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Abstract

Cancer is a genetic and developmental disorder. The recent advents of systematic sequencing studies have
revealed thousands of somatic mutations, hundreds of chromosome rearrangements and copy number variants in
the cancer genomes. The genomic changes can differ markedly between individual cancers, even within a particular
cancer type, individual tumours often display wide variations. Heterogeneity of cancer or cancer cells is the well
observed phenomenon and is considered the major hurdle for successful treatment. Mutational clonal evolution
and cancer stem cell models could only partially explain the ubiquitous heterogeneous tumour cell population. Here
we provide intuitive thinking with systems biology view to explain the inevitable heterogeneity of cancer cells as an
abnormal cell type driven by dynamics of gene regulatory network. We also discuss the significance of the single cell
transcriptome for detecting the heterogeneous cancer cells and targeted therapy.
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Introduction

Cancerisasystematicdisease with theinfluence of genetic, epigenetic
alterations and the interaction with macro- and micro-environment
[1]. From the observation of histopathologic hallmarker of cancer cells
to the discovery of aberrant chromosome changes in cancer cells, from
the identification of oncogenes and tumour suppressor genes to the
exploration of unique gene expression profiling of cancer or its subtype,
and from the sequencing of exomic cancer genes to decoding the whole
cancer genome, each milestone of cancer research over a century
significantly deepens our understanding of cancer biology and change
our view of the landscape of cancer genomics [2]. We have understood
much more the molecular mechanisms of cancer development and
complicated pathways operate in cancer cells and developed targeted
therapies for certain type of cancers [1]. However, the heterogeneity of
cancer cells leading to various response to treatment, recurrence and
relapse after initial treatment is recognized the major hurdles to cure
cancers [3]. Clonal evolution of mutation model assumes that random
mutation and natural selection over time creates the heterogeneous
phenotype. Cancer stem cell hypothesis conceives that differentiation
from stem like cancer cells is responsible for the heterogeneous
population [4]. Recently, the momentum of systems biology in cancer
research provide a holistic thinking of cancer development with gene
regulatory networks [5], The integration of the cancer stem cells (CSC,
or tumour initiating cells) hypothesis and cell attractor theory with gene
regulatory network may provide comprehensive insight of cancerous
heterogeneity and potential therapeutic strategy. Here, we will discuss
the cancer stem cell hypothesis, the concept of cell attractor and gene
regulatory network, and the examination of single cell transcriptome
instead of population to dissect heterogeneous tumour cell population
for targeted therapy.

Cancer stem cell hypothesis

In 1993, CSCs were first identified in haematological malignancies
[6], later their existence have been proved in various solid tumours [7].
CSC model proposes that a small proportion of cancer cell gives rise to a
hierarchy of cells that proliferate and differentiate and contributes to the

heterogeneity [8]. It is now clear that various tumours can be sustained
by CSCs, which share some of the defining properties of normal
stem cells such as self-renewal, expansion and multipotency. CSCs
are also able to spontaneously or induceably differentiate to multiple
different lineages of cancer cells that comprise the heterogeneous
tumour cells [9]. Notably, CSCs can escape conventional therapy to
regenerate a tumour, therefore, CSCs are accused for the culprit of
the failure of treatment [6]. Certainly, specifically targeting CSCs will
ideally improve the therapeutic efficacy [10]. However, several studies
have reported that non-cancer stem cells can convert into acquiring
cancer stem-cell-like behaviour and supporting tumour formation
[10-13]. We reason that cell type switch in tumour cells is dynamic
and different cell type co-exist seems to be necessary to maintain their
survival. The complexity of cancer biology promote us to revisit the cell
attractor and gene regulatory networks which govern cell fate proposed
by Stuart Kauffman in 1960’s [12] that could help to understand the
heterogeneity of cancer cells in addition of cancer stem cell model and
will be discussed briefly on the next section.

The concept of cell types as attractors on gene regulatory
networks and the inevitability of cancer

Cell types in general are discrete, mutually exclusive and stable
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phenotypic states. These distinct cellular states include immature
stem and progenitor cells as well as the fully differentiated mature
cells. Each of them is characterized by a unique genetic circuit which
we can now approximately measure with specific gene expression
program [13]. Regarding the origin and induction of cancerous cells
from normal cells we could consider two hypotheses. One is that
cancer origin is “cell-intrinsic”, according to which it arises by the
modification of a pre-existing intra-cellular program which is highly
influenced by the stochastic change on gene networks [14]. The other
is assuming that a “deterministic” process in which cancer is caused by
instructive changes (DNA mutations and/or epigenetic modifications)
which precisely induce genetic program modifications in order to
generate a new (malignant) phenotype [15]. A unification of these
two phenomenological hypotheses is possible when we look at cancer
origin through the lenses of non-linear dynamics of a molecular
interaction network, or more precisely, a Gene Regulatory Network
(GRN). This GRN determines the expression levels of the N-genes that
it encompasses at a given time point (for a clean and deep introduction
to GRN dynamics see [16,17]).

In this network, the connection and interdependence between N
regulatory molecular elements establish a N-dimensional system whose
dynamics control the trajectory of the cell differentiation process. In a
mathematical sense, the cell moves in an N-dimensional “state space”
in which each point represents a particular gene expression profile [13].
The regulatory interactions now impose heavy constraints on how the
expression levels of individual genes can change, as a consequence, it
maps mathematically in the highly constrained way in which the cell, or
the point in the state space, can move: it moves only along predestined
trajectories. This is the integrated dynamics of the network [17].

A trajectory is not only determined by the nature of the interactions
but is highly influenced by gene expression noise, which confers certain
stochasticity to the course of the trajectory. However, the system
dynamics are not totally erratic due to the presence of well established
interactions that keep the trajectories towards stable points (attractors).
Usually GRN is composed of gene circuits of mutually repressing genes
(here the repression is a constraining interaction) implies a well-
ordered and predictable dynamics, resulting in particular trajectories
where several stable steady states are observed to which the system
(point in the state space representing the cell) is “attracted”. This sense
of directionality in the system typically starts a binary decision of the
undecided state and ends in the state of the committed lineage [18].

At this point we could observe gene mutations as physical
modifications on the gene network architecture and, as we know that
one gene expression usually maps into one phenotype, gene mutations
and epigenetic changes can be accused for the origin of new malignant
phenotypes (Figure 1). Basically, these changes are the ones who
motivate the exploration of new viable phenotypes and create a side
path that could be malignant—an unusual attractor [17]. The gene
regulatory instability promotes further explorations and at the same
time results in increasing the phenotypical heterogeneity of tumours
and promoting the emergence of some cancer cells with stem cell like
behavior, being those cell states immature and able to generate an
entire hierarchic differentiation tree [6].

Under this perspective we could infer that: 1) cancer origin is a
multifactorial phenomenon that may depend on genetic and non-
genetic changes, importantly, these changes influence the dynamics
of a GRN which maps into a given particular phenotype; 2) cancer is
inevitable and is a side event of the ability of organisms to visit unused
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Figure 1: Changes on the genome such as mutations or epigenetic modifications
induce Gene Regulatory Network (GRN) instability. This is due to modifications
on the GRN architecture which produce highly heterogeneous populations and
promote the exploration of new and viable phenotypes like Cancer Stem Cells
(CSC).

states—malignant phenotype; 3) cancerous phenotypical heterogeneity
is important for the development of tumours, making possible the
appearance of cells with a stem cell profile. The last fact will be discussed
further below.

Heterogeneity in tumour cell populations

Traditionally, cell population with particular traits presents in a
bell shape distribution when measured by flow cytometry, this type of
variation (the deviation from the mean) is termed micro-heterogeneity
[19] which is determined by GRN. Tumour heterogeneity may be
categorized into inter-tumoural and intra-tumoural heterogeneity
with respect to both function (such as response to treatment) and
phenotype. The former refers to the variability among tumours in the
same organ. For an example, breast cancer is classified five subtypes:
luminal A, luminal B, basal-like, ERBB2/HER2* and normal breast
like, each subtype has a unique morphology, gene expression profiling
and specific treatment [20]. Cell origin and genetic alterations may be
the main reason resulting in the inter-tumoral variation [21]. Intra-
tumoral heterogeneity defines as the variation within a tumour with
respect to both functional properties and expression of markers.
Hierarchical cancer stem cell and stochastic clonal evolution models
are mainly taken into account to describe intra-tumoural heterogeneity
phenomenon [16]. Stochastic clonal evolution model argues that
genetic and epigenetic changes in cancer cells might give rise to other
cancer cells with different phenotypes [22]; While cancer stem cell
model assumes a sub-population of cells in a tumour proliferate and
differentiate into different cells [4]. Individual cells within a population
of cancer cells can be different genetically and epigenetically. Genetic
heterogeneity refers to the differences among the genome sequence
of the members of the population that result in a heterogeneous
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population [19]. On the other hand, non-genetic heterogeneity refers
to the differences among individuals due to variability in expression
level of the genes [23]. In the state space, the individual cancer cells
positions at different attractors with stable GRN. Consistent with this
idea, experimentally sorting out two subpopulation: cells with CD44*
or CD24, in breast cancer, each subpopulation displays different gene
expression profiles and different SNP pattern [24].

Cellular and molecular mechanisms underlying heterogeneity
of tumours have remained one of the interesting and unanswered
questions in the field of cancer biology. The cancer cell population
diversity (intratumour heterogeneity) is of great importance to
investigate due to its profound implications for disease progression,
diagnosis and treatment [25]. In order to precisely identify cancer
cells or cancer stem cells within a heterogeneous tumour population,
we need to find their molecular signatures through performing gene
expression analysis. For example, Shipitsin et al. [24] has been shown
a differential expression of genes involved in TGF-p pathway in
CD44* and CD24* subpopulation cells, therefore, eliminating CD44*
subpopulation (cancer stem cells) through inhibiting TGF-f3 signaling
becomes effective treatment [24]. To achieve such stratification of
subpopulation in heterogeneous tumor cells, a unique technique, single
cell gene expression detection is necessary to be developed.

Gene expression profiling (GEP) of individual cancer cells
and its significance in cancer biology

Gene expression profile is a pattern of expression of thousand of
genes across genome at a particular time under particular condition
[23]. Gene expression profiles or patterns are generated by underlying
gene regulatory network that defines and orchestrates the expression
of genes across the genome. Each gene expression profile represents a
state of the network [23] and therefore a cell type including cancer cell
or cancer stem cell phenotypes. Gene expression profile also conveys
information about how genes interact with each other and regulates
each other’s expression within a network [23].

Some techniques such as microarray, QPCR and RNA-sequencing
(RNA-seq) have been used to measure gene expression profiles of
population of cells. GEP using microarray has been done quite a lot
in breast cancer to identify the genes associated with cancer and their
level of activity at different stages of the disease [19-21]. Although
systematic analysis of genome-wide transcription of cancer cells using
microarray has offered not only revealing gene expression signature
of the cells but also identifying biomarkers and therapeutic targets
[26]. But the problem arises when we are aware that every cell within a
population has its own gene expression profile and cell heterogeneity
within a tumour is a common phenomenon [4]. This heterogeneity
may arise from intrinsic stochastic gene expression in individual cell
owing to different micro-environment or due to low copy number of
transcriptional and translational molecules [27]. Techniques such as
microarray that use population of cells as input in fact represent an
average of gene expression profiles of all these cells [19]. Deciphering
gene regulatory network underlying physiological phenotype,
behaviour and function of cancer cells based on these data can be
misleading and it masks the true gene expression pattern of individual
cells [23]. Due to the presence of multiple subpopulations with different
gene expression profiles, a more sensitive assay, ideally an assay at the
single cell resolution is needed.

To be able to obtain these types of information, single cell
microarray analysis [28] had been developed and could facilitate the

analysis of evolution of tumour cells at the single cell resolution. Recent
advances in technologies such as high-throughput (next-generation)
sequencing technology, provides the opportunity to use individual
single cells as starting input and investigate their transcriptomes [21-
23]. Although these techniques have been applied on single embryonic
stem cells [29], or individual oocyte and blastomere cells [30] but
they could be applicable to individual cancer cells as well. Identifying
different subpopulations within a bulk of tumour to analyze the gene
expression in single cancer cells could build the gene regulatory
network at individual cell level and reveal such heterogeneity in very
details. In addition, it can be used to develop targeted therapy and
monitor the real-time response of cells to the treatment.

Outlook

Cancer is a genetic and developmental disorder. We have deeply
understood the molecular mechanisms of cancer----about 400
cancer genes have been identified, hundreds of thousands of somatic
mutations have been found, numerous chromosome rearrangements
and few more novel fusion genes were unexpectedly uncovered in
cancer genomes with the massively parallel sequencing technology
[2]. Scientists are bewildered with piles of genomic data, and
decoding cancer genome appears to be beyond the DNA sequencing.
Reductionism encounters a bottleneck to answer the driving force of
cancer and the origin of heterogeneity. The concept of systems biology
may offer unique ideas to interpret the cancer cell as an abnormal
cell type constitutively “instructed” by attractors and measured with
gene regulatory network. Gene expression signature that is found for
individual cells within a heterogeneous tumour could help us to specify
subset of cancer cells within a heterogeneous population; with deep
analysis of the pathways that are active in cancer stem cells we could
target these cells specifically. In fact, Schatton et al. [31] has shown the
first evidence in support of the potential therapeutic utility of CSCs
in melanoma by demonstration that killing the CSC subpopulations
selectively is enough to inhibit the growth of a tumour. These findings
are promising for development of CSC-directed therapeutic strategies.
In addition, cancer stem cell hypothesis reminiscent the attractor
theory, induction of differentiation of cancer stem cell with small
molecules appears to be feasible as an integrative treatment.
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