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Abstract 

Despite advancements in treatment protocols, cancer is one of the leading cause of deaths worldwide. Therefore, 
there is a need to identify newer and personalized therapeutic targets along with screening technologies to combat 
cancer. With the advent of pan-omics technologies, such as genomics, transcriptomics, proteomics, metabolomics, 
and lipidomics, the scientific community has witnessed an improved molecular and metabolomic understand-
ing of various diseases, including cancer. In addition, three-dimensional (3-D) disease models have been efficiently 
utilized for understanding disease pathophysiology and as screening tools in drug discovery. An integrated approach 
utilizing pan-omics technologies and 3-D in vitro tumor models has led to improved understanding of the intricate 
network encompassing various signalling pathways and molecular cross-talk in solid tumors. In the present review, 
we underscore the current trends in omics technologies and highlight their role in understanding genotypic-phe-
notypic co-relation in cancer with respect to 3-D in vitro tumor models. We further discuss the challenges associated 
with omics technologies and provide our outlook on the future applications of these technologies in drug discovery 
and precision medicine for improved management of cancer.
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Graphical Abstract

Introduction
Cancer is a global public health concern and accounts for 
approximately 10 million deaths worldwide [1]. Accord-
ing to the World Health Organization, estimated number 
of new cases will rise to 30.2 million by 2040 [1], thereby 
demanding newer drug targets, screening modalities for 
improved high-throughput drug discovery pipelines, and 
better treatment regimens for personalized medicine. In 
this regard, recent studies have utilized pan-omics tech-
nologies such as genomics, epigenomics, transcriptom-
ics, proteomics, metabolomics, and lipidomics toward 
precise unravelling of disease pathophysiology as well as 
identifying newer drug targets. In addition, drug discov-
ery and development encompass several stages that are 
associated with high costs as well as long duration [2]. 
Toward this, the recent decade has witnessed numer-
ous high-throughput screening platforms for novel drug 
identification. Traditionally, drug screening and evalu-
ation of anti-cancer drugs include investigations using 
conventional methods such as two-dimensional (2-D) 
culture of cancer cells and in vivo xenograft mouse mod-
els. The 2-D culture of cancer cells has the advantage of 
being simple and cost-effective and hence it is imple-
mented in various functional tests for understanding 
disease pathophysiology and identification of new thera-
peutic targets [3]. However, these models do not mimic 
the native state of the tissue or the tumor since they lack 

appropriate cell–cell and cell-extracellular matrix (ECM) 
interaction [4]. Although, in  vivo models demonstrate 
appropriate cell–cell and cell-ECM interaction they 
are linked with ethical constraints, high investments, 
increased incubation periods, and difficulty in discern-
ing stages of developing metastasis. Therefore, there has 
been a paradigm shift toward the use of technologies that 
support the three-dimensional (3-D) culture of cancer 
cells under in vitro conditions. Tumor models based on 
the 3-D culture of cancer cells have been shown to reca-
pitulate the complexities of the in  vivo tumors such as 
hypoxia and cell–cell or cell-ECM interactions, toward 
improved genotype–phenotype relationship analyses 
[5–7]. In addition, cancer therapy has transitioned to 
individualized precision medicine approaches through 
identification of therapies based on the unique biology of 
patients and is dependent upon the prediction of unique 
molecular signatures that eventually drive optimal treat-
ment regimen. Previous studies have demonstrated the 
integration of robust preclinical 3-D in  vitro disease 
models with patient’s omics profiling toward identifica-
tion of effective treatment strategies [8–10].

In the light of drug discovery and precision medicine, 
this review will discuss the potential application of inte-
grating 3-D in vitro tumor models with pan-omics tech-
nologies for improved cancer therapy. The review will 
further elucidate various bioinformatic databases that 
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can assist in the effective implementation of personalized 
therapies in cancer. Toward the end, an outlook demon-
strating the application of pan-omics and 3-D in  vitro 
tumor models relevant to drug development and preci-
sion medicine is highlighted.

Omics and 3‑D in vitro tumor models: focus 
on drug discovery
Increased costs of chemotherapeutic agents are attrib-
uted to the associated complexities of clinical trials and 
regulatory requirements. Moreover, unlike other drugs, 
chemotherapeutic drugs are associated with low success 
rates from bench side to the clinic often due to lack of 
translation of appropriate pre-clinical models. Drug dis-
covery is a long process that encompasses a series of pre-
clinical models and tests followed by clinical trials which 
demands physiologically relevant screening tools to 
improve the success rate. With the advent of multi-omics 
approach and 3-D in vitro tumor models, the time period 
between target discovery and clinical application of 
respective targeted therapy has significantly reduced [11].

In the search for new targets, evaluation of biologi-
cal samples at the level of genes, transcripts, proteins, 
metabolites, and their interaction networks is now pos-
sible especially with the advent of omics technology [12]. 
In particular, genome-wide association studies (GWASs), 
whole genome sequencing, and transcriptome analysis 
represent crucial methods to identify and validate new 
pharmacological targets since they can offer a methodi-
cal approach to assess their therapeutic efficacy and 
associated adverse effects [13]. Recent developments in 
sequencing, microarray, and mass spectrometry (MS) 
technology enable researchers to understand the under-
lying molecular processes involved in complex diseases 
and determine therapeutic targets, understand their 
mode of action, and further evaluate the adverse effects. 
Eventually, the pan-omics technology and investigations 
offer crucial data for the delivery of tailored treatment.

Drug testing utilizing omics technology for 3-D culture 
models, such as 3-D spheroids, patient-derived explants, 
patient-derived organoids (PDO), scaffold-based cul-
tures, 3-D bioprinted models and organ-on-a-chip 

models, offers a functional medicine perspective and 
is an essential component to genomic testing [14]. The 
ideal 3-D tumor model incorporates traits of the host’s 
immune system and the tumor’s genetic features in a tis-
sue-specific context to replicate the tumor microenviron-
ment. The tumor microenvironment is composed of the 
ECM and stromal cells including immune cells, cancer-
associated fibroblasts, pericytes, endothelial cells, adipo-
cytes, epithelial cells and nerve cells. Through the release 
of chemokines, growth factors, and regulatory molecules 
including microRNAs (miRNAs), the stromal cells inter-
act with one another as well as the tumor cells, and con-
tribute to tumor growth, proliferation, metastasis, and 
chemoresistance [15]. Therefore, it is critical to develop a 
3-D tumor model based on the components of the tumor 
stroma for improved recapitulation of the parent tumor 
and for pre-clinical drug testing studies [16]. Integrating 
omics technologies with 3-D disease models to elucidate 
the complex links between genotype and phenotype of 
cancer cells have huge potential in terms of high through-
put drug screening and drug discovery.

In the upcoming sections, we will discuss the role 
of various omics technologies in drug screening, drug 
discovery, and precision medicine using 3-D in  vitro 
tumor models. Figure 1 depicts the amalgamation of 3-D 
in vitro tumor models and various omics approaches for 
drug discovery and precision medicine.

Genomics and 3‑D in vitro tumor models
Sequencing the target genome using various genomic 
methods such as DNA microarray, Sanger sequenc-
ing, next-generation sequencing (NGS), and third-
generation of long reads sequencing (TGS) have been 
applied to elucidate the inter-individual changes at the 
somatic and germline level [18, 19]. With the advent of 
high-throughput sequencing methodologies, The Can-
cer Genome Atlas (TCGA) facilitated transformation 
and acceleration of personalized medicine by molecu-
lar characterization of over 20,000 primary cancers 
and matched normal samples across 33 cancer groups, 
and generated huge genomic, epigenomic, transcrip-
tomic, and proteomic data, leading to the identification 

(See figure on next page.)
Fig. 1 Integration of patient-derived 3-D in vitro tumor models and pan-omics techniques for drug discovery and precision medicine. 
The figure depicts the workflow for integration of pan-omics technology and 3-D in vitro tumor models for application in drug discovery 
and precision medicine. In the first step, 3-D in vitro tumor models are generated and can be based on scaffolds, 3-D spheroids, 3-D organoids 
and organ-on-a-chip models with the utilization of the tissue samples obtained from patient tissue biopsy, surgically resected tissues and peritoneal 
metastasis [17]. Thereafter, the 3-D in vitro tumor models are subjected to various omics techniques including genomics, transcriptomics, 
proteomics, lipidomics or metabolomics. The data generated by these pan-omics techniques is then filtered, aligned and analyzed using 
various bioinformatics tools and also compared with parent tumor tissue. The data can then be applied to discover novel therapeutic targets 
for diagnostic and therapeutic monitoring of cancer patients. The data can also be used to assist in clinical decision making for administration 
of chemotherapeutic agents thereby aiding in precision medicine. Figure created with BioRender.com



Page 4 of 24Jose et al. Molecular Cancer           (2024) 23:50 

of potential therapeutic targets for cancer treatment 
[20]. Various researchers have reported the integration 
of genomics with 3-D in  vitro tumor models in drug 

discovery and precision medicine through the identi-
fication of tumor biomarkers, gene expression profil-
ing, single nucleotide polymorphism detection, genes 

Fig. 1 (See legend on previous page.)
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associated with chemoresistance and prediction of drug 
response [21, 22]. Initial studies have integrated genom-
ics data obtained using microarray technology for the 
characterization of 3-D models [23–28]. As an example, 
DNA microarray compared the gene expression profiles 
in a well-characterized breast cancer-based 3-D model 
with a 2-D monolayer culture following treatment with 
anti-cancer drugs such as doxorubicin, paclitaxel, and 
tamoxifen [23]. The 3-D model showed enhanced resist-
ance to chemotherapy relative to the 2-D culture sug-
gesting that the 3-D model recapitulated the cellular 
structure, phenotypic heterogeneity of cancer cells and 
the ECM barrier to drug transport, that eventually con-
tributed to chemotherapy resistance [23]. Microarray 
has also been used to evaluate the role of hypoxia in 3-D 
tumor models and demonstrated prominent interde-
pendence between culture dimensionality and hypoxia 
response, partially mediated by pro-inflammatory sig-
nalling pathways [24].

In addition, multiparametric genomic analysis using 
NGS has been utilized for disease subtype classification 
and comparison of the disease model to patient tumor 
data [29–34]. Several studies have used whole genome 
sequencing (WGS) and whole exome sequencing (WES) 
to identify the mutational landscape of tumor models and 
to confirm whether the model maintains molecular char-
acteristics of the disease subtype [35–37]. The Englan-
der Institute for Precision Medicine unveiled a platform 
technology using uterine and colon cancer patient-
derived tumor organoid living biobank and integrated 
WES with high throughput drug screening to iden-
tify the most effective treatment options for individual 
patients [10]. In another study, Calandrini et al. reported 
organoid models of pediatric kidney cancer, which were 
characterized using histology, WGS, RNA sequencing 
(RNA-seq), DNA methylation profiling, and single-cell 
RNA-sequencing (scRNA-seq) analyses further sup-
porting the integrative platform in patient-specific drug 
sensitivity for informed clinical decision making [38]. 
Recently, Cho et  al. incorporated the application of 
genomics techniques and omics databases in a large set 
of colorectal cancer organoids (CCO) and identified the 
importance of intrinsic immuno-genomic characteristics 
that affect tumor immune microenvironment (TIME). 
The CCOs not only recapitulated the genetic profiles of 
primary tumors, but also identified two distinct intrinsic 
molecular subgroups of highly proliferative and mesen-
chymal phenotypes of colorectal cancer. Furthermore, 
authors discovered that TIME phenotype was associ-
ated with microsatellite instability, Wnt/β-catenin signal-
ling, and APC/KRAS mutations thereby demonstrating 
the application of tumor organoids in developing novel 
immunological strategies for precise patient stratification 

[31]. In conclusion, living biobanks based on 3-D in vitro 
tumor models can provide novel therapeutic options not 
only for the subsequent assessment in clinical trials but 
also for adjuvant therapies that can further guide clini-
cal decision-making for individual patients with limited 
clinical treatment options.

With the help of validated 3-D in vitro tumor models 
and sequencing approaches, it is now possible to iden-
tify the specific genomic drivers that contribute to drug 
sensitivity and therapeutic response [39–43]. One such 
study developed pancreatic cancer PDOs that mimicked 
the mutational spectrum, transcriptional subtypes of pri-
mary tumors as well as therapeutic response with patient 
outcomes thereby enabling prospective therapeutic selec-
tion [39]. In another study, Mitra et al. performed whole 
genome miRNA-microarray profiling in retinoblas-
toma cell line-based surface-engineered, biodegradable 
polymeric microparticles and revealed altered gene and 
miRNA expression such as upregulation of various onco-
genes including MYCN, ERBB3, and IGFBP5 followed 
by overexpression of collagen, laminin and fibronec-
tin; increased expression of ECM could cause variation 
in drug effects [40]. Moreover, an advanced organoid-
based platform was established for pooled CRISPR-Cas9 
screening, to carry out high-throughput genetic testing 
and functional identification of tumor drivers [41].

Another exciting application of integrating 3-D in vitro 
tumor models with NGS is to assist clinicians in their 
decision-making toward the identification of patients 
suitable for targeted therapies. Several NGS-based 
in  vitro companion diagnostic tests (CDx) are currently 
used to identify eligible patients for PARPi therapies, 
considering BRCA1 and/or BRCA2 gene mutations. 
Patient-derived models are now frequently employed as 
a part of routine functional assays in clinical oncology to 
evaluate PARPi sensitivity and for the discovery of novel 
biomarkers to forecast patient clinical outcomes [44, 45]. 
A proposed integrative approach to evaluate PARPi sen-
sitivity used dose–response testing on patient-derived 
tumor organoids (PDTO) in conjunction with NGS. 
In this regard, a perspective study proposed that X-ray 
exposure to PDTOs could be used to evaluate homolo-
gous recombination capacity and identify patients who 
could potentially be benefited from PARPi therapy [46].

In conclusion, sequencing tools along with NGS dem-
onstrate potential in multiparametric genome analysis, 
identify genomic markers contributing to drug sensitiv-
ity, and aid clinicians in appropriate clinical decision-
making for improved patient care.

Transcriptomics and 3‑D in vitro tumor models
Transcriptomics studies have primarily been driven by 
bulk RNA sequencing (RNA-seq) to validate various 
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in vitro/in vivo models by comparing their profiles to the 
patient/parent tumor tissue [8, 47]. Since transcriptomics 
encompasses the post-transcriptional era, changes that 
are not discernible at the genomics level may become 
apparent at the transcriptomics level. Thus, in order to 
develop more dependable treatments, these alterations 
should be detected if they are pathogenically significant. 
Advanced techniques such as scRNA-seq provide a pre-
cise understanding of the genomic landscape in specific 
cancer patients for drug discovery and precision medi-
cine [48].

Many studies have reported the transcriptomic analy-
sis of PDOs to understand tumor heterogeneity, drug 
resistance and predict the response to chemotherapeutic 
drugs [49–55]. Transcriptomic studies enable a mecha-
nistic understanding of tumor pathophysiology as well as 
treatment response [39, 54, 56, 57]. Mastri et al. studied 
the transcriptome-based molecular classifications in the 
bladder cancer patient-derived xenografts, organoids, 
and spheroids [58]. In another study, the authors explored 
ex  vivo pharmacogenomic profiling of PDOs derived 
from liver metastasis of colorectal patients; herein, PDOs 
from 39 metastases from 22 individuals were further sub-
jected to drug sensitivity testing with 40 therapeutically 
relevant drugs followed by transcriptomic analysis. The 
authors identified three drug-response clusters within the 
metastatic colorectal cancer groups; this was based on 
sensitivities to epidermal growth factor receptor (EGFR) 
and/or murine double minute 2 (MDM2) inhibition, and 
correlating with RAS mutations as well as TP53 activity. 
However, there was a limited intra-patient heterogene-
ity in drug sensitivity between multiple liver metastases 
PDOs [59]. Recently, a genotype–phenotype mapping 
study based on patient-derived lung organoids was used 
to understand the Wnt dependency in lung adenocarci-
noma; authors demonstrated that the loss of the alveolar 
identity gene NKX2-1 increases the Wnt dependency in 
lung cancer, irrespective of the presence of EGFR muta-
tion. The study highlighted the potential of lung cancer 
organoid screening for Wnt targeting therapy with EGFR 
screening and various therapeutic strategies to combat 
lung cancer [60].

Advancements in transcriptomics has led to the 
application of single-cell transcriptomics in precision 
medicine by comprehending the cellular diversity pre-
sent in the tumor microenvironment and understand-
ing cell–cell interaction in complicated heterogeneous 
malignant tissues. In a study, Kim et al. investigated the 
intra-tumoral heterogeneity of two primary renal cell 
carcinomas and corresponding lung metastases using 
scRNA-seq. Based on the anticipated activation of mul-
tiple drug target pathways, the authors developed a com-
binatorial regimen co-targeting two pathways mutually 

exclusive for the metastatic cancer cells thereby demon-
strating the potential of scRNA-seq in the formulation of 
a treatment strategy [61]. Integration of scRNA-seq with 
3-D in  vitro tumor models has addressed the limitation 
of sample size and throughput. In fact, scientists have 
coupled DNA barcoding with microfluidic techniques for 
the creation of highly scalable systems in genome-wide 
scRNA-Seq [62, 63]. Another study integrated the 3-D 
cultures with scRNA-Seq to analyze the pancreatic ductal 
adenocarcinoma (PDAC) pathophysiology for drug 
screening and discovery [64] as well as opened potential 
paths for effective therapy discovery using laboratory-
engineered glioblastoma (GBM) organoids (LEGO) [65]. 
More specifically, in the latter study, the authors utilized 
the pan-omics approach including the scRNA tran-
scriptomics to not only characterize the LEGO but also 
define the genetic heterogeneity of the disease and vari-
ous mesenchymal signatures. Using this approach, the 
authors demonstrated that glycerol lipid programming is 
a hallmark of GBM and LEGO and showed its potential 
for identifying novel molecular features and personalized 
treatment of GBM [65]. Hence, such high throughput 
sequencing systems can not only infer the potential drug 
targets but can also be valuable for interpreting the drug 
response.

Besides mRNAs, microRNAs (miRNAs) are commonly 
dysregulated in human cancers and play a critical role 
in the regulation of various genes [66–72]. MiRNAs are 
abundantly secreted through exosomes and can effec-
tively mediate communication between cancer cells and 
normal cells, thereby contributing to cancer progres-
sion and metastasis [73, 74]. MiRNAs have been exten-
sively profiled in 3-D in vitro tumor models; Nagai et al. 
performed a comprehensive analysis of miRNA pro-
files of colorectal cancer organoids (CRC) and colorec-
tal adenoma (CRA). The authors found that exosomal 
miRNA signatures were differentially expressed in CRA 
and CRC organoids. More specifically, the expression of 
miR-1246 was higher in CRC-derived organoids than in 
CRA-derived organoids, suggesting the role of miR-1246 
in cancer progression [75]. Another group compared the 
exosomes produced by 2-D cell culture and 3-D sphe-
roids based on pancreatic cancer cell line, PANC-1. The 
authors demonstrated that exosomal miRNA and GPC-1 
expression derived from spheroids showed more features 
pertinent to the progression of pancreatic cancer, and 
it was demonstrated that PANC-1 cells cultured in 3-D 
spheroids produced more exosomes than PANC-1 2-D 
cells. These results suggest the possible value of spheroids 
as an in vitro model for the investigation of cancer devel-
opment and progression [76].

Taken together, transcriptomic analysis of the 3-D 
in  vitro tumor models not only demonstrates great 
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potential in identification of molecular subtypes, tumor 
heterogeneity and drug resistance but also predict 
response to chemotherapeutic agents thereby directing 
appropriate clinical decision making.

Proteomics and 3‑D in vitro tumor models
The study of all the proteins present in a cell, tissue, or 
organism under a certain, predetermined set of condi-
tions is known as proteomics. Identification of unknown 
proteins in a sample relies on three fundamental tech-
niques namely, fractionation of complicated protein or 
peptide mixtures, MS, and bioinformatics for processing 
and assembling the MS data [77]. Thus,  multiple pro-
teins within a sample can be quantitatively and qualita-
tively profiled using proteomics technique. The most 
effective method for acquiring high-resolution spectra 
of mixed peptides is liquid chromatography with tan-
dem mass spectrometry (LC–MS/MS), which enables 
the identification of specific and sensitive biomarkers 
[78, 79]. The application of proteomics based on high 
throughput drug screening and the evaluation of thera-
peutic efficacy using 3-D in vitro tumor models such as 
PDOs is largely unexplored. Nevertheless, strong differ-
ences have been observed in the protein profiles of 2-D 
and 3-D cultures wherein the 3-D cultures demonstrated 
enhanced similarity to the in vivo/parent tumor [80]. In 
this regard, Buenafe et  al. reported mass-spectrometric 
proteomic and functional protein network analysis of 
extracellular vesicles of pancreatic organoids; the authors 
revealed the involvement of vesicle proteins from healthy 
and pancreatic cancer organoids in cellular homeosta-
sis and vesicular transport, respectively. In addition, the 
tumor-promoting markers, LAMA5, SDCBP, and TENA 
were found to be upregulated in PDAC vesicles, thereby 
demonstrating their potential as biomarkers for early dis-
ease diagnosis or disease and treatment monitoring [81]. 
Similarly, 3-D in vitro tumor models were characterized 
using proteomic studies and have demonstrated potential 
as drug screening platforms [9, 82]. Most recently, pan-
omics analysis on commercially available colorectal can-
cer organoids revealed the role of SMAD4 inactivation 
in pro-migratory, cell proliferation and tumorigenesis. 
Interestingly, SMAD4-deficient CRC organoids secreted 
Dickkopf-related proteins, DKK3 and DKK4, that sup-
press the anti-tumor activity of natural killer cells. In 
addition, CRC patients with SMAD4 mutations and 
high expression of DKK4 exhibit poor prognosis thereby 
demonstrating new therapeutic approaches for advanced 
colorectal cancers [83]. Another study carried out base-
line proteo-transcriptomic analysis in PDO lines from 
advanced colorectal cancer patients and showed that 
the activation of the transfer RNA (t-RNA) aminoacyla-
tion process and oxidative phosphorylation pathway 

was prominent in oxaliplatin non-responder PDOs. Fur-
thermore, SWATH-mass spectrometry and RNA-seq 
methods were used to predict the treatment response or 
resistance thereby generating an effective platform for 
personalized medicine [84]. The proteome and phospho-
proteome control a variety of cellular processes including 
DNA replication, apoptosis, and invasion; accordingly, 
several studies revealed variations in the proteome [85–
88] and phosphoproteome [89, 90] between 2-D and 3-D 
culture models. For example, Yue et al. identified a total 
of 5867 protein groups, including 2523 phosphoproteins 
and 8733 phosphopeptides in colon carcinoma while 
comparing the HT29 2-D culture and 3-D spheroids and 
revealed their role in oxidative phosphorylation path-
ways, peroxisome pathways, metabolic pathways, and 
amino acid biosynthesis in 3-D cultures [90].

Tumor secretomes have also been explored as a 
source of biomarkers as well as therapeutic targets for 
potential management of cancer. In the context of 3-D 
in  vitro tumor models, secretomes include cytokines, 
chemokines, and growth factors that are detected using 
immunoassays [91]. Multiplexed immunoassay-based 
beads have also been employed for determination of the 
concentrations of cytokine and growth factors in the 
supernatant of multicellular spheroid tricultures [92]. This 
involved 3-D co-cultures using tumor cells, fibroblasts 
and monocytes along with phenotypic profiling of the 
monocytes via expression analysis of cell surface markers  
and related soluble factors. The study further  indicated 
that polarized monocyte-derived macrophages (MDMs) 
inhibited the in  vitro activation and proliferation of 
CD4 + and CD8 + T cells, further demonstrating the 
immunosuppressive function of MDMs. The immuno-
suppressive effect was partially reversed when the 3-D 
co-cultured spheroids were treated with therapeutic mol-
ecules that further reactivated spheroid-polarized MDMs 
and showed the potential of 3-D models  in drug testing 
applications [92]. Another study that was focused on the 
cytokine profile of a novel 3-D culture system to mimic 
immune checkpoint blockade (ICB) presented a novel 
method to screen the response of patient tumors toward 
ICB therapy. This method involved the evaluation of 
murine- and patient-derived organotypic tumor spheroids 
(MDOTS/PDOTS). The organotypic tumor spheroids 
not only mimicked the resistance and sensitivity to ICB 
therapy ex vivo but were also tested for new combinato-
rial therapies with PD-1 blockade. Moreover, the combi-
nation therapies including inhibitors TBK1, and CDK4/6, 
resulted in increased response to PD-1 blockade, both 
ex vivo and in vivo. In our viewpoint, this study demon-
strates the potential of organotypic tumor spheroid as a 
platform for identifying and evaluating therapeutics and 
combinatorial therapies for ICB [93].
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Taken together, the fusion of 3-D disease models and 
proteomics holds enormous untapped promises toward 
improved drug discovery. Since proteome is the primary 
functional component of cells and determines how they 
communicate with one another, it plays a major role in 
the onset and progression of the disease. However, fur-
ther studies using proteomic techniques such as mass 
cytometry-based single-cell proteomics and spatial pro-
teomics are warranted to fully explore the potential of 
proteomics and 3-D disease models in drug discovery 
[94, 95].

Metabolomics and 3‑D in vitro tumor models
Metabolomic techniques, including mass spectrometry 
and nuclear magnetic resonance (NMR) spectroscopy, 
have shown wide application in 3-D in vitro tumor model 
characterization, metabolomic profiling, and identifica-
tion of therapeutic targets [96–103].

MS has been employed in the context of 3-D in  vitro 
tumor models, to detect and quantify metabolites in dis-
tinct parts of the tumor and under different micro-envi-
ronmental conditions [98]. As an example, metabolomics 
combined with matrix-assisted laser desorption/ioni-
zation mass spectrometry imaging (MALDI-MSI) was 
applied to investigate the effect of environmental pollut-
ants on tumor progression. More specifically, significant 
changes in several metabolites, including ATP, ADP, and 
AMP were observed in breast cancer cell spheroids fol-
lowing exposure to a common environmental contami-
nant, bisphenol S (BPS). The MSI data further associated 
BPS-induced proliferative response with an increase 
in energy supply in the outer layer of tumor spheroids 
[98]. MALDI-MSI has also been used to study drug dis-
tribution patterns in patient-derived colon tumor orga-
noids (CTOs) and to predict patient-specific treatment 
responses as well as personalized dosage regimens [102].

Compared to other OMICS technologies, metabolomic 
techniques allow the user to substantiate and validate 
the relevance of 3-D in vitro tumor models compared to 
2-D cultures. For instance, a study by Rosi et al. revealed 
considerable changes in the lipid profile in breast cancer 
cells during various stages of cell growth in monolayer 
by proton NMR (1H NMR) spectroscopy. Interestingly, 
the 3-D in vitro tumor model spectra showed that lipid 
metabolism in 3-D spheroids resembles that of the con-
fluent stage of monolayer cell cultures [104]. However, 
in another study, 1H NMR Spectroscopy demonstrated 
enhanced levels of mobile lipids, neutral lipids, and glu-
tamine (Gln) signals in 3-D spheroids compared to 2-D 
monolayer culture, which emphasized the differences 
in metabolomic profile between the two culture types, 
before and after gamma irradiation [101]. Similarly, Lu 
et  al. demonstrated the integration of 3-D co-culture 

model-based on leukemia and stromal cells for applica-
tion in high-throughput/high-content metabolic drug 
screening using direct infusion mass spectrometry 
(DIMS) [97]. It is now clear that the method of cell cul-
ture can cause a significant change in the phospholipid 
profile and glucose accumulation as determined by 1H 
NMR spectrometry, even when the cells are derived 
from the same donor [100]. These studies also demon-
strate that the 3-D in vitro tumor models are associated 
with physiologically relevant metabolic profiles, as well 
as with modulated treatment responses compared to 2-D 
monolayers.

Interestingly, the integration of metabolomics with 
3-D in vitro tumor models has also been implemented in 
elucidating the process of disease progression and devel-
opment [105, 106]. For example, significant intracellular 
and extracellular metabolic differences were seen in ovar-
ian cancer cells (OCC) compared to spheroid-derived 
ovarian cancer stem cells (OCSC) using two-dimensional 
gas chromatography -mass spectrometry (GC x GC-MS). 
More specifically, arginine and proline metabolism path-
ways were found to behave differently in OCCs and 
OCSCs [105]. Another study identified metabolomic 
variations, mostly based on tricarboxylic acid cycle, 
amino acid metabolism, and glutamine between actively 
proliferating and quiescent mammary cells within an 
organotypic 3-D tissue culture. Additionally, the authors 
revealed that rapidly proliferating cells engage in anabolic 
carbon and nitrogen metabolism by boosting non-essen-
tial amino acid production and glutamine anaplero-
sis  [106]. These findings underscore the importance of 
metabolomics in cancer research and emphasize how 
the metabolomic variations are crucial in identifying the 
intricate mechanism of actively proliferating cancer cells 
particularly with the help of in vitro 3-D tumor models.

Towards the identification of therapeutic targets, a 
recent study examined the metabolomic, transcriptomic 
and genomic profiles of triple-negative breast cancer 
(TNBC) patients particularly in transcriptomic basal-like 
immune-suppressed (BLIS) and luminal androgen recep-
tor (LAR) tumors. Integration of these data with drug 
response studies using 3-D in  vitro tumor models and 
mini patient-derived xenograft (mini-PDX) models led 
to the identification of sphingosine-1-phosphate (S1P), a 
ceramide pathway intermediate, and N-acetyl-aspartyl-
glutamate (NAAG), a vital tumor-promoting metabolite 
in BLIS tumors, as viable targets for treatment of LAR 
tumors and high-risk BLIS tumors respectively [107]. 
Recently, a novel protocol for analyzing metabolic drug 
response in 3-D in vitro tumor models using liquid chro-
matography quadrupole time-of-flight mass spectrom-
etry (LC-QTOF-MS) technique was established by Neef 
et  al. [108]. Likewise, an integrated Biomimetic Array 
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Chip (iBAC) enabling co-culture of 3-D liver and tumor 
tissues was used to assess drug-drug interactions and 
metabolism-induced anticancer bioactivity thereby sup-
porting drug development. Further, prodrugs and their 
metabolites were determined using ultra- performance 
liquid chromatography coupled with mass spectrometry 
(UPLC-MS) technique [96].

Collectively, it is now evident that combining the power 
of high throughput omics techniques with 3-D in  vitro 
tumor models enables an in-depth understanding of the 
metabolic variations that occur in cancer cells and their 
surrounding environment, and the findings can then be 
translated into the discovery and development of person-
alized cancer therapies.

Lipidomics and 3‑D in vitro tumor models
Within the solid tumors, cancer cells alter their fatty 
acid metabolism to adapt to impaired tumor environ-
ments, such as hypoxia and metabolic stress, and are 
associated with poor prognosis [109–111]. Accordingly, 
lipidomics is an important technology for drug screen-
ing and examining the lipid species that can contribute 
to key tumorigenic mechanisms as well as chemothera-
peutic strategies  [112]. Although lipidomics has rarely 
been used in 3-D in  vitro tumor models, through com-
parative studies, it is now evident how 2-D drug screen-
ing could underestimate crucial metabolism inhibitors 
[113, 114]. In a study, the lipid contents and their spatial 
arrangement was determined by LC–MS and Raman 
chemical imaging respectively. The study found nota-
ble variations in the lipid makeup of both precancer and 
invasive spheroids, as well as in the surrounding cellular 
microenvironment when comparing 2-D and 3-D cell 
cultures [115]. In another study, LC–MS and GC–MS-
based lipidomic analysis revealed significant alteration 
in complex lipid species, including ceramide and sphin-
gomyelin, in a breast cancer 3-D in  vitro tumor model 
[116]. In yet another study, the influence of differential 
lipid metabolism on therapeutic resistance in 2-D and 
3-D systems was determined using GC–MS; the results 
demonstrated a significant correlation between the 
expression of stearoyl-CoA-desaturase (SCD1) and the 
progression of BRAF-mutated melanoma. Additionally, it 
was observed that 3-D cultures exhibited greater resist-
ance to BRAF inhibitors compared to 2-D cultures [117]. 
In addition, another group studied the involvement of 
ascites in the metabolism and metastasis of ovarian can-
cer. While acidic environment inhibited the growth of 
ovarian cancer spheroids, alkaline ascites environment 
supported ovarian cancer progression. Metabolomics 
using 1H-NMR spectroscopy revealed the involve-
ment of lipid metabolites that were linked with perito-
neal pH, a parameter that plays an important role in the 

pathogenesis of ovarian cancer. The authors concluded 
that lipid metabolites, cytokines, chemokines, and physi-
cal–chemical characteristics could help in the stratifica-
tion of ovarian cancer patients with malignant ascites 
[118].

Overall, these findings support the concept that 3-D 
in vitro tumor models could replicate the lipid microen-
vironment more precisely compared to 2-D models and 
could be utilized to examine the role of altered lipid pro-
files in cancer with the help of omics technology.

Epi‑omics and 3‑D in vitro tumor models
Omics technologies can also  be applied to study epige-
netics to understand how epigenetic changes influence 
cancer initiation and progression. Chromatin immuno-
precipitation with DNA sequencing (ChIP-seq), meth-
ylated DNA immunoprecipitation in combination with 
next-generation sequencing (MeDIP-seq), assay for 
transposase-accessible chromatin with NGS (ATAC-seq) 
and enhanced reduced representation bisulfite sequenc-
ing (ERRBS) are the various epigenomics techniques 
used to investigate the effect of epigenetic modifications 
and have been well established in cancer [119].

Epigenomics has been used to validate the 3-D in vitro 
tumor models to understand disease progression [120, 
121] and for drug screening [121]. As an example, CpG-
rich methylation analysis by ERRBS was used to study 
the changes in DNA methylation that occur in prostate 
cancer organoids, in comparison with the correspond-
ing patient tissue sample. Prostate cancer organoids were 
also used to investigate the biological significance of the 
epigenetic modifier, EZH2, in controlling molecular path-
ways linked to neuroendocrine prostate cancer devel-
opment [122]. Additionally, Berger et  al. conducted an 
integrative study in prostate cancer focusing on the onco-
genic transcription factor, N-Myc, using in vivo, in vitro, 
and PDO models. ChIP-seq/RNA-seq data revealed a 
significant, androgen-dependent alteration in the N-Myc 
cistrome, transcriptome, and histone methylation, which 
confirmed the role of N-Myc in the transcriptomic and 
epigenomic reprogramming of prostate cancer epithelial 
cells [120].

In an exciting study by Lin et  al., pan-omics analysis 
was applied to validate and characterize 3-D bio-printed 
osteosarcoma model [121]. With the integration of DNA 
methylomics and transcriptomics, the authors delineated 
the importance of autophagy in osteosarcoma. KEGG 
analyses of differential methylation positions (DMPs) 
in various tumor models highlighted that adherens and 
autophagy junction pathways were significantly altered 
in the 3-D in vitro tumor models further confirming that 
3-D culture modulates the gene expression of different 
pathways via controlling epigenetic activity [121].
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Epi-transcriptomics techniques like N6-methyladeno-
sine  (m6A) sequencing enable researchers to examine the 
modifications to RNA molecules and how they affect the 
onset and progression of cancer. In an interesting study, 
 M6A methylated RNA immunoprecipitation sequencing 
 (m6A MeRIP-seq) was employed to elucidate pathways 
and targets controlled by YTHDF1-m6A in CRC mod-
els. RhoA activator ARHGEF2 was found as a significant 
downstream target of YTHDF1 through integrative pan-
omics analysis. The tumorigenic effects of this axis were 
also confirmed in CRC cell lines, 3-D organoids, and 
YTHDF1 transgenic mice [123].

In order to understand oxaliplatin drug response in 
3-D CRC tumor models, integrated chromatin accessibil-
ity and transcriptomic profiling were carried out using 
ATAC-Seq and RNA-Seq methods. The results suggested 
significant alterations in chromatin opening in 28 genes 
following oxaliplatin treatment. Thus, the study eluci-
dated the chromatin accessibility changes for genes that 
have a crucial role in oxaliplatin resistance [49]. Fur-
ther,  combining ChIP-seq and ATAC-seq has made it 
possible to analyze open chromatin sites and DNA/pro-
tein-binding sites using 3-D in vitro tumor models [124]. 
These studies highlight the progress in omics technolo-
gies for examining the vital role of epigenetics in tumo-
rigenesis. In conclusion, 3-D in vitro tumor models offer 
a promising, clinically relevant drug screening/discovery 
platform by closely mimicking the interaction between 
tumor cells and the extracellular matrix compartment. 
Integrating the omics technology with these tumor 
models unravel the detailed mechanisms of interaction 
between cancer cells and stroma, in order to foster their 
validation and translational applications. Table 1 provides 
a succinct summary of selected studies performed using 
various omics techniques in 3-D in vitro tumor models. 
Figure 2 depicts the omics techniques and their applica-
tions in 3-D in  vitro tumor models. The upcoming sec-
tion discusses about how integration of the pan-omics 
technologies with these bioengineered 3-D in vitro tumor 
models supports tailored personalised treatments.

Omics in precision medicine: focus on 3‑D in vitro 
tumor models
The goal of precision medicine is to offer clinical benefits 
to individuals based on their unique molecular matches 
[157]. Genotyping and genomics have significantly influ-
enced the treatment modalities and management of 
several malignancies, including breast and ovarian can-
cer [158]. Numerous studies have demonstrated that 
NGS-based approaches provide genetic information 
such as mutational status and gene expression patterns, 
from tumor and stromal cells of the tissues from cancer 

patients. This genetic information enables sequence-
matching therapy, which could eventually enhance 
the overall drug response and survival rates of cancer 
patients [159]. Despite the advancements in the devel-
opment, establishment, and application of 3-D in  vitro 
tumor models, these technologies have not yet made a 
significant impact on cancer clinical trials for tailored 
drug screening. Nevertheless, there are numerous PDO 
and PDX models that are undergoing feasibility stud-
ies (NCT03453307, NCT03544255, NCT03577808, 
NCT03655015, NCT03890614, NCT03979170, 
NCT03990675, NCT04261192, NCT04371198) dem-
onstrating that these technologies are still advancing 
in the field of clinical functional medicine. More spe-
cifically, the EXALT study was the first prospective trial 
in precision medicine that used a tailored functional 
medicine assessment to direct treatment choice. This 
study tested a treatment for individuals with advanced, 
aggressive hematological cancers using an image-based 
single-cell drug screening technology with automated 
high-content microscopy and image analysis. The authors 
demonstrated that the progression-free survival (PFS) 
was improved by 1.3-fold for 54% of patients who were 
treated using single-cell functional precision medi-
cine compared to earlier therapies. About 40% of these 
patients had exceptional responses that lasted three 
times longer than expected for their condition [160]. In 
conclusion, similar platforms based on PDOs and PDXs 
can more faithfully recreate the disease state and patient 
response to various therapies.

In yet another study, Seppälä et al. generated pancre-
atic cancer PDOs and analyzed them using NGS and 
pharmacotyping. PDO-specific pharmacotype was eval-
uated prospectively, via a randomized controlled clini-
cal trial, as a predictive indicator of clinical treatment 
response. This study successfully predicted the clinical 
treatment response in locally advanced pancreatic can-
cer by ex vivo PDO pharmacotyping with FOLFIRINOX 
components and the patients were treated using an 
induction or neoadjuvant approach [161]. While com-
bination therapies have demonstrated high effective-
ness in cancer patients, they are often associated with 
serious adverse effects thereby demanding administra-
tion of lower doses or cycle counts of treatment. Hennig 
et al. determined whether PDOs could be used to tailor 
poly-chemotherapy regimens, including neoadjuvant 
and adjuvant chemotherapy in pancreatic ductal ade-
nocarcinoma. Pharmacotyping of chemotherapy-naive 
patients and neoadjuvant-treated PDOs demonstrated 
the potential of PDOs in establishing personalized 
poly-chemotherapy strategies [162]. Moreover, 3-D 
in  vitro tumor models based on PDOs have also been 
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implemented in clinical trials and most recent results 
from SWOG-S1505 trial (NCT02562716) demonstrated 
equal effectiveness of FOLFIRINOX or Gem/nab-Pac 
regimen when used as neoadjuvant therapy  [163, 164]. 

The results of these studies suggest that 3-D in  vitro 
tumor models including PDOs can potentially support 
the clinical decision making of treatment regimen and 
can also be extrapolated for drug discovery.

Fig. 2 Omics techniques and their applications in 3-D in vitro tumor models. The figure presents a compilation of applications of pan-omics 
technology when integrated with 3-D in vitro tumor models for drug discovery and precision medicine. In the inner block arcs (blue and dark 
grey), various omics technologies, including whole genome sequencing, whole exome sequencing, microarray, LC–MS, NMR spectroscopy are 
enumerated. The outermost block arc (in light grey) illustrates the diverse applications of omics techniques, encompassing tumor model validation, 
tumor heterogeneity studies, the use of 3-D in vitro tumor models for drug screening and drug discovery platforms, as well as the identification 
of tumor protein signatures
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Pan‑omics repositories and bioinformatic tools: 
focus on 3‑D in vitro tumor models
The exponential rise in omics databases has led to the 
emergence of the ‘Big Data’ concept in the field of drug 
discovery and precision medicine.

The ‘Big Data’ data is an outcome of large-scale can-
cer genomics initiatives projects across the globe and 
its content can be categorized as molecular data (which 
includes gene expression, genomics, mutational and prot-
eomics data), phenotypic data (obtained because of cellu-
lar perturbation), radiological imaging data, inter-omics 
interaction data, and textual clinical data [165–169]. In 
this regard, TCGA has generated a plethora of pan-omics 
data, including genomic, transcriptomic, epigenetic, 
and proteomic data; TCGA has been utilized by various 
researchers incorporating patient-derived 3-D in  vitro 
tumor models/tumor organoids for drug discovery and 
precision medicine. As an example, Cho et  al. devel-
oped a patient-derived colorectal cancer organoid (CCO) 
model and carried out the pairwise whole transcriptome 
sequence analysis of 87 CCOs and their matched primary 
tumors using the TCGA RNAseq pipeline [31].

A study by Mittal et  al. introduced an innovative 
approach for the long-term evaluation of new drug com-
binations to address drug resistance in cancer [170]. For 
this purpose, the authors utilized cBioportal to conduct 
survival analysis for breast cancer patients with altered 
Insulin-like Growth Factor 1 Receptor  (IGF1R) signal-
ling pathway. The findings demonstrated an inverse rela-
tionship between IGF1 signalling and overall survival of 
both basal and HER2 + breast tumors. The authors evalu-
ated the efficacy of combination therapy based on IGF1R 
inhibitor with chemotherapy such as paclitaxel and a 
HER2 inhibitor on 3-D organoid models  developed by 
co-culturing cancer cells with endothelial cells; combina-
tion treatment led to a lower area under the curve (AUC) 
compared to individual treatments. Therefore, integra-
tion of the novel organoid method with the online data 
portals enables the simulation of more realistic culture 
conditions and the identification of potential therapeu-
tic targets for further evaluation in clinical trials thereby 
leading to improved patient outcomes [170].

Additionally, TCGA databases have been combined 
with 3-D in vitro models to identify molecular subtypes 
of breast cancer and have effectively predicted the thera-
peutic response of breast cancer patients with various 
medications based on these subtypes [171]. The authors 
also developed a biobank, breast cancer PTDX encyclo-
pedia (BCaPE) and demonstrates potential in pre-clinical 
breast cancer pharmacogenomic studies. TCGA database 
was also applied to identify subtypes of colorectal cancer 
using consensus molecular colorectal cancer classifier 

with the potential to establish 3-D tumor organoid plat-
form as a tool to investigate the molecular mechanisms  
involved in pre-existing drug resistance and tumorigenicity  
in cancer cells. By integrating the TCGA data into a 3-D 
in  vitro tumor model, the researchers aimed to enhance 
its capability to elucidate the molecular underpinnings of 
drug resistance and tumorigenicity in cancer [141].

In yet another study, integration of omics data from 
TCGA database and 3-D tumor models was exploited 
for discovery of novel prognostic markers. Broutier et al. 
conducted a study based on a systematic comparison of 
transcriptional differences between healthy organoid 
lines and primary liver cancer (PLC) organoid lines and 
identified markers associated with poor prognosis in 
hepatocellular carcinoma and cholangiocarcinoma with 
the help of TCGA database [172].

Apart from TCGA database, Gene Expression Omni-
bus (GEO), contains a wide range of high-throughput 
datasets related to various aspects of gene expression, 
such as RNA sequencing, GWAS, and epigenetic data, 
and has been combined with organoids and omics-based 
studies. As an example, Pranav et  al. reviewed the sig-
nificance of expressions of key genes in organoid cultures 
obtained from breast cancer patient-derived biopsies and 
utilized data from the GEO database to analyze the gene 
expression profile in breast cancer organoids [173].

There are other databases such as The Human Genome 
Variation Society (HGVbase), International Cancer 
Genome Consortium (ICGC), The Genomic Data Com-
mons (GDC), and Human Cell Atlas (HCA) that can 
provide molecular profiles of various cancer types. In 
addition, a resource tool from the National Cancer Insti-
tute, Clinical Proteomic Tumour Analysis Consortium 
(CPTAC), performed proteogenomic studies in more 
than 1000 tumors in 10 cancer cohorts; they further inte-
grated multi-omics datasets with clinical data to correlate 
genomic abnormalities and tumor characteristics thereby 
aiding in improved drug discovery, cancer diagnosis 
and treatment [174]. The application of these database 
deserves to be explored for the identification of novel tar-
gets using 3-D in vitro tumor models.

In conclusion, the integration and analysis of pan-
omics data is a critical component of modern cancer 
research. By providing a more complete picture of the 
underlying biology of cancer, pan-omics data are enabling 
the development of new therapeutic approaches and 
advancing the field of personalized medicine. These plat-
forms and databases assist researchers and clinicians by 
offering information and tools that enable them to under-
stand the molecular alterations that occur in cancer cells. 
Decisions regarding the diagnosis and treatment of dis-
eases can be made more effectively by incorporating this 
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knowledge with data from 3-D in  vitro tumor models. 
The combination of bioinformatics tools, disease mode-
ling, and omics technologies will help in the development 
of more accurate predictive models, as well as the iden-
tification of new cancer targets and the comprehension 
of cancer heterogeneity. A summary of the databases and 
the analysis portals that host these data are described and 
enlisted in Supplementary Table S1.

Pan‑omics and 3‑D in vitro tumor models: 
advantages and limitations
 Integration of omics technologies using 3-D patient 
derived in vitro tumor models has led to the identification 
of novel drug targets, enumerating the course of tumor 
progression using pan-omics technologies. In compari-
son to the PDX models, 3-D in  vitro tumor models are 
associated with reduced turnaround time, and they can 
easily recapitulate the complexities of in vivo tumors with 
better prediction of therapy sensitivity [175]. Thus, by 
using limited starting sample, patient derived 3-D tumor 
models can be effectively developed and used for molec-
ular profiling or to identify new therapeutic targets and 
development of biobanks. More specifically, multi-omics 
platforms have been applied for identification of genomic 
drivers that contribute to drug sensitivity and therapeutic 
response in 3-D in vitro tumor models [23, 40, 84, 176]. 
The 3-D in  vitro tumor models have also contributed 
towards the identification of therapies and for appropri-
ate clinical decision making for targeted therapies. In this 
regard, 3-D in vitro tumor models can be used as versa-
tile high throughput platforms for drug testing and to 
study synthetic lethal therapies based on PARPi [46, 177]. 
In addition, these 3-D in  vitro tumor models retain the 
intra-tumoral heterogeneity that can be used to elucidate 
dynamic cancer phenotypes and accordingly modulate 
therapeutic strategies. The advent of 3-D in vitro tumor 
model has also led to analysis of secretomes using omics 
for elucidation of ECM and exosome components associ-
ated invasion and organ-specific metastasis thereby lead-
ing to identification of potential therapeutic approaches 
aimed at targeting tumor stroma. In addition, ex  vivo 
pharmacogenomic profiling on 3-D in vitro tumor mod-
els can be used to predict clinical response and associ-
ated mechanistic profiling.

Although amalgamation of pan-omics technologies 
and 3-D in vitro tumor models has revealed some inter-
esting and exciting advancements in the field of drug 
discovery and personalized medicine, there are still 
some barriers for their widespread application to pre-
dict treatment responses. Towards this, the isolation of 
different cellular components according to the require-
ments of various omics technologies requires optimal 
harvesting and digestion protocols to obtain high cell 

yield and viability to obtain a representative dataset. 
This isolation step for various omics techniques relies 
on the initial patient sample.

In addition, other components present in the tumor 
model, such as biological remains of the scaffolds, extra-
cellular matrix, and the presence of other cell popula-
tions in the multi-culture system, can further complicate 
the isolation of the desired cells from the 3-D model. 
Thus, obtaining an optimal sample required by the 
desired omics technology involves the selection of diges-
tion and dissociation protocols. These protocols must be 
curated and optimized for each type of 3-D tumor model 
system. Other challenges include limited access to high-
end technologies used for pan-omics analysis as well as 
the development of 3-D in  vitro tumor models. Apart 
from this, sample preparation, experimentation, and 
analysis involved in pan-omics can be expensive, thereby 
demonstrating the importance of every research ques-
tion asked in such experiments. In addition, the raw data 
available through pan-omics demands the involvement 
of bioinformatics experts and computational biologists 
who can generate meaningful information through the 
use of appropriate software and tools.

Furthermore, various chemokines, cytokines and 
growth factors released by different components of 
the tumor microenvironment such as CAFs, endothe-
lial cells, platelets and immune cells influence the infil-
tration of immune cells such as cytotoxic T cells, NK 
cells, CD4 + T cells, macrophages and dendritic cells 
[15, 178]. However, there are limited studies on assess-
ing the effect of these factors in 3-D in  vitro tumor 
models. Even though tumor models find application in 
predicting the drug response, there are limited stud-
ies elucidating the screening of immune check points 
inhibitors, crosstalk with the immune system and vas-
culature using 3-D in vitro tumor models. In addition, 
while the neuroendocrine system and neurotransmit-
ters also influence the anti-cancer potential of immu-
notherapy and chemotherapeutic drugs [179], there 
are limited reports evaluating the neurotransmitters 
or neuroendocrine system on drug efficacy using 3-D 
in vitro tumor model system.

Nevertheless, the combination of pan-omics technol-
ogies and 3-D in  vitro tumor models has led to clini-
cally relevant solutions for improved patient care.

Conclusions and future perspectives
The heterogeneous nature of cancer has always been 
a major challenge in deciding the treatment modal-
ity for patients. The conventional treatment approach 
is usually impeded by the crosstalk between the native 
neoplastic cells and the surrounding tumor microenvi-
ronment, a phenomenon clinically called as intra-tumor 
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or inter-tumor heterogeneity. With the advent of mod-
ern medicine, the focus is on the stratification of cancer 
patients based on disease subtypes, risk factors, clinical 
features, and demographic details, and then tailoring the 
line of treatment for the individuals using omics technol-
ogy to maximize the benefit and limit drug-induced side 
effects [169].

Omics technology represents a remarkable platform 
for the identification of novel markers for the progno-
sis, diagnosis, and therapeutics of cancer. Various 3-D 
in vitro tumor model systems including PDOs recapitu-
late the heterogeneity of the primary tissue and thus 
represent as powerful tools for cancer research [180]. 
Further, the amalgamation of 3-D in vitro tumor models 
with pan-omics technologies has led to a paradigm shift 
in the field of drug discovery and precision medicine. 
These models have not only been validated for genotypic 
and phenotypic recapitulation of in  vivo patient tumors 
but have also been utilized for therapeutic target identi-
fication, markers involved in chemoresistance, analysis 
of drug action, and understanding the pathophysiology 
of cancer progression. Therefore, omics-based discov-
ery of the specific aspects of tumor microenvironment 
including immune system, vasculature, ECM and other 
stromal population within the 3-D in vitro tumor model 
can not only identify new therapeutic targets but also 
aid in precision therapy. In addition, understanding the 
effect of the microbiome, particularly in colorectal can-
cer, gastric cancer, oral cancer and cervical cancer-based 
3-D models, on drug response can help design effective 
therapeutic strategies. The multi-omics approach focus-
ing on the identification of somatic mutations in 3-D 
patient-derived in vitro tumor models can provide novel 
perspectives toward understanding the tumor microen-
vironment-associated chemoresistance. While this field 
is relatively new and demands technical and logistic sup-
port including the availability of high-end infrastructure, 
trained personnel, and reduction in costs, the outlook 
on the future applications of these technologies in drug 
discovery and precision medicine for improved manage-
ment of cancer is enormously promising.
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