Medical Oncology (2023) 40:318
https://doi.org/10.1007/512032-023-02181-9

ORIGINAL PAPER q

Check for
updates

Synergistic induction of apoptosis in liver cancer cells: exploring
the combined potential of doxorubicin and XL-888

Ozlem Kaplan'

Received: 14 August 2023 / Accepted: 2 September 2023 / Published online: 4 October 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract

Combination therapy has been frequently preferred in treating various types of cancer in recent years. Targeted cancer
therapy has also become one of the remarkable treatment modalities. Therefore, the aim of the study to investigate its cyto-
toxic and apoptotic effects on liver cancer cell lines by combining the classical chemotherapeutic drug doxorubicin (DOX)
and a targeted agent, the new generation HSP90 inhibitor XL-888. The molecular docking method was used to predict the
binding conformation of XL.-888 on the human Hsp90. The single and combined cytotoxic effects of DOX and XL.-888 on
liver cancer cell lines HepG2 and HUH-7 were determined by MTT assay. The effect of the combined use of two drugs was
evaluated using Chou and Talalay method. The levels of apoptotic genes and heat shock proteins gene and protein expression
levels were investigated by quantitative real-time polymerase chain reaction and western blotting, respectively. Molecular
docking results showed that XI.-888 selectively binds to the ATP binding pocket of HSP90 with an estimated free binding
energy of — 7.8 kcal/mol. DOX and XL-888 and their combination showed dose-dependent cytotoxic effect. The combina-
tion of drugs showed a synergistic effect on both cell lines. The results revealed that the combination of DOX and XL-888
potently induced apoptosis in liver cancer cell lines rather than using drugs alone. The combined treatment of DOX and
XL-888 demonstrated synergistic cytotoxic and apoptotic effects on liver cancer cell lines, presenting a promising approach
for combination therapy in liver cancer.
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Introduction these therapeutic techniques have a high rate of recurrence

and a low probability of survival [3].

Liver cancer ranks among the top five most prevalent can-
cers worldwide, posing a significant global health burden.
Hepatocellular carcinoma (HCC) represents the majority
(85%) of liver cancer cases and is associated with a dis-
mal prognosis primarily attributed to delayed diagnosis and
limited therapeutic interventions [1]. There are usually no
symptoms in the early stages of HCC, and symptoms appear
in the later stages [2]. Radiofrequency ablation, surgical
excision, transplantation, and transarterial chemoemboliza-
tion are frequent therapy choices. HCC treatment is compli-
cated by drug resistance and unwanted effects. As a result,
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DOX is the most often utilized anticancer drug in HCC
chemotherapy. DOX is also one of the first anticancer medi-
cines to be employed in the treatment of liver cancer [4].
DOX has anticancer activity through penetrating the DNA
helix and/or covalently attaching to DNA replication and
transcription proteins. DOX causes cell death by inhibit-
ing DNA, RNA, and protein synthesis [5]. DOX treatment
causes cellular damage that affects not just cancer cells but
also healthy cells, slowing or stopping their proliferation
[6]. Furthermore, the use of DOX in treatment causes car-
diotoxicity by increasing oxidative stress, which affects the
heart tissue and causes cardiomyopathy [7]. The most typical
cancer treatment method is to use a combination of medica-
tions to enhance the anticancer efficacy of existing drugs
while lowering their undesirable side effects [8, 9]. Due to
the intricate nature of HCC, concentrating solely on a single
signaling pathway component may prove ineffective. There-
fore, an ideal molecular target is one that can simultaneously
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modify multiple components within one or more signaling
pathways.

Heat shock protein 90 (HSP90) emerges as a particu-
larly compelling candidate in this regard. HSP90 is a vital
molecular chaperone known to interact with numerous client
proteins, numbering in the hundreds [10]. Its significance
lies in its ability to regulate the folding, stability, and activ-
ity of these client proteins, thereby exerting a substantial
influence on various signaling pathways implicated in HCC.
By targeting HSP90, it becomes possible to modulate multi-
ple components simultaneously, potentially leading to more
effective therapeutic strategies for HCC [11]. HSP90 regu-
lates a wide range of oncoproteins’ stability, function, and
activity. These proteins are rapidly destroyed by the protea-
some in the absence of HSP90 [12]. Because many of these
proteins are frequently dysregulated in HCC, HSP90 may be
a promising therapeutic target [13]. HSP90 has recently been
identified as a possible HCC biomarker, with its expression
having diagnostic relevance for HCC diagnosis [14].

Several highly selective but chemically different HSP90
inhibitors have been demonstrated to have potent anticancer
efficacy [15, 16]. Among the numerous HSP90 inhibitors,
XL-888, a next-generation oral drug targeting HSP90, has
been shown to significantly limit HSP90 activity without
inhibiting other kinases [17]. While preclinical trials of
XL-888 in melanoma and advanced pancreatic/colorectal
cancer are ongoing, there are insufficient studies on its bio-
logical significance in liver cancer [18, 19].

In this regard, we investigated the efficiency of combining
the commonly used genotoxic drug DOX with the HSP90
inhibitor XL-888 to utilize various stress signaling pathways
for cancer therapy. Also, it was demonstrated by molecu-
lar docking study that XL.-888 selectively binds to the ATP
binding pocket of HSP90 N-terminal domain (NTD). The
Chou-Talalay method was used to compute the combination
index (CI). When two drugs alone and as a combination, the
effect on apoptotic genes and HSP genes were investigated
with quantitative real-time polymerase chain reaction (QRT-
PCR) and western blotting.

Materials and methods
Chemicals and reagents

XL-888 was purchased from AdooQ® Bioscience. Doxo-
rubicin HCI was obtained by Gold Biotechnology Incorpo-
rated, USA. 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT), BCA protein assay kit, and RIPA lysis
buffer were supplied from Serva. Polyvinylidene difluoride
(PVDF) membrane (741260) was from Macherey-Nagel.
Anti-HSP27 (ab5579), anti-HSP70 (ab79852), anti-HSP90
(ab2928), Anti-Bax (ab53154), Anti-Bcl-2 (ab59348), and
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goat anti-rabbit IgG H&L (HRP) (ab205718) antibodies
were purchased from Abcam. Anti-pro-Casp-9 (M00080-
1) antibody was purchased from Boster Bio. Anti-GAPDH
(10494-1-AP) antibody was purchased from Proteintech.
Primers were synthesized from Metabiomics. SYBR Green
master mix was from Bioline. The total RNA isolation kit
was from Favorgen Biotech Corp. cDNA synthesis cDNA
synthesis kits were supplied from Bio-Rad. The enhanced
chemiluminescence (ECL) substrate kit (1705060) was from
Bio-Rad. Dulbecco’s Modified Eagle’s medium (DMEM)
High Glucose, fetal bovine serum (FBS heat-inactivated),
penicillin—streptomycin solution, L-glutamine, phosphate
buffer saline (PBS), and trypsin-EDTA was purchased from
Biological Industries. HepG2 and HUH-7 cell lines were
from ATCC (American Type Culture Collection).

Molecular docking

The 3D structure of the target protein HSP90 NTD was
obtained from the Protein Data Bank (PDB), while the
molecular structure of XL-888 was sourced from the NCBI
PubChem database. The HSP90 protein construct was found
in a complex with ATP (PDB ID: 3T0Z). The downloaded
complex has a resolution of 2.19 A. Complex and imaged
with XL.-888 Chimera 1.16. ATP was removed from the
complex before preparing the HSP90 NTD docking. HSP90
protein and XL-888 molecule were prepared for docking
using Chimera 1.16 DocPrep tool. To identify the potential
interaction site between the target protein and the ligand, a
grid box was created by AutoDock Vina. The grid box had
specific coordinates in the X, y, and z dimensions, namely
9.63, — 5.88, and 16.34, respectively. Its size was set to
22 %22 x22. The docking procedure was conducted using
Autodock Vina, and upon completion of the analyses, Biovia
Discovery Studio was employed to visualize the interactions
between the ligand and the active site residues of the target
protein.

Cell culture

HepG2 and HUH-7 cancer cell lines were cultured in
DMEM High Glucose medium supplemented with 0.1%
penicillin—streptomycin, 1% L-glutamine, and 10% FBS.
The cancer cell lines were incubated at 37 °C in a humid
environment containing 5% CO.,.

Cell viability assay

The in vitro cytotoxic effect of XL-888 and DOX was
determined by the MTT assay. The cancer cells were
grown in 96-well culture plates (5 x 10* cells per well) and
treated with XL-888 and DOX at concentrations ranging
from 100 to 1.56 and 25 to 0.39 nM for 48 h, respectively.
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Individual cytotoxicity assays of drugs were studied in
serial dilutions with maximum initial concentrations of
100 nM for DOX and 25 nM for XL-888. In combina-
tion studies, considering the individual cytotoxicity values
of the drugs, the ratio of 100 nM: 25 nM, i.e., 4:1, was
studied and serial dilution was made by keeping this ratio
constant. Following the incubation period, 100 uL of MTT
solution (5 mg/mL) was added to each well and incubated
at 37 °C for 3 h. The formazan product was then dissolved
in 100 pL of dimethyl sulfoxide after MTT was removed.
The absorbance was measured at 570 nm by a microplate
reader, and the viability of cancer cells was calculated as
a percentage of the control group.

Quantitative RT-PCR

The expression levels of HSP27, HSP70, HSP90, Bax, Bcl-
2, Cas-9, P53, and Cyt C genes in HepG2 and HUH-7 cells
treated with XL-888 and DOX, compared to untreated
cells, were analyzed using RT-PCR (Bio-Rad CFX96TM).
The primers used for the amplification of these genes were
listed in Table 1. HepG2 and HUH-7 cells were treated
with ICy, doses of XL-888 and DOX for 48 h. After the
incubation period, total RNA was extracted from the cells,
and cDNA synthesis was performed following the instruc-
tions provided in the kit. The RT-PCR was carried out as
described in a previous method [20]. The expression levels
of the genes were analyzed by the 2 22C" method. The
GAPDH gene was used as a reference or housekeeping
gene for normalization.

Table 1 The primer sequences of genes (F: Forward, R: Reverse)

Bax F 5-TCAGGATGCGTCCACCAAGAAG-3'

R 5-TGTGTCCACGGCGGCAATCATC-3’
Bcl-2 F 5-ATCGCCCTGTGGATGACTGAGT-3'

R 5-GCCAGGAGAAATCAAACAGAGGC-3’
Cas-9 F 5-GTTTGAGGACCTTCGACCAGCT-3’

R 5'-CAACGTACCAGGAGCCACTCTT-3'
P53 F 5-CCTCAGCATCTTATCCGAGTGG-3'

R 5" TGGATGGTGGTACAGTCAGAGC-3'
CytC F 5'CGTTGTGCCAGCGACTAAAAA-3'

R 5-GATTTGGCCCAGTCTTGTGC-3'
Hsp27 F 5-CTGACGGTCAAGACCAAGGATG-3'

R 5-GTGTATTTCCGCGTGAAGCACC-3'
Hsp70 F 5-ACCTTCGACGTGTCCATCCTGA-3'

R 5-TCCTCCACGAAGTGGTTCACCA-3'
Hsp90 F 5-TCTGCCTCTGGTGATGAGATGG-3'

R 5-CGTTCCACAAAGGCTGAGTTAGC-3'
Gapdh F 5-GTCTCCTCTGACTTCAACAGCG-3'

R 5'-ACCACCCTGTTGCTGTAGCCAA-3'

Western blotting

Western blot was used to investigate the protein expression
levels of HSP27, HSP70, HSP90, BAX, BCL-2, and CAS-9
in cells exposed to XL.-888 and DOX. The cells were treated
with ICs,, concentrations of XL.-888 and DOX for 48 h. After
incubation, cells were harvested with trypsin and lysed with
RIPA buffer. Western blotting was performed as detailed
previously [21]. Anti-HSP27 (1:1000), anti-HSP70 (1:500),
and anti-HSP90 (1:500) were used as primary antibodies.
Goat anti-rabbit [gG H&L (HRP) (1:10,000) was used as the
secondary antibody. The protein bands were then observed
using the ChemiDocTM imaging system (Bio-Rad) and an
enhanced chemiluminescence (ECL) substrate. ImageLab
6.1 software was used to determine the levels of protein
expression.

Statistical analysis

Statistical analysis and comparable data sets were evaluated
with a two-way ANOVA with Sidak test and Dunnett’s test
using GraphPad Prism 8.0 software. Statistical significance
was defined as p < 0.05 probability values. To study the syn-
ergistic efficacy of the drug combination, the Chou-Talalay
approach was used to calculate the CI by CompuSyn soft-
ware version 1.0.

Results and discussion

Molecular docking method was used to predict the binding
conformation on human Hsp90 NTD, aiming to gain infor-
mation about the potential anticancer effects of XL-888. The
in-silico analysis demonstrated that XL.-888 displayed a spe-
cific affinity for the conserved ATP binding pocket. Remark-
ably, it exhibited a significant binding energy of — 7.8 kcal/
mol (Fig. 1A), emphasizing its potential as a promising can-
didate for anticancer therapy. It was determined that there
is a Van der Waals interaction with Ser42, the Gly122 and
Thr174 residues of the HSP90 protein form carbon-hydrogen
bonds with the XL.-888 molecule. Also, pi-Sulfur (Met88),
amide-pi stacked (Asn41), alkyl (Phel128, Val140, Leu38,
Leu97, Vall76) and pi alkyl (Ala45) were calculated as pos-
sible hydrophobic interactions between HSP90 and X1.-888
molecule (Fig. 1B, C). The interactions and bond distances
between HSP90 NTD and XL-888 molecule are shown in
Table 2.

Liver cancer cell lines HepG2 and HUH-7 were used to
determine the effects of DOX and HSP90 inhibitor XL-888
on human liver cancer cell viability. In liver cancer research,
HepG2 and HUH-7 cells are considered the gold standard
and widely recognized as representative models of liver
cancer. These cell lines typically mirror the characteristics
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Fig.1 A Binding sites of XL-888 on the human Hsp90 NTD. B Key residues involved in the interaction between Hsp90 NTD and XL-888. C
2D representation illustrating the interaction surface of XL-888 and Hsp90 protein

Table2 Molecular docking interactions and bond distances of
XL-888 with HSP90 protein

Residue  Distance (A)  Bound catagory  Bound types

Glyl22 2.74 Hydrogen bond  Carbon hydrogen bond
Thr174  2.83 Hydrogen bond  Carbon hydrogen bond
Glyl22  3.28 Hydrogen bond  Carbon hydrogen bond
Met88 432 Other Pi—sulfur

Asn41 5.40 Hydrophobic Amide—Pi stacked
Met88 541 Hydrophobic Alkyl

Leu97 4.80 Hydrophobic Alkyl

Vall40  4.29 Hydrophobic Alkyl

Vall76  4.81 Hydrophobic Alkyl

Leu38 4.80 Hydrophobic Alkyl

Vall76 424 Hydrophobic Alkyl

Phel28  4.65 Hydrophobic Pi—alkyl

Phel28  5.28 Hydrophobic Pi—alkyl

Ala45 5.20 Hydrophobic Pi-alkyl

observed in liver cancer and encompass the molecular attrib-
utes of this cancer type [22]. Hence, these cell lines were
chosen for our study due to their well-established reputa-
tion in accurately reflecting the features of liver cancer. The
effect of DOX and XL-888 on the cell viability in 48 h as a
single agent and combination was determined by the MTT
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experiment. As shown in Fig. 2A and B, DOX and XL-888
exhibited dose-dependent inhibition in HepG2 and HUH-7
cell viability. The half maximal inhibitory concentration
(ICs) was 17 nM (DOX) and 5.32 nM (XL-888) in HepG2
cells, while 10.58 nM (DOX) and 4.28 nM (XL-888) in
HUH-7 cells. The HUH-7 cells were relatively more sensi-
tive to these two drugs. In addition, the XL-888 and DOX
combination had a stronger inhibitor effect than use as an
agent alone on HepG2 and HUH-7 cell viability (Fig. 3A,
B).

These data suggest that the XL-888 and DOX combina-
tion may be synergistic to inhibit cell viability in liver cancer
cells. To verify this synergism, we treated the cells with a
combination of two agents at a constant rate. We used the
CompuSyn software to calculate the CI as described under
Chou and Talalay’s methods [23]. The analysis reveals that
the combination effects of two agents can be summarized
in the following manner: when Cl is less than 1, it indicates
synergistic effects; when CI equals 1, it signifies additional
effects; and when CI is greater than 1, it denotes antagonis-
tic effects [24]. XL-888 and DOX combination tested liver
cancer cells HepG2 (Fig. 3C), and HUH-7 (Fig. 3D) showed
synergistic anticancer activity.

We analyzed the effect of DOX and XL.-888 (individu-
ally and in combination) on apoptotic and HSPs on liver
cancer cell lines by qRT-PCR and Western Blot experiments
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to investigate the synergistic mechanism of drug combina-
tion. The effect of DOX and XL-888, which was applied
to liver cancer cell series as a single agent and combina-
tion, on apoptotic genes and HSP genes was investigated
with RT-PCR (Figs. 4A and 5A). When HSP90 activity

was inactivated with XL-888, a significant increase was
observed in the Bax/Bcl-2 ratio in HepG2 and HUH-7 cell
lines, while there was no significant change in Cas-9 and Cyt
C gene expression levels. However, expression of the p53
gene increased in HepG2 cells, while a significant decrease
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Fig.4 Analysis of changes in the expressions of apoptotic genes
(Bax, Bcl-2, Cyt C, p53, Cas-9) and HSP genes (HSP27, HSP70,
HSP90) following a 48 h treatment with XL-888, DOX, and
DOX +XL-888 in HUH-7 cells. A Focuses on alterations in gene
expressions, while B highlights changes in protein expressions
of apoptotic markers (Bax, Bcl-2, pro-Cas-9) and HSPs (HSP27,

was observed in p53 gene expression in HUH-7 cells. This
may be due to different p53 states in the two cell lines. The
tumor suppressor protein p53, which is mutated in over 50%
of human cancers, is a significant client protein of HSP90.
Previous studies have indicated that inhibition of HSP90
can lead to the ubiquitination and degradation of mutant p53
through the proteasome pathway. Blocking HSP90 activity
in this manner induces apoptosis in a manner that is depend-
ent on the presence of functional p53 [25]. In our study, it
is thought that XL-888 treatment triggered the downregula-
tion of mutant p53 protein in HUH-7 cells while promoting
upregulation of wild-type p53 expression in HepG2 cells,
thereby activating the apoptotic pathway.
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HSP90

HSP70, HSP90). C summarizes the abundance of apoptotic and HSPs
in HUH-7 cell lines. The data are represented as the mean+SEM
(n=3). Statistical significance is denoted as *p<0.05, **p<0.01,
*#%p <(0.001, and ****p<0.0001 when compared to the control
group

Inhibition of HSP90 activity resulted in HSP70 upregula-
tion in both liver cancer cell lines. This effect may be due
to the dissociation of heat shock factor 1 (HSF1) monomer
from HSP90, followed by HSF1 trimerization, nuclear trans-
location, and transcriptional activation of HSP70, as clearly
stated in previous studies [26, 27]. When HSP27 and HSP90
gene levels were examined, there was no significant change
in HepG2, but a dramatic decrease was observed in HUH-7
cells. The findings of this study indicate that the response
of each cell line to XL-888 treatment is distinct. HSP27
appears to play a cytoprotective role by directly inhibiting
cell apoptosis through its interaction with crucial proteins
involved in apoptotic pathways. Additionally, HSP27 can
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enhance cell survival by modulating the phosphorylation
of ERK and Akt signaling pathways, as well as facilitating
the degradation of components associated with apoptosis.
These observations highlight the multifaceted mechanisms
through which HSP27 influences cell fate and underscore
its potential as a therapeutic target in cancer treatment. In
HCC, downregulation of HSP27 has been reported to induce
obvious cell apoptosis [28].

When gene expression levels in cells treated with DOX
were analyzed, there was an increase in Bax/Bcl-2 ratio,
Cyt C, and Cas-9 levels in both cell lines. Like X1.-888,
the p53 level increased in HepG2 cells and decreased in
HUH-7 cells. DOX caused a decrease in the HSP70 gene

HSP90

DOX+XL-888

of apoptotic markers (Bax, Bcl-2, pro-Cas-9) and HSPs (HSP27,
HSP70, HSP90). C The abundance of apoptotic and HSPs in HepG2
cell lines. The data are represented as the mean+SEM (n=3). Sta-
tistical significance is denoted as *p <0.05, **p<0.01, ***p<0.001,
and ****p <0.0001 when compared to the control group

expression level and increased the HSP90 gene expression
level in both cell lines.

When XL-888 and DOX were administered together,
the increase in Bax/Bcl-2 ratio in HepG2 and HUH-7 cell
lines was higher than when drugs were administered alone.
Similarly, combined drug administration in both cell lines
showed a significant increase in Cyt C and Cas-9 gene
expressions. p53 gene expression showed a similar pat-
tern, increasing in HepG?2 cells and decreasing in HUH-7
cells. When HSP expressions were examined, the combi-
nation caused an increase in HSP27, HSP70, and HSP90
gene expressions in HepG2 cells, while HSP70 and HSP90
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expression decreased in HUH-7 cells, but there was no
significant change in HSP27 expression.

In the HepG2 and HUH-7 cells, where two drugs are
applied alone and as a combination, the change in the
expressions of apoptotic protein and HSP proteins was ana-
lyzed with Western Blotting (Figs. 4B, C, 5B, C).

In HepG2 and HUH-7 cells, where XL-888 inhibited
the HSP9O0 protein, an increase in Bax/Bcl-2 ratios and a
decrease in pro-Cas-9 levels revealed that the cells exhibited
an apoptotic profile. These results were parallel to the RT-
PCR results. In general, although the change in the protein
level of HSP supported the RT-PCR results, it resulted in a
significant increase in the protein level despite a decrease
in the HSP90 gene expression level in HUH-7 cells. The
change in expression levels of apoptotic proteins in both cell
lines after DOX treatment was similar to that of XL-888.
The change in the level of HSP proteins was not different
from the change in gene expression levels.

The combination of XL-888 and DOX caused an apop-
totic cell profile because of the increase in Bax/Bcl-2 and a
decrease in pro-Cas-9 levels in both cell lines. In the expres-
sion of HSP proteins, the combination of the two drugs
resulted in a decrease in Hsp27 and HSP70 levels and no
change in HSP90 protein levels. The data presented in this
study indicate that the drug combination can activate cas-
pases, which are key enzymes involved in the initiation and
execution of apoptotic cell death. Apoptosis, known as pro-
grammed cell death, is the main way to evaluate the response
to cytotoxic and tumor cell damage. The expression levels
of pro-apoptotic (like Bax) and anti-apoptotic proteins (like
Bcl-2) provide information about the apoptotic profile of
cells. The release of cytochrome-c in the apoptotic process
is regulated by pro-apoptotic and anti-apoptotic proteins.
cytochrome-c, pro-cas-9, and APAF-1 forms an apoptosome
complex and Cas-9 is activated via a proteolytic cleavage.
The cleavaged Cas-9 activates the caspase 3 and caspase-7
for induction of the internal apoptotic cell death mechanisms
in the cells. Therefore, increase of the Bax/Bcl-2 expression
ratio and reducing the pro-Cas-9 protein levels are vital bio-
markers to stimulate apoptosis in cancer cells and show the
induction of apoptosis [29].

Given the complexity of liver cancer, as with many cancer
cells, targeting a single component of a signaling pathway
may be ineffective. Combining cancer drugs that possess
distinct mechanisms of action represents a viable strategy
to enhance therapeutic efficacy while minimizing undesir-
able side effects [30]. Within this framework, the concurrent
administration of DOX with other cancer drugs has been
extensively investigated in numerous studies. These inves-
tigations have demonstrated synergistic enhancements in
cancer-specific toxicity while mitigating the risk of cardio-
toxic side effects. By combining DOX with other agents, the
therapeutic outcome can be significantly improved, offering

@ Springer

a more effective and safer treatment approach for cancer
patients. Daunys et al. showed that the HSP90 inhibitors
ICPD47 and ICPD62, combined with DOX, can act syner-
gistically on pancreatic cancer cells [31]. In another study,
17-AAG, an HSP90 inhibitor, sensitized breast cancer cells
to the cytotoxic effects of DOX. Subsequently, Gupta et al.
developed folate receptor-targeted hybrid lipid-core nano-
capsules containing 17-AAG and DOX. These nanoparticles
significantly inhibited the growth of MCF-7 cells via apop-
tosis [32]. In a study with an HSP90 inhibitor (ganetespib)
and DOX, the combination of ganetespib and DOX showed
significant synergy and was effective in inhibiting small cell
lung cancer growth in vitro and in mouse xenograft models
[33]. Drug combination studies can realize the full potential
of the anticancer activity of individual drugs and expand the
application of drugs to various types of cancer.

Administration of XL-888 alone and in combination
has been investigated in various types of cancer. Zhang
et al. investigated the use of Hsp90 inhibition by XL-888
to enhance the response to PD-1 blockade in pancreatic
ductal adenocarcinoma. Their findings showed that XL.-888
attenuates inflammatory signals and directly affects PDAC-
associated cells, leading to improved immune responses in
mouse models, and is a promising strategy for PDAC immu-
notherapy [18]. In a phase 1 clinical trial, the combination
of XL-888 and pembrolizumab in patients with gastrointes-
tinal adenocarcinoma had an acceptable safety profile and
provided a long-term stable disease state in some patients,
suggesting that this treatment may be a promising option for
Phase 2 trials [34]. Studies are ongoing for this combination
in colorectal and pancreatic cancer (NCT03095781). Two
clinical studies on the use of XL.-888 in melanoma cancer
have been completed. The first includes a Phase I/1I trial
using vemurafenib and XL-888 in patients with BRAF-
mutant melanoma, with a response rate of 75% of treated
patients. The second is a Phase I trial of a triple regimen
of dabrafenib, trametinib, and AT13387 in patients with
BRAF-mutant solid tumors [35, 36].

In this particular study, our focus was on examining the
toxic effects of combining DOX and XL-888 in liver cancer
cells, as well as their potential to induce apoptosis. While
XL-888 is currently undergoing preclinical trials for mela-
noma, advanced pancreatic cancer, and colorectal cancer,
a recent study has also investigated its effects in HCC. Sun
et al. conducted a study to explore the pro-apoptotic impact of
XL-888 on HCC cells when combined with non-lethal heat
treatment. To assess whether the combination of heat treatment
with or without XL.-888 induces apoptosis in HCC cell lines,
the levels of caspase 3 and PARP cleavage were measured.
The results demonstrated that both heat treatment and XL.-888
treatment alone increased the levels of cleaved caspase 3 and
PARP. Interestingly, combining the two treatments resulted
in even higher levels of cleavage. These findings indicate that
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the combination of XL.-888 with heat treatment significantly
enhances apoptosis in HCC cells [37]. In our study, DOX and
XL-888 individually induced cellular death in liver cancer
cell lines by inducing apoptosis, while the combination of the
drug significantly increased apoptotic cell death compared to
their use alone. In summary, our findings show the amazing
synergistic impact found when DOX and XL-888 were com-
bined in liver cancer cell lines, notably HepG2 and HUH-7.
This combination therapy excelled individual pharmacological
treatments in terms of effectiveness, potentially presenting a
way to reduce the dose-dependent adverse effects associated
with these drugs. The data given in this study provide a solid
platform for future research into combination cancer therapy.
The observed synergistic effects provide novel opportunities
for more effective anticancer therapies in future treatments.

Conclusion

In this study, we demonstrated the synergistic effect of DOX
and X1.-888 on liver cancer cell lines on HepG2 and HUH-7.
When used in combination, the drugs were more effective than
they use it alone. Combined use of drugs is more effective than
usage alone and may reduce the dose-dependent side effects
of the drug. The data obtained in our study contain the first
results for the use of DOX and XL-888 in liver cancer cells and
may form the basis for future combined cancer therapy studies.
The synergistic effect results are a promising avenue for more
efficient anticancer treatments in future treatment strategies.
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