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Oroxylin A inhibits the migration of hepatocellular carcinoma
cells by inducing NAG-1 expression

Tong-xin Huo', Xiao-ping Wang', Zhou Yu', Bo Kong', Yuan He', Qing-long Guo?, Xiao-bo Zhang? and Lei Qiang'?

Hepatocellular carcinoma (HCC), the most prevalent liver cancer, is considered one of the most lethal malignancies with a dismal
outcome mainly due to frequent intrahepatic and distant metastasis. In the present study, we demonstrated that oroxylin A, a
natural product extracted from Scutellaria radix, significantly inhibits transforming growth factor-betal (TGF-31)-induced
epithelial-mesenchymal transition (EMT) and metastasis in HCC. Oroxylin A blocked the TGF-B1/Smad signaling via upregulating
the non-steroidal anti-inflammatory drug-activated gene-1 (NAG-1) expression. Oroxylin A promoted NAG-1 transcription by
regulating the acetylation of CCAAT/enhancer binding protein  (C/EBP), a transcription factor that binds to the NAG-1 promoter.
In terms of the underlying mechanism, oroxylin A may interact with histone deacetylase 1 (HDACT1) by forming hydrogen bonds
with GLY149 residue and induce proteasome-mediated degradation of HDAC1 subsequently impairing HDAC1-mediated
deacetylation of C/EBP and promoting the expression of NAG-1. Taken together, our findings revealed a previously unknown

tumor-suppressive mechanism of oroxylin A. Oroxylin A should be further investigated as a potential clinical candidate for

inhibiting HCC metastasis.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the most common type of liver
cancer, mainly occurring in people with chronic liver diseases [1].
The poor prognosis often results from its high recurrence and
metastasis after clinical treatments with unclear reasons [2]. As per
one of the theories, inadequate surgical removal eventually leads
to dissemination or micro-metastasis [3]. With the development of
liver carcinogenesis, advanced stage HCCs present a vast
molecular heterogeneity resulting from the neoplastic transforma-
tion in both epithelial cell-like hepatocytes and progenitor cells.
This transformation is mediated by a well-known phenomenon,
epithelial-mesenchymal transition (EMT) [4]. Given the complexity
of EMT-involved metastasis in HCCs, therapeutics inhibiting HCC
metastasis are urgently needed.

The transforming growth factor-beta (TGF-f3) pathway mediates
a broad spectrum of cellular processes and is implicated in cancer
[5]. TGF-B was identified as a critical driver of EMT both during cell
development and cancer. Following EMT, transcriptional repro-
gramming occurs, allowing the cells to acquire the capacity to
detach and migrate from the primary tumor [6]. Interestingly,
while TGF-f acts as an anti-tumorigenesis factor in the early stages
of tumor development, it becomes a pro-tumorigenesis factor in
the advanced stages of malignancies [6, 7]. The canonical TGF-B
signaling pathway entailing TGF-B-induced activation of receptors
usually involves the phosphorylation of Smad2/3. The

phosphorylation of Smad2/3 form a complex with Smad4 and
gets translocated to the nucleus to trigger or repress the
transcription of a series of target genes (Snail family, Zeb family,
and bHLH family), resulting in repression of epithelial marker gene
expression and activation of mesenchymal gene expression [8].
NAG-1, one of the TGF- family members, translocates to the
nucleus and interferes with the TGF-B1-induced Smad signaling
pathway [9]. NAG-1 is often identified as a poor prognostic
signature in a series of cancers, and circulating NAG-1 correlates
with high rates of metastasis and recurrence [10]. The use of the
combination of alpha-feto protein (AFP) and NAG-1 increases the
sensitivity of HCC diagnosis [11]. Several reports have highlighted
the diverse roles of NAG-1 in cancers. In human hepatocellular
carcinoma cell lines, overexpression of NAG-1 has pro-apoptotic
and anti-tumorigenic properties [12, 13]. In Apc™" NAG-1
conditional knockout mice, NAG-1 mediates chemoprevention
by sulindac in heritable colon cancer [14]. The intricacies of the
roles of NAG-1 in cancer progression remain elusive and
paradoxical. In this context, the underlying switching mechanism
of TGF-B-mediated signaling acquires further investigation.
Oroxylin A (OA, 5,7-dihydroxy-6-methoxyflavone), a natural
compound extracted from Scutellaria radix, possesses multiple
anti-carcinoma properties—apoptosis induction, differentiation,
and overcoming drug resistance in various cells [15, 16]. OA
inhibits invasion and metastasis of breast cancer cells and non-
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Fig. 1 Oroxylin A inhibits TGF-B1-induced migration and invasion of HCC cells. a Wound healing assay. SMMC-7721 cells were treated with
TGF-1 (10 ng/mL) for 12 h, followed by co-incubation with TGF-p1 OA(50 pM) or DMSO for a total of 48 h. Representative images
photographed at 0 h and 48 h. Scale bar: 100 um. b Quantification of the wound healing. ¢ After SMMC-7721 cells were treated with OA
(50 pM) or DMSO in the presence or absence of TGF-f1 (10 ng/mL) for a total of 48 h and Matrigel-based transwell assay was used to evaluate
their invasive properties. Scale bar: 50 pm. d Quantification of the cell invasion rates. e SMMC-7721 cells were treated with OA (0, 6.25, 12.5, 25,
50 uM) for 48 h and CCK8 assay was conducted to evaluate the viability. f Cells were treated with different concentrations of OA for 48 h, and
flow cytometry was used to evaluated cells co-stained with Annexin V and Pl. Ann.V /P~ as healthy cells, Ann.V*/PI™ as early apoptotic cells,
Ann.V'/PI" probably as late apoptotic cells. g Quantification of apoptosis cell ratio. These data are represented as mean = SD from triplicate
experiments. *P < 0.05 and ***P < 0.001 compared with normal group or referred group. *P < 0.05, *#P < 0.001 compared with TGF-p1 group. n.

s. not significant. Differences are tested using two-way ANOVA

small-cell-lung cancer cells [17, 18]. In the present study, we
demonstrate that the antineoplastic function of OA in HCC is
related to its ability to inhibit cell metastasis in vivo and in vitro,
and centered on the ability to induce the expression of NAG-1.

MATERIALS AND METHODS

Reagents and antibodies

OA (purity >99%) and Biotin-OA (purity >99%) were kindly provided
by Professor. Zhiyu Li (China Pharmaceutical University, Nanjing,
China). OA (purity >99%) and Biotin-OA were dissolved in DMSO
(Sigma Aldrich, St. Louis, USA) to prepare a 50 mM stock solution,
which was stored at —20°C. Human recombinant TGF-#1 was
purchased from MedChemExpress (Shanghai, China) and dissolved
in sterile water. Cycloheximide (CHX) and MG132 were purchased
from MedChemExpress (Shanghai, China) and dissolved in DMSO.
Antibodies for Smad2/3 (#8685), phospho-Smad2 (Ser465/467)/
Smad3 (Ser423/425) (#8828), E-cadherin (#14472), phospho-C/EBP(3
(Thr235) (#3084), HDAC1 (#5356), acetylated-lysine (#9441), Lamin
A/C (#4777), o/B-Tubulin (#2148), and p300 (#86377) were
purchased from Cell Signaling Technology (Beverly, MA, USA).
Antibodies for NAG-1 (#sc377195), C/EBPB (#sc7962), GAPDH
(#sc32233), and f-Actin (#sc47778) were purchased from Santa
Cruz Biotechnology (Santa cruz, CA, USA). Antibodies for Vimentin
(#P08670), N-cadherin (#P199022) were purchased from Bioworld
Technology (St.Louis Park, MN, USA). Antibody for Twist1 (#A15596)
was purchased from Abclonal (Wuhan, China). Antibodies for c-Myc
Epitope Tag (#MA1980) and Alexa Fluor™ 488 phalloidin (#A12379)
were purchased from Thermo Fisher Scientific (USA). Antibody for
GFP-Tag (#M2004) was purchased from AbMART (Shanghai, China).
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Plasmid construction and mutagenesis

The SBE4 luciferase reporter gene plasmids (SBE4-Luc), pLkO.1
hygro vectors, pMD2G, psPAX2, pRL-TK, and pLenti-GFP-puro
were purchased from Addgene. pGL3-C/EBPP was purchased
from Promega. The TGF-B-inducible reporter construct (p3TP-
Lux) was a gift from Joan Massague & Jeff Wrana. pLKO shNAG-
1 plasmid was constructed according to the manufacturer’s
instructions. We amplified HDAC1 (codons 88-1536) from a
cDNA library prepared from HEK 293 T RNA. This fragment was
ligated into the pGEX-6P-1 and pLenti-GFP-vectors. Site-
directed mutagenesis was carried out using the Mut Express®Il
Fast Mutagenesis Kit V2 (Vazyme Biotec, Nanjing, China). All the
constructs were confirmed by sequencing. Detail primer
sequences are given in Supplementary Table 1.

RNA isolation and real-time polymerase chain reaction

Total RNA was isolated from the cells using RNAiso plus reagent
(Takara Biomedical Technology, Dalian, China). 1 ug of RNA was
reverse-transcribed using HiScript Il Q RT SuperMix (Vazyme
Biotech, Nanjing, China) according to the manufacturer’s instruc-
tions. Real-time PCR was carried out using ChamQ SYBR gPCR
master mix (Vazyme Biotech, Nanjing, China). The primer
sequences are given in Supplementary Table 2.

Chromatin immunoprecipitation assay

After treatment with OA or vehicle, Chromatin immunoprecipitation
(CHIP) assay was carried out using EZ-Magna CHIP™ A/G chromatin
immunoprecipitation kit (Merck & Millipore, Massachusetts, USA)
according to the manufacturer’s instructions. The detailed primer
sequences are given in Supplementary Table 2.
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Fig. 2 Oroxylin A represses TGF-B1-induced EMT in HCC cells. a SMMC-7721 cells were treated with OA (50 pM) or DMSO in the presence
of TGF-f1 (10ng/mL) for 48h and representative photographs were used to display morphology of cells. Scale bar: 20 pm.
b Immunofluorescence assay was performed to detect the structure of F-actin with phalloidin staining. Scale bar: 5 pm. ¢ SMMC-7721 cells
were treated with OA as indicated doses in the presence or absence of TGF-f1 (10 ng/mL) for 48 h, and Western blot assay was used to
evaluate expression level of E-cadherin, N-cadherin, Vimentin, and Twist1. d SMMC-7721 cells were treated with OA (50 pM) or DMSO and co-
incubated with TGF-B1 (10 ng/mL) or not, mRNA levels of E-cadherin, TWIST1, MMP2, and MMP9 were measured through RT-PCR. Fold change is
represented as the mean +SD for three independent experiments. *P < 0.05, **P <0.01, ***P <0.001. Differences are tested using one-

way ANOVA

Statistical analysis
Data were presented as mean * standard deviation (SD). Statistical
analysis was performed as described in each figure legend, and
sample sizes were shown in each corresponding figure legend. P
< 0.05 was considered statistically significant.

Detailed descriptions of all methods are provided in Supple-
mentary materials and methods.

RESULTS

Oroxylin A inhibits TGF-B1-induced migration and invasion of HCC
cells

Although the previous studies reported OA-mediated inhibition of
migration in breast cancer and lung cancer cells [17, 18], we
explored OA's anti-metastatic effect in HCC cells. Since TGF-31 is
an inducer of EMT and is vital for tumor metastasis [8], we
pretreated the cells with TGF-B1 for 12 h, followed by incubation
with OA (50 uM) for a total of 48 h. OA remarkably suppressed
TGF-B1-induced migration and invasion of HCC cells (Figs. 1a-1d,
Supplementary Figs. 1a-1d). Moreover, OA did not induce

SPRINGERNATURE

significant cytotoxicity (Fig. 1e). After 48 h treatment, OA (50 pM)
induced apoptosis in SMMC-7721 cells, but the apoptosis rate was
lower than 10% (Fig. 1f, g). These observations demonstrate that
OA significantly inhibits TGF-B1 induced migration and invasion of
HCC cells.

Oroxylin A represses TGF-B1-induced EMT in HCC cells

EMT as a pivotal step that confers carcinoma cells with invasive
and metastatic properties [19]. TGF-B1 is widely used as an EMT
inducer that induces loss of cell polarity, decreases cell adhesion,
and increases migration. Here, we investigated the role of OA in
TGF-B1-induced EMT in HCC cells, TGF-B1 induced an elongated,
fibroblast-like phenotype in HCC cells, which was attenuated by
OA treatment (Fig. 2a). Moreover, the distribution of filamentous
actin (F-actin) was visualized by phalloidin staining, the data
revealed that cytoskeletal rearrangement in the TGF-f1-treated
HCC cells was significantly blocked by OA treatment (Fig. 2b and
Supplementary Fig. 2a). We also analyzed the expression patterns
of EMT-related proteins and found that E-cadherin levels deceased
after TGF-B1 treatment, while those of N-cadherin, Vimentin, and

Acta Pharmacologica Sinica (2022) 43:724-734
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Fig. 3 Oroxylin A inhibits the TGF-B1/Smad pathway without affecting Smad2/3 phosphorylation. a SMMC-7721 cells were treated with
OA (50 pM) or DMSO and co-incubated with TGF-1 (10 ng/mL) or not, mRNA levels of PAI-1 were detected by RT-PCR. b p3TP-lux (1 pg) and (c)
SBE4-Luc (1 pg) were co-transfected with pRL-TK vectors (0.1 pg) into SMMC-7721 cells, respectively. After 24 h, cells were treated with OA (0,
12.5, 25, 50 pM) for 6 h and TGF-p1 (10 ng/mL) for another 18 h as indicated, followed by luciferase reporter assay. d, @ SMMC-7721 cells were
treated with TGF-p1 (10 ng/mL) and OA simultaneously for indicated hours or at indicated OA concentrations. The lysates were subjected to
Western blot analysis for pSmad2/3 and Smad2/3 and GAPDH was used as a loading control. f SMMC-7721 cells were treated with OA (50 pM)
or DMSO for 24 h and incubated with TGF-B1 (10 ng/mL) in serum-free medium for 1 h. Immunofluorescence was performed with Smad2/3
antibody as described in Materials and methods. Scale bar: 20 pm. Data are represented as mean + SD for three independent experiments. *P
<0.05, ***P < 0.001 compared with normal group or referred group. *P < 0.05, *#*P < 0.01, #*P < 0.001 compared with TGF-$1 group. n.s. not

significant. Differences are tested using one-way ANOVA

Twist1l increased. OA treatment repressed TGF-B1-induced
changes in expression patterns of various EMT markers (Fig. 2c,
Supplementary Fig. 2b, c). Also, MMP2, and MMP9 are responsible
for tumor invasion and metastasis. As per the qPCR results, TGF-31
decreased the mRNA levels of E-cadherin and increased the mRNA
levels of TWIST1, MMP2 and MMP9. These manifestations were
reversed by OA treatment (Fig. 2d). These findings suggest that
OA suppresses TGF-B1 induced EMT in HCC cells.

Oroxylin A inhibits the TGF-B1/Smad pathway without affecting
Smad2/3 phosphorylation

Since OA was found to suppress TGF-B1-induced EMT in HCC cells,
we investigated the role of OA in TGF-f1/Smad mediated
transcriptional responses. The expression levels of PAI-1, a target
gene of the TGF-B1 signaling pathway, were effectively reduced in
OA-treated HCC cell lines (Fig. 3a) [20]. Furthermore, we used p3TP-
Lux containing three consecutive TGF-$ response elements, and
SBE4-Luc containing four copies of the Smad binding sites, to
examine the effect of OA on the TGF- signaling pathway [21]. OA
treatment significantly inhibited TGF-f signaling activity (Fig. 3b, c).

Acta Pharmacologica Sinica (2022) 43:724-734

TGF-P triggers EMT accompanied by Smad2/3 phosphorylation and
Smad complex nuclear translocation [22]. We found that OA failed
to impact TGF-B1 induced Smad2/3 phosphorylation and Smad
complex nuclear translocation (Fig. 3d-f). Taken together, OA
inhibits the TGF-B1/Smad pathway without affecting Smad2/3
phosphorylation and Smad complex nuclear translocation.

Oroxylin A inhibits the TGF-B1/Smad pathway through
upregulating NAG-1 expression

NAG-1, a TGF-B superfamily protein, translocates to the nucleus
and contributes to the inhibition of the Smad pathway by
interrupting the Smad complex.[9] We found that OA treat-
ment significantly induces NAG-1 expression in the cytoplasm
and nucleus of HCC cells (Fig. 4a, b and Supplementary Fig. 3a).
To further explore the role of NAG-1 in OA-mediated inhibition
of the TGF-f1/Smad pathway, we established a stable NAG-1
knockdown SMMC-7721 cell line. Knock-down of NAG-1
(shNAG-T1) abolished OA mediated inhibition of TGF-31/Smad
pathway, as evidenced by the change in expression of E-
cadherin and Twist1 after TGF-B1 treatment (Fig. 4c). We

SPRINGER NATURE
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Fig. 4 Oroxylin A inhibits the TGF-B1/Smad pathway through upregulating NAG-1 expression. a SMMC-7721 cells were treated with OA (0,
12.5, 25, 50 uM) for 24 h and the protein level of NAG-1 was evaluated by Western blot and -Actin was used as a loading control. b SMMC-
7721 cells were treated with OA (0, 12.5, 25, 50 uM) for 24 h, nuclear and cytoplasmic protein were extracted, and Western blot analysis of
NAG-1. Lamin A/C and o/p-Tubulin were used as controls for nuclear and cytoplasmic fraction, respectively. ¢ The efficiency of NAG-1 stably
knock down in SMMC-7721 cells was evaluated by Western blot assay, and EMT-related protein E-cadherin and Twist1 levels were detected. d
Luciferase reporter assay of the SBE4 reporter in SMMC-7721 cells transfected with shCon and shNAG-1 were treated with OA (50 pM) or DMSO
in the presence or absence of TGF-B1 (10 ng/mL) for 24 h. e gPCR analysis of MMP2 and MMP9 levels in cells stably transfected with shCon or
shNAG-1 as indicated treatment. f shCon cells and shNAG—1 cells were treated with OA (50 pM) or DMSO in the presence or absence of TGF-f1
(10 ng/mL) for 48 h. The invasive ability was evaluated by Matrigel-based transwell invasion assay. Scale Bar: 50 pm. And quantification of
invasion rates. Data are represented as mean +SD for three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 compared with
normal group or referred group. *P < 0.05, *#P <0.01, *#P <0.001 compared with shNAG-T group. n.s. not significant. Differences are tested

using two-way ANOVA

analyzed the transcription factor activity of the Smad complex
using SBE4-Luc. We found that NAG-1 knock-down abolished
OA mediated inhibition of Smad transcription factor activity
and the mRNA levels of MMP2 and MMP9, induced by TGF-B1
treatment (Fig. 4d, e). Meanwhile, OA has a limited inhibitory
effect on TGF-B1 induced cell invasion in stable NAG-1 knock-
down SMMC-7721 cells (Fig. 4f). Further, we overexpressed
NAG-1 in SMMC-7721 cells (Supplementary Fig. 3b). The mRNA
levels of MMP9 in cells overexpressing NAG-1 were down-
regulated, and the mRNA levels of E-cadherin were upregulated
(Supplementary Fig. 3c). Furthermore, ectopic expression of
NAG-1 weakened cell motility and decreased the response of
cells to TGF-B1 (Supplementary Fig. 3d). But, OA showed
modest anti-metastasis efficacy in the NAG-1 overexpression
group after TGF-B1 treatment. The underlying reason may be
that the ectopic exorbitant expression of NAG-1 attenuated the
anti-metastasis capacity of OA at the treatment dose. These
results suggested that the induction of NAG-1 expression
mediates OA-induced inhibition of metastasis in HCC.

SPRINGERNATURE

Oroxylin A activates NAG-1 transcription through the C/EBP(
binding motif

To further explore the underlying mechanism of OA-mediated
NAG-1 upregulation, we evaluated the mRNA levels of NAG-1 in
SMMC-7721 cells after OA treatment. OA upregulated NAG-7T mRNA
expression in a time- and dose-dependent manner (Fig. 5a, b).
We further investigated the role of OA in the transcriptional
regulation of NAG-1 using a shorter upstream region (—133 to +41
relative to TSS) and a longer region (—1086 to +41 relative to TSS)
ahead of the reporter gene. Similar results were obtained from the
shorter and longer promoters of NAG-1. We found that the
potential transcription factor binding motif involved in this process
was located most proximally to the TSS (—133 to +41) (Fig. 5¢).
Several potential motifs, including C/EBPB, Sp1, XF1, and RARaq, are
located in the region (—133 to +41). Some of these motifs play
essential roles in NAG-1 transcription (Supplementary Fig. 4a).
Moreover, OA promotes NAG-1 transcription in wild-type (WT)
promoter or promoters with mutations in Sp1, XF1, and RARa
binding sites, except for promoters with C/EBPB binding

Acta Pharmacologica Sinica (2022) 43:724-734
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Differences are tested using one-way ANOVA

site mutation in SMMC-7721 cells, suggesting that C/EBP3 motif
may be involved in OA mediated NAG-1 transcription (Fig. 5d).
Finally, OA promoted the activity of the C/EBP{ transcription factor
(Fig. 5e). Together, these data suggest that OA may activate NAG-1
transcription by regulating the C/EBP( transcription factor activity.

Oroxylin A promotes acetylation of C/EBP(
Since C/EBPB plays an essential role in OA-mediated NAG-1
transcription, we investigated the role of OA in regulating the C/
EBP( expression and phosphorylation. Firstly, OA was not found to
affect C/EBPB expression and phosphorylation (Fig. 6a). Secondly,
OA did not affect the nuclear translocation of C/EBP( (Fig. 6b).
However, the CHIP assay showed that OA treatment increased the
binding of C/EBPB to NAG-1 promoter, indicating that OA
treatment might affect the posttranslational modification of C/
EBP( besides phosphorylation, which is vital for the DNA binding
affinity of C/EBP (Fig. 6¢). The acetylation of C/EBP facilitates its
binding to the DNA, thereby stimulating C/EBP(-dependent
transcription [23]. Here, we showed that treatment with OA
significantly improves the acetylation level of C/EBP (Fig. 6d).
The dynamic regulation of the acetylation state of C/EBP relies
on acetyltransferase and deacetylase. Nuclear coactivator p300
with intrinsic acetyltransferase activity modify multiple lysine sites
of C/EBP, these modifications are essential for the function of C/
EBPB transcriptional factor [24]. However, treatment of SMMC-
7721 cells with OA does not affect exogenous and endogenous
levels of p300 protein (Fig. 6e). In SMMC-7721 cells, OA
significantly decreased the levels of HDAC1 protein, a modulator
of C/EBP acetylation (Fig. 6f). These observations suggest that OA
can facilitate C/EBPP acetylation by inhibiting the HDACI
expression. Next, we found no significant changes in the HDAC1
MRNA levels after OA treatment, suggesting that OA regulated
HDAC1 expression at posttranslational level (Fig. 6g). To directly
investigate whether OA affects HDAC1 protein stability, we
blocked the de novo synthesis of HDAC1 protein using
cycloheximide (CHX) and examined HDAC1 degradation. OA
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reduced the HDACT protein stability by decreasing the half-life
of HDAC1 (Fig. 6h). Moreover, OA-induced reduction of HDAC1
was attenuated after treatment with a proteasome inhibitor,
MG132 (Fig. 6i). Overall, these findings suggest that OA facilitates
proteasome-mediated degradation of HDAC1 and promotes C/
EBP{ acetylation.

Gly149 is essential for the binding of HDAC1 with oroxylin A

To further explore the mechanism underlying the attenuation of
HDAC1 protein expression by OA, we investigated the binding
between OA and the crystal structure of HDAC1 [PDB ID:5ICN]
using molecular docking techniques. We found several critical
directional interactions between the OA scaffold and the HDAC1, a
hydrogen bond between the oxygen atom of the carbonyl group
and Gly149, a second hydrogen bond between 5-hydroxyl and
Asn95. The 2-aryl ring of OA is sandwiched between the
hydrophobic residues (mainly Phe150 and Phe205) in a lipophilic
region. The Pi-anion interaction between the OA scaffold and the
carboxyl of Asp99 further anchors the ligand (OA) in the pocket
(Fig. 7a). The proximity of Asp99, Gly149, Phe205, and Phe150 to
the HDAC1 active site increases the activity of HDAC1 [25]. To
analyze the critical amino acids of HDAC1 involved in interactions
with OA, we induced an alanine mutation and extracted the GST-
fusion protein (Fig. 7b). We also conducted pull-down assays with
biotin-OA and observed that Gly149 was required to bind with OA
(Fig. 7c). Further, we performed MST assay to evaluate the
dissociation kinetics of OA. OA showed a 4-fold lower binding
affinity to HDAC1-G149A (Ky = 208.56 uM) than wild-type HDAC1
(Kg =489 uM) (Fig. 7d). We compared the stability of wild-type
HDAC1 and HDAC1-G149A mutant proteins following OA treat-
ment. Treatment of transfected SMMC-7721 cells with OA reduced
the GFP-HDAC1-WT protein levels in a dose-dependent manner;
treatment with 100 uM OA reduced the GFP-HDAC1-G149A
mutant protein levels (Fig. 7e). Further, SMMC-7721 cells
transfected with HDAC1-WT/HDAC1-G149A in the presence of
CHX (100 pg/mL) to block the newly protein synthesis and
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level of C/EBPp and pC/EBPp were analyzed by Western blot. b Immunofluorescence staining of C/EBPf in SMMC-7721 cells treated with OA
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and GAPDH as a loading control. g SMMC-7721 cells were treated with OA (0, 12.5, 25, 50, 100 pM) for 24 h, mRNA levels of HDACT were
measured through gPCR. Fold change is represented as the mean + SD for three independent experiments, n.s. not significant. Differences are
tested using Student’s t-test. h Western blot analysis of HDAC1 in SMMC-7721 cells treated with OA (50 pM) or DMSO and then with CHX
(100 mg/mL) for a total 24 h. Quantification of band intensity is on the right. i Western blot analysis of HDAC1 in SMMC-7721 cells treated with
OA (50 pM) or DMSO for 24 h. MG132 (10 pM) was added 4 h before harvesting

examine the degradation of HDAC1-WT/HDAC1-G149A protein
levels after OA treatment. HDAC1-WT protein degraded more
rapidly than HDAC1-G149A after OA treatment, suggesting that
Gly149 mutation weakened the interactions between HDAC1 and
OA; Gly149 played a role in OA-mediated HDAC1 degradation
(Fig. 7f).

Oroxylin A reduces pulmonary metastasis of SMMC-7721 cells

in vivo

We established a lung metastasis model using 5-week-old female
BALB/c nude mice to investigate the anti-metastasis ability of OA
and NAG-1's role in vivo. OA treatment reduced lung mass
colonization in the control group, whereas OA does not affect
shNAG-1 cell implanted mice (Fig. 8a—c). Administration of OA
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rescued the loss of body weight in the control group but failed to
do so in shNAG-1 group, suggesting that knock-down of NAG-1
aggravates the progression of HCC metastasis (Fig. 8d). Survival
curves demonstrated that mice bearing shNAG-1 cells and the
control cells began to die on the 51st and 64th day, respectively.
While mice in control group received OA administration began to
die on the 77th day, they had a prolonged survival time compared
to the other groups (Fig. 8e). Bodyweight analysis and survival
curves validated that OA treatment efficiently reduces HCC
metastasis in the control group mice but failed in mice with
implanted shNAG-1 cells. The expression levels of E-cadherin,
Vimentin, and Twist1 in lung tissues were evaluated using
immunohistochemistry. In the control group, treatment with OA
promoted E-cadherin expression and reduced the expression of
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Fig.7 Gly149 is essential for the binding of HDAC1 with oroxylin A. a Chemical structure of OA. Molecular docking analysis of the potential
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independent experiments and expressed as mean + SD. e Comparison of exogenous HDAC1-WT and HDAC1-G149A expressions in SMMC-
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Vimentin and Twist1. As compared with the control group, the
shNAG-1 group had a lower expression of E-cadherin and
significantly higher expression of Vimentin and Twist1. Also, the
administration of OA did not affect the expression levels of EMT-
related proteins in the shNAG-1 group (Fig. 8f). These results
suggested that knocking down NAG-1 enhances the mobility of
HCC cells and that NAG-1 plays an indispensable role in OA's
inhibition of HCC metastasis. Using H&E staining, we observed no
significant pathological changes of the liver among the mice of
different groups (Fig. 89).

The in vitro results showed that OA regulates the expression of
NAG-1 by directly interacting with HDAC1. To validate these
results in vivo, we constructed HDAC1 overexpression plasmids
and stably transfected SMMC-7721 cells by lentivirus. The
efficiency of HDAC1 overexpression in SMMC-7721 cells was then
evaluated using Western blot (Supplementary Fig. 5a). We
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observed increased lung mass colonization in mice bearing
pLenti-HDAC1 cells compared with pLenti-Con group mice, while
treatment with OA had a limited effect on the pLenti-HDAC1
group mice (Supplementary Fig. 5b, c). So, the overexpression of
HDAC1 promoted the metastasis of SMMC-7721 cells and blocked
OA-induced anti-metastasis in vivo. These observations suggest
that a reduction in HDAC1 expression mediates the anti-
metastasis effect of OA.

DISCUSSION

HCC is one of the most lethal tumors in the world. At advanced
stages, HCC carries a high risk of metastasis and results in shorter
overall survival. OA, a flavonoid derivative with potent bioactivity,
has exhibited significant potency in pre-clinical studies [15]. In this
study, we report that OA inhibits HCC metastasis in vitro and
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in vivo and that the expression of NAG-1 plays a crucial role in the
process. Further, OA elevated the acetylation level of C/EBPP by
interacting with HDACT, thereby promoting the expression of
NAG-1 (Fig. 7g).

EMT is a developmental phenomenon that enables the
carcinoma cells to acquire attributes of invasion and metastasis
[26-29]. TGF-B1 acts as a promoter at advanced stages of tumor
progression, paving the way for the initiation of EMT. Sources of
TGF-B1 in tumors vary and include the cancer cells themselves as
well as tumor stroma [8]. In our study, OA inhibited the metastasis
of HCC cells in the presence or absence of exogenous TGF-f1.
Although exogenous TGF-B1 was absent, we hypothesized that a
certain amount of TGF-B1 derived from the serum of culture
medium and autocrine of HCC cells must have been present in our
culture system. Phosphorylation of Smad is known to propagate
TGF-B signal in cells. We found that OA treatment did not affect
TGF-B1-induced phosphorylation of Smad2/3 and its nuclear
translocation, but the binding of Smad complex to DNA was
reduced. NAG-1 inhibits TGF-f1 signaling by interrupting the DNA
binding activity of the Smad complex [9]. We observed that OA
induced NAG-1 expression in the cytoplasm and nucleus in a
dose-dependent manner. The downregulation of NAG-1 increased
the DNA binding activity of the Smad complex. Therefore, we
hypothesize that NAG-1 will act as a key point in HCC therapy. In
this study, NAG-1 induction was found to be implicated in anti-
HCC metastasis. Downregulation of NAG-1 promoted the meta-
static ability and EMT of HCC cells. At the same time, over-
expression of NAG-1 showed the opposite results. We further
demonstrate that silencing of NAG-1 abolishes OA-induced
repression of metastasis in vivo, suggesting that NAG-1 plays an
indispensable role in HCC development.

Multiple mechanisms regulate the basal transcription of NAG-
1. Various transcription factors involved in the regulation, such
as p53, C/EBPB, EGR1, and Sp1, have been identified [30]. This
study found that C/EBP( was critical to OA-enhanced transcrip-
tion of NAG-1 in HCC cell lines. These observations suggest that
NAG-1 might be a target gene of C/EBPB. C/EBP@ play a crucial
role in controlling the cell cycle, and promoting metastasis in
multiple carcinomas [23]. For instance, C/EBP is vital for liver
physiology, liver disease, and liver development [31]. Hui et al.
found that OA increases the protein expression of C/EBP in
leukemia cells [32]. However, in HCC cells, we found that OA did
not affect expression, phosphorylation, and nuclear transloca-
tion of C/EBPP but increases its transcriptional activity. Further,
OA promoted the binding of C/EBPB to NAG-1's promoter.
Based on these observations, we concluded that OA regulates
C/EBPB at the posttranslational level in HCC cells.

Protein acetylation contributes to some critical protein
interaction with DNA and/or other proteins [33]. A disrupted
equilibrium with the dominance of the deacetylases leads to
the transcriptional repression of genes [34, 35]. Silencing of
promoters of various tumor suppressor genes such as p53, C/
EBPa, and GSK3p increases the C/EBPB-HDACT complex levels
and contributes to the development of HCC [36]. Here, we
showed that OA-induced downregulation of HDAC1 in HCC cells
increases the acetylation level of C/EBPJ, promoting its
transcription activity.

Previous studies show that histone modification plays a
critical role in NAG-1 expression in glioblastoma cell lines.
Trichostatin A (TSA), a histone deacetylase inhibitor, increases
NAG-1 promoter activity and mRNA stability [37]. In our study,
OA downregulated the HDACT expression. Using molecular
docking approaches, we identified several potential active sites
for studying the binding between OA and HDACI. OA
demonstrated a moderate affinity with HDAC1 as compared
with commercial HDAC inhibitors. Classical HDAC inhibitors
such as TSA and suberoylanilide hydroxamic acid (SAHA) inhibit
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the HDAC activity by interacting with the catalytic sites of
HDACs, thereby blocking the substrate access [38, 39]. OA is a
natural compound isolated from natural flavonoids with a
broad spectrum of pharmacological functions and low toxicity.
We found that the proteasome degradation pathway is involved
in the OA-reduced downregulation of HDAC1. Using MST and
biotin-pulldown assays, we found that Gly149 residue of HDAC1
is essential for its binding with OA. Compared with HDAC1-WT
protein, HDAC1-G149A protein is more resistant to degradation
by OA because of its weaker interactions with OA. Taken
together, we conclude that the Gly149 site is critical for the
stability of HDAC1 during its interaction with OA.

CONCLUSION

In conclusion, OA exhibited a notable anti-metastasis effect in HCC
cells in vitro and in vivo. This anti-metastasis effect is due to an OA-
induced increase in NAG-1 expression levels. Our study revealed a
previously unknown mechanism underlying the tumor-suppressive
effect of OA and provided a foundation for further investigation of
potential therapeutic strategies to target NAG-1 in HCC.
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