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Review

The role of 3D cell cultures in understanding mitosis
and tissue architecture

Abstract

Traditional cell biology research has long relied on two-dimensional (2D)
cell cultures, where cells are cultivated on flat, rigid surfaces. Although these
2D systems have contributed to significant discoveries, they often fall short
in replicating the complex three-dimensional (3D) environments found in
living organisms. The development of 3D cell cultures, such as spheroids and
organoids, provides a more physiologically relevant model by better simulat-
ing natural tissue architecture, spatial orientation, and cellular interactions.
This advancement addresses limitations of 2D cultures, including discrepan-
cies between preclinical drug efficacy and clinical outcomes. 3D cultures
exhibit greater cellular heterogeneity and altered proliferation rates, which
also affects drug sensitivity and gene expression profiles. One key area where
3D cultures have shown considerable impact is in the study of mitosis—a
vital cellular process for growth, development, and tissue repair—often in-
adequately captured by 2D models. By maintaining natural cell-environ-
ment interactions, 3D cultures facilitate a more profound understanding of
mitosis and its regulation, thereby enhancing our comprehension of human
biology and related diseases, including cancer.

INTRODUCTION

he majority of research in cell biology has traditionally relied on

two-dimensional (2D) cell cultures, where cells are grown on flat,
rigid surfaces. Although these systems have led to significant discoveries,
they often fail to replicate the complex, three-dimensional (3D) environ-
ment found within living organisms (Figure 1). 3D cell cultures offer a
more physiologically relevant model by allowing cells to grow within a
surrounding that simulates natural tissue architecture (1).

The limitation of research in 2D cultures, where anti-tumor drugs
that showed promising results, often proved less effective in clinical
trials. Consequently, the need for 3D cell cultures, which more closely
mimic the architecture and microenvironment of tissues iz vivo, has
become increasingly clear (1, 2). As aresult, 3D cultures have revolution-
ized fields such as cancer research, tissue engineering, and developmen-
tal biology, providing more accurate insights into cellular processes,
disease mechanisms, and drug responses.

One key area where 3D cultures have made a significant impact is in
the study of mitosis, the process by which a cell divides its chromosomes
into two daughter cells. Mitosis is critical for growth, development, and
tissue repair, and any errors in this process can lead to conditions like
aneuploidy, which is associated with various diseases, including cancer
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Figure 1. Comparison between 2D and 3D cell culture models. The first diagram illustrates a 2D monolayer culture where cells grow attached
to the surface of a culture flask or Petri dish in a homogeneous manner. The second diagram depicts a 3D spheroid structure with a heterogeneous
organization, comprising a proliferative zone (dividing cells), a quiescent zone (non-dividing cells), and a necrotic zone (dead or dying cells).
The third diagram represents the architecture of a small intestine organoid, featuring a rigid tissue structure with well-defined cell polarity. It
exhibits key features of the native intestine, including a villus-like domain (differentiated cells), crypr-like domain (dividing stem cells), and a

lumen (containing mucus and cellular debris).

(3). Traditional 2D cell cultures, while valuable, often do
not capture the full complexity of mitosis as it occurs in
the 3D environment of living tissues (2). By preserving
the natural interactions between cells and their surround-
ings, 3D cultures offer deeper insights into the regulation
of mitosis and other cellular processes, enhancing our
understanding of human biology and disease.

3D CELL CULTURES AS ADVANCED
RESEARCH MODELS

3D cell cultures are iz vitro systems that grow in three
dimensions, aiming to closely replicate tissue morphology
and functionality by simulating the tissue microenviron-
ment (4, 5). The first 3D cultures were developed by
Boiron in 1968, marking the beginning of their impor-
tant role in cell culture research (6). These cell cultures
are categorized into scaffold-based and scaffold-free meth-
ods. Scaffold-based techniques use solid or gel scaffolds,
while culturing methods without scaffold include hang-
ing drop, low adhesion plates, rotating bioreactors, and
magnetic levitation method (7, 8). Scaffold-based meth-
ods produce more complex cultures, whereas scaffold-free
methods allow cells to spontaneously form aggregates that
vary in size, density, and cell number (8). Depending on
the morphology of the 3D cultures, which includes the
complexity of their architecture and the type of cells

forming them, in this study we will classify them into
multicellular spheroids and organoids, with a focus on
small intestine organoids, as mitosis was studied into
these systems.

Multicellular Spheroids

Multicellular spheroids are widely used as a model for
studying solid tumors (9—11). The cellular arrangement
within spheroids is heterogeneous, and as in tumors, it
can be divided into several layers: proliferative cells on the
periphery, quiescent cells in the middle, and necrotic cells
at the core (Figure 1) (2, 7, 9, 12, 13). The thickness of
these layers depends on the spheroid's size (14), treat-
ments, and exposure to stress (15). Smaller spheroids may
lack a necrotic core and proliferative cells can be evenly
distributed (73). Spheroids also exhibit gradients of meta-
bolic gasses and nutrients, with outer layers having better
access to oxygen, glucose, amino acids, and other medium
components, while in the inner layers the availability is
lower with the accumulation of lactate and other metab-
olites, leading to lower pH (12, 16, 17). Considering that
spheroids exhibit cellular gradients, and they have hy-
poxic regions that are deprived of nutrients and accumu-
late metabolites, they are an excellent model for studying
micro metastases and non-vascularized tumor regions
(Figure 1) (12). It is important to note that spheroids can
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exhibit various shapes and complexities, however, we will
focus on the type of multicellular spheroids described in
this paragraph as mitosis studies were conducted on them.

Organoids

Organoids are 3D miniaturized and simplified ver-
sions of organs created in vitro, designed to mimic certain
aspects of an organ's structure and function. These struc-
tures originate from stem cells, including pluripotent stem
cells (PSCs) like embryonic stem cells (ESCs) and in-
duced pluripotent stem cells (iPSCs), as well as adult stem
cells (ASCs). PSCs have the remarkable ability to differ-
entiate into any cell type in the body, while ASCs can
self-renew and differentiate into cell types specific to their
tissue of origin. This capability allows stem cells to self-
organize into the diverse cell types that constitute an or-
gan (18-20).

Since the establishment of PSC lines, researchers have
leveraged insights from developmental biology to generate
organoids representing various organs, including the brain,
retina, lungs, liver, and kidneys (20—22). This process
typically involves guiding PSCs through specific develop-
mental stages to form complex tissue structures. Organoids
derived from ASCs have also become a significant area of
research due to their potential to model specific tissues and
organs in vitro. For example, intestinal organoids can be
generated from Leucine-rich repeat-containing G protein-
coupled receptor 5 positive (Lgr5+) stem cells, exhibiting
key features of the native intestine, such as villus-like struc-
tures, functional crypts and lumen (Figure 1) (23). Simi-
latly, liver organoids created from adult liver stem cells
replicate various aspects of liver function, making them
valuable for studying liver disease and drug testing (24).
However, challenges exist, including the limited prolifera-
tive capacity of ASCs compared to PSCs, which can im-
pact the scalability of organoid production. Additionally,
ASC:s often require specific growth factors and conditions
to maintain their stemness and promote differentiation,
making them more challenging to work with (20, 25).

Despite these challenges, ongoing advancements in
stem cell biology and tissue engineering continue to en-
hance the robustness and applicability of organoid tech-
nology. As research progresses, both PSC- and ASC-de-
rived organoids are expected to play an increasingly
significant role in personalized medicine, disease model-
ling, and regenerative therapies. For example, organoids
derived from patient-specific induced pluripotent stem
cells can serve as personalized models for investigating
individual treatment responses and developing tailored
therapeutic strategies (19). Organoids represent a ground-
breaking advancement in biological research, offering
more accurate and physiologically relevant models of hu-
man organs than traditional 2D cultures, with significant
promise for studying development, diseases, and thera-
peutic responses (19, 20).
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OVERVIEW OF MICROSCOPY AND
MITOSIS

Microscopy

Microscopy is an essential tool in the field of biological
science, allowing scientists to observe and investigate
structures at magnifications beyond the capability of the
human eye. Advances in microscopy have significantly
enhanced our capacity to examine the morphology, com-
position, and dynamic processes within cells, tissues, and
materials (26). Modern microscopy includes a diverse ar-
ray of techniques, each tailored to obtain specific types of
information from a sample.

Bright-field microscopy is a widely used technique to
observe and measure spheroids and organoids shape and
size in real time without requiring special preparation or
staining (27-29). Its non-invasive nature makes it ideal
for tracking changes in 3D cell culture morphology over
time, though finer structural details can be missed due to
the resolution limitations (28).

Fluorescence Microscopy is a technique that uses spe-
cific wavelengths to excite the fluorophores in the sample.
Excitation is followed by the emission of photons that
have lower energy, and higher wavelength than the ab-
sorbed light. Fluorescence microscopy allows detailed
imaging of biological structures at the nanometer scale
(30). This technique is highly valuable for visualizing or-
ganoid structure, cell types, biomolecules and protein
expression levels (28), although it has limitations, such as
sample damage from fluorescent dyes and phototoxicity
from reactive oxygen species (3/-33). Balancing image
quality with minimizing photobleaching and phototoxic-
ity remains a challenge in live imaging (34—36). Laser
Scanning Confocal Microscopy (LSCM) is a widely used
imaging technique for organoid research, offering high-
resolution, depth-specific imaging and 3D reconstruction
with a penetration depth of about 100 micrometers, mak-
ing it ideal for studying subcellular structures and dy-
namic processes like chromosomal segregation (28, 37,
38). Spinning Disc Confocal Microscopy (SDCM) im-
proves upon traditional LSCM by using a spinning Nip-
kow disk, enabling rapid, high-frame-rate imaging that is
particularly useful for live and high-throughput imaging
tasks, with reduced photobleaching and phototoxicity
(39—41). It is ideal for capturing dynamic processes like
cell division and migration in organoids in real time (28,
42, 43). However, its fixed pinhole size can limit optical
slice thickness and imaging resolution (28, 44). Light
Sheet Fluorescence Microscopy (LSFM) is an imaging
technique that uses a thin sheet of excitation light to il-
luminate only the focal plane of a sample, leaving other
regions unaffected. The fluorescence signal is captured
perpendicular to the illumination axis, which allows for
accurate imaging of specific planes. LSFM is especially
beneficial for organoid research, as it enables rapid, high-
resolution 3D imaging of large specimens, with minimal
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photobleaching and phototoxicity (22, 45—47). This tech-
nique facilitates detailed reconstructions of organoids (48,
49). LSFM is also effective for high-throughput screening,
allowing researchers to monitor organoid responses to
treatments and capture their development at cellular
level over time (50, 51). Additionally, it serves as a power-
ful tool for visualizing drug penetration and automati-
cally quantifying multiple tumor parameters in organoid

models (50).

Modern microscopy techniques have enabled scientists
to visualize molecular interactions and dynamics at the
nanoscale within living cells, thereby providing unprec-
edented insights into cellular processes. The advantage of
confocal microscopy is its higher resolution compared to
LSFM. However, it has limitations, including longer im-
aging times, higher phototoxicity, and restricted sample
thickness, which can prevent full imaging of larger 3D
cultures or spheroids floating in the cell culture medium.
LSEM is currently the best option for long-term live imag-
ing of 3D cell cultures, despite generating large amounts
of data (terabytes), requiring substantial storage and ad-
vanced data analysis tools for processing and interpreta-

tion (28).

Mitosis

The eukaryotic cell cycle involves four coordinated
stages: G1 (cell growth), S (replication of DNA), G2 (sec-
ond cell growth), M (mitosis). The cells have two states
during the cell cycle, the interphase state and mitosis
state. The first state, interphase, is when DNA is repli-
cated, preparing the cell for the second state, mitosis state,
the process by which an eukaryotic cell splits into two
daughter cells. M phase has two main stages: mitosis,
where the duplicated chromosomes are divided, and cy-
tokinesis, where the cytoplasm and organelles are distrib-
uted to each new cell (52). The cell cycle is regulated by
various intracellular and extracellular signals. If condi-
tions are unfavorable or a phase cannot be completed, the
regulatory system will halt the cycle (53). Transitions
between cell cycle phases are controlled by the cell cycle
control system, which activates and monitors processes
like DNA replication, mitosis, and cytokinesis based on
the cell's conditions and environment (3).

Mitosis is subdivided into prophase, prometaphase,
metaphase, anaphase, and telophase. During prophase,
chromatin condenses to form chromosomes, each with
two sister chromatids joined at the centromere (54). The
mitotic spindle, composed of alpha and beta tubulin poly-
mers, starts to form between two centrosomes outside the
nucleus. The transition from prophase to prometaphase is
marked by the breakdown of the nuclear envelope, allow-
ing chromosomes to attach to microtubules via kineto-
chores, protein structures on the chromosomes. For suc-
cessful mitosis, the spindle must be bipolar, with sister
chromatids attached to the opposite poles, which has to

be accomplished until metaphase, where all chromosomes
are aligned at the cell's equatorial plane. Anaphase begins
when chromosomes separate due to the shortening of mi-
crotubules, which pull the kinetochores toward the poles
as the centrosomes move further apart. Telophase follows,
with the disassembly of the mitotic spindle, reformation
of the nuclear envelope around the separated chromo-
somes, and chromatin decondensation, marking the end
of mitosis. Cytokinesis begins concurrently with ana-
phase, where a contractile ring of actin and myosin fila-
ments forms and constricts to divide the cytoplasm, re-
sulting in two new daughter cells (3).

In summary, mitosis is a multi-stage process in eukary-
otic cell division where a single cell divides into two
daughter cells. Mitosis is vital for growth and tissue repair
in multicellular organisms. It guarantees the precise dis-
tribution of genetic material to daughter cells, ensuring
genetic stability. Studying mitosis is crucial for under-
standing cell function and development, as well as the
causes of diseases like cancer, which can result from mi-
totic errors leading to uncontrolled cell division.

KEY DIFFERENCES AND LIMITATIONS OF
2D AND 3D CELL CULTURE MODELS

Traditionally, cells are grown as monolayers, also
known as 2D cell cultures, where cells adhere to the sur-
face of a culture flask or a petri dish, making it a simple
and widely used culturing method (Figure 1) (55). Even
though this method of cell culturing is convenient and
efficient, cells lack proper cell-cell interactions, tissue ar-
chitecture, distribution of forces, biochemical signals, and
extracellular matrix (ECM) (1, 17, 56, 57).

As previously mentioned, cells within spheroids are
heterogeneous, comprising both dividing and non-divid-
ing layers and potentially a necrotic core, while monolay-
ers are homogeneous, with most cells being proliferative
(8). Cancer cells grown in monolayers have unlimited
access to nutrients and oxygen from the medium. Because
all cells are equally exposed to the medium, there is no
accumulation of metabolic gases and waste in specific
areas. In spheroids, due to their architecture resembling
tumors, the distribution of nutrients can be uneven, and
metabolites can accumulate in certain parts (8, 17). It is
important to point out a major difference between organ-
oids and other 3D cultures. Unlike spheroids, organoids
have a rigid tissue architecture with well-defined cell po-
larity, similar to that of a healthy tissue. Organoids are
composed of various cell types, including stem cells,
which are difficult to maintain in 2D cell culture, so their
research is limited. Moreover, a cocktail of growth factors
and supplements is required to sustain organoids in cell
culture, which can affect the research outcomes (20, 23,

58).
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Spheroids Show Lower Proliferation
Rates Compared to 2D Cultures

Chignola et al. (59) showed that proliferation rate in
multicellular spheroids better depicts proliferation rates
in tumors than 2D cell cultures. Lower cell proliferation
was shown in multiple cell lines when cultured in 3D in
comparison to 2D cultures, such as prostate cancer cell
lines (57, 60), colorectal cancer cell lines (61), osteosar-
coma and breast cancer cell lines (62). Proliferation in
spheroids is influenced by the amount and composition
of the ECM produced by the cells. It was shown that dif-
ferent glioma cell lines produce varying amounts of hyal-
uronic acid. Those cell lines that produced more hyal-
uronic acid also exhibited higher proliferation rates,
although this was not correlated with the extent of the
ECM (63).

The Role of Extracellular Matrix in 3D
Cultures

ECM is a mesh of different matrix proteins (e.g., col-
lagens), glycoproteins (e.g. fibronectin), proteoglycans
(e.g. heparan sulphate), cytokines and chemokines (7,
64—66). It is a scaffold that provides a physical support to
tissues, controls morphogenesis and differentiation, as
well as cell proliferation. ECM affects cell adhesion and
migration, and it is crucial for cell communication. Al-
though involved in many cellular processes, it is not pro-
duced by cells growing in monolayers, highlighting a key
difference between 2D and 3D cultures (17, 63, 67).

It has also been shown that ECM can influence tumor
progression. Non-tumorigenic HMT-3522 mammary
cells grow in organized acini with well-defined cell polar-
ity, while a tumorigenic subline grows in irregular colo-
nies. Blocking f1-integrin in tumorigenic cells leads to
reversion to a normal phenotype, where cells grow in
acini, reassemble the basement membrane, and reorganize
the cytoskeleton. Similarly, inhibiting a6/84 integrin
heterodimers in healthy cells results in the loss of tissue
structure, causing them to grow in irregular colonies like
tumorigenic cells (68).

Numerous studies have shown that cells growing in
monolayers are much more sensitive to drugs than cells
growing in 3D cultures, which produce ECM compo-
nents (1, 2, 10, 57, 69—71). One such drug is paclitaxel, a
widely used chemotherapeutic that stabilizes microtu-
bules, thereby preventing tumor cell division (72). HN12
cells grown in scaffold-based 3D cultures were resistant
to paclitaxel concentrations up to 25 times higher than
those lethal for the same cells cultured as monolayers (69).

The increased drug resistance associated with ECM is
also due to the smaller fraction of proliferative cells and
the unequal distribution of the drug among the cells (57).
Research on anti-cancer drugs done on monolayer cul-
tures typically targets proliferative cells, which dominate
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these cultures. However, there should be a greater empha-
sis on studying quiescent, necrotic, and hypoxia-adapted
cells, as they are an integral part of the tumor’s structure
(73, 74). When screening anti-cancer drugs on spheroids,
many of the effective compounds for non-proliferative
cells were found to be microtubule inhibitors (70). Drug
resistance can even be heterogeneous, with outer layers of
spheroids being resistant and inner, ECM-deprived layers,
being sensitive (75).

The ECM significantly affects cell shape, interactions,
proliferation, and various cellular processes. Its role in
influencing drug sensitivity is particularly important in
cancer research, as demonstrated in multiple studies. For
future research on anti-cancer drugs and tumor cell divi-
sion, careful consideration should be given to the ECM
produced in the chosen experimental model. Research on
anti-tumor drugs targeting mitotic cells should be con-
ducted using 3D cultures to enhance their effectiveness,
as these cultures respond differently to microtubule in-
hibitors commonly used in anti-tumor therapies.

Differences in Gene Expression Between
2D and 3D Cell Cultures

2D and 3D cultures also differ in gene expression. In-
terestingly, different results were observed in three differ-
ent prostate cancer cell lines. Some genes were upregu-
lated in spheroids compared to 2D cultures, while others
were downregulated. For example, in PC-3 and LNCaP
spheroids, ANXA1 and CD44 were upregulated, while
in DUI145 spheroids, they were downregulated (57). This
is significant because ANXA1 plays a role in apoptosis
and proliferation (76), and CD44 is involved in cell-cell
interactions and adhesion (77). Proteomic analysis of 2D
and 3D neuroblastoma cultures showed overexpression of
proteins related to metabolism, stress response, as well as
tubulin -2 chain and actin, crucial components in cell-
cell interactions (78). These studies have revealed differ-
ences in the expression of genes critical for mitosis, along
with distinctions at the proteome level. This further con-
firms that findings from mitosis research conducted on
2D cultures cannot be directly translated to tissues.

CELL DIVISION IN MULTICELLULAR
SPHEROIDS AND ORGANOIDS

Challenges Mitotic Cells Encounter in 3D
Environment

Mitotic cells in multicellular tumor spheroids encoun-
ter many challenges. Mechanical stress caused by tumor
microenvironment and confinement can have a negative
impact on mitosis. Stress caused by the 3D environment
can cause mitotic arrest, changes spindle polarity, and
division axis alterations, which can lead to cytokinesis
failure (10, 15, 79, 80). Molla et al. observed unsuccessful
mitoses within multicellular tumor spheroids, finding
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that the number of binucleated cells increased by 20% in
spheroids formed from three different cell lines: murine
pS3WT TSA/pc, HEK293, and HeLa (70). Binucleated
cells can form during cytokinesis failure, when a cell fails
to divide into two daughter cells (81). To investigate the
cause, they examined various signals important for mito-
sis progression. The chromosomal passenger complex
(CPC), which controls the spindle assembly checkpoint
(SAC), was activated, allowing cells to proceed into ana-
phase. Furthermore, all cells showed phosphorylated his-
tone H3 at Ser10, essential for chromosome condensation
(82). These findings confirmed that spindle assembly
checkpoint was satisfied, and cells could proceed to ana-
phase. However, time-lapse imaging revealed rotation of
the metaphase plate in all cells, leading to incomplete
chromosome segregation. An increase in lagging chromo-
somes was also noted compared to 2D cultures. As a con-
trol, spheroids were placed on glass and allowed to spread
overnight, where the cells divided normally into two
daughter cells. They concluded that cytokinesis failure
might result from destabilization of the division axis due
to contact with neighboring cells or an unstretched cyto-
skeleton in interphase, but further investigation will be

needed (10).

The tumor microenvironment can apply compressive
stress on a tumor, potentially limiting its growth (5). It is
important to investigate how this stress affects mitotic
cells within tumors, and multicellular tumor spheroids
serve as an excellent model for such research. Mechanical
stress has been found to affect mitosis in multicellular
tumor spheroids composed of HCT116 cells. Stress con-
ditions were generated using a polydimethylsiloxane
(PDMS) microdevice, which restricted spheroid growth,
causing them to adopt a rod-like shape (79). In spheroids
with confined growth, proliferative cells were distributed
throughout the whole spheroid, whereas in freely growing
spheroids, they are primarily located in the outer layer, a
finding noted by others (10, 13, 79). Mitotic cells accu-
mulate in the central region of confined spheroids because
they are in mitotic arrest. Additionally, issues with bipolar
spindle assembly were observed in confined spheroids,
which had only 63% bipolar spindles compared to 89%
in the control group. Notably, 22% of the spindles were
monopolar (79), suggesting possible problems with cen-
trosome separation or duplication (83). Because there
were no problems in cell rounding, Desmaison et al. (79)
concluded that mechanical stress causes mitotic arrest in
multicellular tumor spheroids.

Contrary to this study, it has been demonstrated that
the stronger the force applied to CT26 cell line spheroids,
the number of proliferative cells decreases, and is localized
in an increasingly thinner outer layer (75). It is important
to note that different methods for generating mechanical
stress and varying exposure times were used in these stud-
ies, which might explain the observed differences. It is
possible that CT26 cells became quiescent under the con-

ditions of mechanical stress, because these are not optimal
conditions for cells to go into mitosis. It was also shown
that although the force applied to the spheroids was iso-
tropic, it spread anisotropically. Pressure on the spheroid's
surface decreased while increasing toward the center, as
cells on the surface rearranged under stress (15).

Additional evidence that confinement affects mitosis
in spheroids was provided. In freely growing spheroids of
HCT116 cells, nuclei were elongated and oriented paral-
lel to the spheroid surface as well as the division axis in
the outer layers of the spheroid (80). When spheroid
growth was confined with 1% agarose gel nuclei elonga-
tion decreased, and cells were less parallel to the spheroid
surface. Division axis also became less parallel (80). These
changes were observed only in outer layers of the spheroid
(80), indicating that cells in the center of the spheroid are
already in confined conditions because of the adjacent
cells, and additional external forces don’t impact them.
Confinement caused prometaphase prolongation which
is in the agreement with previous findings that mechani-
cal stress in spheroids causes mitotic arrest (79, 80).

Spindle positioning in cells within
spheroids

Tissue architecture, polarity, and cell-cell interactions
have a major role in spindle positioning and the orienta-
tion of cell division. Most studies in this field have been
conducted on monolayers, which lack the complexity of
the tissue and proper cell communication. In monolayers,
cell polarity is artificial. Cells adhere to the substrate
through focal adhesions, while their upper side is exposed
to the medium (84). The orientation of cell division is
vital for maintaining tissue structure and is especially im-
portant in morphogenesis (85).

Research on cell division orientation was mostly fo-
cused on intrinsic factors, but there is now growing inter-
est in the influence of extrinsic factors, especially with the
advancement of 3D cultures and in vivo studies (86).
Intrinsic cues that regulate spindle positioning consist of
polarized cortical signals, which act as a bait for microtu-
bule plus-end binding proteins, thereby aligning the
spindle along a specific axis (87). Extrinsic cues are me-
chanical forces that act on the cell, generated by the sub-
strate in monolayers and by adjacent cells and compo-
nents of the ECM in 3D cultures and tissues (86). Direct
evidence of spindle orientation being influenced by exter-
nal cues was demonstrated by applying unidirectional
stretch to Hela cells and keratinocytes, causing the
spindle to rotate toward the stretch direction. This occurs
because external forces polarize subcortical actin, affect-
ing spindle orientation (88, 89).

In monolayers, the spindle typically aligns with the
long axis of the interphase cell, which is also known as
the Hertwig's rule (90). It was demonstrated that when
HeLa cells are cultured on different micropatterns, they
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adjust their shape accordingly. During the subsequent
mitosis, the spindle aligns with the long axis of the newly
acquired shape (91). To ensure proper bipolar spindle as-
sembly and correct orientation during cell division, prop-
er cell rounding is essential. Although not essential in
isolated cells, in confined environments, the actin cortex
generates forces that support the pressure increase within
cells at the onset of mitosis, leading to cell rounding (92).

It has been shown that mechanical confinement can
impair mitotic cell rounding and induce aberrant mitosis
in HeLa cells cultured as monolayers (92, 93). In contrast,
Desmaison et al. (79) demonstrated that mechanical
stress does not cause issues with mitotic rounding in
HCT116 cells cultured as spheroids. While the use of
different cell lines might explain the opposing results,
another explanation could be that cells in a 3D system
have a mechanism to distribute forces among themselves,
reducing the negative impact on mitotic cells. Further
research is needed to clarify this issue. This example high-
lights the importance of conducting research in 3D cell
cultures, as they can produce results that differ signifi-
cantly from those obtained in monolayers.

Another example why spindle positioning is important
are symmetrical and asymmetrical divisions in epitheli-
um, which are essential for proper development and bar-
rier function. Epithelial cells are polarized, with distinct
apical and basal sides. During symmetric divisions, the
spindle is oriented perpendicular to the apical-basal axis,
resulting in the formation of two identical basal cells. This
process helps to expand and sustain the basal layer. In the
asymmetrical division, the spindle rotates for 90° becom-
ing parallel to the apical-basal axis, generating one basal
cell that continues to proliferate and one suprabasal cell
that begins to differentiate, contributing to the formation
of the skin's protective barrier (86, 87). Cortical complex
consisting of LGN, NuMA and dynein/dynactin has a
key role in orienting spindles in asymmetric divisions (89).

Organoids as a Model for Understanding
Mitosis in Tissues

Organoids have become a valuable tool in biological
research, especially for studying mitosis, as they provide
a more accurate representation of the natural 3D environ-
ment of tissues compared to traditional 2D cultures. This
makes them an appropriate model for understanding how
cells divide in conditions that closely resemble those in
living organisms. For example, brain organoids mimic the
organization and diversity of cells in the developing hu-
man brain, allowing researchers to observe how the ori-
entation of the mitotic spindle affects cell fate during
neurogenesis (19). This 3D environment also helps in
studying how physical constraints and cell interactions
influence mitosis, something that is difficult to achieve
with 2D cultures.
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Sato and Clevers (23) developed methods to cultivate
and manipulate genetically engineered intestinal organ-
oids, enabling in-depth study of mitosis. These organoids
form structures similar to those in the intestine, with a
similar distribution of cell types. Proliferating cells are
found at the base of the crypts, in the stem cell niche,
where a Wnt3 gradient helps regulate cell division and
behavior. To maintain tissue integrity, the organoids are
composed of an epithelial layer with densely packed, co-
lumnar-shaped cells. Inside the organoids, there is a lu-
men. The cells are polarized, each having an apical side
facing the lumen, a basal side facing the basement mem-
brane, and lateral sides in contact with neighboring cells

(Figure 2) (23).

Cells have adapted their mitosis to maintain the integ-
rity of the epithelial layer. In interphase, the nucleus is
located on the basal side, while centrosome is on the api-
cal side. At the onset of mitosis, the nucleus moves api-
cally in a process called interkinetic nuclear migration.
The cell rounds up on the apical side and stays connected
to the basement membrane via actin cables, ensuring it
returns to its correct position after mitosis (94). In some
cells it is also possible that the mitotic rounding is only
partial, at the apical side, and cells remain elongated in
the apical-basal direction (95). Neighboring cells expand
to fill the basal gap during mitosis. The metaphase plate
aligns perpendicular to the apical side, and cells divide
symmetrically. After cytokinesis, they begin moving to-
wards the basal side. There are two ways in which daugh-
ter cells can reintegrate into the epithelial layer. They can
either remain next to each other and become neighboring
cells, or, alternatively, the daughter cells can be separated
by neighboring interphase cells, adopting their character-
istic columnar shape (Figure 2) (42, 94, 95).

In research on mitosis in intestinal organoids, it has
been observed that the localization patterns of NuMA
and LGN proteins, which are known to be involved in
spindle orientation, differ from expectations. While
NuMA and LGN are typically found at the lateral cortex,
where they connect astral microtubules with the cortex,
in intestinal organoids, both proteins are localized at the
basal side of the cell. This suggests that in this system,
NuMA and LGN might not play a role in spindle orienta-
tion (95) highlighting the importance of studying mitosis
in systems that more closely resemble actual tissue.

Disruptions in the process of spindle orientation can
have serious consequences. For instance, the loss of Dlg-1,
a protein needed for correct spindle orientation, can cause
misoriented divisions in ISCs, leading to problems in cell
migration and potentially contributing to cancer develop-
ment (96). Similarly, Tacc3, a protein that helps to stabi-
lize microtubules and ensures proper spindle function, is
essential for mitosis. When Tacc3 is depleted in mouse
intestinal crypts, cell proliferation stops (97). In organoids
derived from mice with APC mutations, which model
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Figure 2. Mitosis in small intestine organoids. During interphase, the nucleus is positioned on the basal side of the cell, while centrosomes are
located on the apical side. In prophase, the nucleus shifts towards the apical side. The cell rounds up on the apical side and remains connected
to the basement membrane through actin cables, or the cell elongates as part of the membrane fills the basal gap. During mitosis, neighboring
cells expand to fill the basal gap. The metaphase plate aligns perpendicular to the apical surface, resulting in symmetric cell division. After cy-
tokinesis, the cells begin migrating towards the basal side to reintegrate into the epithelial layer. The daughter cells can either reintegrate by
becoming adjacent to one another, or they may be separated by neighboring interphase cells.

colorectal cancer, knocking out Tacc3 leads to chromo-
some misalignment and defective mitotic spindles, caus-
ing either prolonged mitosis or mitotic arrest. These de-
fects closely resemble those seen in living organisms (97,
98), highlighting the relevance of organoids in studying
mitotic errors related to cancer.

Knouse et al. (99) highlight the critical role of organ-
oids in maintaining accurate chromosome segregation
during mitosis by preserving tissue architecture. Their
examination of chromosome segregation fidelity across
various mammalian cell types in both tissues and cul-
tured cells revealed that epithelial cells maintain high fi-
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delity in their native environments. However, this fidelity
diminishes when tissue structure is disrupted. The integ-
rity of tissue structure, including the function of integ-
rins, is crucial for correcting errors in chromosome attach-
ment. Disruption of this structure in organoids can lead
to chromosome instability (99), a phenomenon often
observed in cancer (100). This finding underscores the
value of organoids as a more accurate model for studying
mitosis compared to traditional cell cultures.

One of the key advantages of using organoids is the
ability to observe mitosis in real-time within a structure
that closely mimics actual tissue. Studies have shown that
intestinal organoids maintain a functioning stem cell
niche, enabling researchers to study stem cell division and
behavior in conditions that closely resemble those of the
living intestine (23, 101). This approach enhances our
understanding of tissue maintenance and regeneration.
Despite significant advances in mitosis research involving
organoids, long-term live imaging remains a major chal-
lenge. The Liberali lab made significant progress by de-
veloping protocols for long-term live imaging using light-
sheet fluorescence microscopy and software for in-depth
cellular analysis, which allows for tracking mitotic cells
over multiple generations and monitoring organoid
growth (102). This advancement enhances our under-
standing of cell division.

In summary, organoids offer a better model for study-
ing mitosis compared to 2D cultures. Their ability to
mimic the complex 3D structure of tissues allows re-
searchers to observe cell division in a way that more close-
ly resembles what happens in living organisms, leading to
a better understanding of cell division in development,
tissue maintenance, and disease.

DISSCUSION

The transition from traditional 2D cell cultures to
more advanced 3D cultures marks a significant develop-
ment in cellular biology, primarily due to the enhanced
physiological relevance of 3D models. Unlike 2D cul-
tures, where cells grow as monolayers attached to a flat
surface, 3D cultures, such as spheroids and organoids,
provide a more realistic representation of the 7 vivo en-
vironment, as they better mimic the complex architec-
ture, cellular interactions, and microenvironment found

within tissues and tumors (17, 20, 55-57).

Why 3D Cultures are Necessary?

In 2D cultures, cells lack the spatial orientation and
interaction dynamics that are essential for maintaining
tissue architecture and function. Cells in monolayers do
not experience the same mechanical forces, biochemical
gradients, or cell-cell interactions as they would in a 3D
structure. Cells in monolayers are homogeneous, primar-
ily consisting of proliferative cells, whereas in 3D cultures,
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they are heterogeneous, containing proliferative cells,
quiescent cells, and in some spheroids, necrotic cells as
well (8, 17). Proliferation rates in 3D cultures are gener-
ally lower than in 2D cultures, which is also related to the
fact that not all cells in spheroids have equal access to
nutrients and oxygen, which are necessary for cells to en-
ter mitosis (59).

ECM plays a critical role in providing structural sup-
port, regulating cell signaling, and maintaining tissue
integrity. In 3D cell cultures, cells actively produce com-
ponents of the ECM, closely mimicking the natural en-
vironment found in tissues. In contrast, in 2D cell cul-
tures, only certain cell lines are capable of producing
ECM components, and the ECM formed in these condi-
tions often has a different, less complex structure, high-
lighting a significant limitation of traditional cell culture
methods (1, 64—66, 84). Moreover, 3D cultures are less
sensitive to chemotherapy drugs compared to 2D cul-
tures. This is likely due to the reduced proliferative capac-
ity and the protective effect of the ECM, which can im-
pede drug penetration and distribution (7, 2, 57, 69).
Studies have shown that the gene expression profiles of
cells in 2D and 3D cultures can be markedly different,
affecting key processes such as apoptosis, cell adhesion,
and cellular metabolism (57, 78). This variability under-
scores the importance of using 3D cultures to more ac-
curately model iz vivo conditions.

Depending on whether mitosis is being studied in
healthy or diseased tissue, a specific type of 3D culture
should be selected. Organoids are used as a model for
healthy tissue, tumors and for precancerous stages of a
tissue (20). In contrast, multicellular tumor spheroids are
commonly used in the study of solid tumors (9—11). It is
important to note that in this type of research it is better
to use tumor cell lines, because non-tumor cells will not
divide in this system due to the growth arrest caused by
contact inhibition (703).

The Role of 3D Cultures in Advancing
Our Knowledge of Mitosis

The study of mitosis in 3D cultures has revealed in-
sights that would be difficult to obtain from 2D cultures.
For instance, in spheroids, mitotic cells often experience
incomplete cytokinesis, resulting in a higher number of
binucleated cells (10). This incomplete cell division might
be due to mechanical stress and altered spindle dynamics,
which are influenced by the 3D structure and the sur-
rounding microenvironment (79). Additionally, in intes-
tinal organoids, the orientation of cell division is care-
fully regulated to maintain tissue architecture, ensuring
proper cell placement post-mitosis (42, 94, 95). Disrup-
tions in these processes can lead to significant conse-
quences, such as cancer development.

Although most of the key experiments in the field of
mitosis have been conducted using 2D cell cultures, these
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examples highlight how mitosis in 3D models of both
healthy and tumor tissues differs significantly from that
observed in 2D cultures. It is crucial to continue research
in 3D systems to fully understand these differences and
their implications.

Future Directions in Microscopy for
Studying Mitosis in Complex 3D Models

Among its many applications, microscopy is particu-
larly vital for studying mitosis. Techniques like bright-
field microscopy allow real-time observation of cellular
structures, however it has a significant resolution limit
(27, 28). Fluorescence microscopy is valuable for visual-
izing chromosomes and the mitotic spindle during cell
division, despite challenges like photobleaching and pho-
totoxicity (28, 33). Advanced methods like LSCM and
LSFM further enhance our ability to study mitosis by
providing high-resolution, 3D imaging with minimal
phototoxicity (28).

Many findings in the field of mitosis have been discov-
ered with the help of microscopy, especially fluorescence
microscopy. Monolayer samples are thin and fixed to a
substrate, making them easier to image. However, thick-
er samples like 3D cultures pose a challenge since their
thickness exceeds the objective's working distance. Imag-
ing can also be challenging due to the strong background
signal from surrounding cells.

The selection of a microscopy technique should depend
on the specific research goals. For studying mitosis in in-
dividual cells and capturing detailed intracellular images,
higher resolution is required, making confocal micros-
copy a recommended choice. For studies requiring pro-
longed imaging, such as observing organoid growth and
cell division across multiple generations, LSFM is the best
option due to its reduced phototoxicity compared to con-
focal microscopy. For imaging thick 3D cultures, Optical
Coherence Tomography (OCT) is also recommended as
it provides deep penetration into samples, up to 3 mm

28).

Although in recent years 3D cell cultures have proven
to be a more suitable model for studying mitosis com-
pared to traditional monolayers, mitosis in these systems
remains relatively unexplored. Future research could fo-
cus on cell cycle regulation to determine the conditions
under which cells undergo mitotic arrest as opposed to
those where mitosis does not occur, and cells enter a qui-
escent state. Additionally, findings about the effects of the
ECM, neighboring cells, and confinement, largely based
on research on 2D cultures, should be validated in 3D
systems to provide a more accurate representation of tissue
events. Finally, investigations into the occurrence and
repair of mitotic errors should be conducted using 3D
models of both healthy and tumor tissues to gain a clear-
er understanding of the aneuploidy mechanisms that
contribute to tumor development and progression.
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CONCLUSION

The transition from 2D to 3D cell cultures has sig-
nificantly advanced our understanding of cellular behav-
ior and drug responses. Unlike 2D cultures, 3D models
such as spheroids and organoids better replicate the com-
plexity of tissue environments, including ECM interac-
tions and spatial constraints. These models reveal critical
differences in cell proliferation, drug resistance, and gene
expression, offering more realistic insights into tumor bi-
ology and therapeutic efficacy. The enhanced physiologi-
cal relevance of 3D cultures underscores their importance
in cancer research and drug development. Future studies
utilizing these advanced systems will likely lead to more
accurate predictions of treatment outcomes and a deeper
understanding of cellular dynamics. Alcthough most of
the pivotal experiments in the field of mitosis have been
conducted using 2D cell cultures, these examples illus-
trate the significant differences in mitosis between 3D
models of healthy and tumor tissues compared to 2D
cultures, highlighting the importance of further research
in 3D systems.
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