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Abstract

Hepatocellular carcinoma (HCC) is a leading cause of cancer-related mortality globally. Many herbal medicines and their
bioactive compounds have shown anti-tumor properties. This study was conducted to examine the effect of psilostachyin
C (PSC), a sesquiterpenoid lactone isolated from Artemisia vulgaris L., in the malignant properties of HCC cells. CCK-8,
flow cytometry, wound healing, and Transwell assays revealed that 25 uM PSC treatment significantly suppressed prolif-
eration, cell cycle progression, migration, and invasion of two HCC cell lines (Hep 3B and Huh7) while promoting cell
apoptosis. Bioinformatics prediction suggests CREB binding protein (CREBBP) as a promising target of PSC. CREBBP
activated transcription of GATA zinc finger domain containing 2B (GATAD2B) by binding to its promoter. CREBBP
and GATAD2B were highly expressed in clinical HCC tissues and the acquired HCC cell lines, but their expression was
reduced by PSC. Either upregulation of CREBBP or GATAD2B restored the malignant properties of HCC cells blocked
by PSC. Collectively, this evidence demonstrates that PSC pocessess anti-tumor functions in HCC cells by blocking
CREBBP-mediated transcription of GATAD2B.
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Introduction

In 2020, liver cancer ranked as the sixth most frequently
diagnosed cancer globally and stood as the third primary
contributor to cancer-related fatalities, recording around
906,000 newly diagnosed cases and 830,000 deaths
(Sung et al. 2021). Hepatocellular carcinoma (HCC)
stands out as the predominant subtype, encompassing
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X Jie Ma there have been significant strides in treatment options

30805189@qg.com like liver transplantation, surgical resection, percutane-

ous ablation, radiation, transarterial, and systemic thera-
pies, as evidenced by studies (Forner et al. 2018; Vogel
et al. 2022), the overall 5-year survival rate for HCC still
lingers at a discouraging level (Grandhi et al. 2016; Vil-
lanueva 2019). The demand for effective treatments for
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HCC has persistently remained unmet.

Initiatives in HCC management increasingly explore
traditional herbal medicines and their bioactive com-
ponents as therapeutic options. This is due to their
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multi-level, multi-target, and coordinated intervention
effects (Chen et al. 2016; Luk et al. 2007). Artemisia
vulgaris L. (common mugwort) holds significant histori-
cal importance in medicine, earning it the title “mother
of herbs” during the Middle Ages (Ekiert et al. 2020).
Accumulating evidence indicates its diverse properties,
including antioxidant, anti-inflammatory, antinocicep-
tive, anti-hypertensive, hepato-protective, antifungal,
and antimicrobial characteristics (Blagojevic et al. 2006;
Jiang et al. 2019a; Obistioiu et al. 2014; Pires et al. 2009;
Temraz and El-Tantawy 2008; Tigno et al. 2000). This
species is notably characterized by the presence of ses-
quiterpenoid lactones (STLs), such as psilostachyin,
psilostachyin C (PSC), and vulgarin, as indicated in the
literature (Ekiert et al. 2020). STLs, a feature not exclu-
sive to the Asteraceae family, are known for their diverse
biological activities, with anti-tumor, anti-inflamma-
tory, and anti-parasitic effects particularly prominent
in reported studies (Laurella et al. 2022). Remarkably,
among numerous STLs assessed for their impact on a
murine lymphoma cell line BW5147, PSC stood out as
the most bioactive and least toxic compound (Martino
et al. 2015). Moreover, it demonstrated the induction
of reactive oxygen species and led to cell cycle arrest
at the S phase (Martino et al. 2015). Beyond this, PSC
displayed cytotoxic effects on a human colonic adeno-
carcinoma cell line Colo 205 (Kovacs et al. 2022). These
findings collectively highlight PSC’s potential as a prom-
ising anti-tumor agent.

In this investigation, bioinformatics predictions pin-
point CREB binding protein (CREBBP, also known as
CBP) as a promising target for PSC, while GATA zinc
finger domain containing 2B (GATAD2B) emerges as
a potential transcription target of CREBBP. CREBBP
and its closely related paralog p300 function as widely
expressed transcriptional coactivators and major lysine
acetyltransferases in metazoans (Attar and Kurdistani
2017). Transcription factors (TFs) such as CREB and
AP-1 bind to specific DNA sites, recruiting coactivator
and histone acetyltransferase proteins (CREBBP and
p300). This catalyzes histone acetylation, establishing
an open chromatin architecture that facilitates gene tran-
scription (Bowlt Blacklock et al. 2018; Thiel and Rossler
2022). Additionally, CREBBP/p300 serves as a bridge
to the basal transcriptional apparatus, supporting tran-
scriptional activation (Thiel and Rossler 2022). As for
GATAD2B, it has been implicated in critical roles related
to tumorigenesis and metastasis in KRAS-driven lung
cancer (Grzeskowiak et al. 2018), but its precise func-
tions in HCC remain unclear. This study was conducted
to investigate whether PSC demonstrates anti-tumor
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properties in HCC and if these processes involve the reg-
ulation of the CREBBP/GATAD2B axis.

Materials and methods
Bioinformatics analyses

To explore the downstream targets of PSC, the chemi-
cal structure of PSC (PubChem SID: 447274617) was
retrieved from the NCBI’s PubChem Substance database
(https://www.ncbi.nlm.nih.gov/pcsubstance/?term=).
Next, the structure was input into SwissTargetPrediction
(http://swisstargetprediction.ch/) for target prediction.
Human transcription factors and transcription co-factors
were sourced from the Human TFDB database (http://
bioinfo.life.hust.edu.cn/HumanTFDB#!/), and their inter-
section with the downstream targets of PSC was deter-
mined using Jvenn system (https://jvenn.toulouse.inrae.
fr/app/example.html). Following this, the expression of
the intersecting genes in HCC was forecasted using the
cancer analysis database UALCAN (https://ualcan.path.
uab.edu/index.html) for screening.

The downstream targets of the TF CREBBP were
acquired from the hTFtarget system (http://bioinfo.life.
hust.edu.cn/hTFtarget/#!/). The Jvenn system was applied
again to cross-reference the candidate downstream tar-
gets and genes positively correlated with CREBBP (Pear-
son correlation coefficient > 0.5) in UALCAN.

Clinical samples

Twelve pairs of tumor tissues and the adjacent non-
involved normal tissues were collected from HCC
patients diagnosed and underwent surgery at Honghui
Hospital, Xi’an Jiaotong University from June 2018 to
December 2022. All patients had not undergone any anti-
cancer treatments before surgery. The collection and use
of human samples were approved by the Ethics Commit-
tee of Honghui Hospital, Xi’an Jiaotong University. All
procedures were adhered to the guidelines of the Decla-
ration of Helsinki. All patients signed an informed con-
sent form.

Cell culture

Human HCC cell lines Hep 3B (CL-0102) and Huh7
(CL-0120) were acquired from Procell Life Science &
Technology Co., Ltd. (Wuhan, Hubei, China). A normal
liver epithelial cell line THLE-2 (CRL-270) was acquired
from American Type Culture Collection (Manassas, VA,
USA). Hep 3B cells were cultured in minimum essential
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medium (containing NEAA) supplemented with 10%
fetal bovine saline (FBS) and 1% penicillin/streptomycin
(P/S) (PM150410, Procell). Huh7 cells were cultured in
RPMI-1640 (iCell-0002, Cellverse Bioscience Technol-
ogy Co., Ltd., Shanghai, China) containing 10% FBS
and 1% P/S. THLE-2 cells were cultured in BEGM (CC-
3170, Lonza/Clonetics Corporation, Bend, OR, USA).
All cells were cultured in a 37°C incubator containing
5% CO, with 70-80% humidity.

3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) assay

Following the manufacturer’s instructions, the toxicity of
PSC on HCC cells and THLE-2 was analyzed using the
MTT cytotoxicity assay kit (C0009M, Beyotime Biotech-
nology Co., Ltd, Shanghai, China). In brief, cells were
added to 96-well plates at approximately 5000 cells per
well. Subsequently, PSC was added in increasing concen-
trations of 0, 10, 25, 50, 100, and 200 uM. After 24 h, 10
pL 5 mg/mL MTT solution was added to each well, and
the plate was further incubated in a cell culture incuba-
tor for 4 h. Afterward, 100 pL formazan solubilization
solution was added to each well, and the plate was again
incubated at 37°C for 4 h in the cell culture incubator.
Finally, the absorbance at 570 nm wavelength was mea-
sured using a microplate reader.

Cell transfection

Lentiviral vectors containing short hairpin RNA tar-
geting CREBBP (CREBBP-KD), overexpression plas-
mids of CREBBP and GATAD2B (CREBBP-OE and
GATAD2B-OE), or the negative control (NC) plasmids
(KD-NC, OE-NC) were acquired from OriGene (https://
www.origene.com/) and used to affect the HCC cells.
Stably infected (transfected) cells were screened using
puromycin. PSC (>=98%, 6466-67-7, Holzel Diagnos-
tika Handels GmbH, Hilden, Germany) was used to treat
cells at a dose of 25 uM for 24 h (Kovacs et al. 2022). An
equal volume of dimethyl sulphoxide (DMSO) solution
was used as controls.

Reverse transcription quantitative polymerase
chain reaction (RT-qPCR)

A TRIzol kit (B511321, Sangon Biotech Co., Ltd., Shang-
hai, China) was used to extract total RNA from cells,
and the RNA was reverse-transcribed into cDNA using
the Reliance Select cDNA Synthesis Kit (12012802,
Bio-Rad Laboratories, Hercules, CA, USA). The cDNA
was used for qPCR analysis using the PTC Tempo 96

Thermal Cycler (12015382, Bio-Rad). Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as the
internal control for mRNA quantification using the 2744t
method. The primers used were as follows: CREBBP:
forward: 5'-AGTAACGGCACAGCCTCTCAGT-3',
reverse: 5'-CCTGTCGATACAGTGCTTCTAGG-3";
GATAD2B: forward: 5-GGAGACAACAGGACTGCT
GGAA-3', reverse: 5'-GATGTCTGGTGAGGGAGTTA
GC-3"; GAPDH: forward: 5'-GTCTCCTCTGACTTCAA
CAGCG-3', reverse: 5'-ACCACCCTGTTGCTGTAGCC
AA-3.

Western blot (WB) analysis

Total protein from cells was extracted using the RIPA
lysis buffer (89901, Thermo Fisher Scientific, Rock-
ford, IL, USA), and the protein concentration was deter-
mined using the Quick Start™ Bradford Protein Assay
Kit (5000201, Bio-Rad). The protein was denaturized by
heating, separated by 10% gel electrophoresis, and trans-
ferred onto polyvinylidene fluoride membranes. There-
after, the membranes were incubated with the antibodies
against CREBBP (1:1,000, ab253202, Abcam Inc., Cam-
bridge, MA, USA) and GATAD2B (1:1000, ab308631,
Abcam) at 4°C overnight. After that, the membranes were
incubated with horseradish peroxidase (HRP)-conjugated
goat anti-rabbit IgG (1:20,000, ab205718, Abcam). The
protein signals were determined using enhanced chemi-
luminescence kit (abs920, Absin Biotechnologies Co.,
Ltd., Shanghai, China). Protein levels relative to GAPDH
(1:10,000, ab181602, Abcam) were analyzed using Image
J.

Immunohistochemistry (IHC)

The clinical tissue samples were fixed in 10% formalin,
embedded in paraffin, and then made into 4-mm sections.
The sections were then dewaxed, rehydrated, blocked with
normal goat serum and 3% H,0, solution, and reacted
with the antibodies against CREBBP (1:2000, ab253202,
Abcam) and GATAD2B (1:100, ab308631, Abcam)
at 4°C overnight, followed by incubation with HRP-
conjugated goat anti-rabbit IgG (1:20,000, ab205718,
Abcam). Subsequently, the staining was developed using
3,3’-diaminobenzidine, and nuclei were counter-stained
using hematoxylin. The staining was observed under the
fluorescence microscope.

Cell proliferation detection

Proliferation of cells was determined following the
instructions of the cell counting kit-8 (CCK-8) kit
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(CK04-100T, Shanghai Yanjin Biological Co., Ltd.,
Shanghai, China). In short, 100 pL of cell suspension was
added into 96-well plates for 24 h of pre-incubation at
37°C with 5% CO,. Subsequently, each well was added
with 25 uM PSC or DMSO, followed by further incuba-
tion for 0, 24, 48, 72, and 96 h, respectively. Following
this, each well was added with 10 pL of CCK-8 solution
for 2 h. The optical density (OD) at 450 nm was deter-
mined. The OD value at 0 h was used for normalization.

Cell cycle analysis

Cell cycle distribution in cells was determined follow-
ing the instructions of the Cell Cycle Assay Kit Plus
(C6078S, Ueland Biotechnologies Co., Ltd., Suzhou,
Shanghai, China). In brief, 24 h after 25 pM PSC treat-
ment, approximately 1x 10° HCC cells were centrifuged
at 1,000 g for 3 min. After the removal of supernatant,
the cells were resuspended in 1 mL pre-cooled staining
buffer. Each tube of cell samples was added with 4 pL
RedNucleus I staining solution and incubated at room
temperature (20 ~25°C) in the dark for 20 min. Subse-
quently, the samples were subjected to flow cytometric
analysis at an excitation wavelength of 638 nm to analyze
cellular DNA concentrations.

Cell apoptosis detection

Apoptosis of cells was examined using a fluorescein
isothiocyanate (FITC)/propidium iodide (PI) kit (A211,
Vazyme Biotech Co., Ltd., Nanjing, Jiangsu, China).
Briefly, stably transfected HCC cells, 24 h after 25
pM PSC treatment, were seeded into six-well plates at
2% 10° cells per well. The cells were lysed in trypsin,
resuspended to 1x 10° cells/mL, and stained with 5 pL
Annexin V-FITC and 5 pL PI at room temperature in the
dark for 10 min. Apoptosis of cells was analyzed by a
flow cytometer.

Wound healing assay

To analyze the migration of cells, the treated HCC cells
were seeded into six-well plates. When a 90% cell con-
fluence was reached, a sterile pipette tip was used to
generate scratches (wounds) on the cell monolayer. After
recording the width of the wounds, the wells were added
with 25 uM PSC or DMSO. After 36 h, the wound width
was recorded again. The wound healing rate within 36 h
was then calculated using Image J software.
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Transwell assay

Transwell chambers pre-coated with 40 pL Matrigel
(356230, Solarbio Science & Technology Co., Ltd., Bei-
jing, China) were used to examine the invasion ability
of cells. Briefly, the chambers were inserted into 24-well
basolateral chambers. HCC cells were resuspended in
serum-free medium containing 25 uM PSC or DMSO and
seeded into the apical chambers, while the basolateral
chambers were added with complete medium containing
10% FBS. After 36 h, cells invaded the basolateral cham-
bers were fixed with 4% paraformaldehyde, stained with
0.1% crystal violet, and observed under the microscope.

Chromatin immunoprecipitation (ChIP)

Crosslinking reactions were performed by adding 37%
formaldehyde to the HCC cells, and the reaction was ter-
minated with glycine. After washing with PBS, the cells
were lysed in Pierce IP Lysis Buffer (87787, Thermo
Fisher Scientific) containing a protease inhibitor mixture
(P1006, Beyotime), followed by the addition of Protein
A agarose beads (70804-100, BEAVER Biotechnologies
Co., Ltd., Suzhou, Jiangsu, China) overnight at 4 °C. The
beads were then incubated with anti-CREBBP (1:100,
ab253202, Abcam) and an isotype control anti-rabbit [gG
(1:30,ab313801, Abcam) at 4 °C for 12 h. The beads were
collected, washed with elution buffer (H5413, Merck
KGaA, Darmstadt, Germany), and DNA was extracted
using a genomic DNA purification kit (K0512, Thermo
Fisher Scientific). Subsequently, PCR amplification was
performed using specific primers for the GATAD2B
promoter.

Dual luciferase reporter assay

The GATAD2B promoter sequence was obtained from
UCSC (Genome Browserhttps://genome.ucsc.edu/).
According to the instructions of the Dual Luciferase
Reporter Assay Kit (DL101-01, Vazyme), the sequence
was inserted into the firefly luciferase plasmid, which
was then transfected into HCC cells. After 48 h of incu-
bation, the cells were lysed using cell lysis buffer, and the
cell lysate was centrifuged at 12,000x g for 2 min. Lucif-
erase substrate (100 uL at room temperature) was added
to the assay plate, and 20 pL of cell lysate was added to
each well for the detection of luciferase reporter activity.

Statistical analysis

Statistical analyses were conducted using Prism 8.0.2
software (GraphPad, La Jolla, CA, USA). Quantitative
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data are presented as mean =+ standard deviation. Stu-
dent’s t-tests were used for comparisons between two
groups, while one-way or two-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test was used
for comparisons among multiple groups. Half maximal
inhibitory concentration (IC50) of PSC in cells was cal-
culated using the nonlinear fitting analysis. Correlation
between CREBBP expression and GATAD2B was ana-
lyzed using nonlinear regression and correlation analy-
ses. *p <0.05 indicates statistical significance.

Results

PSC treatment represses malignant phenotype of
HCC cells

First, MTT assay was performed to examine the toxic-
ity of PSC on HCC cells and THLE-2 cells. Notably, the
PSC treatment exhibited a dose-dependent cytotoxicity
to HCC cell lines. Its IC50 in Hep 3B cells was 51.93 uM
and that in Huh7 cells was 48.20 uM. However, THLE2
cells showed a stronger tolerance, with an estimated PSC
IC50 of 201.6 uM (Fig. 1 A). To minimize potential toxic
effects while still observing drug efficacy, doses below
the IC50 value have been deemed reasonable (Hailan et
al. 2022; Sun et al. 2020). Therefore, we applied a dose of
approximately half of the IC50 in HCC cells (25 pM) for
subsequent experiments. This dose would significantly
affect HCC cells while having little psytotoxicity to nor-
mal cells.

Compared to DMSO, the PSC treatment significantly
suppressed proliferation of Hep 3B and Huh7 cells
according to the CCK-8 assay (Fig. 1B). Flow cytomet-
ric analysis showed that the PSC treatment decreased the
proportion of cells at GO/G1 phases while increasing cell
populations at S and G2/M phases (Fig. 1C). Meanwhile,
apoptosis of Hep 3B and Huh7 cells was substantially
increased by the PSC treatment (Fig. 1D). Wound healing
and Transwell assays revealed a decrease in cell migra-
tion and invasion abilities caused by PSC (Fig. 1E-F).
This evidence supports that PSC has anti-tumor proper-
ties on HCC in vitro. Exact p-values and the mean and
SD values are presented in Supplemental Materials.

PSC reduces CREBBP protein level

To analyze the downstream molecular mechanisms of PSC
in HCC, we obtained the chemical structure of PSC (Pub-
Chem SID: 447274617) from PubChem Substance sys-
tem (https://www.ncbi.nlm.nih.gov/pcsubstance/?term=)
(Fig. 2A) and predicted its possible downstream targets

from SwissTargetPrediction. Subsequently, we down-
loaded human TFs and co-factors from Human TFDB
system. The predicted TFs were cross screened with the
PSC’s targets using Jvenn system, resulting in 12 inter-
secting TFs (Fig. 2B). Among the differentially expressed
TFs, HMOX1, LRRK2, SRC, CREBBP, PIN1, NR1H3,
NR1H2, and JAK2 were suggested to show significant
aberrant expression in liver HCC (LIHC) according to
data in the UALCAN system. LRRK2 and CREBBP
were the only two TFs whose exact roles in HCC remain
unclear (previous research concerning the roles of other
TFs in HCC is discussed in the later text). Both LRRK2
(Jiang et al. 2019b; Wang et al. 2023) and CREBBP (Hu
et al. 2021) have been demonstrated to play oncogenic
functions in several other cancer types. However, LRRK2
presented a low expression pattern whercas CREBBP
presented a high expression pattern in LIHC according to
the UALCAN data (Fig. 2C). Finally, we chose CREBBP
as the subject for further research.

Indeed, RT-qPCR and IHC assays revealed an increase
in the mRNA and protein expression of CREBBP in the
clinical HCC samples compared to the adjacent tissues
(Fig. 2D-E). Similarly, RT-qPCR and WB assays revealed
that the Hep 3B and Huh7 cells exhibited increased
mRNA and protein levels of CREBBP compared to the
non-cancer THLE-2 cells (Fig. 2F-G). Notably, upon PSC
(25 uM) treatment, the mRNA expression of CREBBP,
both in HCC cells and non-cancer THLE-2 cells, was not
significantly changed (Fig. 2H). Nevertheless, the protein
level of CREBBP was substantially decreased in these
cell lines (Fig. 2I). Exact p-values and the mean and SD
values are presented in Supplemental Materials.

Overexpression of CREBBP reverses the biological
functions of PSC on HCC cells

To investigate whether PSC suppresses malignant behav-
iors of HCC cells by affecting CREBBP levels, we estab-
lished three groups of HCC cells with different treatment
procedures: PSC+ OE-NC, PSC+ CREBBP-OE, and
DMSO + CREBBP-OE. In the presence of PSC treatment,
the lentiviral vector-encapsulated CREBBP-OE signifi-
cantly elevated CREBBP mRNA expression in Hep 3B
and Huh7 cells, while no major difference was found in
CREBBPmMRNA expression between the PSC + CREBBP-
OE and DMSO-CREBBP-OE groups (Fig. 3A). WB
analysis revealed that the CREBBP protein level was ele-
vated in the PSC+ CREBBP-OE group compared to the
PSC+ OE-NC group. Notably, further higher CREBBP
protein level was observed in the DMSO + CREBBP-OE
group (Fig. 3B). These observations indicate the suc-
cessful administration of CREBBP-OE and substantiate

@ Springer


https://www.ncbi.nlm.nih.gov/pcsubstance/?term=

75 Page 6 of 15

Functional & Integrative Genomics (2024) 24:75

1000
il

A o C = DMSO &= PSC
E g & g 80
5 50 e e
g o, 2 60
= o 2g 2 = m *
3 2" H B
© o & & 5 40 "
0 50 100 150 200 E 20 .
- Concentration/uM 3 H & e 20
S = 81+ DMSO T
B 2f Joesc 1 8 o : 1
S 2 1 N G0/G1 S G2/M
~ 44 * g7 Dip ’
Og ] gie = DMSO = PSC
2 o 24 8] 5 80
&0 » 2
& 0h24h48h72h 96 h = s i £ 60
u = H w2
©  84. DMSO T z | ] B~ *
SE J=PsC & o540 x
® £ 04 1 - L %
>0 ] Qe 4 )
aR 4l " 2 &6 20 H
oY 1 £
~ 1 T
g E 21 o o 0 T I_I-Il
© T 00 200 300 40 S0 600
g 0T i G0/G1 S G2/M
4 0h24h48h72h9h DMISO
D Hep 3B Huh7
%, % % _ % i = DMSO = PSC
Q1-UL(0.15%) Q1-UR(1.17%) Q1-UL(0.08%) Q1-UR(1.48%) QI-UL(D 17%) Q1-UR(1.04%) Q1-UL(0/14%) Q1-UR(1 78%)
Er % 4 = 30 .
% % g R = kd
1% €% ] <% ] €% ] ©
ge ge £ Be £20
Ty ] T ] %] T ]
= = ¥ 7 ®
- - - - 7]
24 EF 24 24 210
i ; . : . el & =
PRI Q1-LR(9.55%) & QI-LL(7390%) "Q1-LR(24.51%) Q1-LL(89.12%) * Q1-LR(9.68%) o |QtLLma st i QI-LR(24.44%) <CEL
107 0% 104 oo 1o 107 o7 o To° 108 107 02 10 o8 108 102 o2 Tt s e 0 T T
Annexin V FITC-A Annexin ¥ FITC-A Annexin V FITC-A Annexin V FITC-A Hep SB Huh7
| DMSO PSC | | DMSO PSC
= DMSO = PSC
Oh 80
9
3
P 60
©
c 40 * *
il
®
=) 20
36 h =
0 " T T
Hep 3B Huh7
| DMSO PSC || DMSO PSC
F © = DMSO = PSC
T 400
&)
s )
2 300
©
>
£ 200 )
-
S ” *
g 100
o
=
=z 0 T T
Hep 3B Huh7

Fig. 1 PSC exerts anti-tumor functions on HCC cells in vitro. HCC
cells (Hep 3B and Huh7) and normal THLE-2 cells were exposed
to PSC at different concentrations (0, 10, 25, 50, 100, and 200 uM)
for 24 h. A, dose-dependent toxicity and IC50 of PSC in these cells
determined by MTT assay. In the subsequent experiments, Hep 3B and
Huh7 cells were treated with 25 pM PSC for 24 h or treated with an
equal volume of DMSO solution. B, proliferation of cells determined
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by CCK-8 assay; C, cell cycle distribution of cells determined by flow
cytometry; D, apoptosis of cells determined by flow cytometry; E,
migration ability of cells analyzed by wound healing assay; F, inva-
sion ability of cells determined by Transwell assay. Three biological
replicates were conducted. Differences were compared by the two-way
ANOVA (B-F). IC50 of PSC in cells was calculated using the nonlin-
ear fitting analysis (A) *» <0.05 vs. DMSO
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Fig. 2 PSC reduces CREBBP protein level in HCC cells. A, chemi-
cal structure of PSC (PubChem SID: 447,274,617) obtained from
the PubChem Substance system (https://www.ncbi.nlm.nih.gov/
pesubstance/?term=); B, intersections of human TFs and co-factors
with the targets of PSC predicted from the SwissTargetPrediction sys-
tem; C, expression patterns of LRRK2 and CREBBP predicted using
UALCAN system; D, mRNA expression of CREBBP in clinical HCC
samples and the adjacent non-involved tissue samples examined by
RT-qPCR; E, positive staining of CREBBP in clinical HCC samples
and the adjacent non-involved tissue samples examined by IHC; F-G,

mRNA (F) and protein (G) levels of CREBBP in HCC cell lines (Hep
3B and Huh7) and normal THLE-2 cells determined by RT-qPCR and
WB analysis, respectively; H-I, mRNA (H) and protein (I) levels of
CREBBP in HCC cell lines (Hep 3B and Huh7) and normal THLE-2
cells after PSC or DMSO treatment determined by RT-qPCR and WB
analysis, respectively. Three biological replicates were conducted. Dif-
ferences were compared by the paired ¢ test (D-E) or by the one-way
(F-G) or two-way (H-I) ANOVA. *p <0.05 vs. Normal liver/THLE-2/
DMSO.
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Fig. 3 Overexpression of CREBBP negates the suppressive effects
of PSC on HCC cells. Hep 3B and Huh7 cells were transfected with
lentiviral vectors-encapsulated CREBBP-OE or NC-OE, followed by
treatment with 25 uM PSC or DMSO. A-B, mRNA (A) and protein (B)
levels of CREBBP in cells determined by RT-qPCR and WB analysis,
respectively; C, proliferation of cells determined by CCK-8 assay; D,
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cell cycle distribution of cells determined by flow cytometry; E, apop-
tosis of cells determined by flow cytometry; F, migration ability of
cells analyzed by wound healing assay; G, invasion ability of cells
determined by Transwell assay. Three biological replicates were con-
ducted. Differences were compared by the two-way ANOVA (A-G).
*p<0.05 vs. PSC+ OE-NC; #p < 0.05 vs. PSC+ CREBBP-OE
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a suppressive effect of PSC on CREBBP protein level.
In the presence of PSC, the restoration of CREBBP level
significantly rescued proliferation of Hep 3B and Huh7
cells (Fig. 3C), reduced the cell cycle arrest at S and
G2/M phases (Fig. 3D), and reduced PSC-induced cell
apoptosis (Fig. 3E). In addition, wound healing and Tran-
swell assays revealed an increase in migration and inva-
sion abilities of Hep 3B and Huh7 cells upon CREBBP
restoration (Fig. 3F-G). Furthermore, compared to the
PSC + CREBBP-OE group, malignant behaviors of Hep
3B and Huh7 cells, including proliferation (Fig. 3C),
cell cycle progression (Fig. 3D), apoptosis resistance
(Fig. 3E), migration (Fig. 3F), and invasion (Fig. 3G),
were augmented in the DMSO + CREBBP group. These
results further validate that ectopic CREBBP overexpres-
sion counteracts the suppressive effects of PSC on HCC
cells. However, PSC still presents a tumor inhibiting role
upon CREBBP overexpression, as compared to DMSO
treatment. Exact p-values and the mean and SD values
are presented in Supplemental Materials.

CREBBP activates GATAD2B transcription

To further delve into the molecular targets of CREBBP,
we predicted the top 50 downstream targets of CREBBP
using the hTFtarget system (http://bioinfo.life.hust.edu.
cn/hTFtarget/#!/). These predicted targets were inter-
sected with genes positively correlated with CREBBP
(Pearson’s correlation coefficient>0.5) predicted using
the UALCAN system. This resulted in nine intersected
genes (Fig. 4A). Among them, only four genes have not
been studied in the field of HCC, and GATAD2B stood
out as the one with the highest Pearson’s correlation coef-
ficient (0.73). Data in the UALCAN system suggests a
high expression profile of GATAD2B in LIHC (Fig. 4B).
Indeed, we observed that GATAD2B exhibited increased
mRNA expression in the clinical HCC tissues compared
to the normal tissues (Fig. 4C), which presented a sig-
nificant positive correlation with the CREBBP mRNA
expression level in the clinical HCC tissues (Fig. 4D).
Similarly, IHC revealed an increase in the positive stain-
ing of GATAD2B in the HCC tissues compared to the nor-
mal tissues (Fig. 4E). Subsequently, we treated Hep 3B
and Huh7 cells with lentiviral vectors-carried CREBBP-
KD. This successfully reduced the CREBBP protein
levels in both cell lines (Fig. 4F), which resulted in a
decrease in the GATAD2B mRNA level (Fig. 4G). Impor-
tantly, the CREBBP knockdown significantly reduced
the enrichment of GATAD2B promoter fragments in the
immunoprecipitants pulled down by the CREBBP anti-
body (Fig. 4H), and it reduced the luciferase activity of
the reporter vector containing the GATAD2B promoter

in the dual luciferase reporter gene assay (Fig. 4I). Exact
p-values and the mean and SD values are presented in
Supplemental Materials.

Concerning the malignant properties of HCC cells,
functional assays demonstrated that the CREBBP knock-
down significantly suppressed proliferation (Supplemen-
tal Fig S1A), migration (Supplemental Fig S1B), and
invasion (Supplemental Fig S1C) of Hep 3B and Huh7
cells while promoting cell apoptosis (Supplemental Fig
S1D). Notably, the CREBBP knockdown also promoted
cell cycle arrest at S and G2/M phases in both cell lines
(Supplemental Fig S1E). These results substantiated a
tumor-promoting role of CREBBP in HCC. Exact p-val-
ues and the mean and SD values are presented in Supple-
mental Materials.

Overexpression of GATAD2B negates the
suppressive effects of PSC on HCC cells

Interestingly, RT-qPCR unveiled a significant downreg-
ulation of GATAD2B mRNA and protein levels in Hep
3B and Huh7 cells following PSC treatment (Fig. SA-B).
This downregulation was also evident in THLE-2 cells
(Fig. 5A-B). The important implications might be that
PSC blocks CREBBP-mediated transcriptional activation
of GATAD2B, thus blocking malignant properties of the
HCC cells. Therefore, we treated the HCC cells with len-
tiviral vectors-encapsulated GATAD2B-OE, followed by
treatment with 25 pM PSC or DMSO. Not surprisingly,
in the presence of PSC treatment GATAD2B-OE success-
fully increased the mRNA expression and protein levels
of GATAD2B while having no effect on the CREBBP
expression (Fig. 5C-D). Concurrently, the GATAD2B
levels were higher in the DMSO + GATAD2B-OE group
compared to the PSC+ GATAD2B-OE group (Fig. 5C-
D). Regarding the malignant phenotype of HCC cells,
it was found that the GATAD2B overexpression sig-
nificantly restored proliferation of Hep 3B and Huh7
cells (Fig. 5E), alleviated the cell cycle arrest at S and
G2/M phases (Fig. 5F), reduced apoptosis rate of the
PSC-treated Hep 3B and Huh7 cells (Fig. 5G), and rein-
stated migration and invasion capabilities in Hep 3B
and Huh7 cells (Fig. SH-I). These observations reveal
that GATAD2B overexpression also negates the inhibi-
tory effects of PSC on HCC cells in vitro. Notably,
cells in the PSC+ GATAD2B-OE group still exhibited
a less malignant phenotype compared to those in the
DMSO + GATAD2B-OE group (Fig. 5E-I), confirming
the tumor-suppressive role of PSC. Exact p-values and
the mean and SD values are presented in Supplemental
Materials.
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study discerns that PSC impedes various malignant prop-  transcription.
erties exhibited by two HCC cell lines in vitro. A deeper

@ Springer



Functional & Integrative Genomics (2024) 24:75

Page 11 of 15 75

4 Fig.4 CREBBP activates GATAD2B transcription. A, intersections of
top 50 downstream targets of CREBBP predicted from hTFtarget and
the genes positively correlated with CREBBP (Pearson’s correlation
coefficient> 0.5) predicted from UALCAN; B, expression profile of
GATAD?2B in LIHC predicted using the UALCAN system; C, mRNA
expression of GATAD2B in clinical HCC samples and the adjacent
non-involved tissue samples examined by RT-qPCR; D, a positive cor-
relation between GATAD2B mRNA and CREBBP mRNA expression
in clinical HCC tissue samples; E, positive staining of GATAD2B in
clinical HCC samples and the adjacent non-involved tissue samples
examined by IHC; Hep 3B and Huh7 cells were administered lentiviral
vectors-carried CREBBP-KD/KD-NC; F, protein level of CREBBP in
cells determined by WB analysis; G, mRNA expression of GATAD2B
in cells determined by RT-qPCR; H, binding between CREBBP and
GATAD2B promoter fragments determined by ChIP-qPCR assay; I,
transcriptional regulation of CREBBP on GATAD2B promoter deter-
mined by dual luciferase reporter gene assay. Three biological rep-
licates were conducted. Differences were compared by the paired ¢
test (C, E) or two-way ANOVA (F-I). In panel D, linear regression
and correlation analyses were performed. *p <0.05 vs. Normal liver/
KD-NC

STLs have established roles in cytotoxicity and anti-
tumor functions due to the presence of the a-methylene-
y-lactone group (Laurella et al. 2022; Sulsen et al. 2019).
For instance, Alantolactone, an allergic STL extracted
from Inula helenium L roots, induces reactive oxygen
species, activates the apoptotic pathway, and promotes
apoptosis in various cancer cell types, including breast
cancer (Jiang et al. 2022), lung cancer (Liu et al. 2019),
gastric cancer (He et al. 2019), colorectal cancer (Ding
et al. 2016), and liver cancer (Lei et al. 2012). Similarly,
other types of STLs, such as vernolide-A and vernodaline
(Nguyen et al. 2020), parthenolide (Sztiller-Sikorska and
Czyz 2020), artemisinin (Chen et al. 2020; Efferth 2017),
have been demonstrated to possess potent anti-tumor
functions by blocking various oncogenic signaling path-
ways. In this investigation, PSC took center stage due to
its distinction as the most potent and least toxic among
various STLs displaying anti-tumor effects on the murine
lymphoma cell line BW5147. (Martino et al. 2015). Spe-
cifically, it was observed to induce cell cycle arrest in
BW5147 cells at the S phase (Martino et al. 2015). Addi-
tionally, prevailing evidence characterizes PSC as a G2
cell cycle checkpoint inhibitor, impeding cells in mitosis
and inducing the formation of aberrant microtubule spin-
dles (Sturgeon et al. 2005). Our study aligns with these
findings, revealing that PSC treatment induced cell cycle
arrest at S and G2/M phases in two HCC cell lines (Hep
3B and Huh7). Notably, it significantly curtailed cell pro-
liferation, migration, and invasion, concurrently inducing
cell apoptosis. This comprehensive evidence underscores
the robust tumor-suppressive effects of PSC on HCC cell
progression in vitro.

Regarding the downstream molecular targets of PSC,
a comprehensive bioinformatics analysis identified eight

TFs or co-factors, including HMOX1, LRRK2, SRC,
CREBBP, PIN1, NR1H3, NR1H2, and JAK2, that dis-
played altered expression patterns in HCC and were
targeted by PSC. Among them, HMOXI1, linked to fer-
roptosis promotion in HCC cells (Zheng et al. 2023),
while SRC (Wang et al. 2020), PIN1 (Cheng et al. 2016),
and JAK2 (Xiao et al. 2022) have been associated with
metastasis of HCC cells. NRI1H3 and NRI1H2, liver X
receptors, are correlated with hepatitis B virus-associated
hepatic steatosis (Zhou et al. 2022), but they also exhibit
tumor-suppressive effects on HCC (He et al. 2020; Hu et
al. 2014). LRRK?2 and CREBBP were the remaining mol-
ecules with unclear roles in HCC. CREBBP, selected for
further investigation due to its high expression in HCC
based on bioinformatics data, demonstrated elevated
levels in HCC cell lines, which were suppressed by PSC
treatment. As a transcriptional co-factor, CREBBP has
been shown to suppress proliferation and chemo-resis-
tance in ovarian cancer cells through the mediation of the
PERK/ATF4/STC2 signaling pathway (Hu et al. 2021).
Conversely, it has been implicated in promoting prolif-
eration, angiogenesis, migration, and invasion in osteo-
sarcoma cells (Feng et al. 2022). Silencing CREBBP
has also been linked to G2/M phase cell cycle arrest in
pancreatic cancer cells (Ono et al. 2021). Crucially, our
study found that the upregulation of CREBBP restored
the malignant phenotypes of HCC cells that were blocked
by PSC treatment. This suggests that the inhibition of
CREBBP is implicated in the tumor-suppressive effects
mediated by PSC.

Bioinformatics predictions were additionally con-
ducted to identify downstream targets of CREBBP.
Among the candidates, GATAD2B emerged with the
highest correlation coefficient with CREBBP, excluding
genes with reported functions in HCC, such as SPAG9
(Lou et al. 2016), YY1 (Gao et al. 2023), NFATS (Qin et
al. 2017), MDC1 (Hong et al. 2021), and NFIC (Zhang
et al. 2019). Subsequently, our study confirmed that
CREBBP bound to the GATAD2B promoter, initiating
its transcription. GATAD2B has been recognized as an
oncogenic factor in KRAS-driven lung cancer, implicated
in tumor metastasis (Grzeskowiak et al. 2018). Addi-
tionally, the LRRC42-GATAD2B interaction has been
suggested to play a pivotal role in lung carcinogenesis
(Fujitomo et al. 2014). However, the role of GATAD2B in
other cancer types is less explored. Our findings revealed
increased GATAD2B expression in HCC samples, which
was subsequently decreased by PSC treatment. Notably,
the restoration of proliferation, migration, invasion, and
cell cycle progression, coupled with a reduction in cell
apoptosis upon GATAD2B overexpression, suggested
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Fig. 5 Overexpression of GATAD2B restores malignant properties of
HCC cells suppressed by PSC. A-B, mRNA (A) and protein (B) levels
of GATAD2B in Hep 3B and Huh7 cells after PSC treatment deter-
mined by RT-qPCR and WB analysis, respectively; Hep 3B and Huh7
cells were transfected with lentiviral vectors-encapsulated GATAD2B-
OE or NC-OE, followed by treatment with 25 uM PSC or DMSO; C-
D, mRNA (C) and protein (D) levels of GATAD2B in cells determined
by RT-qPCR and WB analysis, respectively; E, proliferation of cells
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Hep 3B

Huh7

determined by CCK-8 assay; F, cell cycle distribution of cells deter-
mined by flow cytometry; G, apoptosis of cells determined by flow
cytometry; H, migration ability of cells analyzed by wound healing
assay; I, invasion ability of cells determined by Transwell assay. Three
biological replicates were conducted. Differences were compared
by the two-way ANOVA (A-I). *p<0.05 vs. DMSO/PSC + OE-NC;
#p <0.05 vs. PSC+ GATAD2B-OE; ns, non-significant
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its potential role as a downstream effector in CREBBP-
mediated HCC progression.

In summary, our study establishes that PSC exerts
robust tumor-suppressive effects on HCC through the
inhibition of CREBBP-mediated GATAD2B transcrip-
tion. These findings hold promise for the potential clini-
cal application of PSC in managing HCC. However, it
is essential to acknowledge certain limitations. Due to
time and financial constraints, as well as ethical con-
siderations, we did not conduct animal experiments
to validate the biological functions of PSC, CREBBP,
and GATAD2B in HCC tumorigenesis or metastasis in
vivo. Additionally, we found that PSC treatment reduced
CREBBP protein level without significantly altering its
mRNA expression. This indicates that PSC possibly mod-
ulate CREBBP abundance through a post-transcriptional
(Peng et al. 2023) or ubiquitin-proteasome or lysosomal
pathways (Yang et al. 2023). To comprehensively address
this issue, further experiments such as protein degrada-
tion assays or molecular docking approaches are neces-
sary to gain a deeper understanding. We acknowledge the
importance of addressing these gaps in future research
endeavors.
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supplementary material available at https://doi.org/10.1007/s10142-
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