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Abstract: Rhabdomyosarcoma (RMS) is a malignant tumour of the soft tissues. There are two
main histopathological types: alveolar and embryonal. RMS occurs mainly in childhood and is
a result of the deregulation of growth and differentiation of muscle cell precursors. There is an
increasing amount of data indicating that numerous epigenetic alterations within chromatin and
histone proteins are involved in the pathogenesis of this malignancy. Histone acetylation is one of
the most important epigenetic modifications that is catalysed by enzymes from the group of histone
acetyltransferases (HAT). In this study, the impact of the natural histone acetyltransferase inhibitors
(HATi)—garcinol (GAR) and anacardic acid (AA)—on the biology of RMS cells was evaluated through
a series of in vitro tests measuring proliferation, viability, clonogenicity, cell cycle and apoptosis.
Moreover, using oligonucleotide microarrays and real-time PCR, we identified several genes whose
expression changed after GAR and AA treatment. The examined HATi significantly reduce the
invasive phenotype of RMS cells by inhibiting the growth rate, viability and clonogenic abilities.
What is more, these substances cause cell cycle arrest in the G2/M phase, induce apoptosis and
affect the genetic expression of the endoplasmic reticulum stress sensors. GAR and AA may serve
as promising potential anti-cancer drugs since they sensitize the RMS cells to chemotherapeutic
treatment.
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1. Introduction

Rhabdomyosarcoma (RMS) belongs to the soft tissue sarcomas group and was first
described by Weber in 1854, but formal classification was not made until 1946 [1]. It is
commonly believed that this is a childhood disease because most cases occur in people
under 18 (it ranks third among paediatric malignancies). RMS is most often diagnosed in
children under the age of 5. A second, smaller peak of incidence is in adolescents aged
15–19 [2–4]. Microscopically, there are four main histological types of RMS: embryonal
(ERMS); alveolar (ARMS); pleomorphic (PRMS); and spindle cell (ssRMS) [5,6]. The in-
cidence risk increases with certain genetic syndromes, including Li-Fraumeni, Gardner,
Warner and Noonan [7]. RMS arises because of numerous disturbances in the regulation of
growth and differentiation of myogenic precursor cells, which may be a consequence of
genetic and epigenetic modifications that affect cell differentiation, growth, proliferation
and apoptosis [8,9]. Despite advanced chemotherapy combined with radiotherapy and
surgery, patients with RMS have a poor prognosis caused by late diagnosis, metastasis and
local recurrence [10].
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Some substances of natural origin inhibit the development of malignant tumours
through their effect on the epigenome. Restoring the epigenetic balance may be a chance
to mitigate the malignant phenotype of cancer cells [11,12]. Natural products, such as
garcinol and anacardic acid, seem to affect the enzymes controlling the process of histone
acetylation and, more specifically, histone acetyltransferases (HATs) [13]. Garcinol (GAR)
is a substance extracted from the dried peel of the Garcinia indica fruit that belongs to
the polyisoprenylated benzophenones. It has been used in traditional medicine in East
Asia and the Middle East. GAR has anticancer, antioxidant, anti-inflammatory, antiviral,
antibacterial and antiparasitic properties. This substance is responsible for inhibiting HATs
activity, primarily P300, CBP and PCAF enzymes. It may also affect signalling pathways
involving NF-κB and STAT [14–16]. Anacardic acid (AA) is a bioactive phytochemical
found in the shell of cashew nuts. It constitutes about 90% of CNSL (cashew nutshell
liquid). The rest consists of cardanol and cardol. Considering its chemical structure, it
is a mixture of organic compounds that are closely related to each other. Each of these
compounds has salicylic acid with a saturated or unsaturated alkyl chain, containing
from 15 to 17 carbon atoms in its structure. Antioxidant, antibacterial, antiparasitic and
anticancer effects have been related to AA. Similar to GAR, AA has been found to be an
effective inhibitor of HATs activity [13,17,18]. The RMS treatment strategy, mostly involving
chemotherapy, is associated with many complications and significant side effects through
high toxicity to healthy body cells. New ways of treating RMS are still greatly needed
and expected. Our data indicate that AA and GAR increase the sensitivity of RMS cells to
typically used chemotherapeutics and induce apoptosis through an endoplasmic reticulum
(ER) stress-related mechanism.

2. Results
2.1. Anacardic Acid and Garcinol Reduce Viability and Proliferation of Rhabdomyosarcoma Cells

To evaluate the effect of GAR and AA on RMS viability, we applied WST-1 over a broad
range of tested compound concentrations. RH30 and RD cells were cultured in a medium
with AA (7.5, 15, 30, 55, 75 µM) or GAR (2.5, 7.5, 15, 25, 35 µM). In both cases, a similar
tendency was observed, namely, the percentage of viable alveolar (ARMS) and embryonal
(ERMS) cells decreased with increasing concentrations of AA and GAR (Figure 1). We
calculated the IC50 index: for AA and RH30 cells, the IC50 was 54.02 µM, and for RD cells,
the IC50 was 52.6 µM, while for GAR, it was 16.91 µM and 15.95 µM, respectively. Then,
the effect of AA and GAR on the proliferation of RH30 and RD cells was assessed (Figure 2),
and a decrease in the growth kinetics of the examined cells was noted in just 24 h after the
addition of the compounds. The decrease in the proliferation rate of RH30 and RD cells
was proportional to the increase in the HAT inhibitors (HATi) dose. Statistically significant
differences in the proliferation rate of the tested cells in relation to the control cells were
observed at doses of 30, 55 and 75 µM for AA and 15, 25 and 35 µM for GAR.
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Figure 1. Evaluation of the viability of RH30 cells cultured in the presence of AA (7.5, 15, 30, 55, 75 
µM) and GAR (2.5, 7.5, 15, 25, 35 µM). The viability index was calculated using the following 
formula: (cell viability (% of control) = [(A tested-A blank/A control-A blank)] × 100%). The IC50 
value was calculated from the trend line equation. A representative result from three independent 
experiments is shown. 

 

Figure 1. Evaluation of the viability of RH30 cells cultured in the presence of AA (7.5, 15, 30, 55,
75 µM) and GAR (2.5, 7.5, 15, 25, 35 µM). The viability index was calculated using the following
formula: (cell viability (% of control) = [(A tested-A blank/A control-A blank)] × 100%). The IC50
value was calculated from the trend line equation. A representative result from three independent
experiments is shown.
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Figure 2. Assessment of the proliferative potential of rhabdomyosarcoma cells in the presence of a
concentration gradient of anacardic acid (7.5, 15, 30, 55, 75 µM) and garcinol (2.5, 7.5, 15, 25, 35 µM).
The analysis was performed at times: 0; 24; 48; 72 h. The proliferation rate index was calculated in
relation to control cells (RPMI-1640 or DMEM medium with 10% FBS). The result of three independent
experiments is presented. (*) = p < 0.05 as compared with control (untreated) cells.
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2.2. Anacardic Acid and Garcinol Reduce Clonogenicity of Rhabdomyosarcoma Cells

In the subsequent in vitro test, we evaluated the effect of tested compounds on
anchorage-independent proliferation. We noted a significant reduction in the number
of colonies formed in the presence of AA and GAR in the tested cell lines as compared to
the control (untreated cells). The trend was proportional to the increase in the concentration
of the compound used (Figures 3 and S1). Statistically significant changes for the RH30
and RD cells were detected in the two highest concentrations of both AA and GAR. AA at
a concentration of 55 µM reduced the clonality of RH30 cells to 64% and RD to 69%. At
the highest concentration of AA, a reduction in clonality of up to 52% was observed for
both cell lines. A similar situation was observed in the case of GAR. A concentration of
25 µM reduced the clonality of RH30 cells to 65% and RD to 62%. GAR used in the highest
concentration reduced colony-forming capacity to 50% in ARMS cells and 47% in ERMS.
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Figure 3. Assessment of clonogenicity of RMS cells in the presence of AA: 15; 30; 55; 75 µM and
GAR: 7.5; 15; 25; 35 µM. Colonies were counted by light microscopy 3 weeks after the start of the
experiment. The clonogenic index is presented as the ratio of cells incubated in the presence of the
test substances to control cells. A representative result from 3 experiments is shown. (*) = p < 0.05, as
compared to the number of control (untreated) cells.

2.3. Anacardic Acid and Garcinol Affect the Cell Cycle and Induce Apoptosis of RH30 and RD
Cells

The decrease in the multiplication rate of RMS cells and the reduction in colony
numbers under the influence of AA and GAR may be related to their effect on the cell cycle
(Figure 4). In the case of RH30 cells incubated with AA, statistically significant differences
in the cell cycle shift were observed at a concentration of 55 µM, where the percentage
of cells in the G2/M phase increased to 46.35% (the percentage of control cells oscillated
around 33%) (Figure 4). This change was accompanied by a decrease in the number of
cells that were in the G1 phase (from 45.24% for control to 33.31% for 55 µM AA). Slight
fluctuations were observed in the S phase. The same trend was observed in the RD cell
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line, where the highest concentration of AA caused the cells to arrest in the G2/M phase
of the cell cycle (31% control, 43% 55 µM AA) (Figure 4 and S2). The G1 phase did not
change significantly, while the S phase was reduced from 29.18% for the control to 17.27%
for 55 µM AA. GAR had a stronger effect on the cell cycle (Figure 4). In the RH30 line, a
significant reduction in the number of cells in the G1 phase was observed at concentrations
of 15 and 25 µM (control 51.63%, 15 µM GAR 34.17%, 25 µM GAR 34.12%). In addition,
an increase in the percentage of cells remaining in the G2/M phase was observed (control
29.69%, 15 µM GAR 41.96%, 25 µM GAR 45.37%). In the RD cell line, there was a decrease
in the number of cells in the S phase (control 17.56%, 15 µM GAR 8.68%, 25 µM GAR
6.12%) and an increase in the number of cells in the G2/M phase (control 37.49%, 15 µM
GAR 54.42%, 25 µM GAR 59.04%). The above changes reached statistical significance. In
addition, slight fluctuations were observed in the G1 phase for the RD line and the S phase
for the RH30 line (Figure 4).
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Figure 4. Evaluation of the cell cycle of RMS cells under the influence of increasing concentrations
of AA: 7.5; 15; 30; 55 µM and GAR: 2.5; 7.5; 15; 25; 35 µM. Control cells were cultured in a medium
supplemented with 10% bovine serum. The result of 3 independent experiments is presented.

GAR and AA application led to a significant induction of apoptosis in RMS cells.
Doses of 30 and 55 µM for AA and 15 and 25 µM for GAR were the most effective in
triggering an apoptotic process (Figures 5 and S3).
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(*) = p < 0.05, as compared to the number of control (untreated) cells.

2.4. Anacardic Acid and Garcinol Induce Changes in the Transcriptome of RH30 and RD Cells

The oligonucleotide arrays analysis allowed concluding that GAR and AA have a
significant impact on multiple cellular processes. The genes most strongly regulated by AA
and GAR are shown in Figure 6.

It was noticed that these compounds have a strong effect on the signalling pathways
involved with oxidative stress (GO:0034976, GO:0036499, GO:070059) and stimulate the im-
mune response (GO:0006955) (Figure 7). Inducing a response to ER stress can occur through
the PERK (RNA-dependent protein kinase (PKR)-like ER kinase) signalling pathway and
then direct cancer cells into apoptosis. Since cancer cells bypass the programmed death
pathway, substances that induce apoptosis become attractive candidates for antineoplastic
drugs.

In addition, it was observed that after the use of AA and GAR, the transcriptional
misregulation characteristic of carcinogenesis is reduced (hsa05202) (Figure 8).

Based on lists of genes that have most changed their expression in RMS cells under the
influence of AA and GAR, these five were selected: ARRDC3 (arrestin domain containing 3);
DDIT3 (DNA damage-inducible transcript 3), DDIT4 (DNA damage-inducible transcript 4);
SESN2 (sestrin 2); and TRIB3 (tribbles pseudokinase 3). All five genes had lower expression
in RMS cells than normal muscle tissue. The products of these genes seem to be involved
in the ER-stress mechanisms. Subsequently, we checked their expression upon exposure
to GAR and AA (Figure 9) by RQ-PCR. It was noticed that the use of the tested HATi
caused the reactivation of genetic expression. This experiment confirmed the results from
the microarray analysis. In addition, it was shown that the use of AA and GAR caused
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a change in the expression profile of these genes towards the expression occurring in the
control tissue of normal muscle.
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Figure 9. Heat maps of RQ-PCR results showing expression of ER-stress-related genes selected by
microarray analysis in RMS cells treated with AA and GAR. The figure shows the activity of ARRDC3,
DDIT4, SESN2 and TRIB3 genes in striated muscle, RH30 cell line and RH30 cells cultured in the
presence of AA (55 µM) or GAR (15 µM).

2.5. Anacardic Acid and Garcinol Sensitize RMS Cells to Chemotherapeutic Agents

A commonly used treatment for cancer is chemotherapy. In our study, we used three
antineoplastic drugs: actinomycin D; cyclophosphamide; and vincristine. We checked the
effect of the simultaneous use of the chemotherapeutics and natural inhibitors of HATs
(AA and GAR) on the proliferation of RMS cells. RH30 and RD cells were treated with
increasing doses of actinomycin D, cyclophosphamide and vincristine and subtoxic doses
of AA (55 µM) or GAR (15 µM) for 72 h. We found that AA and GAR sensitized RH30 cells
(Figure 10A) and RD cells (Figure 10B) to all three chemotherapeutic agents.
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Figure 10. Concomitant treatment of RMS cells with chemotherapeutics (actinomycin D (ACTD),
cyclophosphamide (CP), vincristine (VCR) and subtoxic concentration of AA (55 µM) or GAR (15 µM).
Panel (A) shows the proliferative potential of RH30 cells after co-treatment with selected doses of
chemotherapeutic agents and AA or GAR. Panel (B) presents the effect of simultaneous stimulation
of RD cells with selected doses of chemotherapeutics and AA or GAR on their proliferation rate.
(ACTD—actinomycin D, CP—cyclophosphamide, VCR—vincristine). All experiments were repeated
three times with similar results. (*) = p < 0.05 compared to cells subjected to the chemotherapeutic
treatment only.
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3. Discussion

There is increasing evidence that epigenetic changes are involved in the pathogen-
esis of RMS. Epigenetic dysregulation occurs at the level of methylation, acetylation,
deacetylation and miRNA [19]. Epigenetic changes control many biological processes,
from embryogenesis to determination of cell fate. The reversibility of epigenetic modifica-
tions makes them an attractive target in modern anticancer therapies [20]. The epigenetic
drugs most frequently described in the literature are inhibitors of DNA methyltransferases:
azacitidine [21] and decitabine [22], and inhibitors of histone deacetylases: trichostatin
A [23]; and SAHA [22]; and protein methyltransferase inhibitors: AMI1 and SAH [24]. In
recent years, there has been limited advancement in identifying new therapeutic agents and
approaches to treating RMS [25]. The standard treatment for RMS for more than 40 years
has been multi-agent chemotherapy, mostly the combined use of vincristine, dactinomycin
and cyclophosphamide (VAC). Other implemented treatment systems like CEV, IVA or IVE
have not increased overall survival but were associated with significant side effects [26].
Hence, there is a continuous need for the exploration of new substances and compounds
with higher efficacy and lower risks of side effects. This study aimed to investigate the
influence of natural inhibitors of histone acetyltransferases, GAR and AA, on the biology
of RMS cells.

To date, it has been shown that GAR and AA inhibit the growth of cancer cells,
including breast, pancreas and prostate [27–31]. Our results showed that AA and GAR
reduced the rate of multiplication of RMS cells (Figures 1 and 2). Proliferation, viability
and clonogenicity tests showed that GAR and AA significantly reduced the RMS growth
potential (Figures 3 and 4). This effect was dependent on the dose of the tested compounds.
The IC50 determined in the viability test for GAR was about 15 µM and AA about 54 µM,
demonstrating that garcinol is more effective at lower doses (Figure 1). This result is similar
to the results obtained by other research groups [32–38]. In addition, we tested whether
AA and GAR sensitize RMS cells to chemotherapeutic agents commonly used in RMS
treatment (i.e., VAC) (Figure 10). These results correspond with other reports regarding
the increased effectiveness of anticancer treatment (i.e., radio- and chemotherapy) in the
presence of AA and GAR [36,39].

AA and GAR effectively inhibit cell division and halt cells in different cell cycle
phases. The cell cycle is regulated by a system of checkpoints whose task is to condition
cell transition to the next phase of the cycle, as well as to monitor the course of processes
occurring during individual phases. The regulation of the cell cycle takes place through the
interplay of excitatory and inhibitory factors. Cyclins and cyclin-dependent kinases form
complexes that regulate the entry of cells into subsequent phases of the cell cycle. Cancer
cells are characterized by changes in DNA. Disruption of the repair mechanisms results in
the accumulation of errors that are duplicated, thus conditioning the malignant phenotype
of the cells. Cells, defending themselves against changes occurring within the DNA, can
block the division cycle. However, in the case of cancer cells, this mechanism does not work
properly. The phenomenon of blocking the cell cycle is used in oncological treatment, and
the targets of anti-cancer drugs are the cell cycle checkpoints. Stopping cell division may
prevent the reproduction of erroneous genetic information contained in cancer cells [40].
In our studies, RMS cells were arrested in the G2/M phase of the cell cycle after using the
tested HATi (Figure 4). Researchers that previously tested the effects of GAR and AA on
the cell cycle noted the arrest in the G1, S and G2/M phases [33,38,41,42]. It is likely that
different cell types respond differently to particular HATi.

Apoptosis is a genetically controlled process. Its purpose is to remove cells whose
genetic material has been irreversibly damaged. Such cells may be the source of neoplastic
transformation. Abnormal cells show changes in gene expression profiles that encode pro-
and anti-apoptotic factors. The peculiarity of these cells is that they develop resistance to
apoptosis. Our experiments showed that natural HAT inhibitors—AA and GAR—have
a strong pro-apoptotic effect on RMS cells (Figure 5). This effect has also been confirmed
in other types of neoplasms, including breast and prostate cancer [38,43,44]. It has been



Molecules 2023, 28, 5292 11 of 15

proven that the process of apoptosis can be triggered by the activation of ER stress proteins.
The tumour microenvironment, which is characterized by hypoxia and energy deficiency,
may disrupt the role of the ER in maintaining cellular homeostasis. Activation of ER stress
occurs because of the increasing amount of misfolded or unfolded proteins in the ER. This
process leads to the activation of several stress receptors, such as PERK (RNA-dependent
protein kinase (PKR)-like ER kinase), ATF6 (activating transcription factor 6) and IRE1
(inositol requiring enzyme 1), which are responsible for the activation of the adaptive
stress response pathway (UPR, unfolded protein response). This mechanism is designed to
restore cellular homeostasis. In a situation where the ER stress is prolonged, the apoptotic
pathway is activated. It is assumed that the promotion of apoptosis resulting from ER
stress may serve as a promising anticancer strategy [29]. Our data indicated that GAR
and AA increased the expression of genes promoting programmed cell death through the
mechanism of ER stress (Figures 6–8). The increased expression of DDIT3, DDIT4, TRIB3
and SESN2 genes in treated RMS cells was confirmed by both oligonucleotide microarray
analysis and RQ-PCR (Figure 9). The protein products of these genes are involved in the
regulation of apoptosis resulting from prolonged ER stress. Our results correspond with
the results obtained by Tan et al., who proved that AA induces apoptosis of prostate cancer
cells by affecting the induction of, among others, factors causing ER stress (i.e., BiP, DDIT3,
p-eIF2α) and inhibiting the p-Akt and mTOR [29]. Therefore, the pro-apoptotic effect of
HATi may be related to an increased expression of genes involved in the regulation of ER
stress.

4. Materials and Methods
4.1. Cell Lines

The material used for the study was two established human RMS cell lines: the ARMS
type model (RH30) and the ERMS type model (RD). The cell lines were purchased from
the American Type Culture Collection. Cells were cultured according to manufacturer
instructions in RPMI-1640 medium (RH30) and in DMEM medium (RD) (both Sigma-
Aldrich, USA). The media was supplemented with streptomycin (10 µg/mL), penicillin
(100 IU/mL) and 10% Foetal bovine serum (FBS) purchased from Gibco. Cells were stored
in an incubator at 37 ◦C, humidity 95% and CO2 5%. Cell medium was replaced every 48 h.

4.2. Viability Test

The viability of RMS cells in the presence of GAR and AA was tested using the WST-1
test. The essence of the test is the colorimetric determination of the number of living cells
in the entire population. RH30 and RD cells were seeded in triplicate on a flat-bottomed
96-well plate at 2.5 × 103. Control cells were suspended in a medium with 10% FBS, and
test cells were cultured in the presence of GAR (2.5, 7.5, 15, 25, 35 µM) (Tocris) and AA
(7.5, 15, 30, 55, 75 µM) (Sigma-Aldrich) for 72 h (the medium was changed every 24 h).
After this time, 10 µL of WST-1 reagent was added to each of the samples, followed by a
30-min incubation at 37 ◦C and shaking for 1 min. The principle of the operation of the
reaction is to convert the red tetrazolium salt to yellow formazan under the influence of
metabolically active cells. The amount of formazan generated was determined using a
spectrophotometer on a microplate reader (Infinite 200 Pro, Tecan, Switzerland) at 450
and 650 nm. The WST-1 test allowed determining the IC50 value of the tested substances.
Cell viability was calculated using the formula: Cell viability (% of control) = [(Atest −
Ablank/Acontrol − Ablank)] × 100%.

4.3. Proliferation Test and Chemotherapy Treatment

To test the proliferation rate of RH30 and RD cells, they were plated at 7 × 104

per well in a flat-bottomed 24-well plate and cultured in the appropriate medium: cells
supplemented with 10% FBS were controls, and GAR (2.5, 7,5, 15, 25, 35 µM) or AA (7.5,
15, 30, 55, 75 µM). The culture medium was changed every 24 h. The influence of HATi
on the rate of growth kinetics of RMS cells was tested at 0, 24, 48 and 72 h from the start
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of culture. At designated time points, cells were trypsinized and counted using a Navios
flow cytometer (Beckman Coulter, Brea, CA, USA). The analysis for each sample lasted 60 s.
Two replicates were performed for one sample in three independent experiments.

The proliferation test was also performed with or without GAR (15 µM) and AA
(55 µM) and selected chemotherapeutics, i.e., vincristine (10 pM, 50 pM, 100 pM, 200 pM,
500 pM, 800 pM, 1000 pM), actinomycin D (10 nM, 20 nM, 50 nM, 100 nM, 200 nM, 500 nM,
1000 nM), and cyclophosphamide (25 µM, 50 µM, 200 µM, 600 µM, 750 µM, 950 µM,
1100 µM). All chemotherapeutics were purchased from Sigma-Aldrich. The cell number
was counted at 24, 48 and 72 h after culture start, using a cytometer.

4.4. Clonogenicity Test

The colony-forming ability of RH30 and RD cells was tested in the presence of GAR
and AA. The experiment was carried out using agar. Twenty-four-well plates were covered
with 0.5% agar mixed with the appropriate growth medium. The counted cells were
then plated at 1.25 × 103 per well in combination with 0.35% agar and either DMEM
or RPMI-1640. Every 3 days, standard medium was added to the cells at 250 µL/well
along with GAR (2.5, 7.5, 15, 30 µM) or AA (7.5, 15, 3, 75 µM). The control cells received
medium containing 10% FBS. Two replicates of each sample were performed. After 3 weeks,
unstained colonies were counted using an optical microscope (Zeiss, Baden-Württemberg,
Germany). The experiment was repeated three times.

4.5. Cell Cycle Analysis

Vybrant® DyeCycle™ Orange Stain (ThermoFisher Scientific, Waltham, MA, USA)
was used to assess the cell cycle, which can be used to divide the cell population into three
main phases of the cell cycle: G0/G1; S; and G2/M. Cells were seeded in a 6-well plate
at 5 × 105 and cultured in standard medium or various concentrations of GAR (2.5, 7.5,
15, 25 µM) and AA (7.5, 15, 30, 55 µM). After 48 h of incubation with the test substances,
the cells were trypsinized, centrifuged (1200 rpm/RT/8′), suspended in PBS (EURx) and
stained with Vybrant® DyeCycle™. Analysis was performed using a Navios flow cytometer
(Beckman Coulter, Brea, CA, USA). The results are presented as the percentage of responses
relative to controls. Results were compiled using ModFit LT 4.1 software and presented as
the percentage of control wells. Two replicates were performed for each sample in three
independent experiments.

4.6. Apoptosis

RMS cell apoptosis was detected using annexin V and propidium iodide. Cells were
seeded in a 6-well flat-bottom plate at 0.5 × 106 per well. After 24 h, preselected concen-
trations of GAR (2.5, 7.5, 15, 25 µM) and AA (7.5, 15, 30, 55 µM) were added to the cells.
Cells were stained after 48 h with annexin V-FITC (5 µL) and PI (5 µL) in 1× binding buffer
(10 mM HEPES, pH 7.4, 140 mM NaOH, 2.5 mM CaCl2). After 15 min incubation at room
temperature in the dark, cytometric analysis (Navios, Beckman Culture) was performed.
Early apoptotic cells were those that stained with annexin V, while populations in late
apoptosis or necrosis stained with both annexin V and propidium iodide. The results were
analysed using the Kaluza 2.2.1 software and presented as a percentage relative to the
control. The experiment was performed in three repetitions.

4.7. Oligonucleotide Microarrays

The material for the microarray analysis was RNA isolated from RH30 and RD cells
cultured in the presence of selected concentrations of GAR (15 µM) and AA (55 µM). Control
cells were cultured in standard medium supplemented with 10% bovine serum. To mini-
mize individual differences between samples, pools of material from three isolated RNAs
of each group were made. Reverse transcription and DNA amplification were performed
using the GeneChip™ WT PLUS Reagent Kit (ThermoFisher Scientific). Single-stranded
DNA was then fragmented and labelled using the GeneChip™ WT Terminal Labeling
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Kit (Affymetrix, ThermoFisher Scientific). Reverse transcription and DNA amplification
were performed using the GeneChip™ WT PLUS Reagent Kit (ThermoFisher Scientific).
Single-stranded DNA was then fragmented and labelled using the GeneChip™ WT Ter-
minal Labeling Kit (Affymetrix, ThermoFisher Scientific). In the next step, GeneChip™
Hybridization, Wash, and Stain Kit and GeneChip™ Human Gene 2.1 ST Array Strip
(ThermoFisher Scientific) were used for the hybridisation of the coding DNA strand with
the oligonucleotide matrix. Data reading was performed using the GeneAtlas™ System
platform, and measurement of the fluorescence intensity of phycoerythrin was performed
using a visualisation station (Affymetrix Gene Atlas ™ Imaging Station). Finally, a CEL cat-
alogue was created, which was the output file for further bioinformatics analysis. CEL files
were imported into the Bioconductor application. Background correction, normalisation
and summary of the raw files were performed using the RMA algorithm. In the next step,
the results were combined with a descriptive library, resulting in a complete list of genes.
The selection of results between the tested samples was conducted after at least a two-fold
change in gene expression in relation to the control samples.

4.8. Real-Time Quantitative Reverse Transcription PCR (RQ-PCR)

Total RNA was isolated from cells treated with AA or GAR and from cell controls
with the RNeasy Kit (Qiagen, Germany). The real-time PCR reaction was carried out on the
ABI 7500 Fast device (Applied Biosystems, Waltham, MA, USA) with Power SYBR Green
PCR Master Mix Reagent (ThermoFisher Scientific) under the following conditions: 95 ◦C
(15 s); 40 cycles at 95 ◦C (15 s); 60 ◦C (1 min). The comparative method ∆∆Ct allowed
for determining the relative expression of the studied gene (R). It was necessary to apply
normalisation to β-2 microglobulin (reference gene) and calibrator. The expression of
the following genes was analysed: ARRDC3; DDIT3; DDIT4; SESN2; and TRIB3. Primer
sequences are available upon request.

4.9. Statistical Analysis

The results are presented as the mean ± standard error of the mean (SEM). Statistical
data analysis was performed using the non-parametric Mann-Whitney or Student’s t-test,
with p < 0.05 considered significant.

5. Conclusions

Our study provides evidence that AA and GAR—natural inhibitors of histone acetyl-
transferases significantly reduce the malignant behaviour of RMS cells by reducing the
growth rate, viability and clonogenicity, as well as inducing apoptosis. Supposedly AA and
GAR act through the ER stress-induction sensors. Moreover, these compounds increase the
sensitivity of RMS cells to chemotherapeutics, which may be promising in future anti-cancer
treatment applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28145292/s1, Figure S1: Assessment of clonogenicity
of RMS cells in the presence of AA: 15, 30, 55, 75 µM and GAR: 2.5; 7.5; 15; 25; 35 µM. Clonogenicty
assay results plotted against number of clones. (*) = p < 0.05 vs control (untreated) cells; Figure S2.
Representative graphs of the evaluation of the cell cycle shift of RMS cells under the influence of high
doses of AA (55 µM) and GAR (25 µM). Percentages indicate number of cells in particular phase of
the cell cycle. Figure S3. Representative plots of the evaluation of the apoptosis of RMS cells under
the influence of high doses of AA (55 µM) and GAR (25 µM). Percentages indicate number of cells in
particular stages of apoptosis.
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Methyltransferase (PRMT) Inhibitors-AMI-1 and SAH Are Effective in Attenuating Rhabdomyosarcoma Growth and Proliferation
in Cell Cultures. Int. J. Mol. Sci. 2021, 27, 8023. [CrossRef] [PubMed]

25. Kashi, V.P.; Hatley, M.E.; Galindo, R.L. Probing for a deeper understanding of rhabdomyosarcoma: Insights from complementary
model systems. Nat. Rev. Cancer 2015, 15, 426–439. [CrossRef] [PubMed]

26. Chen, C.; Dorado Garcia, H.; Scheer, M.; Henssen, A.G. Current and Future Treatment Strategies for Rhabdomyosarcoma. Front.
Oncol. 2019, 209, 1458. [CrossRef]

27. Ahmad, A.; Sarkar, S.H.; Bitar, B.; Ali, S.; Aboukameel, A.; Sethi, S.; Li, Y.; Bao, B.; Kong, D.; Banerjee, S.; et al. Garcinol regulates
EMT and Wnt signaling pathways in vitro and in vivo, leading to anticancer activity against breast cancer cells. Mol. Cancer Ther.
2012, 11, 2193–2201. [CrossRef]

28. Schultz, D.J.; Wickramasinghe, N.S.; Ivanova, M.M.; Isaacs, S.M.; Dougherty, S.M.; Imbert-Fernandez, Y.; Cunningham, A.R.;
Chen, C.; Klinge, C.M. Anacardic acid inhibits estrogen receptor alpha-DNA binding and reduces target gene transcription and
breast cancer cell proliferation. Mol. Cancer Ther. 2010, 9, 594–605. [CrossRef] [PubMed]

29. Tan, J.; Jiang, X.; Yin, G.; He, L.; Liu, J.; Long, Z.; Jiang, Z.; Yao, K. Anacardic acid induces cell apoptosis of prostatic cancer
through autophagy by ER stress/DAPK3/Akt signaling pathway. Oncol. Rep. 2017, 38, 1373–1382. [CrossRef]

30. Ahmad, A.; Sarkar, S.H.; Aboukameel, A.; Ali, S.; Biersack, B.; Seibt, S.; Li, Y.; Bao, B.; Kong, D.; Banerjee, S. Anticancer action
of garcinol in vitro and in vivo is in part mediated through inhibition of STAT-3 signaling. Carcinogenesis 2012, 33, 2450–2456.
[CrossRef]

31. Collins, H.M.; Abdelghany, M.K.; Messmer, M.; Yue, B.; Deeves, S.E.; Kindle, K.B.; Mantelingu, K.; Aslam, A.; Winkler, G.S.;
Kundu, T.K.; et al. Differential effects of garcinol and curcumin on histone and p53 modifications in tumour cells. BMC Cancer
2013, 13, 37. [CrossRef]

32. Hong, J.; Kwon, S.J.; Sang, S.; Ju, J.; Zhou, J.N.; Ho, C.T.; Huang, M.T.; Yang, C.S. Effects of garcinol and its derivatives on
intestinal cell growth: Inhibitory effects and autoxidation-dependent growth-stimulatory effects. Free Radic. Biol. Med. 2007, 42,
1211–1221. [CrossRef] [PubMed]

33. Pan, M.H.; Chang, W.L.; Lin-Shiau, S.Y.; Ho, C.T.; Lin, J.K. Induction of apoptosis by garcinol and curcumin through cytochrome c
release and activation of caspases in human leukemia HL-60 cells. J. Agric. Food Chem. 2001, 49, 1464–1474. [CrossRef] [PubMed]

34. Aggarwal, S.; Das, S.N. Garcinol inhibits tumour cell proliferation, angiogenesis, cell cycle progression and induces apoptosis via
NF-κB inhibition in oral cancer. Tumor Biol. 2016, 37, 7175–7184. [CrossRef] [PubMed]

35. Ranjbarnejad, T.; Saidijam, M.; Tafakh, M.S.; Pourjafar, M.; Talebzadeh, F.; Najafi, R. Garcinol exhibits anti-proliferative activities
by targeting microsomal prostaglandin E synthase-1 in human colon cancer cells. Hum. Exp. Toxicol. 2017, 36, 692–700. [CrossRef]
[PubMed]

36. Zhang, J.; Fang, H.; Zhang, J.; Guan, W.; Xu, G. Garcinol Alone and in Combination With Cisplatin Affect Cellular Behavior and
PI3K/AKT Protein Phosphorylation in Human Ovarian Cancer Cells. Dose Response 2020, 18, 1559325820926732. [CrossRef]

37. Park, M.; Upton, D.; Blackmon, M.; Dixon, V.; Craver, S.; Neal, D.; Perkins, D. Anacardic acid inhibits pancreatic cancer cell
growth, and potentiates chemotherapeutic effect by Chmp1A—ATM—p53 signaling pathway. BMC Complement. Altern. Med.
2018, 18, 71. [CrossRef]

38. Zhao, Q.; Zhang, X.; Cai, H.; Zhang, P.; Kong, D.; Ge, X.; Du, M.; Liang, R.; Dong, W. Anticancer effects of plant derived Anacardic
acid on human breast cancer MDA-MB-231 cells. Am. J. Transl. Res. 2018, 10, 2424–2434.

39. Yao, K.; Jiang, X.; He, L.; Tang, Y.; Yin, G.; Zeng, Q.; Jiang, Z.; Tan, J. Anacardic acid sensitizes prostate cancer cells to radiation
therapy by regulating H2AX expression. Int. J. Clin. Exp. Pathol. 2015, 1, 15926–15932.

40. Yamasaki, L. Role of the RB tumor suppressor in cancer. Cancer Treat. Res. 2003, 115, 209–239.
41. Zhao, J.; Yang, T.; Ji, J.; Li, C.; Li, Z.; Li, L. Garcinol exerts anti-cancer effect in human cervical cancer cells through upregulation of

T-cadherin. Biomed. Pharmacother. 2018, 107, 957–966. [CrossRef] [PubMed]
42. Xiu, Y.L.; Zhao, Y.; Gou, W.F.; Chen, S.; Takano, Y.; Zheng, H.C. Anacardic acid enhances the proliferation of human ovarian

cancer cells. PLoS ONE 2014, 9, e99361. [CrossRef] [PubMed]
43. Wang, Y.; Tsai, M.L.; Chiou, L.Y.; Ho, C.T.; Pan, M.H. Antitumor Activity of Garcinol in Human Prostate Cancer Cells and

Xenograft Mice. J. Agric. Food Chem. 2015, 63, 9047–9052. [CrossRef] [PubMed]
44. Ahmad, A.; Wang, Z.; Ali, R.; Maitah, M.Y.; Kong, D.; Banerjee, S.; Padhye, S.; Sarkar, F.H. Apoptosis-inducing effect of garcinol is

mediated by NF-kappaB signaling in breast cancer cells. J. Cell Biochem. 2010, 109, 1134–1141.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms22158023
https://www.ncbi.nlm.nih.gov/pubmed/34360791
https://doi.org/10.1038/nrc3961
https://www.ncbi.nlm.nih.gov/pubmed/26105539
https://doi.org/10.3389/fonc.2019.01458
https://doi.org/10.1158/1535-7163.MCT-12-0232-T
https://doi.org/10.1158/1535-7163.MCT-09-0978
https://www.ncbi.nlm.nih.gov/pubmed/20197399
https://doi.org/10.3892/or.2017.5841
https://doi.org/10.1093/carcin/bgs290
https://doi.org/10.1186/1471-2407-13-37
https://doi.org/10.1016/j.freeradbiomed.2007.01.016
https://www.ncbi.nlm.nih.gov/pubmed/17382202
https://doi.org/10.1021/jf001129v
https://www.ncbi.nlm.nih.gov/pubmed/11312881
https://doi.org/10.1007/s13277-015-4583-8
https://www.ncbi.nlm.nih.gov/pubmed/26662963
https://doi.org/10.1177/0960327116660865
https://www.ncbi.nlm.nih.gov/pubmed/27481098
https://doi.org/10.1177/1559325820926732
https://doi.org/10.1186/s12906-018-2139-3
https://doi.org/10.1016/j.biopha.2018.08.060
https://www.ncbi.nlm.nih.gov/pubmed/30257408
https://doi.org/10.1371/journal.pone.0099361
https://www.ncbi.nlm.nih.gov/pubmed/24921663
https://doi.org/10.1021/acs.jafc.5b03851
https://www.ncbi.nlm.nih.gov/pubmed/26442822

	Introduction 
	Results 
	Anacardic Acid and Garcinol Reduce Viability and Proliferation of Rhabdomyosarcoma Cells 
	Anacardic Acid and Garcinol Reduce Clonogenicity of Rhabdomyosarcoma Cells 
	Anacardic Acid and Garcinol Affect the Cell Cycle and Induce Apoptosis of RH30 and RD Cells 
	Anacardic Acid and Garcinol Induce Changes in the Transcriptome of RH30 and RD Cells 
	Anacardic Acid and Garcinol Sensitize RMS Cells to Chemotherapeutic Agents 

	Discussion 
	Materials and Methods 
	Cell Lines 
	Viability Test 
	Proliferation Test and Chemotherapy Treatment 
	Clonogenicity Test 
	Cell Cycle Analysis 
	Apoptosis 
	Oligonucleotide Microarrays 
	Real-Time Quantitative Reverse Transcription PCR (RQ-PCR) 
	Statistical Analysis 

	Conclusions 
	References

