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A B S T R A C T

Osteosarcoma is the most common primary bone malignancy with a challenging prognosis marked by a high rate
of metastasis. The limited success of current treatments may be partially attributed to an incomplete under-
standing of osteosarcoma pathophysiology and to the absence of reliable in vitro models to select the best
molecules for in vivo studies. Among the natural compounds relevant for osteosarcoma treatment, Licochalcone A
(Lic-A) and chalcone derivatives are particularly interesting. Here, Lic-A and selected derivatives have been
evaluated for their anticancer effect on multicellular tumor spheroids from MG63 and 143B osteosarcoma cell
lines. A metabolic activity assay revealed Lic-A, 1i, and 1k derivatives as the most promising candidates. To
delve into their mechanism of action, caspase activity assay was conducted in 2D and 3D in vitromodels. Notably,
apoptosis and autophagic induction was generally observed for Lic-A and 1k. The invasion assay demonstrated
that Lic-A and 1k possess the ability to mitigate the spread of osteosarcoma cells within a matrix. The effec-
tiveness of chalcone as a natural scaffold for generating potential antiproliferative agents against osteosarcoma
has been demonstrated. In particular, chalcones exert their antiproliferative activity by inducing apoptosis and
autophagy, and in addition they are capable of reducing cell invasion. These findings suggest Lic-A and 1k as
promising antitumor agents against osteosarcoma cells.

1. Introduction

Osteosarcoma (OS) is a primary malignant bone tumor affecting
mainly children and adolescents, known for its high aggressiveness.
Current therapeutic approaches involve chemotherapy and local surgery
for primary lesions. Despite this, the overall patient survival rate has
remained stable over the past 30 years [1,2]. Patients with localized
primary tumors at diagnosis exhibit a 5-year survival rate of over 60 %,
while those facing metastatic tumors have a survival rate of 20 %.
Hence, there is a pressing need to develop novel anticancer drugs tar-
geting OS to enhance patient survival [1,3].

The limited success of existing treatments may be partially attributed
to an incomplete understanding of OS pathophysiology and the lack of
reliable in vitro models to test the efficacy of new compounds before
proceeding with in vivo/clinical studies [4]. Thus, a switch from 2D to

3D in vitro tumor models, such as multicellular tumor spheroid (MCTS),
is necessary to better elucidate OS disease and to have more trustworthy
assays. Indeed, a suitable in vitro model should accurately replicate the
tumor microenvironment (TME). The traditional 2D cell cultures fall
short in recapitulating several tumor features, such as tumor heteroge-
neity and tissue architecture [5,6]. On the other hand, 3D cultures
enable a more faithful reproduction of the dynamic cell-cell and
cell-extracellular matrix (ECM) interactions present in the TME, leading
to a more accurate and reproducible early-stage testing for in viv-
o/clinical studies [7,8].

In the context of new potential anticancer treatments, natural
products have historically been a valuable source of effective thera-
peutics and, among them, chalcones play a crucial role [9–11]. These
compounds feature a chemical scaffold that can be found in many plant
products, including spices, vegetables, fruits, and teas [12,13].
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Chalcones are members of the flavonoid family, which display a large
structural diversity and can be readily synthesized [14]. Upon appro-
priate functionalization, they can interfere with multiple molecular
targets exhibiting a wide range of activities, including anticancer,
anti-inflammatory, antioxidant, and antimicrobial [15]. Interestingly,
different chalcones have been approved for clinical use in various health
conditions: metochalcone is employed as choleretic and diuretic, hes-
peridin methylchalcone as vascular protective agent, and sofalcone-based
derivatives as anti-ulcer and mucoprotective drugs [13–17].

Among natural chalcones, Licochalcone A (Lic-A), generally
extracted from the roots ofGlycyrrhiza species, is gaining attention for its
antitumor activity. Lic-A effectiveness has been substantiated through in
vitro studies on 2D cell culture, showing anticancer properties not only
in OS [18–20] but also in other solid tumors [21–24]. Indeed, Lic-A
suppresses OS cell proliferation through apoptosis and autophagy
[18–20]. Apoptosis acts by disassembling damaged or unnecessary cells,
while autophagy contributes to cellular homeostasis by selectively
recycling organelles and intracellular molecules. However, under
certain conditions, both processes can support the action of anti-cancer
drugs in different and complementary ways [25].

In a previous work we demonstrated the antitumor capability of Lic-
A and a series of synthesized chalcone derivatives on the MG63 OS cell
line [18]. Here, we present the results of the antitumor efficacy of
selected compounds, including Lic-A, on two different OS 3D models,
giving insight into their antiproliferative mechanism of action.

2. Materials and methods

2.1. Cell culture and treatments

The MG63 and 143B OS cell lines were purchased from ATCC
(American Type Culture Collection, Manassas, VA, USA). Cells were
routinely grown in 5 % CO2/humidified air at 37 ◦C with Dulbecco’s
modified Eagle medium supplemented with D-glucose (4.5 g/L), 10 %
fetal bovine serum (v/v), L- glutamine (2 mM), penicillin (1000 U/mL)
and 1 mg/mL of streptomycin (Microtech, Pozzuoli, Italy).

Syntheses and structures of the tested chalcone derivatives were
previously described by Rossi et al. [18]. Cells were treated with Lic-A
and seven of the most promising compounds (1e, 1 h, 1i, 1k, 1o, 1q and
1r). In all the experiments in the control condition the same amount of
vehicle DMSO (Dimethyl sulfoxide, Merck KGaA, Darmstadt, Germany)
was added.

2.2. MTT assay

Cellular metabolic activity, as an indicator of cell viability and
cytotoxicity, was measured by an MTT assay on 143B cells. Briefly, cells
were seeded at a density of 5000 cells/well in a 96-well plate and left to
adhere overnight. The following day 143B cells were treated with Lic-A
and the seven selected compounds at 80, 40, 20, 10, 5, 2.5, 1.25,
0.6125 µM. 48 h after the treatment, 10 µL of a 5 mg/mL MTT solution
(Merck KGaA, Darmstadt, Germany) were added to each well and the
plate was incubated for 2 h at 37 ◦C. Then, the cell culture medium was
removed, and the formazan crystals formed were solubilized by adding
150 µL/well of propan-2-ol (Merck KGaA, Darmstadt, Germany). The
absorbance at 570 nm was measured with an EnSpire®multimode plate
reader (PerkinElmer, Waltham, USA). The sample absorbance at 690 nm
was used as reference wavelength for correction. The half-maximal
inhibitory concentration (IC50) was determined using the log (inhibi-
tor) vs. response-variable slope (four parameter) function of GraphPad
Prism software (version 6, GraphPad Software, San Diego, CA, USA).

2.3. Multicellular tumor spheroids

Multicellular tumor spheroids (MCTS) were generated from both cell
lines by growing cell suspensions in an Ultra-Low Attachment

BIOFLOAT 96-well plate (faCellitate, Mannheim, Germany). To obtain
single spheroids of uniform size, three cell seeding densities (4000,
2000, and 500 cells per well) were tested. To accelerate cell sedimen-
tation and aggregation, a centrifugation step was carried out immedi-
ately after cell seeding (100 g x 3 minutes) and then incubated at 37 ◦C
5 % CO2. To analyze spheroid sizes, MCTS were also monitored by the
IncuCyte® live-cell analysis system (Essen BioScience Ltd, Hertford-
shire, UK). Phase images were then acquired every 6 h for 4 days and the
dimension and roundness of the MCTS were calculated through the
IncuCyte® ZOOM software.

2.4. Spheroids treatment

MCTS were treated with different concentrations of Lic-A and the
selected chalcones (160, 80, 40, 20, 10, 5 µM) 3 days after seeding. After
72 h from treatment, cell viability was estimated using the resazurin
assay. Briefly, the cell culture medium was replaced with a fresh one
containing 100 µM resazurin (TCI, Milan, Italy). After 6 h of incubation
the medium was collected and the fluorescence was measured by a plate
reader (EnSpire® Multimode Plate Reader, Perkin-Elmer) applying a
λexc 560 nm and λem 590 nm. Finally, the percentage of resazurin
reduction was determined using the equation:

fluorescence intensity sample× 100
fluorescence intensity basal medium

2.5. Viability determination

To verify not only the metabolic activity but also the viability, MCTS
treated with 120 µM of Lic-A, 1i and 1k for 72 h were stained with
propidium iodide for 30 minutes at the final concentration of 5 µg/mL.
Images were acquired through fluorescence confocal microscopy
(Nikon, Eclipse C1, Nikon instrument S.p.A, FI, Italy),

2.6. Caspase activity assay on 3D cell culture

In 3D models the activation of caspases was assessed by monitoring
the cleavage of the fluorogenic peptide substrate Ac-Asp-Glu-Val-Asp-7-
amido-4-methylcoumarin (Ac-DEVD-AMC), measuring the accumula-
tion of a fluorescent product according to the procedure outlined in a
previous work [26]. This substrate is recognized by caspase 3 and other
effector caspases. In summary, cells were collected in Ripa Lysis and
Extraction Buffer (Thermo Fisher Scientific, Waltham, MA, USA), sub-
jected to sonication, followed by centrifugation for 10 minutes at
12000g at 4 ◦C. The resulting supernatant was employed to assess
enzyme activity. Protein extracts were mixed with the assay buffer
containing 100 mM Hepes pH 7; 5 mM dithiothreitol; 0.1 % (v/v)
CHAPS; 10 % (w/v) sucrose; and 150 µM Ac-DEVD-AMC, then incu-
bated for 15 minutes at 37 ◦C. The reaction was halted on ice by adding
2 % (w/v) sodium acetate in 0.2 M acetic acid. Subsequently, the release
of 7-amino-4-methylcoumarin (AMC) was quantified in a post-sample
dilution applying a λexc 370 nm and λem 455 nm. Fluorescence in-
tensity was normalized per mg of protein and expressed as a fold in-
crease over the untreated control.

2.7. Western blot analysis

Assessment of autophagy was carried out by evaluating the modu-
lation of key autophagic proteins by western blot as previously described
[27]. After 72 h of incubation from seeding, the spheroids were treated
with Lic-A, 1i, and 1k at a concentration of 120 µM, or with the same
amount of DMSO as in the control condition. Each treatment was per-
formed with or without chloroquine (CQ) diphosphate salt (C6628,
Merck KGaA, Darmstadt, Germany). The latter was reconstituted in PBS
obtaining a 96.9 mM stock solution and used at a concentration of
25 µM. After 24 h of treatment, 24 MCTS per condition were collected
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and centrifuged at 800 g for 5 minutes at 4 ◦C. Finally, they were sus-
pended in 75 µL of Lysis Ripa Buffer supplemented with the Halt™
Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific,
Waltham, MA, USA), sonicated, and centrifuged for 10 minutes at
12000 g at 4 ◦C. After protein quantification by the Bradford method,
equal amounts (20 μg) of cell extracts were subjected to electrophoresis
in 15 % gels and blotted onto nitrocellulose membranes. The latter were
saturated in Tris-Buffered Saline containing 0.05 % Tween 20 (TBS-T)
and 5 % milk for 1 h at room temperature and probed with primary
antibodies at 4 ◦C overnight, specifically targeting LC3 (Cell Signaling
Technology, Danvers, Massachusetts, USA, Rabbit anti- LC3A/B
Pab#4108) and p62 (Santa Cruz Biotechnology, Dallas, TX, USA, mouse
monoclonal #SC28359). Actin (Thermo Fisher Scientific, Waltham, MA,
USA, #MA5–11869) served as a loading control and for the normali-
zation of band intensity. After washes, membranes were incubated with
horseradish peroxidase-conjugated anti-rabbit (Cell Signaling Technol-
ogy, Danvers, Massachusetts, USA) or anti-mouse (Santa Cruz Biotech-
nology, Dallas, TX, USA) IgG for 1 h at room temperature. The
chemiluminescent signals were detected using Immobilon Forte Western
HRP substrate (Millipore, # WBLUF0500) and acquired by the Chem-
iDoc™ Imaging System. The combined evaluation of LC3 and p62
immunoblotting was undertaken following the guidelines detailed by
Klionsky et al. [28] for a correct evaluation of autophagy and the
assessment of the autophagic flux.

2.8. Invasion assay

To determine the ability of Lic-A and the studied chalcones to inhibit
OS cells spreading through a matrix, an invasion assay was performed.
After spheroid generation, culture media was replaced with 75 µL of
Matrigel® (Corning, NY, USA) diluted 1:1 with cell culture media con-
taining the different treatments in order to reach the final concentration
of 120 µM. After 45 minutes of incubation at 37 ◦C to allow Matrigel
gelation, 50 µL of fresh medium were added on top. The Plate was then
incubated in an IncuCyte®live-cell analysis system (Essen BioScience
Ltd, Hertfordshire, UK). Phase images were then acquired every 6 h for
three days. Finally, the whole MCTS dimension and the invading cell
area were calculated through the IncuCyte® ZOOM software.

2.9. Statistical analysis

Data are reported as means ± SD of at least three independent ex-
periments and all treatments were analyzed against control. A paired t-
test, a Friedman test or a one and two-way ANOVA corrected for mul-
tiple comparisons (Dunnett test) was performed with GraphPad Prism
software (GraphPad Software, version 6.0c, San Diego, CA, USA) (www.
graphpad.com). Significance was graphically reported as follows: * p <

0.05, ** p < 0.01, and *** p < 0.001.

3. Result and discussion

3.1. The antiproliferative effect of chalcones on 2D cell culture models

Here we report the IC50 of Lic-A and seven chalcones on 143B cell
culture, a well-known aggressive and metastatic OS cell line [29]. In a
previous work, we selected the seven chalcones on the basis of their
antitumor activity on MG63 OS cell line (Table 1) [18] and these data
are reported for comparison.

MG63 and 143B remained ‘stable’ without external contamination
during in vitro expansion as shown by next generation sequencing (NGS)
analysis [30]. No discrepancies were observed regarding the presence of
single nucleotide variants and variant allele frequency (Table1 SI),
ensuring that the cell lines were suitable for testing anticancer activity
without misinterpretation due to innate mutations. The NGS-based
method has a significant sensitivity (≤ 5 %) and it can be used to
authenticate human cell lines, xenografts and organoids.

In Table 1, the chemical structures of Lic-A and the selected chal-
cones are reported. The comparison of IC50 values 48 h after treatment
on both MG63 [18] and 143B cells is shown as well. The dose response
curves on 143B cells are reported in figure 1SI. Interestingly, all com-
pounds are effective, as their IC50 values range from 5 to 20 µM, except
for 1e whose IC50 is 42.5 µM on MG63. Considering that chalcones are
natural-like molecules, their activity at micromolar level is noteworthy.
Moreover, while the activity of licochalcones against solid tumors is well
documented [31], their effect on bone tumors and its potential mecha-
nism/s of action have not been extensively studied [18–20].

Only three papers attest to the Lic-A cytotoxic activity against human
osteosarcoma cells, including our previous work cited above. Therefore,
chalcones antiproliferative activity on 143B osteosarcoma cell line,
characterized by high metastatic potential, makes them promising anti-
cancer candidates and deserving of further study.

3.2. Characterization of multicellular tumor spheroids

Preclinical data from 2D culture models are encouraging but often
unreliable in vivo due to the lack of complex cytoarchitecture and tumor
microenvironment considerations. Indeed, less than 10 % of new anti-
cancer drug candidates that enter phase I trials are subsequently
approved by the Food and Drug Administration [32]. One of the main
challenges facing the development of a new anticancer treatment is the
transition from preclinical discovery to clinical practice, the so-called
’from bench to bedside’. It is therefore crucial to develop advanced
models based on 3D cultures, capable of recreating not only the spatial
structure, but also the oxygen, nutrient and waste gradients found in vivo
[33].

To have suitable MG63 and 143B OS 3D models, different cell
seeding densities (4000, 2000, and 500 cells/well) were investigated.
Within 24 h of seeding, compact spheroids formed consistently across all
seeding densities for both cell lines (Fig. 1A). Interestingly, MCTS
increased their size depending on cell type: 143B-MCTS grew very
rapidly with respect to MG63-MCTS (Fig. 1B). To obtain a comparable

Table 1
Structures and IC50 values of studied compounds on 2D culture.

Cpd Structure IC50 µM (95 % CI) MG63a IC50 µM (95 % CI) 143B

Lic-A 10.4
(9.4 –11.4)

18.1
(15.6–21)

1e 42.5
(22.9 –78.8)

18.9
(16–22.3)

1 h 17.0
(15.4 – 18.9)

14.1
(13–15.3)

1i 12.7
(11.5 – 14.0)

13.5
(12.2–15)

1k 14.5
(12.0 –17.5)

15.5
(13.5–17.6)

1o 13.8
(12.4 – 15.3)

11.0
(10.2–11.8)

1q 10.6
(10.2 – 11.1)

7.0
(6.2–7.8)

1r 12.2
(11.6 – 12.8)

10.5
(9.8–10.9)

a Note that IC50 data on MG63 have been previously reported in Rossi et al.;
Molecules 2022, 27 [18].
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spheroid size for the treatment, different cell seeding densities were
selected: 4000 cells/well for MG63 and 2000 cells/well for 143B. At
72 h an area of 15.8 ± 1.1 *104 and of 19.7 ± 1.0 *104 µm2 was
measured for MG63 and 143B, respectively.

MCTS morphological analysis, explored by confocal microscopy,
highlighted the compactness of the spheroids and the homogeneous cell
distribution throughout their entire volume (Fig. 2). It is worth noting
that 143B-MCTS were denser, if compared to MG63-MCTS, probably
due to their greater proliferation and smaller cell size. The results
confirm the suitability of these 3D models for testing new anticancer
agents, reflecting the peculiar characteristics of the cell types.

3.3. Antiproliferative effect of chalcones on 3D cell culture models

To find out the chalcone effective concentration, MCTS were treated
with a concentration range from 5 to 160 µM. As shown in Fig. 3A, a
significant decrease in metabolic activity was observed in MG63-MCTS
after treatment with Lic-A, 1i and 1k at 160 µM (p < 0.001). Further-
more, Lic-A, 1i, 1k, 1o and 1q showed a consistent effect (p < 0.001),
already detected at 80 µM in 143B-MCTS (Fig. 3B). To evaluate the
chalcones’ effects on the 3D models, the resazurin assay was chosen
instead of MTT test, previously used on the 2D cell culture. Several
studies show that the resazurin and MTT methods exhibit comparable

Fig. 1. MCTS morphology and characterization. Phase contrast images of spheroids generated at different cell densities (4000, 2000 and 500 cells) from MG63 (A)
and 143B (B) at 0, 24, 48, and 72 h. Spheroid area from 24 to 78 h calculated through IncucyteZoom Software, for MG63 cells(C) and 143B cells (D). Values are
expressed as mean ± SD (n=6).

Fig. 2. MCTS confocal microscopy analysis. Representative images of the spheroidal models: nuclei are stained with Hoechst (blue) and F-actin filaments are
stained with phalloidin (green). Scale bar 100 µm.
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linear patterns [34,35] However, compared to MTT, the resazurin assay
is a non-destructive assay and allows cell metabolism to be monitored at
different times, representing the test most frequently used on spheroids
[36].

Currently, OS treatment is based on antitumor drugs not specific for
this type of cancer. In clinical practice, patients are treated with first-line
anticancer drugs, such as doxorubicin and cisplatin [37]. Therefore, it is
of utmost importance to discover new anticancer molecules able to
specifically act against OS cells in all their heterogeneity. Thus, for the
following experiments Lic-A, 1i and 1k chalcones were selected, since
they were effective on both MCTS models (red boxes in Fig. 3A-B). To
confirm their cytotoxic effects, a viability assay was carried out. After
72 h of treatment with Lic-A, 1i and 1k, MCTS were stained with pro-
pidium iodide, a fluorescence probe which only penetrates dead cells.
An intense red staining is appreciable for all the treated samples if
compared to the control (Fig. 3C). Interestingly, the three compounds
active in both osteosarcoma cell lines also showed good selectivity for
tumor cells. Indeed, treatment of healthy human fibroblast spheroids did
not produce cytotoxic effects. Notably, Lic-A induced a slight reduction
in viability, but only at the highest concentration (160 μM). This result
confirmed the suitability of the chalcones under study as promising
anti-osteosarcoma agents (Fig. 2 SI).

From a morphological point of view, in response to effective anti-
cancer treatment, the spheroid pattern may meet two fates: reduction in
size [38], as observed in tumor spheroids treated with cisplatin, doxo-
rubicin, 5-fluorouracil [39]; or loss of cell-cell contact, compactness and
integrity, as reported for ovarian or breast spheroids treated with
cisplatin and doxorubicin [40]. In accordance with this experimental
evidence, it was observed that the MG63-MCTS along the death process
remained intact and also appeared to shrink in size. On the other hand,
143B-MCTS after treatment with chalcones flaked off, the dead cells lost
contact with each other and formed a ring around the smaller residual
core (Fig. 3D). These results highlight the effectiveness of chalcones in
inducing death in both cell types, albeit characterized by different
morphological changes in response to treatment.

3.4. Effect of chalcones on apoptosis

Apoptosis is a programmed cell death process essential for

maintaining tissue homeostasis, development, and eliminating damaged
or potentially harmful cells. An anticancer agent inducing apoptosis is
highly desirable. Several studies have demonstrated that chalcones, and
in particular Lic-A, exert their anti-tumor activity by inducing apoptosis
[41–44].

To verify if the antiproliferative effect observed here culminates with
apoptosis induction, the activity of executive caspases 3/7 was analyzed
after treatment in both 2D and 3D cell models. An increase of caspase
activity has been observed for all molecules in both MCTS models
(Fig. 4). However, this was significant for Lic-A and 1k on MG63 cells
(Fig. 4A) and for Lic-A alone on 143B cells (Fig. 4B). Interestingly, the
same treatment seemed to have a higher apoptosis induction in 2D
culture (Figure 3SI). These data are in line with the general evidence
that results obtained in 2D cell cultures are attenuated in 3D models,
supporting the need to screen new anticancer agents in 3D cultures,
testing in vivo the most promising compounds [45].

3.5. Effect of chalcones on autophagy

Autophagy is an intracellular degradation process that eliminates
and recycles damaged proteins and organelles. Although autophagy is a
pro-survival mechanism, overactivated autophagy can lead to cell death
[46]. Autophagy is recognized as a critical process in bone homeostasis
[47], usually dysregulated in OS disease, that could act both as a pro- or
antitumor mechanism. LC3 and p62 proteins were evaluated as markers
of autophagy flux by western blot. LC3, in particular its
phosphatidylethanolamine-conjugated form (LC3-II), plays a role in
assembling phagophores and in the formation of autophagosomes.
Conversely, p62 functions as a molecular bridge, connecting LC3 to
ubiquitinated substrates, and facilitating their targeting for autophagic
degradation.

To assess the ability of Lic-A, 1i, and 1k to modulate autophagy,
MCTS were analyzed 24 h after treatment. Lic-A and 1k significantly
increased LC3-II (p < 0.01) and p62 (p < 0.05), while no significant
changes can be observed after treatment with 1i on 143B-MCTS, the
most invasive cell line (Fig. 5). No significant autophagic effect was
observed on MG63-MCTS (data not shown). Our data also show a sig-
nificant increase of autophagy markers after treatment with Lic-A and
1k (both LC3-II and p62 for Lic-A, only p62 for 1k, p< 0.05) even in co-

Fig. 3. Comparative analysis of the cytotoxic effects of chalcones on MG63 and 143B MCTS. Resazurin assay was performed 72 h after treatment with seven
different concentrations (160, 80, 40, 20, 10, 5 and 0 µM) on MG63 (A) and 143B-MCTS (B). Black arrows indicate the concentrations at which the compounds
exhibit cytotoxicity while the red boxes (in the legend) highlight the chalcones selected for apoptosis, autophagy, and invasiveness studies. Values are expressed as
mean ± SD (n=8). A two-way Anova against control was conducted (p values are reported in the discussion). Fluorescence confocal microscopy images of MCTS
treated with 120 µM of chalcones and stained with PI 72 h after treatment. (C). Representative phase images of MG63 (left) and 143B (right) MCTS after 72 h
treatment with Lic-A (D). Scale bar 200 µm.

Fig. 4. Apoptotic effect of chalcones on OS cell grown in 3D culture. Caspase 3/7 activity was fluorometrically determined after treatment with Lic-A, 1i and 1k
for 24 h. The analysis was performed on MG63 (A) and 143B (B) spheroids. Values are expressed as mean ± SD (n=3). Friedman test against control was conducted.
Significance was graphically reported as follows: *p < 0.05.
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treatment with CQ, thus confirming that these compounds stimulated
autophagic turnover. Since autophagy is a highly dynamic pathway and
therefore steady-state measurements can be difficult, current guidelines
suggest comparing these findings under identical conditions in the
presence of an autophagic flux inhibitor, such as CQ [28]. This strategy
allows for the accumulation of the autophagic protein LC3-II and p62,
thus ensuring a better observation by western blot analysis. Autophagy
induction by chalcones has been reported in various solid tumors. Spe-
cifically, Shen et al. have reported the Lic-A autophagic effect in HOS
osteosarcoma cell line [20], while Hang et al. have observed autophagy
after treatment with Licochalcone B on U2OS cells [48].

Other authors have reported that Lic-A is able to inhibit the PI3K/
Akt/mTOR signaling pathway, which in turn increases the expression of
LC3-II protein and ultimately induces autophagy in MCF-7 cells [49].

Here we report the ability of Lic-A and 1k to promote autophagy in
highly metastatic osteosarcoma cells. To the best of our knowledge, this
is the first study demonstrating chalcone activity on 3D models of
human osteosarcoma, in a condition that better mimics the tumor
environment and therefore more likely to be reliable.

3.6. The effect of chalcones on OS cell invasiveness

Cell invasion consisting in the breaching of tissue barriers like
endothelial basement membrane is a basic function of immune cells to
respond and to prevent infections. Unfortunately, invasion is also used
by cancer cells during disease progression triggering cell spreading and
generating metastasis [50]. Cancer cell ability to metastasize and invade
are peculiar features of aggressive tumors, such as OS, that often lead to
a negative outcome for patients. As reported in the literature [29], 143B

cells exhibit a greater metastatic capacity than MG63 cells. Indeed,
invasiveness is clearly appreciable for 143B cells, as shown in the
quantitative analysis reported in Fig. 6. Data obtained for MG63 are
reported in SI (Figure 4SI).

To assess the chalcone ability to reduce cell dissemination, an in-
vasion assay on natural extracellular matrix-based hydrogel (Matrigel®)
was performed. Three days after seeding, MCTS were embedded into
Matrigel® and spheroid outgrowth was monitored over time. 143B
showed high basal cell spreading proven by the massive migration of the
cells from the spheroid body to the matrix. In contrast, the spreading
ability of MCTS treated with Lic-A seems completely inhibited (Fig. 6A).
In fact, neither the whole spheroid area, nor the invading cell area
increased over time (Fig. 6B and C). Similarly, chalcone 1k inhibited cell
spreading, although to a lesser extent. Finally, chalcone 1i showed no
effect on invasion capacity, and no significant differences were appre-
ciable in terms of whole spheroid and invading cell area compared to the
control. These results demonstrate that Lic-A, in addition to decreasing
proliferation, is also able to reduce the metastatic potential of human OS
cells. This activity has already been reported for other solid tumors, such
as breast [24,51] or lung cancer [52].

It is interesting to note that, in the control samples, thin filaments
seem to invade the matrix. These are no more visible after treatment. It
can be speculated that these structures are cytoplasmic protrusions
known as invadopodia, structures having a key role in tumor metasta-
tization. Indeed, invadopodia promote the proteolytic matrix degrada-
tion to favor cancer cell invasion, create space in the extracellular matrix
to allow tumors growth by activating various growth factors [53].

Fig. 5. Autophagic effect of chalcones on 143B-MCTS. Representative image of LC3-II, p62 and actin, as loading control, by western blot analysis after 24 h
treatment (A). Cumulative data obtained with multiple experiments are reported in graphs showing relative quantification for LC3-II /actin (B) and p62/ actin (C).
Values are expressed as mean ± SD (n=4). A paired t-test was conducted against control, and CQ respectively. Significance was graphically reported as follows: * p <

0.05 and ** p < 0.01.
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4. Conclusions

It has been accepted that the application of advanced 3D models will
make the screening of anticancer compounds faster and more reliable, in
line with the principles of refinement, reduction, and replacement (3 R)
in research.

In this study an easily reproducible 3D model for the selection of
potential anticancer agents against OS was obtained, proposing the
switch from the 2D cell culture currently employed to 3D spheroid
models.

Starting from a series of newly synthesized chalcones, the two most
potent derivatives (1i and 1k), together with the parent compound Lic-
A, were investigated for their ability to inhibit the proliferation of OS
cells organized in MCTS. Our findings address the need to streamline the
translation of a reduced number of molecules into preclinical studies,
based on their antitumor activity in systems that closely mimic in vivo
conditions. Additionally, the effectiveness of chalcone as a natural
scaffold for generating potential antiproliferative agents has been
demonstrated. In particular, chalcones exert their antiproliferative ac-
tivity by inducing apoptosis and autophagy. Interestingly, they are
capable of reducing cell invasion, which significantly contributes to the
adverse prognosis of OS. To the best of our knowledge, Lic-A was tested
on a 3D model for the first time, confirming its anticancer properties
against human OS.

Further studies are underway to elucidate the signaling pathways
andmolecular targets responsible for the antitumor activity of chalcones
in OS. In parallel, the MCTS model will be improved by incorporating
other cell types and matrix components of the tumor microenvironment
for a more reliable tumoroid 3D model.
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Fig. 6. Invasion assay performed by Incucyte instrument. Representative phase contrast images of 143B-MCTS embedded on Matrigel at 0, 24, 48 and 72 h of
treatment. Images showing the analysis mask are reported on the right. The whole spheroid area is reported in yellow and the invading cell area in red (A). Whole
spheroids area along time calculated through Incucyte® Zoom Software (B). Invading cell area calculated through Incucyte® Zoom Software (C). Values are
expressed as mean ± SD (n=3). A two-way Anova against control was conducted at the end point. p < 0.001 for Lic-A and 1k.
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