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Abstract: The monolayer (two-dimensional or 2D) cell culture, while widely used, lacks fidelity
in replicating vital cell interactions seen in vivo, leading to a shift toward three-dimensional (3D)
models. Although monolayers offer simplicity and cost-effectiveness, spheroids mimic cellular
environments better. This is due to its nutrient gradients, which influence drug penetration and
provide a more accurate reflection of clinical scenarios than monolayers. Consequently, 3D models
are crucial in drug development, especially for anti-cancer therapeutics, enabling the screening of cell
cycle inhibitors and combination therapies vital for heterogeneous tumor populations. Inhibiting
processes like migration and invasion often require drugs targeting the cytoskeleton, which can
exhibit dual functionality with cell cycle inhibitors. Therapeutic approaches with promising anti-
cancer potential often exhibit reduced efficacy in 3D cell culture compared to their performance
in monolayer settings, primarily due to the heightened complexity inherent in this system. In the
face of this scenario, this review aims to survey existing knowledge on compounds utilized in both
2D and 3D cell cultures, assessing their responses across different culture types and discerning the
implications for drug screening, particularly those impacting the cell cycle and cytoskeletal dynamics.
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1. Introduction

Monolayer studies are fundamental and widely recognized as the gold standard
across numerous research domains, particularly in cancer research. Ross G. Harrison made
pioneering contributions to cell culture techniques, notably introducing a groundbreaking
method for culturing and observing living nerve fibers during embryonic frog development.
Harrison’s innovative approach involved placing a fragment of the spinal cord in lymph
clot on a glass slide and sealing it with a cover slip [1].

Building on Harrison’s work, Alexis Carrel developed various methodologies aimed
at improving cell culture practices. He notably introduced the Carrel flask, known for its
curved neck that facilitated culture medium exchange while preventing contamination [2].
Another significant advancement in cell culture came from Harry Eagle, who pioneered
the development of suitable culture media for maintaining various cell lines [3,4].

By the 1950s, discussions in cellular biology symposia were already mentioning the
use of cell culture as a system for studying drug activity [4], alongside its combination with
other drugs that demonstrated improved cytotoxicity and collateral sensitivity [5]. One of
the early pioneers in the large-scale screening of antineoplastic drugs using cell lines was
Eagle and Foley (1958), establishing it as a modality still in use today [6].

Cell-based studies, notably in monolayer cultures, have greatly enhanced our grasp
of chemotherapy’s utility and deepened our understanding of tumor cell biology and
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cellular processes. Traditional drug testing in these cultures offers a straightforward
approach, allowing for direct interactions between drugs and cells without physical barriers.
Insights gained from monolayer experiments shed light on cellular migration intricacies
involving cytoskeletal structures, focal adhesion complexes, and various proteins [7]. While
invaluable for exploring potential anti-cancer agents during initial compound development,
it is essential to acknowledge the inherent limitations of monolayer cultures [8].

In contrast, in vivo therapy encounters a more intricate landscape, grappling with
substantial hurdles in distributing drugs throughout tumors due to their three-dimensional
(38D) structure and interactions with the surrounding stromal environment, altering drug
diffusion profiles [9]. The evolution of chemotherapy studies has underscored disparities
between in vitro drug behavior and in vivo settings, spotlighting the pivotal role of immune
cells in cancer contexts [10]. As a result, there has been a pursuit for systems capable of
faithfully replicating in vivo responses with high reproducibility. For certain cancer types,
like endometrial cancer cells, monolayer cultures may inadequately mimic the presence of
an appropriate extracellular matrix (ECM), impacting integrin signaling and downstream
pathways such as PI3K/AKT, which regulate cellular proliferation mechanisms [11].

Tumor tissues exhibit complex 3D structures with physiological barriers that impede
effective drug penetration. This presents a significant limitation in monolayer-based
research, as it lacks fidelity to human physiological conditions [12]. Insights derived from
three-dimensional (3D) cell culture systems are pivotal in comprehending the intricate
tumor microenvironment, making them the preferred model for evaluating anti-tumor
drug efficacy [11]. Figure 1 provides a schematic summary comparing monolayer and
3D characteristics.

2D CELL CULTURE 3D CELL CULTURE
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Figure 1. Diagram illustrating the characteristics of monolayer cell culture models and 3D spheroids,
highlighting the unique features of each system. Created with Biorender.com (accessed on 1 May 2024).

Malignant tumors, characterized by uncontrolled cell growth, typically stem from
cell cycle dysregulation. This has led to extensive research efforts aimed at identifying
molecular inhibitors targeting this pathway [13,14]. Our discussion will delve into the
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continuous assessment of drugs in both monolayer and 3D systems, aiming to refine
screening techniques for novel drug development. These advancements seek to improve
in vivo response outcomes and are being evaluated across diverse cancer types, with a
specific focus on their efficacy in monolayer cultures.

2. Drugs That Target the Cell Cycle in a Three-Dimensional Cell Culture (3D) System

The pursuit of a system mirroring in vivo conditions has driven the creation of diverse
models, with 3D cell culture emerging as a prominent example. This review focuses
on one particular type of 3D system: spheroids. Their significance lies in their ability
to replicate the 3D architecture of solid tumors and emulate the intricate cell-cell and
cell-matrix interactions observed in vivo [15]. Currently, a wide variety of techniques
are available for spheroid generation, such as scaffold-based culture (hydrogel or other
polymeric materials) and scaffold-free culture (using magnetic levitation, hanging-drop
microplates, and non-adherent coated microplates) [16].

The spheroids can recapitulate three important regions: an outermost proliferative
zone with higher nutrient and oxygen concentration, followed by a layer of quiescent
cells, and, further toward the center, a cluster of necrotic cells. As the layers internalize,
higher concentrations of cellular debris and carbon dioxide are found due to the low
concentrations of oxygen and nutrients [17]. The development of these gradients is only
observed in spheroids with diameters between 200 and 500 pm [18]. This characteristic
generates a protective effect on the innermost cells of the spheroid, already subjected
to stressful conditions and partially shielded, in certain cases, from the impact of drugs
retained in the outer layers, as was demonstrated in the study with temozolomide in
glioblastoma cell lines [19].

Cell culture models exhibit variations in morphology, signal transduction, histone
acetylation, gene expression, protein expression, drug metabolism, proliferation zones,
viability, hypoxia, pH, differentiation, migration, and drug sensitivity [20]. Several studies
comparing drug testing in 2D and 3D systems of the same cell line have noted dissimilar
dose-response curves, with 3D models displaying increased resistance to treatments. To
illustrate, we provide a concise summary of drugs used in monolayers (Table 1) and discuss
select drugs employed in 3D settings [21,22].

The treatment with 5-fluorouracil induced less cell death in spheroids of the HepG2
(hepatocarcinoma) cell line than in monolayers due to increased intercellular adhesion
through E-cadherin and CD44v6, resistance due to differentiated phenotypes, and greater
tolerance to stressful stimuli [22-26]. The inhibitory concentration of 50% (ICsy) for MCF-7
(breast cancer) spheroids showed an approximate 2.24-fold increase compared to the mono-
layer culture upon arsenic administration [23]. Studies with binimetinib [24], docetaxel [21],
and romidepsin [22] serve as other examples of increased resistance in 3D cell culture
systems. An overview of monolayer cell culture drugs targeting the cell cycle is described
in Table 1. Studies conducted on spheroids with the drugs and concentrations used in them
are described in Table 2.

Table 1. Cell cycle and cytoskeleton targeting drugs and their mechanism of action, main indications,
and in vitro inhibitory concentration of 50% (ICsp).

Category

Mechanism of Action Main Indications In Vitro ICs

Cyclin-dependent kinase
(CDK) inhibitors

Palbociclib phosphorylation during the G; to

Ribociclib resulting in reduced

Abemaciclib cell cycle disruption and induction

Advanced breast cancer,
metastatic breast cancer, and
refractory

breast cancer.

Suppression of RB1
30-89 uM *
S phase transition.

Selective inhibition of CDK4/6, Advanced breast cancer and

- %
metastatic breast cancer. 0.5-1109.6 uM

phosphorylation of RB1.

Inhibition of CDK4/6, resulting in Advanced breast cancer and

- *
metastatic breast cancer. 0.05-2.7 uM

of G phase arrest.
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Table 1. Cont.

Category Drug Mechanism of Action Main Indications In Vitro ICy
Inhibition of ALK, ROS1, and MET,
leading to reduced cell
Crizotinib pr.olifel.'ation, suppressed Metastatic non-small cell 0.01-2.2 M *
migration, Gy cell cycle arrest, lung cancer.
apoptosis, and increased
chemotherapy resistance.
Chronic lymphocytic
leukemia, mantle cell
Ibrutinib Irreversible inhibition of BTK. lymphoma, and 0.58-2.5 uM *
Waldenstrom’s
macroglobulinemia (EM).
. Inhibition of ABL1, BCR::ABL1, Chronic myeloid leukemia and
Imatinib PDGEFR-oc and -3, and KIT. multiple c;,ncer types. 0.07-100 uM*
Locally advanced non-small
cell lung cancer, locally
advanced pancreatic cancer,
Erlotinib Inhibition of EGFR kinase domain.  metastatic non-small cell lung ~ 0.0437-199 uM **
cancer, non-small cell lung
carcinoma, and metastatic
. . R ancreatic cancer.
Tyrosine kinase inhibitors E/Ietastatic non-small cell lung
Gefitinib Inhibition of EGFR kinase domain.  cancer, colorectal cancer, and 0.0648-805 uM **
breast cancer.
- Acute lymphoblastic
Dasatinib Inhibition of BCR::ABL1, KIT, and leukem}i,as I;nol chronic 0.00106-92 pM **
other targets. . .
myeloid leukemia.
Renal cell carcinoma,
o hepatocellular carcinoma,
Axitinib Inhibition of VEGFR1, VEGFR?, prggressive differentiated 0.7-12.5 uM *
and VEGFR3. .
thyroid cancer and advanced
thyroid cancer.
Inhibition of KIT and PDGF Chronic myeloid leukemia,
receptors. gastrointestinal stromal
Nilotinib Gastrointestinal stromal tumors, tumors, and breast cancer 0.002-1272.78 uM **
and breast cancer resistant to resistant to
endocrine therapies. endocrine therapies.
. .. Selective inhibition of Metastatic non-small cell
Osimertinib EGFR mutations. lung cancer. 0.002-14.9 uM*
Advanced renal cell
s carcinoma, hepatocellular
Sorafenib Inhibition of VEGFRI, VEGFR?, carcinoma, prcI))gressive 0.00428-168 puM **
and VEGFR3. . . .
differentiated thyroid cancer,
and multiple cancer types.
Gastrointestinal stromal tumor,
Regorafenib Inhibition of multiple kinases. osteosarcoma, and 1.3-82.4 uM *
colorectal cancer.
Panobinostat Inhibition of HDACs. Refractory multiple myeloma.  0.001-29 pM **
Persistent cutaneous T-cell
Histone Deacetylase lymphoma, progressive
(HDAC) Inhibitors Vorinostat Inhibition of HDACs. cutaneous T-cell lymphoma, 0.99 nM—49.8 uM *
and recurrent cutaneous
T-cell lymphoma.
Formation of Pt-DNA, inducing
Cisplatin double-strand breaks in DNA, Multiple cancer types. 0.177-10198.4 uM **
) leading to cell death.
ll;latt}num—BaDsed Inhibition of processes related to
ricancer rss Oxaliplatin DNA replication and transcription, Multiple cancer types. 1.04-35.6 pM *

leading to cell cycle arrest and
cell death.
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Table 1. Cont.

Category Drug Mechanism of Action Main Indications In Vitro ICsp
DNA intercalation and
Doxorubicin .t0p01s.0mera.se I.I inhibition, Multiple cancer types. 0.00454-38.8 uM **
inducing oxidative stress
and apoptosis.
. Inhibition of DNA transcription Breast, liver, gastric, and N
Epirubicin and RNA synthesis. non-small cell lung cancer. 0.02-9.9 uM
Stabilization of the enzyme-DNA
. complex and induction of . . "
Etoposide permanent DNA strand breaks, Multiple cancer types. 0.12-241.9 uM
Anthracyclines leading to cell death.
Incorporation of fluorinated
Gemcitabine nucleotide analogs into DNA, Multiple cancer types. 0.000628-50.6 uM **

5-Fluorouracil

inhibiting nuclear replication.

Inhibition of thymidylate synthase
and substitution of nucleotides in
DNA, interrupting DNA
replication and repair.

Breast cancer, malignant
neoplasm of colon, malignant
neoplasm of pancreas,
malignant neoplasm of
stomach, rectal carcinoma,
superficial basal cell
carcinoma, and others.

0.3-47.9 uM *

Inhibition of topoisomerase I,

Acute myeloid leukemia,
Ewings sarcoma, refractory
neuroblastoma, metastatic
rhabdomyosarcoma, cervical
cancer; refractory central

. . . .
Topoisomerase Inhibitors ~ Topotecan inducing DNA strand breaks. nervous system lymphoma, 0.005 7-339 uM
refractory central nervous
system malignancy, refractory
or metastatic ovarian cancer,
and relapsed small cell
lung cancer.
Advanced melanoma,
glioblastomas, primary central
nervous system lymphoma,
Alkylation of genomic DNA, refractory Ewing sarcoma,
. . . . refractory neuroblastoma, soft
inducing nucleotide mismatches tissue sarcoma, advanced
Temozolomide and triggering cell cycle arrest in . 4.34-766.1 uM *
. neuroendocrine tumor,
the G, /M phase, leading to cancer .
refractory anaplastic
cell death. P
DNA Alkylators astrocytoma, refractory,
advanced mycosis fungoides,
and refractory or advanced
Sezary syndrome.
Metastatic leiomyosarcoma,
Inhibition of activated I-Zgazz;m llallii(r)\iir:—zr;:s/itive
Trabectedin transcription and cell cycle arrest psedp 0.1-3.7nM *
. ovarian cancer, unresectable
in the S phase and G, phase. .
leiomyosarcoma, and
unresectable liposarcoma.
* https:/ /www.selleckchem.com (accessed on 15 April 2024). ** https:/ /www.cancerrxgene.org (accessed on 15
April 2024).
Table 2. Cell cycle and cytoskeleton targeting drugs used in spheroid studies.
Category Drug Type of Cancer Used Concentration Ref
. . Palbociclib Glioblastoma 10 nM-10 uM [25]
(%ylglll(r)l-d ethident kinase Ribociclib Pancreas cancer 0.16-100 pM [26]
tnhibitors Abemaciclib Glioblastoma 10 nM-10 uM [25]
Crizotinib Colon adenocarcinoma 250-500 nM [27]
X . o Crizotinib Lung cancer 2-5 uM [28]
Tyrosine kinase inhibitors Crizotinib Gastric cancer 0.01-1 pM [29]
Ibrutinib Hepatocellular carcinoma 2-6 uM [30]
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Category Drug Type of Cancer Used Concentration Ref
Imatinib Glioblastoma 10 utM [31]
Imatinib Adrenocortical carcinoma 10 uM [32]
Erlotinib Lung cancer 2-10 uM [28]
Erlotinib Colorectal carcinoma 0.6-5.5 uM [33]
Gefitinib Lung cancer >1 uM [34]
Dasatinib Glioblastoma 1Cs0: 42 uM [35]
Tyrosine kinase inhibitors Dasatinib Prostata adenocarcinoma 1Cs0: 102 uM [35]
Axitinib Breast cancer 0.012-100 uM [36]
Osimertinib Lung cancer 1Cs0: 240 nM [34]

Sorafenib Hepatocellular carcinoma 2-15 uM [30,37]
Regorafenib Hepatocellular carcinoma 2.5-5 uM [38]
Regorafenib Colon cancer 1Csp: 49.8 UM [39]
Regorafenib Colorectal carcinoma 3.3-14.8 uM [33]
. Vorinostat Colon carcinoma 0.9 uM [40]
Egz&?}fﬁf&%ﬁ;e Vorinostat Cervical cancer 200 nM [41]
Vorinostat Glioblastoma 0.1-10 pM [42]
Cisplatin Lung cancer 1Cs0: 66-126 UM [43]
Cisplatin Cervical cancer 10 uM [44]
Cisplatin Ovarian cancer 5-10 pg/mL [45]
. Cisplatin Lung cancer 78.6—>250 uM [46]
:Lat;g;?‘g;b;:ﬁds Cisplatin Cervical cancer 21.4-250 uM [46]
& Cisplatin Osteosarcoma 17.4-122 uM [46]
Cisplatin Glioblastoma 15.6-23.5 uM [46]
Cisplatin Pancreatic cancer 4.57 uM [47]
Oxaliplatin Colorectal cancer 0.1-100 pM [48]
Paclitaxel Colorectal cancer 40 pM [49]
Taxane Paclitaxel Opvarian cancer 40 uM [49]
Paclitaxel Pancreatic cancer 1Cs0: >80 nM [47]
Doxorubicin Ovarian cancer 0.2-2 uM [50]
Doxorubicin Colorectal cancer 100 uM [49]
Gemcitabine Lung cancer 87-177 uM [43]
Gemcitabine Pancreatic cancer 28.17 uM [47]
DNA damaging drugs 5-Fluorouracil Lung cancer 99-148 uM [43]
5-Fluorouracil Colorectal carcinoma 14-92 uM [33]
Topotecan Colorectal 1 nM-10 uM [51]
Temozolomide Adrenocortical carcinoma 1-100 uM [52]
Temozolomide Glioblastoma multiforme 100-300 uM [53]

Although the term “spheroid” is widely used, Weiswald, Bellet, and Dangles-Marie [54]
segregate them into multicellular tumor spheroid models, formed by two or more distinct
cell lines; tumorsphere, with a single cell line; and tumor-derived spheroid, made of a
primary culture of tumor cells. The resistance of these models to cancer treatments is
a known event and it is justified based on the induction of stress response proteins in
hypoxic regions and the multiple exposure to drugs, leading to a change in cell growth
properties [55]. Assays conducted with oxaliplatin in HCT15, HCT116, and HCT1160xR
cell lines (oxaliplatin-resistant colorectal cancer cell lines) revealed a significant reduction
in cell cytotoxicity under hypoxic conditions in 3D compared to monolayer cultures, with
the compound being 13 to 64 times less active in spheroids [56]. Fiorillo, Sotgia, and
Lisanti [57] discovered a metabolic shift during the transition from anchorage-dependent
to anchorage-independent growth, emphasizing the reliance of spheroid cell propagation
on mitochondrial oxidative phosphorylation. This highlights the importance of developing
drugs that inhibit this activity, as noted by other authors [58,59]. Despite higher drug
concentrations often required for spheroid treatment, certain drugs exhibit similar effects
in reducing cell proliferation and increasing rates of apoptosis, DNA damage, and reactive
oxygen species generation, as demonstrated across both monolayer and 3D models, with
olaparib applied to MDA-MB-231 (breast cancer), HCC1937 (breast cancer), and IGROV-1
(ovarian cancer) cell lines [60].

Assessing the effectiveness of drugs in spheroids requires considering their regionaliza-
tion and heterogeneity, with a focus on drug penetrability in the structure. Laurent et al. [61]
proposed analyzing the response of pancreatic cancer cells (Capan-2) to etoposide treat-
ment, which demonstrated efficacy by penetrating the spheroid and inducing global
changes in cell cycle distribution in its outer layers. Similarly, treatments with vincristine in
EMT6/Ca/VJAC (breast cancer) cells underscore the heightened sensitivity of peripheral
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cells to pharmacological effects due to their increased drug exposure and lower resistance
to stress [62].

Treatment with imatinib induced the formation of gaps within Ishikawa (endometrial
cancer) spheroids, resulting in diminished intercellular interactions, increased apoptosis,
and induction of mitochondrial damage [58]. Additionally, compounds that hinder cell
clustering and migration rates can lead to the deconstruction of spheroid structures, thereby
reducing metastatic potential [63]. Notably, this effect was observed with Tamoxifen in
NR-MCE-7 and TR-MCE-7 cell lines [64], as well as with Interferon (IFNf) in A375 and SB2
(cutaneous melanoma) cell lines [63]. In another study comparing adrenocortical carcinoma
cells treated with drugs like imatinib, sunitinib, zoledronic acid, among others, researchers
observed that spheroids formed by these cells showed increased resistance compared to
those in monolayer cultures. This finding highlights how spheroid formation correlates
with reduced sensitivity to chemotherapy, mirroring observations in actual tumors [32].

Another parameter used to measure the potency of drugs in a 3D system is their
volume. The reduction in spheroid size often indicates the drug’s ability to overcome
cellular aggregation barriers and penetrate the tumor structure. This phenomenon has
been observed with abemaciclib [65], cisplatin [66], methotrexate [67], and erlotinib [68].
Furthermore, the anticancer activity of these drugs was linked to increased percentages
of apoptotic cells and inhibition of autophagy, suggesting potential enhancement with
combined drug therapies [28]. The study conducted on glioblastoma and prostate cells
compared the effects of monolayer culture versus spheroids and bioprinting when treated
with the drug dasatinib. It showed similar responses between bioprinting and spheroids,
likely due to the challenges in drug penetration observed in 3D cultures. Additionally, the
study underscored the importance of characteristics like feasibility, reproducibility, and
scalability to ensure consistency across 3D cultures [35].

In line with findings from monolayer studies, specific drugs targeting cell cycle com-
ponents are employed in 3D cell culture research. G,/M arrest is a mechanism widely
exploited by the pharmaceutical industry to prevent cell division. The literature shows
its application and efficiency in 3D model of prostate cancer (axitinib) [69], lung cancer
(cabazitaxel) [70], colorectal cancer (docetaxel) [71], and breast cancer (epirubicin and
hyaluronidase) [72,73]. A similar effect was observed in treatments with rucaparib in
PC3 and LNCaP (prostate cancer) cell lines, delaying spheroid growth by increasing the
rate of cell death [74]. Other studies reported a G;/S phase arrest, such as the applica-
tion of selinexor in gastric cancer cells, especially when combined with paclitaxel [75].
Treatment with 5 uM of temsirolimus also slowed the growth of H1 and H3 spheroids in
melanoma [76].

In addition to testing isolated drugs, there are assays dedicated to analyzing the syn-
ergistic effects between drugs, a scenario that maximizes the benefits of using spheroids.
For example, the combination of cisplatin with MK-1775 reduced the volume of human
bladder epithelium spheroids by up to 80% in animals treated with 1 pM Cisplatin and
0.2 uM MK-1775 [66], highlighting the potential of synergy studies to enhance the efficacy
of combination treatments by leveraging the individual effects of each drug. Other com-
binations include bortezomib (10 nmol/L) and TMZ (200 umol /L) for glioma treatment,
tested with U251 and U87 cell lines [77]; carfilzomib and flavopiridol for adrenocorti-
cal carcinoma monolayer—NCI-H295R (IC5p = 0.13 uM and 0.02 uM, respectively) and
SW-13 (IC59 = 0.42 uM and 0.42 uM) cell lines [78]; dasatinib and salinomycin for breast
cancer—MDA-MB-468 (ICsg Sal/Das in monolayer = 0.5 and 15 pM; ICsy Sal/Das in
spheroids = 4 and 30 pM), MDA-MB-231 (IC5p Sal/Das in monolayer = 0.1 and 0.2 uM;
IC5p Sal/Das in spheroids = 8 and 1.1 pM), and MCEF-7 (ICsy Sal/Das in monolayer = 6.5
and 12 uM; ICsg Sal/Das in spheroids = 25 and 48 M) cell lines [79]; Gemcitabine and
gefitinib for esophageal cancer—KYSE-270 (EDgs = 0.59), KYSE-410 (EDg5 = 0.58), and
KYSE-520 (EDg5 = 0.43) cell lines [80]; and Medroxyprogesterone and imatinib for Ishikawa
cell line (IC5p = 200 and 50 uM) [58]. The growth inhibition mechanisms in synergism tests
are like those found in isolated treatments, with emphasis on G, /M phase arrest [78,80],
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stimulation of caspase activation [81], and induction of reactive oxygen species (ROS)
formation [79].

The advantages of synergism are evident in various scenarios, such as the treatment of
lung cancer cell lines (H460 and A549) with paclitaxel, cisplatin, irinotecan, and etoposide,
resulting in reduced viability, migration, and invasion, particularly in H460 spheroids [82].
Combinations can also be strategically planned to delay resistance to compounds, as
demonstrated by La Monica and colleagues [65]. Their study showed that the combined
use of osimertinib and abemaciclib prevented or delayed resistance to osimertinib treatment
in lung cancer cell lines (PC9 and HCC827), reducing the number of colonies formed.

Turning to protein expression, drugs have been increasingly refined by the precise
selection of proteins that modulate the growth and survival of cells in 3D. Carboplatin
(100-150 pmol/L), used in the treatment of ovarian cancer, promotes the inhibition of
DYRKI1A, thereby increasing the rate of cell death in OVCAR3, OVCARS5, and OVCARS
(ovarian cancer) spheroids [83]. Similarly, gefitinib also induced cell death, along with S
phase arrest by cyclin D1 [80], and doxorubicin reduced cell invasion, as demonstrated in
choriocarcinoma cell lines [84].

Among the proteins receiving particular attention is MEK, a kinase within the RAS/
RAF/MEK/ERK cascade responsible for mediating cellular responses to various growth
factors [85]. Reduced expression of MEK, induced by vorinostat in combination with
selumetinib, inhibited the formation of colon cancer spheroids [86]. Trametinib, adminis-
tered at concentrations of 10 nM and 100 nM, also decreased the proportion of proliferative
cells in 3D cell cultures of ID8-KRAS (ovarian cancer) by inhibiting the RAS/RAF/MAPK
pathway, without affecting 2D cell cultures of the same lineage [87].

Other proteins studied recently using the spheroids include PTK6 (regulator of sur-
vival, cell cycle, and cell differentiation), with reduced expression in PC3, DU145, and
LNCaP (prostate cancer) cell lines when treated with ibrutinib [88]. Cadherin (adhesion
formation), inhibited by Nab-paclitaxel in MIA PaCa-2, PANC-1, and AsPC-1 (pancreatic
cancer) cell cultures [89]; and histone deacetylases (interfering with survival, cell cycle,
and differentiation) with reduced activity in sarcoma cells (DTC1, KAO, and SU-CCS-1) by
romidepsin [90]. Genes involved in cell cycle arrest and protein ubiquitination also had
increased regulation with the treatment of 5 uM topotecan in ovarian cancer spheroids (OV-
CAR3, SKOV3, TOV-112, TOV-21, and OV-90), while others associated with biosynthesis,
immune responses, inflammation, and molecular transport had decreased expression [91].

In summary, despite a considerable number of publications aimed at testing treat-
ments in monolayer cell culture, 3D systems are becoming more advantageous, as they
more accurately simulate the action and effectiveness of compounds when applied to
in vivo models.

3. Drugs That Target the Cytoskeleton in 2D and 3D Cell Culture

The cytoskeleton, a dynamic network of polymerized proteins, is crucial for cell
division, maintaining shape, and facilitating motility by organizing cellular contents and
enabling interaction with the environment. Comprising microtubules, actin filaments,
and intermediate filaments, this structure coordinates various cellular processes through
precise assembly and disassembly [92,93]. The cytoskeleton is composed of three types of
molecules that form different polymers: microtubules, actin filaments, and intermediate
filaments, and each of these presents different structures and, therefore, participates in
specific functions [94].

Microtubules, one of the primary cytoskeletal proteins, are vital for cell division,
forming the mitotic spindle that aligns and separates chromosomes during mitosis. Their
dynamic nature enables this process [93]. Actin filaments, meanwhile, facilitate cell-to-cell
communication and migration by forming polymer networks and supporting filopodial
protrusions [95]. Intermediate filaments contribute to the cell’s resistance to mechanical
stress [96]. Given their importance, there is significant interest in developing anti-neoplastic
drugs targeting the cytoskeleton. Traditional agents targeting the cytoskeleton, particularly
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microtubules, function as antimitotic agents by interfering with cell cycle progression [97].
Microtubule-stabilizing drugs promote tubulin polymerization, leading to mitotic blockade
and apoptosis [98]. Examples include taxols, epothilones, and marine-derived compounds
like discodermolide. Microtubule-destabilizing agents, like vinca alkaloids and colchicine
analogs, also exhibit antimitotic effects [99,100].

Actin cytoskeleton-targeting agents inhibit cell motility, making them effective against
metastasis [101]. However, addressing metastasis presents challenges due to its complexity
and potential toxicity, necessitating careful clinical application. Nonetheless, research
into anti-migrational drugs, especially those targeting microfilaments, has surged. Many
of these studies focus on natural compounds, as anti-invasive mechanisms may mirror
defense strategies observed in various terrestrial and marine organisms [101].

Like tubulin-targeted agents, drugs that impact actin filaments are classified as either
destabilizers or stabilizers. Recent research has shed light on the complex nature of actin
polymerization, involving not only actin molecules binding to each other but also a contin-
uous competition among various proteins for binding sites on actin. Consequently, agents
targeting actin also compete for these binding sites [102]. Nevertheless, the previous classi-
fication remains valid. Some compounds described as stabilizers of the actin cytoskeleton,
such as jasplakinolide and chondramides, which compete with phalloidin for the F-actin
binding site, and cucurbitacin E, an inhibitor of actin depolymerization, can initially be
tested in monolayer cultures [101,103,104]. Within the class of actin cytoskeleton desta-
bilizers, notable examples include the extensively studied cytochalasin and latrunculin,
both of which inhibit actin polymerization. Additionally, geodiamolides are recognized as
disruptors of actin filaments [77,79-81].

It has been observed that approved drugs spanning various classes and targets may
also influence cytoskeletal proteins or regulate cytoskeleton dynamics by interacting with
other proteins. An example of this is doxorubicin, an antibiotic belonging to the anthra-
cycline group derived from Streptomyces peucetius. Doxorubicin has been utilized as a
chemotherapeutic agent to combat a diverse array of tumors [105]. Studies show that
nanoparticle formulations with doxorubicin can affect cytoskeleton dynamics. Nanopar-
ticles synthesized by incorporating doxorubicin, curcumin, and perfluorooctyl bromide
into poly (lactic-co-glycolic acid) inhibited polymerization of the actin cytoskeleton in
the MCF-7 cell line [106]. Proteomics and further bioinformatics analysis revealed that
doxorubicin-CaCO3-nanoparticles modulate the expression of several structural proteins
including o/ 3-tubulin and actin in MCF-7 cells, indicating that the system may induce
regulation of migration and endocytosis in this cell line [107]. Lastly, changes in the actin
cytoskeleton in A549 cells were observed using time-lapse imaging and transwell assays
when cinnamic acid derivatives were co-administered with doxorubicin [108]. Epirubicin is
an anthracycline epimer of doxorubicin that has also been used as a cytotoxic drug against
a variety of tumors. Migration assays, such as wound-healing and Boyden chamber assays,
revealed that treating MDA-MB-231 cells with a low dose of epirubicin resulted in inhibited
migration. Additionally, a decrease in the expression of ezrin, a protein from the ERM
family that participates in the linking of the actin cytoskeleton to the cell membrane, was
observed [109,110]. These studies contribute to a deeper understanding of chemotherapy
drugs’ impact on cellular processes beyond their primary mechanisms of action, offering
insight into future drug development and combined strategies of treatments.

Other drugs can modify cell morphology and other cellular process like methotrexate,
which is an antimetabolite of folic acid that inhibits the synthesis of purines and pyrimidines,
disrupting synthesis, repair, and replication of the DNA strands, and ultimately leading to
cell division blockage [111]. A study utilizing CaSki cells, a cervical cancer cell line, and
NRK, normal fibroblasts, showed that methotrexate treatments cause the cells to shrink.
The exposure to the drug caused the redistribution of G-actin toward the nucleus for CaSki
cells and disassembly of F-actin on NRK models, increasing lamellipodial activity for both
cell lines [111,112].
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Cisplatin is a well-known drug utilized to treat numerous types of neoplasms. The
literature indicates that treatments with Cisplatin in MCF-7 and MDA-MB-231 cell lines
induce the expression of ATF3, which encodes a protein member of the CREB family [113],
and that it suppresses the activation of FN1, a gene that encodes for fibronectin, a protein
that participates in cell migration, adhesion, and differentiation [114]. This study indicates
that the modulation compromises epithelial-to-mesenchymal transition (EMT) and cell
migration [115].

A study utilizing HeLa (cervical cancer) and U20S (osteosarcoma) cells indicated
that treatments with topotecan affected the microtubule cytoskeleton and inhibited actin
polymerization, interfering not only with cell cycle progression but also reducing the mass
of actin filaments [116]. Additionally, another study analyzing the effects of topotecan in cell
migration revealed that the treatments regulated the expression of E-cadherin, N-cadherin,
and vimentin, resulting in the suppression of the EMT phenotype in H1299, H1975, and
HCC827 lung cancer cells [117,118]. Thus, these studies demonstrate that drugs targeting
the cytoskeleton influence proteins involved in EMT, a critical process in the development
of invasion and metastasis to other organs.

Drugs such as tyrosine kinase inhibitors can impact cellular protrusions like filopodia,
which play a crucial role in cell migration and communication, potentially inhibiting the
spread and invasive behavior of cancer cells. Various kinase inhibitors have been identified
to disrupt components of the cytoskeleton, offering targeted therapy for different neoplasms
characterized by specific mutations in proteins catalyzing the transfer of ATP’s terminal
phosphate to serine, threonine, or tyrosine residues [119]. The groundbreaking kinase
inhibitor, imatinib, significantly improved disease outcomes for chronic myeloid leukemia
patients [120]. In a study using the L5180 colorectal cancer cell line, treatment with imatinib
induced cells to adopt a rounder shape compared to untreated cells, accompanied by long,
finger-like protrusions. At higher drug concentrations, actin filaments began to aggregate,
leading to a decrease in total actin polymerization [121].

EGEFR inhibitors are commonly employed in the treatment of non-small-cell lung
cancer, including first-generation drugs like gefitinib and erlotinib, as well as the third-
generation drug osimertinib [122]. These drugs have demonstrated interference with
cytoskeleton structures. In a study using OE21 and OE33 cell lines, treatment with gefitinib
and erlotinib resulted in alterations in cell morphology and the actin cytoskeleton, leading
to a decrease in the number of filopodia and microspikes. Molecular assays indicated
that these tyrosine kinase inhibitors interfered with RhoGTPase and FAK activity [123]. In
another study involving modified lung carcinoma cell lines (PC-9 L861Q+19del and PC-9
L861Q), researchers observed that treatment with gefitinib, erlotinib, and osimertinib led to
a reduction in cell size. Furthermore, these inhibitors altered the distribution of microfila-
ments, resulting in nuclear fragmentation, a phenomenon associated with apoptosis [124].
Other studies have compared the use of erlotinib in 2D versus 3D culture in lung cancer
cells, finding that treatment with erlotinib induces caspase 8 activation and upregulation
of TNF-related apoptosis-inducing ligand (TRAIL) solely in 3D culture. It also modulates
autophagy markers and activates JNK. This suggests that Erlotinib induces apoptotic cell
death in 3D cultures through an autophagy-TRAIL-JNK pathway, thus aiding in better
elucidating the mechanism of this drug [125].

Histone deacetylase inhibitors (HDACis) represent a class of targeted therapy known
for their role in altering gene transcription and chromatin remodeling. Histone deacetylases
(HDAC) catalyze the removal of acetyl groups from histone and nonhistone proteins, influ-
encing transcription regulation [126]. Examples of HDAC inhibitors include panobinostat
and vorinostat. In a study involving human megakaryocyte cells treated with panobinos-
tat, researchers observed an increase in tubulin polymerization and structural alterations
in microtubule dynamics [127]. Additionally, another study with U87-MG glioma cells
found that vorinostat, at low concentrations, induced tubulin detyrosination and tubulin
acetylation, impacting microtubule dynamics [128].
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In 3D contexts, the cytoskeleton’s involvement in spheroid formation is pivotal, as
it facilitates interactions between various proteins and the extracellular matrix. Spheroid
assembly typically progresses through three stages. It initiates when cells are incapable of
attaching to a surface aggregate, prompted by their proximity. This prompts an increase in
cadherin expression due to cell-to-cell contact. Cadherin accumulates in cell membranes,
fostering the formation of compact structures via homophilic binding between adjacent
cadherin molecules [104-106].

Integrins also play a crucial role in the spheroid assembly process, and their activation
is associated with focal adhesion kinase (FAK) activity [128]. FAK is a protein pivotal
in cell adhesion, migration, and growth. It transmits extracellular signals mediated by
integrins and contributes to the rearrangement of actin filaments and microtubules [129].
Studies indicate that the actin cytoskeleton reinforces cell-cell contacts during spheroid
formation, while microtubules are involved in the compaction and growth phases of
assembly. Together, these proteins contribute to stabilizing the spheroid structure [104,107].

Studies investigating the effects of compounds targeting the cytoskeleton in spheroid
cultures can be limited. L’Espérance et al. described the effects of cisplatin, paclitaxel,
and topotecan on gene expression in ovarian carcinoma spheroids. The results revealed
that cisplatin treatments led to a general downregulation of genes related to cytoskeletal
structure and cell adhesion. On the other hand, exposure to paclitaxel increased the
expression of these genes, whereas treatment with topotecan elicited both upregulation and
downregulation responses within the spheroids [91]. The observed downregulation in the
study may be attributed to the interplay between cellular adhesion stability and cytoskeletal
integrity in the spheroid system [130]. Conversely, exposure to cisplatin and topotecan
led to increased expression of genes associated with cell adhesion and the cytoskeleton,
possibly reflecting the spheroid’s adaptive response to these treatments [91].

It has been noted that various cancer cell lines respond differently to the same
chemotherapy drug, such as cisplatin, which demonstrates limited effectiveness against
certain osteosarcoma cell lines. Using a diverse panel of cell lines, spheroids were formed
and exposed to cisplatin. The delayed cytotoxic response observed in 3D cultures suggests
the involvement of endocytosis and intracellular trafficking. Although ATP generation
was promptly inhibited, reflecting rapid cisplatin effectiveness, changes in ATP production
indicated alterations in cell morphology and movement, suggestive of cell-extracellular
matrix interactions. Interestingly, while most cell lines exhibited a swift decline in ATP
generation post-treatment, some spheroids maintained ATP production, hinting at potential
resistance or rapid metabolic clearance of cisplatin in these cells [46].

The possibility of drug combinations and their delivery has enabled the investigation
of drug penetration. In this study, NCI/ADR-RES cells (ovarian cancer) were used to form
spheroids and test drug combinations, doxorubicin delivery, different formulations, as well
as timing and their influence on cytotoxicity. This study suggests that spheroid models
are effective for assessing drug combinations and schedules, with findings aligning with
clinical and in vitro studies. The results also highlight the potential for using these models
to test tumor-targeted drug formulations [49].

While monolayer cultures offer a clearer visualization and characterization of drug
effects on the cellular cytoskeleton, providing insight into morphological changes at the
single-cell level, research on spheroids in 3D contexts remains notably scarce. This could
be attributed to the inherent complexity of spheroids. Most studies focus on the drug’s
impact on a general population, often evaluating cytotoxicity levels. However, in 3D culture
models, such as spheroids, the cytoskeleton’s role in drug response becomes evident, with
some drugs facing challenges in penetrating these structures, leading to delayed cytotoxic
responses and potential drug resistance. Thus, spheroid models have emerged as valuable
tools for assessing these strategies, offering insights that align with clinical and in vitro
studies. A summary of the molecular pathways targeted by drugs that focus on the cell
cycle and the cytoskeleton is described in Figure 2.
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Figure 2. Summary of the molecular pathways targeted by drugs that focus on the cell cycle and the
cytoskeleton. Created with Biorender.com (accessed on 1 May 2024).

4. Enhancing Drug Screening in 3D Cell Cultures

In 3D cell cultures, aggregates or spheroids can be formed using scaffold-based or
scaffold-free methods. The intricate interplay between matrices and scaffolds shapes cell
behavior, aiming to mimic in vivo conditions. These scaffolds, made from natural and
synthetic polymers, replicate the extracellular matrix, enhancing cell interactions and
expression [131]. For drug screening, methodological differences may influence drug
response due to variations in spheroid formation and population dynamics, reminding us
that standardization and homogeneity in 3D cultures are crucial for reliable drug testing.

Additionally, bioengineering approaches, like co-cultures, mimic physiological en-
vironments, optimizing cell function and tissue engineering by creating constructs with
heterotypic cellular interactions vital for cancer progression. A study generated a 3D
human breast cancer model by co-culturing cancer cells and fibroblasts in a rotating sus-
pension culture system, showing cancer cell invasion into fibroblast spheroids and protein
expression similar to breast cancer tissue [132]. A photocrosslinkable chitosan was used
to fabricate hydrogel microstructures that transitioned from cell-repellent to cell-adhesive,
enabling patterned co-cultures of spheroids and support cells. This system is useful for
studying heterotypic cell—cell interactions, drug screening, and developing implantable
bioartificial organs [133]. The study on NSCLC cells reveals correlations between EMT and
spheroid generation efficiency. Advanced IMC analysis unveils spatial organization and
marker expression in epithelial and mesenchymal-like cancer cells, and their interactions
with fibroblasts. Deep-learning-based segmentation enables multiparametric analysis,
highlighting EMT marker heterogeneity. These findings advance NSCLC drug screening
strategies [134]. In 3D heterotypic spheroid models, senescent fibroblasts induced prolifera-
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tion and nuclear atypia in OSE cells, highlighting the potential of 3D heterotypic modeling
in understanding ovarian cancer etiology [135].

Thus, 3D models can simulate complex diseases like cancer, fibrosis, and neurode-
generative disorders, facilitating the study of disease progression and the identification
of new therapeutic targets. They also allow researchers to observe dynamic processes
such as tumor growth, angiogenesis, and drug resistance in a more realistic setting. And
these advances permit the use of personalized medicine, with 3D cultures made from
patient-derived cells which are providing invaluable data, helping in the development
of personalized treatment plans and in identifying how specific patients may respond to
drugs [131].

Pharmaceutical and biotech companies are increasingly adopting 3D models in their
research and development efforts. The FDA recognized the potential of 3D models and
started to consider data from these models in the drug approval process, encouraging
wider adoption across the industry [136]. Thus, in drug screening and toxicity testing,
3D cultures offer more relevant data on drug efficacy and safety, reducing the reliance on
animal models and improving the translation of preclinical findings to clinical outcomes.

5. Perspectives and Conclusion Remarks

The application of nanomaterials holds tremendous potential across various domains.
In the medical field, extensive research has been dedicated to exploiting their capabilities
for targeted drug delivery, imaging diagnostics, photothermal therapies, and biosensors.
This has led to a significant emphasis on nanoformulations as crucial drug carriers, distin-
guished by their capacity to improve penetration, achieve precise targeting, and enhance
drug efficacy [137]. Consequently, there is a notable increase in the utilization of nanofor-
mulations for drug screening, utilizing 3D cell culture platforms to conduct more accurate
evaluations of their effects. Currently, few studies use 3D systems for drug screening due
to challenges in precise evaluation and in achieving drug penetration, typically easier in
monolayers. However, advancements in nanoformulation are changing this landscape.

This comprehensive review explores the intricate pharmacological landscape of com-
pounds targeting pivotal regulators of the cell cycle and cytoskeleton, whether through
direct or indirect mechanisms, showcasing a myriad of compounds with discernible cancer-
specific effects. While conventional assessment of approved drugs predominantly occurs
within monolayer cultures to discern clinical synergies, their indispensable role in unrav-
eling mechanisms of resistance cannot be overstated. The utilization of 3D cell culture
systems presents a paradigm shift in the landscape of preclinical drug testing, offering
a multifaceted array of advantages. These include the attainment of a superior level of
fidelity in mimicking in vivo conditions, amplification of cellular functionalities to a more
physiologically relevant state, meticulous exploration of drug penetration dynamics and
resistance mechanisms, and a laudable reduction in the reliance on animal models, aligning
with ethical considerations and cost-effectiveness.

Nevertheless, the adoption of 3D culture methodologies is not devoid of challenges.
The intricacies inherent in establishing and maintaining 3D cultures contribute to escalated
complexities and financial burdens, while scalability issues pose formidable obstacles in
the context of high-throughput screening. Furthermore, the inherent limitation in faithfully
recapitulating the intricate interplay between cancer cells and the immune system, coupled
with the absence of standardized protocols, underscores the imperative for continued
refinement and optimization in this field of research.
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