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Abstract Among current novel druggable targets, proteineprotein interactions (PPIs) are of consider-

able and growing interest. Diacylglycerol kinase a (DGKa) interacts with focal adhesion kinase (FAK)

band 4.1-ezrin-radixin-moesin (FERM) domain to induce the phosphorylation of FAK Tyr397 site and

promotes the malignant progression of esophageal squamous cell carcinoma (ESCC) cells. Chrysin is

a multi-functional bioactive flavonoid, and possesses potential anticancer activity, whereas little is known

about the anticancer activity and exact molecular mechanisms of chrysin in ESCC treatment. In this

study, we found that chrysin significantly disrupted the DGKa/FAK signalosome to inhibit FAK-

controlled signaling pathways and the malignant progression of ESCC cells both in vitro and in vivo,

whereas produced no toxicity to the normal cells. Molecular validation specifically demonstrated that

Asp435 site in the catalytic domain of DGKa contributed to chrysin-mediated inhibition of the assembly

of DGKa/FAK complex. This study has illustrated DGKa/FAK complex as a target of chrysin for the first

time, and provided a direction for the development of natural products-derived PPIs inhibitors in tumor

treatment.
inase a; ELISA, enzyme-linked immunosorbent assay; ESCC, esophageal squamous cell carcinoma; FAK, focal

immunoprecipitation; PPIs, proteineprotein interactions.
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1. Introduction pJAK3 Tyr980/981 (Cat# 5031), glyceraldehyde-3-phosphate de-
Esophageal squamous cell carcinoma (ESCC) is one of the most
common malignancies worldwide and occurs at a relatively high
frequency in China1. Although recent advances in chemotherapy
with platinum agents or other cytotoxic agents have yielded modest
improvements in ESCC patient outcomes, the 5-year overall survival
rate remains poor due to the limited understanding on the compli-
catedmolecular mechanism in ESCC cells and lack of more efficient
therapeutic approaches2. Therefore, novel effective and promising
treatment targets and strategies need to be explored urgently.

Focal adhesion kinase (FAK), a cytoplasmic nonreceptor tyro-
sine kinase encoded by PTK2, is dysregulated in several tumors
and correlated with poor clinical outcome, especially in ESCC3e5.
FAK promotes the proliferation, survival, invasion and stemness of
ESCC cells. Inhibition of FAK activity produces beneficial effect
on ESCC cells. Proteineprotein interactions (PPIs) are essential for
high-affinity binding between proteins, and contribute to explore
specific inhibitors in tumor treatment. Several inhibitors of FAK-
based PPIs have been developed. A peptide targeting 7-amino
acid residues in the N-terminal proline-rich domain (located in
FERM domain) of FAK blocked the interaction between FAK and
P53, and showed excellent antitumor activity in breast and colon
cancers6. Another study identified that 50-O-tritylthymidine (M13
compound) docked into the pocket of FAK FERM domain and
inhibited FAK/mouse double minute-2 (MDM-2) interaction and
tumor malignancy of several cancers7. Our previous study had
found that diacylglycerol kinase a (DGKa), an oncogenic protein,
interacts with FAK FERM domain to assemble the DGKa/FAK
complex and induce the phosphorylation of FAK Tyr397 site in
ESCC cells5. Thus, demonstrating whether the DGKa/FAK com-
plex can be used as the druggable PPI is critically for the devel-
opment of therapeutic agents in ESCC treatment.

Natural products, especially flavonoids, possessing diverse
bioactivities and mechanisms usually serve as excellent lead
compounds for cancer prevention and anticancer drug discov-
ery8e10. We screened 63 natural flavonoids and identified that
chrysin, a natural flavonoid from Passiflora caerulea, shows
excellent inhibitory effect on the malignant progression of ESCC
cells. Accumulating evidences have suggested that chrysin harbors
anticancer activities, including inhibition of tumor growth, induc-
tion of apoptosis, and reduction of inflammation, with low adverse
effects and toxicity, making it safe for clinical use11e13. Here, we
investigated the effect of chrysin on several malignant phenotypes
of ESCC cells and explored the underlying mechanisms.
2. Materials and methods

2.1. Reagents and antibodies

Antibody against DGKa (Cat# H00001606eB01P) was from
Abnova (Taipei, Taiwan, China). Antibody against FAK (N-ter-
minal, Cat# sc-557) was from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Antibodies against pFAK Tyr397 (Cat# 3283S),
Janus kinase 2 (JAK2, Cat# 3230), phosphoJAK2 (pJAK2)
Tyr1007/1008 (Cat# 3771), Janus kinase 3 (JAK3, Cat# 8827),
hydrogenase (GAPDH, Cat# 5174), protein kinase B (AKT, Cat#
4691), pAKT Ser473 (Cat# 4060), and pFAK Tyr397 (Cat#
3283S) were from Cell Signaling Technology (Danvers, MA,
USA). Z-Val-Ala-Asp-FMK (Z-VAD-FMK, Cat# S7023), and
PF562271 (Cat# S2890) were from Selleck Chemicals (Houston,
TX, USA). All flavonoids used in the present study were from
MedChemExpress (MCE) Inc. (Shanghai, China).

2.2. Cell lines and transfection

The human ESCC cell lines, KYSE150, KYSE30, KYSE410,
KYSE450, YSE2 and esophageal epithelial cell-SHEE, were
originally maintained in Roswell Park Memorial Institute (RPMI)
1640 medium supplemented with 10% fetal bovine serum (FBS),
penicillin (100 U/mL), and streptomycin (100 mg/mL).

For establishing stable DGKa knockdown ESCC cell lines,
KYSE30, KYSE410, and KYSE150 cells were transfected with
the pLKO.1 (Addgene, Watertown, MA, USA) and pLKO.1 vector
expressing small hairpin (sh) RNA for DGKa knockdown
(pLKO.1-shDGKa). Transfected cells were selected by 0.5 mg/mL
puromycin. The DGKa shRNA sequences used in present study
was according to our previous study5. ESCC cells stably
expressing Flag-DGKa D435E mutant were generated by
transfection of pcDNA3.1/Flag-DGKa D435E plasmid into the
indicated ESCC cells and then cultured for 10e14 days with
400 mg/mL G418. Point mutation on DGKa was obtained using
Phusion™ high-fidelity DNA polymerase (Thermo Fisher; Cat#
F530L, Waltham, MA, USA). Mutating oligonucleotides were:
DGKa D435E CTAGAATCCAGCCTACTGTGCCTTCTCCACC
ACACACCAAAATCCG and CGGATTTTGGTGTGTGGTGGA
GAAGGCACAGTAGGCTGGATTCTAG.

2.3. Cell proliferation/viability assay

Proliferation/viability of the indicated ESCC cells was determined
using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) method.
Briefly, 5 � 103 cells in 100 mL of RPMI1640 medium were
seeded in 96-well plates. Once 90% confluent, cells were treated
with the indicated agents for 72 h. Then, the medium was aspi-
rated, and cells were incubated with MTS solution (Promega; Cat#
G3582, Madison, WI, USA) for 1 h. The viable cell number was
directly proportional to the formazan product, which could be
measured spectrophotometrically at 490 nm. For determining half-
maximal inhibitory concentration (IC50) value of 63 flavonoid
natural products in KYSE410 cells, the cell viability measured by
MTS in the presence of a wide range of concentrations of these
products (0e100 mmol/L). For assays determining IC50 value of
chrysin in various ESCC cell lines and SHEE cells, the cell
viability measured by MTS in the presence of concentrations from
0 to 50 mmol/L.

2.4. Colony formation assay

1 � 103 cells were seeded into 60 mm dishes in RPMI1640 me-
dium and cultured in the absence or presence of different doses of

http://creativecommons.org/licenses/by-nc-nd/4.0/
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chrysin as indicated. After 2 weeks, the cells were washed with
phosphate-buffered saline solution (PBS), fixed with methanol and
2% crystal violet. The colonies were counted and then
photographed.
2.5. Soft agar colony formation assay

2 � 103 cells mixed with 1.2% agar solution, 20% 2 � Dulbecco’s
modified Eagle’s medium (DMEM) solution, and cell suspension
were incubated to a 96-well microplate already containing a so-
lidified base agar layer (Cell biolabs Inc.; Cat# CBA-130, San
Diego, CA, USA). After 8-day incubation, lysis buffer was added
and the plate was incubated at room temperature for 15 min.
Colony formation was quantified using the fluorescent CyQuant
staining solution and read in a 96-well fluorometer (Synergy H1,
BioTek, Winooski, VT, USA). The experiment was repeated five
times.
2.6. Invasion assay

The indicated ESCC cells (1 � 105 cells) were placed in the upper
chamber of 24-well boyden chambers system (8 mm insert) with or
without indicated doses of chrysin for 16 h. Then, the cells that
invaded to the chamber were fixed and stained with 2% crystal
violet solution for 10 min. The invaded cells were then photo-
graphed under a microscope (Leica DM2500, Leica, Wetzlar,
Germany). The experiment was repeated five times.
2.7. Measurements of glucose and lactate

Supernatants from the indicated cells were collected and the
glucose and lactate levels were examined using glucose colori-
metric assay kit (Biovision, Cat# K686, Palo Alto, CA, USA) and
lactate colorimetric assay kit (Biovision, Cat# K627) following the
manufacturer’s protocols. The experiment was repeated five times.
2.8. Flow cytometry (FCM) analysis of apoptosis and caspase
activity assay

For evaluating the chrysin-induced apoptosis of ESCC cells, the
indicated ESCC cells were incubated in 6-well plates. Then,
ESCC cells were treated with different doses of chrysin (10, 25,
and 50 mmol/L) as indicated for 48 h at 37 �C. The treated ESCC
cells were collected and resuspended in the binding buffer pro-
vided with the Annexin V-FITC apoptosis detection kit (BD
Pharmingen, Cat# 556,547, San Jose, CA, USA). Cells were
mixed with 2 mL of Annexin Vefluorescein isothiocyanate (FITC)
and 5 mL of propidium iodide (PI) and incubated for 30 min at
4 �C in the dark. The staining was then terminated and cells were
immediately analyzed by flow cytometry (Accuri C6, BD Phar-
mingen, USA). Caspase 3/7 activity was determined using Cas-
pase-Glo� 3/7 activity system (Progema; Cat# G8090) according
to the manufacturer’s instructions. After collecting the indicated
ESCC cells, the cell lysates (approximately 50 mg) in 50 mL
volume were mixed with 50 mL caspase-Glo 3/7 reagent in 96-
well plates and incubated for 1 h at 37 �C in the dark. The
luminescence was measured using a plate-reading fluorometer
(Synergy H1, BioTek). The experiment was repeated five times.
2.9. Antibody arrays

For evaluating chrysin-mediated antisignaling activity in the
indicated ESCC cells, lysates were added to Human AKT
pathway phosphorylation antibody assay against the phosphory-
lation status of AKT and RAF proto-oncogene serine/threonine-
protein kinase (RAF)/mitogen-activated protein kinase 1 (ERK)
pathway proteins (Raybiotech; Cat# AAH-AKT-1-2, Norcross,
GA, USA), or human receptor tyrosine kinase (RTK) phos-
phorylation antibody assay against 71 unique RTKs (Raybiotech;
Cat#AAH-PRTK-1-2), and processed according to the manu-
facturer’s instructions. Briefly, membranes were blocked, incu-
bated with approximately 500 mL of lysates overnight, followed
by biotin-conjugated antibodies (1:250) incubation for 2 h and
with horseradish peroxidase (HRP)-linked secondary antibody
(1:1000) for 1 h. Then, the membranes were incubated with
chemiluminescent substrate and the activation status of signaling
proteins was evaluated.
2.10. Enzyme-linked immunosorbent assay (ELISA) analysis

The activation of FAK, AKT, ribosomal protein S6 (RPS6),
proline-rich AKT1 substrate (PRAS40), or RAF1 both in vitro
and in vivo was respectively analyzed using human pFAK
Tyr397 and total FAK ELISA kit (Raybiotech, Cat# PEL-FAK-
Y397-T-1), human pAKT Ser473 and total AKT ELISA
kit (Raybiotech, Cat# PEL-AKT-S473-T-1), human pRPS6
Ser235/S236 and total RPS6 ELISA kit (Raybiotech, Cat# PEL-
RPS6-S235-T-1), human pPRAS40 Thr246 and total PRAS40
ELISA kit (Raybiotech, Cat# PEL-PRAS40-T246-T-1), or
human pRAF1 Ser301 and total RAF1 ELISA kit (Raybiotech,
Cat# PEL-RAF1-S301-T-1), following the manufacturer’s pro-
tocols. Briefly, sample lysates were added into appropriated
wells of ELISA kits, and incubated for 2 h at 37 �C. Then,
discarded these lysates and added 100 mL detection antibody
solutions to evaluate the expression of phosphorylated or total
protein. The activation status of these indicated signaling pro-
teins was evaluated according to the formula that the optical
density (OD) value of phosphorylated proteins/the OD value of
total proteins.

For measurement of the expression of intracellular biomarkers
in the ESCC cells with the indicated treatments, levels of MYC
proto-oncogene protein (C-MYC), G1/S-specific cyclin-D1
(cyclin D1), baculoviral IAP repeat-containing protein 5 (survi-
vin), SRY-box transcription factor 2 (SOX2), nanog homeobox
(NANOG), POU class 5 homeobox (OCT4), BMI1 proto-
oncogene (BMI1), pyruvate kinase M2 (PKM2), hexokinase 2
(HKII), glucose transporter 1 (GLUT1) or lactate dehydrogenase
A (LDHA) in the cell lysates were detected using the human C-
MYC ELISA kit (Raybiotech; Cat# ELH-CMYC-1), cyclin D1
ELISA kit (Raybiotech; Cat# ELH-CYCD-1), human survivin
ELISA kit (Cell Signaling Technology; Cat# 7169C), human
SOX2 ELISA kit (Cell Signaling Technology; Cat# 7277C),
human NANOG ELISA kit (Raybiotech; Cat# ELH-NANOG-1),
human OCT4 ELISA kit (Raybiotech; Cat# ELH-OCT4-1),
human BMI1 ELISA kit (Cell Signaling Technology; Cat#
18157C), human PKM2 ELISA kit (Cloud-Clone; Cat#
SEA588HU, Wuhan, China), human HKII ELISA kit (Cloud-
Clone; Cat# SED352HU), human GLUT1 ELISA kit (Cloud-
Clone; Cat# SEB185HU), or human LDHA ELISA kit (Cloud-
Clone; Cat# SEB370HU) according to the manufacturer’s
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instructions. Levels of MMP9 in the supernatants were measured
using the human matrix metalloproteinase 9 (MMP9) ELISA Kit
(Raybiotech; Cat# ELH-MMP9-1), according to the manufac-
turer’s protocols. The intracellular cleaved poly (ADP-ribose)
polymerase (PARP) and caspase 3 in the indicated ESCC cells or
tumors were evaluated using the human cleaved PARP (D214/
G215) (Raybiotech; Cat# PTE-PARP-D214-1) and cleaved cas-
pase 3 (D175) (Raybiotech; Cat# PTE-CASP3-D175-1) ELISA
kits, according to the manufacturer’s instructions. The experiment
was repeated five times.
Figure 1 Chrysin suppresses the malignancy of ESCC cells in vitro. (A

indicated ESCC cell lines, including KYSE410, KYSE30, KYSE150, Y

evaluated using MTS assay at the indicated concentration. The IC50 (m

formation assay of the indicated ESCC cell lines. Cells were treated with ch

crystal violet. (C) Effect of chrysin on anchorage-independent growth of th

chrysin and incubated for 8 days. Colony formation was quantified usin

consumption (D) and lactate production (E) in control and the indicated do

control and the indicated doses of chrysin-treated ESCC cells. Scale bar

control solvent. ***P < 0.001. Error bars, mean � SD of three to five in
2.11. Confocal assay

Cells were washed with PBS, fixed in 4% paraformaldehyde,
blocked with 5% normal goat serum and incubated with DGKa or
FAK antibody (1:200) overnight at 4 �C. Then, cells were stained
with tetramethyl rhodamine isothiocyanate (TRITC)- and FITC-
conjugated secondary antibody for 1 h at 37 �C. Nuclei were
stained with 40,6-diamidino-2-phenlindole (DAPI) at final con-
centration of 0.1 mg/mL. Images were captured and visualized by
a confocal microscope (Leica ST2, Leica, Germany).
) The tumor growth inhibitory effect of chrysin on the viability of the

SE2, KYSE450 and normal esophageal epithelial cells SHEE, was

ean � SD) of chrysin against these indicated cell lines. (B) Colony

rysin (10, 25, and 50 mmol/L) for 2 weeks. Cells were stained with 2%

e indicated ESCC cells. Cells were treated with the indicated doses of

g the fluorescent cell stain CyQuant GR Dye. Alteration of glucose

ses of chrysin-treated ESCC cells. (F) Alteration of invasive ability in

, 100 mm as indicated. Dimethyl sulfoxide (DMSO) was used as the

dependent experiments.



Chrysin inhibits the malignancy of ESCC 147
2.12. Immunoprecipitation (IP) and immunoblotting (IB)
analysis

The indicated cells were washed twice with PBS, lysed in lysis
buffer, briefly sonicated, and then subjected to IP-IB assays.
For immunoprecipitation, lysates were incubated with the
indicated primary antibodies (5 mg antibody/sample) and pro-
tein A/G sepharose beads (Thermo; Cat# 20,421) on a rotator
(100 rpm) at 4 �C overnight. Then, proteins were separated by
sodium dodecyl sulfate (SDS) electrophoresis on the poly-
acrylamide gel followed by immunoblotting. After overnight
incubation with the indicated primary antibodies (diluted at
1:1000; except GAPDH, diluted at 1:3000), at 4 �C, washing
and incubation with secondary antibodies, blots were devel-
oped with enhanced chemiluminescence assay (Thermo Fisher;
Cat# 32,106).
Figure 2 Chrysin induces the apoptosis of ESCC cells in vitro. (A)e(

50 mmol/L) for 48 h, cell apoptosis was evaluated by FCM assay (value

cleavage of PARP (C). (D)e(F) The indicated ESCC cells were treated

pretreatment, respectively. Cell viability was measured by MTS assay (D).

PARP was measured by ELISA assay (F). *P < 0.05, **P < 0.01, ***P
2.13. Molecular docking

The DGKa sequence was obtained from UniProt (ID: P23743,
https://www.uniprot.org/uniprot/P23743). A homology model was
produced for DGKa by alignment with the crystal structure of
DGKa catalytic domain protein (PDB: 4wer, https://www.rcsb.
org/structure/4wer) followed by three-dimensional model build-
ing and energy minimization using MOE (Molecular Operating
Environment, 2015.10, Chemical Computing Group Inc., Canada).
The best protein model, including verifying proper assignment of
bonds, adding hydrogens, deleting unwanted bound water mole-
cules and minimizing protein energy, was selected for the
following studies. Then, ligand (chrysin, PubChem CID: 5281607,
https://pubchem.ncbi.nlm.nih.gov/compound/5281607) was
docked with DGKa catalytic domain using the DOCK, structure
preparation, and protonate 3D modules from MOE. The top one
C) The indicated ESCC cells were treated with chrysin (10, 25, and

s of mean � SD as indicated) (A), caspase 3/7 activity (B), and the

with 50 mmol/L chrysin with and without 50 mmol/L Z-VAD-FMK

Apoptosis was evaluated by caspase 3/7 activity (E). The cleavage of

< 0.001. Error bars, mean � SD of five independent experiments.

https://www.uniprot.org/uniprot/P23743
https://www.rcsb.org/structure/4wer
https://www.rcsb.org/structure/4wer
https://pubchem.ncbi.nlm.nih.gov/compound/5281607
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ranking affinity pose was chosen as the final pose of chrysin/
DGKa catalytic domain interaction.

2.14. Xenograft studies

The animal experiment was approved by the animal handling and
procedures were approved by the Animal Center, Peking Uni-
versity Cancer Hospital & Institute (Beijing, China). KYSE410,
KYSE30 and KYSE150 cells (approximately 2.5 � 106 cells) in
100 mL PBS were subcutaneously inoculated into the right flank
of 5-week-old female BALB/c nude mice (Vital River Labora-
tories, Beijing, China). Treatment was initiated when tumors
reached 80e100 mm3. The drug efficacy study was performed
with four groups according to different doses of chrysin,
including control, chrysin (10, 25, or 50 mg/kg/day, p.o.; n Z 5/
group). The selected dosage and administration are referred to
previous reports13e16. Animals were randomized to receive
control solvent and different doses of chrysin. Eq. (1) was used to
evaluate the tumor size:

Tumor size
�
mm3

�
Z

�
Length�Width2

�� 0:5 ð1Þ
Figure 3 Chrysin inhibits ESCC malignancy via suppressing the activati

50 mmol/L chrysin, and then the activation of AKT or RAF/ERK signalin

expressionwas indicated between control group and 50mmol/L chrysin group

50 mmol/L) for 4 h, the activation of pAKT Ser473 (B), pPRAS40 Thr246 (C), p

ELISA assay. (F) Total protein lysates from the indicated cells treated with 50

kinases. (G) The indicated ESCC cells were treated with chrysin (10, 25, a

quantitative ELISA assay. n.s, no significant difference, **P < 0.01, ***P <
2.15. Statistical analysis

All experiments but not statistical analysis are randomized and
blinded. For all assays in the present study, three to five independent
repeat experiments were carried out. All statistical analyses were
conducted using GraphPad Prism version 7.0 (GraphPad Software
Inc., La Jolla, CA, USA). Experimental data were analyzed by one-
way analysis of variance (ANOVA) followed by Dunnett’s post hoc
test when comparing more than two groups of data and one-way
ANOVA, non-parametric KruskaleWallis test followed by Dunn-
nett’s post hoc test was used when comparing multiple independent
groups. All data are presented as the mean � standard deviation
(SD). A P value of less than 0.05 was considered significant.

3. Results

3.1. Chrysin inhibits malignant progression of ESCC cells

Supporting Information Table S1 indicates the IC50 values of 63
flavonoid natural products in ESCC cell line-KYSE410 using MTS
assay. Chrysin was chosen for further studies due to its excellent
antitumor effect and low toxicity11e13. Fig. 1A shows that chrysin
on of FAK/AKT signaling. The indicated ESCC cells were treated with

g were analyzed using antibody array. No difference of pRAF1 Ser301

. (B)e(E) The indicated ESCC cells were treated with chrysin (10, 25, and

RPS6 Ser235/236 (D) and pRAF1 Ser301 (E) was evaluated by quantitative

mmol/L chrysin were analyzed using antibody array against 71 tyrosine

nd 50 mmol/L) for 4 h, the activation of pFAK Tyr397 was evaluated by

0.001. Error bars, mean � SD of five independent experiments.
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treatment for 72 h significantly reduced the viability of five
different ESCC cell lines in a dose-dependent manner determined
by MTS assay with the indicated IC50 value ranging from 17.78 to
32.24 mmol/L. However, chrysin had little cytotoxicity in esopha-
geal epithelial cell-SHEE with the same concentration ranges used
in ESCC cell lines. Anchorage-dependent colony formation assay
was used to evaluate the long-term growth inhibitory effect of
chrysin on ESCC cells. As shown in Fig. 1B, chrysin dose-
dependently suppressed the anchorage-dependent colony forma-
tion of ESCC cells. We further evaluated the effect of chrysin on
other malignant phenotypes, such as stemness, glycolysis, or
Figure 4 Chrysin interacts with DGKa to inhibit the activation of FA

structure of DGKa catalytic domain (B). 2- (C) or 3-Dimensional (D)

domain of DGKa. (E) The indicated ESCC cells were treated with chrysin

FAK, or the activation of FAK in DGKa/FAK complex was assayed using

indicated ESCC cells were treated with chrysin (10, 25, and 50 mmol/L) f

confocal assay. Cells were stained with DAPI to visualize the nucleus. Scal

treated with 50 mmol/L chrysin. The interaction between DGKa and FAK

after 2-h treatment (G), and the phosphorylation of FAK Tyr397 was
***P < 0.001. Error bars, mean � SD of five independent experiments.
invasive ability in ESCC cells. Soft agar assay was applied to
examine the effect of chrysin on anchorage-independent growth
ability of ESCC cells. Fig. 1C shows that chrysin dose-dependently
inhibited the soft agar-based colony formation in the ESCC cells,
after 8 days incubation. Glycolysis provides energy for tumor
malignant progression, we next investigated whether chrysin
downregulated ESCC glycolysis. Chrysin significantly reduced the
levels of glycolytic indexes, such as glucose uptake (Fig. 1D) and
lactate production (Fig. 1E) compared with control ESCC cells.
Fig. 1F shows that chrysin dose-dependently inhibited the invasion
of the indicated ESCC cells.
K/AKT signaling. The structure of chrysin (A) and 3-dimensional

structure of docking of chrysin to the Asp435 site in the catalytic

(10, 25, and 50 mmol/L) for 2 h. The interaction between DGKa and

IP (IP: FAK) and IB (IB: FAK, pFAK, or DGKa) analysis (E). (F) The

or 2 h. The interaction between DGKa and FAK was evaluated using

e bar, 20 mm as indicated. (G) and (H) The indicated ESCC cells were

was evaluated using IP (IP: FAK) and IB (IB: FAK, or DGKa) assay

evaluated using quantitative ELISA assay after 4-h treatment (H).
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3.2. Chrysin promotes the apoptosis of ESCC cells via caspase-
dependent pathway

We investigated the apoptosis-promoting effect of chrysin on
ESCC cells. As shown in Fig. 2A and B, chrysin dose-
dependently increased the apoptotic rate and caspase 3/7 activ-
ity in KYSE410, KYSE30, and KYSE150 cells. Consistently, a
similar trend was reflected in the cleavage of apoptotic
biomarker-PARP (Fig. 2C).

To assess the significance of caspases activation in chrysin-
induced apoptosis, ESCC cells were pretreated with 50 mmol/L
Z-VAD-FMK, a pan-caspase inhibitor, which was employed to
block caspase activation. Fig. 2D shows that Z-VAD-FMK greatly
attenuated the effect of chrysin-mediated growth inhibition.
Z-VAD-FMK incubation also abolished the stimulatory effect of
chrysin on the caspase 3/7 activity (Fig. 2E) and the cleaved PARP
expression (Fig. 2F). Taken together, these results suggest that
chrysin-induced apoptosis is majorly dependent on caspase acti-
vation in ESCC cells.

3.3. Chrysin inhibits the FAK/AKT pathway in ESCC cells

The antibody array was used to evaluate the inhibitory effect of
chrysin on AKT and ERK signaling pathways, which greatly
Figure 5 DGKa is critical for chrysin-mediated tumor inhibitory effe

specific shRNA-transduced ESCC cell lines analyzed by immunoblotting.

or DGKa shRNA ESCC cells were treated with 50 mmol/L chrysin. Then,

activation of FAK (C) and AKT (D) was evaluated using quantitative ELIS

independent experiments.
contribute to the malignant progression of ESCC cells5,17,18.
Fig. 3A shows that 50 mmol/L chrysin effectively inhibited the
activation of pAKT Ser473 and its downstream substrates,
including pRPS6 Ser235/236 and pPRAS40 Thr246 in
KYSE410 cells. However, 50 mmol/L chrysin produced minimal
inhibitory effect on the activation of pRAF1 Ser301 in
KYSE410 cells (Fig. 3A). Quantitative ELISA assays confirm
the above results and further show that chrysin dose-
dependently inhibited the phosphorylation of AKT (Fig. 3B
and Supporting Information Fig. S1), PRAS40 (Fig. 3C) or
RPS6 (Fig. 3D), whereas not RAF1 (Fig. 3E) in the indicated
ESCC cells.

Then, the “phospho-activated” protein tyrosine kinases (PTKs)
antibody array was used to evaluate the inhibitory effect of chrysin
on the activation of upstream protein kinases. Fig. 3F shows that
50 mmol/L chrysin most effectively inhibited the phosphorylation
of FAK Tyr397 among these PTKs. Quantitative ELISA assay
confirms the above results and also finds that chrysin dose-
dependently suppressed the phosphorylation of FAK Tyr397 in
the indicated ESCC cells (Fig. 3G and Supporting Information
Fig. S2). JAK2 and JAK3 are the two important targeted pro-
teins that contribute to tumor malignancy, including ESCC19,20,21.
Fig. 3F shows that 50 mmol/L chrysin could also suppress the
phosphorylation of JAK2 and JAK3. Supporting Information
ct and FAK/AKT signaling inhibition. Stable silencing DGKa in 2

GAPDH was used as a loading control. (B)e(D) The indicated control

the growth ability of ESCC cells was observed by MTS assay (B). The

A assay. n.s, no significant difference. Error bars, mean � SD of five



Figure 6 Chrysin inhibits the expression of downstream malignant effectors via DGKa/FAK complex. (A)e(L) The indicated control or DGKa

shRNA or 1 mmol/L PF562271-incubated ESCC cells were treated with 50 mmol/L chrysin. The intratumoral expression of C-MYC (A), cyclin D1

(B), survivin (C), SOX2 (D), NANOG (E), OCT4 (F), BMI1 (G), PKM2 (H), HKII (I), LDHA (J), GLUT1 (K), and the secretion of MMP9 in

supernatant (L) were evaluated using quantitative ELISA assay. n.s, no significant difference. Error bars, mean � SD of five independent

experiments.
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Fig. S3 further shows that chrysin dose-dependently suppressed
the phosphorylation of JAK2 Tyr1007/1008 and JAK3 Tyr980/981
in ESCC cells.

3.4. DGKa Asp 435 site contributes to chrysin-mediated
disruption of DGKa/FAK complex in ESCC cells

DGKa interacts with FAK FERM domain via its catalytic domain
and activates FAK in ESCC cells5. We evaluated whether chrysin-
inhibited FAK activation is majorly dependent on the disruption of
DGKa/FAK complex. The homology model of the catalytic
domain of human DGKa and molecular docking analysis were
used to evaluate the interaction between chrysin and DGKa
(Fig. 4A and B). Molecular docking analysis indicated that chrysin
covalently bound to Asp 435 site in the catalytic domain of DGKa
(Fig. 4C and D). Immunoprecipitation and confocal assays show
that chrysin dose-dependently suppressed the interaction between
the DGKa and FAK and the phosphorylation of FAK Tyr397 in
the indicated ESCC cells (Fig. 4E and F). We further examined
whether Asp435 site in DGKa is contributed to chrysin-mediated
disruption of DGKa/FAK complex. Immunoprecipitation and
quantitative ELISA assays show that DGKa D435E mutant
plasmid abolished chrysin-disrupted DGKa/FAK complex
(Fig. 4G) and the phosphorylation of FAK Tyr397 (Fig. 4H). MTS
assay shows that DGKa D435E mutant partially abolished the
inhibitory effect of 50 mmol/L chrysin on cell growth in the
indicated ESCC cells (Supporting Information Fig. S4). Taken
together, the Asp435 site in catalytic domain of DGKa is critical
for chrysin-mediated disruption of DGKa/FAK complex and in-
hibition of the FAK Tyr397 site phosphorylation in ESCC cells.

3.5. DGKa/FAK complex is the intracellular target mediating
the tumor inhibitory effect of chrysin

Then, we examined the inhibitory effect of chrysin on the phos-
phorylation of FAK/AKT pathway and proliferation of ESCC cells
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in the presence of DGKa shRNA. Fig. 5AeD shows that 50 mmol/L
chrysin could not further inhibit cell growth and FAK/AKT activa-
tion in DGKa-depleted ESCC cells.

To explore the mechanism by which chrysin disrupts DGKa/
FAK complex in ESCC cells, we assessed the inhibitory effect of
chrysin on downstream effectors in ESCC cells using quantitative
ELISA assays. As shown in Fig. 6AeL, DGKa shRNA or 1 mmol/L
FAK inhibitor-PF562271 effectively downregulated the expression
of proliferation-related proteins, such as C-MYC (Fig. 6A), cyclin
D1 (Fig. 6B), or survivin (Fig. 6C), stemness-related proteins,
such as SOX2 (Fig. 6D), NANOG (Fig. 6E), OCT4 (Fig. 6F), or
BMI1 (Fig. 6G), glycolysis-related molecules, including
PKM2 (Fig. 6H), HKII (Fig. 6I), LDHA (Fig. 6J), or GLUT1
(Fig. 6K), and metastasis-related protein MMP9 (Fig. 6L). However,
50 mmol/L chrysin could not further inhibit the expression of these
proteins in the presence of DGKa shRNA or PF562271
(Fig. 6AeL).
Figure 7 Chrysin suppresses the proliferation and promotes apoptosis

tumors were treated different doses of chrysin (10, 25, and 50 mg/kg/da

shown. (B)e(G) Cleaved PARP (B), cleaved caspase 3 (C), and pFAK Tyr3

pRPS6 Ser235/236/RPS6 (G) ratio in the indicated tumors was evaluated us

organs, including heart, liver, spleen, or kidney from control and different d

as indicated. *P < 0.05; **P < 0.01; ***P < 0.001. Error bars, mean �
3.6. Chrysin inhibits the malignancy of ESCC tumor in vivo

To extend our in vitro observations, we assessed whether chrysin
inhibited ESCC progression in vivo. The indicated ESCC cells
(approximately 2.5 � 106 cells for each cell line) were subcuta-
neously inoculated into the right flank of 5-week-old female nude
mice. When tumor grew to 80e100 mm3, the animals were treated
with different doses of chrysin (10, 25, and 50 mg/kg/day, p.o.).
After 26-day treatment, chrysin dose-dependently reduced the
growth of ESCC tumors (Fig. 7A) and upregulated the expression
of cleaved PARP or caspase 3 (Fig. 7B and C). Chrysin also
effectively downregulated the activation of FAK/AKT signaling
axis in ESCC tumors evaluated using quantitative ELISA assays
(Fig. 7DeG). Histological analysis of heart, liver, spleen and
kidney tissues shows no alterations between control group and
chrysin treatment groups, suggesting that chrysin did not produce
and toxic effects in normal tissues (Fig. 7H). The difference of
of ESCC tumors in vivo. (A) Animals harbored the indicated ESCC

y, p.o.). The growth curves and representative images of tumor were
97/FAK (D), pAKT Ser473/AKT (E), pPRAS40 Thr246/PRAS40 (F), or

ing quantitative ELISA assay. (H) Histopathologic analyses of major

oses of chrysin (10, 25, and 50 mg/kg/day, p.o.). Magnification, 3 mm

SD of five independent experiments.



Figure 8 Proposed model of chrysin-mediated anti-ESCC effect. Chrysin inhibited several malignant phenotypes, including proliferation,

invasion, stemness, and glycolysis, in ESCC cells. Mechanistically, chrysin disrupted the formation of DGKa/FAK signalosome via interacting

with the Asp435 site in the catalytic domain of DGKa and subsequently inhibited the phosphorylation of FAK Tyr397 site, suppressed the activation

of FAK/AKT pathway and its controlled downstream tumor-promoting effectors in ESCC cells.
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body weight between chrysin treatment groups and control group
is minimal (Supporting Information Fig. S5).
4. Discussion

Chrysin, a flavonoid compound, has been reported to possess
multiple biological effects on suppressing tumorigenesis11,12,14.
However, the potential mechanism remains poorly understand. In
this study, we have demonstrated that chrysin disrupted the as-
sembly of DGKa/FAK complex to inhibit FAK/AKT signaling,
and resultantly exerted tumor inhibitory effect on ESCC cells both
in vitro and in vivo, while had no or little toxic effect on normal
cells. Importantly, mechanistic analysis suggested that the Asp
435 site in catalytic domain of DGKa was critical for chrysin-
mediated disruption of DGKa/FAK complex. Various natural
products exert their tumoricidal activities via activating
apoptosis22,23. We found that chrysin initiated apoptotic cell death
in ESCC cells, which was supported by the results of FITC/PI
double staining and caspase 3/7 activity. The increase in apoptotic
rate was also reflected by the cleavage of PARP. Furthermore,
blockage of caspase pathway by Z-VAD-FMK markedly abolished
the tumor-inhibitory effect of chrysin.

The FAK/AKT pathway is often dysregulated in cancers and
critically contributes to tumor malignancy4,5,24,25. Therefore,
FAK/AKT axis can serve as an attractive target for intervention of
tumorigenesis26. Several studies have noted that chrysin treatment
leads to a downregulation of AKT signaling27e29. Here, we
showed that chrysin effectively inhibited the activation of FAK/
AKT signaling in ESCC cells. However, the molecular details
concerning the mechanism by which chrysin disrupted FAK/AKT
signaling remained to be further defined in the future. We recently
extended this observation by showing that DGKa and FAK were
able to form the oncogenic unit in ESCC cells to activate FAK/
AKT signaling5. In the present study, we have provided evidences
that chrysin disrupted the oncogenic DGKa/FAK complex,
resulting in inhibition of FAK/AKT signaling and tumor malig-
nant progression. Furthermore, our results clarified several previ-
ously unclear areas of signaling changes caused by chrysin. We
found that chrysin was located in the pocket of DGKa catalytic
domain (amine acid 375e506) to covalently bind with Asp 435
site in DGKa, and disrupted the interaction between DGKa and
FAK to inactivate FAK/AKT signaling. Importantly, we observed
that chrysin treatment-induced antisignaling and tumor inhibitory
effect could not be enhanced in the DGKa-depleted or FAK
inhibitor-treated ESCC cells, suggesting that DGKa/FAK com-
plex may possibly be the intracellular target mediating the tumor
inhibitory effect of chrysin. However, due to the lack of
biochemical data, we cannot fully conclude the direct binding of
chrysin to DGKa. Mutational and structural studies will be used to
evaluate the structural mechanism by which chrysin affects
DGKa’s function in our future study. Interestingly, our PTKs
antibody array results showed that chrysin inhibited some other
kinases, in addition to FAK. We suggest that chrysin could be
potentially applied to inhibit several protein kinases. Future bio-
physical, cellular assays and in vivo experiments are warranted to
search and evaluate other intracellular targets and relevant anti-
cancer activities of chrysin. Combining these believes together, we
hypothesized that some of the previously undescribed signaling
regulatory mechanisms mediated by DGKa, such as controlling
the activation of tyrosine kinases, might still be valid in some
context.

In the present study, the potential tumor-promoting effect of
DGKa/FAK axis is further evaluated by observing the changes of
DGKa-controlled downstream effectors, whose functions include
inducing glycolysis, increasing stemness activity, as well as pro-
moting tumor proliferation and metastasis. In various previous
studies, the disorder of these molecules has been associated with
tumor progression and poor patient prognosis both in preclinical
and clinical levels30e33. Importantly, chrysin can suppress the
expression of these proteins via inhibition of DGKa/FAK activity.
Therefore, our findings provide deep insights into the mechanisms
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underlying chrysin-mediated inhibition of ESCC malignancy,
further supporting that DGKa/FAK complex can act as an intra-
cellular target mediating the antitumor effect of chrysin.

In summary, the present study has illustrated DGKa/FAK
complex as a target of chrysin. Chrysin may possibly bind to the
Asp435 in the catalytic domain of DGKa to inhibit its interaction
with FAK, thus suppressing the activation of FAK/AKT signaling
axis and ESCC progression both in vitro and in vivo. This study
provides new insights for a throughout understanding of the mo-
lecular mechanisms of chrysin in anticancer effects and offers a
new direction for the development of natural products-derived
small-molecule inhibitors of FAK-related protein complex
(Fig. 8).

5. Conclusions

Chrysin exerts its anticancer effect in ESCC cells via disruption of
the assembly of DGKa/FAK complex and resultant blockage of
the FAK/AKT signaling pathways. Therefore, chrysin may be a
promising candidate for ESCC treatment.
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