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Abstract: Objective: The aim of this study was to investigate whether magnesium cantharidate (MC) exerts anti-hepa-
tocellular carcinoma (anti-HCC) effects by targeting receptor for activated C kinase 1 (RACK1). Methods: The Cancer 
Genome Atlas (TCGA) database was used to analyze the expression of RACK1 in liver tissues. Molecular docking was 
used to examine the binding interactions between MC and RACK1. Huh-7 and SK-Hep-1 liver cancer cells’ viability, 
proliferation, and apoptosis were assessed by using the Cell Counting Kit-8 (CCK-8) assay, 5-ethynyl-2’-deoxyuridine 
(EdU), and flow cytometry, respectively. RNA sequencing was used to explore the underlying mechanisms. Quantita-
tive real-time PCR, immunohistochemistry, and western blotting were performed to explore the expression of key 
genes and proteins. Results: TCGA analysis revealed significant upregulation of RACK1 in liver cancer tissues that 
was correlated with tissue type, grade, TP53 mutation, and overall survival. Molecular docking results revealed that 
the minimum binding energy between MC and RACK1 was -5.8 kcal/mol. Moreover, RACK1 overexpression signifi-
cantly promoted cell viability and proliferation, and inhibited apoptosis in liver cancer cells. However, MC significantly 
reversed the viability, proliferation, and apoptosis effects induced by RACK1 overexpression in liver cancer cells. MC 
significantly inhibited the growth of subcutaneously transplanted tumors in vivo. RNA sequencing revealed that MC 
inhibited proliferation and apoptosis by targeting RACK1 to regulate calcium ion transport, ion channels, and cell 
adhesion in liver cancer cells. Conclusion: MC exerts anti-HCC effects by targeting RACK1. 
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Introduction

Liver cancer is a highly aggressive malignant 
tumor characterized by rapid progression, 
shorter patient survival, higher lethality, chal-
lenging treatment choices, and pronounced 
tendency to recur and metastasize postopera-
tively. According to 2022 global cancer statis-
tics, liver cancer accounts for 4.7% of the global 
incidence of all cancers and contributes to 
8.2% of the global mortality rate [1]. Hepato- 
cellular carcinoma (HCC) accounts for 75%-
85% of all liver cancer cases [2]. The current 
clinical treatments for liver cancer primarily in- 
volve surgery, radiotherapy, and chemotherapy. 
However, elusive early stage symptoms make 
an early diagnosis challenging, thereby leading 
to diagnoses that often occur in advanced stag-
es of metastasis [3]. Additionally, the lack of 

effective therapeutic drugs and methods re- 
sults in a high recurrence rate, even after surgi-
cal resection. Clinical treatment outcomes for 
liver cancer consequently remain unsatisfac- 
tory.

Receptor for activated C kinase 1 (RACK1), also 
called guanine nucleotide-binding protein β-2-
like 1 (GNB2L1), is a highly conserved DW40 re- 
peat protein that facilitates the accumulation of 
different factors in ribosomes and directs them 
to diverse subcellular locations [4]. Extensive 
studies have demonstrated that RACK1 is invo- 
lved in several cellular functions such as trans-
membrane transporter protein activity, riboso- 
me activity, autophagy, proliferation, and apop-
tosis [5]. RACK1 promotes tumor progression 
by modulating certain signaling pathways such 
as Src/FAK [6], Iκκ/NFκB [7], and Wnt/β-catenin 
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pathways [8]. Aberrant RACK1 expression is 
associated with various cancers, including bre- 
ast [9], pancreatic [10], gastric [11], and liver 
cancers [12], thereby making RACK1 a possible 
target for cancer therapies. A previous study 
reports that RACK1 expression is significantly 
upregulated in clinical HCC tissues [13]. More- 
over, RACK1 enhances the proliferation, migra-
tion, and invasion capabilities of mouse HCC 
cell lines Hca-P and Hca-F [14]. Silencing RA- 
CK1, conversely, induces apoptosis and inhib-
its cell proliferation in hepatocellular carcinoma 
MHCC97-H cells [15]. These findings highlight 
the close association between RACK1 expres-
sion and HCC progression. 

Active ingredients in traditional herbs exhibit 
diverse biologic effects such as immunological 
competence and anticancer properties. Cantha- 
ridin, derived from the medicinal insect Can- 
tharis, has shown excellent effects in suppress-
ing proliferation and inducing apoptosis in liver 
cancer cells [16, 17]. An Aidi injection derived 
from Cantharis also exhibits commendable an- 
ti-HCC effects [18, 19]. Magnesium canthari-
date (MC) is a cantharidate compound found  
in Cantharis. The molecular formula of MC is 
C10H12O5Mg (Figure 1). Compared to canthari-
din, MC has lower toxicity and better develop-
mental potential. Of note, our previous study 
demonstrated that MC inhibits the proliferation 
of human hepatoma SMMC-7721 cells by inhib-
iting the mitogen-activated protein kinase 
(MAPK) signaling pathway [20]. Studies investi-
gating the mechanisms underlying the anti-
HCC effects of MC are regrettably limited, com-
pared to the anti-HCC effects of other anti-HCC 
drugs, which restricts the clinical application of 
MC. Our previous RNA sequencing results re- 

vealed that MC treatment significantly down-
regulated the expression of RACK1 in the hu- 
man hepatoma cell line SMMC-7721 [21]. How- 
ever, no studies have reported whether MC inhi- 
bits HCC by inhibiting the expression of RACK1. 
Exploring whether MC exerts its anti-HCC ef- 
fects through RACK1 would enrich scientists 
understanding of its anticancer mechanism 
and facilitate the development of MC-based 
anticancer products.

Therefore, we investigated the effects of MC on 
the viability, proliferation, and apoptosis of liver 
cancer cells in vitro and in vivo. Gene expres-
sion in liver cancer cells was analyzed by using 
RNA sequencing. In addition, the potential anti-
cancer mechanisms of MC were extensively ex- 
plored. This study provides insight into MC’s 
use against liver cancer and helps with devel-
opment of therapy for liver cancer.

Materials and methods

Reagents and drugs

Magnesium cantharidate (MC) (purity ≥98%) 
was independently researched and developed 
by a research group and it is covered by Chinese 
invention patent (ZL201110149288.5). Human 
liver cancer cell lines Huh-7 and SK-Hep-1 were 
obtained from Wuhan Lingsi Biotechnology Co., 
Ltd. (Wuhan, China). Cell Counting Kit-8 (CCK-8) 
assay kit (item no. C008-3) was purchased 
from Seven Seas Biomedical Technology Co., 
Ltd. Mouse anti-Ki-67 antibody (item no. GB12- 
1141), horseradish peroxidase (HRP)-labeled 
goat anti-mouse secondary antibodies (item 
no. GB23301), and HRP-labeled goat antirabbit 
secondary antibodies (item no. GB23303) were 
obtained from Wuhan Servicebio Technology 
Co., Ltd. (Wuhan, China). Rabbit anti-RACK1 an- 
tibody (item no. DF7014) and rabbit anti-glycer-
aldehyde-3-phosphate dehydrogenase (GAP- 
DH) (item no. AF7021) were obtained from Af- 
finity Biosciences (Cincinnati, OH, USA). The 
EdU Detection Kit (item no. C0071S) was pur-
chased from Jiangsu Biyuntian Biotechnology 
Co., Ltd. (Changzhou, China), and the SYBR Gr- 
een PCR kit (item no. AQ131) was purchased 
from TransGen Biotechnology Co., Ltd. (Chang- 
zhou, China). 

Analysis of RACK1 expression and correlation 

The expression level of RACK1 in liver cancer 
tissues and its correlation with clinicopatho-

Figure 1. Chemical structures of magnesium can-
tharidate (MC). 
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logic data were assessed by using The Cancer 
Genome Atlas (TCGA) online analysis database 
(NCBI, Bethesda, MD, USA). The expression of 
RACK1 in liver cancer tissues was analyzed 
using the Human Protein Atlas (HPA).

Molecular docking

RACK1 structures were obtained from the Re- 
search Collaboratory for Structural Bioinform- 
atics Protein Data Bank database (San Diego, 
CA, USA). Indraw 6.2.1.0 (Accelrys, San Diego, 
CA, USA) was used to construct the MC struc-
ture. AutoDock (Scripps Research Institute, La 
Jolla, CA, USA) was used to analyze the docking 
active site, binding energy, and root-mean-squ- 
are deviation. PyMol (Schrödinger, LLC, New 
York, NY, USA) was used to analyze the docking 
results.

Construction of cell lines overexpressing 
RACK1

RACK1 cDNA was synthesized using the se- 
quence of the human RACK1 gene retrieved 
from NCBI (accession number NM_006098.5). 
DNA was inserted into the pCDH-CMV-MCS-
EF1-copGFP-T2A-Puro vector (the third genera-
tion of the slow virus carrier system) to gener-
ate the RACK1 overexpression vector (pCDH- 
RACK1). The pCDH-RACK1 and helper plasmids 
pSPAX2 and pMD2.G were cotransfected into 
293T cells for lentiviral packaging. The viral 
supernatant was harvested by ultracentrifuga-
tion (12000 rpm for 10 min). The SK-Hep-1 cell 
line stably overexpressing RACK1 was then 
established by using a lentivirus. The multiplic-
ity of infections was 20.

Grouping of cells

The basal media for the Huh-7 and SK-Hep-1 
cells were DMEM and minimum essential medi-
um, respectively. The complete medium includ-
ed basal medium supplemented with 10% fetal 
bovine serum and 1% penicillin-streptomycin. 
The cells were cultured at 37°C with 5% carbon 
dioxide (CO2) in an incubator. Cells were seeded 
in a six-well plate at 5×105/well and randomly 
divided into the following groups: control, MC, 
RACK1 overexpression (OV-RACK1), and RACK1 
overexpression +MC (OV-RACK1+MC). MC was 
administered at a concentration of 1.13 μm- 
ol/L. The MC treatment dose was based on the 
dose used in a previous study [21-23]. 

CCK-8 assay

Cells were seeded into 96-well plates at a con-
centration of 5×104 cells per well in a volume of 
100 µL. Cells were grouped and treated, based 
on the “grouping of cells”. CCK-8 solution (10 
µL) was added to each well. After 1 h of incuba-
tion, the absorbance was recorded at 450 nm 
using a spectrophotometer.

EdU assay

The cells were seeded in 24-well plates at a 
density of 2×105 cells/well. Cells were grouped 
and treated, based on the “grouping of cells”. 
Cell proliferation was assessed using an EdU 
assay kit, based on the manufacturer’s instruc- 
tions. 

Flow cytometry detection

A cell suspension with a concentration of 2×105 
cells/mL was prepared and evenly distributed 
into 6-well plates at 2 mL per well. Cells were 
grouped and treated, based on the “grouping of 
cells”. Cell apoptosis was assessed using flow 
cytometry with the Annexin V FITC Apoptosis 
Detection Kit I (BD Biosciences).

Quantitative real-time PCR 

TRIzol was used to extract total RNA from the 
cell samples, and cDNA was synthesized by us- 
ing a reverse transcription kit. The reaction pro-
cedure for quantitative real-time PCR (qRT-PCR) 
was as follows: 94°C for 30 s, followed by 40 
PCR cycles at 94°C for 5 s, 61°C for 35 s, 95°C 
for 10 s, 65°C for 60 s, and 97°C for 1 s. Table 
1 shows the sequences utilized in this study.

Western blotting

RIPA was used to collect total proteins, and the 
protein concentration was determined by BCA. 
SDS-PAGE was used to separate total proteins, 
which were then semi-dry electrotransferred to 
a nitrocellulose membrane. RACK1 antibody 
(1:1000) and GAPDH antibody (1:10000) was 
added and incubated overnight at 4°C. The 
membrane was then incubated with HRP-labe- 
led sheep antirabbit secondary antibody for 90 
min at 37°C, followed by three washes with 
Tris-buffered saline with Tween 20 (TBST) for 5 
min each. The membranes were then immersed 
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in a luminescent solution for 2 min and imaged 
using the ECL detection system. 

RNA sequencing

Eukaryotic mRNA was sequenced by Wuhan 
Lingsi Biotechnology Co., Ltd. (Wuhan, China). 
Differential expression analysis was conducted 
using DESeq2 (Harvard University, Boston, MA, 
USA). Multiple hypothesis testing corrections 
for P-values were implemented by controlling 
the false discovery rate (FDR). Differentially ex- 
pressed genes (DEGs) were defined as genes 
with a |FoldChange| ≥2 and P-value ≤0.05. 
ClusterProfiler was utilized for Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analysis. Gene 
Set Enrichment Analysis (GSEA) was performed 
using ClusterProfiler (version 3.8.1) with FDR-
adjusted P<0.05 as the threshold for filtering 
significant enrichment results. Protein-protein 
interactions (PPI) were analyzed using String 
with database version 11.5 (University of Co- 
penhagen. Copenhagen, Denmark), and the R 
package STRINGdb (version 2.8.4; University of 
Copenhagen).

The RNA-seq data used in this study was depos-
ited in the Science Data Bank under DOI 
10.57760/sciencedb.11456. The online ver-
sion contains the RNA-seq data, available at 
https://www.scidb.cn/en/s/yuU3ui. 

Animal experiments

Male BALB/c nude mice, aged 4-5 weeks (wei- 
ght, 12-20 g), were obtained from Ziyuan Labo- 
ratory Animal Science and Technology Co., Ltd. 
(Hangzhou, China). Mouse were fed in a SPF 
animal laboratory at the Laboratory Animal Cen- 
ter of Zunyi Medical University (Zunyi, China) 
under a 12-h/12-h light/dark cycle. During the 
entire study period, mice were provided ad libi-
tum with food and water and kept in a con-
trolled environment with a stable temperature 
of 25°C. After a 7-day adaptation period, the 
mice were randomly divided into: control, MC, 
OV-RACK1, and OV-RACK1+MC, with six mice in 
each group. The SK-Hep-1 cell line, which sta-
bly overexpressed RACK1, was used to con-
struct a nude mouse subcutaneous transplan-
tation tumor model. Approximately 1×106 SK- 

Table 1. Primer sequences used in qRT-PCR
Primer Accession number Sequence (5’-3’)
humo-ITPR3-F NM_002224.4 TCAACCTGTTTATGCAGTTTCGG
humo-ITPR3-R GCAGCTTGCCCTTGTACTCGTC
humo-FGF19-F NM_005117.3 GGGCCACTTGGAATCTGACA
humo-FGF19-R CAAAGCTGGGACTCCTCACG
humo-STIM1-F NM_001277961.3 GACAGGGACTGTGCTGAAGATGAC
humo-STIM1-R TCCTTGGAGTAACGGTTCTGGATAT
humo-Vimentin-F NM_003380.5 GAAGGAGGAAATGGCTCGTCAC
humo-Vimentin-R GAGTGGGTATCAACCAGAGGGAGT
humo-E-cadherin-F NM_001317184.2 AGAACGCATTGCCACATACAC
humo-E-cadherin-R AAGAGCACCTTCCATGACAGAC
humo-N-cadherin-F NM_001308176.2 AACGCCAGGCCAAACAACTT
humo-N-cadherin-R ATTCGTCGGATTCCCACAGG
humo-CTBP1-AS2-F NR_033339.1 CGGGCAACCGTTCTGATTC
humo-CTBP1-AS2-R CCCTTGTCTTGAGCGTGATACTG
humo-CFAP298-TCP10L-F NR_146638.2 CCTGCTAGTATCTCCGCAACCT
humo-CFAP298-TCP10L-R ACTGGCTTACGGGACCTATGAA
humo-HSPE1-MOB4-F NM_001202485.2 GATGGTGCTGCATGTCTTCTG
humo-HSPE1-MOB4-R CGGCATACTGATCCTAGTTTCG
humo-RACK1-F NM_006098.5 GCCATACCAAGGATGTGCTGAGTG
humo- RACK1-R CACAGGAGACGATGATAGGGTTGC
humo-GAPDH-F NM_001256799.3 CAAATTCCATGGCACCGTCA
humo-GAPDH-R GACTCCACGACGTACTCAGC
qRT-PCR, quantitative reverse transcription polymerase chain reaction.
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Hep-1 cells (100 μL) were subcutaneously in- 
jected into the midposterior area of the right 
axilla of mice. When the average tumor volume 
reached approximately 50-70 mm3, the control 
group and OV-RACK1 group were injected with 
the same volume of sterile saline, whereas the 
MC group was administered with a mass con-
centration of 120 μg/mL for 18 consecutive 
days. The MC dose was based on the dose 
used in our previous study [24]. Every 2 days 
after drug administration, the long (a) and short 
(b) diameters of the tumors were measured 
with Vernier calipers to calculate the tumor vol-
ume by using the formula: volume (v) = a × 
b2/2. Twenty-four hours after the last drug admi- 
nistration, 1% pentobarbital sodium (50 mg/
kg) was injected intraperitoneally, and all nude 
mice were euthanized by cervical dislocation. 
Tumor tissue samples were collected, cleaned 
with precooled physiologic saline, and weighed 
after the filter paper had dried and absorbed. 
All animal experimental procedures were app- 
roved by the Institutional Animal Care and Use 
Committee of Zunyi Medical University (approv-
al no.: ZMU21-2107-016). 

Ki-67 staining

Nude mouse tumor tissues were dehydrated, 
embedded, and sectioned after fixation with 
4% paraformaldehyde. Antigen repair was per-
formed using 0.01M sodium citrate buffer solu-
tion. A 3% hydrogen peroxide solution was used 
to block endogenous peroxidase, followed by 
closure with 10% goat serum. Mouse Ki-67 pri-
mary antibody was added dropwise and incu-
bated overnight at 4°C. An anti-mouse second-
ary antibody was applied, and 2,3-diaminoben- 
zidine was used for color development. Sam- 
ples were stained with hematoxylin staining, 
followed by sealing with a neutral resin.

Statistical methods

All data were expressed as mean ± standard 
deviation (SD). GraphPad Prism (version 9.5.1; 
DotMatics, Hertfordshire, UK) was used to ana-
lyze the data and produce graphs. The unpair- 
ed Student’s t-test was used to compare two 
groups. One-way analysis of variance (ANOVA) 
was used to compare the differences between 
multiple groups, followed by Tukey’s multiple 
comparison test. A value of P<0.05 indicated a 
significant difference. 

Results

RACK1 was significantly associated with poor 
prognosis in HCC

TCGA analysis revealed a substantial upregula-
tion of RACK1 in liver cancer cells, compared to 
normal liver cells (all: P<0.01). It also revealed a 
notable association with TP53 mutation status, 
histological subtype, tumor grade, individual 
cancer stage, and survival in liver cancer (all: 
P<0.01) (Figure 2A-F). RACK1 expression in 
liver tissues was further explored by using the 
HPA database. We confirmed significant overex-
pression of RACK1 in liver cancer cells (HPA: 
https://www.proteinatlas.org/ENSG00000- 
204628-RACK1/pathology/liver+cancer), com-
pared with normal liver cells (HPA: https://www.
proteinatlas.org/ENSG00000204628-RA- 
CK1/tissue/liver) (Figure 2G-I). These findings 
collectively indicated that, in the context of liver 
cancer, RACK1 exhibited a pronounced eleva-
tion in expression and was significantly corre-
lated with the development and progression of 
liver cancer.

MC inhibited RACK1 expression

First, we used molecular docking to assess the 
docking accuracy of RACK1 with MC. The mo- 
lecular docking results indicated that the mini-
mum binding energy of RACK1 was -5.8 kcal/
mol, which is lower than -5.0 kcal/mol, suggest-
ing a strong interaction between MC and RA- 
CK1 (Figure 3A). To assess the effect of MC on 
RACK1 expression in liver cancer cells, we ex- 
amined RACK1 expression using qRT-PCR and 
western blotting. Our results demonstrated th- 
at MC treatment significantly inhibited RACK1 
expression in normal Huh-7 and SK-Hep-1 cells 
(all: P<0.01). In addition, MC treatment signifi-
cantly inhibited RACK1 expression in RACK1-
overexpressing Huh-7 and SK-Hep-1 cells (all: 
P<0.01) (Figure 3B-D). These findings collec-
tively highlighted the ability of MC to inhibit the 
expression of RACK1 in Huh-7 and SK-Hep-1 
cells.

MC diminished cell viability and proliferation 
by targeting RACK1

We used CCK8 and EdU assays to evaluate the 
effects of MC and RACK1 on the viability and 
proliferation of liver cancer cells, respectively. 
Our results revealed a noteworthy decrease in 
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liver cancer cell viability and proliferation in the 
MC group, compared with the control group (all: 

P<0.01). However, the viability and proliferation 
of liver cancer cells were significantly enhanced 

Figure 2. RACK1 was significantly associated with the clinicopathology of liver cancer. A. Expression of RACK1 in 
liver cancer and normal liver tissues. B. Expression of RACK1 in normal liver tissues and in TP53-mutated and 
TP53-nonmutated liver cancer tissues. C. Expression of RACK1 in different histological subtypes. D. Expression 
of RACK1 in different tumor grades. E. Expression of RACK1 in different cancer stages. F. Relationship between 
RACK1 expression in liver cancer tissues and liver cancer survival curves. G. Immunohistochemistry (IHC) assay 
was used to assess the expression of RACK1 in human normal liver tissues (n=3) (https://www.proteinatlas.org/EN-
SG00000204628-RACK1/tissue/liver). H and I. IHC assay was used to assess the expression of RACK1 in human 
liver cancer tissues (n=11) (https://www.proteinatlas.org/ENSG00000204628-RACK1/tissue/liver). The scale bar 
indicates 50 μm. **Compared to the normal group (P<0.01). 
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in the OV-RACK1 group (all: P<0.01). An intrigu-
ing finding was that, in the OV-RACK1+MC treat-
ment group, liver cancer cell viability and prolif-
eration were markedly diminished, compared 
to those in the OV-RACK1 group (all: P<0.01) 
(Figure 4). These results indicated that the 
overexpression of RACK1 substantially elevat-
ed the viability and proliferation of liver cancer 
cells. However, MC significantly inhibited the 
viability and proliferation of liver cancer cells. 

Thus, the results suggested that MC inhibits 
cell proliferation induced by RACK1 overexpres- 
sion.

MC promoted apoptosis by targeting RACK1

Compared to the control group, the MC group 
exhibited a significantly higher rate of apopto-
sis in liver cancer cells (all: P<0.01). The OV- 
RACK1 group conversely showed a significantly 

Figure 3. MC inhibited RACK1 expression in liver cancer cells. A. Docking pose between MC and RACK1. This fig-
ure illustrates the optimal docking positions of RACK1 for MC. The pink molecule represents MC. The amino acid 
residues ASP-68 and ARG-155 on RACK1 interact with MC. The yellow dashed lines indicate hydrogen bonds. B. 
qRT-PCR was performed to detect RACK1 mRNA expression in Huh-7 cells (n=3). C. qRT-PCR was performed to de-
tect RACK1 mRNA expression in SK-Hep-1 cells (n=3). D. Western blotting was performed to detect RACK1 protein 
expression in Huh-7 and SK-Hep-1 cells (n=3). **compared to the control group (P<0.01). ##compared to the OV-
RACK1 group (P<0.01). 
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lower rate of apoptosis in liver cancer cells (all: 
P<0.01). An interesting finding is that the OV- 
RACK1+MC group displayed a significantly ele-
vated apoptosis rate in liver cancer cells, com-
pared with the OV-RACK1 group (all: P<0.01) 
(Figure 5). These findings underscore the role 
of RACK1 in inhibiting apoptosis and the role of 
MC in promoting apoptosis in liver cancer cells. 
Thus, these results suggested that MC pro-
motes apoptosis by inhibiting RACK1 overe- 
xpression.

MC inhibited tumor growth in vivo

Compared to the control group, the MC group 
exhibited significantly reduced tumor volume, 
weight, and Ki-67 expression (all: P<0.01). The 
OV-RACK1 group conversely showed a signifi-
cant increase in tumor volume, weight, and 
Ki-67 expression (all: P<0.01). An intriguing find- 
ing was that tumor formation volume, weight, 
and Ki-67 expression were markedly diminis- 
hed in the OV-RACK1+MC group, compared to 

Figure 4. MC diminished viability and proliferation of liver cancer cells. A. The CCK-8 assay was used to detect the vi-
ability of Huh-7 cells (n=3). B. CCK-8 assay was used to detect the viability of SK-Hep-1 cells (n=3). C. EdU was used 
to detect the proliferative ability of Huh-7 and SK-Hep-1 cells (n=3). The scale bar indicates 100 μm. **compared to 
the control group (P<0.01). ##compared to the OV-RACK1 group (P<0.01). 
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the OV-RACK1 group (all: P<0.01) (Figure 6). 
These outcomes underscore the considerable 
effect of RACK1 in promoting liver cancer cell 
proliferation and the potential of MC interven-
tion for mitigating their proliferative capacity.

Screening of DEGs in liver cancer cells after 
MC intervention

Cluster analysis identified variations in gene 
expression across distinct treatment groups. 
The analysis revealed that, in normal SK-Hep-1 
cells, MC treatment led to 106 DEGs, compris-
ing 44 downregulated and 62 upregulated gen- 
es. Overexpression of RACK1 resulted in 2660 
DEGs, including 469 downregulated and 2191 
upregulated genes. Of note, in RACK1 SK-Hep-1 
cells, MC treatment induced 111 DEGs, which 
included 26 downregulated and 85 upregulat-
ed genes (Figure 7A-C and Table 2). Furthermo- 
re, Venn diagram analysis highlighted CTBP1-
AS2, CFAP298-TCP10L, and HSPE1-MOB4 as 
DEGs shared between the two comparison 
groups (Figure 7D). qRT-PCR results revealed 
that MC intervention significantly inhibited CT- 
BP1-AS2 and HSPE1-MOB4 expression (all: P< 
0.01) and promoted CFAP298-TCP10L expres-
sion (all: P<0.01) in RACK1-overexpressing SK- 
Hep-1 cells (Figure 7E-G).

GO/KEGG analysis of DEGs

GO analysis revealed that DEGs under MC treat-
ment were primarily involved in the cellular res- 
ponse to hormonal stimuli, cellular response to 

calcium ions, and adenosine triphosphate (ATP) 
hydrolysis activity. DEGs induced by RACK1 ov- 
erexpression were primarily related to cell divi-
sion, DNA replication, cellular response to DNA 
damage, G1/S transition of the mitotic cell cy- 
cle, and DNA helicase activity. In SK-Hep-1 cells 
with RACK1 overexpression, the primary focus 
of DEGs under MC treatment was on the regula-
tion of cytosolic calcium ion concentration and 
cell-cell adhesion through plasma membrane 
adhesion (Figure 8A-C and Table 3). Further- 
more, KEGG analysis results revealed that DE- 
Gs under MC treatment were primarily enriched 
in the NF-κB signaling pathway and Toll-like re- 
ceptor signaling pathway in SK-Hep-1 cells. The 
overexpression of RACK1 induced DEGs that 
were predominantly associated with the cell 
cycle. In SK-Hep-1 cells overexpressing RACK1, 
DEGs under MC treatment were primarily enri- 
ched in the vascular endothelial growth factor 
and MAPK signaling pathways (Figure 8D-F and 
Table 4). In summary, RACK1 overexpression 
influenced genes linked to cell differentiation, 
DNA replication, and damage repair, and pro-
moted cell proliferation, whereas MC treatment 
primarily elevated the expression of genes re- 
lated to calcium channels, cellular metabolism, 
protein binding, and overall cellular metaboli- 
sm.

GSEA analysis of DEGs

GSEA/GO results showed that MC treatment 
increased the expression of genes associated 

Figure 5. MC promoted apoptosis in liver cancer cells (n=3). **compared to the control group (P<0.01). ##compared 
to the OV-RACK1 group (P<0.01). 
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with the proteasome core complex, phosphati-
dylinositol 3-kinase binding, iron ion transport, 
and chloride transport in SK-Hep-1 cells. The 
overexpression of RACK1 increased the expres-
sion of genes related to DNA replication, cell 
division, the G1/S transition of the mitotic cell 
cycle, and DNA repair. In SK-Hep-1 cells overex-
pressing RACK1, MC treatment increased the 
expression of genes involved in calcium-depen-
dent cell-cell adhesion by plasma membrane 
cell adhesion molecules and the regulation of 
I-κB kinase/NF-κB signaling (Figure 9A-C and 

Table 5). GSEA/KEGG results showed that MC 
treatment upregulated genes associated with 
nucleotide excision repair and the proteasome, 
whereas RACK1 overexpression upregulated 
genes linked to the cell cycle, DNA replication, 
and nucleotide excision repair. MC treatment 
increased the expression of genes associated 
with ferroptosis, cell adhesion molecules, ribo-
somes, and the Toll-like receptor signaling pa- 
thway in RACK1 SK-Hep-1 cells (Figure 9D-F 
and Table 6). In summary, the GSEA results 
revealed that the overexpression of RACK1 pre-

Figure 6. MC inhibited tumor growth in vivo. A. In vivo tumor images of nude mice (n=6). B. In vivo tumor growth 
curves of nude mice (n=6). C. In vivo tumor weights in nude mice (n=6). D. Ki-67 expression was detected via im-
munohistochemistry (IHC) (n=3). The scale bar indicates 100 μm. **compared to the control group (P<0.01). ##com-
pared to the OV-RACK1 group (P<0.01). 
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dominantly influenced genes related to cell dif-
ferentiation, cell cycle, and DNA replication, wh- 
ereas MC treatment primarily affected genes 
related to cell metabolism, ion channels, and 
nucleotide repair. The overexpression of RACK1 
enhanced cell proliferation, whereas MC treat-
ment promoted cellular metabolism and relat-
ed functions.

Expression analysis of calcium ion transport, 
ion channels, and cell adhesion genes

Bioinformatic analysis suggested that MC inhib-
ited liver cancer proliferation and promoted ap- 
optosis by regulating calcium ion transport, ion 
channels, and cell adhesion pathways. There- 
fore, calcium ion transport and ion channel pa- 

Figure 7. Differential expression gene analysis between different SK-Hep-1 cell treatment groups. (A) SK-Hep-1 
control group vs. MC-treated group. (B) RACK1 overexpression group vs. RACK1 overexpression+MC group. (C) SK-
Hep-1 control group vs. RACK1 overexpression group. (D) Venn diagram of differential expression genes in different 
treatment groups. (E-G) qRT-PCR was used to detect CTBP1-AS2 (E), CFAP298-TCP10L (F), and HSPE1-MOB4 (G) 
mRNA expression in SK-Hep-1 cells (n=3). vs.: versus. **compared to the control group (P<0.01). ##compared to the 
OV-RACK1 group (P<0.01). 



Magnesium cantharidate inhibits hepatocellular cancer via RACK1

1189 Am J Transl Res 2025;17(2):1178-1199

thway genes, such as inositol 1,4,5-trisphos-
phate receptor 3 (ITPR3), fibroblast growth fac-
tor (FGF)-19, stromal interaction molecule 1 (ST- 
IM1), and cell adhesion pathway genes, such as 
vimentin, E-cadherin, and N-cadherin, were de- 
tected in SK-Hep-1 cells using qRT-PCR. The qR- 
T-PCR results revealed that the overexpression 
of RACK1 significantly facilitated ITPR3, FGF19, 
STIM1, vimentin and N-cadherin expression 
and inhibited E-cadherin expression, whereas 
MC reversed the effects of RACK1 overexpres-
sion in SK-Hep-1 cells. Moreover, MC interven-
tion inhibited ITPR3, FGF19, STIM1, vimentin 
and N-cadherin expression, and promoted E- 
cadherin expression in SK-Hep-1 cells (Figure 
10). These findings provided evidence that MC 
inhibited liver cancer cell proliferation and pro-
moted apoptosis by regulating calcium ion tran- 
sport, ion channels, and cell adhesion path- 
ways.

PPI analysis of DEGs

PPI analysis revealed that MC treatment result-
ed in the interaction of 65 proteins, forming 11 
network interactions in the SK-Hep-1 cells. In 
particular, FBJ murine osteosarcoma viral onco-
gene homolog (FOS) interacts closely with FBJ 
murine osteosarcoma viral oncogene homolog 

B (FOSB) and CCL4 in these networks. RACK1 
overexpression resulted in the interaction of 
100 proteins, forming 305 interaction net-
works. Interactions included CDC6 with ORC6, 
MSH2 with MSH6, FOSB with JUN, and DZW10 
with RINT1. In SK-Hep-1 cells overexpressing 
RACK1, MC treatment induced interactions 
among 51 proteins, forming five interaction net-
works. Of note, CDH22 exhibited close interac-
tions with CDH26, and NLRC4 with TLR5 with- 
in these networks (Figure 11). In summary, 
RACK1 overexpression promoted protein inter-
actions associated with cell proliferation, whe- 
reas MC treatment increased interactions am- 
ong proteins related to metabolism.

Discussion

RACK1 shuttles to different subcellular units, 
mediates PPI, and is positively associated with 
the progression of esophageal, hepatocellular, 
ovarian, and breast cancers [25]. Relevant stu- 
dies have revealed that RACK1 expression is 
positively associated with vascular cancer em- 
bolism, tumor differentiation, TNM stage, lymph 
node metastasis, and liver cancer metastasis. 
RACK1 is markedly overexpressed in HCC cells, 
compared with adjacent noncancerous tissues. 
Moreover, patients exhibiting elevated RACK1 

Table 2. Up/down-regulation of the top three differential genes between different SK-Hep-1 cell treat-
ment groups
Group Up/Down GeneID Log2FoldChange Pval Padj
Control vs MC Up TAGLN 1.03 1.14E-28 0.00 

CALD1 1.17 6.77E-22 0.00 
C21orf59-TCP10L 1.79 3.33E-11 0.00 

Down FOS -1.24 5.85E-72 0.00 
FOSB -1.05 3.41E-28 0.00 

PHOSPHO2-KLHL23 -7.40 0.00 0.03 
OV-RACK1 vs OV-RACK1+MC Up SSPO 1.08 4.77E-06 0.00 

LOC105377650 1.06 2.2E-05 0.00 
PGBD3 1.49 6.12E-05 0.00 

Down GABPB1-AS1 -2.11 8.54E-18 0.00 
CTBP1-AS2 -1.69 1.76E-06 0.00 

GPR75-ASB3 -2.06 0.00 0.02 
Control vs OV-RACK1 Up IPO7 1.63 4.2E-294 0.00 

DDX21 1.73 2.1E-288 0.00 
TNPO1 1.58 2.4E-288 0.00 

Down IFITM1 -1.91 1.2E-288 0.00 
BATF2 -2.13 8.6E-280 0.00 
OAS2 -1.47 2E-269 0.00 

MC, magnesium cantharidate; OV-RACK1, overexpression of receptor for activated C kinase 1.
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Figure 8. GO and KEGG enrichment analysis of the different SK-Hep-1 cell treatment groups. A. SK-Hep-1 control 
vs. MC-treated group in the GO analysis. B. RACK1 overexpression group vs. RACK1 overexpression +MC group 
in the GO analysis. C. SK-Hep-1 control vs. RACK1 overexpression group in the GO analysis. D. SK-Hep-1 control  
vs. MC-treated group in the KEGG analysis. E. RACK1 overexpression group vs. the RACK1 overexpression +MC 
group in the KEGG analysis. F. SK-Hep-1 control group vs. RACK1 overexpression group in the KEGG analysis. vs.: 
versus. 
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levels have significantly reduced overall surviv-
al rates, compared to patients with lower RA- 
CK1 expression [13, 26]. Our results revealed 
that the expression level of RACK1 was signifi-
cantly correlated with the clinicopathologic 
characteristics of liver cancer such as tissue 
typing, survival, staging, and TP53 mutations, 
which suggested that RACK1 may predict sur-
vival and recurrence in patients with liver can- 
cer.

Wu et al. [27] demonstrated that RACK1 pro-
motes invasion and lymph node metastasis 
through its interaction with galactose lectin-1 in 
cervical cancer. Moreover, Wu et al. [28] found 
that RACK1 could promote proliferation by in- 
creasing β-catenin stability and activating the 
classical WNT signaling pathway. Furthermore, 
Chen et al. [29] identified isobutyric acid as a 
RACK1 activator that facilitates downstream 
Akt and FAK signaling and promotes metasta-
sis in colorectal cancer. By contrast, Huang et 

al. [30] found that the knockdown of RACK1 
inhibited breast cancer cell proliferation and 
migration and reversed the oncogenic function 
of ubiquitin-specific protease 41. Zou et al. [15] 
demonstrated that RACK1 silencing inhibits 
proliferation and induces apoptosis in MHCC- 
97-H cells. Consistent with these findings, our 
study revealed that RACK1 overexpression sti- 
mulated cell proliferation and inhibited apopto-
sis in Huh-7 and SK-Hep-1 cells. Moreover, RA- 
CK1 overexpression facilitated the growth of 
subcutaneously transplanted tumors in vivo. 
These results collectively underscore the sig-
nificance of RACK1 as a pivotal gene that drives 
liver cancer cell proliferation, and suggest it as 
a target for liver cancer.

Active ingredients derived from herbal sources 
exhibit diverse biological effects, showcasing 
their dual capability to effectively impede the 
proliferation of pathogenic microorganisms whi- 
le concurrently boosting the body’s immune re- 

Table 3. GO enrichment analysis related to cell proliferation, as well as apoptosis between different 
SK-Hep-1 cell treatment groups
Group ID Description Pval Padj
Control vs. MC GO:0005523 Tropomyosin binding 0.00 0.15

GO:0071277 Cellular response to calcium ion 0.02 0.18
GO:0016887 ATP hydrolysis activity 0.02 0.19

OV-RACK1 vs. OV-RACK1+MC GO:0015279 Store-operated calcium channel activity 0.02 0.16
GO:0051480 Regulation of cytosolic calcium ion concentration 0.00 0.16
GO:0098742 Cell-cell adhesion via plasma membrane adhesion 0.00 0.16

Control vs. OV-RACK1 GO:0000082 G1/S transition of mitotic cell cycle 1.81E-08 6.08E-06
GO:0006260 DNA replication 1.20E-14 2.22E-11
GO:0003678 DNA helicase activity 8.22E-08 2.33E-05

MC, magnesium cantharidate; OV-RACK1, overexpression of receptor for activated C kinase 1.

Table 4. KEGG enrichment analysis related to cell proliferation, as well as apoptosis between differ-
ent SK-Hep-1 cell treatment groups
Group ID Description Pval Padj
Control vs. MC map04620 Toll-like receptor signaling pathway 0.02 0.16

map04064 NF-kappa B signaling pathway 0.02 0.16
map04660 T cell receptor signaling pathway 0.02 0.16

OV-RACK1 vs. OV-RACK1+MC map04370 VEGF signaling pathway 0.10 0.29
map04010 MAPK signaling pathway 0.10 0.29
map04024 cAMP signaling pathway 0.06 0.29

Control vs. OV-RACK1 map04110 Cell cycle 7.28E-05 0.00
map03430 Mismatch repair 0.00 0.00
map03440 Homologous recombination 2.56E-06 0.00

KEGG, Kyoto Encyclopedia of Genes and Genomes; Pval, P value; Padj, adjusted P value; MC, magnesium cantharidate; OV-
RACK1, overexpression of receptor for activated C kinase 1; VEGF, vascular endothelial growth factor; MAPK, mitogen-activated 
protein kinase; cAMP, cyclic adenosine monophosphate.
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sponse [31, 32]. The results of molecular dock-
ing indicated that the minimum binding energy 
between RACK1 and MC was -5.8 kcal/mol, 
which is lower than -5.0 kcal/mol, which sug-
gested a strong interaction between MC and 
RACK1. Our results showed that MC significant-
ly inhibited the expression of RACK1 in Huh-7 
and SK-Hep-1 cells. Additionally, MC significant-
ly inhibited cell viability and proliferation, and 
promoted apoptosis in RACK1-overexpressing 
or normal Huh-7 and SK-Hep-1 cells. Further- 
more, MC treatment significantly inhibited the 
growth of liver cancer subcutaneous graft tu- 
mors in nude mice. Our findings revealed the 

potential of MC as an anti-HCC traditional Chi- 
nese medicine. Moreover, our results suggest-
ed that MC exerts anticancer effects by inhibit-
ing RACK1 expression. However, further stud-
ies are needed to investigate the mechanisms 
underlying the anti-HCC effects of MC.

RNA-seq analysis revealed that CTBP1-AS2, CF- 
AP298-TCP10L, and HSPE1-MOB4 may have 
significant roles in the RACK1- and MC-mediat- 
ed regulation of liver cancer progression. In the 
context of HCC, TCGA data analysis has con-
firmed upregulated CTBP1-AS2 expression and 
its involvement in promoting HCC cell prolifera-

Figure 9. Analysis of GSEA gene enrichment of the different SK-Hep-1 cell treatment groups. A. SK-Hep-1 control 
vs. MC-treated group in the GO analysis. B. RACK1 overexpression group vs. RACK1 overexpression + MC group in 
the GO analysis. C. SK-Hep-1 control group vs. RACK1 overexpression group in the GO analysis. D. SK-Hep-1 control 
group vs. MC-treated group in the KEGG analysis. E. RACK1 overexpression group vs. RACK1 overexpression + MC 
group in the KEGG analysis. F. SK-Hep-1 control vs. RACK1 overexpression group in the KEGG analysis. vs.: versus. 

Table 5. Enrichment analysis of GSEA/GO genes associated with cell proliferation, as well as apopto-
sis between different SK-Hep-1 cell treatment groups
Group ID Description Pval Padj
Control vs. MC GO:0043548 Phosphatidylinositol 3-kinase binding 0.00 1.00

GO:0005839 Proteasome core complex 0.00 1.00
GO:0006826 Iron ion transport 0.00 1.00

OV-RACK1 vs. OV-RACK1+MC GO:0043122 Regulation of I-kappaB kinase/NF-kappaB signaling 0.00 0.33
GO:0016339 Calcium-dependent cell-cell adhesion via  

plasma membrane cell adhesion molecules
0.00 0.67

GO:0005080 Protein kinase C binding 0.00 0.67
Control vs. OV-RACK1 GO:0051301 Cell division 6.63E-11 1.69E-07

GO:0000082 G1/S transition of mitotic cell cycle 8.42E-05 0.01
GO:0006281 DNA repair 3.29E-06 0.00

GSEA, gene set enrichment analysis; GO, gene ontology; MC, magnesium cantharidate; OV-RACK1, overexpression of receptor for activated C 
kinase 1.

Table 6. Enrichment analysis of GSEA/KEGG genes associated with cell proliferation, as well as apop-
tosis between different SK-Hep-1 cell treatment groups
Group ID Description Pval Padj
Control vs. MC map03050 Proteasome 0.00 0.72

map03420 Nucleotide excision repair 0.03 1.00
map04621 NOD-like receptor signaling pathway 0.01 0.72

OV-RACK1 vs. OV-RACK1+MC map04216 Ferroptosis 0.00 0.76
map03008 Ribosome 1.00 1.00
map04620 Toll-like receptor signaling pathway 0.03 0.85

Control vs. OV-RACK1 map04110 Cell cycle 0.01 0.01
map03030 DNA replication 0.00 0.12
map03420 Nucleotide excision repair 0.01 0.22

GSEA, gene set enrichment analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes; MC, magnesium cantharidate; OV-
RACK1, overexpression of receptor for activated C kinase 1; Pval, P value; Padj, adjusted P value; NOD, nucleotide-binding 
oligomerization domain; DNA, deoxynucleic acid.
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tion by regulation of the miR-623/Cyclin D1 
axis [33]. Moreover, Liu et al. [34] reported that 
CTBP1-AS2 expression is markedly elevated in 
HCC tissues and cell lines. They demonstrated 
that CTBP1-AS2 functions as a molecular sp- 
onge for miR-195-5p, thereby increasing CEP55 
levels and promoting the oncogenic progres-
sion of HCC. In the current study, MC signifi-
cantly downregulated the expression of CTBP1-
AS2 in OV-RACK1 and normal SK-Hep-1 cells. 
Moreover, our results also demonstrated that 
MC significantly upregulated the expression of 
CFAP298-TCP10L and downregulated the ex- 
pression of HSPE1-MOB4 in OV-RACK1 SK- 
Hep-1 cells. However, few studies have investi-
gated the roles of CFAP298-TCP10L and HS- 
PE1-MOB4 in liver cancer, which may be a fu- 
ture research direction. Based on previous st- 
udies, we speculated that MC exerted antican-

cer effects by targeting RACK1, thereby modu-
lating the expression of CTBP1-AS2, CFAP298-
TCP10L, and HSPE1-MOB4. However, further 
studies are required to investigate the relation-
ship between MC and CTBP1-AS2, CFAP298-
TCP10L, and HSPE1-MOB4 expression. 

GO/KEGG results showed that RACK1 overex-
pression increased the expression of genes 
related to cell differentiation, DNA replication, 
DNA damage repair, and the cell cycle, thereby 
promoting cell proliferation. MC treatment in- 
creases the expression of genes related to cal-
cium ion channels, cell adhesion, and protein 
binding to promote cell metabolism. The results 
of GSEA similarly showed that the functions of 
genes expressed after RACK1 overexpression 
were primarily related to the DNA double helix, 
DNA replication, DNA repair, and cell cycle, 
whereas the functions of genes expressed 

Figure 10. Expression analysis of calcium ion transport, ion channels, and cell adhesion pathway. (A-F) qRT-PCR was 
used to detect the expression of ITPR3 (A), FGF19 (B), STIM1 (C), vimentin (D), N-cadherin (E), and E-cadherin (F) 
mRNA expression in SK-Hep-1 cell (n=3). **compared to the control group (P<0.01). ##compared to the OV-RACK1 
group (P<0.01). 
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after MC treatment were primarily related to 
iron ion and chloride transport, cell adhesion, 
nucleotide excision repair, and inflammation. In 
addition, PPI analysis revealed that protein ex- 
pression during cell proliferation and DNA am- 
plification were more active after RACK1 over-
expression and that protein activity during cell 
metabolism increased after MC treatment.

Inositol 1,4,5-trisphosphate receptors (ITPRs) 
serve as intracellular Ca2+ channels in hepatocy- 
tes in hepatocytes. In particular, ITPR3 is unde-
tectable or exists at low levels in normal hepa-
tocytes, but it is highly expressed in HCC tis-
sues [35]. Wang et al. [36] demonstrated that 
FGF19/FGFR4 signaling could activate store-
operated Ca2+ entry (SOCE) through the PLCγ 
and extracellular signal-regulated kinase 1 and 
2 pathways. STIM1-triggered SOCE is the major 
route for Ca2+ influx into nonexcitable cells, in- 
cluding HCC cells [37]. A recent study demon-
strated that using a pharmacological inhibitor 
of SOCE in combination with STIM1 small inter-
fering RNA treatment could reduce tumor 

metastasis in breast cancer animal models 
[38]. Vimentin, N-cadherin and E-cadherin are 
significantly associated with cell invasion and 
migration in liver cancer [39]. Experimental evi-
dence demonstrated that restoring E-cadherin 
expression in cancer cells lacking E-cadherin 
can inhibit tumor progression and prevent inva-
sion [40]. In this study, qRT-PCR results demon-
strated that RACK1 overexpression significant-
ly facilitated ITPR3, FGF19, STIM1, vimentin, 
and N-cadherin expression and inhibited E-ca- 
dherin expression, whereas MC treatment re- 
versed the effects of RACK1 overexpression in 
SK-Hep-1 cells. Based on these results and bio-
signature analysis, we speculate that MC may 
affect the survival of liver cancer cells by regu-
lating DNA damage repair, cell cycle, and ion 
channels. These results further confirm that 
MC exerts its anticancer effects through multi-
ple pathways.

In conclusion, our study established a signifi-
cant association between RACK1 expression 
and key clinicopathologic features of liver can-

Figure 11. Analysis of PPI protein interaction network between different SK-Hep-1 cell treatment groups. A. SK-
Hep-1 control group vs. MC-treated group. B. RACK1 overexpression group vs. RACK1 overexpression +MC group. C. 
SK-Hep-1 control group vs. RACK1 overexpression group. vs.: versus.

Figure 12. Magnesium cantharidate (MC) inhibits liver cancer cell proliferation and promotes apoptosis by targeting 
receptor for activated C kinase (RACK1).
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cer, including tissue type, survival, stage, and 
TP53 mutations. RACK1 enhances the viability 
and proliferation of liver cancer cells while in- 
hibiting apoptosis. These results suggest that 
RACK1 is a marker for liver cancer develop-
ment and a promising therapeutic target. More- 
over, our findings indicated that MC exhibits 
anti-liver cancer properties by promoting apop-
tosis and suppressing the viability and prolifer-
ation of liver cancer cells (Figure 12). MC had a 
pronounced counteractive effect on the pro-
carcinogenic impact of RACK1, suggesting that 
RACK1 is a target for the anti-liver cancer 
action of MC. Nonetheless, these promising 
results are limited by the lack of clinical trial 
data, emphasizing the need for further studies 
in liver cancer. 
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