ATPSf (Fig. 1D).
Moreover, anti-His antibodies also immunoprecipitated F1-ATPSa and
Fo-ATPSc, the latter formed the pedestal of ATPS (Suppl Fig. 1A-B).
ColP using anti-FAM3A antibodies also immunoprecipitated F1-ATPSg,
F1-ATPSa and Fo-ATPSc in HepG2 cells and primary mouse hepatocytes
(Suppl Fig. 1C-D). Moreover, FAM3A-ATPS interaction was increased
after FAM3A overexpression in both human and mouse hepatocytes
(Suppl Fig. 1C-D). Beyond hepatocytes, anti-FAM3A antibodies also
immunoprecipitated F1-ATPSp, F1-ATPSa and Fo-ATPSc in VSMCs and
pancreatic p cells (Suppl Fig. 1E-F). Clearly, FAM3A interacts with the
full ATPS in various cell types. Then, GST pulldown was performed to
identify with which subunit of ATPS FAM3A directly interacted. As a
result, FAM3A interacted with ATPSp and ATPSa, but not ATPSc (Suppl
Fig. 1G), indicating that FAM3A directly interacted with F1-ATPS. Given
that ATPSp was the catalytic subunit of ATPS, FAM3A-ATPSp interaction
was used to represent FAM3A-ATPS interaction in the following exper-
iments. To determine whether FAM3A activated ATPS activity, a series
of mutant FAM3As with different truncations had been constructed
(Suppl Fig. 2). M1, M3 and M4 mutant FAM3A proteins could be
effectively expressed in HepG2 cells (Fig. 1E). Although mutant FAM3A
proteins were still capable of interacting with ATPSB (Fig. 1F-G), they
failed to increase intracellular ATP content and induce Akt phosphory-
lation in HepG2 cells (Fig. 1H-I). Notably, treatment with recombinant
FAM3A protein activated ATPS activity in isolated mitochondria
(Fig. 1J). FAM3A overexpression similarly increased intracellular ATP
content, and reduced ROS production and MMP as ATPSf over-
expression in HepG2 cells (Fig. 1K and Suppl Fig. 3A) and primary
mouse hepatocytes (Suppl Fig. 3B-D). In FAM3A-deficient hepatocytes,
ATP production was decreased while MMP and ROS production were
increased (Suppl Fig. 3E-G). Although FAM3A deficiency had little ef-
fect on the activity of antioxidant enzyme superoxide dismutase (SOD),
FAM3A overexpression increased its activity in HepG2 cells and mouse
hepatocytes (Suppl Fig. 3H-J). Collectively, FAM3A is a novel active
component of ATPS, and activates ATPS activity by interacting with F1
part to enhance ATP production and reduce MMP, accompanied with an
increase in SOD activity and decrease in ROS production.

FAMB3A activated CREB-FOXD3 axis to regulate the transcription
of ATPSP - We had previously reported that the mRNA and protein
levels of FAM3A [24] and ATPSp [21] were reduced in the livers of obese
diabetic mice, respectively (Suppl Fig. 4A-B). The consistent changes in
FAM3A and ATPSB mRNAs suggested that FAM3A may also regulate the
transcription of ATPS gene beyond modulating its protein activity. To
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address this issue, the potential transcription factor binding sites in the
promoters of human, mouse and rat ATPSP genes were predicted using
bioinformatic method. The prediction revealed that all of human, mouse
and rat ATPSp gene promoters had potential binding sites highly specific
for the transcription factor Forkhead Box D3 (FOXD3) (Suppl Fig. 5). In
contrast, there were no other common transcription factor binding sites
in ATPSp gene promoters across species (Suppl Fig. 5). Reference mining
indicated that FOXD3 was a key transcription factor involved in organ
development, and global knockout of FOXD3 gene caused embryo death
in mice [49]. Mice with pancreatic p-specific knockout of FOXD3 gene
exhibited impaired proliferation of p cells and glucose intolerance dur-
ing pregnancy [50]. So far, the role of FOXD3 in hepatic glucose and
lipid metabolism remained unknown. In mouse livers, FAM3A silencing
reduced the mRNA and protein levels of FOXD3 (Fig. 2A-B). In contrast,
FAM3A silencing had little effect on the mRNA levels of other predicted
transcription factors including c-Rel and Pax-6 in mouse livers (Fig. 2A
and Suppl Fig. 5). Moreover, the mRNA level of FOXD3 but not those of
c-Rel and Pax-6 was reduced in HFD mouse livers (Fig. 2C). FOXD3
protein was reduced in the livers of obese mice (Fig. 2D). In FAM3A-
deficient mouse livers and skeletal muscles, the expressions of FOXD3
and ATPSpB were reduced with decreased ATP content (Fig. 2E-J). The
expressions of FAM3A, FOXD3 and ATPSpB were also reduced in liver
samples of NAFLD patients when compared with those of HCC patients
(Fig. 2K). As described previously, NAFLD patients had higher serum
blood glucose and TG levels than HCC patients [48]. FAM3A-deficient
mice exhibited glucose intolerance and insulin resistance (Suppl
Fig. 6A-C). TG but not CHO content was increased in FAM3A-deficient
mouse livers (Suppl Fig. 6D-F). Moreover, phosphorylated Akt (pAkt)
level was decreased while gluconeogenic gene expressions were
increased in FAM3A-deficient mouse livers (Suppl Fig. 6G). ATPS ca-
pacity was reduced in FAM3A-deficient mouse livers (Suppl Fig. 6H). We
had recently demonstrated that anti-depressant imipramine activated
FAMB3A to ameliorate hyperglycemia and steatosis with increased he-
patic ATP content in obese mice [38]. Here we showed that imipramine
treatment increased ATPS capacity in obese mouse livers but not in
FAMB3A-deficient mouse livers (Suppl Fig. 61).

To further determine whether FAM3A regulated ATPSp expression
via FOXD3, the impact of FAM3A overexpression on FOXD3 and ATPSp
expressions was firstly evaluated in cultured hepatocytes. In both HepG2
cells (Fig. 3A-B) and primary mouse hepatocytes (Fig. 3C-D), FAM3A
overexpression upregulated the mRNA and protein levels of FOXD3 and
ATPSp. Then, whether FOXD3 directly regulated the expression of
ATPSp was evaluated. ChIP assays revealed that FOXD3 bound to the
two potential binding sites in human ATPSpP gene promoter (Fig. 3E-F
and Suppl Fig. 5). A 2 kb fragment of human ATPSf gene promoter
containing these two potential FOXD3 binding sites was cloned (Fig. 3F).
FOXD3 activated the promoter activity of human ATPSf gene in both
293T and HepG2 cells, and mutations of two potential FOXD3 binding
sites abolished the activation effects of FOXD3 (Fig. 3G-H). Further-
more, bioinformatic analysis revealed that the promoters of mouse
ATPSa subunit (ATPSa), ATPS y subunit (ATPSy) and ATPS c subunit
(ATPSc) genes also contained several potential binding sites for FOXD3
(Suppl Fig. 7). FAM3A and FOXD3 overexpression upregulated the
mRNA levels of ATPSf and other key subunits of ATPS complex
including ATPSa, ATPSy, ATPSS, ATPSe, ATPSc and ATPSd in mouse
hepatocytes (Fig. 31-J). Beyond F1Fo-ATPS genes, the mRNA levels of
several ancillary factors which assisted the assembly of F1Fo-ATPS
complex including ATPS subunit 6 (ATP6), ATPS mitochondrial F1
complex assembly factor 1 (ATP11), ATPS mitochondrial F1 complex
assembly factor 2 (ATP12), mitochondrial inner membrane protease
ATP23 homolog (ATP23) and transmembrane protein 70 (TMEM70)
were also upregulate by FAM3A and FOXD3 overexpression in mouse
hepatocytes (Suppl Fig. 8A-B). As expected, FAM3A and FOXD3 over-
expression increased ATPS capacity in mouse and human hepatocytes
(Fig. 3K-L).

Because it was difficult to determine whether FOXD3 directly
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Fig. 2. Consistent changes of FAM3A and FOXD3 expressions in mouse livers. A-B) siRNA-mediated inhibition of FAM3A expression reduced the mRNA (A) and
protein (B) levels of FOXD3 in normal mouse livers. N = 6-8, *P < 0.05 versus scramble-treated mouse livers. C-D) FOXD3 mRNA (C) and protein (D) levels were
reduced in the livers of obese mice. ND, normal diet; HFD, high fat diet. db/m, db/m mice, db/db, db/db mice. N = 5-6, *P < 0.05 versus db/m or ND mouse livers.
E-F) The mRNA (E) and protein (F) levels of FOXD3 and ATPSp were reduced in FAM3A-deficient mouse livers. G) ATP content was reduced in FAM3A-deficient
mouse livers when compared with wild type mouse livers. H-I) The mRNA (H) and protein (I) levels of FOXD3 and ATPSpP were reduced in skeletal muscles of
FAMB3A-deficient mice. 20-week old FAM3A™/~ and wild type mice were used for experimental analysis. J) ATP content was reduced in FAM3A-deficient mouse
skeletal muscle when compared with wild type mice. In panel E-J, FAM3A-deficient mice were sacrificed at 21 weeks old for experimental assays. N = 6-8, *P < 0.05
versus wild type mice. K) The protein levels of FAM3A, FOXD3 and ATPSp expressions were reduced in paracancerous liver tissues when compared with that of
NAFLD patients as assayed by immunohistochemical staining (left panel) and immunofluorescent (right panel). Images were the representative staining of 3 sets of
liver tissues. The relative fluorescence density was indicated in the representative images. N = 3, *P < 0.05 versus paracancerous liver tissues.

regulated the transcriptions of all F1Fo-ATPS genes and ancillary factor
genes of ATPS at the same time, and given that ATPSf was the catalytic
subunit of ATPS, whether FAM3A activated FOXD3 to induce ATPSp
expression in hepatocytes was further probed. Moreover, because
ATP11 assisted the assembly of ATPSP into F1-ATPS [22], whether
FOXD3 regulated its expression was also evaluated. FOXD3 over-
expression increased ATPSB and ATP11 protein levels, and ATP content
in mouse hepatocytes (Fig. 4A-B and Suppl Fig. 8C). In support, FOXD3
silencing reduced the mRNA levels of F1Fo-ATPS genes (Fig. 4C) and
ancillary factor genes in mouse hepatocytes (Suppl Fig. 8D). FOXD3
silencing reduced ATPSP and ATP11 protein levels, and ATP content in
mouse hepatocytes (Fig. 4D-E and Suppl Fig. 8E). Bioinformatic analysis
predicted one potential FOXD3 binding site (—1651 bp/—1647 bp) in
mouse ATP11 gene, which was bound by FOXD3 as evidenced by ChIP
assay (Suppl Fig. 8F).

Clearly, ATPSp and ATP11 are the direct target genes of FOXD3.
FOXD3 overexpression induced Akt and FOXO1 phosphorylation, and
repressed gluconeogenic gene expression, but was inhibited by P2 re-
ceptor (ATP receptor) inhibitor suramin in mouse hepatocytes (Fig. 4F).
Moreover, FOXD3 overexpression promoted the nuclear exclusion of
FOXO1 and suppressed gluconeogenesis but was antagonized by sur-
amin in mouse hepatocytes (Fig. 4G-H). In support, FOXD3 over-
expression similarly increased ATPS protein level, ATP content and Akt
phosphorylation, and suppressed gluconeogenesis in HepG2 cells (Suppl
Fig. 9A-D). Mitochondrial function measurement further revealed that
FOXD3 overexpression increased ATP synthesis rate in HepG2 cells

(Fig. 41-J). Moreover, FAM3A and FOXD3 overexpressions reduced
MMP in HepG2 cells (Fig. 4K). With increased ATP production and
decreased MMP, FOXD3 overexpression reduced ROS production in
HepG2 cells (Fig. 4L), which was similar to the effects of FAM3A and
ATPSP overexpressions (Fig. 1K). Overexpressions of FAM3A, FOXD3
and ATPS comparably reduced free fatty acid-induced lipid deposition
in P2 receptor-dependent manner in HepG2 cells (Fig. 4M-N). More-
over, AAV-mediated inhibition of FOXD3 blunted FAM3A-promoted
increase in F1Fo-ATPS and assembly gene expressions, ATPS capacity
and ATP production (Suppl Fig. 10A-E). FOXD3 inhibition also impaired
FAM3A-induced suppression of lipid deposition and gluconeogenesis in
mouse hepatocytes (Suppl Fig. 10F-H).

Because FAM3A and FOXD3 mRNAs were concomitantly changed in
cultured hepatocytes and mouse livers, whether FAM3A regulated the
transcription of FOXD3 was further probed. Bioinformatic prediction
revealed that both human and mouse FOXD3 gene promoters contain
potential binding sites for certain transcription factors including cAMP
response element binding protein (CREB) (Suppl Fig. 11). Reference
mining revealed that CREB can be phosphorylated and activated by Akt
at Ser133 in various cell types [51,52]. In HepG2 cells, FAM3A-induced
Akt activation was concomitant with CREB phosphorylation, but was
inhibited by suramin (Fig. 5A). ChIP and luciferase reporter analyses
revealed that CREB bound to and activated the promoter activity of
human FOXD3 gene (Fig. 5B-C). Plasmid overexpression of CREB
increased the mRNA and protein levels of FOXD3 and ATPS, and
increased cellular ATP content in HepG2 cells (Fig. 5D-F). siRNA
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Fig. 3. FAM3A overexpression activated FOXD3 and ATPSp expressions in cultured hepatocytes. A-B) FAM3A overexpression upregulated the mRNA (A) and protein
(B) levels of FOXD3 and ATPS in HepG2 cells. N = 4-6, *P < 0.05 versus Ad-GFP-infected control cells. C-D) FAM3A overexpression upregulated the mRNA (C) and
protein (D) levels of FOXD3 and ATPSp in primary mouse hepatocytes. N = 4-5, *P < 0.05 versus Ad-GFP-infected control hepatocytes. E) ChIP assays revealed that
FOXD3 bound to the potential sites in the promoter region of human ATPSp gene. F) Generation of reporters driven by wild type and mutant human ATPSpP gene
promoter. G-H) FOXD3 activated wild type but not mutant ATPSf promoter reporter in both 293T (G) and HepG2 (H) cells. N = 5, *P < 0.05 versus pGFP-transfected
control cells. I-J) FOXD3 and FAM3A overexpressions on the mRNA levels of ATPS subunits in mouse hepatocytes. N = 5-7, *P < 0.05 versus Ad-GFP-infected control
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silencing of CREB inhibited FAM3A-induced increase in FOXD3 and
ATPSp expressions, and ATP production in HepG2 cells (Fig. 5G-H).
Although silencing of CREB inhibited FAM3A-induced FOXD3 and
ATPSp upregulation, it failed to completely blunt FAM3A-induced ATP
production in HepG2 cells (Fig. 5H), which was likely due to that
FAM3A activated ATPS activity. In mouse hepatocytes, FAM3A-induced
Akt and CREB phosphorylation, and FOXD3 and ATPSf upregulation
was reversed by suramin (Fig. 5I). Moreover, overexpression of mutant
FAMS3A proteins failed to upregulate FOXD3 and ATPSp expressions in
HepG2 cells (Fig. 5J). Collectively, FAM3A activated ATP-Akt-CREB
pathway to stimulate FOXD3 expression, which induced the transcrip-
tions of F1Fo-ATPS genes and assembly genes to increase ATPS capacity.

Modulation of hepatic FOXD3 expression on glucose and lipid
metabolism - To further confirm the effects of FOXD3 on ATPS as-
sembly, ATP production, and glucose and lipid metabolism in vivo,
FOXD3 gene was overexpressed or inhibited in mouse livers. To over-
express FOXD3 in obese mouse livers, Ad-FOXD3 were injected via the
tail veins. At 7 and 14 days post viral injection, glucose intolerance of
HFD mice treated with Ad-FOXD3 was improved when compared with
HFD mice treated with Ad-GFP (Fig. 6A-C). Injection of Ad-FOXD3
improved global insulin resistance and suppressed hepatic glucose
production in HFD mice (Fig. 6D-E). Ad-FOXD3 injection attenuated
fasting hyperglycemia of HFD mice At 7 and 14 days (Fig. 6F). Ad-
FOXD3 injection also reduced lipid deposition and TG content in
mouse livers (Fig. 6G-H). In contrast, it had little effect on hepatic CHO
content (Fig. 6H). Moreover, Ad-FOXD3 injection reduced serum TG but

not CHO levels (Fig. 6H). Injection of Ad-FOXD3 resulted in significant
overexpression of FOXD3 mRNA in liver but not in other main metabolic
tissues (Fig. 6I). FOXD3 overexpression increased ATP content and ATPS
capacity in mouse livers (Fig. 6J-K). In mouse livers, FOXD3 over-
expression upregulated the mRNA levels of F1Fo-ATPS subunits and
ancillary factors, and decreased those of gluconeogenic and lipogenic
genes (Fig. 6L and Suppl Fig. 12A). Ad-FOXD3 injection increased
FOXD3 protein by about 3 folds in mouse livers (Fig. 6M). FOXD3
overexpression increased the protein levels of ATPSf and ATP11, and
phosphorylated Akt and FOXO1, while decreased those of gluconeo-
genic and lipogenic genes in mouse livers (Fig. 6M and Suppl Fig. 12B).

In the previous study, we had revealed that ATPSP overexpression
activated ATP-Akt pathway in mouse livers and cultured hepatocytes
[21]. The previous and current findings suggested that FAM3A may
initiate and control a novel regulation loop among ATP, Akt, CREB,
FOXD3 and ATPS in hepatocytes. In support, although CREB directly
regulated FOXD3 expression, FOXD3 overexpression also increased
CREB phosphorylation in mouse livers concomitant with Akt activation
(Fig. 6M-N). To further validate the ATP-Akt-CREB-FOXD3-ATPS{
regulation loop, the effects of ATPSP overexpression on CREB phos-
phorylation and FOXD3 expression were further evaluated in cultured
hepatocytes. As a result, ATPSP overexpression induced Akt and CREB
phosphorylation, and upregulated FOXD3 expression in mouse hepato-
cytes (Fig. 60). ATPSP overexpression also increased the mRNA levels of
other F1Fo-ATPS subunits (Fig. 6P) and ancillary factors (data not
shown) in mouse hepatocytes, which were consistent with the effects of
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Fig. 4. FOXD3 upregulated ATPS( to suppress gluconeogenesis in primary mouse hepatocytes. A-B) FOXD3 overexpression upregulated ATPSp protein level (A) and
increased ATP content (B) in mouse hepatocytes. N = 5, *P < 0.05 versus Ad-GFP-infected control cells. C-E) FOXD3 silencing reduced the mRNA levels (C) of F1/Fo
genes of ATPS, ATPS protein level (D) and ATP content (E) in mouse hepatocytes. N = 3-5, *P < 0.05 versus control cells. F) FOXD3 activated Akt, phosphorylated
FOXO1 and inhibited gluconeogenic gene expression in P2 receptor-dependent manner. G) FOXD3 promoted the nuclear exclusion of FOXO1 in P2 receptor-
dependent manner. H) FOXD3 suppressed glucose production in P2 receptor-dependent manner. Ad-FOXD3 + S, hepatocytes were infected with Ad-FOXD3 in
the presence of suramin for 24 h. N = 5, *P < 0.05 versus Ad-GFP-infected control cells, *P < 0.05 versus Ad-FOXD3-treated cells. I-J) FOXD3 overexpression
increased ATP synthesis rate in HepG2 cells. Representative mitochondrial function measurement curve was shown in panel I, and quantitative data shown in panel J.
Routine: basal respiration; leak: proton leak; ETS: maximal respiration; ROX: non-mitochondrial respiration. ATP production was calculated by subtracting proton
leak from basal respiration. N = 5, *P < 0.05 versus Ad-GFP-infected control cells. K) Overexpression of FAM3A and FOXD3 reduced mitochondrial membrane
potential in HepG2 cells. Representative potential measurement curve was shown in upper panel, and quantitative data shown in lower panel. L) Overexpression of
FOXD3 reduced ROS production in HepG2 cells. M-N) Overexpression of FAM3A, FOXD3 and ATPSp reduced FFAs-induced lipid deposition in P2 receptor-dependent
manner in HepG2 cells. Representative confocal images were shown in panel M, and quantitative data in panel N. N = 6, *P < 0.05 versus Ad-GFP-infected control

cells, or between two indicated groups of cells.

FAM3A and FOXD3 overexpressions (Fig. 3I-J). Similarly, ATPSf
overexpression also induced CREB phosphorylation, and upregulated
FOXD3 expression in HepG2 cells (Suppl Fig. 12C-D). Overall, these
findings revealed a novel regulation loop among ATP, Akt, CREB,
FOXD3 and ATPS in hepatocytes.

For inhibiting hepatic FOXD3 expression, AAV-shFOXD3 or AAV-
GFP were injected via tail veins, and then the mice were fed on ND or
HFD. After fed on HFD for 10 weeks, AAV-shFOXD3 group of mice
exhibited more severe glucose intolerance when compared to AAV-GFP
control mice (Fig. 7A). There was no significant difference between the
two ND groups of mice. Moreover, fasting blood glucose, hepatic
gluconeogenesis and insulin resistance were also aggravated in AAV-
shFOXD3 group of mice when compared to AAV-GFP of mice
(Fig. 7B-C). MRI analysis illustrated that hepatic FOXD3 inhibition
increased liver fat deposition and global fat volume in HFD mice
(Fig. 7D). Morphological analyses confirmed that FOXD3 inhibition
increased liver weight and epididymal fat weight after HFD feeding
(Fig. 7E). Because the distinct metabolic changes mainly occurred after
HFD feeding, the following experiments focused on HFD-AAV-GFP and
HFD-AAV-shFOXD3 groups of mice. H.E and Oil Red O staining revealed
more severe hepatic lipid accumulation in AAV-shFOXD3 mice than in
control mice (Fig. 7F-G). Quantitative analyses revealed that TG and
CHO levels in liver but not in serum were increased in AAV-shFOXD3

mice (Fig. 7H). AAV-shFOXD3 injection reduced ATP content, ATPS
capacity and the mRNA levels of FOXD3, ATPS key subunits and as-
sembly factors in mouse livers (Fig. 7I-L). AAV-shFOXD3 injection
reduced FOXD3 protein level, and suppressed the phosphorylation levels
of Akt, FOXO1 and CREB, and ATPSp protein level, while increased
gluconeogenic and lipogenic protein levels (Fig. 7M).

To further confirm the long-term effects of FOXD3 in regulating
ATPS assembly and glucose/lipid metabolism, FOXD3 was specifically
deleted from hepatocyte. FOXD3-Loxp mice were generated and crossed
with Alb-Cre mice to generate hepatic-specific FOXD3-knockout mice
(FOXD3"P~/~) (Suppl Fig. 13A). The genomic DNA and protein iden-
tifications of FOXD3%"! and FOXD3"P~/~ mice were shown on Suppl
Fig. 13B. FOXD3!l and FOXD3"P~/~ mice exhibited similar glucose
intolerance under normal chow (data not shown), so they were sub-
jected to HFD at the age of 8-week old. When compared to FOXD31/fl
mice, FOXD3"P~/~ mice exhibited increased hepatic gluconeogenesis,
decreased insulin sensitivity, aggravated glucose intolerance and fasting
hyperglycemia after fed on HFD for 10-14 weeks (Fig. 8A-D). MRI
analysis illustrated that hepatic deletion of FOXD3 increased liver fat
deposition and global fat volume (Fig. 8E). Morphological and quanti-
tative analyses showed that FOXD3"*P~/~ mice had more abdominal fat
accumulation and liver steatosis than FOXD3% mice (Fig. 8F-G). Oil
Red O staining confirmed more severe hepatic lipid accumulation in
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overexpression of CREB upregulated the protein (D) and mRNA (E) levels of FOXD3 and ATPSP in HepG2 cells. F) CREB overexpression increased cellular ATP
content in HepG2 cells. N = 4-6, *P < 0.05 versus pGFP-transfected control cells. G) Silencing of CREB blunted FAM3A-induced expressions of FOXD3 and ATPSp in
HepG2 cells. Representative gel images were shown in upper panel, and quantitative data in lower panel. H) Silencing of CREB blunted FAM3A-induced ATP
production in HepG2 cells. N = 3-5, *P < 0.05 versus scramble + Ad-GFP group of cells, or between two indicated groups of cells. N.S, no significant difference
between two indicated groups of cells. I) Inhibition of P2 receptor blunted FAM3A-induced upregulation of FOXD3 and ATPSp in mouse hepatocytes. Representative
gel images were shown in upper panel, and quantitative data in lower panel. N = 4, *P < 0.05 versus Ad-GFP-infected control cells, “P < 0.05 versus Ad-FAM3A-
treated cells. J) Mutant FAM3A proteins failed to affect the mRNA levels of FOXD3 and ATPSp in HepG2 cells. N = 4-7, *P < 0.05 versus pGFP-transfected control

cells, P < 0.05 versus pFAM3A-transtreated cells.

FOXD3"P~/~ mice than in FOXD3"? mice (Fig. 8H). Quantitative
analysis revealed that both liver and serum TG levels were significantly
elevated in FOXD3"P~/~ mice, while CHO levels in serum but not in
livers were increased in FOXD3"P~/~ mice (Fig. 81). Moreover, hepatic
FOXD3 knockout reduced ATPS capacity, ATP content and the mRNA
levels of ATPS key subunits with elevated gluconeogenic and lipogenic
protein levels in mouse livers (Fig. 8J-M).

4. Discussion

Inhibition of ATP synthesis and increase in ROS production play
decisive roles in triggering metabolic disorders [5-7]. ROS are mainly
derived from mitochondria, which have multiple ROS producing sites
including complex I and complex III in mitochondrial respiratory chain
[53,54]. In the process of coupled oxidative phosphorylation, protons
are translocated to the intermembrane and generated electrochemical
gradient, which is used by ATPS to synthesize ATP. Generally, ATP
synthesis process reduces MMP during the leak of protons back to the
mitochondrial matrix through ATPS [55]. Administrations of ATPS
substrates (ADP and P;) reduced ROS generation, while treatment with
ATPS inhibitors increased ROS production [56]. Meanwhile, reduction
in MMP by about 18 % decreased ROS production by about 90 % [56].
However, it should also be noted that not all of ROS production is
dependent on MMP [57]. Enzymes from the outer mitochondrial

membrane [58], and non-mitochondrial subcellular organelles
including peroxisome and endoplasmic reticulum [59] also produce
ROS. Cultured fibroblasts of ATP synthase-mutant patients exhibited a
decrease in ATP production, high level of MMP after addition of ADP,
and an increase in ROS generation [18]. Clearly, reduction of MMP via
ATPS-mediated ATP synthesis plays important roles in FAM3A-induced
inhibition on ROS production.

Antioxidant system such as SOD also plays important roles in ROS
clearance [60]. ROS overproduction, ATP depletion and increased
release of inflammatory factors are considered as the main characteris-
tics of ischemia-reperfusion injury (IRI). In our previous study, we
observed a decrease in SOD activity in FAM3A-deficient mouse livers
with IRI [25]. Activation of FAM3A using rosiglitazone protected the
mice against IRI with increased antioxidants such as SOD [25]. In the
current study, we further confirmed FAM3A overexpression increased
SOD activity in human and mouse hepatocytes, which was supported by
one previous study that ATPS inhibitor oligomycin treatment reduced
SOD activity [61]. In addition, it had been reported that mild uncoupling
of oxidative phosphorylation by mitochondrial uncoupling proteins
(UCPs) attenuated ROS production [55]. Six members of UCPs have
been identified (UCP1-6) in mammals [62]. UCP1 is uniquely expressed
in the brown adipose tissue (BAT) for adaptive thermogenesis [63],
while UCP2 is ubiquitously expressed in various tissues [62]. MMP and
ROS production were mildly elevated in UCP2-deficient islets [64].
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Fig. 6. Hepatic FOXD3 overexpression improved glucose intolerance, insulin resistance, gluconeogenesis and fatty liver in HFD mice. A-C) OGTT at 0, 7 and 14 days
post the injection of Ad-FOXD3 or Ad-GFP. The OGTT data were shown in left panel, and area under curve (AUC) data in right panel. D-E) Hepatic overexpression of
FOXD3 improved insulin resistance (D) and suppressed hepatic glucose production (E). ITT and PTT were done using one set of mice. ITT was done at 7 days post
viral injection, while PTT was done at 14 days post viral injection. Glucose data were shown in left panel, and AUC data in right panel. *P < 0.05 ND versus HFD, *P
< 0.05 HFD-Ad-GFP versus HFD-Ad-FOXD3. F) Hepatic FOXD3 overexpression ameliorated fasting hyperglycemia of HFD mice. Fasting blood glucose levels were
referred to the 0 min data in OGTT shown in panels A-C. N = 8-10, *P < 0.05 versus Ad-GFP-treated HFD mice. G-H) FOXD3 overexpression reduced lipid deposition
in mouse liver and serum. Representative Oil Red O staining images were shown in panel G, and quantitative analyses of TG and CHO content were shown in panel H.
TG, triglycerides; CHO, cholesterol. I) Injection of Ad-FOXD3 influenced the mRNA level of FOXD3 in livers and other tissues of HFD mice. J) FOXD3 overexpression
increased ATP content in HFD mouse livers. N = 9. *P < 0.05 versus Ad-GFP-treated HFD mice. K) FOXD3 overexpression increased ATPS capacity in HFD mouse
livers. Complex IV was assayed as loading control. Complex IV, cytochrome c oxidase subunit IV. L) FOXD3 overexpression increased the mRNA levels of key ATPS
subunits and decreased the mRNA expression of gluconeogenesis and lipogenesis genes in HFD mice livers. M) FOXD3 overexpression on the protein levels of glucose
and lipid metabolic genes in mouse livers. Representative gel images shown in upper panel, and quantitative data in lower panel. N) FOXD3 overexpression on CERB
phosphorylation in mouse livers. Representative gel images shown in left panel, and quantitative data in right panel. N = 5-7 for protein analysis, and N = 8-10 for
mRNA and ATP assays, *P < 0.05 versus Ad-GFP-treated HFD mice. O) ATPSf overexpression increased CREB phosphorylation and FOXD3 protein level in mouse
hepatocytes. Representative gel images shown in left panel, and quantitative data in right panel. P) ATPSp overexpression increased the mRNA levels of FOXD3 and
ATPS subunits in mouse hepatocytes. N = 6, *P < 0.05 versus Ad-GFP-infected control cells. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Similarly, the levels of oxidative stress markers and ROS were increased level, which activated PI3K-Akt signaling pathway and CPT2 expression
in UCP2-deficient mouse livers [65]. Our previous study found that in a CaM-dependent manner to suppress gluconeogenesis and increase
FAM3A overexpression or silencing increased or reduced UCP2 expres- lipid oxidation in hepatocytes [24,38]. FOXD3 plays critical roles in
sion in mouse livers [24]. Collectively, decreased MMP resulting from regulating the formation of neural crest during the early embryo stage,
ATP synthesis and UCP2 uncoupling, and increased anti-oxidants such and global knockout of FOXD3 gene causes embryo death in mice

as SOD together contributed to the beneficial effects of FAM3A-induced [49,68]. FOXD3 is also necessary for stem cells to maintain pluripotency
inhibition of ROS generation in hepatocytes. In the current study, we [69-72]. FAM3A interacts with F1-ATPS to increase ATP synthesis and

clearly demonstrated that FAM3A is a novel active component of ATPS, release. Released ATP further activates Akt-CREB to induce FOXD3
and activates ATPS activity by interacting with F1 part to enhance ATP expression via P2 receptors in hepatocytes. ATP11 and ATP12 are the
production, accompanied with decreased MMP and ROS production. ancillary factors that assist the assembly of ATPSp and ATPSa as F1-
These new findings greatly expanded the understanding on the biolog- ATPS, respectively [73], while TMEM70 determines the efficacy of Fo
ical processes of mitochondrial ATP synthesis and ROS production, and assembly by controlling the formation of subunit ¢ oligomer in mito-
shed light on the pathogenesis of diabetes, NAFLD and other chondrial inner membrane [74]. Our findings revealed that FOXD3
mitochondrial-related diseases. universally regulates the transcriptions of F1Fo-ATPS genes, and ancil-

It has been previously reported that ATP can be released to activate lary factor genes including ATP11, ATP12 and TMEM?7O0 in hepatocytes.
the purinergic P2 receptors, which including P2X and P2Y receptor As the key catalytic subunit of ATPS, ATPp overexpression activated ATP

subtypes, as a signaling molecule in different cell types [66,67]. We had generation and promoted ATP release, and then the released ATP acti-
previously established that FAM3A overexpression elevated the intra- vated P2 receptor pathway in hepatocytes [21]. ATPSP overexpression
cellular and extracellular ATP content in hepatocytes. FAM3A-promoted also induced Akt and CREB phosphorylation to upregulate FOXD3
ATP release activated P2 receptors to increase cytosolic free calcium expression and promote the transcription of other F1Fo-ATPS subunits

10
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Fig. 7. Hepatic FOXD3 inhibition impaired ATPS assembly and aggravated glucolipid disorders in mice. A-C) OGTT (A), PTT(B) and ITT (C) were performed at 10
weeks, 12 weeks, and 14 weeks, respectively, post AAV-GFP or AAV-shFOXD3 injection. AUC data was shown on the right panel. *P < 0.05 ND-AAV-GFP versus HFD-
AAV-GFP, *P < 0.05 ND-AAV-GFP versus ND-AAV-shFOXD3, “P < 0.05 HFD-AAV-GFP versus HFD-AAV-shFOXD3. D) MRI analysis of liver and body fat distribution
in mice. Representative images were presented in the left panel; quantitative data were shown in the right panel. N = 5, *P < 0.05 between indicated groups. E)
Morphological analysis of liver and epididymal fat in mice (upper panel), and the liver/fat weight or ratio to body weight were measured and shown on the below.
F-G) Representative liver histology by Hematoxylin-Eosin or Oil Red O staining, scale bar = 100 pm. H) Determination of hepatic/serum TG and CHO levels for AAV-
GFP or AAV-shFOXD3 mice fed on HFD. I-L) AAV-shFOXD3 injection decreased ATP content (I) and ATPS capacity (J), and reduced the mRNA levels of ATPS key
subunits and assembly factors (K-L). M) Protein levels of glucose and lipid metabolic genes after hepatic FOXD3 inhibition. Representative images were shown in left
panel, and quantitative data in right panel, respectively. For all figures except (D). N = 9-11, *P < 0.05 versus indicated groups. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

and ancillary factors in hepatocytes. These findings revealed a novel
regulation loop among ATP, Akt, CREB, FOXD3 and ATPS (ATPS), and
FAM3A may initiate and control it in hepatocytes (Fig. 8N). This novel
regulation loop also provided the direct explanation mechanism for the
observation that ATPSP overexpression alone can effectively enhance
mitochondrial ATP production in previous study [21]. What’s more,
identification of FOXD3 as a general transcription factor that controls
ATPS assembly makes it possible and viable to restore ATPS capacity by
targeting one single gene under diabetic or other pathophysiological
conditions. Particularly, the ATP-CREB-FOXD3-ATPS regulation loop
assures that the expressions of ATPS key subunits and ancillary factors
can be synchronously stimulated to increase ATPS capacity when ATP
need is increased in some conditions such as growth, proliferation and
high metabolism. FAM3A-deficiency or inhibition markedly reduced
ATP content in liver, muscle, islets, VSMCs and other tissues
[29,31-33,75]. Under obese or diabetic condition, FAM3A inhibition by
miRNA-423-5p interrupted ATP-CREB-FOXD3-ATPS regulation loop to
reduce ATPS capacity and ATP production. Our findings also provided a
direct explanation for ATPS capacity and ATP production reduction, and
ROS overproduction in livers, islets and other tissues under diabetic or
obese condition [8-13,19,21].

It has been widely acknowledged that high MMP not only drives ATP
production but also triggers ROS generation [55]. Under obese status,
mitochondrial ATP capacity is reduced, and then high MMP resulting
from excessive oxidation of glucose and lipid generates excessive ROS to
trigger insulin resistance and p cell failure [76-78]. Under obese or

11

diabetic condition, reducing MMP represents an effective strategy for
ameliorating oxidative stress. In this circumstance, the beneficial effects
of ROS repression may overwhelm the deleterious effects of ATP pro-
duction. Metformin targets mitochondrial complex I to inhibit electron
transfer frequency and reduce MMP, inhibiting both ATP and ROS
production [79]. An increase in AMP/ATP or ADP/AMP ratio will
activate AMPK to suppress hepatic gluconeogenesis and stimulate
glucose uptake [80,81]. It has also been proposed that the reduction of
high energy state (high MMP) but not AMPK activation is the main
mechanism through which metformin inhibits hepatic gluconeogenesis
in mice [82]. Metformin induces a more significant decrease in ATP
content in AMPK-deficient mouse livers than in wild type mouse livers
[83], suggesting and supporting that AMPK activation is a protective
mechanism for maintaining cellular ATP level in case of metformin
treatment. Moreover, to reduce MMP using mitochondrial uncouplers
such as 2,4-dinitrophenol (DNP) also ameliorated hyperglycemia in
obese diabetic mice [84]. However, long-term use of mitochondrial
uncouplers may impair the functions of high ATP-consuming tissues
such as skeletal muscle and heart [85]. In support, inhibition of
uncoupling protein 2 (UCP2) by genipin increases ATP production to
improve pancreatic § cell dysfunction under diabetic condition [86].
However, genipin may also increase oxidative stress to impair pancre-
atic p cell functions [87]. In addition, targeting the enzyme(s)/protein(s)
in glycolysis, tricarboxylic acid cycle, mitochondrial complexes I to IV,
and UCPs to enhance ATP production by increasing MMP may cause
excessive ROS production and oxidative stress. Actually, mice with
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Fig. 8. Hepatic-specific knockout of FOXD3 impaired ATPS assembly and aggravated glucolipid disorders in mice. A-C) PTT (A), ITT (B) and OGTT(C) were per-
formed after fed on HFD 10 weeks, 12 weeks and 14 weeks, respectively. AUC data were shown on the right panel. N = 8. *P < 0.05 FOXD3™ versus FOXD3"*P~/~,
D) The fasting glucose levels of mice fed on HFD for 6 weeks and 14 weeks. E) MRI analysis of liver and body fat distribution in mice. Representative images were
presented in the left panel, and quantitative data were shown in the right panel. N = 5. F-G) Histomorphology for the mice of indicated groups. Representative
images were shown in (F), and quantitative data for body/tissue weight were shown in (G). H) Representative liver histologic images by Oil Red O staining, scale bar
= 25 pm. I) Determination of hepatic and serum TG and CHO levels in FOXD3%"f and FOXD3"P~/~ mice fed on HFD. J-K) ATPS assembly and mRNA levels of ATPS
key subunits for indicated groups. N = 8. L) The relative ATP content in livers. N = 8. M) Protein levels of glucose and lipid metabolic genes after hepatic deletion of
FOXD3. Representative images were shown in left panel, and quantitative data were show on the right. N = 8. *P < 0.05 versus HFD + FOXD3, N) The proposed
mechanism of FAM3A and FOXD3 in regulating mitochondrial ATP production. In physiological condition, FAM3A interacts with F1 part of F1-ATPS to enhance ATP
production and release. Released ATP further activates CREB-FOXD3 axis to stimulate the expressions of F1Fo-ATPS complex genes and assembly factor genes, and
increase the capacity of ATPS, augmenting ATP production and repressing ROS production. Under obese condition, elevated levels of free fatty acids activate miR-
423-5p to inhibit FAM3A expression, interrupt ATP-FOXD3-ATPS regulatory loop to cause mitochondrial dysfunction, resulting in dysregulated glucose and lipid
metabolism. Akt, protein kinase B; ATP, adenosine triphosphate; ATPS, ATP Synthase; FAM3A, member A of family with sequence similarity 3; FFAs, free fatty acids;
FOXD3, forkhead Box D3; ROS, reactive oxygen species. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

transgenic overexpression of glucokinase in liver exhibited improved regulation loop to reduce ATPS capacity, triggering mitochondrial
glucose tolerance at 3-month old but displayed insulin resistance, dysfunction, and dysregulated glucose and lipid metabolism (Fig. 8N).
glucose intolerance and hyperglycemia at 6-month old [88]. Similarly, Activating FAM3A-FOXD3 axis represents a viable strategy for restoring
glucokinase overexpression increased insulin secretion at low glucose ATPS assembly to treat metabolic disorders.

but impaired insulin secretion at high glucose in pancreatic §§ cells due to
oxidative stress [89]. Clearly, the above strategies that aimed to inhibit
ROS production were at the risk of impairing mitochondrial ATP pro-
duction, while that aimed to stimulate ATP synthesis increased ROS
production. Although the roles of ROS neutralizing substances, antiox-
idants, and activation of enzymes of the antioxidant defense system in
reducing ROS production should not be ignored, most of them do not
affect ATP production. Therefore, to achieve a balance between ROS and
ATP production by mitochondria is critical for developing new strategy
to treat metabolic disorders. In the current study, we demonstrated that
activating FAM3A-FOXD3 axis to restore ATPS assembly represents a
promising and viable strategy of enhancing ATP synthesis while
reducing ROS production.

In summary, FAM3A is a novel active component of ATPS. FAM3A
interacts with F1-ATPS to initially increase ATP production and release,
and then the released ATP activates FOXD3 to expand ATPS capacity,
augmenting FAM3A’s effects on ATP production and ROS inhibition.
Under obese condition, FAM3A repression interrupts ATPS-FOXD3

4.1. Significance, translational potential and limitation

The current study had multiple great significances: 1) FAM3A is a
new active component of ATPS. 2) FOXD3 is a general transcription
factor that controls ATPS assembly, and FAM3A-ATPS-FOXD3 regula-
tion loop plays important roles in controlling ATP synthase assembly
and capacity. 3) Identification of FAM3A-FOXD3 axis makes it viable to
restore ATPS capacity by activating one single gene under diabetic or
other pathophysiological conditions. Activation of FAM3A-FOXD3 axis
increases ATPS capacity to restore ATP synthesis and release, and then
released ATP activates PI3K-Akt pathway independent of insulin to
suppress hepatic gluconeogenesis, which is crucial for treating diabetes,
particularly advanced diabetes mainly characterized by severe insulin
resistance and pancreatic p cell failure. Moreover, activation of FAM3A-
FOXD3 axis also ameliorates oxidative stress, which is one of the key
reasons causing insulin resistance and steatosis.

Although FOXD3 and FAM3A overexpression obviously enhanced
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ATP production and release to ameliorate glucose and lipid disorders,
some potential side effects in other tissues such as VSMCs due to
elevated ATP synthesis should be taken into consideration. Drugs or
drug delivery systems that specifically target FAM3A expression in liver,
pancreatic beta cells and BAT could be further developed for the treat-
ment of metabolic disorders. Moreover, although increased ATP syn-
thesis is beneficial for metabolic diseases, it may also promote the
proliferation of cancer cells [90,91]. So, determination of ATP synthesis
threshold is important and necessary.
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