L))

Check for
updat

Review Article

Page 1 of 9

A narrative review of tumor heterogeneity and challenges to tumor
drug therapy

Liang Zhu"’*, Minlin Jiang"?, Hao Wang'?, Hui Sun’, Jun Zhu’, Wencheng Zhao’, Qiyu Fang’, Jia Yu’,
Peixin Chen'?, Shengyu Wu'?, Zixuan Zheng'?, Yayi He’

"Tongji University, Shanghai, China; *Department of Medical Oncology, Shanghai Pulmonary Hospital, Tongji University Medical School Cancer
Institute, Tongji University School of Medicine, Shanghai, China

Contributions: (I) Conception and design: All authors; (IT) Administrative support: Y He; (III) Provision of study materials or patients: None; (IV)
Collection and assembly of data: None; (V) Data analysis and interpretation: None; (VI) Manuscript writing: All authors; (VII) Final approval of
manuscript: All authors.

Correspondence to: Yayi He. Department of Medical Oncology, Shanghai Pulmonary Hospital, Tongji University Medical School Cancer Institute,
Tongji University School of Medicine, No. 507 Zhengmin Road, Shanghai 200433, China. Email: 2250601@qq.com.

Objective: To accurately evaluate tumor heterogeneity, make multidimensional diagnosis according to the
causes and phenotypes of tumor heterogeneity, and assist in the individualized treatment of tumors.
Background: Tumor heterogeneity is one of the most essential characteristics of malignant tumors. In
tumor recurrence, development, and evolution, tumor heterogeneity can lead to the formation of different
cell groups with other molecular characteristics. Tumor heterogeneity can be characterized by the uneven
distribution of tumor cell subsets of other genes between and within the disease site (spatial heterogeneity)
or the time change of cancer cell molecular composition (temporal heterogeneity). The discovery of tumor
targeting drugs has dramatically promoted tumor therapy. However, the existence of heterogeneity seriously
affects the effect of tumor treatment and the prognosis of patients.

Methods: The literature discussing tumor heterogeneity and its resistance to tumor therapy was broadly searched
to analyze tumor heterogeneity as well as the challenges and solutions for gene detection and tumor drug therapy.
Conclusions: Tumor heterogeneity is affected by many factors consist of internal cell factors and cell
microenvironment. Tumor heterogeneity greatly hinders effective and individualized tumor treatment.
Understanding the fickle of tumors in multiple dimensions and flexibly using a variety of detection methods
to capture the changes of tumors can help to improve the design of diagnosis and treatment plans for cancer

and benefit millions of patients.

Keywords: Tumor heterogeneity; drug therapy; diagnosis

Submitted Apr 18, 2021. Accepted for publication Jun 17, 2021.
doi: 10.21037/atm-21-1948
View this article at: https://dx.doi.org/10.21037/atm-21-1948

Introduction lead to the invasion and metastasis of tissues, and thus to the

. . . . formation of cancer (1,2). It is not static after its formation, but
With the accumulation of mutations in key oncogenes and

cancer suppressor genes as well as deletions and translocations,
normal cells can undergo enhanced cell proliferation, escape
growth inhibition and cell death signals, induce changes
such as angiogenesis, and ultimately activate programs that

a dynamic evolutionary process. As the disease evolves, cancers
usually show a more pronounced heterogeneity, resulting in
tumors that may contain different collections of cells. This

heterogeneity will lead to uneven distribution of genetic
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Figure 1 Classification of tumor heterogeneity. Temporal heterogeneity means that the initial tumor cells gradually appear multiple
subclones with different genetic characteristics (appeared as different colors of cells) under natural evolution or human intervention. Spatial
heterogeneity refers to the uneven distribution of tumor cell subpopulations (appeared as different colors of cells) at the primary tumor and

metastatic sites.
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Figure 2 Timeline of the development of perceptions of tumor heterogeneity (4-10).

diversity of tumor cell subpopulations within the lesions and
tumors (spatial heterogeneity) and temporal variations in the
molecular composition of cancer cells (temporal heterogeneity;
Figure 1). The spatial and temporal heterogeneity lays the
foundation for tumor drug resistance. Designing more targeted
drug combinations based on tumor heterogeneity is necessary
to maximize drug effectiveness and minimize toxicity (3).
Therefore, the accurate evaluation of tumor heterogeneity is
of great clinical significance to enhance the therapeutic efficacy
and improve the prognosis.

In this review, we summarized the mechanisms and
manifestations of tumor heterogeneity and focus on
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their effects on drug resistance. Finally, we discussed the
challenges and solutions brought by tumor heterogeneity to
gene detection to improve cancer detection and treatment.
We present the following article in accordance with the
Narrative Review reporting checklist (available at https://
dx.doi.org/10.21037/atm-21-1948).

Tumor heterogeneity

The earliest evidence that tumors are heterogeneous can trace
back to 1833 (Figure 2). Muller and Virchow first put human
tumor samples under the microscope and discovered that
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The appearance of malignant cells

The formation of tumor

Figure 3 The evolution of tumor heterogeneity. With the accumulation of mutations in critical oncogenic and tumor suppressor genes,

normal cells can degenerate into malignant cells. As the disease progresses, cancer cells exhibit marked heterogeneity in response to

mechanisms such as genomic instability, epigenetic modifications, plastic gene expression, and different microenvironments (appeared as

different colors of cells), ultimately leading to heterogeneous tumorigenesis.

cancer cells have different morphologies and distinguished
cancer subtypes in a single tumor (4). The first evidence that
cancer is a genetic disease was the observation of abnormal
mitochondria in cancer cells by Hansmann in 1890 (5).
Theodor Boveri found in 1905 that abnormal mitoses were
closely associated with the development of malignancy (6).
In the 20th century, the development of cell biology helped
researchers to explore tumors further. Makino ez a/. (7) found
differences in functional and genetic information between
spontaneous tumors and normal cells, which also confirmed
the heterogeneity of tumors. In the latter decades of the 20th
century, several hypotheses were proposed to explain the
mechanisms of tumor heterogeneity formation. Nowell first
proposed the theory of clonal evolution in 1976 (8). Harris
et al. (9) proposed the concept of metastatic variants. With
the continuous development and gradual improvement of
technologies such as next-generation sequencing (10) and
single-cell sequencing (11), it has become possible to achieve
deep sequencing of individual cells or whole genomes of
tumors in different regions spatially or temporally, thus
deepening researchers’ understanding of the corresponding
theoretical and molecular mechanisms of tumor
heterogeneity.

The mechanisms of tumor heterogeneity

Tumor heterogeneity is reflected not only in time and space
but also in structural heterogeneity, gene heterogeneity,
protein heterogeneity, functional heterogeneity, and
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so on. Generally speaking, the main factors affecting
tumor heterogeneity include internal cell factors and
cell microenvironment. The specific mechanisms can
be categorized into genomic instability, epigenetic
modifications, plastic gene expression, and different
microenvironments (Figure 3). Different mechanisms
primarily mediate heterogeneity in various types of tumors
and, as tumors develop, mechanisms from multiple sources
of heterogeneity may interact and work together, ultimately
leading to heterogeneous cancer production.

Genomic instability is considered to be the most
familiar internal driving force in the various mechanisms of
tumor heterogeneity. DNA repair, telomere maintenance,
DNA replication, and chromosome segregation can lead
to extensive and random alterations in any part of the
genome (12). There is a much higher rate of genetic
mutations in cancer cells compared to normal cells. Among
the 12 major categories of cancer, the mutation rate per
trillion bases ranged from 0.28 to 8.15 (13). Even if the
mutation rate is low, the number of base pairs in the human
diploid genome is large (about 6 billion), and random
mutations are critical in the development of tumorigenesis.

In addition to gene mutations, epigenetic modifications
also contribute to tumor heterogeneity. Changes in
epigenetic modifications can remain stable in genetic
information and can be transmitted to offspring, while
there is no change in the DNA sequence (14). Some
studies have confirmed that there is a kind of stem cell
in the tumor. Only cancer stem cells (CSCs) are capable
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of infinite self-renewal and powerful differentiation to
initiate and maintain tumor growth (15). Thus, tumor
development resembles the tissue differentiation hierarchy
of normal stem cells. CSCs generate cellular heterogeneity
by epigenetic changes, forming a variety of phenotypic non-
tumorigenic cells, which constitute most of the cells in the
tumor.

Differential gene expression is also one of the essential
mechanisms of tumor heterogeneity. The cell surface
antigens of some cancer cells are affected by many factors
such as drug therapy, which confirms the mechanism
of temporary changes in gene expression. Singer
et al. (16) performed an analysis of gene expression in a
single embryonic stem cell with the aid of single-molecule
RNA-FISH and quantitative time-lapse movies, which
proved that random gene expression is a fundamental
property of cells in response to changes in their
environment, which is common in nature.

Different microenvironments of tumor cells will also lead
to heterogeneous expression. The microenvironment that
causes this inequality is the result of the joint action of many
factors. One of the more important is blood supply (17).
The difference in the distance from a single cancer cell to
the vascular system leads to different nutritional supply and
metabolism of cancer cells, which affects the heterogeneity of
tumor cells. Besides, other stromal cells, such as fibroblasts,
inflammatory cells, and pluripotent mesenchymal cells,
also promote the diversity of cancer cell genotypes and
phenotypes through secretions, including cytokines, growth
factors, and extracellular matrix (ECM) components. These
secretions of stromal cells contribute to their chemotaxis and
further influence the tumor microenvironment (18).

The clonal evolution model reasonably explains how
internal cellular factors and tumor microenvironment lead
to intra-tumor heterogeneity. The model holds that in
cancer development, random genetic changes create cell
pools, a pool of cells that vary in genetic alterations and
growth potential, but only cancer cells suitable for the
surrounding environment will survive (19). Other sections
are gradually eliminated because they do not adapt to the
environment. The existence of this different subclone
has been confirmed in many kinds of cancer, including
human non-small cell lung cancer (NSCLC). The spatial
and temporal maps of tumor cells also support subclonal
branching evolution. But it has been suggested that drug
resistance status can be reversed. Adaptive therapy can
maintain a competitive balance between drug-sensitive
and drug-resistant clones, stabilizing tumor burden and
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response to therapy (20,21). Besides, some targeted drugs
can reverse tumor chemotherapy resistance status, improve
treatment efficacy, and prolong patient survival (22).

Spatial heterogeneity of tumor

Spatial heterogeneity means that within the primary tumor
or between the primary tumor and the metastases, there will
be differences in characteristics such as genetic information
and cell morphology. In a prospective cohort study,
327 tumor regions from 100 cases of early-stage NSCLC
were sequenced and analyzed. It turns out that more than
75% of tumor drivers have changed later in the evolution.
Both copy number alterations and mutations in somatic
cells were found to be broadly heterogeneous (23).
Gerlinger et al. (24) found that only 34% of the mutations
identified were consistent in all samples when several sites
and metastases were detected in patients with the same
primary renal tumor. Therefore, it is difficult to make a
comprehensive evaluation of the cancer as a whole through
local tissue. The information we get from small samples
is likely to be a glimpse of the cancer and does not reflect
the real situation of the entire primary and metastatic
lesions. In order to overcome the characteristics of spatial
heterogeneity, we can consider trying to obtain data from
different angles in different locations, and comprehensively
interpret the test results. For example, some researchers
suggested that at least three different regions of the same
tumor should be selected during sampling of surgical
resection samples from patients with clear cell renal
carcinoma to ensure the accuracy of the five key mutation
tests (25). However, most cancers are diagnosed at an
advanced stage with little benefit from surgical treatment,
and taking multiple biopsy samples by puncture may put the
patient’s life at greater risk. Therefore, this multi-regional
sampling method is an option for the early screening of
tumors. Notably, the margin of multi-regional sampling for
single tumors must be limited according to the size of the
tumor (23).

Temporal heterogeneity of tumors

The temporal heterogeneity of tumors is mainly manifested
by the polyclonal properties of tumors that evolve over
time, showing a pronounced dynamism. Most of the current
research on the temporal heterogeneity of tumors has come
from targeted drug therapy. The genomic complexity of
tumors usually increases with the continuation of even drug
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therapy. For example, in a study using epidermal growth
factor receptor tyrosine kinase inhibitors (EGFR-TKIs) to
treat patients with EGFR-sensitive mutations in late-stage
NSCLC, the T790M mutation in patient plasma was detected
at a fixed time (26). The results showed that the T790M
mutation positivity rate increased accordingly with a longer
treatment duration. Therefore, the diagnostic results from a
single sampling may become outdated quickly. Considering
this characteristic of temporal tumor heterogeneity, we can
select appropriate biomarkers for dynamic monitoring of
tumors to adjust treatment regimens promptly.

Tumor heterogeneity and drug resistance

In terms of composition, solid tumors include not only cancer
cells, but also intravascular cells, immune cells, mesenchymal
cells, and so on (1). Furthermore, cancer cells within the
tumor vary greatly in molecular characteristics (27), which is
known as intra-tumor heterogeneity (28,29).

These intercellular differences in molecular characteristics
can develop at genomic, gene expression, and post-
translational modification stages, but most kinds of cancers
can recognize these differential molecules. Currently, cancer
therapies ignore these cellular differences and treat cancer
as a homogeneous disease. Most of the targeted drugs
targeting the abnormal molecular characteristics of cancer
cells are based on a single biopsy, which cannot reflect
the overall condition of the tumor (30,31). Similar to the
immune response, intrinsic drug resistance and adaptive
drug resistance are the mainstream explanations for the
mechanism of drug resistance. The inherent drug resistance
refers to the resistance of the tumor itself to drugs. Tumor
heterogeneity leads to the emergence of subclones with
different drug sensitivities, and some subclonal populations
possess more excellent drug resistance than the initial tumor
cells (32). Cytotoxic drugs can destroy most of the non-
resistant subclones in heterogeneous tumors, but a small
number of resistant subclones dominate and continue to
grow and re-form tumors. And adaptive resistance is a drug
resistance mechanism developed by tumor cells that are not
initially resistant may also evolve a diverse set of resistance
mechanisms after targeted therapy. Several studies on the use
of EGFR-TKIs in NSCLC leading to the T790M mutation
in the EGFR gene demonstrate it (33-35). In addition, the
problem of resistance to tumor immunotherapy caused by
heterogeneity cannot be ignored. Chimeric antigen receptor
(CAR) T-cell therapy for multiple myeloma resulted in
the absence of target antigens, which induced immune
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escape (36). Programmed Cell Death Protein 1 (PD-1)
blockade promoted the proliferation of T-reg cells in gastric
cancer, leading to suppression of anti-tumor immunity (37).
Combining other therapies such as radiotherapy can
increase the sensitivity of tumor immunotherapy (38). The
heterogeneity of drug resistance related gene mutations
further complicated targeted therapy. Drug resistance gene
mutations can occur in different patients, such as multiple
mutations of G1202R, G1269A, L1196M, 111717, and
F1174C in anaplastic lymphoma kinase (ALK) (39). Co-
mutations of multiple drug resistant genes, such as ALK/
KRAS co-alterations, can also occur in the same patient (40).
Having a profound understanding of the specific drivers of
drug resistance in various types of tumors will help us to
understand the essence of cancer better and to develop more
targeted and effective cancer therapies (41).

Tumor heterogeneity and multidimensional
diagnosis

People’s deepening understanding of tumor heterogeneity
has benefited from the rapid development and continuous
detection technology progress. In order to overcome tumor
heterogeneity, the tests performed on tumors also have
the characteristics of sample heterogeneity and platform
heterogeneity. At present, circulating tumor cells (CTCs) or
circulating tumor nucleic acids (ctDNA and ctRNA), used as
a source of the bioanalytics for peripheral blood samples, can
track treatment status and monitor the emergence of drug
resistance. In addition to blood, common types of samples
include pleural fluid, ascites, cerebrospinal fluid, and urine.
For some patients with unusual tumors, they should be more
flexible in choosing the samples to be sent to ensure the test
results’ authenticity. There are various detection platforms
that can be applied to tumors, such as real-time polymerase
chain reaction (qPCR), digital PCR, next generation
sequencing (NGS), and single-cell sequencing.

ctDNA was first developed and characterized by its ease
of isolation and long-term preservation, which facilitated
targeted deep sequencing (42). And circulating free DNA
(cfDNA) levels are higher in cancer patients than in
normal healthy people, and only a small fraction represents
ctDNA (43). The half-life of ¢fDNA is about 2 hours, which
can realize the real-time monitoring of allele frequency
changes and track the changes of clones and subclones. It is
the best solution to replace the multi-point tissue sampling,
break the time and space heterogeneity, and perform
comprehensive tumor assessment (44). There are several

Ann Transl Med 2021;9(16):1351 | https://dx.doi.org/10.21037/atm-21-1948



Page 6 of 9 Zhu et al. Challenges of tumor heterogeneity to drug therapy

Table 1 Comparison of multidimensional tumor diagnosis platforms

Technology Advantages Disadvantages

Real-time PCR () Known mutations; (Il) fast; (lll) inexpensive; (I) Only detect genes in one sample at a time;
(IV) high sensitivity; (Il) unknown mutation cannot be detected
(V) no bioinformatics expertise required

Digital PCR (I) Known mutations; (1l) fast cost-benefit profiling; (I) Only detect genes in one sample at a time;
(I high sensitivity; (IV) no bioinformatics expertise (I) unknown mutation cannot be detected
required

NGS () Known and unknown mutations; () Complex work; (Il) slow; (lll) expensive;

(Il) massively parallel sequencing;
(1) whole target genome

Single-cell sequencing

tumor cell cloning

(I) Contribution to downstream analysis; (1)
comprehensive understanding of the evolution of

(IV) bioinformatics expertise required

(I) Special equipment required to obtain target cells;
(1) lack of standardization

PCR, polymerase chain reaction; NGS, next generation sequencing.

sequencing platforms that can be used for the analysis
of ctDNA, all of which possess some strengths and
weaknesses (45). Both qPCR and dPCR are highly sensitive
to the genomic changes detected and can be easily applied to
clinical workflows with an easy bioinformatic burden. And
dPCR is an absolute quantification technology for DNA
molecules that enables absolute quantification of starting
samples (46). Although the information obtained by a single
dPCR test is limited, the detection sensitivity is the highest
among various molecular detection platforms. The new
NGS platform, optimized for ctDNA analysis, is highly
sensitive and efficient in monitoring low-level diseases. A
large number of studies have confirmed the clinical value
of NGS in tuberculosis (47) cancer (48), and so on. NGS
enables massively parallel sequencing, capable of sequencing
millions of DNA fragments simultaneously (49). Under the
premise of ensuring the sequencing depth, it can grasp more
comprehensive tumor driver gene mutations at one time,
which is more suitable for newly diagnosed cancer patients.
Besides, NGS-based methods are not only highly sensitive
for screening for identified mutations but can also cover
the entire target genome to detect unidentified mutations.
However, NGS-based methods are expensive and require
more sophisticated bioinformatics support (Table I). To
design more intelligent bioinformatics software and introduce
automation for testing can minimize the disadvantages of
NGS-based methods and make them better suited for clinical
applications (50). The other bioanalytical source is CTCs.
Although CTC and c¢tDNA platforms are comparable in
terms of clinical potential, there are significant differences
in the clinical application of these two platforms. Because
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ctDNA is widely available and easy to collect, it can be
successfully detected by a simple biopsy platform. However,
CTC platforms require specialized instrumentation to
obtain the target cells for detection, and current methods
for detecting CTCs lack standardization and have varying
detection thresholds. In terms of biological source, CTCs are
intact tumor cells, which can provide more heterogeneous
information within the lesion and visualize its heterogeneity
level (51). Besides, CTCs can be analyzed by single-cell
sequencing to detect DNA, RNA, or protein levels, bringing
a complete understanding of the evolution of tumor cell
cloning (52). Therefore, in response to different clinical
needs, selecting an adapted platform can better reduce the
testing cost and shorten the diagnosis time on the premise
that the test results are authentic and credible.

Conclusions and future directions

Tumor heterogeneity is affected by many factors consist of
internal cell factors and cell microenvironment. Heterogeneity
is the main obstacle to effective and individualized treatment
of tumors. How to understand the fickle of tumors in multiple
dimensions and how to flexibly use a variety of detection
methods to capture the changes of tumors at a time when
targeted therapy and immunotherapy are rapidly developing
can help to improve the design of diagnosis and treatment
plans for cancer and benefit millions of patdents.
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