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Abstract
Drug resistance is a major barrier against successful treatments of cancer patients. Various

intrinsic mechanisms and adaptive responses of tumor cells to cancer drugs often lead to

failure of treatments and tumor relapse. Understanding mechanisms of cancer drug resis-

tance is critical to develop effective treatments with sustained anti-tumor effects. Three-

dimensional cultures of cancer cells known as spheroids present a biologically relevant

model of avascular tumors and have been increasingly incorporated in tumor biology and

cancer drug discovery studies. In this review, we discuss several recent studies from our

group that utilized colorectal tumor spheroids to investigate responses of cancer cells to

cytotoxic and molecularly targeted drugs and uncover mechanisms of drug resistance. We

highlight our findings from both short-term, one-time treatments and long-term, cyclic

treatments of tumor spheroids and discuss mechanisms of adaptation of cancer cells to

the treatments. Guided by mechanisms of resistance, we demonstrate the feasibility of

designing specific drug combinations to effectively block growth and resistance of

cancer cells in spheroid cultures. Finally, we conclude with our perspectives on the utility

of three-dimensional tumor models and their shortcomings and advantages for phenotypic

and mechanistic studies of cancer drug resistance.
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Introduction

Cancer drug resistance

Resistance to cytotoxic chemotherapy and molecularly tar-
geted drugs commonly occurs in a majority of cancer
patients and significantly detracts from the efficacy of the
treatments.1 Drug resistance is broadly classified as intrin-
sic or acquired.2 Intrinsic resistance is mediated by pre-
existing heterogeneity of cancer cells in the bulk tumor.
Tumors inherently contain heterogeneous populations
of cancer cells with genetic and functional differences.
While cytotoxic chemotherapeutics primarily target

actively proliferating cells, the use of modern targeted ther-
apies following analysis of tumor biopsies aims to target
main molecular driver(s) of tumorigenesis. Therefore, non-
proliferative cells in tumors, slow-cycling cells due to
nutrients limitations, quiescent stem-like cells, and cells
not represented as the main driver(s) of tumor growth in
a biopsy analysis often escape the therapies and promote
tumor relapse.3 Acquired drug resistance, on the other
hand, arises during the course of treatments and exposure
of cancer cells to drugs. Mechanisms of acquired resistance
are diverse and include mutations,4 alterations,5,6 or over-
activation of the therapeutic target,7 feedback activation of

Impact statement
Chemoresistance is a major challenge

against sustained and effective treatments

of cancer patients with primary or meta-

static disease. Modern cancer treatments

designed based on mechanisms of drug

resistance increase treatment benefits and

improve outcomes for patients. A techno-

logical challenge for the design and testing

of specific treatment strategies is the need

for physiologic tumor models that repro-

duce the biology of native tumors. In vitro

tumor models are also expected to aid

clinicians with selecting specific drugs from

an increasingly larger pool of cancer drugs

with similar or complementary mechanisms

of action. We present the utility of a 3D

tumor spheroid model to study drug resis-

tance in colorectal cancer phenotypically

and mechanistically in a clinically relevant

cyclic treatment regimen that mimics how

patients receive chemotherapy. We dem-

onstrate the feasibility of a design-driven

approach to develop specific drug combi-

nations that offer long-term benefits.

ISSN 1535-3702 Experimental Biology and Medicine 2021; 246: 2372–2380

Copyright ! 2021 by the Society for Experimental Biology and Medicine

https://orcid.org/0000-0003-1220-1769
https://orcid.org/0000-0003-3872-1869
mailto:tavana@uakron.edu


compensatory oncogenic signaling pathways,8 epigeneti-
cally regulated drug tolerance,9 overexpression of efflux
transporter pumps,10 and hypoxia in the tumor microenvi-
ronment. 11,12

The advent of powerful techniques for molecular profil-
ing of tumors and stratification of patients, along with
enhanced capabilities for high throughput screening of
cancer drugs in preclinical models, have led to unprece-
dented opportunities to understand these resistance mech-
anisms and develop treatment strategies, such as rational
drug combinations, to overcome resistance. Additionally, in
the past few decades, there have been major investments in
oncology drug discovery that resulted in a greater number
of drugs available to clinicians. These efforts have led to
improvements in outcomes for cancer patients, and accord-
ing to the American Cancer Society, the death rate from
cancer has declined by 29% from 1991 to 2017 in the US.13

Nevertheless, cancer remains the second leading cause of
death in the US, emphasizing the need for continuous
investments to enable new discoveries that lead to more
effective treatments.

Models of cancer drug resistance

Preclinical studies of efficacy and safety of anti-cancer com-
pounds and their mechanisms of action are routinely per-
formed in cell culture and animal models. Monolayer (2D)
cell cultures provides a convenient approach to screen large
arrays of chemical compounds against cancer cells and to
develop resistant lines of cells, for example, by continuous,
long-term, low-dose drug exposure of cells. A report in
2010 estimated that more than 80% of cancer biologists in
academic and industrial settings relied on 2D mono-
cultures and co-cultures of cells prior to animal studies.14

However, the lack of complex tissue architecture and close
cell–cell contacts and cell-extracellular matrix (ECM) inter-
actions in these cell culture models is considered a major
roadblock against identifying cancer drug candidates with
successful outcomes in clinical trials.15 On the other hand,
animal models present a fully physiologic system to study
bioavailability, therapeutic efficacy, and dose-limiting tox-
icity of cancer drugs.16 In recent years, patient-derived
tumor xenografts (PDX) have also been used to maintain
and passage primary tumor cells in immunocompromised
mice without exposing the cells to in vitro cultures. PDX
models largely maintain genetic identity and cellular het-
erogeneity of their parental tumors andmay also reproduce
their clinical drug responses.17–20 However, low-to-
moderate success rates of developing tumor xenografts
that often takes several months, significant differences in
the tumor environments between the stroma of native and
xenograft tumors, difficulty of conducting mechanistic
studies with animals, and incompatibility of animal
models with screening of drug compounds limit their util-
ity for mechanistic studies of drug resistance and identify-
ing treatments to overcome it. 21 Therefore, there has been a
growing interest in the research community and the phar-
maceutical industry to transition from the overly simplistic
2D cell cultures to models that more closely recapitulate the
architecture and biology of native tumors, while avoiding

the disadvantages of animal models.22 To address this
need, several 3D cell culture models have been developed
to enable mechanistic studies of drug response and resis-
tance of cancer cells, allow testing of arrays of drugs and
their combinations to identify treatments that block drug
resistance, and improve the efficacy and durability of
cancer therapies.

Scope of this review

In the past decade, there has been an increasing interest in
academia, national research laboratories, NCI-designated
comprehensive cancer centers, and major pharmaceutical
companies to develop or use 3D tumor models for mecha-
nistic studies of tumor biology, design and test new treat-
ment modalities, and develop targeted therapies that are
tailored to specific cohorts of cancer patients. Various 3D
tumor models have been developed that can generally be
classified as follows. (i) Tumor spheroids are 3D compact
aggregates of cancer cells that form spontaneously due to
cell–cell adhesion in the absence of a cell-adherent surface,
or within natural or synthetic matrices. Tumor spheroids
are often made using cancer cell lines alone or as an inter-
mixed co-culture of cancer and stromal cells. There are sev-
eral techniques to develop free-floating spheroids,
including spinner flask, aqueous-two-phase system, hang-
ing drop, and magnetic levitation.23 Straightforward initia-
tion and maintenance of spheroids is a major advantage for
mechanistic and drug screening studies. However, genetic
shifts of cancer cell lines from their parental tumor cells
make the use of spheroids of cancer cell lines less attractive
for translational studies, although spheroids remain a
major tool for basic cancer research studies. (ii) Organoids
are 3D cultures that are developed from self-assembly of
pluripotent or adult stem cells under organogenesis cues in
Matrigel, or directly using patient-derived materials.24,25

Organoids mimic the architecture and cellular composition
and organization of the respective tissues. More important-
ly and from a disease modeling point of view, organoids
that develop from patient tumor biopsies or resections reca-
pitulate the histological and functional properties of the
parental tumors,26,27 making them a valuable tool to under-
stand disease mechanisms and develop therapies for indi-
vidual cancer patients.28 Relatively, long time needed for
the formation of tumor organoids and the difficulty to mass
produce them remain major drawbacks. (iii) Microfluidics
technology has been useful to develop compartmentalized
3D tumor models. Often made using polydimethylsiloxane
(PDMS) soft lithography, microfluidic devices enable cul-
turing cancer cells and stromal cells in separate microchan-
nels or microchambers to model processes such as
chemotactic invasion of cancer cells and angiogenesis,
and to perform drug testing studies.29,30 The need for
high expertise of users to develop and maintain microflui-
dic cell cultures, difficulty to access cells for downstream
analytical studies, and incompatibility with standard robot-
ic pipetting tools and instruments for biochemical analysis
have limited the use of microfluidic tumor models primar-
ily as a laboratory research tool.
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Over the past several years, our group has developed
tumor spheroid models of breast and colorectal cancers
for mechanistic studies of drug resistance and to test and
identify effective treatment strategies. This review high-
lights our recent studies that demonstrate the utility of
tumor spheroids to model adaptive resistance of colorectal
cancer (CRC) cells to targeted therapies and develop
design-driven approaches to block drug resistance. Our
focus on CRC is because it is the third most common
cancer and the third leading cause of cancer mortality in
the United States.31 Similar to other cancers, genetic and
epigenetic factors cause CRC tumorigenesis.32 According
to Cancer Genome Atlas Network in 2012 and an interna-
tional consortium in 2015,33 approximately 50% of CRCs
contain frequent gain-of-function mutations in RAS and
RAF and 25% have mutations in PI3K/Akt pathway.34,35

These mutations lead to hyper-activity of highly conserved
signaling pathways including RAF/MEK/ERK, PI3K/Akt,
and JAK/Stat, resulting in aberrant proliferation and sur-
vival of CRC cells. The use of molecular inhibitors of these
pathways in single-agent therapies has been sought to sup-
press CRC tumorigenesis. Despite initial anti-tumor effects
of the inhibitors,36 tumor cells often develop resistance to
MEK and RAF inhibitors (MEKi and RAFi) through mech-
anisms such as feedback activation of compensatory signal-
ing pathways or upstream receptor tyrosine kinases
(RTKs),37,38 further mutations and amplification of the
target gene,39,40 and gain of a stem cell-like state.41 Below,
we highlight the utility of tumor spheroids as a preclinical
tool to model such complex molecular events and examine

the effectiveness of treatment strategies against therapy
resistance of CRC cells.

Quantitative analysis of high-throughput drug
screening with tumor spheroids

Polymeric aqueous two-phase systems (ATPS) have been
demonstrated as a versatile tool for cell and protein micro-
patterning.42–45 Atefi et al.46,47 developed a tumor spheroid
microtechnology using an ATPS with 5.0% (w/v) polyeth-
ylene glycol (PEG) and 6.4% (w/v) dextran (DEX) poly-
mers. A nanodrop of the denser aqueous DEX phase
containing cancer cells was dispensed into the immersion
aqueous PEG phase. It was demonstrated that an ultralow
interfacial tension of �30 mJ/m2 between the two aqueous
phases was essential to retain cells within the nanodrop
phase to spontaneously self-assemble into a spheroid.48,49

Adapting this technology to robotic liquid handling
allowed convenient generation of consistently sized
tumor spheroids in standard microwell plates.50 To estab-
lish the feasibility of this technology for drug screening
applications, Thakuri et al.51 conducted a dose-dependent
screening of 25 different anticancer compounds against HT-
29 CRC spheroids (Figure 1(a)), and optimized a standard
Prestoblue assay to quantify cellular responses, as shown
for selumetinib (MEKi) in Figure 1(b). From each dose–
response curve, half-maximum inhibitory concentration
(IC50) and maximum inhibition (Emax) values, which
respectively are classical measures of potency and efficacy
of a drug, were computed. A low IC50 value indicated that
the drug was effective at low concentrations, whereas Emax

Figure 1. (a) List of 25 drug compounds used to screen against colorectal tumor spheroids. Molecular targets of the compounds are also shown. (b) Dose–response of

HT-29 tumor spheroids to selumetinib treatment. Half-maximum inhibitory concentration (IC50), maximum inhibition (Emax), and area under the curve (AUC) metrics

used for multiparametric analysis of treatment response are shown. (c) Ranking of effectiveness of 25 compounds against HT-29 spheroids based on the AUC score.

(d) Trametinib treatment at a 100 nM concentration significantly reduced the size of HT-29 spheroids and completely blocked ERK1/2 signaling in HT-29 spheroids.

Scale bar is 250 mm. (A color version of this figure is available in the online journal.)
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varied between 1 and 0 with smaller values indicating
greater cell death. This screening identified a MEK1/2
inhibitor, trametinib, as the most potent and effective com-
pound from this set of drugs, evident from an IC50 value of
0.0015 mM and an Emax value of 0.21. To combine drug
potency and efficacy into a single parameter and quantita-
tively compare different drugs, an area under the
dose–response curve (AUC) was computed for each com-
pound against the spheroids. AUC values were normalized
to a 0–1 range with values approaching zero indicating both
high potency and efficacy. Consistent with the gain-of func-
tion BRAF mutation and high activity of the RAF/MEK/
ERK signaling pathway in HT-29 CRC cells, trametinib
gave the lowest AUC of 0.31 and ranked first among the
25 compounds used against HT-29 spheroids (Figure 1(c)).
A single-dose of trametinib completely blocked ERK1/2
phosphorylation and effectively inhibited growth of
HT-29 spheroids (Figure 1(d)). Other inhibitors of MAPK
pathways, i.e., PD0325901 and selumetinib, resulted
in AUC scores of 0.59 and 0.63, respectively. Thus, trame-
tinib was the most effective MAPK inhibitor against the
CRC spheroids in a single-agent, one-time treatment
regimen.

Although biochemical assays are widely used to deter-
mine drug responses of cancer cells, the assays are often
terminal, and the samples can no longer be used. This
approach works well with short-term, one-time drug treat-
ment experiments. However, to study long-term effective-
ness of drugs on cancer cells and evaluate changes in drug
responsiveness of cells over time, different samples should
be prepared for different time points. When screening large
sets or libraries of drugs, this introduces operational chal-
lenges and necessitates creating thousands to tens of thou-
sands of samples to enable dose-dependent screening of
compounds with enough replicates to facilitate statistical
analysis. To address this issue, Thakuri et al.52 showed
that analysis of phase-contrast images of spheroids can be
used to reliably predict the growth of the spheroids and
their responses to targeted therapies. Using four different
inhibitors of protein kinases (trametinib, sorafenib, ponati-
nib, dactolosib), it was shown that dose-dependent reduc-
tion in the size of HT-29 spheroids from morphological
analysis of spheroids strongly correlates with the results
from drug response analysis of cells using a biochemical
assay (Figure 2). It is important to note that the

morphological analysis of drug responses of spheroids
was only valid when treatments resulted in shrinking of
spheroids and did not disintegrate them. This approach is
often useful when using molecular inhibitors at low-to-
moderate concentrations.

Modeling adaptive drug resistance of CRC
cells to targeted therapies

Using a pulsed-dosing regimen to mimic intermittent
cycles of chemotherapy administered to patients,53,54

Thakuri et al.55 treated CRC spheroids with inhibitors of
MAPK pathways (RAFi AZ628, MEKi trametinib, ERKi
SCH772984) cyclically with recovery intervals in between
(Figure 3(a)). Responses of HCT116 CRC spheroids to long-
term, cyclic treatments with the LD50 concentrations of the
inhibitors were evaluated using morphological analysis.
The inhibitors potently blocked proliferation of cancer
cells and reduced the size of spheroids during the first
treatment round (T1) (Figure 3(b)). However, the inhibitors
became significantly less effective during the subsequent
rounds (T2, T3, T4) and despite repeated treatments, the
HCT116 spheroids grew larger. A similar result was
obtained with HT-29 CRC spheroids under cyclic treat-
ments with different MEKi,56 confirming that CRC cells
adapt to targeted therapies. Due to extensive crosstalk
between MAPK and PI3K/Akt pathways in different can-
cers,57 the activity of PI3K/Akt pathway in CRC cells
treated with the MAPKi was examined (Figure 3(c)). All
three inhibitors significantly reduced pERK1/2 levels,
with trametinib being the most effective and downregulat-
ing ERK1/2 activity in HCT116 spheroids by �85%.
Nevertheless, the treatments led to significant increases in
the pAkt levels (Figure 3(d) and (e)). Experiments with HT-
29 spheroids also led to a similar outcome.56 Thus, the use
of tumor spheroids with a clinically relevant cyclic treat-
ment regimen established that the MAPK pathway inhib-
itors activate compensatory PI3K/Akt signaling in
BRAFmut (HT-29) and KRASmut (HCT116) CRCs, rendering
treatments ineffective. These results were also consistent
with a prior study that treated a large panel of KRASmut

CRC cell lines with aMEKi, resulting in PI3K/Akt pathway
activity due to either activating mutations in PIK3CA or
loss-of-function mutation in PTEN.58

Figure 2. (a) Dose–response of HT-29 spheroids to four different protein kinase inhibitors. (b–e) Correlation between the average values of fluorescent signal from

Prestoblue metabolic activity assay and volume of spheroids frommorphological images (n¼ 14). R2 represents goodness-of-the-fit parameter. Different data points in

each graph represent different drug concentrations. Only those concentrations that did not disintegrate the spheroids were considered. (A color version of this figure is

available in the online journal.)
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Design-driven combination treatments to
block adaptive drug resistance

Guided by the molecular mechanism of resistance of CRC
spheroids to the MAPKi, Thakuri et al.55,56 examined the

effectiveness of simultaneous blocking of both MAPK and
PI3K/Akt pathways. Following a dose-dependent screen-
ing of several inhibitors of PI3K/Akt/mTOR pathway
against the HT-29 and HCT116 cells, dactolisib was selected
as the most potent inhibitor for combination treatments

Figure 3. (a) Cyclic treatment and recovery regimen used to model adaptive drug resistance of cancer cells. (b) HCT116 spheroids were cyclically treated with

inhibitors of MEK, ERK, and RAF and their volumes were measured at nine different time points over the 32-day treatment period. Kinetics of growth of spheroids

shows that despite significant effects of the treatments during T1, cells quickly adapted and developed resistance, as evident from increase in the size of tumor

spheroids. (c) Western blots for ERK1/2 and Akt activities of HCT116 spheroids show that although the treatments downregulate ERK activity, cells activate Akt

signaling to bypass the treatments. (d–e) Quantified results of p-ERK/t-ERK and p-AKT/t-AKT in the vehicle control and treated spheroids. (A color version of this figure

is available in the online journal.)

Figure 4. (a) Heatmaps of fraction affected and combination index from combination treatment of HCT116 spheroids with trametinib and dactolisib. (b) The com-

bination treatment effectively suppressed growth of HCT116 spheroids in long-term cyclical regimen, whereas individual treatments with trametinib or dactolisib were

ineffective. (c–e) Representative Western blots of activities of ERK1/2 and AKT in HCT116 spheroids under single-agent and combination treatments from T1 and T3

rounds, and quantified results from the blots. (A color version of this figure is available in the online journal.)
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with three different MEKi (trametinib, selumetinib, and
PD0325091). First, a synergy analysis following short-
term, dose-dependent combination treatments was used
to determine synergistic combinations of each pair of inhib-
itors (Figure 4(a)). A combination index (CI) was used to
define synergy when 0<CI< 1, with CI!0 indicating a
strong synergy. Based on this metric, a highly synergistic
concentration pair of each MEKi and dactolisib was select-
ed for long-term, cyclic treatments of CRC spheroids.56 For
example with HCT116 spheroids, a 5 nM trametinib and
200 nM dactolisib pair that gave a CI values of 0.14 was
selected (boxed cells in the heatmaps of Figure 4(a)). With
both HT-29 and HCT116 cells, the combination treatments
very effectively suppressed the growth of tumor spheroids
during four weeks of culture (Figure 4(b)). Molecular anal-
ysis validated that the combination treatment blocked
adaptive resistance of cancer cells to the MAPKi and simul-
taneously inhibited signaling of both pathways in
CRC cells in the long-term cyclic treatments (Figure 4(c)
and (e)). Overall, these studies demonstrated the feasibility
of identifying mechanisms of adaptive resistance of CRC
cells in tumor spheroids to single-agent targeted therapies
and designing combination treatments that block crosstalk
among oncogenic pathways and tumor growth.

Perspectives

Despite a significant increase in the number of available
cancer drugs and development of new treatment strategies,
drug resistance remains a major cause of failure of chemo-
therapies and targeted therapies.2 Understanding resis-
tance mechanisms in preclinical studies is critical to
design more effective therapies. We reviewed several
recent studies from our group on adaptive drug resistance
of CRC cells. We had previously established that spheroid
cultures of cancer cells reproduce various morphological
and biological characteristics of solid tumors and present
a simple, yet powerful tool for mechanistic cancer
research.59 Our recent studies capitalized on this technolo-
gy and demonstrated the utility of tumor spheroids to iden-
tify specific mechanisms of drug resistance that render
single-agent targeted therapies ineffective. Uniquely, we
recreated adaptation of cancer cells to treatments using a
cyclic treatment/recovery regimen. Molecular inhibitors
(e.g. a clinically used MEK inhibitor, trametinib) that had
a strong anti-proliferative effect against CRC cells in short-
term treatments became progressively less effective during
cyclic treatments due to activation of a compensatory feed-
back signaling. Guided by the molecular mechanism of
resistance of CRC cells to single-agent therapies with
MAPK pathway inhibitors, we designed several combina-
tion treatments to target both the initially active MAPK
pathway and feedback-activated PI3K/Akt pathway. The
use of tumor spheroids in 384-microwell plates enabled
high throughput, dose-dependent screening to identify
highly synergistic pairs of drugs that effectively blocked
signaling through both pathways in long-term cyclic treat-
ments of CRC spheroids. Overall, our findings highlight the
importance of incorporating clinically relevant regimens in
mechanistic preclinical studies of drug resistance and to

test and identify synergistic drug combinations against
tumor growth.

While we demonstrated that compensatory kinase sig-
naling accounts for adaptive resistance of colorectal cancer
spheroids to MEKi, our studies did not consider potential
effects of hypoxia on therapy resistance. We previously
showed that colorectal tumor spheroids of �400 mm diam-
eter have a non-uniform distribution of Ki-67þ proliferative
cells toward the periphery of the spheroids,60 implying
oxygen and nutrients deficiency and potentially hypoxia
in the core region. During the cyclic treatment and recovery
regimen, spheroids grew even larger. Therefore, it remains
an open question to investigate to what extent hypoxia
may contribute to drug resistance of CRC spheroids rela-
tive to the feedback signaling of kinase pathways. We note
that the feedback signaling activation only occurred in
spheroids cyclically treated withMEKi. The vehicle control,
untreated spheroids that were significantly larger than the
treated spheroids and more likely to have a hypoxic core
did not develop compensatory kinase signaling or had a
significantly lower activation of PI3K/Akt pathway com-
pared to the treated spheroids. Therefore, this suggests that
resistance to cyclic treatments with MEKi was due to feed-
back activation of PI3K/Akt pathway and not driven by
hypoxia in spheroids.

Our studies primarily focused on effects of drugs, used
alone or in combinations, on proliferative activities of
cancer cells in spheroid cultures. Although blocking
cancer cell proliferation is critical to inhibit tumor growth
and relapse, other pro-metastatic processes such as matrix
invasion of cancer cells, which leads to local invasion and
eventually distant metastasis, should also be considered in
the design of treatment regimens. In a recent study, we
demonstrated that simultaneous inhibition of MAPK and
PI3K/Akt pathways using MEK and EGFR inhibitors
blocks growth of CRC spheroids but not invasion of
cancer cells when the treated spheroids were embedded
in collagen.61 We showed that the invasive phenotype
was driven by activation of STAT signaling and that
sequential treatment of spheroids with a STAT inhibitor
was necessary to also block cancer cell invasiveness. This
study highlighted the complexity of events in the tumor
microenvironment and the importance of examining how
specific drugs and their combinations affect different pro-
metastatic processes. Although animal models allow cap-
turing a variety of events such as tumor growth, migration
and invasion, angiogenesis, immune cell infiltration of
tumors, as well as metastatic dissemination of cancer
cells, significant challenges of conducting mechanistic
studies with animal models and their incompatibility
with screening of drugs and their combinations underscore
a major role for 3D cell-based assays in preclinical studies.

It is now well-recognized that the tumor stroma plays
major roles in cancer progression.62 The stroma in solid
tumors is a complex environment that contains various
types of cells such as fibroblasts, endothelial cells,
immune cells, and different non-cellular components
including the extracellular matrix proteins, growth factors,
cytokines, and chemokines. Physical and biochemical
interactions of cancer cells with the tumor stroma promote
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pro-metastatic functions of cancer cells and resistance to
therapeutics.63–65 As such, future studies should expand
on the spheroid model using other components of the
tumor microenvironment and examine effects of specific
interactions, e.g. fibroblasts—cancer cells or immune
cells—cancer cells, on drug resistance and other processes,
as we recently demonstrated using an organotypic tumor
model.45 Developing such complex tumor models and
incorporating them in our cyclic treatment regimen will
enable mechanistic studies of tumor-stromal interactions
that shape the progression of events in the tumor microen-
vironment and lead to therapy resistance and tumor
relapse. This model can also help examine the efficacy of
various drug combinations, such as molecular inhibitors
with or without cytotoxic chemotherapeutics, against
cancer cells and the tumor microenvironment, an approach
that is being pursued in different clinical trials.66,67

Considering that treating cancers with a single drug
almost always fails due to drug resistance, combination
therapies are crucial to improve outcomes for patients.68

Consistent with clinical trials in different cancers,69,70 our
preclinical studies with the CRC tumor spheroid model
demonstrated significant anti-tumor benefits of combina-
tion therapies. Nevertheless, a major barrier against
giving two or more drugs simultaneously to patients is
increased off-target toxicity to normal cells and tissues.
Excessive toxicity of drug combinations has led to failure
of several clinical trials.71–73 Therefore, a major consider-
ation in preclinical studies should be given to potential
toxic effects of drugs on different organs. This has been
mainly studied preclinically in animal studies by monitor-
ing the animal weight during treatments and histological
examination of different organs after the termination of
treatments. However, advances in 3D cellular models
including the organs-on-a-chip technology will enable eval-
uating treatment-induced toxicity more conveniently and
dynamically to identify effective drug combinations with
reduced toxic effects for clinical trials.
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