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Abstract

Genistein exerts anti-adipogenic effects, but its target molecules remain unclear. Here,
we delineated the molecular mechanism underlying the anti-adipogenic effect of
genistein. A pulldown assay using genistein-immobilized beads identified adenine
nucleotide translocase-2 as a genistein-binding protein in adipocytes. Adenine
nucleotide translocase-2 exchanges ADP/ATP through the mitochondrial inner
membrane. Similar to the knockdown of adenine nucleotide translocase-2, genistein
treatment decreased ADP uptake into the mitochondria and ATP synthesis. Genistein
treatment and adenine nucleotide translocase-2 knockdown suppressed adipogenesis and
increased phosphorylation of AMP-activated protein kinase. Adenine nucleotide
translocase-2 knockdown reduced the transcriptional activity of CCAAT/enhancer-
binding protein B, whereas AMP-activated protein kinase inhibition restored the
suppression of adipogenesis by adenine nucleotide translocase-2 knockdown. These
results indicate that genistein interacts directly with adenine nucleotide translocase-2 to
suppress its function. The downregulation of adenine nucleotide translocase-2 reduces
the transcriptional activity of CCAAT/enhancer-binding protein 3 via activation of

AMP-activated protein kinase, which consequently represses adipogenesis.

Key words: adipogenesis, AMPK, ANT2, genistein, target molecule

Graphical abstract caption
Genistein suppresses the ANT2 function by directly interaction. The dysfunction of

ANT?2 suppresses adipogenesis through activation of AMPK.
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Obesity is a global health problem and affects more than 600 million adults and 100
million children worldwide (Ashkan et al. 2017). Obesity increases the incidence of
diseases, including type 2 diabetes mellitus, cardiovascular disease, and cancer (O'Neill
and O'Driscoll 2015). Excess hypertrophy (increase in the volume of adipocytes) and
hyperplasia (excess formation of new adipocytes through differentiation of
preadipocytes) of adipocytes in adipose tissues in response to a high-fat and -sugar diet
contribute to the induction of obesity. Adipogenesis is the formation process of adipocyte
from stem cells, and its process has two differentiation phases: commitment and terminal
differentiation. Mesenchymal stem cells, including stromal cells, are converted into
committed preadipocytes, which then differentiate into mature adipocytes (Cristancho
and Lazar 2011). In mature adipocytes, energy from dietary sources is stored in the form
of triacylglycerols (TAGs), and excessive TAG storage induces cell expansion, leading
to adipocyte hypertrophy and obesity (Ghaben and Scherer 2019; Cristancho and Lazar
2011). Adipogenesis is a key process in determining the number of adipocytes, which
mainly occurs during childhood and adolescence (Ghaben and Scherer 2019). Therefore,
suppression of adipogenesis is an effective strategy for preventing obesity.

Adipogenesis is regulated by transcription factors such as peroxisome proliferator-
activated receptor y (PPARy) and CCAAT/enhancer-binding protein (C/EBP) family
members (Lefterova et al. 2008). PPARYy is the master regulator of adipogenesis and
together with C/EBPa induces the expression of target genes such as LIPINI (essential
for lipid droplet formation) and DGATI/2 (encoding diacylglycerol acyltransferase,
which is essential for TAG biosynthesis) (Festuccia et al. 2009). The enhancer region of
the PPARy gene (PPARG) contains C/EBP-binding sites, and PPARG expression is

induced by C/EBPB. C/EBPf and C/EBPS are early adipogenic transcription factors, and
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their expression is induced immediately after stimulation with differentiation inducers.
The transcriptional activity of C/EBP is regulated by post-translational modifications
(Guo, Li, and Tang 2005). Phosphorylation of C/EBP causes dimerization of C/EBP,
and the dimer form binds directly to target genes, such as PPARG (Tang et al. 2005).
Overexpression of C/EBPf lacking DNA-binding ability led to the suppression of PPARy
protein expression and adipogenesis (Zhang et al. 2004).

Certain phytochemicals inhibit adipogenesis and high-fat diet-induced obesity. The
molecular mechanisms underlying the anti-adipogenic effects of phytochemicals are
diverse and include the induction of apoptosis and inhibition of the cell cycle via various
cell signaling pathways, including WNT/B-catenin signaling, mitogen-activated protein
kinase pathways, and the AMP-activated protein kinase (AMPK) pathway (Ahn et al.
2010; Kwon et al. 2012; Liang et al. 2018). AMPK plays an important role in the
maintenance of cellular energy homeostasis (Hardie 2007). The functional activity of
AMPK requires phosphorylation at Thr172, which is induced by allosteric binding of
AMP due to a decrease in intracellular ATP (Hardie 2007). Although phytochemicals and
pathways that suppress adipogenesis have been well researched, for some phytochemicals,
the target molecules and mechanism of adipogenesis suppression remain unclear.

Genistein (4',5,7-trihydroxyisoflavone) is an isoflavone that is more abundant than
daidzein and glycitein in soybeans and has a heterocyclic diphenolic structure similar to
that of estrogen (Adlercreutz et al. 1995). Genistein has various physiological activities,
and some studies have indicated that genistein exerts an anti-adipogenic effect. For
example, in 3T3-L1 adipocyte-like cells, it suppressed adipogenesis when used at high
concentrations (50—-100 uM) (Harmon and Harp 2001; Hwang et al. 2005), while in

primary human adipocytes, it inhibited adipogenesis even at 6.25 uM (Park et al. 2009).
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However, the target molecules involved in the anti-adipogenic effect of genistein remain
unclear to date. In this study, we identified adenine nucleotide translocase-2 (ANT2) as a
genistein-binding protein in adipocytes.

ANTs are integral membrane proteins inserted into the mitochondrial inner membrane
that catalyze ATP transport from the mitochondrial matrix to the intermembrane space
and ADP transport from the intermembrane space to the matrix (Brenner et al. 2011).
Thus, they play an essential role in cellular energy metabolism. In addition, ANTs
influence cell death by interacting with pro-apoptotic proteins and are required for
mitochondrial degradation by mitophagy in several cell types (Hoshino et al. 2019).
ANTs occur in four isoforms (ANT1-4) that are expressed in a tissue-specific manner.
ANT]1 is highly expressed in skeletal and cardiac muscles, whereas ANT2 is widely
expressed in all somatic tissues (Brenner et al. 2011). We investigated the effect of
genistein on ANT2 function in adipocytes and determined the role of ANT2 in
adipogenesis. Similar to knockdown of ANT2, genistein treatment decreased ADP uptake
into the mitochondria in vitro. Knockdown of ANT2 decreased TAG accumulation in
primary adipocytes and increased AMPK phosphorylation. Furthermore, we
demonstrated that genistein-inhibited ANT2 function suppressed adipogenesis by

inhibiting the transcriptional activity of C/EBPf via AMPK activation.

Materials and Methods
Plasmids
The cNDA encoding mouse Ant2 (GenBank accession no. NM _007451) was amplified

by PCR using mouse adipose tissue cDNA and subcloned into pLVSIN-Myc, termed by
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pLVSIN-Myc-ANT2, respectively. The Ant2 cNDA subcloned into pET-30a(+) vector,
yield a ANT2 expression vector with six tandem N-terminal His-tags (pET-30a-ANT2).
The Ant2 mutant cDNA encoding a siRNA-resistant form of ANT2, designed
ANT2(mut), was synthesized by site-directed mutagenesis of An¢2 cDNA using mutation
primers, 5'-TTtAAgGAcAAgTAtAAaCAG-3’ and 5'-
TGtTTaTAcTTgTCcTTaAAtGCAAA-3" (lower-case letters indicate mutation sites),
followed by construction of pLVSIN-Myc-ANT2(mut). The mouse C/EBPJ protein
expression vector (pLVSIN-Myc-C/EBPp) has been described previously (Mitani et al.
2020). A C/EBP-responsive reporter plasmid (pC/EBP-RE-Luc) was constructed. Four
C/EBP response elements (C/EBP-RE: 5'-
ATGGCGAGAAAATGACGAATGATGGCGAGAACCTGACGAAAT-3') were
inserted into the pGL4.14 vector (Promega, Madison, WA, USA). pBABE-puro SV40
LT was a gift from Thomas Roberts (#13970, Addgene, Cambridge, MA, USA), and the
lentivirus expression vector of simian virus 40 large T antigen (SV40 LT) was constructed
by subcloning SV40 LT cDNA into pPBABE-puro SV40 LT into the pLVSIN vector.
Mouse Esrl (GenBank accession no. NM_001302531; protein name is ERa) cDNA was
amplified by PCR using mouse adipose tissue cDNA and subcloned into pLVSIN-Myc,
termed pLVSIN-Myc-ERa. An ER-responsive reporter vector (pERE-Luc) was
constructed. Four ER-responsive elements (ERE: 5'-
GTCACTGTGACCAAGGTCACTGTGACCAAGGTCACTGTGACCAAGGTCACT

GTGACC-3") were inserted into the pGL4.10 vector (Promega).

Cell culture
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Primary adipose stromal cells (ASCs) were isolated from inguinal adipose tissues of 3—
4-week-old mice (Shizuoka, Japan). Animal experiments were performed conforming to
the protocols approved by the Institutional Animal Care and Use Committee of Shinshu
University Animal in accordance with Experimentation Regulations (Permission Number
019024) and the Guide for Care and Use of Laboratory Animals (NIH Publications No.
8023, revised 1978). Collected tissues were minced and incubated with 0.2% collagenase
type Il in isolation buffer (100 mM HEPES-NaOH, pH 7.4 containing 123 mM NaCl, 5
mM KCI, 1.3 mM CaCl,, 5 mM glucose, and 4% BSA) at 37 °C for 1 h. The cell
suspension was filtered through a 100-um filter and placed on ice for 30 min. The
suspension was filtered through a 40-pm filter to remove the remaining mature adipocytes.
ASCs were pelleted by centrifugation at 700 % g for 10 min and suspended in Dulbecco’s
modified Eagle’s medium with a high concentration of glucose (4.5 g/L) (DMEM-HG).
After centrifugation at 700 x g for 10 min, the pelleted cells were resuspended in DMEM
supplemented with 20% FBS, 10 mM HEPES, 100 units/mL penicillin, and 100 pg/mL
streptomycin (+P/S). ASCs were infected with a lentivirus expressing a large T antigen
(pLVSIN-SV40 LT), and immortalized ASCs were selected using puromycin (2 pg/mL).
Confluent ASCs were induced to differentiate into adipocytes using an adipocyte
differentiation cocktail (1 uM dexamethasone, 0.5 mM 3-isobutyl-1-ethylxanthine, 10
pg/mL insulin), 5 pM rosiglitazone, and 8 ng/mL biotin in DMEM-HG (+10% FBS,
+P/S) for the first two days. Then, the cells were cultured in the same medium with insulin
and biotin for another five days. The medium was changed every two days. Murine 3T3-
L1 cells were purchased from the Japanese Collection of Research Bioresources
(IFO050416), and the cells underwent a pre-adipose to adipose-like conversion. The

culture and adipocyte differentiation methods used have been described previously
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(Mitani et al. 2017). HEK293FT cells were purchased from Takara Bio and were cultured

in DMEM-HG (+10% FBS, +P/S).

siRNA treatment

An siRNA directed against Ant2 (siANT2) was designed using the siDirect software
version 2.0 (Naito et al. 2009) and was produced at Sigma-Aldrich (St. Louis, MO, USA).
The  target sequence for the ANT2  siRNA  duplex was 5'-
TGCCTTCAAAGATAAATACAAGC-3'. A control siRNA (siCTL) was also purchased
from Sigma-Aldrich (MISSION siRNA Universal Negative Control#1). The siRNA
duplexes (20 nM) were transfected into ASCs or 3T3-L1 cells in Opti-MEM using
Lipofectamine RNAIMAX reagent (Invitrogen, Carlsbad, CA, USA) according to the

manufacturer’s protocol for 24 h.

Identification of genistein-binding proteins

For the preparation of genistein-immobilized beads (referred to as Gen-beads hereafter),
magnetic FG beads with epoxy linkers (0.5 mg; Tamagawa Seiki, Nagano, Japan) were
mixed with genistein in N,N-dimethylformamide at 60 °C for 16 h. Then, the beads were
washed twice with N,N-dimethylformamide and distilled water. Differentiated ASCs
were lysed in lysis buffer (20 mM HEPES-NaOH, pH 7.9, containing 100 mM KCI, 1
mM MgCl, 0.2 mM CaCly, 0.2 mM EDTA, 10% (v/v) glycerol, 0.1% (w/v) Nonidet P-
40, 1 mM dithiothreitol, and 0.2 mM phenylmethylsulfonyl fluoride) and centrifuged at
22,260 x g at 4 °C for 30 min. The supernatant was used as the cell lysate. The cell lysates
(200 pg protein) were incubated with Gen-beads or plain beads (control) (0.5 mg each) at

4 °C for 4 h, and then, the beads were washed with wash buffer (20 mM HEPES-NaOH,



182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

pH 7.9, containing 1 M KCI, 1 mM MgCl,, 0.2 mM CaClz, 0.2 mM EDTA, 10% (v/v)
glycerol, 0.1% (w/v) Nonidet P-40, 1 mM dithiothreitol, and 0.2 mM
phenylmethylsulfonyl fluoride) five times. Bead-bound proteins were subjected to SDS-
PAGE followed by silver staining. Selected gel bands were subjected to in-gel digestion
using trypsin (MS grade; Promega). Sample analysis, data processing, and protein
identification were conducted by the Research Center for Supports to Advanced Science,
Shinshu University, using previously described methods (Hiroki et al. 2018). Trypsin-
digested peptides were loaded onto a nanoACQUITY ultra performance liquid
chromatography Xevo quadrupole time-of-flight mass spectrometer (Q-TOF/MS; Waters,
Milford, MA, USA), and mass spectrometry analysis was performed using nanoL.C
coupled by a nanoESI emitter to a Q-TOF/MS (Waters). Peptide data were collected by
MassLynx (ver. 4.1; Waters) and processed with ProteinLynx Global server software (ver.
2.5.2; Waters). The processed peptide data were searched against a mouse protein

database in Uniprot (Www.uniprot.org).

Pulldown of genistein-bound proteins

ASC or 3T3-L1 cell lysates were incubated with Gen-beads at 4 °C for 4 h, and then, the
beads were washed with wash buffer. To detect the interaction of recombinant ANT2
with Gen-beads, the pET-30a-ANT2 vector encoding His-tagged mouse ANT2 was
transformed into Escherichia coli strain BL21 Star (DE3; Stratagene, La Jolla, CA, USA),
and the N-terminal His-tagged recombinant ANT2 was purified using Ni Sepharose 6
Fast Flow (GE Healthcare, Madison, WI, USA). Recombinant His-tagged ANT2 was

incubated with Gen-beads at 4 °C for 4 h. Bead-bound proteins were eluted in SDS buffer
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at 98 °C for 5 min and subjected to SDS-PAGE, followed by western blotting using an

anti-ANT?2 antibody and anti-His-tag antibody.

ADP uptake assay

Mitochondria were prepared as previously described (Cho et al. 2017), with minor
modifications. Briefly, ASCs were homogenized in IBc buffer (30 mM Tris-HCI, pH 7.4
containing 225 mM mannitol and 75 mM sucrose). The homogenate was centrifuged at
600 x g for 5 min, and the supernatant was centrifuged at 7,000 x g for 10 min. The pellets
were washed twice with IBc buffer and suspended in respiration buffer (3 mM HEPES-
NaOH, pH 7.4, containing 120 mM KCI, 5 mM KH>PO4, and 20 mM MgCl,).
Mitochondria (4 pg) in the respiration buffer were incubated with 100 pmol ADP for 120
s. The reaction solution was centrifuged at 10,000 x g for 1 min, and the amount of ADP

in the supernatant was measured using the ADP-Glo Kinase assay (Promega).

Measurement of intracellular ATP

Cells were treated with siANT2 or siCTL for 24 h. Then, the cells were incubated with
or without genistein in the presence or absence of adipocyte differentiation cocktail for
24 h. Intracellular ATP was measured by chemiluminescence using the CellTiter-Glo 2.0

Assay (Promega).

Oil Red O staining

Differentiated ASCs were fixed with 4% paraformaldehyde, and intracellular TAGs were

stained with Oil Red O solution (0.5% w/v) at 22 °C for 20 min. Then, the dye was

10
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extracted with Triton X-100 (4% w/v) in isopropanol at 22 °C for 10 min. The absorbance

of the extracted dye at 492 nm was measured.

Western blotting

Western blotting was performed as previously described (Mitani et al. 2017). Cell lysates
were analyzed by western blotting using the following primary antibodies: mouse
monoclonal antibodies anti-PPARy [Clone; E-8], anti-B-actin [Clone; C4], and anti-
C/EBPa [Clone; D-5] from Santa Cruz Biotechnology (Santa Cruz, CA, USA); anti-
GAPDH [Clone; 6C5] from Nacalai Tesque (Kyoto, Japan), and anti-His-tag [Clone;
OGHis] from MBL (Nagoya, Japan); rabbit polyclonal antibodies [anti-C/EBPS from
Santa Cruz Biotechnology; anti-C/EBP from Betyl Laboratories; anti-AMPK and anti-
p-AMPK (Thr172) from Cell Signaling Technology (Beverly, CA, USA), and anti-ANT2
from ABclonal (Wuhan, China)]. After incubation with HRP-conjugated secondary
antibodies, immunoreactive bands were detected using an LAS500 instrument (GE

Healthcare).

Quantitative reverse transcription PCR (qPCR)

Total RNA was extracted from cells using Sepasol-RNA I Super G (Nacalai Tesque).
cDNA was synthesized using ReverTra Ace. qPCRs were run using KAPA SYBR Green
Master Mix (NIPPON Genetics, Tokyo, Japan) and the primers listed in Supplementary
Table 1. Relative target gene expression levels were normalized to the expression of

Rni18S (18S rRNA) as an endogenous control.

Luciferase reporter assay

11



252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

3T3-L1 cells were transfected with reporter vectors [pC/EBP-RE-Luc or pGL4-ERE-Luc,
and pRL-SV40 or pRL-TK (control reporter vector; Promega)] using Lipofectamine 3000
(Thermo Fisher Scientific) for 24 h. Then, the cells were incubated with compound C (5
uM) in the presence or absence of adipocyte differentiation cocktail for 24 h. Firefly and
Renilla luciferase activities were measured using a GloMax 20/20 luminometer
(Promega). The transfection efficiency was normalized to Renilla luciferase activity. Data
are expressed as relative light units (RLU), calculated as firefly luciferase activity divided

by Renilla luciferase activity.

Immunofluorescence microscopy

ASCs were cultured to confluence on cover glasses and then transfected with siANT2 or
siCTL for 24 h. After transfection, the cells were incubated with or without 10 uM
genistein in the presence of adipocyte differentiation cocktail for 12 h.
Immunofluorescence microscopy was performed as described previously (Tanaka et al.
in press). Briefly, the cells were reacted with a primary antibody (anti-C/EBPf) and then
with Alexa Fluor 488-conjugated anti-rabbit IgG for 1 h. Nuclei were stained with 4',6-
diamidino-2-phenylindole (DAPI; 1 pg/mL) for 20 min. Then, the cells were visualized

using a BX-2700TL fluorescence microscope (WRAYMER, Japan).

Chromatin immunoprecipitation (ChIP) assay

ASCs were transfected with siANT2 or siCTL for 24 h. Then, the cells were incubated
with or without 10 pM genistein in the presence of a differentiation cocktail for 12 h. The
ChIP assay was performed as described previously (Mitani et al. 2012). Briefly, cell

lysates were reacted with rabbit polyclonal anti-C/EBP IgG or control rabbit IgG at 4 °C

12



276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

overnight and then with 40 uL of protein G-Sepharose resin (50% slurry) at 4 °C for 1 h.
The immunoprecipitated protein-DNA complexes were eluted at 65 °C for 6 h. The
following primers were used for PCR: C/EBP-binding site in the Pparg enhancer, forward
primer, 5-TTCAGATGTGTGATTAGGAG-3" and reverse  primer, 5'-

AGACTTGGTACATTACAAGG-3'.

Statistical analysis

Data are expressed as the mean + SD and were analyzed by one- or two-way ANOVA
followed by Tukey’s or Dunnett’s post-hoc test. Statistical analysis was performed using
JMP statistical software version 11.2.0 (SAS Institute, Cary, NC, USA). Statistical

significance was set at p < 0.05.

Results

Genistein binds to mitochondrial protein ANT2 in adipocytes

Gen-beads were prepared and incubated with whole-cell extracts from ASCs to purify
genistein-interacting proteins (Figure la). We digested genistein-binding proteins into
peptides and analyzed them using a Q-TOF/MS. Peptide sequences predicted by mass
spectrometry were searched against a mouse protein database, and the peptide sequences
were found to match those of ANT2 (Figure 1b). The sequence coverage was 44.6%,
suggesting that genistein interacted with ANT2. We determined whether genistein
interacts with ANT2 in adipocytes by a pull-down assay followed by western blotting
using ANT2-specific antibodies. The results showed that genistein interacted with ANT2

in ASCs and 3T3-L1 cells (Figure 1c). To investigate whether ANT2 directly binds

13
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genistein, we purified His-tagged recombinant ANT2 and incubated it with Gen-beads.
As shown in Figure 1d, recombinant ANT2 was pulled down by the Gen-beads. These

results indicated that genistein physically interacts with ANT2 in adipocytes.

Genistein blocks ANT2-mediated ADP/ATP transport in the mitochondria

ANT?2 is a transporter that takes up cytosolic ADP into the mitochondrial matrix and
excretes synthesized ATP into the intermembrane space and cytosol. We examined the
effect of genistein on mitochondrial ADP uptake using mitochondria isolated from ASCs.
The uptake activity was decreased in mitochondria from ANT2-knockdown ASCs
(Figure 2a). When isolated mitochondria were treated with genistein, ADP uptake was
also decreased. Genistein treatment had no effect on the amount of ANT2 protein,
indicating that genistein treatment and knockdown of ANT2 had the same effect. We next
investigated the effect of genistein on intracellular ATP levels in ASCs. Metformin, an
inhibitor of ATP synthesis, reduced intracellular ATP levels. Likewise, ANT2
knockdown and genistein treatment reduced intracellular ATP levels (Figure 2b). These
effects were also observed in 3T3-L1 adipocytes. These results suggested that genistein

suppresses intracellular ATP synthesis by inhibiting ANT2 function.

Knockdown of ANT2 results in decreased lipid accumulation in ASCs

Genistein suppresses the function of ANT2; however, the function of ANT2 in
adipogenesis is still unknown. We examined whether ANT2 is involved in TAG
accumulation using Oil Red O staining. ANT2 knockdown reduced TAG accumulation
in ASCs (Figure 3a). Genistein also reduced the amount of TAGs in ASCs at

concentrations above 5 uM (Figure 3b). To determine whether ANT2 contributes to the
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suppressive effect of genistein, we treated ANT2 siRNA-treated ASCs with genistein.
Interestingly, genistein did not further reduce TAG accumulation in ANT2 siRNA-treated
ASCs (Figure 3c), suggesting that the genistein-mediated anti-adipogenic effect is
dependent on ANT2. Furthermore, we investigated the effect of 4nt2 knockdown on the
gene expression of fatty acid synthesis-related enzymes. ANT2 knockdown suppressed
the expression of de novo lipogenesis-related genes in ASCs (Figure 3d). These results
demonstrated that ANT2 regulates adipogenesis at the gene expression level and that

genistein exerts its anti-adipogenic effect through the suppression of ANT2.

Genistein treatment and ANT2 knockdown suppress adipocyte differentiation in the
early phase

We examined ANT2 expression levels during the differentiation process. ANT2 protein
expression was detected on day 1 after the start of differentiation and increased in a
differentiation time-dependent manner (Figure 4a, left panels). Interestingly, the
expression level of ANT1, which is a homolog of ANT2, decreased throughout the
adipocyte differentiation process (Figure 4a, right panel). To investigate whether ANT2
knockdown and genistein suppress adipogenic differentiation and not merely reduce TAG
accumulation, we analyzed the protein levels of transcription factors involved in
adipocyte differentiation. ANT2 knockdown suppressed the protein levels of PPARy and
C/EBPa (Figure 4b). However, C/EBPf and C/EBPS protein expression was not affected
by ANT2 knockdown (Figure 4c). Similar results were obtained in genistein-treated
ASCs. These results indicated that genistein-mediated inhibition of ANT2 regulates

adipogenesis and adipocyte differentiation in ASCs.
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The estrogen receptor (ER) is not involved in the anti-adipogenic effect of genistein
in ASCs

Genistein acts as a ligand for the ER, and estrogen suppresses adipocyte differentiation
through ERa (Homma et al. 2000). In fact, genistein upregulated ERoa-mediated
transcriptional activity, which was inhibited by the ER antagonist, ICI182780 (Figure 5a).
We determined whether genistein suppressed adipocyte differentiation through ERa
using ICI182780. Genistein treatment partially reduced the protein levels of PPARy and
C/EBPa, even in the presence of ICI182780 (Figure 5b). These results indicated that the
anti-adipogenic effect of genistein via inhibition of ANT2 function is a different pathway

from the ERa pathway.

ANT?2 knockdown attenuates the transcriptional activity of C/EBPs

ANT2 knockdown decreased PPARy and C/EBPa protein levels but did not affect
C/EBPp and C/EBPS protein levels. Therefore, we speculated that ANT2 is involved in
the regulation of the transcriptional activity of C/EBPB and C/EBPS. To confirm this
speculation, we performed a reporter assay using a luciferase vector containing C/EBP
response elements. The transcriptional activity of C/EBPs was enhanced in cells
incubated in adipocyte differentiation cocktail, and ANT2 knockdown downregulated
C/EBP transactivation (Figure 6a, left panel). C/EBP rather than C/EBPS plays a major
role in adipogenesis (Tanaka et al. 1997). ANT2 knockdown also suppressed C/EBP
transactivation in C/EBPB-overexpressing cells (Figure 6a, right panel). To determine
whether ANT2 is involved in C/EBP transactivation, ANT2(mut), which is an ANT2
siRNA-resistant form, was expressed. siANT2-suppressed C/EBP transactivation was

restored upon expression of ANT2(mut) (Figure 6b). To determine whether ANT2
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regulates the binding of C/EBP and DNA, a ChIP assay was performed using ANT2-
knockdown ASCs. ANT2 knockdown reduced the amount of C/EBPP bound to the
enhancer region of Pparg (Figure 6¢). Immunofluorescence microscopy showed that
C/EBPp localized in the nucleus in ASCs and that its intracellular location was not
affected by ANT2 knockdown (Figure 6d, left panels). Similar results were obtained in
genistein-treated ASCs (Figure 6d, right panels). These results indicated that ANT2 is
involved in the modulation of the transcriptional activity of C/EBP by regulating the

association between C/EBPp and its target DNA.

Phosphorylation of AMPK is involved in ANT2knockdown-suppressed adipogenesis
ANT?2 knockdown and genistein treatment reduced intracellular ATP levels. Therefore,
we next examined whether ANT2-regulated ATP levels are involved in adipocyte
differentiation and C/EBP transactivation. ANT2 knockdown and genistein increased
AMPK phosphorylation on day 1 (Figure 7a). In contrast, on day 7, ANT2 knockdown
and genistein treatment suppressed AMPK phosphorylation. To determine whether
activated AMPK is involved in ANT2 knockdown-suppressed adipocyte differentiation,
ANT2-knockdown ASCs were incubated with compound C, an inhibitor of AMPK.
Compound C rescued the reduction in PPARy protein levels induced by ANT2
knockdown or genistein treatment (Figure 7b and 7c). These results indicated that ANT2

promotes adipocyte differentiation by inhibiting AMPK activity.

Blockade of AMPK phosphorylation cancels the effects of ANT2 knockdown
Finally, we examined the effect of compound C on the transcriptional activity of C/EBPs

in ANT2-knockdown cells. Compound C elevated C/EBP transactivation and canceled
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the ANT2-knockdown effect on C/EBP transactivation (Figure 8a). A ChIP assay showed
that compound C suppressed the effect of ANT2 knockdown in reducing the amount of
C/EBPB bound to the Pparg enhancer region (Figure 8b, upper panel). Similarly,
compound C restored the genistein-induced decrease in the amount of C/EBPB-DNA
complex (Figure 8b, lower panel). These results indicated that ANT2 elevated C/EBPf

transactivation by suppressing AMPK activity.

Discussion
Adipocyte hypertrophy due to excessive TAG accumulation can lead to type 2 diabetes
mellitus, cardiovascular diseases, and cancer (Ghaben and Scherer 2019; Cristancho and
Lazar 2011). The ingestion of dietary food factors is drawing attention as a strategy to
prevent adipogenesis and adipocyte hypertrophy, and the anti-obesity effects of
phytochemicals have been widely studied. However, only a few target molecules of
phytochemicals have been identified. As a result, the detailed molecular mechanisms by
which phytochemicals suppress adipogenesis have not been elucidated. In this study, we
aimed to identify target proteins of the phytochemical genistein in adipocytes and to
elucidate the molecular mechanism by which genistein exerts anti-adipogenic activity by
binding to its target proteins. We identified ANT2 as a novel genistein-binding protein
and demonstrated that genistein suppresses adipogenesis by inhibiting mitochondrial
ANT?2 function.

Knockdown of ANT2 decreased TAG accumulation and suppressed adipogenesis in
vitro. Although the ANT1 and ANT2 isoforms have nearly 90% peptide sequence identity,

they are localized to different compartments of the mitochondrial inner membrane and
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are differentially involved in several cellular functions (Vyssokikh et al. 2001; Zamora et
al. 2004). ANT1 expression is repressed in cancer cells, and overexpression of ANTI
induces apoptosis in cancer cells (Zamora ef al. 2004). In contrast, ANT2 expression is
increased in cancer cells, and ANT2 exerts an anti-apoptotic effect (Jang et al. 2008).
Moreover, ANT2 mediates fatty acid-induced uncoupled mitochondrial respiration,
whereas ANT1 is not found in brown adipose tissues (Shabalina et al. 2006). In this study,
ANT2 protein expression increased, whereas ANT1 expression decreased during
adipocyte differentiation of ASCs, indicating that increased ANT2 expression contributes
to the positive regulation of adipogenesis. Seo et al. (2019) reported a negative effect of
ANT2 on insulin resistance in obesity. Saturated fatty acids stimulate uncoupled
mitochondrial respiration in an ANT2-dependent manner, resulting in increased oxygen
consumption in adipose tissues. Increased oxygen consumption causes adipose tissue
inflammation and insulin resistance in obesity by increasing the levels of hypoxia-
inducible factor (HIF)-1a (Lee et al. 2014). Deletion of adipocyte ANT2 leads to the
suppression of inflammation accompanied with improved insulin resistance through
decreased HIF-1a protein levels in adipose tissue (Seo et al. 2019). Taken together, our
findings not only indicate that genistein treatment suppresses adipogenesis by interacting
with ANT2 but also suggest that it contributes to the improvement of insulin resistance
in obesity by inhibiting ANT2 function.

Genistein treatment decreased intracellular ATP levels and induced AMPK
phosphorylation in ASCs. Some studies have reported that food-derived factors such as
flavonoids and catechins induce AMPK activation, and food factors with an anti-
adipogenic effect are considered to exert their effect via AMPK activation (Liang ef al.

2018; Choi et al. 2014). However, for some phytochemicals, it is not well known how
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they lead to AMPK activation. An increase in the AMP/ATP or ADP/ATP ratio can be
caused by several factors, including the inhibition of mitochondrial ATP synthase,
inhibition of the respiratory chain, and decreased ADP uptake into mitochondria, which
results in increased AMP levels. 2-Deoxyglucose increases the ADP/ATP ratio by
inhibiting glycolysis and thus activating AMPK (Hawley ef al. 2010). Quercetin inhibits
ATP synthase in purified mitochondria (Zheng and Ramirez 2000), and at high
concentrations (300 uM), it activates AMPK by decreasing oxygen uptake (Hawley et al.
2010). Although we did not examine the effect of genistein on the respiratory chain in
this study, our data suggest that, unlike 2-deoxyglucose and quercetin, genistein reduces
ATP production by suppressing mitochondrial ADP uptake. These results suggest that
genistein decreases ATP synthesis by blocking ANT2-mediated ADP/ATP translocation,
resulting in enhanced AMPK phosphorylation.

Genistein treatment and ANT2 knockdown induced AMPK phosphorylation in the
early phase but suppressed AMPK phosphorylation in the late phase of adipocyte
differentiation. The pharmacological AMPK activator 5-aminoimidazole-4-carboxamide
ribonucleoside (AICAR) inhibited adipogenesis in 3T3-L1 cells in the early phase of
adipocyte differentiation, and AICAR-treated diet-induced obese mice showed a
significant reduction in epididymal fat content (Habinowski and Witters 2001; Lee et al.
2011; Giri et al. 2006). However, contradictory results have been reported regarding
AMPK activation and adipogenesis. Compound C prevented the mitotic clonal expansion
of preadipocytes and subsequently blocked adipogenesis in 3T3-L1 cells (Gao et al. 2008).
The AMPK inhibitor BML-275 also suppressed adipogenesis in ischemia-challenged
human ASCs (Li et al. 2018). Gao et al. (2008) suggested that AMPK activation may

stimulate or suppress adipogenesis depending on the differentiation phase and that an
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appropriate activation level of AMPK at the right time is essential for the induction of
adipocyte differentiation. AMPK activity is low in preadipocytes but gradually increases
three days after the initiation of differentiation (Giri et al. 2006), suggesting that AMPK
activation is important in the late phase of adipocyte differentiation and that AMPK
activity needs to be maintained at a low level in the early phase. Taken together, these
results indicate that genistein-mediated ANT2 inhibition suppresses adipogenesis via
AMPK activation in the early phase of adipocyte differentiation. Moreover, we showed
that compound C restored ANT2 knockdown-suppressed C/EBPf transactivation,
suggesting that AMPK suppresses the transactivation of C/EBP.

AICAR suppresses PPARY protein expression without affecting C/EBPJ protein levels
in 3T3-L1 cells (Giri et al. 2006; Lee et al. 2011). AMPK activation by AICAR enhances
B-catenin expression and nuclear accumulation (Wang and Di. 2015). B-Catenin acts as a
transcriptional coactivator in WNT/B-catenin signaling and indirectly suppresses the
transcriptional activity of PPARy by inducing cyclin D1 and Myc (Fu ef al. 2005). In
addition, some studies have reported that C/EBPJ activity negatively regulates WNT/j-
catenin signaling (Park et al. 2018; Guo et al. 2019), indicating that the suppression of
C/EBPg activity leads to the upregulation of WNT/B-catenin signaling. Thus, our results
suggest that genistein- and ANT2 knockdown-activated AMPK downregulates
adipogenesis via two pathways, i.e., suppression of C/EBP activity and enhancement of
WNT/B-catenin signaling. However, it is unknown whether AMPK activation would
suppress C/EBPJ activity without affecting the protein level of C/EBPp. Therefore, how
AMPK activation suppresses the transcriptional activity of C/EBPB should be

investigated.
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Genistein suppressed PPARy and C/EBPa protein expression in the presence of the ER
antagonist ICI182780. Genistein is a heterocyclic phenol with structural similarity to
estrogens, and it regulates the transcriptional activity of ER by binding it in several cell
types (Adlercreutz et al. 1995). Estrogen inhibits body fat accumulation caused by a high-
fat diet by modulating the expression of genes regulating adipogenesis and lipolysis
(Stubbins et al. 2012; Jeong and Yoon 2011). Dietary genistein prevents denervation-
induced muscle atrophy, an effect that is canceled by ICI182780 (Aoyama et al. 2016).
Based on these findings, the majority of genistein-mediated beneficial effects have been
attributed to its estrogenic activity. However, the promoter activity and gene expression
of the B2-adrenergic receptor are increased by genistein but not by estradiol (estrogen) in
C2C12 myoblasts (Chikazawa and Sato 2018). Moreover, molecular docking studies have
shown that genistein interacts with c-Jun-NH»-terminal kinase (JNK) and suppresses
TNF-a-mediated downregulation of adiponectin by inhibiting JNK in 3T3-L1 adipocytes
(Yanagisawa et al. 2012), indicating that genistein has multiple beneficial effects other
than those exerted through the ER. Our results demonstrate that genistein exerts an anti-
adipogenic effect not only through estrogenic activity but also through the new target
protein, ANT2, in adipocytes.

Genistein reduced lipid accumulation in ASCs at concentrations above 5 pM. In
previous in vivo studies, the plasma level of total genistein was increased to 18.0 = 3.4
UM in rats orally administered genistein (40 mg/kg body weight) (Kwon ef al. 2007). In
another study, the maximum serum level of total genistein was 7.68 + 1.67 uM after the
administration of a single dose (20 mg/kg body weight) of a commercial supplement of
isoflavones via gavage (Sepehr et al. 2007). However, dietary genistein is mostly

metabolized to inactive conjugates, such as genistein-7-O-glucuronide, in the small
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intestine and liver, resulting in low concentrations of circulating active aglycones (Gu et
al. 2006; Zhen et al. 2012). In most studies comprising blood analyses, including the
abovementioned studies, enzymatic hydrolysis using glucuronidase and sulfatase is used
to process serum samples; consequently, the concentrations of genistein are presented as
the sum of aglycone and conjugated genistein levels. Therefore, the concentration of
circulating genistein aglycone is considered lower than 5 uM. However, glucuronidase
activity in tissues may convert genistein conjugates into aglycones and consequently
restore their health benefits, such as estrogenic activity. Macrophages at sites of
inflammation exhibit high B-glucuronidase activity and convert flavonoid conjugates into
aglycones (Terao et al. 2011; Galindo et al. 2012). Genistein-7-O-glucuronide activates
macrophages and promotes the deconjugation of the glucuronide into aglycone in
inflamed skin (Kaneko et al. 2017), suggesting that the concentration of genistein
aglycone is higher in inflammatory tissues than in normal tissues. Adipose tissues in
patients with obesity remain in a chronic low-grade inflammatory state, and the expanded
adipocytes in these tissues secrete pro-inflammatory cytokines such as monocyte
chemoattractant protein 1 (Ouchi et al. 2011). Monocyte chemoattractant protein 1
promotes bone marrow-derived monocyte infiltration into adipose tissues and induces the
differentiation of monocytes into macrophages (Kanada et al. 2006). Thus, genistein
conjugates might be deconjugated to genistein aglycone by macrophages present in the
adipose tissues of patients with obesity, increasing genistein aglycone levels to
concentrations that result in anti-adipogenic effects.

In summary, this study provided evidence that genistein suppresses adipogenesis by
directly interacting with ANT2 and inhibiting its function in mitochondria. Although the

anti-adipogenic effect of genistein has been previously investigated in vitro and in vivo,
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this study for the first time revealed its target protein involved in its anti-adipogenic effect.

The suppression of ANT2 function results in reduced transcriptional activity of C/EBPf

via AMPK activation, which leads to repressed adipogenesis. Thus, ANT2 may be a

therapeutic target for the prevention of obesity.
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Figure legends

Figure 1. Genistein binds to adenine nucleotide translocase-2 (ANT2) in adipocytes. (a)
Genistein-binding proteins were purified from cell extracts of adipose stromal cells
(ASCs) using genistein-immobilized beads (+; Gen-bead) and detected by silver staining.
Gen-bead (—) indicates that beads without immobilized genistein, are used. Arrows
indicate a protein band that was identified by mass spectrometry analysis. (b) Amino acid
sequences of peptide fragments were obtained using nanoLC Q-TOF/MS, following
which the sequences were compared with those in a Uniprot mouse protein database. (c¢)
Pulldown assay using Gen-bead in adipose stromal cells (ASCs, left panels) and 3T3-L1
cells (right panels). The cell lysates were incubated with Gen-beads or control bead
followed by western blotting with anti-ANT2 and anti-f-actin antibodies. Gen-bead (—)
indicates that beads without immobilized genistein, are used. (d) Recombinant His-tagged
ANT?2 was purified from E. coli, and then His-ANT2 and Gen-bead were incubated. Gen-
bead-bound protein was analyzed by western blotting with His-tag antibodies. Results are

representative of three independent triplicate experiments.

Figure 2. Genistein and ANT2 knockdown decreased intracellular ATP levels in
adipocytes. (a) ADP uptake capacity in mitochondria of ANT2-knocked down ASCs.
Isolated mitochondria were incubated with ADP (100 pmol) in the presence or absence
of genistein (Gen; 1 mM) for 120 sec. The amount of ADP in supernatant was measured.
(b) Intracellular ATP levels in ASCs (left panel) or 3T3-L1 cells (right panel) transfected
with ANT2 siRNA (siANT2; 20 nM) or control siRNA (siCTL). After transfection, the
cells were induced to adipocyte differentiation with differentiation inducer cocktail (DIC)

for 24 h. The cells were differentiated with DIC in the presence of Gen (10 puM) or
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metformin (Metf; 1 mM) for 24 h. Data are expressed as means = SD (n = 3). Statistically
significant differences are indicated by asterisk (*p < 0.05 vs. siCTL or veh). Results are

representative of three independent triplicate experiments.

Figure 3. Knockdown of ANT2 decreased lipid accumulation in ASCs. (a) Intracellular
lipid accumulation in ASCs transfected with siANT2 or siCTL. After siRNA transfection,
the cells were induced to adipocyte differentiation for 7 days. Left panels show oil red O-
staining. Scale bars indicate 50 pm. Right panel shows triacylglycerol (TAG) levels in
ASCs. (b) The accumulation of TAG in ASCs after induction of adipocyte differentiation
in the presence of the indicated concentrations of genistein (Gen). (c) TAG levels in ASCs
transfected with siANT?2 or siCTL. After siRNA transfection, the cells were induced to
adipocyte differentiation in the presence or absence of 10 uM Gen. (d) gPCR analysis of
lipogenesis-related genes in ASCs treated with siANT2 or siCTL. After siRNA
transfection, the cells were induced to adipocyte differentiation. Data are expressed as
means = SD (n = 3). In (a) and (d), statistically significant differences are indicated by
asterisks (*p < 0.05 vs. siCTL). In (b) and (c), statistically significant differences are
indicated by corresponding letters. If two groups share at least one letter between them,
the difference is not statistically significant. However, if two groups do not share any
letter, the difference between them is statistically significant. Results are representative

of three independent triplicate experiments.

Figure 4. Genistein and ANT2 knockdown suppressed adipogenesis at gene expression
levels. (a) Expression patters of ANT2 and other proteins in ASCs induced to adipocyte

differentiation. Left panels show protein expression. Right panel shows gene expression.
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(b) Western blot analysis of adipocyte differentiation-associated proteins in ASCs. The
cells were transfected with siANT2, and then the cells were induced to adipocyte
differentiation in the presence or absence of 10 uM genistein (Gen) for 7 days (left panels).
(c) Protein expression of C/EBPs in ASCs. The cells were transfected with siANT2, and
then the cells were induced to adipocyte differentiation in the presence or absence of 10
uM Gen for 24 h. Data are expressed as means + SD (n = 3). Results are representative

of three independent triplicate experiments.

Figure 5. Genistein suppressed adipogenesis even in the presence of ER antagonist. (a)
ERa-mediated transcriptional activity in ER antagonist ICI 182780 (1 uM; ICI) and Gen
(10 uM)-treated cells. (b) Western blot analysis of PPARy and other proteins in ASCs.
The cells were induced to adipocyte differentiation with ICI 182780 (1 uM) in the
presence or absence of 10 uM Gen for 7 days. Data are expressed as means + SD (n = 3).
Statistically significant differences are indicated by corresponding letters. If two groups
share at least one letter between them, the difference is not statistically significant.
However, if two groups do not share any letter, the difference between them is statistically

significant. Results are representative of three independent triplicate experiments.

Figure 6. Knockdown of ANT2 decreased transcriptional activity of C/EBPs. (a) C/EBP-
mediated transcriptional activity in 3T3-L1 adipocytes treated with siANT2 or siCTL.
siRNA-treated 3T3-L1 adipocytes were transiently transfected with a pC/EBP-RE-Luc
vector, followed by induction of differentiation with differentiation inducer cocktail
(DIC) for 24 h (left panel). The cells were transfected with C/EBPB-expressing vector

(right panel). (b) C/EBP-mediated transcriptional activity in 3T3-L1 adipocytes or its
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stable cell line expressing ANT2(mut) that is an siRNA-resistant form of ANT2. (c) ChIP
analysis in ASCs treated with siANT2 or siCTL, followed by incubation with DIC for 12
h. Co-immunoprecipitated protein-DNA complex was analyzed by PCR. (d)
Immunofluorescence analysis of C/EBPJ (green) in ASCs transfected with siANT2 (left
panels) or treated with genistein (Gen; 10 uM, right panels) in the presence of DIC for
12 h. Nuclei were stained with DAPI (blue). Scale bar = 50 um. Data are expressed as
means = SD (n = 3). Statistically significant differences are indicated by the
corresponding letters. If two groups share at least one letter between them, the difference
is not statistically significant. However, if two groups do not share any letter, the
difference between them is statistically significant. Results are representative of three

independent triplicate experiments. RLU: relative light unit.

Figure 7. Association of ANT2 blocking on the phosphorylation of AMPK. (a)
Phosphorylation of AMPK proteins in ASCs. The cells were transfected with siANT2 or
treated with genistein (Gen; 10 uM), followed by induction to adipocyte differentiation
for 7 or one day(s). (b) Western blotting of PPARY in ASCs treated with siANT2. siRNA-
treated cells were induced to adipocyte differentiation in the presence or absence of
compound C (C.C; 1 uM). (c¢) Western blotting of PPARY in ASCs treated with Gen and
C.C. Data are expressed as means = SD (n = 3). Results are representative of three

independent triplicate experiments.

Figure 8. Blocking of AMPK restores the effect of ANT2 knockdown. (a) Transcriptional
activity of C/EBPs in 3T3-L1 adipocytes treated with siANT2 or siCTL. siRNA-treated

3T3-L1 adipocytes were transiently transfected with a pC/EBP-RE-Luc vector, followed
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by induction of differentiation with compound C (C.C; 1 uM) in the presence of
differentiation inducer cocktail (DIC) for 24 h. (b) ChIP analysis in ASCs treated with
siANT?2 (upper panels) or Gen (bottom panels), followed by induction of differentiation
with C.C (1 uM) in the presence of DIC for 12 h. Co-immunoprecipitated protein-DNA
complex is analyzed by PCR. Data are expressed as means = SD (n = 3). Statistically
significant differences are indicated by the corresponding letters. If two groups share at
least one letter between them, the difference is not statistically significant. However, if
two groups do not share any letter, the difference between them is statistically significant.
Results are representative of three independent triplicate experiments. RLU: relative light

unit.
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Figure 3
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Figure 4
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Figure 6
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Figure 7
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