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Comparative analysis between 2D 
and 3D colorectal cancer culture 
models for insights into cellular 
morphological and transcriptomic 
variations
Zaid Nsaif Abbas  1, Ali Z. Al‑Saffar  1*, Saba Mahdi Jasim  2 & Ghassan M. Sulaiman  3

Drug development is a time-consuming and expensive process, given the low success rate of clinical 
trials. Now, anticancer drug developments have shifted to three-dimensional (3D) models which 
are more likely to mimic tumor behavior compared to traditional two-dimensional (2D) cultures. 
A comparative study among different aspects was conducted between 2D and 3D cultures using 
colorectal cancer (CRC) cell lines, in addition, Formalin-Fixed Paraffin-Embedded (FFPE) block 
samples of patients with CRC were used for evaluation. Compared to the 2D culture, cells grown in 
3D displayed significant (p < 0.01) differences in the pattern of cell proliferation over time, cell death 
phase profile, expression of tumorgenicity-related genes, and responsiveness to 5-fluorouracil, 
cisplatin, and doxorubicin. Epigenetically, 3D cultures and FFPE shared the same methylation pattern 
and microRNA expression, while 2D cells showed elevation in methylation rate and altered microRNA 
expression. Lastly, transcriptomic study depending on RNA sequencing and thorough bioinformatic 
analyses showed significant (p-adj < 0.05) dissimilarity in gene expression profile between 2D and 3D 
cultures involving thousands of genes (up/down-regulated) of multiple pathways for each cell line. 
Taken together, the study provides insights into variations in cellular morphologies between cells 
cultured in 2D and 3D models.

The process of drug development is time-intensive and cost-effective, in which several phases start from target 
identification, discovery and optimization, pre-clinical validation conducting in vitro and in vivo experiments, 
and clinical trials to drug approval for clinical use1. Approximately, 90% of discovered drugs that reached the 
clinical trial phase failed to make it to FDA certification and commercialization2. Hence, such a low success rate 
in clinical trials dramatically affects the process of drug development making it a slow and costly business. For 
this reason, an imperative need for alternative and invented technologies that can minimize the risk of drug 
development failure. Two of the most promising areas anticipated to enhance the success rate of drug develop-
ment are the advancement of new biomarkers and the availability of new pre-clinical models that significantly 
mimic in vivo biology3.

Cell-based in vitro assays are simple, rapid, and inexpensive, as well as versatile and easily reproducible 
compared to expensive animal models4. To date, mainly two-dimensional (2D) cell culture techniques have 
been used in drug discovery5. However, 2D cultures do not necessarily reflect the complex microenvironment 
that cells located in a tissue. One of the major influences that have a great impact on our understanding of the 
limited physiological applicability of 2D cultures is the interactions between cells and their surrounding extracel-
lular matrix (ECM). The ECM is not only characterized by its biochemical composition but also by its physical 
and mechanical properties important for maintaining homeostasis6. The structure of the ECM and its physical 
properties can affect a cell’s response to drugs by either improving drug efficacy, altering a drug’s mechanism of 
action, or promoting drug resistance7,8.
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Recently, cancer drug development has switched to a 3D culture model which emerged as an advanced 
research tool to simulate tumor behavior and characteristics more than traditional 2D models9. Resemble tumors, 
3D cultures accommodate surface-lying and deeply buried cells, proliferating and non-proliferating regions, 
oxygen-deprived hypoxic cells, and a well-oxygenated outer layer of cells10. Such 3D models have been suc-
cessfully used in screening environments to identify potential cancer therapeutics11. The ability of in vitro 3D 
culture systems to produce uniform spheroids of human cancer cells, combined with the ability to study sphe-
roid response at a high growth rate and on a large scale, represents an important step toward facilitating more 
relevant and accurate testing12.

The tumor cell line can be utilized in different approaches including primary monolayers, complex 3D sys-
tems, and xenograft models. A major leap in the use of these cells came with the introduction of 3D cell culture. 
The technique of 3D culture is now the most preferred approach for applying tumor cell lines to fill the gap 
between “absolute in vitro” and “true in vivo”13,14. Aspects of cancer biology to which 3D cell culture practices 
have contributed and provided include tumor cell morphology, cellular microenvironment, gene expression, 
metastasis (invasion and migration), angiogenesis, metabolism, drug discovery, chemotherapeutic assays, adap-
tive responses, and cancer stem cell applications15,16. Concerning 2D cell culture which is still a valuable applica-
tion for cell-based research, nevertheless, might provide unpredicted and misleading data on in vivo responses17.

Precision medicine, also known as personalized medicine, tailor’s disease prevention and treatment to indi-
vidual variations in genes, environments, and lifestyles18. Its goal is precise treatment for the right patients at the 
right time19. Currently, the location of each gene in the reference genome is well known, and precise mutations 
can be identified and isolated, allowing specific diseases to be targeted at the genetic level20. The transcriptome, 
a snapshot of cell states, reveals gene function, genome plasticity, and expression regulation21,22, making it valu-
able for studying dynamic cancer cells19. The transcriptome represents all transcripts in a cell at a specific stage 
or condition, crucial for understanding genome functionality, cell components, and disease23,24.

The genes that are turned on or off in a cell, their transcription levels, and the timings at which they activate 
can all be determined using RNA-seq25. This enables researchers to comprehend a cell’s biology and assess altera-
tions that might point to a disease26. Transcriptional profiling, single nucleotide polymorphism (SNP) discovery, 
RNA editing, and differential gene expression analysis are some of the most well-liked RNA-seq methods27,28.

As mentioned earlier, this study aimed to prove the validity of two null hypotheses. The first assumes that 
there is no significant difference between 2D and 3D cell culture techniques. The second hypothesis states that 
the 3D culture technique is closest to cell growth in vivo in terms of architecture, proliferation, and behavior. To 
answer these questions, we performed several experiments utilizing five different colon cancer cell lines as well as 
colon cancer tissues in terms of 2D/3D technique differences at morphological, epigenetic, and molecular levels.

Materials and methods
Cell lines, tissue samples and therapeutics
Five different human colorectal adenocarcinoma cell lines (Caco-2, HCT-116, LS174T, SW-480 and HCT-8) 
were kindly provided by MonoJo Biotech Company, Amman–Jordan and were used in this study. All colorectal 
cell lines were routinely cultured in Dulbecco’s modified eagle medium with HEPES (DMEM; Biowast, France) 
supplemented with 10% fetal bovine serum (FBS; Biowast, France) and 1% of Glutamine-Penicillin-Streptomycin 
100× solution (Biowast, France). The cells were maintained in culture flasks (25 cm2, ThermoScientific, USA) 
under a humidified atmosphere of 5% CO2 at 37 °C. After reaching 80–90% confluency, cells were harvested 
using 2–3 mL of trypsin–EDTA (0.025%) solution to detach cells for subculturing. For spheroidal 3D cultures, an 
aliquot of 200 µL of cell suspension (5 × 103 cells) was added into individual wells of NunclonTMSphera super-low 
attachment U-bottom 96-well microplates (ThermoScientific, USA). Spheroids were maintained in a complete 
medium (37 °C, 5% CO2, humidified) with three consecutive 75% medium changes every 24 h.

Formalin-fixed paraffin-embedded (FFPE) frozen (− 80 °C) surgical resection samples (n = 50) of former 
patients suffering from colorectal cancer (CRC) were collected from Oncology Center, Baghdad Teaching Hos-
pital, Medical City, Baghdad-Iraq under relevant guidelines and regulations of the declaration and regulation of 
Helsinki in 1975 as principles of ethical statement. Permissions were obtained from the Oncology Center and 
approved by the institutional ethical committee of Al-Nahrain University, College of Biotechnology (Ref. No. 
COB 3857/2020). Informed consent and/or assent were obtained from the participants. A 15–20 µm sections were 
sliced and used for DNA and RNA extraction. Inclusion criteria included FFPE samples of colon adenocarcinoma 
(Ascending, transverse, descending colon to the level of rectosigmoid junction) and FFPE blocks should be not 
older than 2 years. Samples with a history of preoperative radiotherapy, rectal tumors, other tumors, recurrent 
CRC, and inadequate FFPE for DNA and RNA extraction were excluded from the study. Doxorubicin (Doxo) 
and cisplatin were purchased from Merck (USA), while 5FU (5-Flurouracil) was obtained from Sandoz (Austria).

Cell proliferation assay
The proliferation rate in 2D and 3D cultures was compared using colorimetric CellTiter 96® Aqueous Non-Radi-
oactive Cell Proliferation Assay Kit (Promega, USA). In brief, CRC cells were cultured at 2D and 3D conditions 
and at an initial cell concentration of 5 × 103 cells/well. At the desired incubation period, 20 µL of tetrazolium/
phenazine methosulfate mixture (MTS/PMS, 20:1 v/v) was pipetted into each well of assay plate containing 
100 µL of culture. The plate was incubated for 4 h at 37 °C. The bio-reduction of MTS into soluble formazan by 
metabolically active cells was detected at 490 nm absorbance using an ELISA plate reader (Bio-Rad, USA)29.

Cellular apoptosis analysis
In this experiment, the apoptotic/live status of tumor cells cultured in 2D and 3D was compared using FITC 
Annexin V Apoptosis Detection Kit I (BD Biosciences, USA). After incubation (24 h for 2D cultures and 72 h 
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for 3D cultures), cells were harvested using gentle trypsinization and washed twice with ice-cold Hanks Bal-
anced Salt Solution (HBSS) and collected by centrifugation for 10 min at 1200 rpm at ambient temperature. 
Cells then resuspended to a final concentration of 1 × 106 cells mL-1 in Annexin-binding buffer. Cells (in 100 µL) 
were stained simultaneously with 5 µL of FITC-labeled Annexin V and 5 µL of propidium iodide (PI) for 15 min 
at room temperature. An aliquot of 400 µL of binding buffer was added and mixed gently. Cells were analyzed 
with a fluorescence-activated cell flow cytometer (FACSCalibur Flow Cytometer, BD) and data were analyzed 
with FacsDiva software (Version 5.0.3). Four cell populations were distinguished: live cells (Annexin negative 
and PI negative), early apoptotic cells (Annexin positive and PI negative), late apoptotic (Annexin positive and 
PI positive), and dead cells (PI positive)30.

RNA extraction and purification
Total RNA was extracted from CRC cell lines and FFPE samples according to the protocol of the TRIzol™ Rea-
gent Kit (ThermoFisher, USA) as instructed by the manufacturer. Cells were directly lysed by adding 0.1 mL 
TRIzol™ reagent and the lysate was homogenized by pipetting several times. For FFPE samples, a set of three to 
four 10 µm tissue sections from each FFPE block were collected in 1.5 mL tubes and incubated at 56 °C for 15 
min to soften the paraffin wax, followed by deparaffinization in xylene and 100% ethanol31. For each tube, 0.6 
mL of TRIzol™ reagent was added to lyse tissue. DNase I was performed to purify RNA. Purified RNA samples 
were stored at − 30 °C for downstream application. Quantus™ fluorometer (Promega, USA) was used to detect 
the concentration and the purity of extracted RNA. The percentage of RNA fragments above 200 nucleotides 
(DV200) and RNA integrity number (RIN) for FFPE blocks were determined using the 2100 Bioanalyzer System 
(Agilent Technologies, USA).

Reverse transcriptase qPCR (RT‑qPCR) experiment
RT-qPCR was used to measure gene expression at the transcription level for CD44, ANXA1, KTR18, SOX2, 
and OCT4 genes. cDNA was synthesized from 1 µg total RNA using GoScript™ Reverse Transcription System 
(Promega, USA) and RT-qPCR was performed using GoTaq qPCR Master Mix (Promega, USA). The relative 
quantification of gene expression was achieved by normalization with the housekeeping GAPDH gene as control 
and calculated by the comparative threshold cycle (Ct) method. Matured small RNA sequences (miR-144-5p, 
miR-146a-5p, miR-155-5p, and miR-21-5p) were downloaded from the miRNA database site (https://​www.​mirba​
se.​org/) and specific stem-loop RT-qPCR primers were designed using the miRNA Design Tool and U6 snRNA 
as reference gene. Primer sequences used in this experiment are listed in Table 1.

LDH cytotoxicity assay
The viability of CRC cell lines cultured in 2D and 3D models after exposure to Doxo, 5FU and cisplatin was 
investigated using CyQUANT™ Lactate Dehydrogenase (LDH) cytotoxicity Assay Kit (ThermoFisher, USA). 
CRC cells (1 × 105 cells/well) were cultured in 2D model for 24 h and in 3D model for 72 h. Both cultures were 
incubated at 37 °C in the presence of 5% CO2. The culture medium was discarded, and 200 µL of fresh culture 
medium containing serial dilutions of Doxo, 5FU, and cisplatin with a concentration range of 16.6, 33.3, 62.5, 
125, 250 and 500 µg mL-1. Plates were incubated at 37 °C for 24 h (2D) and 72 h (3D). Following drug exposure, 
the media was discarded. Then 50 µL of stop solution to each well was added and absorbance was measured 
at 490 nm and 680 nm, simultaneously. LDH activity was determined by subtracting the 680 nm absorbance 
value (background) from the 490 nm absorbance and cytotoxicity was calculated using the following formula36.

All treatments were run in triplicates and IC50 values were calculated by linear approximation regression of 
the percentage survival versus the drug concentration.

Detection of global DNA methylation
Genomic DNA extraction
Genomic DNA was isolated from CRC cell lines cultured in 2D and 3D models as well as FFPE samples accord-
ing to the protocol of ReliaPrep™ Blood gDNA Miniprep System (Promega, USA).

DNA methylation assay
Colorimetric assay, MethylFlash™ Methylated DNA Quantification Kit (EpiGenetik, USA) was used to quantify 
5-methylcytosine (5-mC) level in CRC cell lines cultured in 2D and 3D models as well as FFPE samples. Based 
on kit protocol, genomic DNA samples were diluted to reach a concentration of 5 ng µL−1 and 80 µL of the 
binding solution was added to 20 µL DNA in each well and the plate was incubated at 37 °C for 90 min. After 
washing 5-mC antibody was added and the reaction was completed by adding a stop solution. Changing the 
color to yellow was measured using a microplate reader at 450 nm. The absolute amount of methylated DNA 
was calculated by generating a standard curve, and optical density (OD) values were plotted versus the amount 
of positive control (ME3) at each concentration point. Finally, the slope (OD/ng) was determined using a linear 
regression equation according to the following formula.

Cytotoxicity% =

(

CompoundTreatedLDHActivity − SpontaneousLDHActivity

MaximumLDHActivity − SpontaneousLDHActivity

)

× 100

−mC(ng) =
SampleOD−ME3OD

Slope× 2

https://www.mirbase.org/
https://www.mirbase.org/
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RNA sequencing and data mining
RNA library preparation and sequencing for CRC cell lines cultured in 2D and 3D models as well as FFPE sam-
ples were performed using TruSeq™ Stranded Total RNA with Ribo-Zero Kit (Illumina, USA). Briefly, poly-A 
RNA was purified from total RNA (200 ng) using oligo(dT). Abundant rRNA was removed from purified total 
RNA using the Ribo-Zero Plus rRNA Depletion Kit followed by fragmenting and priming the depleted RNA using 
random hexamers for cDNA synthesis. Agencourt AMPure XP beads were used to clean up the RNA library. The 
library was put into a flow cell for cluster production, where fragments are captured on a lawn of surface-bound 
oligos that are complementary to the library adapters. Using bridge amplification, each fragment was multiplied 
into unique, clonal clusters. After cluster creation was finished, NovaSeq 6000 was used to sequence the templates 
(Illumine, USA) with 150 bp long of reading and 100× coverage raw data.

Data related to RNA Sequencing were analyzed by the Galaxy platform37 with the following pipeline: Reads 
were trimmed using the Trimmomatic algorithm38, while Quality Scores were assessed using the FastQC 
algorithm39. Reads were aligned to the Homo sapiens genome build hg38 using the HISAT2 algorithm40. Indi-
vidual sample reads were quantified using the FeatureCounts algorithm41 and normalized via Relative Log Expres-
sion (RLE) using the EdgeR algorithm42. Moreover, fold changes, p-values, and an optional covariate correction 
were calculated using FeatureCounts. Partitioning Around Medoids (PAM) approach was used to group genes 
for the final heatmap of differentially expressed genes43. For the enrichment analysis, several database sources 
were used, including Interpro, NCBI, MSigDB, REACTOME, and WikiPathways.

Statistical analysis
Statistical analyses were performed using GraphPad Prism version 9.0 (GraphPad Software Inc., La Jolla, CA). 
The paired t-test, one-way, and two-way ANOVA were performed to determine the statistically significant dif-
ferences between various groups. The data were presented as mean ± SD of the mean, and statistical differences 
were defined as * p < 0.05 or ** p < 0.01. All experiments were at least achieved in triplicates.

Table 1.   The sequence of primers used in this study. R: Reverse; F: Forward; RT: Reverse Transcriptase; Temp: 
Temperature.

Gene Sequence 5′-3′ Annealing Tem. (°C) References

CD44 (F) AAG​GTG​GAG​CAA​ACA​CAA​CC 60
32

CD44 (R) AGC​TTT​TTC​TTC​TGC​CCA​CA 60

ANXA1 (F) GAT​TCA​GAT​GCC​AGG​GCC​T 60
33

ANXA1 (R) CAC​TCT​GCG​AAG​TTG​TGG​AT 60

KTR18 (F) GTG​GTG​CTC​TCC​TCA​ATC​ 60
33

KTR18 (R) GCT​CTG​GGT​TGA​CCG​TGG​ 60

SOX2 (F) CCC​AGC​AGA​CTT​CAC​ATG​T 60
33

SOX2 (R) CCT​CCC​ATT​TCC​CTC​GTT​TT 60

OCT4 (F) CCT​CAC​TTC​ACT​GCA​CTG​TA 60
34

OCT4 (R) CAG​GTT​TTT​CTT​TCC​CTA​GCT​ 60

GAPDH (F) TCT​CCT​CTG​ACT​TCA​ACA​GCGAC​ 60
35

GAPDH (R) CCC​TGT​TGC​TGT​AGC​CAA​ATTC​ 60

miR-144-5p (RT) GTT​GGC​TCT​GGT​GCA​GGG​TCC​GAG​G 60
Designed by Authors

TAT​TCG​CAC​CAG​AGC​CAA​CCT​TAC​A

miR-144-5p (F) GTT​GGG​GGA​TAT​CAT​CAT​ATAC​ 55

Designed by AuthorsmiR-146a-5p (RT) GTT​GGC​TCT​GGT​GCA​GGG​TCC​GAG​G 42

TAT​TCG​CAC​CAG​AGC​CAA​CAA​CCC​A

miR-146a-5p (F) GTT​TGG​TGA​GAA​CTG​AAT​TCCA​ 55

Designed by AuthorsmiR-155-5p (RT) GTT​GGC​TCT​GGT​GCA​GGG​TCC​GAG​G 42

TAT​TCG​CAC​CAG​AGC​CAA​CAC​CCC​T

miR-155-5p (F) GTG​GGT​TAA​TGC​TAA​TCG​TGAT​ 55

Designed by AuthorsmiR-21-5p (RT) GTT​GGC​TCT​GGT​GCA​GGG​TCC​GAG​G 42

TAT​TCG​CAC​CAG​AGC​CAA​CTC​AAC​A

miR-21-5p GTT​TGG​TAG​CTT​ATC​AGA​CTGA​ 55 Designed by Authors

U6 snRNA (RT) GTT​GGC​TCT​GGT​GCA​GGG​TCC​GAG​G 55

TAT​TCG​CAC​CAG​AGC​CAA​CAA​AAT​A

U6 snRNA (F) TTG​GTG​CTC​GCT​TCG​GCA​

Universe miRNA GTG​CAG​GGT​CCG​AGGT​
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Results
Cell culture and cell proliferation
Cell proliferation of CRC cell lines was monitored in both 2D and 3D models, while cell viability and stability 
were compared between both models. In 3D cell culture, for all cell lines, cells started to clump and adhere to 
adjacent cells after the first hours of seeding, increasing cell density and mass within the subsequent days. An 
initial cell count (6000 cells/100 µL) was used as an optimum number as a preliminary test to determine the 
optimal number of starting cells. Figure 1A, shows the growth development stages and cell mass formation of 
Caco-2, HCT-116, SW-480, LS147T, and HCT-8 cells within seven days of incubation. Cells exhibited the capa-
bility to form spheroids. However, morphological differences were observed after day 3 of incubation among 
different cell lines, while on day seven, all cell types aggregated into spheroids. Furthermore, all CRC cell lines 
observed no migration from spheroids to the medium at the end of the experiment. Morphologically, Caco-2 and 

Figure 1.   (A) Morphological growth characteristics of colorectal-derived tumor spheroids. Caco-2, HCT-116, 
SW-480, LS147T, and HCT-8 cell lines were grown in 3D U-bottom 96-well plates for seven days and compared 
with cells grown in the 2D system. Images of 3D cultures were captured by inverted microscopy on day 3 and 7 
(Scale bar = 200 µm), and 2D images (day 2) were captured using an inverted microscope (40 × magnification). 
(B) Cell Titer 96® AQueous One Solution Cell Proliferation assay for CRC cell lines growing in 2D and 3D cell 
culture systems at 37ºC, 5% CO2. Mean cell viability (%) was detected for 7 days and normalized with day one 
(initial seeding). ** p < 0.01, NS: Non-Significant (n = 6).
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HCT-116 displayed a smooth surface, while the spheroids of other cell lines showed rough surfaces. The cells of 
all tested cell lines that were maintained on 2D cultures showed confluency (˃80%) on day 2 incubation (Fig. 1A).

When comparing the pattern of cell proliferation between two types of cell culture (2D and 3D) using CRC 
cell lines, the results showed a significant variation in cell proliferation between 2 and 3D culture techniques 
(Fig. 1B, Supp. 1). Regarding the 2D cultures, the cells showed the highest proliferation rate after 24 h of incuba-
tion, with a subsequent decline in cell viability following day three. This proliferation pattern in the 2D system was 
observed in all CRC cell lines without changing media. Compared to the 2D system, cells grown in the 3D system 
displayed significant (p < 0.01) differences in the pattern of cell proliferation over time. For Caco-2 and SW-480 
cell lines, the 3D cell culture technique showed a maximum proliferation rate (190.6 ± 10.01 and 125.4 ± 6.2%, 
respectively) on day 4 of incubation. The stability in cell viability revealed a slow rate of decline in cell prolifera-
tion with ˃70% cell maintenance after seven days of incubation than the traditional 2D during the first three days.

The maximum proliferation rate in 3D cultures for HCT-116, LS174T, and HCT-8 (156.7 ± 7.0, 131.03 ± 3.2, 
and 143.9 ± 30.2%, respectively) was noted on day 3 of incubation. The viability of cells grown in 3D culture 
lasted until day 7, maintaining the slow decrease in cell proliferation rate at the minimum for all cell lines without 
daily changing media. On the contrary, the growth rate of cells in a 2D culture lasted for three days, followed by 
a significant regression in the growth rate compared with 3D cultures.

Cellular apoptosis profile in 2D and 3D cultures
The cell death phase (live, dead, and apoptotic cells) of CRC cell lines cultured in 2D, and 3D models were inves-
tigated using FITC-labeled Annexin/PI staining (Fig. 2A). Flow cytometric results of cell lines cultured in 2D 
conditions for 24 h and 3D conditions for 72 h showed no distinction in the count of early apoptotic and necrotic 
cells. In contrast, the rate of late apoptotic cells in 3D cell culture was significantly higher than cells maintained 
in 2D culture (p = 0.0184, 0.0269, 0.0066, 0.0472, and 0.0418 for Caco-2, HCT-116, SW-480, LS174T and HCT-
8, respectively). Such elevation was accompanied by a significant decline in the live-cell population grown in 
3D culture conditions compared to the cells grown in monolayer culture (p = 0.0392, 0.0399, 0.0102, 0.0001 and 
0.0391 for Caco-2, HCT-116, SW-480, LS174T and HCT-8, respectively) (Fig. 2B).

Expression of ANXA1, CD44, KRT18, OCT4, and SOX2OT Genes
By comparing 2D and 3D cell culture techniques regarding the expression of ANXA1, CD44, KRT18, OCT4, and 
SOX2OT genes, folding results represented variation in gene expression between tumor cells cultivated in 2D and 
3D cultures. Figure 3A,B highlights the significant up-regulation of ANXA1 (p = 0.0011) and CD44 (p = 0.0087) 
genes in their expression with 3D cell culture spheroids compared with 2D monolayer cells in all tumor cell 
lines (except for Caco-2, no significant differences appeared in CD44 expression). Paradoxically, KRT18 and 
SOX2OT showed significantly decreased expression in 3D cultures compared with the 2D model (p = 0.0071 
and p = 0.0005, respectively). On the other hand, the behavior of OCT4 expression was diverse among different 
cell lines, in which no variation in expression was detected in HCT-116, LS147T, and HCT-8 cell lines between 
2 and 3D models, while significantly down-regulated in Caco-2 and SW-480 cells cultivated in 3D culture 
compared with the 2D model (p = 0.036 and p = 0.0034, respectively). The gene expression of ANXA1, CD44, 
KRT18, OCT4, and SOX2OT genes was further completed from data extracted from RNA sequencing analysis 
(Supp. 2). Based on RNA sequencing analysis, the pattern of ANXA1, CD44, KRT18, OCT4, and SOX2OT gene 
expression was highly similar to that obtained from RT-qPCR results, confirming the differences CRC cell lines 
cultured in 2D and 3D models.

Cellular response to anticancer drugs
The response of colon tumor cells to the anticancer drugs Doxo, 5FU and cisplatin were studied in 2D and 3D 
cell culture techniques using LDH cytotoxicity assay. The cytotoxicity results (IC50) for treated cells showed a 
significant difference (p < 0.01) in cellular response toward anticancer drugs between 2D and 3D cultures. Data 
analysis showed that the most effective drugs needed higher concentrations to reach IC50 in the case of 3D cell 
culture compared to the same treatments in the case of 2D cultures. Generally, all cells grown in 3D tumor 
spheroids showed significantly (p < 0.01) less sensitivity to increasing concentrations of chemotherapeutic agents 
than in 2D cultures. 5-FU was significantly (p < 0.01) more potent in killing CRC cells grown in 2D systems 
compared to those cultured in 3D-based spheroids system. All spheroidal tumor cells in 3D cultures revealed 
a significant (p < 0.01) higher resistance to cisplatin treatments than in 2D cultures. Moreover, the efficiency of 
Doxo in reducing the viability of the tested tumor cell line was significantly (p < 0.01) low in 3D spheroidal cell 
cultures compared to 2D cultures. Variation in dose–response curves was distinctly observed between 2D and 
3D cultures concerning all chemotherapeutic treatments, indicating differences in the cellular response to Doxo, 
5FU, and cisplatin in 3D cultures compared to cells maintained in the 2D system (Supp. 3).

DNA methylation comparison in 2D, 3D, and FFPE
Variations in methylation signature in CRC cells cultured in 2D and 3D models and FFPE samples were calcu-
lated (Table 2). An increase in mean methylation rate (19.1 ± 7.4) was significantly observed in the 2D model 
for CRC cells compared with the same cells cultured in the 3D model and FFPE sample (7.07 ± 3.1, p = 0.0005 
and 4.41 ± 3.3, p < 0.0001, respectively). Interestingly, no variation was recorded between 3D cultured cells and 
FFPE samples.

miRNA expression analysis
The expression of miRNA-21, miRNA-144, miRNA-146a, and miRNA-155 using RT-qPCR for CRC cell 
lines (pooled as one group) maintained in 2D and 3D cultures was compared with FFPE samples. miR-21 
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Figure 2.   (A) Annexin V-FITC/PI staining to evaluate apoptosis in Caco-2, HCT-116, SW-480, LS174T, and 
HCT-8 cell lines were grown in 2D (24 h) and 3D (72 h) models. Cell phase status was determined using flow 
cytometry measuring Annexin-FITC labeling and PI uptake by the cell. Three independent experiments were 
conducted, and FacsDiva 5.0.3 software was used to analyze data. (B) Cell population count percentage of Caco-
2, HCT-116, SW-480, LS174T, and HCT-8 cell lines grown in 2D and 3D cell culture. Histograms correspond to 
cell count distribution of live, dead, and apoptotic cells in early and late stages. Data represents mean ± standard 
deviation of three independent experiments. * p < 0.05; ** p < 0.01; NS: Non-significant; FITC: Fluorescein 
Isothiocyanate; PI: Propidium Iodide; 2D: Two- Dimensional; 3D: Three- Dimensional.
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overexpressed in 2D and 3D cultures and FFPE samples. However, miR-21 in 3D culture and FFPE samples 
was significantly highly expressed with 1.97-fold (p = 0.0264) and 1.88-fold (p = 0.0392) compared to 2D cul-
ture model, respectively. No differences were detected between 3D cultures and FFPE blocks. miR-144 expres-
sion showed no significant variation in all tested groups. The expression profile of miRNA-146a was distinctly 
downregulated in 2D, 3D, and FFPE groups, with significant downregulation in 3D spheroidal cells and FFPE 
samples compared to 2D, monolayer culture (p = 0.0204 and p = 0.01, respectively). No variation between 3D 
and FFPE groups. Finally, the expression level of miRNA-155 was robustly increased in the 3D culture and FFPE 
group compared with tumor cells grown in the 2D model with 2.8 (p = 0.0033) and 3.2 (p < 0.0001) fold change, 
respectively. No significant differences were perceived between the 3D culture model and the FFPE group (Fig. 4).

Transcriptomic analysis
Gene expression analysis was performed through RNA sequencing on samples prepared from a panel of 
CRC cell lines grown in 2D and 3D conditions and RNA purified from FFPE samples followed by subsequent 

Figure 3.   (A) RT-qPCR analysis comparing gene expression of ANXA1, CD44, KRT18, OCT4, and SOX2OT 
genes in CRC cell lines across different culturing techniques. Data represented as mean ± standard deviation 
of the normalized fold change of three independent experiments. * p < 0.05; ** p < 0.01; NS: Non-significant; 
2D: Two- Dimensional; 3D: Three- Dimensional. (B) Gene expression analysis of CRC cell lines grown in 
2D and 3D culture conditions. Sample data were pooled and normalized to compute the cluster dendrogram. 
Heat map representing gene at two experimental conditions clustered based on expression values (used 
heatmapgenerator5 tool).

Table 2.   Percentage of 5-mC level in CRC cell lines growing in 2D and 3D culture models and corresponding 
FFPE blocks of patients with CRC cancer. Results represent mean ± standard deviation of three independent 
experiments (n = 3). FFPE: Formalin-Fixed Paraffin-Embedded; 2D: Two- Dimensional; 3D: Three- 
Dimensional; 5-mC: 5-methylcytosine. ** p < 0.01. Different letters (a and b) are significant at p < 0.01.

Sample Mean 5-mC% ± SD Sig p value

2D 19.10 ± 7.38a **  < 0.0001

3D 7.07 ± 3.11b

FFPE 4.41 ± 3.32b
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transcriptomic comparisons between different groups. The quality of RNA isolated from FFPE samples was 
evaluated using DV200 and RIN. The median DV200 value was 70.8%, while the median RIN value was 2.45, both 
values were acceptable for the sequencing of RNA extracted from FFPE. RNA-Seq analysis (Fig. 5) revealed 
7585 differential expressed genes in Caco-2 cultured in 3D condition compared with corresponding Caco-2 cells 
grown in 2D conditions with 4056 up-regulated genes and 3529 down-regulated genes (Log2FC < -15 or > 10 with 
p-adj < 0.05). In HCT-116, a total of 808 expressed genes were identified in comparison between 2D and 3D cul-
tures, 127 up-regulated genes, and 681 down-regulated genes (Log2FC < -6 or > 4 with p-adj < 0.05). SW40 showed 
7261 expressed genes with 3895 up- and 3366 down-regulated genes (Log2FC < -6 or > 4 with p-adj < 0.05). Only 
862 differential expressed genes in 2D/3D cultures of LS174T cells were displayed with 321 up-regulated and 
541 down-regulated genes (Log2FC < -8 or > 2 with p-adj < 0.05). Finally, the expression of varied 4684 genes was 
detected in 2D/3D cultures of HCT-8 cells with 2032 up-regulated and 2652 down-regulated genes (Log2FC < -6 
or > 4 with p-adj < 0.05). Results demonstrated that gene expression profiles were highly affected by the growth 
conditions of 2D and 3D cultures for each cell line. Functional enrichment analysis (Supp. 4) involved all the 
varied expressed genes in 2D versus 3D cultures of all tumor cell lines. Among all cells, a different set of genes of 
different pathways exhibited distinctive characteristics of increased or decreased gene expression. For instance, in 
Caco-2 cells, cell growth conditions stimulated the up-regulation of gene sets associated with ion transport and 
different metabolic processes. In contrast, gene sets related to the mitotic cell cycle, cell division, chromosomal 
organization, and DNA regulation were significantly down-regulated. On the contrary, HCT-116, SW40, LS174T, 
and HCT-8 showed down-regulation in gene sets unrelated to proliferation processes, while genes associated 
with cell cycle and regulation of gene expression were upregulated.

Further gene expression was compared between RNA-Seq results obtained from FFPE samples and the bulk 
results of 2D and 3D experiments for all cell lines. As expected, vast variation in gene expression resulted between 
FFPE and tumor cells cultured in 2D conditions, which resulted in the identification of 13,755 expressed genes 
with 3572 up-regulated genes and 10,183 down-regulated genes (Log2FC < -25 or > 5 with p-adj < 0.05). Surpris-
ingly, totally accounting for 13,629 differentially expressed genes were identified between FFPE samples and cell 
lines grown in 3D culture conditions, 2726 up-regulated and 10,903 down-regulated genes (Log2FC < -25 or > 5 

Figure 4.   miR-21, miR-144, miR-146a, and miR-155 expression in CRC cell lines cultured in both 2D and 3D 
cell culture models compared with FFPE colorectal block samples. The results were normalized to RNU43 as 
an endogenous control. Results represent the mean ± standard deviation of three independent experiments. * 
p < 0.05; ** p < 0.01; NS: Non-significant; FFPE: Formalin-Fixed Paraffin-Embedded; 2D: Two- Dimensional; 3D: 
Three- Dimensional.
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with p-adj < 0.05) (Fig. 6A). Based on unsupervised hierarchical clustering algorithm, FFPE gene expression 
partition in clusters significantly (p-adj < 0.05) different from the expression of 2D or 3D cultured cells (Fig. 6B). 
Principal component analysis (PCA) of variant genes re-marked such segregation (Fig. 6C).

Discussion
Several studies mentioned various methods that can be used to grow cells in 3D culture. These methods can be 
divided into two main types. The first is scaffold-based 3D culture techniques, which provide a supportive surface 
for cellular growth. The second type is scaffold-free techniques44. In the proliferation assay, the low adhesion 
technique was adopted. It is one of the most important scaffold-free 3D cell culture techniques45. This method 
ensures that cells do not attach to the well surface and allows them to clump together and form their specific 
extracellular matrix. Furthermore, this method is considered a lower cost than other 3D cell culture techniques 

Figure 5.   Mean-Average (MA) plots of log2 fold change versus log2 average expression between 2D and 3D 
culture conditions in CRC cell lines. Each dot represents a gene. Log2 fold change above 0 indicates genes with 
upregulated expression, while lower than 0 indicates genes with down-regulation. Red and blue dots indicate 
genes that significantly differ in gene expression (p-adj < 0.05).
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because it does not need any treatments or additives, as in the case of using scaffolding, and is easy in spheroid 
formation. Finally, this method allows cells to create a spheroid that can be used as a model for various labora-
tory experiments46.

Different cell lines proliferate faster in 2D cultures compared to 3D cultures45,47. However, other cell lines 
proliferated slower in the 2D cell culture system in another experiment48. The increase in cell proliferation rate 
in 2D conditions is related to the stratified structure, where more cells are exposed to nutrients and growth fac-
tors in the culture medium, making them more prone to growth at a reasonably uniform rate on a flat surface. 
Other factors that contribute to the changes in the proliferation rate of 2D and 3D cultures are the cell–cell and 
cell-extracellular matrix interaction, which can change the expression of genes and proteins associated with cell 
growth and proliferation13,49. Cell proliferation is influenced by the type of 3D matrix and the characteristics of 
each cell line.

Conditions in 2D cell culture allow the growth of proliferative cells in a flat regulated environment until they 
reach monolayer confluence. The cells in 2D culture are characterized by uniform access to nutrients and growth 
factors present in culture media, which allow the cells to grow faster than the cells actually grow in vivo. In addi-
tion, cellular morphological changes are observed in stretched and flattered cells in 2D cultures compared with 
in vivo cells50. On the contrary, cells in the 3D system come in close contact and spontaneously clump together, 
forming spheroids that lead to cell growth at several stages: proliferation, rest, apoptosis, hypoxia, and necrotic 
cells. This occurs due to the limited medium diffusion into cells growing with spheroids; thus, the cells accumu-
lated in the spheroids’ core enter apoptosis and die51. This condition mainly explains the significant reduction in 
tumor cells grown in a 3D model. Increasing 3D cell population in the late apoptosis phase may refer to changes 
in cellular requirements for nutrients resulting from the cell’s active proliferation rate and dormancy52.

Cells in monolayer culture are more likely to receive the same amount of chemotherapeutic agent and are 
predominantly proliferative cells. Therefore, 3D cell culture models containing cells at various stages tend to 
be more resistant to treatment with chemotherapeutic agents than traditional 2D cultures, mimicking in vivo 

Figure 6.   (A) Mean-Average (MA) plots of log2 fold change versus log2 average expression between the type 
of culture condition and FFPE samples. Each dot represents a gene. Log2 fold change above 0 indicates genes 
with upregulated expression, while lower than 0 indicates genes with down-regulation. Red and blue dots 
indicate genes that significantly differ in gene expression (p-adj < 0.05). (B) Hierarchical clustering heat map 
of log2 expression levels of most significantly (p-adj < 0.05) expressed genes resulting from RNA sequencing 
analysis of (Green) 2D cultured cells with FFPE samples (Blue) 3D cultured cells with FFPE samples. Sample 
data were pooled and normalized with DeSeq2, followed by H-clustering to compute the cluster dendrogram. 
(C) Principal-component analysis of sample relationship. PCA 1 is 35% and 34% variance for the relationship 
between 2D/3D with FFPE data. PCA2 is 20% for both. Cell lines for 2D and 3D culture conditions are clustered 
in one group apart from FFPE clustering. FFPE: Formalin-Fixed Paraffin-Embedded.
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conditions in terms of the cell cycle, cell morphology, nutrient requirement, and cellular behavior53. Changes 
in transcriptional levels may be a reflection of the physiology of cell development, adjustments to the immune 
system, and therapeutic resistance in tumor cells54. For instance, a study comparing the transcription profiles of 
two lung cancer cell lines revealed that, when compared to a 2D culture, the 3D culture was capable of mimicking 
cancer cell phenotypes such as hypoxia and angiogenesis activation that were not imitated in 2D model55. Fur-
thermore, clustering analysis showed that cell lines grown in 3D cell culture conditions are clustered in separate 
groups, while in the second group, 2D cultured cell lines were clustered (Fig. 3B).

The ANXA1 gene encodes a membrane-bound protein binding phospholipids, often downregulated in tumors, 
potentially serving as a biomarker and therapeutic target56. ANXA1 overexpression is linked to increased tumor 
hypoxia, a characteristic of tumors often replicated in 3D multicellular spheroid cultures, mimicking in vivo 
conditions57. The CD44 gene produces a cell-surface glycoprotein crucial for cell interactions, adhesion, and 
motility, generating functionally diverse isoforms through complex alternative splicing, associated with tumor 
metastasis. In 3D cultures compared to 2D monolayers, CD44 is notably overexpressed58. The KRT18 gene 
encodes keratin 18, implicated in cryptogenic cirrhosis, and it’s significantly upregulated in CRC tissues and cell 
lines59. Surprisingly, 3D cultures exhibit down-regulated KRT18 expression compared to 2D models, underscor-
ing the substantial impact of unique 3D cultural and physiological conditions on gene expression profiles. Most 
cell lines showed consistent OCT4 expression levels in 2D and 3D cultures. OCT4 encodes a critical transcrip-
tion factor for embryonic development and stem cell pluripotency. Overexpression in adult tissues relates to 
tumorigenesis, while OCT4 gene knockdown inhibits proliferation and viability60. In contrast, SOX2OT gene 
expression universally decreased in 3D cultures versus 2D models. SOX2 overlapping transcript (SOX2OT), a 
non-coding RNA, regulates pluripotency61. Its downregulation is prominent in various tumors62. The 3D culture 
model simulates in vivo tumor tissue, in line with SOX2OT downregulation in gastric cancer tissue samples and 
related cell lines. Notably, SOX2OT levels decrease with higher cancer grades63.

The metabolic state, cell–cell interaction, drug resistance transporter expression, and tumor cell signaling 
pathways are only a few of the variables that determine how active and potent anticancer medications are against 
tumor cells. These factors may be different in 2D and 3D cultures. Similar to how distinct cell groupings, such as 
proliferative and necrotic cell populations, are a crucial component of 3D systems that reflect the heterogeneity 
of tumors and modify the responsiveness of tumor cells to pharmacological therapies8. The 5FU, Cisplatin, and 
Doxo resistance mechanisms with low toxicity were observed in spheroidal tumor cells grown in 3D cultures. The 
aggregation of tumor cells as spheroids in 3D culture models might stimulate tumor cells’ natural microenviron-
ment to mimic that in vivo tumor morphology. The formation of spheroids for CRC cells in the 3D system enables 
the cells within spheroids to maintain the rate of cell proliferation in minimal form. The larger the spheroid 
formation, the lower the proliferation rate since more quiescent cells accumulate in the center of the spheroid, 
resulting in increasing resistance to chemotherapy64. In addition, tumor cells within spheroids upregulate the 
synthesis of proteins involved in cell–cell and cell–matrix interactions and enhance singling pathways that par-
ticipate in drug resistance65. In addition, cells in 2D received an equal amount of nutrients containing anticancer 
drugs and are predominantly proliferative cells. On the contrary, the 3D system leads to cell growth at several 
stages: proliferation, rest, apoptosis, hypoxia, and necrotic cells, and with limited diffusion of the medium, the 
spheroids tend to be more resistant to treatment with chemotherapeutic agents13,66.

DNA methylation rate and gene expression differ greatly between 2D, and 3D models of CRC cells. Due to the 
distinct microenvironment that the 3D model can provide, cells in spheroids, cell–cell, and cell–matrix contact, 
as well as low, stable proliferation rate, markedly influence the epigenetic state and rate of DNA methylation67. 
The results highly support that the DNA methylation profiles of tumor cell lines grown in 3D models are closer 
to the corresponding primary tumor samples from which cell lines originated than in 2D monolayer models68.

In particular, the combination of methylation inhibitors and chemotherapy and/or targeted therapy may pro-
vide helpful information on developing efficient therapeutic approaches69. Before utilizing methylation inhibitors 
as chemotherapeutic drugs in patients with solid tumors, it is crucial to evaluate their antitumor effectiveness. 
It is now understood that 3D tumor tissue culture systems resemble actual tumor tissue by 85%. Hence, rather 
than using conventional 2D models, 3D tumor tissue culture systems can be used as in vitro model systems that 
considerably replicate in vivo tumor construction70.

Both DNA methylation and miRNAs are critical players in the intricate network of epigenetic regulation. 
They contribute to the modulation of gene expression in response to internal and external cues, helping cells 
adapt to changing conditions and maintain proper functioning71. DNA methylation is associated with the regula-
tion of gene expression by gene silencing, transcriptional repression, and developmental regulation72. Whereas 
microRNAs bind to complementary regions within mRNA molecules, leading to mRNA degradation, transla-
tion inhibition, fine-tuning regulation and impact to various cellular processes73. The dysregulation of these 
epigenetic mechanisms has been associated with a range of diseases, including cancer, neurological disorders, 
and metabolic diseases. Understanding their roles provides insights into the complex orchestration of cellular 
processes and opens avenues for therapeutic interventions.

The pattern of miRNAs expression in experimental 3D models, whether upregulated or downregulated, was 
reported to be abundantly similar to miRNAs expression of FFPE CRC samples. Such finding strongly indicates 
that 3D-specific miRNAs reflect the in vivo status of CRC. miR-21 plays a role in multicellular tumor spheroid 
formation (MCTS) and cell–cell adhesion74. For that reason, miR-21 expression showed similar results between 
3D cell culture and FFPE samples, even though miR-21 was already overexpressed in 2D but significantly less 
than in 3D cell culture and FFPE samples. On the other hand, the profile of miR-144 downregulation showed no 
change within 2D, 3D, and FFPE samples, indicating no influence of culture type on miR-144 expression com-
pared with tumor tissue samples. miR-144 is an anti-metastatic effector that controls cellular pathways leading 
to carcinogenesis. Downregulation of miR-146a is a hallmark of promoting tumor cell proliferation, inhibiting 
apoptosis pathways, and increasing chemotherapy drug resistance75. miR-146a was presented in down expression 
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for all cell lines (grown in 2D and 3D) and FFPE samples. However, 3D models and FFPE samples shared the 
same pattern of regulation, indicating that the 3D model for miR-146a expression imitates in vivo functions. 
Regarding miR-155, it is related to the ability of cancer cells to resist chemotherapy drugs76. Linking to the cyto-
toxicity assay, the results showed that 3D culture cell lines have high resistance to different chemotherapeutic 
drugs than 2D cell culture, which might explain the extensive endogenous expression of miR-155 in both 3D 
spheroidal cells and FFPE samples.

As previously mentioned, the 3D culture provides a model that better mimics in vivo conditions than tradi-
tional 2D culture77. Therefore, changes in cellular behavior in vitro due to altered culture conditions certainly 
reflect differential gene expression. For this assumption, total RNA sequencing after culturing tumor cell lines in 
2D and 3D conditions was conducted, and transcriptomic analysis using the pipeline of RNA trimming, Hisat2 
RNA alignment for NGS reads, FeatureCounts for strand-specific read counting, and DeSeq2 for gene expression 
analysis. Intriguingly, different culture conditions for tumor cell line growth showed a variation in gene expres-
sion under 3D growth compared to 2D with a significant count of upregulated and down-regulated expression 
of varied gene sets. Different biological processes mainly associated with cell adhesion, cell-to-cell contact, 
extracellular matrix organization, metabolic processes, and to a lesser extent cell cycle processes and many other 
pathways and processes controlled by clusters of thousands of genes, were implicated in functional enrichment 
analysis (Supp. 4). Such findings strongly suggest the alteration in gene expression in favor for cellular behaviors 
and functions related to cell maintenance in the 3D microenvironment. On the other hand, functions like DNA 
repair were not directly linked to cell behavior since no change in the level of gene expression was observed78.

Transcriptome analysis revealed significant variations between 2D and 3D models. However, when compared 
to FFPE samples, both 2D and 3D models clustered together, suggesting that while the behavior of tumor cell 
lines differs in 2D and 3D cultures, these differences are subtler than those observed in vivo79. Many researchers 
argue that 3D models closely mimic in vivo conditions80,81, and preliminary experiments in this study support this 
notion. Nevertheless, comprehensive transcriptomic analysis via RNA sequencing still identified gene expression 
differences between 2D and 3D cultures. However, these distinctions appear inconsequential when compared to 
FFPE samples, implying that they do not significantly contribute to overall gene expression variation. Despite 3D 
models not perfectly mirroring in vivo conditions, evidence from various assays suggests they closely resemble 
them. Thus, employing 3D culture for tailored cancer therapies based on genetic mutations, altered pathways, 
and molecular patterns is pivotal for advanced personalized treatment.

Conclusion
According to the two null argumentative hypotheses that were posed at the beginning of this study, we can con-
clude the following. A significant variation between CRC cell line cultured in 2D and 3D models existed which 
is related to proliferation, expression of genes associated with tumorgenicity, cytotoxicity, pattern of methylation 
and miRNA expression. RNA sequencing, gene expression analysis, and functional enrichment analysis convinc-
ingly demonstrated that 2D and 3D models were significantly different, the first hypothesis was disapproved. 
The second hypothesis is still controversial, by comparing 2D/3D cultures with FFPE samples, both 2D and 3D 
were clustered in one group, whereas FFPE clustered in a distinct group.

Data availability
All data and materials supporting the conclusions of this research are available in the article including supple-
mentary files. The datasets generated and/or analysed during the current study are available in NCBI—Bioproject 
repository, PRJNA1020799.

Received: 5 May 2023; Accepted: 16 October 2023

References
	 1.	 Matthews, H., Hanison, J. & Nirmalan, N. “Omics”-informed drug and biomarker discovery: Opportunities, challenges and future 

perspectives. Proteomes https://​doi.​org/​10.​3390/​prote​omes4​030028 (2016).
	 2.	 Réda, C., Kaufmann, E. & Delahaye-Duriez, A. Machine learning applications in drug development. Comput. Struct. Biotechnol. 

J. 18, 241–252. https://​doi.​org/​10.​1016/j.​csbj.​2019.​12.​006 (2020).
	 3.	 Dhandapani, M. & Goldman, A. Preclinical cancer models and biomarkers for drug development: New technologies and emerging 

tools. J. Mol. Biomark. Diagn. 8, 1. https://​doi.​org/​10.​4172/​2155-​9929.​10003​56 (2017).
	 4.	 Piro, G. et al. Pancreatic cancer patient-derived organoid platforms: A clinical tool to study cell- and non-cell-autonomous mecha-

nisms of treatment response. Front. Med. 8, 793144. https://​doi.​org/​10.​3389/​fmed.​2021.​793144 (2021).
	 5.	 Badr-Eldin, S. M., Aldawsari, H. M., Kotta, S., Deb, P. K. & Venugopala, K. N. Three-dimensional in vitro cell culture models for 

efficient drug discovery: Progress so far and future prospects. Pharmaceuticals (Basel) 15, 926 (2022).
	 6.	 Schoenhacker-Alte, B. et al. Sensitivity towards the GRP78 inhibitor KP1339/IT-139 is characterized by apoptosis induction via 

caspase 8 upon disruption of ER homeostasis. Cancer Lett. 404, 79–88. https://​doi.​org/​10.​1016/j.​canlet.​2017.​07.​009 (2017).
	 7.	 Nicolas, J. et al. 3D extracellular matrix mimics: Fundamental concepts and role of materials chemistry to influence stem cell fate. 

Biomacromolecules 21, 1968–1994. https://​doi.​org/​10.​1021/​acs.​biomac.​0c000​45 (2020).
	 8.	 Özkan, H., Öztürk, D. G. & Korkmaz, G. Transcriptional factor repertoire of breast cancer in 3D cell culture models. Cancers 14, 

1023. https://​doi.​org/​10.​3390/​cance​rs140​41023 (2022).
	 9.	 Chen, L., Wei, X., Gu, D., Xu, Y. & Zhou, H. Human liver cancer organoids: Biological applications, current challenges, and pros-

pects in hepatoma therapy. Cancer Lett. 555, 216048. https://​doi.​org/​10.​1016/j.​canlet.​2022.​216048 (2023).
	10.	 Tse, H. M., Gardner, G., Dominguez-Bendala, J. & Fraker, C. A. The importance of proper oxygenation in 3D culture. Front. Bioeng. 

Biotechnol. 9, 634403. https://​doi.​org/​10.​3389/​fbioe.​2021.​634403 (2021).
	11.	 Kazimierczak, P. & Przekora, A. Bioengineered living bone grafts—A concise review on bioreactors and production techniques 

in vitro. Int. J. Mol. Sci. 23, 1765. https://​doi.​org/​10.​3390/​ijms2​30317​65 (2022).
	12.	 Gong, K. et al. Gap junctions mediate glucose transfer to promote colon cancer growth in three-dimensional spheroid culture. 

Cancer Lett. 531, 27–38. https://​doi.​org/​10.​1016/j.​canlet.​2022.​01.​023 (2022).

https://doi.org/10.3390/proteomes4030028
https://doi.org/10.1016/j.csbj.2019.12.006
https://doi.org/10.4172/2155-9929.1000356
https://doi.org/10.3389/fmed.2021.793144
https://doi.org/10.1016/j.canlet.2017.07.009
https://doi.org/10.1021/acs.biomac.0c00045
https://doi.org/10.3390/cancers14041023
https://doi.org/10.1016/j.canlet.2022.216048
https://doi.org/10.3389/fbioe.2021.634403
https://doi.org/10.3390/ijms23031765
https://doi.org/10.1016/j.canlet.2022.01.023


14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:18380  | https://doi.org/10.1038/s41598-023-45144-w

www.nature.com/scientificreports/

	13.	 Edmondson, R., Adcock, A. F. & Yang, L. Influence of matrices on 3D-cultured prostate cancer cells’ drug response and expression 
of drug-action associated proteins. PLoS ONE 11, e0158116. https://​doi.​org/​10.​1371/​journ​al.​pone.​01581​16 (2016).

	14.	 Białkowska, K., Komorowski, P., Bryszewska, M. & Miłowska, K. Spheroids as a type of three-dimensional cell cultures-examples 
of methods of preparation and the most important application. Int. J. Mol. Sci. 21, 6225. https://​doi.​org/​10.​3390/​ijms2​11762​25 
(2020).

	15.	 Germain, N., Dhayer, M., Dekiouk, S. & Marchetti, P. Current advances in 3D bioprinting for cancer modeling and personalized 
medicine. Int. J. Mol. Sci. 23, 3432. https://​doi.​org/​10.​3390/​ijms2​30734​32 (2022).

	16.	 Sen, C., Freund, D. & Gomperts, B. N. Three-dimensional models of the lung: past, present and future: A mini review. Biochem. 
Soc. Trans. 50, 1045–1056. https://​doi.​org/​10.​1042/​bst20​190569 (2022).

	17.	 Mirabelli, P., Coppola, L. & Salvatore, M. Cancer cell lines are useful model systems for medical research. Cancers 11, 1098. https://​
doi.​org/​10.​3390/​cance​rs110​81098 (2019).

	18.	 Ferrante, G. et al. Pharmacogenomics: A step forward precision medicine in childhood asthma. Genes 13, 599. https://​doi.​org/​10.​
3390/​genes​13040​599 (2022).

	19.	 Nance, R. L. et al. Transcriptomic analysis of canine osteosarcoma from a precision medicine perspective reveals limitations of 
differential gene expression studies. Genes 13, 680. https://​doi.​org/​10.​3390/​genes​13040​680 (2022).

	20.	 Alarcon-Barrera, J. C., Kostidis, S., Ondo-Mendez, A. & Giera, M. Recent advances in metabolomics analysis for early drug devel-
opment. Drug Discov. Today 27, 1763–1773. https://​doi.​org/​10.​1016/j.​drudis.​2022.​02.​018 (2022).

	21.	 Iwata, M. et al. Predicting drug-induced transcriptome responses of a wide range of human cell lines by a novel tensor-train 
decomposition algorithm. Bioinformatics 35, i191–i199. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btz313%​JBioi​nform​atics (2019).

	22.	 Xia, X., Li, F., He, J., Aji, R. & Gao, D. Organoid technology in cancer precision medicine. Cancer Lett. 457, 20–27. https://​doi.​org/​
10.​1016/j.​canlet.​2019.​04.​039 (2019).

	23.	 Buechler, S. A. et al. ColoType: A forty gene signature for consensus molecular subtyping of colorectal cancer tumors using whole-
genome assay or targeted RNA-sequencing. Sci. Rep. 10, 12123. https://​doi.​org/​10.​1038/​s41598-​020-​69083-y (2020).

	24.	 Knight, V. B. & Serrano, E. E. Expression analysis of RNA sequencing data from human neural and glial cell lines depends on 
technical replication and normalization methods. BMC Bioinf. 19, 412. https://​doi.​org/​10.​1186/​s12859-​018-​2382-0 (2018).

	25.	 Alarcón-Zendejas, A. P. et al. The promising role of new molecular biomarkers in prostate cancer: From coding and non-coding 
genes to artificial intelligence approaches. Prostate Cancer Prostatic Dis. 25, 431–443. https://​doi.​org/​10.​1038/​s41391-​022-​00537-2 
(2022).

	26.	 Verma, P. & Shakya, M. Machine learning model for predicting Major Depressive Disorder using RNA-Seq data: Optimization of 
classification approach. Cognit. Neurodyn. 16, 443–453. https://​doi.​org/​10.​1007/​s11571-​021-​09724-8 (2022).

	27.	 Kaur, S. et al. RNA-seq-based transcriptomics study to investigate the genes governing nitrogen use efficiency in Indian wheat 
cultivars. Front. Genet. 13, 853910. https://​doi.​org/​10.​3389/​fgene.​2022.​853910 (2022).

	28.	 Shifman, B. M., Platonova, N. M., Vasilyev, E. V., Abdulkhabirova, F. M. & Kachko, V. A. Circular RNAs and thyroid cancer: Closed 
molecules, open possibilities. Crit. Rev. Oncol. Hematol. 173, 103662. https://​doi.​org/​10.​1016/j.​critr​evonc.​2022.​103662 (2022).

	29.	 Sulaiman, G. M. et al. Hesperidin loaded on gold nanoparticles as a drug delivery system for a successful biocompatible, anti-cancer, 
anti-inflammatory and phagocytosis inducer model. Sci. Rep. 10(1), 9362 (2020).

	30.	 Sulaiman, G. M. In vitro study of molecular structure and cytotoxicity effect of luteolin in the human colon carcinoma cells. Eur. 
Food Res. Technol. 241(1), 83–90 (2015).

	31.	 Kokkat, T. J., Patel, M. S., McGarvey, D., LiVolsi, V. A. & Baloch, Z. W. Archived formalin-fixed paraffin-embedded (FFPE) blocks: 
A valuable underexploited resource for extraction of DNA, RNA, and protein. Biopreserv. Biobank. 11, 101–106. https://​doi.​org/​
10.​1089/​bio.​2012.​0052 (2013).

	32.	 Pothuraju, R. et al. Depletion of transmembrane mucin 4 (Muc4) alters intestinal homeostasis in a genetically engineered mouse 
model of colorectal cancer. Aging 14, 2025–2046. https://​doi.​org/​10.​18632/​aging.​203935 (2022).

	33.	 Souza, A. G. et al. Comparative assay of 2D and 3D cell culture models: Proliferation, gene expression and anticancer drug response. 
Current Pharm. Des. 24, 1689–1694. https://​doi.​org/​10.​2174/​13816​12824​66618​04041​52304 (2018).

	34.	 Zhang, J., Hu, S. & Li, Y. KRT18 is correlated with the malignant status and acts as an oncogene in colorectal cancer. Biosci. Rep. 
https://​doi.​org/​10.​1042/​bsr20​190884 (2019).

	35.	 Andersen, C. L., Jensen, J. L. & Ørntoft, T. F. Normalization of real-time quantitative reverse transcription-PCR data: A model-based 
variance estimation approach to identify genes suited for normalization, applied to bladder and colon cancer data sets. Cancer Res. 
64, 5245–5250. https://​doi.​org/​10.​1158/​0008-​5472.​Can-​04-​0496 (2004).

	36.	 Jabir, M. S. et al. Green synthesis of silver nanoparticles using Annona muricata extract as an inducer of apoptosis in cancer cells 
and inhibitor for NLRP3 inflammasome via enhanced autophagy. Nanomaterials 11(2), 384 (2021).

	37.	 Jalili, V. et al. The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2020 update. Nucleic Acids 
Res. 48, W395-w402. https://​doi.​org/​10.​1093/​nar/​gkaa4​34 (2020).

	38.	 Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120. 
https://​doi.​org/​10.​1093/​bioin​forma​tics/​btu170 (2014).

	39.	 Leggett, R. M., Ramirez-Gonzalez, R. H., Clavijo, B. J., Waite, D. & Davey, R. P. Sequencing quality assessment tools to enable 
data-driven informatics for high throughput genomics. Front. Genet. 4, 288. https://​doi.​org/​10.​3389/​fgene.​2013.​00288 (2013).

	40.	 Kim, D., Langmead, B. & Salzberg, S. L. HISAT: A fast spliced aligner with low memory requirements. Nature Methods 12, 357–360. 
https://​doi.​org/​10.​1038/​nmeth.​3317 (2015).

	41.	 Liao, Y., Smyth, G. K. & Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic 
features. Bioinformatics 30, 923–930. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btt656%​JBioi​nform​atics (2013).

	42.	 McCarthy, D. J., Chen, Y. & Smyth, G. K. Differential expression analysis of multifactor RNA-Seq experiments with respect to 
biological variation. Nucleic Acids Res. 40, 4288–4297. https://​doi.​org/​10.​1093/​nar/​gks042 (2012).

	43.	 Gu, Y. et al. Partitioning around medoids clustering and random forest classification for GIS-informed imputation of fluoride 
concentration data. Ann. Appl. Stat. 16, 551. https://​doi.​org/​10.​1214/​21-​AOAS1​516 (2022).

	44.	 Godugu, C. et al. AlgiMatrix™ based 3D cell culture system as an in-vitro tumor model for anticancer studies. PLoS ONE 8, e53708. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00537​08 (2013).

	45.	 Habanjar, O., Diab-Assaf, M., Caldefie-Chezet, F. & Delort, L. 3D cell culture systems: Tumor application, advantages, and disad-
vantages. Int. J. Mol. Sci. 22, 12200. https://​doi.​org/​10.​3390/​ijms2​22212​200 (2021).

	46.	 Mittler, F. et al. High-content monitoring of drug effects in a 3D spheroid model. Front. Oncol. 7, 293. https://​doi.​org/​10.​3389/​
fonc.​2017.​00293 (2017).

	47.	 Luca, A. C. et al. Impact of the 3D microenvironment on phenotype, gene expression, and EGFR inhibition of colorectal cancer 
cell lines. PLoS ONE 8, e59689. https://​doi.​org/​10.​1371/​journ​al.​pone.​00596​89 (2013).

	48.	 Hongisto, V. et al. High-throughput 3D screening reveals differences in drug sensitivities between culture models of JIMT1 breast 
cancer cells. PLoS ONE 8, e77232. https://​doi.​org/​10.​1371/​journ​al.​pone.​00772​32 (2013).

	49.	 Gustafsson, A. et al. Patient-derived scaffolds as a drug-testing platform for endocrine therapies in breast cancer. Sci. Rep. 11, 
13334. https://​doi.​org/​10.​1038/​s41598-​021-​92724-9 (2021).

	50.	 Verma, A., Verma, M. & Singh, A. Chapter 14—Animal tissue culture principles and applications. In Animal Biotechnology 2nd 
edn (eds Verma, A. S. & Singh, A.) 269–293 (Academic Press, 2020).

https://doi.org/10.1371/journal.pone.0158116
https://doi.org/10.3390/ijms21176225
https://doi.org/10.3390/ijms23073432
https://doi.org/10.1042/bst20190569
https://doi.org/10.3390/cancers11081098
https://doi.org/10.3390/cancers11081098
https://doi.org/10.3390/genes13040599
https://doi.org/10.3390/genes13040599
https://doi.org/10.3390/genes13040680
https://doi.org/10.1016/j.drudis.2022.02.018
https://doi.org/10.1093/bioinformatics/btz313%JBioinformatics
https://doi.org/10.1016/j.canlet.2019.04.039
https://doi.org/10.1016/j.canlet.2019.04.039
https://doi.org/10.1038/s41598-020-69083-y
https://doi.org/10.1186/s12859-018-2382-0
https://doi.org/10.1038/s41391-022-00537-2
https://doi.org/10.1007/s11571-021-09724-8
https://doi.org/10.3389/fgene.2022.853910
https://doi.org/10.1016/j.critrevonc.2022.103662
https://doi.org/10.1089/bio.2012.0052
https://doi.org/10.1089/bio.2012.0052
https://doi.org/10.18632/aging.203935
https://doi.org/10.2174/1381612824666180404152304
https://doi.org/10.1042/bsr20190884
https://doi.org/10.1158/0008-5472.Can-04-0496
https://doi.org/10.1093/nar/gkaa434
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.3389/fgene.2013.00288
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1093/bioinformatics/btt656%JBioinformatics
https://doi.org/10.1093/nar/gks042
https://doi.org/10.1214/21-AOAS1516
https://doi.org/10.1371/journal.pone.0053708
https://doi.org/10.3390/ijms222212200
https://doi.org/10.3389/fonc.2017.00293
https://doi.org/10.3389/fonc.2017.00293
https://doi.org/10.1371/journal.pone.0059689
https://doi.org/10.1371/journal.pone.0077232
https://doi.org/10.1038/s41598-021-92724-9


15

Vol.:(0123456789)

Scientific Reports |        (2023) 13:18380  | https://doi.org/10.1038/s41598-023-45144-w

www.nature.com/scientificreports/

	51.	 Luo, L. et al. A novel 3D culture model of human ASCs reduces cell death in spheroid cores and maintains inner cell proliferation 
compared with a nonadherent 3D culture. Front. Cell Dev. Biol. 9, 737275. https://​doi.​org/​10.​3389/​fcell.​2021.​737275 (2021).

	52.	 Lagies, S. et al. Cells grown in three-dimensional spheroids mirror in vivo metabolic response of epithelial cells. Commun. Biol. 
3, 246. https://​doi.​org/​10.​1038/​s42003-​020-​0973-6 (2020).

	53.	 Melissaridou, S. et al. The effect of 2D and 3D cell cultures on treatment response, EMT profile and stem cell features in head and 
neck cancer. Cancer Cell Int. 19, 16. https://​doi.​org/​10.​1186/​s12935-​019-​0733-1 (2019).

	54.	 Niu, L., Gao, C. & Li, Y. Identification of potential core genes in colorectal carcinoma and key genes in colorectal cancer liver 
metastasis using bioinformatics analysis. Sci. Rep. 11, 23938. https://​doi.​org/​10.​1038/​s41598-​021-​03395-5 (2021).

	55.	 Boghaert, E. R. et al. The volume of three-dimensional cultures of cancer cells in vitro influences transcriptional profile differences 
and similarities with monolayer cultures and xenografted tumors. Neoplasia 19, 695–706. https://​doi.​org/​10.​1016/j.​neo.​2017.​06.​
004 (2017).

	56.	 Liang, Z. & Li, X. Identification of ANXA1 as a potential prognostic biomarker and correlating with immune infiltrates in colorectal 
cancer. Autoimmunity 54, 76–87. https://​doi.​org/​10.​1080/​08916​934.​2021.​18871​48 (2021).

	57.	 Bhattacharya, S., Calar, K. & de la Puente, P. Mimicking tumor hypoxia and tumor-immune interactions employing three-dimen-
sional in vitro models. J. Exp. Clin. Cancer Res. 39, 75. https://​doi.​org/​10.​1186/​s13046-​020-​01583-1 (2020).

	58.	 Dastych, M. et al. Overexpression of CD44v8-10 in Colon Polyps—A possible key to early diagnosis. Pathol. Oncol. Res. POR 27, 
614281. https://​doi.​org/​10.​3389/​pore.​2021.​614281 (2021).

	59.	 Zygulska, A. L. & Pierzchalski, P. Novel diagnostic biomarkers in colorectal cancer. Int. J. Mol. Sci. 23, 852. https://​doi.​org/​10.​3390/​
ijms2​30208​52 (2022).

	60.	 Koshkin, S. A. et al. Isolation and characterization of human colon adenocarcinoma stem-like cells based on the endogenous 
expression of the stem markers. Int. J. Mol. Sci. 22, 4682. https://​doi.​org/​10.​3390/​ijms2​20946​82 (2021).

	61.	 Ghatak, S., Hascall, V. C., Markwald, R. R. & Misra, S. FOLFOX therapy induces feedback upregulation of CD44v6 through YB-1 
to maintain stemness in colon initiating cells. Int. J. Mol. Sci. 22, 753. https://​doi.​org/​10.​3390/​ijms2​20207​53 (2021).

	62.	 Blanas, A. et al. FUT9-driven programming of colon cancer cells towards a stem cell-like state. Cancers 12, 2580. https://​doi.​org/​
10.​3390/​cance​rs120​92580 (2020).

	63.	 Farhangian, P., Jahandoost, S., Mowla, S. J. & Khalili, M. Differential expression of long non-coding RNA SOX2OT in gastric 
adenocarcinoma. Cancer Biomark. Sect. A Dis. Mark. 23, 221–225. https://​doi.​org/​10.​3233/​cbm-​181325 (2018).

	64.	 Lovitt, C. J., Shelper, T. B. & Avery, V. M. Doxorubicin resistance in breast cancer cells is mediated by extracellular matrix proteins. 
BMC Cancer 18, 41. https://​doi.​org/​10.​1186/​s12885-​017-​3953-6 (2018).

	65.	 Samimi, H. et al. Alginate-based 3D cell culture technique to evaluate the half-maximal inhibitory concentration: An in vitro 
model of anticancer drug study for anaplastic thyroid carcinoma. Thyroid Res. 14, 27. https://​doi.​org/​10.​1186/​s13044-​021-​00118-w 
(2021).

	66.	 Sheta, R. et al. Development of a 3D functional assay and identification of biomarkers, predictive for response of high-grade serous 
ovarian cancer (HGSOC) patients to poly-ADP ribose polymerase inhibitors (PARPis): Targeted therapy. J. Transl. Med. 18, 439. 
https://​doi.​org/​10.​1186/​s12967-​020-​02613-4 (2020).

	67.	 Wang, S. et al. DNA methylation is a common molecular alteration in colorectal cancer cells and culture method has no influence 
on DNA methylation. Exp. Ther. Med. 15, 3173–3180. https://​doi.​org/​10.​3892/​etm.​2018.​5809 (2018).

	68.	 Joshi, R. et al. The DNA methylation landscape of human cancer organoids available at the American type culture collection. 
Epigenetics 15, 1167–1177. https://​doi.​org/​10.​1080/​15592​294.​2020.​17623​98 (2020).

	69.	 Hu, C., Liu, X., Zeng, Y., Liu, J. & Wu, F. DNA methyltransferase inhibitors combination therapy for the treatment of solid tumor: 
Mechanism and clinical application. Clin. Epigenetics 13, 166. https://​doi.​org/​10.​1186/​s13148-​021-​01154-x (2021).

	70.	 Şükrüoğlu Erdoğan, Ö. et al. Methylation changes of primary tumors, monolayer, and spheroid tissue culture environments in 
malignant melanoma and breast carcinoma. BioMed. Res. Int. 2019, 1407167. https://​doi.​org/​10.​1155/​2019/​14071​67 (2019).

	71.	 Wang, S., Wu, W. & Claret, F. X. Mutual regulation of microRNAs and DNA methylation in human cancers. Epigenetics 12(3), 
187–197. https://​doi.​org/​10.​1080/​15592​294.​2016.​12733​08 (2017).

	72.	 Dhar, G. A., Saha, S., Mitra, P. & Nag, C. R. DNA methylation and regulation of gene expression: Guardian of our health. Nucleus 
(Calcutta) 64(3), 259–270. https://​doi.​org/​10.​1007/​s13237-​021-​00367-y (2021).

	73.	 Catalanotto, C., Cogoni, C. & Zardo, G. MicroRNA in control of gene expression: An overview of nuclear functions. Int. J. Mol. 
Sci. 17(10), 1712. https://​doi.​org/​10.​3390/​ijms1​71017​12 (2016).

	74.	 Li, A. & Yang, P. M. Overexpression of miR-21-5p in colorectal cancer cells promotes self-assembly of E-cadherin-dependent 
multicellular tumor spheroids. Tissue and Cell 65, 101365. https://​doi.​org/​10.​1016/j.​tice.​2020.​101365 (2020).

	75.	 Cui, Y., She, K., Tian, D., Zhang, P. & Xin, X. miR-146a inhibits proliferation and enhances chemosensitivity in epithelial ovarian 
cancer via reduction of SOD2. Oncol. Res. 23, 275–282. https://​doi.​org/​10.​3727/​09650​4016x​14562​72537​3798 (2016).

	76.	 Yu, H. et al. MicroRNA-155 regulates the proliferation, cell cycle, apoptosis and migration of colon cancer cells and targets CBL. 
Exp. Ther. Med. 14, 4053–4060. https://​doi.​org/​10.​3892/​etm.​2017.​5085 (2017).

	77.	 Silva-Almeida, C., Ewart, M.-A. & Wilde, C. 3D gastrointestinal models and organoids to study metabolism in human colon cancer. 
Seminars Cell Dev. Biol. 98, 98–104. https://​doi.​org/​10.​1016/j.​semcdb.​2019.​05.​019 (2020).

	78.	 Menon, N. et al. Heparin-based hydrogel scaffolding alters the transcriptomic profile and increases the chemoresistance of MDA-
MB-231 triple-negative breast cancer cells. Biomater. Sci. 8, 2786–2796. https://​doi.​org/​10.​1039/​c9bm0​1481k (2020).

	79.	 Suarez-Martinez, E., Suazo-Sanchez, I., Celis-Romero, M. & Carnero, A. 3D and organoid culture in research: Physiology, heredi-
tary genetic diseases and cancer. Cell Biosci. 12, 39. https://​doi.​org/​10.​1186/​s13578-​022-​00775-w (2022).

	80.	 Breslin, S. & O’Driscoll, L. The relevance of using 3D cell cultures, in addition to 2D monolayer cultures, when evaluating breast 
cancer drug sensitivity and resistance. Oncotarget 7, 45745–45756. https://​doi.​org/​10.​18632/​oncot​arget.​9935 (2016).

	81.	 Kapałczyńska, M. et al. 2D and 3D cell cultures—A comparison of different types of cancer cell cultures. Arch. Med. Sci. 14, 
910–919. https://​doi.​org/​10.​5114/​aoms.​2016.​63743 (2018).

Acknowledgements
The research was approved by College of Biotechnology et al.-Naharin University (Approval No. COB 375-2021).

Author contributions
Conceptualization and Validation, Z.N.A. Conceptualization, Methodology and experimental design, Super-
vision, Data analysis, A.Z.A. Funding acquisition, Resources, Sample and data collection, S.M.J. Supervision, 
Validation, Draft Preparation, G.M.S. All authors were responsible for writing, reviewing, editing, and approving 
the published version of the manuscript.

Competing interests 
The authors declare no competing interests.

https://doi.org/10.3389/fcell.2021.737275
https://doi.org/10.1038/s42003-020-0973-6
https://doi.org/10.1186/s12935-019-0733-1
https://doi.org/10.1038/s41598-021-03395-5
https://doi.org/10.1016/j.neo.2017.06.004
https://doi.org/10.1016/j.neo.2017.06.004
https://doi.org/10.1080/08916934.2021.1887148
https://doi.org/10.1186/s13046-020-01583-1
https://doi.org/10.3389/pore.2021.614281
https://doi.org/10.3390/ijms23020852
https://doi.org/10.3390/ijms23020852
https://doi.org/10.3390/ijms22094682
https://doi.org/10.3390/ijms22020753
https://doi.org/10.3390/cancers12092580
https://doi.org/10.3390/cancers12092580
https://doi.org/10.3233/cbm-181325
https://doi.org/10.1186/s12885-017-3953-6
https://doi.org/10.1186/s13044-021-00118-w
https://doi.org/10.1186/s12967-020-02613-4
https://doi.org/10.3892/etm.2018.5809
https://doi.org/10.1080/15592294.2020.1762398
https://doi.org/10.1186/s13148-021-01154-x
https://doi.org/10.1155/2019/1407167
https://doi.org/10.1080/15592294.2016.1273308
https://doi.org/10.1007/s13237-021-00367-y
https://doi.org/10.3390/ijms17101712
https://doi.org/10.1016/j.tice.2020.101365
https://doi.org/10.3727/096504016x14562725373798
https://doi.org/10.3892/etm.2017.5085
https://doi.org/10.1016/j.semcdb.2019.05.019
https://doi.org/10.1039/c9bm01481k
https://doi.org/10.1186/s13578-022-00775-w
https://doi.org/10.18632/oncotarget.9935
https://doi.org/10.5114/aoms.2016.63743


16

Vol:.(1234567890)

Scientific Reports |        (2023) 13:18380  | https://doi.org/10.1038/s41598-023-45144-w

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​45144-w.

Correspondence and requests for materials should be addressed to A.Z.A.-S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-45144-w
https://doi.org/10.1038/s41598-023-45144-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Comparative analysis between 2D and 3D colorectal cancer culture models for insights into cellular morphological and transcriptomic variations
	Materials and methods
	Cell lines, tissue samples and therapeutics
	Cell proliferation assay
	Cellular apoptosis analysis
	RNA extraction and purification
	Reverse transcriptase qPCR (RT-qPCR) experiment
	LDH cytotoxicity assay
	Detection of global DNA methylation
	Genomic DNA extraction
	DNA methylation assay

	RNA sequencing and data mining
	Statistical analysis

	Results
	Cell culture and cell proliferation
	Cellular apoptosis profile in 2D and 3D cultures
	Expression of ANXA1, CD44, KRT18, OCT4, and SOX2OT Genes
	Cellular response to anticancer drugs
	DNA methylation comparison in 2D, 3D, and FFPE
	miRNA expression analysis
	Transcriptomic analysis

	Discussion
	Conclusion
	References
	Acknowledgements


