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Introduction

Abstract

Breast cancer is a leading cause of cancer-related mortality worldwide, with triple-
negative breast cancer (TNBC) representing the most aggressive subtype due to its lack
of targetable receptors and poor prognosis. Abemaciclib, a selective cyclin-dependent
kinase 4 and 6 (CDK4/6) inhibitor, has emerged as a promising therapeutic agent by
blocking cell-cycle progression and limiting tumor proliferation.

To better mimic tumor architecture, this study employed spheroids of the TNBC cell
line MDA-MB-231 generated with the three-dimensional (3D) Petri Dish® system. The
cytotoxic effects of Abemaciclib were evaluated in comparison with Doxorubicin under
both two-dimensional (2D) monolayer and three dimensional (3D) spheroid culture
conditions using an MTS-based cell viability assay.Complementary analyses included
immunofluorescence staining of filamentous actin (F-actin) to assess cytoskeletal
alterations, and flow cytometry to determine cell-cycle distribution.

Within the tested concentration ranges, spheroids showed reduced sensitivity to
Abemaciclib compared with monolayers, indicating that 3D culture conditions may
influence drug penetration and adaptive resistance. Abemaciclib suppressed
proliferation in a concentration-dependent manner by altering cell-cycle distribution,
with GO/G1 accumulation at lower concentrations and G2/M accumulation at higher
concentrations, accompanied by a reduced S-phase fraction.

These findings highlight the relevance of 3D models for preclinical drug evaluation and
support the therapeutic potential of Abemaciclib in aggressive breast cancer.

Breast cancer is one of the most prevalent
malignancies and remains a leading cause of cancer-
related mortality among women globally (Blowman et
al., 2018). According to the World Cancer Report,
approximately 2.1 million new cases and 627,000 breast
cancer—related deaths occur annually (Wild et al., 2020).
This clinical burden underscores the need for accurate
subtype classification to support effective diagnosis and
treatment.

Accurate classification of breast cancer subtypes is
crucial because it enables appropriate strategies for the
early diagnosis and treatment (Scope et al. 2017; Zhang,
2023). Breast cancer is classified based on the
expression status of biomarkers such as estrogen
receptor (ER), progesterone receptor (PR), human
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epidermal growth factor receptor-2 (HER-2), and
proliferation marker protein Ki-67 (Sgrlie et al. 2001).
Triple-negative breast cancer (TNBC) is characterized by
lack of ER and PR expression and absence of HER2
overexpression/amplification and  accounts for
approximately 15% of breast cancer cases (Merino
Bonilla et al., 2017; McGuire et al., 2017). Characterized
by a basal-like gene signature, high frequency of
BRCA1/2 mutations, and a tendency for early
metastasis, TNBC remains the most aggressive subtype
with limited targeted treatment options, often
necessitating a treatment paradigm reliant on
chemotherapy (Merino Bonilla et al. 2017; McGuire et
al. 2017).



https://orcid.org/0000-0002-3064-2835
https://orcid.org/0000-0002-5854-9210
https://orcid.org/0000-0003-0914-1128
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Biotech Studies 35(2)

The MDA-MB-231 cell line is a widely used model
of TNBC and exhibits aggressive and invasive properties
(Lehmann et al. 2011). Due to these characteristics, the
MDA-MB-231 cell line is utilized in various research
areas, including the study of metastasis, drug resistance,
immune evasion, tumor behavior in three-dimensional
(3D) microenvironments, and spheroid cultures
(Bonnier et al., 2015).

Targeting cell-cycle regulation is an important
strategy in cancer therapy. Cyclin-dependent kinases 4
and 6 (CDK4/6) play a key role in the transition from the
G1 phase to the S phase of the cell cycle, and
dysregulated growth signals in cancer cells activate
these proteins (Guney Eskiler et al., 2022). While triple-
negative breast cancer (TNBC) has historically been
associated with a high frequency of Retinoblastoma (Rb)
tumor suppressor loss (Parinyanitikul et al., 2019),
recent studies indicate that 35% to 50% of primary TNBC
tumors retain Rb expression (Goel et al.,, 2025).
Furthermore, specific molecular subsets, such as the
luminal androgen receptor (LAR) subtype, are
predominantly Rb-wild type and have demonstrated
sensitivity to CDK4/6 inhibition (Chica-Parrado et al.,
2024). This retention of functional Rb provides a strong
biological rationale for evaluating CDK4/6 inhibitors in
this context. Abemaciclib, as a selective inhibitor of
CDK4/6, inhibits the phosphorylation of retinoblastoma
protein (pRb), thereby arresting the cell cycle in the G1
phase and suppressing the proliferation of cancer cells
(Arslan et al., 2022). Studies on Abemaciclib conducted
with various MDA-MB-231 cell lines have demonstrated
that it induces apoptosis in cells (Ozman et al., 2021;
Inao et al., 2019). Nevertheless, studies in 3D models
that mimic the tumor microenvironment are limited,
and investigating the properties of Abemaciclib holds
critical importance in determining the role of this drug
in TNBC treatment.

Two-dimensional (2D) cell cultures have long been
preferred in in vitro studies due to their cost-
effectiveness and reproducibility (Kapafczyriska et al.,
2018; Jensen and Teng, 2020; Wang et al., 2023).
However, they lack the complex cellular architecture
required to fully recapitulate the in vivo tumor
microenvironment (Wang et al., 2014). In contrast, 3D
culture systems better reproduce tumor characteristics,
such as cell—cell interactions, nutrient gradients, and
hypoxic cores (Habanjar et al., 2021). Therefore, 3D
models provide physiologically relevant platform than
2D cultures for evaluating therapeutic efficacy and drug
resistance mechanisms in aggressive breast cancers.

In this study, we established a 3D tumor spheroid
model of the MDA-MB-231 cell line using the 3D Petri
Dish® system to comparatively evaluate the effects of
Abemaciclib in 2D and 3D environments. Specifically, we
assessed drug response through cell viability assays
(using Doxorubicin as a positive control), analyzed cell-
cycle distribution via flow cytometry, and evaluated
cytoskeletal alterations using F-actin
immunofluorescence staining. This approach allows for

a comprehensive assessment of how the 3D spatial
architecture influences drug sensitivity compared to
traditional monolayers.

While Abemaciclib has been widely studied in
TNBC monolayer cultures, its evaluation in 3D spheroid
models—which better mimic in vivo drug resistance
mechanisms—remains limited. By integrating viability,
cell-cycle, and cytoskeletal analyses in a 3D system, this
study aims to contribute to the understanding of drug
penetration and the therapeutic potential of CDK4/6
inhibition in aggressive breast cancer subtypes..

Material and Methods

Materials

The reagents and materials used in this study were
categorized by their application. Cell culture reagents,
including Dulbecco’s Modified Eagle’s Medium—High
Glucose (DMEM-HG) and penicillin/streptomycin, were
obtained from Capricorn Scientific (Ebsdorfergrund,
Germany). Fetal bovine serum (FBS) was purchased
from BioWest (Nuaillé, France), while trypsin/EDTA and
phosphate-buffered saline (PBS) without calcium and
magnesium were sourced from Thermo Fisher Scientific
(Waltham, MA, USA). Trypan blue solution was used for
cell counting.

For the 3D spheroid model, spheroids were
generated wusing the 3D Petri Dish® system
(MicroTissues, USA) with agarose, sodium chloride
(NaCl), and RNase purchased from Sigma-Aldrich (St.
Louis, MO, USA). Inhibitors and compounds included
Abemaciclib (Selleckchem, Houston, TX, USA) and
Doxorubicin (MedChemExpress, Monmouth Junction,
NJ, USA), with dimethyl sulfoxide (DMSO) sourced from
Sigma-Aldrich (St. Louis, MO, USA).

Immunofluorescence and staining reagents such as
CellTracker™ dye, phalloidin Alexa Fluor® 555, and BSA
Fraction V were provided by Thermo Fisher Scientific
(Waltham, MA, USA). Triton X-100, methanol,
paraformaldehyde, and Tween-20 were purchased from
Merck (Darmstadt, Germany). Glacial acetic acid was
obtained from Carlo Erba (Italy). Propidium iodide (PI)
was obtained from AppliChem (Darmstadt, Germany),
while DAPI and DAPI mounting medium were sourced
from Abcam (Cambridge, UK).

For assays and consumables, the CellTiter 96®
AQueous One Solution Cell Proliferation Assay (MTS) kit
was purchased from Promega (Madison, WI, USA).
Multiwell plates (6-, 12-, 48-, and 96-well) were
obtained from Greiner Bio-One (Kremsminster,
Austria), and 4-well chamber slides were purchased
from Merck (Darmstadt, Germany).

Cell Culture Conditions

The human triple-negative breast cancer cell line
MDA-MB-231 cells (ATCC, HTB-26) were grown in
DMEM medium supplemented with 10% FBS and 1%
penicillin/streptomycin. The cells were cultured at 37°C
in a humidified incubator with 5% CO,, and then
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passaged at 70-80% confluence using trypsin/EDTA. Cell
viability and density were routinely assessed by the
trypan blue exclusion method.

MDA-MB-231 Spheroid Formation with 3D Petri Dish®
Method

Spheroids were generated from MDA-MB-231 cells
using 3D Petri Dish® system (MicroTissues, USA) (Oztiirk
et al., 2024). A 2% (w/v) agarose solution was prepared
by dissolving 1 g agarose in 50 mL distilled water
containing 0.9% (w/v) NaCl, followed by autoclaving.
After cooling, 580 pL of the solution was dispensed into
each Petri Dish® mold and allowed to polymerize at
room temperature. The resulting agarose gels were
were transferred into 12-well plates and incubated with
serum-free DMEM for 30 min; the medium was then
removed. MDA-MB-231 cell suspensions were prepared
at densities of 5x10% and 1x10° cells per agarose gel, and
a volume of 100 pL of cell suspension was seeded into
the seeding chamber of each gel, allowing cells to settle
into the 81 micro-wells. Plates were incubated for 15
min to allow the cells to settle onto the agarose.
Subsequently, 2.5 mL of serum-containing DMEM was
added to each well.

Morphometric Analysis of Spheroids (Diameter and
Area)

Following spheroid formation with the 3D Petri
Dish® system, and prior to any drug treatment,
spheroids were monitored daily for six consecutive days
using an inverted microscope (Olympus CKX18, Tokyo,
Japan). Three spheroids from each well were randomly
selected and analyzed. Spheroid diameter (um) and area
(um?) were quantified using cellSens software
(Olympus). To determine the optimal seeding density
for downstream assays, the growth profiles of spheroids
initiated with 5x10* versus 1x10° cells per gel were
compared. Based on the formation of compact, uniform
spheroids and consistent growth metrics, the density of
1x10° cells per agarose gel was selected for subsequent
cytotoxicity and mechanistic studies.

Drug Treatment

Abemaciclib was dissolved in DMSO to prepare a
10 mM stock solution, which was aliquoted and stored
at -20 °C. Working concentrations were freshly prepared
by diluting the stock in complete culture medium,
ensuring that the final DMSO concentration did not
exceed 0.1% (v/v). Based on preliminary toxic response
assays, Abemaciclib doses were determined as 10, 20,
and 25 uM for 2D experiments, while concentrations of
20, 30, and 40 uM were utilized for 3D spheroid cultures.
Doxorubicin was used as a positive control. A stock
solution was prepared by dissolving the powdered
compound in 50 mg stock in 1 mL of DMSO to reach a
stock concentration of approximately 86 mM and stored
at -20 °C. For 2D monolayer experiments, drug
treatments were initiated 24 h after cell seeding once
the culture reached approximately 70-80% confluency.

In the 3D spheroid model, treatments were
administered 24 h after the initiation of the 3D Petri
Dish® system, following the successful establishment of
cell aggregates. In all experimental groups, the final
DMSO concentration was maintained below 0.1% (v/v)
to ensure no vehicle-induced toxicity occurred. The
selection of elevated dosage ranges for the 3D
environment was specifically designed to account for
the increased therapeutic resistance and the distinct
drug penetration profile inherent to the 3D architecture.

Cell Viability Assay (MTS)

Cell viability was assessed using the CellTiter 96®
AQueous One Solution kit (Promega, Madison, WI, USA)
according to the manufacturer’s instructions. This assay
was preferred over the conventional MTT method as it
provided more consistent results within the 3D spheroid
architecture. For 2D cultures, MDA-MB-231 cells were
suspended at 1x10° cells/mL and seeded into 96-well
plates at 100 pL per well (1x10* cells/well). After
incubation for 24 h at 37 °C in a 5% CO; incubator, the
medium was carefully removed. Cells were then treated
with 100 pL of fresh medium containing Abemaciclib
(10, 20, and 25 pM) or the positive control Doxorubicin
(5, 10, and 20 uM) for 24, 48, and 72 h. At each time
point, 20 pL MTS reagent was added to each well, plates
were incubated for 3 h in the dark, and then gently
shaken for 5 min. Absorbance was measured at 490 nm
using a microplate reader (nQuant, BioTek Instruments,
USA).

For 3D cultures, a cell suspension of 1x10° cells/mL
was prepared and incubated for 24 h to allow spheroid
formation. After 24 h, spheroids in 12-well plates were
treated with 2.5 mL of medium containing Abemaciclib
(20, 30, and 40 uM) or Doxorubicin (20, 40, and 60 uM)
for 24, 48, and 72 h. At the end of each incubation
period, the medium was aspirated (leaving 100 uL for 3D
samples to maintain the reagent ratio), and 20 L of MTS
reagent was added to each well. Plates were incubated
for 3 hat 37 °Cin the dark. Following incubation and the
plates were shaken for 5 min to ensure a homogeneous
distribution of the formazan product, the resulting
solution was transferred to a 96-well plate to ensure
accurate optical density (OD) readings. Absorbance was
measured at 490 nm using a microplate reader (uQuant,
BIO-TEK Instruments, Inc., Winooski, VT, USA).

The viability percentage was calculated using the
following formula:

% Viability = {Treatment Group_OD}x100
{Control Group_0OD}

The half-maximal inhibitory concentration (ICsp)
values were calculated via regression analysis using SPSS
software (IBM Corp., Armonk, NY, USA)

F-Actin Immunofloresence Staining

MDA-MB-231 cells were seeded onto 4-well
chamber slides at 1x10° cells in 300 pL per well. Cells
were allowed to adhere for 24 h at 37 °C in a humidified
5% CO, incubator. Cells were then treated with
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Abemaciclib at 10 and 20 pM for an additional 24 h.
After treatment, the medium was removed, and and
cells were fixed with 4% paraformaldehyde at room
temperature for 15 min. To allow for intracellular
labeling, cells were permeabilized and washed three
times for 2 min each with PBS containing 0.3% Triton X-
100. Blocking was performed with 3% BSA for 45 min. F-
actin filaments were then labeled with Phalloidin-Alexa
Fluor 555 (from a 66 uM stock, 1:400; Waltham, MA,
Thermo Fisher) by adding 200 uL per well and incubating
for 1 h at room temperature in the dark. After staining,
cells were washed three times with PBS for 2 min and
mounted with a DAPI-containing mounting medium.
Prepared slides were examined under an Olympus
CKX18 (Tokyo, Japan) inverted microscope, and
representative images were captured.

Flow Cytometry

MDA-MB-231 cells were seeded into 6-well plates
at a density of 3x10° cells/well and left for incubation to
reach appropriate density. Upon reaching sufficient
density, cells were treated with Abemaciclib at
concentrations of 10 and 20 uM for 48 h. To harvest the
cells, Trypsin/EDTA solution was added, and plates were
incubated for 3 min at 37 °C. The reaction was
neutralized with serum-containing medium, and the cell
suspension was centrifuged at 1200 rpm for 5 min at 4
°C. The supernatant was discarded, and the cell pellet
was resuspended in 3 mL of PBS by vortexing.
Subsequently, cells were fixed in 70% ethanol and
incubated overnight at 4 °C. After fixation, cells were
centrifuged again (1200 rpm, 5 min, 4 °C), the
supernatant was removed, and the pellet was washed
with 1 mL of PBS. For DNA staining, cells were incubated
with 70 pL of RNase A (100 pg/mL) and 50 pL of
Propidium lodide (PI; 50 pg/mL) for 30 min at room
temperature in the dark. Cell cycle distribution was
analyzed by counting 15,000 nuclei per sample using a
Beckman Coulter Cytoflex LX flow cytometer (USA). Data
were evaluated using Multicycle software (Phoenix Flow
Systems, USA) to determine the percentage of cells in
the GO/G1, S, and G2/M phases

Statistical Analysis

All statistical analyses were performed as three
independent biological replicates, performed at
different times using cells harvested from separate
flasks. For each independent experiment, technical
triplicates were performed (n=3). Data were expressed
as mean * standard deviation (SD). Statistical analyses
were carried out using GraphPad Prism version 10.6
(GraphPad Software, San Diego, CA, USA). Given the
presence of two independent variables—drug
concentration (dose group) and incubation period (24,
48, and 72 h) —a two-way analysis of variance (ANOVA)
was employed to evaluate the therapeutic effects of
Abemaciclib and Doxorubicin in 2D and 3D cultures.
Following the two-way ANOVA, Dunnett’s and Sidak’s
post-hoc test were applied to compare the significance

of differences between treated groups and the
untreated control, and to evaluate the comparative
efficacy between Abemaciclib and Doxorubicin at
equivalent concentrations. The half-maximal inhibitory
concentration (ICso) values were calculated through
nonlinear regression analysis using IBM SPSS Statistics
software (IBM Corp., Armonk, NY, USA). A P value <0.05
was considered statistically significant.

Results

Spheroid Formation and Measurements

To establish the optimal protocol for spheroid
formation, MDA-MB-231 cells were seeded in 3D Petri
Dishes® system at two different densities: 5x10* and
1x10° cells per agarose gel. The formation,
development, and morphological integrity of the
spheroids were monitored daily for six consecutive days
using an inverted microscope, and morphometric
parameters (diameter and area) were quantified using
the CellSense software (Olympus, Tokyo, Japan) (Figure
1). Observations revealed that the initial seeding density
significantly influenced the growth kinetics of the
spheroids. On Day 1, the mean spheroid diameter was
235.45 um in the 5x10% cells/gel group, compared to
264.95 umin the 1x10° cells/gel group. By the end of day
6, these values increased to 303.89 um and 415.02 um,
respectively (Figure 2). Statistical analysis using an
ordinary two-way ANOVA showed that both the
incubation period (P <0.0001) and cell concentration (P
= 0.0009) had significant overall effects on spheroid
diameter. Post-hoc multiple comparisons using
Dunnett’s test revealed significant growth by Day 6
relative to the Day 1 control in both groups (P = 0.0217
for 5x10%and P <0.0001 for 1x10°). Area measurements
exhibited a similar trend. The initial area on day 1 was
46458.5 um? for the 5x10* cells/gel group and 58484.21
um?for the 1x10° cells/gel group. On the sixth day, these
areas had grown to 74894 pm? and 131232 pm?,
respectively (Figure 3). Both the incubation period (P
<0.0001) and initial cell density (P <0.0001) were found
to have highly significant overall effects on the spheroid
area. Post-hoc analysis confirmed that by Day 6,
spheroid areas in both groups were significantly larger
than their Day 1 baselines (P = 0.0230 and P <0.0001,
respectively). Based on these findings, a density of 1x10°
cells per gel was selected as the optimal condition for
subsequent experiments. This concentration produced
larger spheroids with superior structural integrity and a
more robust 3D microenvironment, ensuring stability
during the long-term drug treatment assays for
Abemaciclib and Doxorubicin.

Cell Viability Assay

The viability response of MDA-MB-231 cells to
Abemaciclib in both 2D and 3D cultures was
comparatively evaluated, with Doxorubicin serving as a
positive control. In the 2D culture, both Abemaciclib (10,
20, and 25 uM) and Doxorubicin (5, 10, and 20 uM)
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reduced cell viability in a time- and concentration-
dependent manner, with the strongest effect observed
at the highest concentrations after 72 h (P<0.05). The
calculated ICs values for Abemaciclib were consistent
with this trend, ranging from 21.47 uM at 24 h to 19.32
MM at 72 h (Table 1, Figure 4). In the 3D spheroid model,
however, a distinct response profile was observed.
Although Abemaciclib (20, 30, and 40 uM) initially
decreased spheroid viability in a concentration-
dependent manner at 24 h (with viability reduced to
48.71% at 40 uM, P < 0.05), a notable recovery trend was
identified at 48 and 72 h (Figure 5). Interestingly,
spheroid viability increased at the 48 and 72 h indicating
a time-dependent recovery. A similar pattern was
observed for spheroids treated with Doxorubicin (20,
40, and 60 uM) as the incubation period was extended
(Figure 5).

The ICsp values further quantified the therapeutic
resistance of the 3D configuration. For Abemaciclib in 3D
culture, the ICsowas determined to be 37.12 uM at 24 h.
However, at the 48 and 72 h time points, the ICsovalues
were not reached within the tested concentration range
(up to 40 uM) because the cell viability remained above
50% due to the observed recovery trend (Table 1). This
profile suggests that the compact structure of the
spheroids (1x10° cells/gel) restricts drug penetration
and facilitates adaptive survival mechanisms in TNBC
cells.

F-Actin Immunofluorescence Staining

The effects of Abemaciclib on the cytoskeletal
structure of MDA-MB-231 monolayer cells were
examined, specifically focusing on F-actin filaments,
which provide essential mechanical support and play a
critical role in maintaining cellular integrity and shape.
Following 24h incubation of the cells with Abemaciclib,
immunofluorescence staining was performed to
visualize the F-actin filamentous structure under an
immunofluorescence microscope (Figure 6). In the
control group, F-actin filaments showed a relatively
regular and homogeneous distribution along the
cytoplasm and cell periphery, and intercellular
boundaries were readily. Treatment with 10 pM
Abemaciclib was associated with visible alterations in
actin organization compared with controls, including
thicker filamentous structures and anincreased number
of cellular protrusions accompanied by changes in cell
morphology . In contrast, in the group treated with 20
UM Abemaciclib, F-actin signal was markedly reduced
and discontinuous, with regions showing minimal or
absent filamentous staining, and cell boundaries
appeared less distinct with pronounced morphological
disruption. Overall, these observations indicate a
concentration-dependent  alteration of  F-actin
organization in 2D MDA-MB-231 cultures following
Abemaciclib exposure.

Cell Cycle Analysis Results

To determine the effects of Abemaciclib on the cell
cycle, MDA-MB-231 cells were treated with the drug (10
and 20 uM) for 48 h, and their cell cycle profiles were
analyzed by flow cytometry (Figure 7). The control group
exhibited a balanced cell cycle distribution, with 39.55%
of cells in the GO/G1 phase, 13.55% in the S phase, and
16.90% in the G2/M phase. Treatment with 10 uM
Abemaciclib induced a notable arrest in the GO/G1
phase, increasing this population to 45.11%, while the S
phase population decreased significantly to 8.58%. A
concomitant increase in the G2/M phase (21.39%) was
also observed compared to the control group. In
contrast, the 20 uM Abemaciclib treatment caused a
distinct shift in the cell cycle profile. At this higher
concentration, the GO/G1 population decreased
substantially to 19.35%, while a dramatic accumulation
of cells was detected in the G2/M phase, reaching
44.05% (Figure 8). The proportion of cells in the S phase
remained low, comparable to that of the 10 uM
treatment group. These findings indicate that
Abemaciclib induces concentration-dependent
alterations in the cell-cycle distribution of MDA-MB-231
cells. Lower concentrations were associated with an
increased GO/G1 fraction, consistent with CDK4/6
inhibition, whereas higher concentrations were
associated with a pronounced accumulation in the
G2/M fraction.

Discussion

While 2D cultures remain standard owing to their
low cost and accessibility, they do not recapitulate the
in vivo tumor microenvironment, including cell-cell and
cell-matrix interactions (Wang et al., 2023). Accordingly,
3D culture systems have been increasingly adopted; the
MDA-MB-231 line an invasive, basal-like TNBC model
has been widely used in transwell invasion, 3D spheroid,
and epithelial-mesenchymal transition (EMT) assays to
interrogate drug resistance, cell behavior, and tumor-
microenvironment interactions (Lehmann et al., 2011;
Bonnier et al., 2015). In this study, we established MDA-
MB-231 spheroids and demonstrated that initial seeding
density strongly influenced spheroid size and structural
integrity, with 1x10° cells per gel providing a consistent
model. As shown in the result, seeding density-
dependent spheroid growth supports the generation of
robust and reproducible MDA-MB-231 spheroids in this
platform for downstream drug-response assessment.
Furthermore, these findings are consistent with
previous studies on the growth of spheroids created
using different 3D culture systems and cell
concentrations. In a study consistent with ours,
researchers using MDA-MB-231 cells in Geltrex®-
supported 3D models in ultra-low attachment plates
detected increasing diameter values over time in
spheroids formed at different concentrations (Dubois et
al.,, 2017). Similarly, in another study, Matrigel®-
supported MDA-MB-231 spheroids with different cell
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concentrations grew over time and achieved different
sizes (Badea et al., 2019). However, in a 2022 study,
Badea et al. used the hanging drop method to create
MDA-MB-231 spheroids reported that although the
initial diameters varied, consistent with our study, the
diameters decreased as the incubation period was
extended (Badea et al., 2022). These differences in
spheroid growth are thought to stem from various
factors, such as the diversity of methods used, different
cell numbers, and experimental conditions. For
instance, previous work establishing a 3D multicellular
placental microtissue model using the same
3D Petri Dish TM method provides context for these
variations. Specifically, co-cultured placental spheroids
demonstrated a temporary decrease in diameter and
area measurements on the fourth day compared to the
third. This observation supports the interpretation of
size variances in the MDA-MB-231 spheroids, suggesting
that compaction is a physiological response common to
3D Petri Dish TM models and is reflective of increased
tissue maturity (Oztiirk et al., 2024). As a significant
innovation, this study represents a new application of
the 3D Petri® Dish system for spheroid formation using
the MDA-MB-231 cell line. Furthermore, the
establishment of this model provides a new and robust
platform for studying the behavior of aggressive tumor
cells in 3D conditions and holds significant potential as a
reference for future academic and industrial drug
screening studies.

In present study, it was determined that
Abemaciclib application in 2D culture conditions
significantly reduced the viability of MDA-MB-231 cells
in a concentration- and time-dependent manner. The
fact that the drug reduced cell viability to the greatest
extent at the highest concentration at 72 hours
underscores its potent inhibitory effect. Doxorubicin,
evaluated as a positive control, similarly decreased
viability in a concentration- and time-dependent
fashion. The calculated ICso value for Abemaciclib was
determined to be 21.47 uM. This value falls within the
broad spectrum of 1Csp concentrations reported in the
literature, highlighting the variable sensitivity of MDA-
MB-231 cells to Abemaciclib. In a study by Anwer et al.
(2022) investigating the effects of Abemaciclib-loaded
nanosponges on MCF-7 and MDA-MB-231 cells, the 1Cso
value of Abemaciclib in MDA-MB-231 cells was reported
to be approximately 36.7 puM. In another study
investigating the effects of sodium butyrate and
Abemaciclib on MDA-MB-231 cells, the ICso value of
Abemaciclib was determined to be 14.55 uM, which
dropped to 2.55 uM in combination therapy (Elnozahi et
al., 2022). In two studies from 2025, 1Cso values were
reported as 32 uM and 18.02 uM, respectively (Sharaky
et al., 2025; He et al., 2025). This variability in data is
thought to stem from different methodologies,
including experimental conditions such as cell seeding
density, incubation time, and the use of different
formulations, as well as variables related to cell line
subpopulations. Our study supports Abemaciclib’s

antiproliferative activity in MDA-MB-231 cells under
standard 2D culture conditions and emphasize the
importance of experimental context when comparing
ICso values across studies.

In 3D culture conditions of the MDA-MB-231 cell
line, the application of Abemaciclib at concentrations of
20, 30, and 40 uM revealed a significant decrease in
spheroid viability after 24 h of treatment; however,
higher viabilities was observed at 48 and 72 hincubation
periods. This pattern can be described as an attenuation
of the initial decrease over time rather than definitive
evidence of acquired resistance, because time-
dependent changes in MTS readouts in 3D architectures
can reflect a combination of biological adaptation and
assay-related factors.Although Doxorubicin, used as a
positive control, similarly reduced cell viability, the
higher cytotoxic effect of Abemaciclib at the same
concentrations highlights the potential efficacy of this
drug on triple-negative breast cancer cells. The ICso
value calculated for the 3D model in our study is 37.126
MM, Importantly, this value corresponds to the 24 h time
point (where it falls within the tested range). At 48 and
72 h, 50% inhibition was not reached within the tested
Abemaciclib concentration range (up to 40 uM);
therefore, 1Cso values at these later time points are
reported in Table 1. An expanded dose panel would be
required to obtain within-range ICso estimates at later
time points. However, in a 2025 study, Nehme et al.
investigated the effects of Abemaciclib solely through a
fluorescent staining method (Nehme et al., 2025).
Comparatively, in studies conducted on Palbociclib,
another CDK4/6 inhibitor, ICsp values of 29.7 uM and
29.69 UM have been reported in similar 3D models
(Velez et al., 2022; Doello, 2021). These comparisons
provide context for cross-compound evaluation,
although pharmacodynamic differences and
experimental design can contribute to variability
(George et al.,, 2021). This observed resistance is
consistent with findings that 3D models more
realistically reflect the in vivo tumor microenvironment
and thus exhibit a stronger defense against therapeutic
agents (Sant & Johnson, 2017).

Within spheroids, contact-mediated signaling
arising from intercellular and cell-matrix interactions
augments pro-survival pathways (Olive & Durand,
1994). The layered architecture imposes diffusion
barriers that create central hypoxia and nutrient
deprivation, driving cells into GO/G1 quiescence and
diminishing the efficacy of Abemaciclib (Minchinton &
Tannock, 2006; Imamura et al., 2015). Moreover, limited
drug penetration in 3D cultures promotes slow-cycling,
cancer stem cell-like subpopulations via increased efflux
pump activity and anti-apoptotic programs (Velliou et
al., 2020; Reynolds et al., 2017). Accordingly, differences
between 2D and 3D responses may be influenced by 3D-
associated diffusion gradients and contact-mediated
signaling, supporting the use of 3D models as a
complementary platform for drug evaluation. In the
future, the use of this model with other molecules,
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particularly other CDK4/6 inhibitors, or in combination
therapies will contribute to understanding resistance
mechanisms and developing more effective clinical
protocols.

Our results showed that Abemaciclib induced
concentration-dependent morphological changes in the
cell line. While F-actin filaments showed a regular and
homogeneous distribution in the cytoplasm of the
control group, thickening and an increase in cellular
protrusions were observed at 10 uM Abemaciclib. This
specific phenotype may be consistent with a non-
canonical signaling axis where CDK4 inhibition has been
reported to prevent the phosphorylation of MYO9B (a
RhoGAP), potentially leading to increased RhoA activity
and subsequent stress fiber bundling via the ROCK
pathway (Parashar et al., 2025; Guan et al., 2023; Croft
& Olson, 2006). Conversely, a significant loss of
filaments and clarity of cell borders were observed at 20
UM. This progressive disorganization may involve the
additional off-target inhibition of DYRK1A, a kinase
crucial for actin stability and N-WASP regulation, which
abemaciclib has been reported to inhibit at higher
concentrations (Kaltheuner et al., 2021; Dowjat et al.,,
2019; Park & Chung, 2013). Furthermore, these
structural alterations mirror the morphological
expansion associated with therapy-induced senescence
and geroconversion, suggesting that the cells may be
entering a non-proliferative yet structurally unstable
state (Klein et al., 2018; Wander et al., 2022; Torres-
Guzman et al., 2017; Gleason et al., 2024). These
mechanistic interpretations remain hypothetical, as no
direct pathway assays were performed in this study. This
indicates that the morphological integrity of the cells
was compromised and the skeletal structure took on a
disorganized appearance. The disruption of the F-actin
network, which is critical for cell migration and invasion,
by Abemaciclib is consistent with the mechanisms of
action reported for other anticancer agents in MDA-MB-
231 cells. Our findings also align with a recent study by
Carney et al. (2024), which reported similar F-actin
disruption in MDA-MB-231 cells treated with Eyes
Absent (EYA) tyrosine phosphatase enzyme -sensitive
peptides and doxorubicin (Carney et al., 2024). The F-
actin loss obtained with Abemaciclib, consistent with
studies in the literature, suggests that it may influence
migration-related phenotypes; however, dedicated
functional assays (e.g., migration/invasion) would be
required to confirm this interpretation.

Abemaciclib suppresses the proliferation of MDA-
MB-231 cells in a concentration-dependent manner and
induces phase arrest. Consistent with the mechanism by
which CDK4/6 inhibitors primarily stop cells in the
G0/G1 phase by preventing the phosphorylation of the
Rb protein (Zhou et al., 2020; Sherr et al., 2016), the
application of 10 uM Abemaciclib accumulated a large
proportion of cells (45.11%) in the GO/G1 phase. This
GO0/G1  accumulationconfirms  previous findings
reported for CDK4/6 inhibitors in the same cell line
(Ozman et al., 2019; Pesch et al., 2022) and in the MCF-

7 cell line in another study by our team (Tuncay, 2024).
The most striking finding of this experiment is the
change observed in the cell cycle distribution at the
higher concentrations. With the application of 20 uM
Abemaciclib, the proportion of cells arrested in the
GO0/G1 phase decreased significantly (19.35%), while the
number of cells arrested in the G2/M phase increased
(44.05%). This situation also aligns with the findings of
Ozman et al. (2019) and suggests that at high
concentrations, the drug may act not only through
CDK4/6 inhibition but also through additional
mechanisms that block the G2/M phase. In a study by
Goel et al. (2018), it was stated that although CDK4/6
inhibitors primarily affect cells by stopping them in the
G1 phase, these inhibitors could also affect cell biology
through different mechanisms (Goel et al., 2018). The
potential mechanisms underlying this observed G2/M
phase arrest may draw parallels with the action
pathways of Doxorubicin, which was used as a positive
control. In a study by Mehraj et al. in 2022, Doxorubicin
inhibited the topoisomerase Il enzyme, causing double-
strand breaks in DNA (Mehraj et al., 2022). Abemaciclib
induces G2/M arrest at high concentrations indicates
that the drug may trigger other pathways, such as the
DNA damage response. For this reason, to fully elucidate
the multifaceted mechanisms of action of Abemaciclib,
especially its effects at clinically significant high
concentrations, more detailed investigation of biological
mechanisms such as the DNA damage response and
apoptotic processes may also required.

As a meaningful contribution, this study
establishes and characterizes MDA-MB-231 spheroids
using the 3D Petri Dish® system and provides a practical
workflow for evaluating drug responses in a tumor-like
3D context. Furthermore, this model offers a robust
platform for studying the behavior of aggressive tumor
cells under 3D conditions and may serve as a useful
reference for future academic and industrial drug
screening studies.

Conclusion

These findings underline the importance of
incorporating 3D tumor models in preclinical studies to
improve the physiological relevance of in vitro drug
testing and better reflect tumor-like architecture.In
TNBC, where treatment options remain limited, the
present results support the evaluation of Abemaciclib in
both 2D and 3D settings and highlight that drug
responses in spheroid cultures can differ over time,
emphasizing the value of extended time-course
assessments in 3D models.

This study has certain limitations. First, only one
TNBC cell line (MDA-MB-231) was employed, and the
results may not fully represent the heterogeneity of
TNBC. Second, while cytoskeletal changes and cell cycle
alterations were observed, the underlying molecular
mechanisms, such as apoptotic signaling and DNA
damage pathways, were not investigated in detail.
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Third, the tested concentration range in 3D cultures
limited within-range 1Cso estimation at later time points,
and expanded dose panels and complementary
endpoints would strengthen interpretation. Finally, in
vivo validation is required to confirm the translational
relevance of the findings. Future studies should
investigate the use of Abemaciclib in combination with
standard chemotherapeutics, targeted agents, or
immunotherapies in 3D spheroid and organoid models
to better simulate clinical regimens. Such approaches
could help identify synergistic interactions and
overcome resistance. Overall, this approach provides a
physiologically relevant 3D platform for evaluating
therapeutic agents, helping to bridge the translational
gap between in vitro assays and in vivo studies.
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Table 1. ICso values (UM) of Abemaciclib in 2D and 3D culture

Abemaciclib ICso (uM)

Incubation Time

ICso (M) in 2D Culture

ICso (UM) in 3D Culture

24 h 21.471 pM 37.126 pM
48 h 20.001 uM 41.073 pM
72h 19.320 uM 46.205 uM
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Figure 1. Inverted microscopic images of spheroids over 6 days (Scale bar: 100 um).
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Figure 2. Diameter measurements of MDA-MB-231 spheroids in 3D culture across 5x10* and 1x10°cells/agar groups
over a 6-day incubation period. Data are expressed as mean + SD (N=3). Two-way ANOVA revealed that both the
incubation period (P <0.0001) and initial cell concentration (P=0.0009) had a statistically significant overall effect on
spheroid diameter. Post-hoc multiple comparisons using Dunnett’s test were performed to compare the mean diameter
of each day against the Day 1 control group. a: Statistically significantly different from Day 1 in the 5x10* cells/agar
group (P=0.0217). b: Statistically significantly different from Day 1 in the 1x10° cells/agar group (P<0.0001). ****
(P<0.0001) indicates a highly significant difference between the two cell densities at Day 6.



15
Biotech Studies 35(2)

Measurement of Spheroid Area in MDA-MB-231 Cells

150000 —

b 5x10* cells/agar

@
- 1x10° cells/agar

(*)3**)

a
100000 - T

Area (pum?)

50000—

Incubation Days

Figure 3. Area measurements of MDA-MB-231 spheroids in 3D culture across 5x10% and 1x10° cells/agar groups over a
6-day incubation period. Data are expressed as mean + SD (N=3 for all time points). Two-way ANOVA revealed that both
the incubation period (P<0.0001) and initial cell concentration (P<0.0001) had a highly significant overall effect on
spheroid area. Post-hoc multiple comparisons using Dunnett’s test were performed to compare the mean area of each
day against the Day 1 control group. a: Statistically significantly different from Day 1 in the 5x10* cells/agar group
(P=0.0230). b: Statistically significantly different from Day 1 in the 1x10° cells/agar group (P<0.0001). **** (P<0.0001)
indicates a highly significant difference between the two cell densities at Day 6.
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Figure 4. Cell viability of MDA-MB-231 cells in 2D culture following treatment with Abemaciclib and Doxorubicin. Cells
were treated with varying concentrations of Abemaciclib (10, 20, 25 uM) and Doxorubicin (5, 10, 20 uM) for 24, 48, and
72 hours. Viability was assessed by MTS assay and data are presented as mean + SD (N=3). Statistical significance was
determined using ordinary two-way ANOVA followed by Sidak’s multiple comparisons test. a: Statistically significant
difference compared to the control group (P<0.0001). b: Statistically significantly different from the Abemaciclib 25 uMm
group (P<0.05). c: Statistically significantly different from the Doxorubicin 20 uM group (P<0.05). **** (P <0.0001)
indicates a highly significant difference between Abemaciclib and Doxorubicin at the equivalent dose of 20 uM ns: Not
significant (P> 0.05).
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Figure 5. Cell viability of MDA-MB-231 3D spheroids following treatment with Abemaciclib and Doxorubicin. Cells were
treated with varying concentrations of Abemaciclib (20, 30, 40 uM) and Doxorubicin (20, 40, 60 uM) for 24, 48, and 72
hours. Viability was assessed by MTS assay and data are presented as mean + SD (N=3). Statistical significance was
determined using ordinary two-way ANOVA followed by Sidak’s multiple comparisons test. a: Statistically significantly
different from the control group (P<0.0001). b: Statistically significantly different from the Abemaciclib 40 uM group
(P<0.05). c: Statistically significantly different from the Doxorubicin 60 uM group (P<0.05). **** (P <0.0001) indicates a
highly significant difference between Abemaciclib and Doxorubicin at equivalent doses (20 uM and 40 uM) at 24 h, and
for 20 uM at 48 h; *** (P <0.001) indicates a very significant difference at 72 h for 20 uM; ** (P <0.01) represents a
significant difference at 48 h for the 40 uM dose groups; whereas ns (P> 0.05) represents non-significance between drug

types at 72 h for the 40 uM concentration groups.
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Figure 6. Representative immunofluorescent images showing F-actin distribution in MDA-MB-231 cells under different
conditions: (a) Control, (b) 10 uM Abemaciclib, (c) 20 uM Abemaciclib (Scale bar: 20 um).
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Figure 7. Flow cytometric analysis illustrating the effects of Abemaciclib treatment (10 uM and 20 uM) on cell cycle
distribution in MDA-MB-231 cells. The percentages of cells in GO/G1, S, and G2/M phases were compared to untreated

control cells.
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Figure 8. Flow cytometry histogram plots showing the effects of Abemaciclib treatment (10 uM and 20 uM) on cell cycle
distribution in MDA-MB-231 cells.



