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ARTICLE INFO ABSTRACT

Keywords: The well-documented anticarcinogenic properties of natural polyphenolic proanthocyanidins (OPC) have been
Proanthocyanidin B2 (OPC-B2) primarily attributed to their antioxidant and anti-inflammatory potency. Emerging evidence suggests that OPC
AKT

may target canonical oncogenic pathways, including PISK/AKT; however, the underlying mechanism and
therapeutic potential remain elusive. Here we identify that proanthocyanidin B2 (OPC-B2) directly binds and
inhibits AKT activity and downstream signalling, thereby suppressing tumour cell proliferation and metabolism
in vitro and in a xenograft and diethyl-nitrosamine (DEN)-induced hepatocellular carcinoma (HCC) mouse
models. We further find that OPC-B2 binds to the catalytic and regulatory PH domains to lock the protein in a
closed conformation, similar to the well-studied AKT allosteric inhibitor MK-2206. Molecular docking and dy-
namic simulation suggest that Lys297 and Arg86 are critical sites of OPC-B2 binding; mutation of Lys297 or
Arg86 to alanine completely abolishes the antitumor effects of OPC-B2 but not MK-2206. Together, our study
reveals that OPC-B2 is a novel allosteric AKT inhibitor with potent anti-tumour efficacy beyond its antioxidant
and anti-inflammatory properties.

Hepatocellular carcinogenesis (HCC)
Metabolic reprogramming

1. Introduction compounds may exert pleiotropic anticancer effects by targeting mul-
tiple pathways, including NF-kB, AMPK, Wnt B-catenin, cell apoptosis,

Proanthocyanidins are a large class of polyphenolic compounds PI3K/AKT, mTOR, and MAPK [13]. However, it remains elusive whether

widely found in the plants, such as grape seeds and peanut skin [38].
Proanthocyanidin-B2 (OPC-B2) consisting of two epicatechins (Fig. 1A)
exhibits strong antioxidant activity owing to their phenolic hydrogen
atoms, which potently intercept free radicals in the free radical chain
reactions [21,30,38,45,56]. The anti-carcinogenic properties of these
compounds have been well-documented and these effects have been
primarily attributed to their potent antioxidant and anti-inflammatory
efficacy [1,36]. In addition, emerging evidence suggests that these

OPC-B2 exhibits anti-tumor effects by acting on any of these pathways as
well as the therapeutic potential.

As a common liver malignancy, Hepatocellular Carcinoma (HCC)
represents the 4th leading cause of cancer mortality worldwide [44,47].
Although the diagnosis and treatment of HCC has been greatly improved
in recent years, the 5-year survival rate of patients is far from satisfaction
[55]. Several drugs are used clinically in the treatment of HCC, such as
Sorafenib (first-line), Regorafenib, Cabozantinib and Ramucirumab
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(second-line) [33]. However, they are mainly used for advanced HCC
and drug resistance is a main reason to cause chemotherapy failure in
HCC. Therefore, there is an urgent need to develop safe and effective
agents to treat patients with HCC [28,50].

Abnormal activation of AKT is frequently present in breast, ovarian
epithelial, prostate, gastric cancers [6,18] and HCC [35,48]. In response
to growth factors or cytokines, AKT is recruited to the cell membrane by
phosphatidylinositol-3,4,5-triphosphate (PIP3) produced by PI3K
through PH (pleckstrin homology) domain of AKT to induce a confor-
mational change, thus mediating the assembly of PDK1 to phosphorylate
AKT at Thr308. The mechanistic target of rapamycin complex 2
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(mTORC2) primarily contributes to the well-characterized Ser473
phosphorylation and promotes AKT activation (Cantley; [22,39]. Once
activated, AKT triggered subsequently cellular response including cell
cycle progression and metabolism through phosphorylating diverse
downstream proteins or inducing various genes expressions [17,57].
AKT inhibition has been explored as a therapeutic target for various
cancers, including HCC. AKT inhibitors are classified as ATP-
competitive inhibitors or allosteric inhibitors. ATP-competitive in-
hibitors target the ATP-binding pocket, whereas allosteric inhibitors
bind to the PH or kinase domain of AKT to inhibit its activity [37]. Upon
activation of upstream signaling by external growth factors, PH domain
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Fig. 1. OPC-B2 inhibits proliferationof liver cancer cells and tumor growth in xenograft tumor growth models. A.OPC-B2 was extracted from peanuts skin
and the purified compound was stored at 2-8 °C and protected from light. B.Huh7 cells were exposed to various concentrations of OPC-B2 for 7 days in colony
formation assay. C.Cell viability of two liver cancer cell lines (Huh7 and Hep3B)treated with different concentrations of OPC-B2at 48 and 72 h. D.Schematic view
ofthe experimental procedures of xenograft mouse model. Huh7 cells were subcutaneously injected into right and left flanks of nude mice (regarded as day = 0). After
7 days, micewererandomly divided into three groupsand administrated with control solvent (n = 7), 10 mg/kg (n = 8), and 30 mg/kg (n = 9),respectively, via
intraperitoneal injectionevery twodays. And tumor size was measured and recorded at the same time. E.Images of nude mice tumors. F.Tumor volumesduring the
period of experiment. G.Tumor weightsof nude mice. Two-tailed Student’s t-test,*p < 0.05; **p < 0.01; ***p < 0.001.
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of AKT binds to PIP3, inducing AKT transferred to plasma membrane
(“open”). Subsequently PH domain moves in and forms tight in-
teractions with the kinase domain via polar contacts, resulting in a
barrier that blocks the binding between ATP and AKT (“closed”) [20,
37]. Allosteric inhibitors are generally considered to be better than
ATP-competitive inhibitors as they show less toxicity, reduced
side-effects, and greater specificity. As one of the most studied allosteric
inhibitors of AKT, MK-2206 exhibits moderate anti-tumor efficacy in
clinical studies [14,34]. However, AKT inhibitors remain challenging in
clinical trials because of the side-effect of transient hyperglycemia or the
E17K mutation causing AKT to be less sensitive to MK2206 [43].
Therefore, major efforts are currently under way to develop new in-
hibitors of AKT for cancer treatment, especially HCC.

In this study, we find that OPC-B2 extracted from peanut skin has
strong anti-tumor effects in HCC through direct binding and inhibiting
AKT activity, leading to cell cycle arrest and metabolic inhibition in vitro
and HCC mouse models. Molecular docking and dynamic simulation
suggest that Arg86 and Lys297 of AKT are critical sites for OPC-B2
binding. Experimental mutation of these two amino acids almost
completely eliminates the anti-tumor efficacy of OPC-B2. Interestingly,
the binding mode of OPC-B2 appears to be different from that of
MK2206. Together, our study suggest that targeting the OPC-B2 binding
pocket in AKT may provide a therapeutic opportunity in HCC treatment.

2. Results
2.1. OPC-B2 inhibits HCC cell proliferation and tumor growth

We isolated OPC-B2 from peanut skin and characterized its chemical
structures using high resolution mass spectrometry by comparing to a
commercially available standard compound (Figure S1A). To examine
the effect of OPC-B2 on HCC cell proliferation, we treated Huh7 cells
with various concentrations in colony formation and proliferation as-
says. OPC-B2 exerts strong inhibition efficacy on tumor cells prolifera-
tion and colony formation in a time and dose-dependent manner (Fig. 1B
and C). Interestingly, OPC-B2 showed anti-tumor effects for several liver
cancer cell lines with different oncogenic characteristics: early stage
HCC cells SMMC-7721 cells, highly differentiated Hep 3B, and highly
metastatic LM3 cells (Fig. 1C and Figure S1B). Although OPC-B2 showed
different potencies for different cell lines, IC50 of OPC-B2 for Hep3B
reached around 12.5 pg/ml (21 pM) (Figure S1C). Together, these re-
sults showed that OPC-B2 has significant inhibitory effects on HCC
tumor cell proliferation in vitro.

Next, we explored the anti-tumour effects of OPC-B2 in vivo by using
a xenograft tumour growth model. After the nude mice (congenital
thymic defect mice) were subcutaneously injected with Huh7 cells, mice
were randomly divided into three groups: control, 10 mg/kg, and 30
mg/kg. OPC-B2 was administrated intraperitoneally with two doses of
10 and 30 mg/kg every two days (Fig. 1D) and tumor sizes were
recorded at the same time. After the mice were sacrificed at 28th day, we
observed that OPC-B2 exhibits strong anti-tumor efficacy in a dose-
dependent manner (Fig. 1E-G). Comparing with control group, OPC-
B2 with 30 mg/kg treatment group had decreased tumor size, tumor
volume and tumor weight up to 60% (Fig. 1E-G). Taken together, OPC-
B2 exerts significant inhibitory effects on HCC cell proliferation and
tumor growth in vitro and in vivo.

2.2. OPC-B2 directly binds to AKT and inhibits its kinase activity

Although multiple signal pathways have been shown to be involved
in the development of HCC, such as AMPK, ERK and AKT, the aberrant
activation of AKT signaling pathway plays an important role in pro-
moting liver cancer progression through regulating cell proliferation
and survival [35]. We next examined these major signaling pathways
and found that OPC-B2 mainly inhibited the phosphorylation of AKT at
S$473 and T308 without significant impact on AMPK and ERK pathways
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(Figure S2A). To further investigate whether OPC-B2 inhibits tumor cell
proliferation through repressing AKT activity and its downstream
signaling pathway, we first transfected the Myc-tagged AKT plasmid in
Huh?7 cells to increase AKT expression and found that overexpression of
AKT enhanced p-AKT activity and promoted cell proliferation through
activating the p-AKT (S473 and T308), p-GSK3p (S9) (Fig. 2A).
Conversely, inhibition of AKT activity by MK-2206 decreased the
phosphorylation at S473 and T308 and attenuated tumor cell prolifer-
ation (Fig. 2B). Similarly, OPC-B2 treatment significantly inhibited cell
proliferation and the phosphorylation levels of AKT at S473 and T308 in
a dose-and time-dependent manner (Fig. 2C-D and Figure S2A), sug-
gesting that OPC-B2 has similar inhibitory effect on AKT activity to
MK-2206. Next, we combined OPC-B2 with MK-2206 treatment on
tumor cells to test potential synergistic effects on AKT activity and cell
proliferation and observed that a combination of MK-2206 with two
different doses of OPC-B2 led to a significant more inhibition on cell
proliferation than either of the reagents alone, suggesting a synergistic
inhibition on AKT activity and cell proliferation (Figure S2B and C). To
test whether OPC-B2 directly inhibits AKT activity or acts on the up-
stream kinases of AKT, we next examined the effects of OPC-B2 on the
upstream protein kinases of AKT including PI3K [46], PDK1 [9,10], and
mTORC2 [32], and found that OPC-B2 treatment did not significantly
affect any of these kinase activities (Figure S2D). Taken together, all
these data suggest that OPC-B2 may directly bind to AKT and inhibit its
activity.

To investigate the possibility of a direct interaction between OPC-B2
and AKT, we performed in silico docking of OPC-B2 with a full length
AKT (PDB codes 3096) using a Discovery studio software (DS 4.0)
(BIOVIA, San Diego, CA, USA) [42,54]. Molecular docking results
showed that OPC-B2 potentially occupies a binding pocket of AKT with
several interactions with AKT (Fig. 2E-G and Figure S2E). As illustrated
in Fig. 2F and supplemental Figure S2E, these potential interactions
include conventional hydrogen bonding, Pi-Cation, charge-charge, and
Pi-Pi T-shaped and Pi-Alkyl interactions. The molecular docking and
dynamic simulation also found that OPC-B2 as a ligand could affect the
activity of AKT (receptor) with a total interaction energy of around 464
kcal/mol primarily through electrostatic and Van der Waals interaction,
respectively (Table S1). To provide experimental evidence that OPC-B2
directly binds and inhibits AKT activity, we performed in vitro kinase
assay by incubating purified recombinant GST-AKT protein with OPC-B2
for 15 min and found that OPC-B2 inhibited nearly 50% p-AKT at S473
compared with control (Fig. 2H). Furthermore, to map the potential
interaction sites of OPC-B2 with AKT, we calculated the binding energy
in silico with the mutation of potential amino acids. As shown in
Table S2, Arg86, Arg273 and Lys297 showed the lowest interaction
energies, suggesting that three amino acids residues are most likely to be
the binding sites of OPC-B2 and AKT. Based on locations of these amino
acids, we speculate that OPC-B2 may bind to the PH and kinase domains
of AKT to inhibit its activity through locking it in a “closed” confor-
mation (Fig. 2I), similar to the allosteric binding of MK-2206 to AKT.
Because Arg86 (R86), Arg273 (R273) and Lys297 (K297) contributed
over 50% to the total interaction energy between OPC-B2 and AKT
(Fig. 2G and Table S2), we predicted that these three residues may play a
key role in the interaction between AKT and OPC-B2.

To support this hypothesis, we individually mutated these three
amino acids (R86, R273 and K297) to alanine (Ala) and investigated the
effects of these mutants on the cell proliferation and AKT activity upon
OPC-B2 treatment. Interestingly, R273A mutation significantly down-
regulated AKT protein expression, whereas R86A and K297A did not
significantly affect AKT expression and activity (Figure S2F). When cells
were transfected with Myc-AKT1 (wild type), Myc-AKT1-K297A, Myec-
AKT1-R86A and empty plasmids (control), cell viability significantly
increased compared with control group (empty plasmids) (Figure S2G),
suggesting that K297A and R86A did not significantly alter the AKT
activity. Importantly, OPC-B2 treatment inhibited cell viability around
50-60% in cells transfected with Myc-AKT1 (wild type) and control



G. Liu et al. Redox Biology 37 (2020) 101701

A B
Myc-AKT1 - + 1.54 -~ control 1.2q -~ control
3 . ~ | -= MK-2206-2um
pAKT(S473) [ | .~ | MyeAKTI ***} MK-2206 v ]
« ) -AKT(S473)E To.8 P
p-AKT(T308)|§I =107 P S 50
= —
Mycljl 2 p-AKT(T308) [ § .
p-GSK3B(S9) | W 2051 AKT |- 5 O-
GSK3p | 8 GAPDH | sen [ S
0.
GAPDH 24 48 72 96(h) 72(h)
c 2.0y = Oug/ml D
0 20pgiml : 0 50 75
1.5~ 75pglml P = OPC-BZ.ngmI OPC-B2

= P-AKT(T308) e e < — —|

P-AKT(S473) s e e e

AKT b 9 we @ @D &
GAPDH

cell number(104)
'° —
o o

-

0 24 48 72 96(h)

F
H-bonds
pDonor
H WAcceptor
His-AKT1 + + — 10 *
oPcB2 - + X0
L
~ 0.6
p-AKT(S473) - - s
= 0.4
v "
< 0.2 PH domain

0.0
Time:15min control OPC-B2

J Myc-AKT1 + + - s &) 2

N (PHA N Myc-AKT1(K297A) - - + + - -
— | Myc-AKT1(R86A) - s B S
¢ = Yimae ¢
A 5 + - + & +
inactive form QRC-R2
K L p-AKT(Sd73), sB==Ta= ‘
2.09 control-Oug/ml 2,04 trol-Opg/ml - w
= control-25pgimi = control.2opaimi M
-+ myc-AKT1-Oug/mi -+ myc-AKT1-Opg/ml :
—1.5]- myc-AKT1-25ug/ml : 151~ myc-AKT1-25pg/ml ” NMyc| wee e = =D w—
A - R86A-0pg/mi e e K297A-0pg/mi
< o R86A-25ug/ml 2 |~ K297A-25pg/ml p.GSKag(sg)’ e e e (
[ -
2 1.04 o
£ ] £14 GSK3B’- -----1
E kK S ok
—_ c
' 0.5 A 505 cyclin D1 ’--- — --.‘
=g - p-Rb(snm} D = - - - - 1
0 .
C 24 48 72 96(h) ou 24 48 72

96(h) Rb}.---ﬁ-{

GAPDH l..—...i

Fig. 2. OPC-B2 directly bindsto AKT and inhibits its activity. A.Cell viability of Huh7 cells after transfected with Myc-AKT1 and immunoblots of whole cell
lysates from Huh7 cells. B.Cell viability of Huh7 cells treated with MK-2206 at a dose of 2 pM and immunoblots of whole cell lysates from Huh7 cells treated with
MK-2206 for 24 h. C.Cell viability of Huh7 cells at different time points treated with OPC-B2 at doses of 50 and 75 pg/ml. D.Phosphorylation levelsof AKT at serine
473 (S473) and threonine 308 (T308) after treated with OPC-B2. E.Molecular docking indicates that OPC-B2 directly binds to the AKT1. F.Hydrogen bondsbetween
AKT and OPC-B2. G.Detailed interaction residues of PH and kinase domain of AKT1 between OPC-B2 and AKT1. H.Immunoblots of purified activated GST-AKT1
protein incubated with OPC-B2 (75 pg/ml) for 15min and quantitative result of p-AKT(S473). I.A schematic model ofOPC-B2 binding to AKT1 directly. J.Immu-
noblots of cell lysates of Huh7 cells transfected with myc-AKT1, myc-AKT1(K297A) and myc-AKT1(R86A), followed by treatment with control solvent or OPC-B2 (75
pg/ml).The upper band is the exogenously overexpressed AKT1 protein, and the lower band is the endogenous AKT1 protein. K, L.Cell number of Huh7 cells
transfected with myc-AKT1, myc-AKT1(R86A) and myc-AKT1(K297A), followed by treatment with control solvent or OPC-B2 (75 pg/ml) at different time points.
Two-tailed Student’s t-test,*p < 0.05; **p < 0.01; ***p < 0.001.




G. Liu et al.

group, whereas OPC-B2 had no effects on the cell proliferation in the
cells transfected with Myc-AKT1-K297A or Myc-AKT1-R86A, suggesting
that K297 and R86 are indeed the critical sites for OPC-B2 binding and
repression of p-AKT activity (Fig. 2J-L). Surprisingly, MK-2206 still
inhibited the AKT activity and cell proliferation in K297A or R86A
mutant cells, suggesting that OPC-B2 and MK-2206 bind to different
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sites in AKT (Figure S2H and I), consistent with a synergistic effect on
AKT activity and cell proliferation with MK-2206 and OPC-B2 treatment
(Figure S2B, C). Notably, previous studies found that tryptophan 80
(Trp80) [54] and Aspartic acid 292 (Asp292) were vital for the binding
between MK-2206 and AKT [20]. Together, these data demonstrate that
OPC-B2 directly binds to AKT and inhibits its kinase activity primarily
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through interactions with R86 and K297, different from the binding sites
of the well-studied allosteric AKT inhibitor MK2206.

2.3. OPC-B2 suppresses p-AKT activity leading to cell cycle arrest

To investigate how OPC-B2 affects AKT and its downstream signal-
ling pathways to inhibit tumour growth, we performed a transcriptomic
RNA sequencing (RNA-Seq) analysis on Huh7 cells treated with OPC-B2
(Figure S3A). We found 2430 differentially expressed genes (DEGs),
among which 534 genes were significantly up-regulated and 1896 genes
were down-regulated compared to control group (Figure S3B). Inter-
estingly, from our transcriptomic RNA-Seq data, we found that there
were significant changes in the expressions of cell cycle and metabolic
genes (Figure S3C and D). Next, we set out to explore the effects of OPC-
B2 on the cell cycle of liver cancer cells. HCC cell lines, such as Huh7
cells and SMMC-7721 cells, were treated with OPC-B2 for 24 h with
indicated doses. OPC-B2 indeed cell cycle arrest at G1 phase in Huh7
(Fig. 3A) and SMMC-7721 cells (Figure S3E and F). As shown in Fig. 3B,
OPC-B2 significantly inhibited AKT activity (p-AKT) and cell cycle
protein cyclin D1 expression and its downstream signaling, such as p-
CDK4, p-Rb (S780) (Retinoblastoma Transcriptional Corepressor) in a
dose-dependent manner (Fig. 3B and Figure S3G). Furthermore, cyclin
D1 knockdown clearly decreased cell proliferation (Fig. 3C and D),
consistent with previous reports in which overexpression of cyclin D1
promoted HCC development by facilitating cell-cycle progression [15,
53]. Notably, OPC-B2 did not significantly affect apoptosis as indicated
by Annexin V and PI staining as well as the apoptosis-related protein
expressions, such as Bcl2, BAX, Caspase 3 and caspase 8 (Figure S3H-I).
Previous studies also reported that AKT-GSK3p is a classic signaling
pathway that regulates cyclin D1 stability through ubiquitination [2,
19]. Activated AKT phosphorylates the serine 9 residue of glycogen
synthase kinase-3p (GSK3p) and inactivates its kinase activity on cyclin
D1, which promotes cyclin D1 protein stability and cell cycles transition
from G1 to S via reducing its ubiquitination/degradation [2]. Consis-
tently, we observed that OPC-B2 inhibited p-AKT activity, leading to the
downregulation of its downstream p-GSK3p activity and cyclin D1
expression (Figure S4A). To further examine whether OPC-B2 inhibited
p-AKT activity causes cyclin D1 decline through ubiquitination and
subsequent proteasomal degradation, we treated Huh7 cells and
SMMC-7721 cells with the proteasome inhibitor MG132, in addition to
OPC-B2. Proteasomal inhibition by MG132 significantly attenuated the
downregulation of cyclin D1 followed by OPC-B2 treatment (Fig. 3E and
F). Moreover, OPC-B2 promoted cyclin D1 degradation primarily
through enhancing cyclin D1 ubiquitination and proteasomal degrada-
tion without affecting protein synthesis (Fig. 3G, and Figure S4B-F).
Taken together, p-AKT activity repression by OPC-B2 causes p-GSK3p
downregulation and promotes cyclin D1 instability by ubiq-
uitination/degradation, which leads to the further suppression of cyclin
D1 downstream protein CDK4 and Rb phosphorylation. The net outcome
of these signaling events is the induction of tumor cell cycle arrest at G1
phase and inhibition of cell proliferation (Fig. 3H).

2.4. OPC-B2 inhibits AKT activity and decreases metabolic flux in
glycolysis and TCA cycle

Previous studies showed that AKT activity plays a critical role in
supporting tumor cell metabolism [35]. As exemplified in the classic
metabolic reprogramming of cancer cells, they increase their glucose
uptake and preferentially utilize glucose through aerobic glycolysis,
termed Warburg effect [23,51]. Besides, the tricarboxylic acid (TCA)
cycle is pivotal for oxidative phosphorylation in cells, producing ATP
and the intermediates needed for macromolecule biosynthesis [4,52].
Our recent study revealed a novel mode of metabolic reprogramming of
HCC due to the loss of hepatic aldolase B [31]. Emerging studies have
demonstrated that not only glycolysis but also TCA cycle is a potential
target for cancer therapy. As a key enzyme in the first step of glycolysis,

Redox Biology 37 (2020) 101701

Hexokinase 1 (HK1) catalyzes the ATP-dependent phosphorylation of
glucose to yield glucose-6-phosphate, which plays a vital role in the
cellular uptake and utilization of glucose. Consistently, we observed that
OPC-B2 inhibited glucose uptake and HK1 expression in a
dose-dependent manner (Fig. 4A-B), consistent with AKT activity on
regulation of HK1 protein expressions and glucose metabolism [27,40].

To further study the effects of OPC-B2 on metabolic reprogramming
of cancer cells, we used universally labelled [U—lSCG] glucose as a tracer
to track the cellular metabolism in glycolysis and TCA cycles upon OPC-
B2 treatment (Fig. 4C). The results showed that the fraction of M+3
labelled metabolites, including pyruvate, lactate and alanine from
[U-'3Cg]-glucose, all decreased significantly in Huh7 cells treated by
OPC-B2 at different time points, demonstrating that OPC-B2 dose-
dependently inhibits glycolysis through downregulation of AKT-
mediated inhibition of HK1 expression (Fig. 4D and E). Similar results
were observed for TCA cycles with M+2 labelled metabolites (including
succinate, malate, aspartate and glutamate) from [U-'3Cg]-glucose upon
OPC-B2 treatment (Fig. 4D and E). Quantification of intermediate me-
tabolites and the ratio of enriched labelled carbon of metabolites from
the labelled glucose were consistent with the decreased metabolic flux to
glycolysis and the TCA cycles (Fig. 4F and Figure S5A and B). Taken
together, all these data demonstrate that OPC-B2 suppresses p-AKT ac-
tivity and further downregulates HK1 expression and activity, leading to
a decreased cellular metabolism in glycolysis and TCA to inhibit cancer
cell growth.

2.5. OPC-B2 inhibits AKT activity and suppresses tumorigenesis in
diethyl-nitrosamine (DEN)/CCly-induced HCC model

Next, we employed a primary HCC mouse model to further investi-
gate whether OPC-B2 exerts anti-tumor efficacy through inhibiting AKT
activity and its downstream signaling in vivo. Three-week old C57/BL6
male mice were injected with DEN once and CCly twice a week from gth
to 20™ week. OPC-B2 (300 mg/kg), MK-2206 (40 mg/kg) [25] and
control solvent were administered intragastrically every three days from
12th to 39th week before the mice were sacrificed (Fig. 5A). As ex-
pected, mice treated with OPC-B2 or MK-2206 had significantly smaller
ratios of liver/body weight without significantly affecting body weights
(Figure S6A and B). OPC-B2 exhibited comparable anti-tumor effects as
MK-2206: tumor number and maximal tumor size were significantly
decreased after OPC-B2 and MK-2206 treatment (Fig. 5B-C). Interest-
ingly, the liver function indicators, aspartate transaminase (AST) and
alanine transaminase (ALT), were also significantly improved after
OPC-B2 or MK-2206 treatment (Figure S6C). Consistently, immunohis-
tochemistry (IHC) assay found that the levels of p-AKT at Ser473, cyclin
D1 and proliferation marker Ki67 expressions were all significantly
decreased in mouse tumors treated with OPC-B2 or MK-2206, compared
to the control (Fig. 5D and E). Similar results were verified in western
blot analysis (Fig. 5F). In short, all these data clearly demonstrate that
OPC-B2 acts as a potent inhibitor of AKT to suppress liver tumor growth.

3. Discussion

Polyphenolic compounds, such as proanthocyanidins, have been
well-documented to have potent anticancer effects primarily due to their
antioxidant and anti-inflammatory properties [1]. Emerging data have
also suggested that these compounds may target other oncogenic path-
ways, such as PI3K/AKT, but the underlying mechanism and therapeutic
potential remain elusive. On the other hand, targeting hyperactive AKT
signaling pathways has been explored as a potential cancer therapy but
with moderate success [7,12,26]. In this study, we discover that OPC-B2
acts as a new allosteric inhibitor of AKT through directly binding to AKT
and inhibiting its downstream signaling events, leading to cell cycle
arrest and inhibition of glucose metabolism (Fig. 6). These anti-tumor
effects were demonstrated in xenograft mouse model and in the
DEN/CCly-induced primary liver cancer mouse model.
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Fig. 4. Inhibiting phosphorylated AKT by OPC-B2 decreases hexokinase 1 (HK1) expression and the metabolism in glycolysis and TCA cycle. A.Glucose
consumption of Huh7 cells after treatment with OPC-B2 (50 and 75 pg/ml) at different time points. B.Protein expression of HK1, the first key enzyme of glycolysis,

was detected by western blotting. C.*>C distribution of glycolysis and the first turn of the TCA cycle with 50% U-

13C-glucose (labelled at all six carbons) and 50%

glucose (unlabeled). Red circles represent 13C.labelled carbon atoms while black circles indicate unlabeled carbon atoms. D, E.Huh7 cells were treated with OPC-B2

(50 and 75 pg/ml) and incubated with 50%

U-"3C-glucose for 12 (D) and 24 (E) hours. Fraction of the labelled metabolites of M+3 from *3C-glucose in glycolysis and

fraction of the labelled metabolites of M+2 from **C-glucose in TCA cycle by OPC-B2 treatment for 12 and 24 h in Huh7 cells. F. Quantification of glycolysis and TCA
cycle metabolites in Huh7 cells detected by GC-MS after treatment with OPC-B2 and incubation with 3C6-glucose for 24 h.Two-tailed Student’s t-test,*P < 0.05, **P
< 0.01, ***P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

AKT inhibition has emerged as a potential therapeutic strategy for
multiple cancers associated with hyperactive AKT. ATP competitive or
allosteric inhibitors have been explored to achieve AKT inhibition. The
GSK690693 is an aminofurazan derivative and ATP-competitive inhib-
itor used for the treatment of acute lymphoblastic leukemia [29].
However, the clinical development was terminated because of hyper-
glycemia [3]. AZD5363 is a potent, selective inhibitor of the kinase
activity of all three AKT isoforms and has been used as monotherapy in
the breast, gastric and prostate cancer in both phase I and phase II
clinical trials [5]. In addition to ATP competitive inhibitors, allosteric
inhibitors of AKT have also been tested as a therapy in many types of

human cancers. For example, MK-2206 was used as a monotherapy in
acute myelogenous leukemia and HCC in phase II clinical trials [37].
However, the AKT constitutive membrane binding caused by the E17K
mutation in some types of human cancers causes AKT to be less sensitive
to MK2206 [43]. Therefore, it is of great significance to develop novel
inhibitors with lower toxicity and better therapeutic efficacy for HCC
therapy.

In this study, we have discovered that OPC-B2 extracted from peanut
skin acts as an allosteric inhibitor of AKT, similar to MK-2206, but with
different interaction amino acids. Identification of this novel mode of
action may enable us to design allosteric inhibitors with diverse
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Fig. 5. OPC-B2 suppresses tumorigenesis in the DEN/CCl;-induced mouse model. A.Schematic workflow of the DEN/CCl4-induced HCC mouse model. C57BL/6
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weeks. B.Representative images of mouse livers and HE staining were shown. Red-dotted circles indicate tumors while black-dotted lines indicate the boundary of
normal tissues and tumor tissues. N, normal tissue; T, tumor tissue. Scale bar: 50 pm. C.Tumor number and maximal tumor size of C57BL/6 mouse liver (n = 5/4/4).
D.Immunohistochemistry analysis of Ki67, cyclin D1 and phosphor-AKT (Thr308), Scale bar: 50 pm. E.Quantification of Ki67, cyclin D1 positive cells, and quan-
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***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

chemical structures. The main forces were conventional hydrogen
bonding (Fig. 2F), Pi-Cation, charge-charge, and Pi-Pi T-shaped and Pi-
Alkyl interaction (Figure S2E). Based on the locations of these amino
acid residues, we speculate that OPC-B2 binds to the PH domain and

kinase domains of AKT, forming a pocket at the interface of these two
domains to lock the kinase in a closed conformation (Table S2). Besides,
Lys297 and Arg86 are critical for the binding between OPC-B2 and AKT
(Fig. 2G-J and Figure S2E-I). Lys297 is a key amino acid that OPC-B2



G. Liu et al.

~. P | P
... T308 13473__.,,-

N

HK1
cycinor i i
i GeP
H i Glycolysis J-
e_® H H
o7 ®g :Pyruvate :
Ubiquitination t ‘Q_: .o e S S Ny, (Semseuensnsieen
% Lactate’  Acetyl-CoA
l Oxaloacetate Citrate
U N
< 4 g
ressens YEVAN =--aoe- : Malate cycle ¥ kg
e X isd

Cell cycle arrest Fumarate __~Succinate

Suppress tumor growth

Fig. 6. A working model of antitumor effects of OPC-B2 through direct
binding and inhibition of AKT. OPC-B2 directly binds to AKT and inhibits its
phosphorylation, thereby promoting cyclin D1 degradation through ubiquiti-
nation to induce cell cycle arrest. Inhibiting AKT activity also leads to the
decreased HK1 expressions and inhibition of glycolysis and TCA cycle meta-
bolism.The net outcome of OPC-B2 treatment is the suppression oftu-
mor growth.

binds to AKT through Pi-bond, whereas Arg86 is important for the for-
mation of hydrogen bond between the phenolic hydrogen atom on OPC-
B2 and AKT (Figure S2E). Consistently, mutation of these two amino
acids to alanine completely abolished the inhibition of OPC-B2 on AKT
and the downstream signaling events leading to cell proliferation
(Fig. 2K and L). Although OPC-B2 and MK-2206 showed synergistic
effects on AKT inhibition, OPC-B2 appears to bind to the similar pocket
to MK-2206 due to the close proximity of the critical amino acids they
interact with: Trp80 [54] and Asp292 for MK-2206 while Arg86 and
Lys297 for OPC-B2, respectively. Importantly, future studies are needed
to examine whether OPC-B2 can be used as an adjuvant to enhance
therapeutic effects on HCC treatment.

We further clarified the underlying mechanism and downstream
signaling events leading to AKT inhibition by OPC-B2. Although AKT is
known to regulate multiple signaling pathways associated with the
pathogenesis of liver cancer, we have discovered that AKT downstream
protein cyclin D1 (Fig. 3) and HK1 (Fig. 4B) are reduced by OPC-B2,
which are critically important for cell cycle arrest and inhibition of
glycolysis, respectively. Previous studies showed that AKT phosphory-
lates GSK3p to inhibit its activity, which leads to the decrease of ubiq-
uitination level of cyclin D1 and promotes cell cycle progression and
proliferation [2]. Our results have indicated that OPC-B2 can inhibit
AKT activity and increase cyclin D1 ubiquitination to promote its
degradation, thereby inducing tumor cell cycle arrest at G1 phase. The
efficacy of OPC-B2 on cell cycle-related proteins was abolished by the
mutation of AKT at Lys297 and Arg86 (Fig. 2J). In addition, HK1 is the
key enzyme in glycolysis. AKT can regulate its expression and activity by
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upregulation of HIFla through mTORC1 activation [24,41]. The
reduction of HK1 by OPC-B2 reduced tumor cell glucose consumption
(Fig. 4A), glycolysis, and TCA metabolism (Fig. 4D, E and Figure S5A, B).
It is well-established that metabolic reprogramming has been regarded
as a core hallmark of cancer, which sustains rapid proliferation and
survival of cancer cells [8,16]. Our recent study has identified a novel
metabolic reprogramming in HCC due to the loss of glycolytic enzyme
aldolase B and targeting this metabolic pathway has potential thera-
peutic implications [31]. Taken together, our data clearly demonstrate
that OPC-B2 directly inhibits AKT activity, leading to cell cycle arrest
and reduced metabolic flux to glycolysis and TCA to suppress tumor
growth. Nonetheless, it warrants future studies on the potential side
effects of AKT inhibition by OPC-B2 on normal cell proliferations.

In summary, we have uncovered a novel mechanism underlying
antitumor effects of OPC-B2 beyond its well-documented antioxidant
and anti-inflammatory properties. Our work indicates that hyperactive
AKT in HCC can be restrained by a direct binding of OPC-B2 to AKT.
Interestingly, OPC-B2 appears to bind to the catalytically active kinase
domain and regulatory PH domain to lock the protein in a closed
conformation, similar to the well-studied AKT allosteric inhibitor, MK-
2206. And we further found that Lys297 and Arg86 of AKT are two
key amino acid residues in the binding of OPC to AKT. The inhibitory
effect on AKT by OPC-B2 causes a decrease in its downstream proteins
cyclin D1 and HK1, which leads to the cell cycle arrest and inhibition of
tumor cell metabolisms (Fig. 6). Interestingly, however, our data show
that OPC-B2 inhibited AKT activity plays an important role in liver
carcinogenesis and tumor growth. Future study is needed to clarify how
these two pathways may be differentially regulated by OPC-B2.
Together, our study has demonstrated that OPC-B2 is an allosteric in-
hibitor of AKT with a great potential in clinical application for liver
cancer therapy. Furthermore, this novel model of action may help to
develop new allosteric inhibitors of AKT for cancer treatment.

4. Materials and methods
4.1. Reagents and antibodies

Reagents and antibodies are shown in Table S3 and S4.
4.2. Purification of OPC-B2 from peanut skin

Peanut skin powder was subject to water extraction at 45 °C with the
solid/liquid ratio of 1:9 for 2.5 h, followed by a secondary water
extraction of the residue of step 1 at 45 °C with solid/liquid ratio of 1:72
for 0.5 h. After filtration using 100 mesh screen, to the combined
aqueous fractions was added 0.02% of Food Grade polyaluminium
chloride to remove protein, heavy metal and other impurities. After
high-speed centrifugation at 10000 rpm for 10 min using Plant fiber
filter cloth, a clear extract was obtained. After HP20 macroporous resin
adsorption and gradient elution using 10-95% ethanol water, the OPC-
B2 fraction was collected in HPLC separation. After evaporation under
vacuum at 65 °C, the residue was subject to spray drying with Inlet air
temperature of 200 °C and outlet air temperature of 65 °C. The OPC-B2
extraction powder was obtained with yield of 12.51% and purity of
98.7%. The characterization of the final compounds was based on 'H
and 13C NMR as well as high resolution MS coupled to LG by comparing
with the commercially available standard from Sigma (Cat: 42157-1
MG-F).

4.3. Cell culture

All cells were purchased from Cell Bank, Chinese Academy of Science
(Shanghai, China). Unless otherwise specified, all cell lines (Huh7 and
Smmec-7721) were cultured in Dulbecco Minimal Essential Medium
(DMEM, Hyclone) with 10%FBS (Gibco) and 1% penicillin/strepto-
mycin (15140-142, Gibco) in a humidified incubator with 5% CO at 37



G. Liu et al.

°C. For serum starvation of cells, after medium was removed and cells
were washed with PBS, DMEM without FBS was added to cells for 12 h.
Cells were treated with OPC-B2 or MK-2206 for 24 h. After stimulation,
cells were washed with ice-cold PBS before cell pellets were either
scraped in lysis buffer or collected for further analysis. For plasmids or
siRNA transfection, flag-cyclin D1 plasmid or siRNA of cyclin D1 was
transfected with Huh7 cells for 8 h, and then cells were washed with PBS
and replaced fresh medium for 48 h. To determine cyclin D1 protein
stability, we treated Huh7 or SMMC-7721 cells with OPC-B2 for 24 h,
followed by treatment with MG132 (10pM) for 6 h. All transformed cells
were tested negative for mycoplasma using an in-house PCR-based
methods.

4.4. RNA-seq of Huh7 cells

Huh7 cells were administrated with control solvent or OPC-B2 (75
pg/ml) for 24 h. Cells were lysed with RNAiso reagent. The library
preparation and sequencing were carried out by Beijing Genomics
Institute (BGI), Shenzhen, China. We measured the expression of the
transcript isoforms using RSEM and used the NOISeq method to screen
differentially expressed genes (DEGs) between 2 groups. Microarray
data is available here:

https://www.biosino.org/node/project/detail/OEP000451.

4.5. Cell proliferation assays

The proliferation was performed by CCK8 (OBIO Cell Counting Kit).
CCK8 assay was carried out according to the standard protocol by
seeding cells in a 96-well plate at a density of 2000 cells/well for 6 or 8
repeats. After 7 h, cell media were replaced with fresh media with
various concentrations of test agents or control solvent and cells were
proceeded to grow. Then the cell absorbance was measured at 450 nm at
different time points. Cells in each well were treated by 10 pl CCK8 and
100 pl DMEM (FBS-free and penicillin-streptomycin free). Statistical
significance of the difference between samples and control was obtained
by Student’s t-test.

4.6. Colony formation assay

Cells were seeded into 6-well plates (300 or 600 cells/well) and
cultured for 7-10 days until formation of visible colonies. Cell media
were changed every other day. Colonies were washed with PBS and fixed
with 10% acetic acid/10% methanol for 20 min, then stained with 0.4%
crystal violet in 20% ethanol for 20 min. After staining, the plates were
washed and air-dried, and colony numbers were counted.

4.7. Cell cycle assay

Huh7 or Smmc-7721 cells were plated (2 x 10° cells/well) into six-
well plates and subjected to indicated treatment. About 1 x 10° cells
were detected using the cell cycle analysis kit (Beyotime Biotechnology,
C1052). Flow cytometer (BD) was used to detect the cell cycle distri-
bution at 450 nm. Cellular DNA content analysis and light scattering
analysis were performed using FlowJo 7.6.

4.8. Apoptosis analysis

FITC Annexin V Apoptosis Detection Kit I (BD Pharmingen, 556547)
was used to detect cell apoptosis. Briefly, huh7 cells were plated (2 x
10° cells/well) into six-well plates and treated with OPC-B2 for 24 h.
Cells were suspended in 100 pl binding buffer, 4 pl Annexin V antibody
conjugated with fluorescein isothiocyanate (FITC) and 4 pl PI. After
incubation for 15 min at room temperature, shielded from light, then
added another 400 pl binding buffer, the percentage of apoptotic cells
was determined by flow cytometry (BD).
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4.9. Western blotting

Cells were rinsed twice with ice-cold PBS and lysed in ice-cold lysis
buffer (25 mM Tris pH 8.0, 150 mM NaCl, 1 mM CacCl2, 1% Triton X-
100) and EDTA-free protease inhibitors (Biotool), Cell lysates were
incubated on ice for 30 min. The soluble fractions of cell lysates were
isolated by centrifugation at 4, 12,000 rpm for 10 min. Protein con-
centrations were determined using the Enhanced BCA Protein Assay Kit
(Beyotime). Aliquots of proteins were boiled in 1 x loading buffer for 10
min. In western blotting experiments, samples containing 20 pg of total
proteins were separated on 10% SDS-polyacrylamide gels, and trans-
ferred to Poly (Vinylidene Fluoride) (PVDF, Millipore) membranes, and
incubated with primary antibodies overnight. Horseradish peroxidase-
conjugated goat anti-mouse and anti-rabbit IgG were used as second-
ary antibodies to incubate for 1 h at room temperature. Proteins were
visualized using a Chemiluminescence kit and Chemiluminescence im-
aging instrument (GE Image Quant LAS4000 mini).

4.10. Ubiquitination assay

For the detection of cyclin D1 ubiquitination, we transfected huh7 or
Smmc-7721 cells with HA-UB and flag-cyclin D1, respectively, or
transfected with both plasmids. Then fresh medium was placed into the
dish 6 h post-transfection, and OPC-B2 was added to Huh7 or Smmc-
7721 cells after 24 h of transfection. The cells were treated with MG132
for 6 h before protein collection. After cell lysates were quantified for
protein concentration, 1-2 mg of protein was used for IP assay, while the
remaining protein was used as input. Proteins were incubated with flag
beads overnight at 4 °C, then affinity gel were collected by 300 g
centrifuging for 4 min at 4 °C, and then affinity gel was washed five
times by wash buffer (150 mM Tris-HCl, 400 mM NaCl, 0.8% Triton X-
100, pH 7.4). The subsequent operations were similar to western blot-
ting analysis.

5. Plasmids and RNA-mediated interference (RNAi)
5.1. Plasmids construction

Cyclin D1 and AKT1 expression plasmids were constructed by clon-
ing the open reading frame of each cDNA into the multiple cloning site of
pcDNA3.0 vector. Flag or myc tag was constructed through designing in
one primer. The different gene fragments were amplified using their
primers. pcDNA3.0 vector and each PCR fragments were both digested
with their restriction enzymes EcoRI and Xhol or BamHI and Xhol or
EcoRI and Xhol, and then T4 ligase was applied for ligation. Trans-
formation was performed using DH5a competent cells. Single clones
were picked and amplified to extract plasmids. All the clones were
sequenced to confirm the results.

5.2. Plasmids or RNA interference

3.5 x 10° cells were seeded in a 6-well plate. After 12 h incubation,
plasmid or siRNA was transfected into cells by Lipofectamine 2000
Transfection Reagent (Invitrogen), then fresh medium was replaced into
the dish 6 h post-transfection and lasted for 48 h. Then cells were lysed
using cell lysis buffer to perform Western Blot measurement. SIRNA
sequences are showed below.

si-cyclin D1-1-F: 5'-CCUCGGUGUCCUACUUCAAATAT-3".

si-cyclin D1-1-R:5'-UUGAAGUAGGACACCGAGGATAT-3".

si-cyclin D1-2-F:5'-CCACAGAUGUGAAGUUCAUATAT-3".

si-cyclin D1-2-R:5'-AUGAACUUCACAUCUGUGGATAT-3’.

5.3. Invitro AKT1 kinase assay

We performed in vitro kinase assay by incubating purified recombi-
nant GST-AKT protein with OPC-B2 for 15 min, then detected the
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phosphorylation level of AKT1 at S473 by Western Blotting.
5.4. Glycose consumption assay

Huh?7 cells were treated with OPC-B2 at doses of 50 and 75 pg/ml for
12, 24, 48 and 72 h. Medium was taken at different time points for
glucose detection by the bp-Glucose Assay Kit (R-Biopharm,
10716251035) according to the manufacturer’s protocol.

5.5. Metabolic flux experiments using [U-13Cg]-glucose

The metabolic flux analysis using [U-'3Cg]-glucose followed our
previously published protocol [49]. Labelled medium was used to
replace the unlabeled medium when cells grew up to ~60 % confluence,
followed by treatment with OPC-B2 (50 and 75 pg/ml) for 12 h or 24 h.

Molecular docking and dynamic simulation of OPC-B2 inhibiting
AKT1.

The binding of OPC-B2 to AKT1 was evaluated through the molec-
ular docking and dynamic test using Discovery studio software (DS 4.0)
(BIOVIA, San Diego, CA, USA) based on previous methods [42]. The
main procedure was as follows. 1) Preparing the structure: The
structure of OPC-B2 was first created using the SMALL MOLECULAR tool
in Discovery studio software and then one step of optimization was
employed to obtain the effective structure. The native crystal structure
of AKT1 was obtained from Protein Data Bank (protein entry 3096;
resolution at 2.00 i\). 2) Defining the active site: After loading the
structure of AKT1 into Discovery studio software, all water molecules
and ligands were removed and CHARMs force field was applied using
PREPARE PROTEIN tool in DS 4.0. Then we chose to define the active
sites based on the active cavities of receptor. 10 different active sites
could be produced. 3) Molecular docking: CDOCKER tools in DS 4.0
were used for the molecular docking. We first loaded the structure of
OPC-B2 and AKT1 into DS 4.0 and then chose the active site with the
largest diameter. The CHARMS force field was used as a default during
the whole docking process. 4) Conformation Scoring: After docking
process, top 10 conformation poses were generated for each ligand
based on docking score. The conformation with the highest -CDocker
energy (score) was selected for further analysis. 5) Dynamic simula-
tion: The molecular dynamics simulation was performed using SIMU-
LATION tool in the DS 4.0 with CHARMs force field. Specifically,
ACE-peptide complex was first pretreated in the absence of water
molecule and later a 7 A solvation shell was added. At same time, 0.145
M NaCl was used to simulate the human environment. Two minimiza-
tion cycles (steepest descent and conjugate gradient) were performed
until the RMS of energy gradient was <0.1 kcal/mol-A. The steepest
descent cycle was performed with 2000 steps (time step: 0.001ps) while
conjugate gradient was performed with 1000 steps (time step: 0.001ps).
The SHAKE algorithm was applied throughout the MD simulation to
hold all the bonds involving hydrogen atoms. The long-range electro-
static forces were treated with PME method. After minimization, the
sample was gradually heated to a target temperature from 50K to 300K
over an interval of 5ps. After this heating process, 5000 steps long (time
step: 0.002ps) equilibration phase was applied. The production stage
was performed in 50000 steps using a time step of 0.002ps using NPT
canonical assembly. The decay time for the temperature coupling was
5.0 ps. 6) Conformation analysis: After the molecular dynamic simu-
lation, 50 conformation poses were produced and we could obtain the
pose with lowest total energy. Then the interaction energy of the
ligand-receptor interaction was calculated and interaction sites were
illustrated in 2D and 3D images. And the main interaction forces and key
amino acids could be illustrated. 7) Mechanism verification: Once we
got the main amino acids contributed to the interaction between ligands
and AKT1, we adopted the “site-specific mutagenesis” method to
confirm their key acting sites for AKT1 inhibition. We first modified the
specific amino acids of AKT1 with alanine (ALA) and then used this new
AKT1 to carry out the molecular docking and dynamic simulation based
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on the main procedures from 1) to 6). Then the structure, interaction
energy and forces of the final ligand-receptor compound would be
compared with the form one and we could conclude which amino acid
was the key acting site for AKT1 inhibition of OPC-B2.

5.6. Mouse models

All animal experimental protocols were approved by the Institutional
Animal Care and Use Committee at Shanghai Institute of Nutrition and
Health (SINH), Chinese Academy of Sciences (CAS), Shanghai, China.

5.7. Xenograft mouse model

All xenograft studies of male nude mice (5 weeks old) were pur-
chased from Shanghai Slack Laboratory Animal Corp. Ltd. We injected
subcutaneously both the left and right flanks of each male BALB/c nude
mouse by with 2 x 10® Huh7 cells/100 pl. Tumor size was measured
every two days, and OPC-B2 was administrated at a dose of 10 mg/kg or
30 mg/kg via intraperitoneal (i.p) injection every two days. The control
group received the vehicle, 1 X PBS only. The tumor volume was
calculated with the equation V (in mm?®) = 0.52 x length x width?. After
injection for three weeks, all mice were killed and tumors were retrieved
and weighed for further analysis.

5.8. DEN/CCly-induced mouse model of primary liver cancer

DEN/CClg-induced mouse model of primary liver cancer was estab-
lished according to a previous protocol [49]. In brief, C57/BL6 mice (3
weeks old) were purchased from Shanghai Slack Laboratory Animal
Corp. Ltd. DEN was injected into the mice by intraperitoneal injection at
a dose of 40 pg/g. CCly (0.5 ml/kg, dissolved in olive oil) was admin-
istered by intraperitoneal (i.p) injection from week 8-12 for twice a
week. OPC-B2 (300 mg/kg), MK-2206 (40 mg/kg) and control solvent
were administered intragastrically (i.g) every three days from week
12-39 before the mice were sacrificed. Liver and plasma were harvested
for further analysis.

5.9. Statistical analysis

For all experiments, including cell experiments and animal experi-
ments, two-tailed Student’s t-test was performed by GraphPad Prism
6.0. All data were reported as the means + SD or means + SEM from at
least three independent experiments. Differences were considered sta-
tistically significant at P < 0.05 and statistics significance was shown as
*p < 0.05; **p < 0.01; ***p < 0.001.

Data availability

Microarray data is available here: OEP000451 (https://www.biosi
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