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The anticancer therapeutic effects of usnic acid
(UA), a lichen secondary metabolite, have been demonstrated in N ¢ 3
vitro and in vivo. However, the mechanism underlying the % . Tog? r 3L
anticancer effect of UA remains to be clarified. In this study, the " X T ey N
target protein of UA was identified using a UA-linker-Affi-Gel ‘ i

molecule, which showed that UA binds to the 14-3-3 protein. UA Usnic Acid UA-L-03 UA-L-03-Amine UA-L-03-Afligel
binds to 14-3-3, causing the degradation of proteasomal and 14-3-3/UA interaction i A T
. . . . ancer cell motility/} yrogression
autophagosomal proteins. The interaction of UA with 14-3-3 RS il dah
. . . . . Pull-down  o¥* ) 8 e !
isoforms modulated cell invasion, cell cycle progression, aerobic R O Q Transeriptional regulators levels
. . . . . 14-3-3_ W Cell cycle progression
glycolysis, mitochondrial biogenesis, and the Akt/mTOR, JNK, D 14-3-3 client protein/phosphorylation

. . . a-tubulin| -
STAT3, NF-kB, and AP-1 signaling pathways in colorectal cancer. tiz

A peptide inhibitor of 14-3-3 blocked or regressed the activity of
UA and inhibited its effects. The results suggest that UA binds to 14-3-3 isoforms and suppresses cancer progression by affecting 14-
3-3 targets and phosphorylated proteins.

usnic acid, lichen secondary metabolite, cancer, energy metabolism, target protein, 14-3-3

The 14-3-3 family of intracellular proteins is present in all
eukaryotic species. The 14-3-3 proteins are a family of dimeric,
well-conserved, a-helical phosphoserine/threonine binding
proteins with a molecular weight of 28—33 kDa that regulate

Colorectal cancer is the third-most common cancer and the
second leading cause of cancer-related death worldwide. The 5
year survival rate of CRC is 64%; however, for metastatic CRC,

the S year survival is 12%, underscoring the need to develop new the activity of target proteins in multiple signaling pathways and
effective treatments for this disease.' The development of new affect many human diseases.'" """ A link between 14-3-3
targeted therapies has improved the clinical outcomes of CRC expression levels and the development of colon cancer has
by providing potent therapeutic agents.” Although targeted been reported.'” In particular, 14-3-3 proteins regulate cell cycle
therapies have been the object of research for many years, this progression, DNA damage, cell death, and cellular metabo-
concept was renewed and developed in recent years. Targeted lism.>**!
therapies for the treatment of colon cancer can be designed to Humans have seven 14-3-3 isoforms (a/f, €, 7, 1, 6, 7, and 5/
inhibit the migration, proliferation, and differentiation of cancer {) that act as scaffolds for regulatory phosphoproteins engaged
cells. in a variety of critical physiological activities."” Nine a-helices
Usnic acid (UA), a lichen secondary metabolite, is commonly form an amphipathic groove on each monomer, allowing it to
found in various species of Alectoria (Alectoriaceae), Ramalina bind to protein partners (most often phosphorylated pro-

(Ramalinaceae), Usnea (Usneaceae), Evernia, Lecanora, Clado-
nia, Hypotrachyna, and other lichen species.”~* Comprehensive
studies have been carried out to understand the beneficial effects
of UA, and its antimicrobial, antiviral, and anticancer activities
have been demonstrated.” UA has been studied for its potential
anticancer properties, such as inhibition of the cell cycle,
cytotoxic effects, inhibition of angiogenesis suppresses of cell
proliferation, and induction of apoptotic cell death in different
cancer cell lines."””"* Potassium usnate was developed as a
water-soluble UA form to increase the bioavailability of UA, and
its therapeutic potential for cancer treatment has been
suggested.”

teins).'” The 14-3-3 protein interacts with many proteins and is
thus considered a therapeutic target. Potential inhibitors and
stabilizers of 14-3-3 protein—protein interactions have been
reported in the literature.
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Fu et al. identified R18 as an inhibitor of 14-3-3 by phage
display (protein database (PDB) ID: 1A38).”>** The groups of
Ottman and Grossmann showed that the ExoS macrocyclic
peptide, which is derived from peptides containing the 14-3-3
binding motif, binds to 14-3-3-{ and effectively inhibits protein
interactions (PDB ID: 2002, 4N84, and 5J31).”* 14-3-3- binds
directly to Tau, a target for the treatment of Alzheimer’s disease,
via the Ser214 and Ser324 residues (PDB ID: 4FLS, 4Y32, and
4YSI).>*"*” Yao et al. used the small molecule microarray
technique to develop inhibitors of 14-3-3 protein interactions
(2-5, Prodrug 15, and 19a).”**’ Botta et al. identified BVOI,
BV02, BV101, and compound 9 as inhibitors of 14-3-3-o protein
interactions by pharmacopoeia grounding, library design, virtual
screening, and organic synthesis. BV02 is an inhibitor of the
interaction between 14-3-3-6 and cAbl in chronic myeloid
leukemia.’*™** HSP20 Compound 85070 modulates the
interaction between phosphorylated HSP20 and the 14-3-3
proteins. The functional effects and underlying mechanism of
this molecule remain to be fully elucidated.”* The small
molecule FOBISIN101 is a covalent 14-3-3 inhibitor developed
by Fu et al. The X-ray structure showed that FOBISIN101 binds
to 14-3-3-¢ and inhibits Rafl interactions (PDB ID:
3RDH).*>*° Imoto et al. showed that the natural product
moverastin, derived from Aspergillus, inhibits cancer cell
migration.”” The moverastin derivative UTKO1 inhibits the
migration of human esophageal tumor cells.*® A biotinylated
derivative of UTKO1 was developed to search for binding
proteins, resulting in the identification of 14-3-3-¢ and {
isoforms as potential target proteins.’”*’ The therapeutic effects
of UTKO1 were demonstrated in experiments with seven
isoforms of 14-3-3, which showed that UTKO1 binds the 14-3-
3-¢ isoform to the C-terminal domain.”**”~*" Phosphonate-
type inhibitors of 14-3-3 bind to 14-3-3-0, and docking results
show that it binds to many protein residues (PDB ID:
4DHT).”**"** Bier et al. reported an inhibitor containing
phosphate called “molecular tweezers”, which inhibit the
binding of nonphosphorylated ExoS and Raf to 14-3-3-¢ by
binding to the Lys214 residue (PDB ID: 4HQW and 4HRU).*
Fusicoccin A is a diterpene glycoside produced by the
phytopathogenic fungus Phomopsis amygdali.** The mechanism
by which the plasma membrane forms a binary complex between
the regulatory domain H*-ATPase and 14-3-3 adapter proteins
was reported.** Semisynthetic analogs of fusicoccane have been
developed as stabilizers of 14-3-3 that act as a “molecular
glue”.**~** Epibestatin, pyrrolidonel, and pyrazole34 are 14-3-3
stabilizers developed in 2010. Pyrrolidonel and pyrazole34
stabilize the interaction between 14-3-3 and PMA2 (PDB ID:
3M51).*%° Uyeda et al. reported that adenosine mono-
phosphate stabilizes the complex of 14-3-3 and ChREBP
(carbohydrate response element binding protein), and binding
points on 14-3-3-$ are shown by docking results (PDB ID:
5F74).>" In the current study, we identified the 14-3-3 protein as
a target of UA involved in the effect of UA on cell cycle arrest and
cell motility, providing insight into the mechanism underlying
the anticancer effects of UA. The effects of UA on cell
metabolism were also examined.

Colon cancer cell lines CaCo2 (microsatellite stable (MSS) and wild-
type KRAS, BRAF, and PIK3CA) and HCT116 (KRAS mutation) were
used in this study.”” HEK293T cells were also used in the reporter
assay. Cells were cultured in Dulbecco’s modified Eagle’s medium
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supplemented with 10% fetal bovine serum and 1% penicillin—
streptomycin solution in a 37 °C incubator under a humidified
atmosphere containing 5% CO,. Brefeldin A (A1), chloroquine (CQ), a
proteasome inhibitor MG132, and 3-methyladenine (3-MA) (Sigma)
were administered at the indicated concentrations.

Plasmids are given in Supplementary Table SI. Lipofectamine LTX
with PLUS reagents were used for transfection of 14-3-3 isoforms,”***
sc138, and sc174 into cancer cells. For the reporter assay, HEK293T
was plated in a 24-well plate, left to attach, and then transfected with
100 ng of reporters (STATE»-luc,55 APl-luc,56 and NF-kB-luc®™®
plasmid) and 100 ng of 14-3-3 isoform plasmids or sc138 along with
2 ng of Renilla-luc (pRL-TK) plasmid. Transfections were performed
using the X-treme GENE 9 DNA transfection reagent (Roche, Werk
Penzberg, Germany). Twenty-four hours after transfection, cells were
treated with usnic acid or DMSO and incubated for 48 h at 37 °C under
5% CO,. To control for transfection efficiency, luciferase activity was
normalized against Renilla activity using the Dual-Luciferase reporter
assay system (Promega, Madison, WI, USA).

Cell invasion was assessed by using Boyden chambers coated with 1%
gelatin. A total of § X 10* CaCo2 and HCT116 cells in 100 uL DMEM
containing 0.2% bovine serum albumin (BSA) were plated onto
precoated inserts and incubated with UA or UA-linker or DMSO for 24
h. The lower chamber was filled with 600 4L of DMEM containing 0.2%
BSA and 10 pg/mL fibronectin (EMD Millipore Corp., Billerica, MA,
USA) as a chemoattractant. After incubation, cells in the upper chamber
were fixed and stained using a Diff-Quick kit (Sysmex, Kobe, Japan).*”

To a solution of tert-butyl(2-aminoehtyl)carbamate (0.139 g, 0.87
mmol, 1 equiv) in absolute ethanol was slowly added usnic acid (0.300
g,0.87 mmol, 1, equiv) at RT under the nitrogen gas. Then, the reaction
mixture was stirred at 80 °C for 4 h. The reaction progress was
monitored by checking TLC. After completion of the reaction, the
reaction mixture was concentrated under reduced pressure. Purification
by column chromatography on silica gel gave the protected compound
(UA-L-03) as a white solid. Yield (0.305, 77%). R; (0.3). "H NMR (400
MHz, CDCl;) § 13.36 (s, 1H), 11.92 (s, 1H), 5.79 (s, 1H), 4.87 (s, 1H),
3.65 (t,] = 5.5 Hz, 2H), 3.42 (q, ] = 6.1 Hz, 2H), 2.68 (s, 3H), 2.65 (s,
3H), 2.10 (s, 3H), 1.71 (s, 3H), 1.45 (s, 9H). *C NMR (400 MHz,
CDCL,) § 200.7, 163.6, 158.3, 155.9, 108.2, 105.1, 101.5, 77.4, 77.1,
76.8, 43.6, 32.0, 31.4, 28.4, 18.4, 7.6. MS (ESI+, m/z): 485 [M + H].

To a solution of UA-L-03 (0.300 g, 0.61 mmol, 1 equiv) dissolved into
anhydrous DCM was slowly added TFA (1 mL) at 0 °C. The reaction
mixture was transferred at room temperature and stirred for 2 h. After
completion of the reaction, the solvents were evaporated and dried
under high vacuum. Then, the compound was kept for recrystallization
overnight into acetonitrile. After 12 h, a white crystal form was filtered
from it, which gave a white compound (R; = 0.1, 15% MeOH/DCM).
"H NMR (400 MHz, DMSO-d;) § 13.42 (s, 1H), 12.95 (s, 1H), 12.24
(s, 1H),7.90 (s, 2H), 5.92 (d, ] = 1.8 Hz, 1H), 3.79 (s, 2H), 3.11 (t, ] =
6.4 Hz, 2H), 2.64 (s, 3H), 2.60 (s, 3H), 1.97 (s, 3H), 1.66 (s, 3H). MS
(ESI+, m/z): 385 [M + H].

Affi-Gel-10 was transferred to a 3 mL cartridge with a polyethylene frit.
The supernatant solvent was drained, and the Affi-Gel was washed with
DMSO. A solution of the free-amine linker version of UA-L-03-amine
in DMSO and DIEA was added to the gel. The cartridge was shaken
well for 4 h at RT. The resulting slurry was drained, and the gel was
washed with DMSO. The loading level (90%) was determined by
analyzing the eluent mixed with an internal standard by LCMS and
comparing the result to the initial reaction mixture. A solution of
ethanolamine in DMSO and DIEA was added to the reaction cartridge
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Figure 1. Identification of UA's binding protein. (A) Preparation of the usnic acid (UA)-Affi-Gel-linker. Synthesis of UA-L-03-immobilized Affi-Gel-
10: (a) absolute ethanol, reflux, 4 h, RT, 12 h. (b) Trifluoroacetic acid (TFA), dichloromethane (DCM), 0 °C, RT, 2 h. (c) Affi-Gel-10, DMSO, RT, 4
h. (B) The UA-Affi-Gel-linker compound (UA-L-03), which was prepared to bind to the target proteins of UA, suppressed cell invasion by maintaining
the activity of UA. A cell suspension containing 5 X 10* CaCo2 cells in medium containing 0.2% BSA was subjected to Transwell invasion assays. Cells
were treated with S 4M UA for 24 h. (C) Identification of 14-3-3 proteins by analysis of proteins pulled down by the chemical probe. The CaCo2 cell
lysate was incubated with the chemical probe, synthesized as described, to pull down binding proteins. Proteins were identified by immunoblot analysis
using a pan-14-3-3 antibody. (D) Treatment with UA at different concentrations (1—20 yM) and times (6—48 h) downregulated 14-3-3 protein levels
in CaCo2 cells. UA downregulated 14-3-3 proteins by inducing proteasomal and autophagic degradation. (E) CaCo2 cells were pretreated with
DMSO, the proteasome inhibitor MG132 (MG, 10 #M), the lysosomal degradation inhibitors bafilomycin A1 (A1, 100 nM) and chloroquine (CQ, 10
uM), or the autophagosome blocker type III phosphatidylinositol 3-kinase inhibitor (3-MA, 10 uM) and later treated with 10 M UA. The levels of 14-
3-3 proteins and p-CDC2 were examined by immunoblotting. Anti-p-CDC2 was used as the positive control, and a-tubulin was the loading control.
Values are presented as arbitrary units of densitometry corresponding to signal intensity. *p < 0.0S; **p < 0.01; ***p < 0.001. (F) Effect of MG132, A1,
CQ, and 3-MA on the suppression of cell invasiveness by UA. CaCo2 cells were treated with UA (S #M, 24 h) and pretreated with MG132 (10 uM), Al
(100 nM), CQ_(10 #M), and 3-MA (10 M) for 12 h before being harvested and subjected to invasion assays. Data are presented as the mean +
standard deviation. *p < 0.05; **p < 0.01; ***p < 0.001.
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and shaken well for 3 h at RT. The resulting slurry was drained, and the
gel was washed with DMSO, water, and 2% sodium azide in water. The
affigel product was stored in a 2% sodium azide solution in water at 4
°C.

Usnic acid beads and control beads were incubated with the whole cell
lysates of CaCo2 cells for 12 h at 4 °C and thoroughly washed six times
with washing buffer (S0 mM HEPES, 30 mM NaCl, 1 mM EDTA, 2.5
mM EGTA, 0.1% Tween-20, cocktail inhibitor, pH 7.5). To find the
target that interact with UA, matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry was utilized.

UA bead was incubated with CaCo2 cell lysates in pulldown buffer (50
mM HEPES, 30 mM NaCl, ] mM EDTA, 2.5 mM EGTA, 0.1% Tween-
20, cocktail inhibitor, pH 7.5) at 4 °C for 12 h. Beads were washed
thoroughly using wash buffer (pulldown buffer), and bead-bound
proteins were resolved on SDS-PAGE followed by immunoblot analysis
with antibodies. Antibodies were detected with horseradish peroxidase-
conjugated secondary antibody (Thermo Fisher Scientific, Waltham,
MA, USA) using the Immobilon Western Chemiluminescent HRP
Substrate Kit (Merck Millipore, Billerica, MA, USA) and imaging.

Cells were treated with UA for the indicated experimental design, after
which the protein extracted was separated by applying sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. For each sample, bands were
measured by Multi-Gauge 3.0 and normalized against that of @-tubulin,
P-actin, or GAPDH. Values were expressed as arbitrary densitometric
units corresponding to signal intensity. Antibody information was given
in Supplementary Table S2.

Total RNA was isolated from CRC cells using RNAiso Plus (TaKaRa,
Otsuy, Japan) according to the manufacturer’s instructions. A total of 1
ug of RNA was converted into cDNA using M-MLV reverse
transcriptase (Invitrogen, Carlsbad, CA, USA). Relative gene
expression was analyzed using SYBR Green (Enzynomics, Seoul,
Korea). The primers used for real-time PCR are listed in
Supplementary Table S3. Real-time PCR was performed, and data
were analyzed using CFX (Bio-Rad, Hercules, CA, USA).

Cells were seeded in six-well plates at a density of 2 X 10° cells/well,
cultured overnight, treated with UA or DMSO for 24 or 48 h,
trypsinized, and washed with a FACS wash solution. A trypsin solution
was added and incubated for 10 min. After that, an RNase inhibitor was
added and incubated for 10 min at room temperature. Samples were
centrifuged, and the supernatants were removed. Pellets were
resuspended in 100 yL of 4 mg/mL PI (Sigma-Aldrich, St. Louis,
MO, USA) and incubated for 2 h in the dark at 4 °C. Flow cytometry
was performed with a CytoFLEX instrument (Beckman Coulter Life
Sciences).*

To measure real-time changes in the extracellular acidification rate
(ECAR) and oxygen consumption rate (OCR), an XF96 extracellular
flux analyzer (Agilent, Santa Clara, CA, USA) was used. CRC cells were
seeded at 1 X 10* cells/well, incubated overnight in a culture medium,
and then treated with UA for 48 h. The plated cells were washed and
loaded with 180 uL of assay media enhanced with glucose, sodium
pyruvate, and glutamine on the day of analysis. While incubating the
cells for 60 min at 37 °C in a non-CO, incubator prior to analysis, 0.5
UM rotenone (Rot) + antimycin A (AA) and 50 mM 2-deoxy-D-glucose
(2-DG) were loaded into the hydrated sensor cartridge for ECAR
analysis (glycolytic rate assay) and 1 M oligomycin, 1 M carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), and 0.5 uM
rotenone (Rot) + antimycin A (AA) were loaded for OCR analysis
(Cell Mito Stress Test). OCR and ECAR were measured on a Seahorse
XF instrument (Agilent).
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Statistical analyses were carried out using Sigma Plot 12.5 software
(RRID:SCR_003210, Systat Software, Erkrath, Germany). Statistical
significance between two groups was compared using Student’s ¢ test.

To identify proteins modulated by UA, we developed a linker-
bound UA (UA-linker-Ac) using Affi-Gel beads (Figure 1A).
Cell invasion was examined to determine the activity of the
linked UA, which showed that the UA-linker preserves the
activity of UA (Figure 1B). Matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF MS)
was used to identify proteins that interact with UA. The
interactions were confirmed using pull-down experiments with
the UA-linker-Affi-Gel beads, control (Affi-Gel only), and
CaCo2 cell lysates, which were detected with a pan 14-3-3
antibody. The results showed that UA binds to 14-3-3 proteins
(Figure 1C). The mRNA expression levels of 14-3-3 isoforms
were analyzed in colon cancer (COAD) samples and nontumor
tissues using the GEPIA web tool. The results showed that all
14-3-3 isoforms are overexpressed in colon cancer. 14-3-3-/3, 14-
3-3-¢, 14-3-3-0, 14-3-3-, 14-3-3-a (phosphorylated form of 14-
3-3-f3), and 14-3-3-6 (phosphorylated form of 14-3-3- {) were
significantly overexpressed in colon cancer tissues and
associated with poor survival (Supplementary Figure S1).

Next, we examined the effect of UA on the protein levels. UA
treatment decreased pan-14-3-3 protein levels in a time-
dependent manner (Figure 1D and Supplementary Figure
S2A). We used antibodies against the isoforms 14-3-3-¢ and 14-
3-3-0. The upregulation of the 14-3-3-¢ isoform differed from
that of pan-14-3-3 blot (Supplementary Figure S2B).

The effect of UA treatment was investigated in the presence of
proteasomal and lysosomal degradation inhibitors to determine
whether the effect of UA on 14-3-3 proteins is mediated by
autophagic or proteasomal pathways. As shown in Figure 1E,
cells were pretreated with the proteasome inhibitor MG132 (10
uM), the lysosomal inhibitors bafilomycin Al (100 nM) and
chloroquine (CQ) (10 zM), or the autophagosome blocker 3-
MA (10 uM) and, after that, treated with 10 M UA. Treatment
with inhibitors reversed the degradation of 14-3-3 induced by
UA, suggesting that UA downregulates 14-3-3 proteins through
both proteasomal and autophagic pathways. To determine
whether cell motility is associated with the degradation of 14-3-
3, we performed cell invasion assays (Figure 1F). The results
showed that UA decreased the invasion of CaCo2 cells, and this
effect was restored by treatment with MG132, Al, CQ, and 3-
MA. For further investigation, we performed qRT-PCR analysis
in a time-dependent manner after 10 M treatment of usnic acid
(Supplementary Figure S3A—D). The 14-3-3-8 isoform’s
mRNA expression did not alter statistically significantly in the
first 24 h when compared to DMSO, but after 48 h of therapy; its
expression was 44% decreased. While UA may have induced
mRNA-level compensatory 14-3-3-¢ and 14-3-3-c mRNA
expression due to the decrease in protein level at 6th and 12th
hours, the mRNA expression of 14-3-3- ¢ significantly regressed
at 24th and 48th hours by treatment. UA marginally increased
the mRNA expression of the 14-3-3-0 isoform. The expression of
14-3-3-y, 14-3-3-n, and 14-3-3-{ isoform mRNA tended to
downregulate mRNA levels in a time-dependent nonspecific
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Figure 2. Effect of UA on the motility of cells overexpressing 14-3-3 isoforms. (A) CaCo2 cells were transfected with 14-3-3-f3, 14-3-3-¢, 14-3-3-1;, 14-
3-3-0, 14-3-3-y, and 14-3-3- plasmids for 24 h and treated with 5, 10, and 20 M UA for 48 h. 14-3-3 protein levels were assessed by western blotting.
a-Tubulin or f-actin was used as a loading control. (B—E) CaCo2 and HCT116 cells were transfected with 14-3-3-f, 14-3-3-¢, 14-3-3-1), 14-3-3-0, 14-
3-3-y, and 14-3-3-{ isoforms for 24 h. Transfected cells were harvested and subjected to invasion assays. CaCo2 and HCT116 cells were treated with 5
uM UA. (F) HCT116 cells were transfected with 14-3-3-f3, 14-3-3-¢, 14-3-3-7], 14-3-3-0, 14-3-3-y, and 14-3-3-{ isoforms for 24 h and then treated with
10 M UA for 24 h. Snail, Twist, and N-cadherin protein levels were assessed by western blotting. Data are presented as the mean =+ standard deviation.

*p < 0.05; ¥¥p < 0.01; ¥¥¥p < 0.001.

manner. These results suggest that usnic acid interacts directly
with 14-3-3 independently of mRNA activity.

First, we examined the effect of UA on cells transfected with 14-
3-3 isoforms using overexpression plasmids. UA downregulated
overexpressed 14-3-3-f, 14-3-3-g, 14-3-3-, and 14-3-3-C
protein levels, whereas it had no effect on overexpressed 14-3-
3-0 and 14-3-3-y protein levels (Figure 2A). Quantitative
analysis of immunoblotting is given in Supplementary Figure S4.
Next, we examined the effect of UA on cell invasiveness induced
by the overexpression of 14-3-3 isoforms. UA treatment
suppressed cell invasion induced by 14-3-3-f, 14-3-3-¢, 14-3-
3-1, 14-3-3-6, 14-3-3-y, and 14-3-3-{ overexpression in CaCo2
and HCT116 cells (Figure 2B—E). UA had the strongest
inhibitory effect on cells transfected with 14-3-3-$ and 14-3-3-¢
in both cell lines, whereas the effect of UA was weaker in cells
transfected with 14-3-3-y. Assessment of the effect of UA on the
expression of epithelial- mesenchymal transition (EMT) markers
upregulated by 14-3-3 overexpression showed that UA down-
regulated Snail, Twist, and N-cadherin protein levels (Figure 2F
and Supplementary Figure S8A).

The 14-3-3 proteins serve as a critical integration site for many
protein kinases and phosphatases that regulate the change from
the G2 to M phase. We examined the effect of UA on the cell
cycle by treating with UA at a concentration of 20 yM in

1525

overexpressed 14-3-3 isoform cells. UA decreased the
population of cells in the G2/M phase and increased the G1
population. The inhibition in the G2/M phase population level
was regressed compared with that in the mock control group in
CaCo2 cells. HCT116 cells transfected with 14-3-3-¢, 14-3-3-7,
14-3-3-y, and 14-3-3-0 showed a milder reduction of the G2/M
phase than those transfected with the 14-3-3-f and 14-3-3-
isoforms (Supplementary Figures S5—S7).

14-3-3 binds to Ser/Thr kinase proteins, thereby regulating their
function. This was demonstrated in studies investigating mTOR,
AMPK, MAPK, metabolism, apoptosis, and autophagy pathways
through mediator proteins and phosphorylated proteins.”"*” To
further characterize the inhibition of 14-3-3-mediated cell
invasion, cell cycle progression, and metabolic activities by
UA, we examined the levels of total and phosphorylated mTOR,
Akt, JNK, STAT3, and NF-kB, cell cycle checkpoint markers
(cyclin B1, p-CDC2, and cyclin D1), autophagy markers (LCB3
and p62), and transcriptional regulator of f-catenin protein
levels in cells transfected with 14-3-3 isoforms and treated with
UA (Figure 3A—D). The results of quantitative analysis of
immunoblotting data are shown in Supplementary Figure S9.
The sigma isoform of 14-3-3 plays a different role as a tumor
suppressor,”’ although these findings are controversial. The
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Figure 3. UA binds to 14-3-3 proteins and regulates target protein phosphorylation, autophagic markers, and transcriptional regulators. HCT116 cells
were transfected with 14-3-3-, 14-3-3-¢, 14-3-3-17, 14-3-3-0, 14-3-3-y, and 14-3-3-{ isoforms for 24 h and then treated with 10 M UA for 24 h. Protein
levels were assessed by western blotting. (A) Levels of mTOR, p-mTOR, Akt, p-Akt, JNK, p-JNK, p-STAT3, STAT3, p-NF-kB, and NF-«B. (B) Levels
of p62 and LC3B. (C) Level of f-catenin. (D) Levels of p-CDC2, cyclin B1, and cyclin D1. GAPDH, a-tubulin, or -actin was used as a loading control.
UA suppressed the reporter activity of AP-1, NF-kB, and STAT3 induced by 14-3-3 isoforms. 14-3-3-f3, 14-3-3-¢, 14-3-3-1;, 14-3-3-0, 14-3-3-y, and 14-
3-3-{ isoforms were cotransfected with (E) AP-1, (F) STAT, and (G) NF-«B luciferase reporter plasmids in HEK293T cells for 24 h. Cells were treated
with the indicated concentrations of UA for 48 h. Luciferase activity was determined using a Dual-Luciferase reporter assay system and normalized
against Renilla luciferase activity. Data are presented as the mean + standard deviation. *p < 0.05; **p < 0.01; ***p < 0.001; NS, no significant

difference between compared groups.

present results showed that 14-3-3-¢ is regulated positively and
negatively depending on the interacting protein.

The involvement of 14-3-3 proteins in the regulation of the
NF-xB and STAT3 signaling pathways has been reported
associated.”’ The association of 14-3-3 with the upregulation of
proteins such as MAPK and JNK targeting AP-1 has also been

1526

reported.’” Therefore, we examined the effect of cotransfection
with 14-3-3 isoforms and AP-1, STAT3, and NF-xB luciferase
plasmids in HEK293T cells. The results showed that trans-
fection with 14-3-3-f, 14-3-3-¢, 14-3-3-n, 14-3-3-0, 14-3-3-y,
and 14-3-3-( significantly increased AP-1, STAT3, and NF-«kB
promoter activities. Treatment with UA at 5, 10, and 20 uM
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Figure 4. UA inhibits aerobic glycolysis in CRC cells. CaCo2 and HCT116 cells were treated with the indicated concentrations of UA (2.5, S, or 10
uM) for 48 h. (A, B, F, G) The Seahorse XF96 extracellular flux analyzer and Glycolytic Rate Assay Kit were used to measure the oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR). The assay uses both ECAR and OCR measurements to quantify glycolytic rates and calculate
the glycolytic proton outflow rate (glycoPER). Following the sequential injection of rotenone/antimycin A and 2-DG, measurements were obtained at
two time points. The glycolysis rate assay provides the basal glycolysis and compensatory glycolysis parameters. Data are presented as the mean +
standard deviation, n = 3. *p < 0.0S; **p < 0.01; ***p < 0.001; NS, not significant vs the DMSO-treated group. (C, H) Potential UA targets were
identified by qRT-PCR to explore the effects of UA on aerobic glycolysis. The mRNA levels of SLC2A1, SLC2A4, HK2, GPI, PFK1, ALDOA, PGK1,
ENO1, PKM2, and LDHA were determined in CRC cells treated with 10 M UA for 48 h. Data are presented as the mean =+ standard deviation, n = 3.
*p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant vs the DMSO-treated group. (D, E) CaCo2 and (I, ]) HCT116 cells were treated with 10 uM
UA, and SLC2A1, HK2, PKM2, and LDHA protein levels were detected by western blotting. a-Tubulin or f-actin was used as a loading control. Values
are presented as arbitrary units of densitometry corresponding to signal intensity. *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant vs the
DMSO-treated group.
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Figure S. UA suppresses mitochondrial respiration and glutaminolysis in CRC cells. (A, B) CaCo2 and (F, G) HCT116 cells were treated with the
indicated concentrations of UA (2.5, S, and 10 uM) for 48 h. The Cell Mito Stress Test Kit and Seahorse XF96 extracellular flux analyzer were used to
determine the oxygen consumption rate (OCR). To test basal respiration, proton leakage, and ATP generation, the OCR was measured after
oligomycin, FCCP, rotenone/antimycin A sequential injection. Data are presented as the mean + standard deviation, n = 3. *p < 0.05; **p < 0.01;
*#%p < 0.00. To clarify the mechanisms by which UA modulates mitochondrial respiration and glutaminolysis, we performed qRT-PCR to detect
possible target genes of UA. The mRNA levels of CDH4, SRC1, PGC-1a, TFAM, PKM1, PDK1, ASCT2, SLC7AS, SLC7A7, and GLS1 were
measured in CRC cells treated with 10 uM UA for 48 h. (C—E) CaCo2 and (H—J) HCT116 cells. Data are presented as the mean + standard
deviation. *p < 0.05; **p < 0.01; ***p < 0.001.

significantly decreased the activity of AP-1, STAT3, and NF-«xB indicate that 14-3-3 isoforms regulate AP-1, STAT3, and NF-xB
induced by 14-3-3 isoform plasmids (14-3-3-c-induced STAT3 signaling, and UA treatment targeting 14-3-3 suppresses their
activity, except in the presence of S yM UA). These results activity (Figure 3E—G).
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Figure 6. UA regulates cell metabolism via 14-3-3 proteins. CaCo2 cells were transfected with the 14-3-3-f, 14-3-3-¢, 14-3-3-1;, 14-3-3-0, 14-3-3-y, and
14-3-3-¢ isoforms for 24 h, harvested, and then subjected to glycoPER and OCR measurements for 48 h. (A—C) UA suppressed the glycolysis rate,
basal glycolysis, and compensatory glycolysis in CaCo2 cells induced with 14-3-3 isoforms. (D) HCT116 cells were transfected with the 14-3-3-f3, 14-
3-3-¢, 14-3-3-1, 14-3-3-0, 14-3-3-y, and 14-3-3-( isoforms for 24 h and then treated with 10 uM UA for 24 h. SLC2A1, HK2, PKM2, LDHA, and HIF1-
a (hypoxic and normoxic) protein levels were assessed by western blotting. (E—H) UA decreased OCR, basal respiration, ATP production, and proton
leakage. Data are presented as the mean + standard deviation. *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant vs DMSO-treated or mock-
transfection groups.
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Figure 7. sc138, a specific peptide inhibitor of 14-3-3 substrate interactions, weakens or blocks the effect of UA. (A, B) Pan-14-3-3 protein levels were
assessed in CaCo2 cells transfected with sc138 or sc174 and treated with UA at 24 h post-transfection. @-Tubulin was used as a loading control. Values
are presented as arbitrary units of densitometry corresponding to signal intensity. (C—F) CaCo2 and HCT116 cells were transfected with sc138 or the
nonfunctional mutant inhibitor sc174 for 24 h, harvested, and subjected to invasion assays. Cells treated with 5 yM UA. Data are presented as the mean
+ standard deviation; n = 3. *p < 0.0S; **p < 0.01; ***p < 0.001; NS, no significant difference compared with each group. (G, H) Flow cytometric
analysis of cell cycle distribution. CaCo2 cells were transfected with sc138 and sc174 and treated with 20 yuM UA. Data are presented as the mean +
standard deviation; n = 3. *p < 0.0S; **p < 0.01; ***p < 0.001. (I—L) CaCo2 cells were transfected with sc138 and sc174 for 24 h. Cells were harvested
and subjected to glycoPER or OCR measurement after treatment with 10 #M UA for 48 h. Data are presented as the mean =+ standard deviation, n = 3.
*p < 0.05; ¥¥p < 0.01; ¥**p < 0.001; NS, no significant difference vs the DMSO-treated group.

We tested the glycolytic function in CaCo2 and HCT116 cells
based on the extracellular acidification rate (ECAR) determined

by the glycolytic rate assay using an antimycin/rotenone mixture
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and 2-deoxy-p-glucose (2-DG) (Figure 4A,F). UA significantly
decreased basal glycolysis and compensatory glycolysis,
glycolytic rate assay parameters in both cell lines (Figure
4B,G). We then checked the mRNA levels of enzymes involved
in the aerobic glycolysis pathway (SLC2A1, SLC2A4, HK2, GP],
PEK1, ALDOA, PGK1, ENO1, PKM2, and LDHA). UA at 10
#M downregulated the mRNA expression of these markers in
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CaCo2 and HCT116 cells (Figure 4C,H). The protein levels of
SLC2A1, HK2, PKM2, and LDHA were downregulated by UA
in a dose-dependent manner, whereas the mRNA expression was
downregulated in both cell lines (Figure 4D,E,L]).

To examine the effect of UA on mitochondrial biogenesis in
CRC, the OCR was assessed by using a Seahorse XFe96
analyzer. OCR analysis allows real-time monitoring of
mitochondrial respiration by assessing parameters such as
ATP production, basal respiration, and proton leakage after
oligomycin, FCCP, and antimycin/rotenone mix treatment,
respectively.” UA significantly decreased mitochondrial respi-
ration in CaCo2 and HCT116 cells by suppressing basal
respiration, ATP production, and proton leakage (Figure
SABEG).

Next, we examined the mRNA expression of relevant markers
to elucidate the mechanisms underlying the effect of UA on
inhibiting the mitochondrial biogenesis pathway in CaCo2 and
HCT116 cells. UA downregulated the expression of the
mitochondrial transcription factor TFAM® and key markers
of mitochondrial processes (CHD4, PGCl-a, and SRC-1)
necessary for mitochondrial respiration (Figure SC,H). Treat-
ment with UA (10 uM) downregulated pyruvate kinase M
(PKM)-1 and pyruvate dehydrogenase kinase (PDK)-1 mRNA
(Figure SD,I). PKMLI is an isoform of PKM, and its expression is
associated with oxidative phosphorylation.”* PDK1 inhibits the
use of pyruvate in the TCA cycle by preventing its conversion to
acetyl CoA.” Similarly, UA downregulated the expression of
target genes involved in glutaminolysis such as ASCT2,
SLC7AS, SLC7A7, and GLS1 (Figure SEJ).

To demonstrate that UA modulates 14-3-3—mediated
metabolic activities, we controlled for glycolytic rate and the
OCR levels induced by isoforms of 14-3-3. Except for the 14-3-
3-0 isoform, the remaining isoforms 14-3-3-f, 14-3-3-¢, 14-3-3-
1, 14-3-3-y, and 14-3-3-{ significantly upregulated basal
glycolysis, compensatory glycolysis, basal respiration, ATP
production, and proton leakage. The GLUT1, HK2, PKM2,
and LDHA markers induced by 14-3-3 isoforms and the protein
levels of HIF-la (under normoxic and hypoxic conditions),
which are involved in metabolic regulation, were examined after
treatment with DMSO or UA. UA significantly suppressed 14-3-
3-induced glycolysis and mitochondrial respiration (Figure 6A—
H and Supplementary Figure S8B,C).

Most activity of usnic acid is blocked/regressed in cells
transfected with sc138 (a 14-3-3 peptide inhibitor) such as
suppressing cell invasion, cell cycle, glycoPER, OCR, and
luciferase activity of AP-1, STAT, and NF-kB. The protein level
of 14-3-3 was assessed in cells transfected with mock, sc138, and
sc174 constructs. Figure 7A—F shows that sc138 blocked the
inhibition of 14-3-3 protein levels by UA treatment and
suppressed the effect of UA on decreasing the cell invasion in
CaCo2 and HCT116 cells. By contrast, a nonfunctional mutant
inhibitor of sc174 transfection did not affect UA activity. Next,
we performed flow cytometry analysis of the cell cycle.
Transfection with sc138 attenuated the UA-induced reduction
in the G2/M population compared with cells transfected with
mock and sc174, although it did not completely block the effect
of UA on the cell cycle (Figure 7G,H and Supplementary Figure
S$10). This suggests that sc138 transfection does not completely
block the interactions of 14-3-3 with cell cycle-related proteins.
Next, we investigated the effects of cotransfection of sc138 with
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AP-1, STAT3, or NF-«B luciferase plasmids. The 14-3-3 peptide
inhibitor sc138 downregulated AP-1, STAT3, and NF-xB
activities and regressed the activity of UA (Supplementary
Figure S11). Finally, we investigated the effect of UA treatment
on glycoPER and OCR in the presence of sc138. Usnic acid
showed an inhibition of approximately 75% and more when
compared with DMSO in mock transfection, while sc138 could
inhibit glycolysis by approximately 50% compared to the DMSO
group in transfected cells. In sc138-transfected CaCo2 cells,
glycoPER basal and compensatory parameters were suppressed,
and sc138 regressed the inhibitory effect of UA compared with
the control groups (Figure 7LJ). Transfection with sc138
decreased the level of the oxygen consumption rate (OCR) in
CaCo2 cells, although it did not proportionally decrease the
inhibitory effect of UA (Figure 7K,L). In the HCT116 cell line,
sc138 transfection significantly decreased the inhibitory effect of
UA compared with that in other groups (Supplementary Figure
$12). Overall, the present results provide evidence that 14-3-3
proteins regulate the activity of UA, as indicated by the effect of
14-3-3 on suppressing the activity of UA after transfection with a
peptide inhibitor.

The expression of 14-3-3 proteins in CRC tissues has been
reported in clinical and experimental studies. The 14-3-3
proteins are located in the cytosol or nucleus or in close
proximity to the plasma membrane.’ The aminoterminal a
helix domain of 14-3-3 proteins enables them to interact with a
wide range of signaling proteins, kinases (Ser/Thr kinase),
cytoskeletal proteins, metabolic enzymes, phosphatases, and
transcription factors.””%® In cancer patients, overexpression of
14-3-3 proteins is associated with drug resistance, poor
prognosis, and low survival, suggesting that the 14-3-3 proteins
are potential targets for the treatment of cancer.”’

Here, we examined the processes modulated by the 14-3-3
protein and explored the effect of UA, a molecule of lichen origin
that binds to 14-3-3, on these processes. UA bound to and
downregulated 14-3-3 proteins at different time points, and the
decrease in protein levels after 6 h of treatment suggested that
UA interacts directly with the 14-3-3 protein. This impaired the
function of 14-3-3 and its oncogenic role and induced
proteasomal and autophagic degradation. We then used sc138,
a 14-3-3 peptide inhibitor, to block the activity of UA and
assessed cell invasion, cell cycle progression, glycoPER,
luciferase reporter activity (NF-xB, STAT3, and AP-1), and
14-3-3 protein levels. The results showed that the activity of UA
was suppressed by the 14-3-3 peptide inhibitor and indicated
that its anticancer activity was mediated by 14-3-3. However,
although it attenuated the activity of UA on the cell cycle, the
changes were not statistically significant, suggesting that sc138
failed to block all kinase domains. UA downregulated protein
levels of 14-3-3 in cells overexpressing the 14-3-3-f, 14-3-3-¢,
14-3-3-17, and 14-3-3-{ isoforms, whereas it had no reduction
effect on the levels of the 14-3-3-y and 14-3-3-¢ isoforms.
Isoforms may contribute differently to tumor formation in
different types of cancer. 14-3-3-¢ has been reported to be
expressed at low levels in lung, breast, esophageal, chronic
myeloid leukemia, uterine, ovarian, and skin cancer. 14-3-3-¢ is
overexpressed in ductal cancers of the liver and pancreas. 14-3-3-
v is reported to be overexpressed in liver, prostate, and lung
cancer. While 14-3-3-{ and 14-3-3-f are associated with colon
cancer, 14-3-3-¢ is associated with gastric cancer.”’ The reported
specificity of 14-3-3 isoforms to different types of cancer and
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their varying potential in tumor formation suggest that the
therapeutic effects of UA may vary.

The 14-3-3 peptide inhibitor blocked the effect of UA on cell
motility. We tested the cell motility activity of UA in cells
transfected with 14-3-3 isoforms, and the results showed that
UA dramatically inhibited cell motility in the 14-3-3-f and 14-3-
3-( isoform-transfected cells compared to the control and other
isoforms. UA inhibits cell motility in lung, colorectal, and
prostate cancers and in melanoma,”'~”* and EMT markers are
used to characterize the effect of UA on cell motility.'” EMT is a
crucial regulator of metastasis because it facilitates the invasion
and spread of tumor cells to distant tissues.”* The association of
14-3-3 isoforms with EMT markers was reported previ-
ously.””~7® Therefore, we measured the levels of N-cadherin,
Twist, and Snail induced by the 14-3-3 isoforms. In cells
transfected with the 14-3-3-6 and 14-3-3-{ isoforms, N-cadherin
levels were not downregulated, whereas UA downregulated the
other markers in all isoform-induced cells.

Studies show that UA increases the population of cells in the
G1 phase.” Cell cycle checkpoints are controlled by p-CDC2
(T15), cyclin D1, and cyclin B1. 14-3-3 proteins play a role in
cancer development and progression by affecting cell cycle
progression. Different 14-3-3 isoforms deregulate the cell cycle
by affecting the phosphorylation or kinase partners of CDK2/4,
CDC25A, CDC25B, p27, FOXO1, MIZ1, and p53.*° In this
study, treatment with 20 yM UA increased the G1 phase
population, and exposure to 10 uM UA downregulated the
checkpoint markers p-CDC2 (T15), cyclin D1, and cyclin B1 in
cells overexpressing 14-3-3 isoforms. Taken together, the results
of the cell cycle analysis suggest that UA promotes the G1 phase
of the cycle by modulating 14-3-3 proteins.

14-3-3 proteins interact with target proteins and regulate the
phosphorylation of several proteins. Studies show that 14-3-3
controls Akt during intestinal inflammation and that inhibition
of 14-3-3 interactions with BVO2 regulates Akt activity and
triggers the death of intestinal epithelial cells.*" In addition, JNK
activates the 14-3-3 protein and antagonizes Akt-mediated
Beclin-1 phosphorylation to regulate autophagy.®” JNK controls
the phosphorylation of 14-3-3 to promote Bax activation.® 14-
3-3 proteins play a regulatory role in cellular processes that
trigger autophagy by interacting with proteins such as mTOR,
MAPK, and PI3K.** 14-3-3 proteins bind to TSC2 and PRAS40,
which act as mT OR regulators, thereby playing a role in mTOR-
regulated cellular processes.*”*® UA induces autophagy and
apoptosis by inhibiting the AKT, mTOR, ERK1/2, and JNK
signaling pathways.””** Important regulators of the autophagic
process include P62 and LC3B-I/IL. Conversion of LC3B-I to
LC3B-II and binding of LC3B to p62 facilitate autophagic
degradation.>® Current results indicate that the activity of UA
involves the regulation of 14-3-3 proteins, which is consistent
with previous reports of the effect of UA on signaling pathways
related to cell death.

Numerous illnesses, including cancer, diabetes, obesity, and
cardiovascular disease, have metabolic pathway-related disor-
ders, which are linked to the wide distribution of potential 14-3-
3 targets.”' To the best of our knowledge, this is the first study
investigating the effect of UA on glycolysis, metabolic
biogenesis, and glutaminolysis. Cancer cell proliferation,
resistance to therapies, and metastasis are related to the
reorganization of metabolic pathways. Metabolic pathways
such as glycolysis, mitochondrial respiration, glutaminolysis,
and lipid metabolism play a role in energy production in
cancer.”” Cancer cells activate aerobic glycolysis in the presence
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of oxygen for bioenergetic processes. These processes are
mediated by a number of catalytic enzymes and promote the
production of pyruvate to lactate."> We showed that UA
downregulates several aerobic glycolysis markers, including
GLUTs, HKs, PKM2, and LDHA. The kinase activity of PKM2
involves interaction with 14-3-3 proteins via the binding of 14-3-
3 to Akt.*” 14-3-3-C is responsible for LDHA expression and
plays a role in the initiation and progression of breast cancer.”’
Mitochondrial respiration, the main source of cellular energy
production, is associated with the downregulation of TFAM,
CDH4, SRC1, PGC-1a, PKM1, and PDKI1, which act as key
markers in mitochondrial processes. UA treatment down-
regulates key markers of mitochondrial processes. 14-3-3
binds to phosphorylated PDKI, thereby displacing PDK1
from the cytoplasmic membrane,”" and UA downregulates
phosphorylated PDK1.*® Similarly, UA downregulates the
expression of ASCT2, SLC7AS, SLC7A7, and GLSI1, which
are involved in glutaminolysis. Here, we showed the effect of UA
on inhibiting 14-3-3-mediated aerobic glycolysis and mitochon-
drial biogenesis.

Metabolic signaling pathways, cell cycle progression, and cell
motility are modulated by transcriptional regulators and
transcriptional cofactors. To further characterize the activity of
UA mediated by 14-3-3 proteins, we assessed the levels of
transcriptional regulators such as AP-1, -catenin, HIF-1a, NF-
kB, and STAT?3 in the presence of 14-3-3 isoforms. The AP-1
transcription factor plays a role in cancer-related processes
including cell invasion, metastasis, cell proliferation, immune
responses, and cell metabolism in different types of cancer.”>””
Upregulation of 14-3-3 proteins results in AP-1 activation.”"”
In this study, AP-1 activity was induced by six 14-3-3 isoforms,
and UA treatment suppressed this effect. #-Catenin, the target of
the WNT signaling pathway, is an oncogene that acts as a
transcriptional regulator.”® f-Catenin and 14-3-3 form “bleb-
like” structures, and the interaction of 14-3-3-¢ with f-catenin
plays a role in cell motility and oncogenic signaling.”” We found
that p-catenin was induced by 14-3-3 isoforms and UA
suppressed this effect. In a previous study, UA suppressed AP-
1 and f-catenin-mediated TOPFLASH reporter activity and the
downstream target genes of S-catenin/LEF and c-jun/AP-1."*
Another transcription factor, HIF-1aq, plays a role in regulating
angiogenesis, metastasis, cell survival, invasion, and metabolic
pathways in cancer. PKM2 acts as a coactivator of HIF-1a and
regulates the expression of genes encoding GLUT1, LDHA, and
PDK1.”® We examined the levels of HIF-1q in cells transfected
with 14-3-3 isoforms under normoxic and hypoxic conditions
and showed that UA downregulates HIF-1a levels. NF-xB and
STATS3, two transcription factors associated with cancer and
inflammation, play vital roles in cellular processes.”” UA
decreased STAT3 and NF-kB reporter activity induced by 14-
3-3 isoform overexpression. 14-3-3-{ interacts with the JAK/
STAT pathway or STAT3,'”"'%” and UA downregulates
STAT3.'”

Here, we examined the anticancer activity of UA mediated by
its target 14-3-3 and the effect of UA on the regulation of
signaling pathways induced by 14-3-3 proteins. In addition,
based on previous experimental and clinical studies, we
examined the effects of different isoforms of 14-3-3, thereby
providing a broad perspective of the effect of 14-3-3 on cancer-
related processes such as the Akt/mTOR/JNK signaling
pathways, EMT, metabolism, cell motility, cell cycle, autophagy,
and transcriptional regulators. Increasing evidence supports the
role of 14-3-3 in chemotherapy resistance and poor survival. The
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14-3-3 isoforms f, y, and ¢ are upregulated in 5-fluorouracil-
resistant cells compared with DLD-1 parent cells.'”* UA shows
therapeutic potential and can be used in combination with
chemotherapeutics in the targeting 14-3-3 protein therapies.
Consequently, we define UA as a molecule targeting 14-3-3.

We report that usnic acid, whose activities have been reported in
many different cancer types for many years, binds to isoforms of
14-3-3 proteins, a master regulator protein, via a chemical probe.
Usnic acid downregulates the levels of 14-3-3-mediated client/
phosphorylated proteins, cell invasion, aerobic glycolysis, and
oxidative phosphorylation. Collectively, our study sheds light on
the elucidated mechanisms underlying the anticancer activity of
usnic acid. Our findings suggest a new strategy to develop
therapeutics against treatment resistance as well as higher
expression of 14-3-3 proteins in colorectal cancer or in multiple
cancer progressions.

The data sets supporting conclusions of this article are available
from the corresponding author upon reasonable request.
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