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Abstract
Evidence continues to accumulate that patient tumors contain heterogeneous cell populations, each
of which may contribute differently in extent and mechanism to the progression of malignancy.
However, the field of tumor drug delivery research, while continually presenting new and
innovative approaches, in many ways continues to operate on the premise that essentially all tumor
cells are identical. In some in vivo models, xenograft tumors using cell lines may actually be
comparatively homogeneous, and thus result in overly encouraging results when a particular drug
or delivery system is reported to successfully treat tumors in mice. It is well known, however, that
many drugs that show success in preclinical studies will fail in clinical trials. Tumor heterogeneity
is possibly one of the most significant factors that most treatment methods fail to address
sufficiently. While a particular drug may exhibit initial success, the eventual relapse of tumor
growth is due in many cases to subpopulations of cells that are either not affected by the drug
mechanism, possess or acquire a greater drug resistance, or have a localized condition in their
microenvironment that enables them to evade or withstand the drug. These various subpopulations
may include cancer stem cells, mutated clonal variants, and tumor-associated stromal cells, as well
as cells experiencing a spatially different condition such as hypoxia within a diffusion-limited
tumor region. This review briefly discusses some of the many aspects of tumor heterogeneity and
their potential implications for future drug design and delivery methods.

Keywords
Tumor heterogeneity; Drug delivery; Cancer stem cell; Tumor microenvironment

1. Introduction
Cancer is becoming more recognized not as a single disease, but as many, each with varying
causes, prognoses, and appropriate treatments. This diversity of cancers is apparent across
different types of cancer, but now it is also being recognized within cancers of the same
tissue. Furthermore, it is now known that cancer cells within the same tumor are
heterogeneous in many aspects. The heterogeneity is seen across many cell properties,
including morphology or phenotypic expression, exhibition of inherent or acquired drug
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resistance, and capacity for initiating new tumor growth. The reasons for this extensive
diversity are not fully understood. It may be a simple result of the random fluctuation of
protein expression levels. However, the thought that cancer cells are all essentially identical
with only natural variability accounting for differences among them is an old view, which is
being replaced with a new understanding that multiple factors are responsible for the
regulation and progression of tumor cell growth and differentiation. Just as an organ in the
body is considered to be more than just a mass of similar cells, a tumor can also be
considered in some ways to be a new, independent organ acting within the host [1]. Organs
have a variety of cells at unique stages of differentiation, as well as stromal cells that support
the organization of the tissue and the interaction with the rest of the body. Organs can also
have complex spatial organizations that support niches where individual cells maintain
specialized functions accompanied with specific supporting extracellular matrices
facilitating those functions. Evidence now suggests that similar complexity exists for
interactions of individual tumor cells among themselves and with the host [2–5].

Less clear, however, are the mechanisms by which tumors deviate from the integrated
cooperation of an organ with the rest of the body. Clearly, tumor cells override signals that
restrict unbridled cell proliferation. Some tumor cells evade apoptotic death signals or
immune signals that would flag malignant cells for removal. However, they may also exploit
legitimate and normally highly regulated pathways that can aid them in their survival and
expansion. These may include innate differentiation and proliferation hierarchies, paracrine
signaling relationships critical during embryonic development, or inflammatory signaling
normally helpful in wound healing [5]. If these natural functions are mandatory for the
tumor, it is not clear if the disease is continually reliant upon them or if they are only
essential for initial transformation. Furthermore, differences in tumor behavior tend to
evolve over time, and of course will vary from patient to patient. All of these suggest that
each cancer is different and even each cell in a neoplasm can differ significantly. Here, we
briefly discuss some of the likely drivers of tumor heterogeneity and propose that future
therapy development and drug targeting must account for this heterogeneity to become
effective.

2. Cancer Cell Heterogeneity
As the technical possibilities for evaluating clinical tumors continue to increase, so too is the
evidence that cancer tissue is heterogeneous at both the intratumoral and intertumoral level.
Within diagnosed cancers of a specific organ or tissue, it has become apparent that multiple
neoplastic diseases can occur within the same site, but are very different in terms of
morphology, progression, and drug sensitivity. This is exemplified by the multiple clinical
classifications for breast cancer. Currently, breast cancer is categorized in part by the
presence of certain receptors for estrogen, progesterone, or epidermal growth factor,
resulting in at least five possible sub-type diagnoses: luminal A, luminal B, Human
Epidermal growth factor Receptor 2 (HER-2) positive, Claudin-low, or basal-like breast
cancer [6]. Each of these may warrant a different therapeutic regime, but it is becoming clear
that further stratification may be necessary for improved treatment success [7].
Trastuzumab, an antibody drug developed for HER-2 positive breast cancer, is highly
effective for some patients but not for others in this group. Variations in this success may
depend on correct identification of other chromosomal alterations that may exist within this
cancer type [8].

It is not surprising that analysis of tumor types between different patients would result in the
identification of different drivers of cancer. However, tumor tissue within the same patient
can also exhibit significant diversity. Human ovarian cancer cells can exhibit heterogeneity
in their cellular drug resistance and the expression of stem-like phenotypes according to
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their spatial location within the tumor [9]. Liu et al. report the use of antibody-conjugated
quantum dots to simultaneously visualize the expression of four different cellular markers
on fixed biopsies of human prostate tumors. The multiplexed resolution was able to discern
a heterogeneous distribution of premalignant and malignant cells located within glands that
would likely appear to be benign under traditional histological evaluation [10]. Expanding
beyond the primary tumor, heterogeneity is observed between metastatic growths and
original tumor within the same patient. Ding et al. published an account of metastasized
basal-like breast cancer from a single patient. They collected samples from the primary
tumor, peripheral blood, a cerebellar metastasis, and a xenograft culture of the primary
tumor, and then proceeded to sequence the genomes of each sample to find any differences
[11]. A small set of mutations were noted between samples from these different sources,
although in this case a majority of the mutations observed were also associated with the
primary tumor. However, the tissues in the xenograft and metastasis were highly enriched
for certain mutant allele frequencies, suggesting certain subpopulations were more selected
in the new environments. These findings suggest that the patterns of heterogeneity within
the primary tumor may not match those found in metastatic growths [11]. In another analysis
of samples from a single patient, differences among separate metastatic foci of the same
melanoma patient were shown to exhibit heterogeneous morphology and surface antigen
expression, suggesting new metastatic regions are also heterogeneous from each other [12].
Taken together, these data suggest that the primary tumor and each metastatic lesion might
each be most effectively treated with a uniquely catered therapy regime.

While cell heterogeneity is frequently observed in tumors, there is a debate as to the source
of this variability. Evidence has suggested such heterogeneity may be a product of either
hierarchical or stochastic models. Here we briefly present some of the prominent viewpoints
and discuss implications for targeting cell heterogeneity under such models.

2.1. Cancer Stem Cell Theory and Heterogeneity
The cancer stem cell hypothesis has gained renewed traction in recent years, although it still
remains controversial as the acceptable model for tumor initiation and progression [13]. This
theory asserts that tumors are initiated similarly to a developing tissue or a healing wound,
driven by stem cells that give rise to proliferative and multi-differentiated progeny, while
maintaining a smaller subset of progeny that retain a more quiescent and multipotent state.
These so-called tumor initiating cells are also known as cancer stem cells. There is evidence
in many blood cancers and in some solid tumors that there are subpopulations of cells that
can initiate new tumor growth and result in a hierarchical progression of differentiation
pathways [3, 14]. While these side populations may be enriched with tumor initiating cells,
it is not likely that all cells have equal or sufficient capacity to initiate new tumor growth
[15]. The cells have been identified by cell surface markers as well as other properties, such
as by dye exclusion or ALDEFLOUR assays [16]. While some interpreted this to suggest
that cancer arises from a stem cell dysfunction, it is not certain that tumor originating cells
must begin as normal stem cells. However, once obtaining the properties of a cancer stem
cell, the premise of this theory holds that tumor initiating cells will drive tumor progression
and cell differentiation in a hierarchical manner similar to other stem cell patterns, with most
of the progeny entering a proliferative and differentiated state and no longer possessing
stem-like capacity [13].

The cancer stem cell theory poses a significant challenge to therapeutic drug treatment.
While traditional drugs have targeted the proliferation of bulk tumor cells, it is thought that
the less proliferative cancer stem cells are more drug-resistant due in part to their more
quiescent nature and also perhaps to enhanced mechanisms of drug exclusion [17, 18]. If
correct, the stem cell model poses a huge challenge to the idea of preventing tumor
recurrence. If inherently drug resistant tumor initiating cells are responsible for tumor
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growth and progression, then blunt therapies targeting only bulk cells are likely to miss the
drivers of tumor growth, leading to a likely relapse with a more aggressive progeny. On the
other hand, the potential positive side of this theory is that if cancer stem cells are the
engines of tumor growth and malignancy, they present a narrowly defined target for new
therapeutics, giving hope for a definitive cure for cancer.

2.2. Stochastic Theory and Heterogeneity
The cancer stem cell theory proposes that tumor initiating cells and non-tumor initiating
cells are genetically identical but exhibit their differences by epigenetic regulation.
However, the stochastic model of tumor progression is based on continual genetic mutation
that supports the emergence of new clonal populations evolutionarily favored to thrive in the
existing environmental conditions. This would suggest that most of the cells within a clonal
population would have similar tumorigenic potential, although subject to stochastic
probability of actually forming a new tumor. Under this theory, heterogeneity found within a
tumor would result from the existence of multiple clonal subpopulations that are maintaining
sufficient viability. It is possible, however, that if one particular clonal population arises to
dominate over all other populations, then the bulk of tumor cells may remain mostly
homogeneous for a time until new clonal variants develop with competitive viability.

To effectively treat cancer under this model, it would be necessary to try to kill all
transformed clonal populations. Furthermore, this model supports the evolutionary concept
that the introduction of a therapy (or any change of condition) could select for new dominant
populations. Thus, it would be necessary to devise a treatment regime capable of adapting to
altered population growth rates or to try to exploit foreseen vulnerabilities caused by this
phenomenon. This is in significant contrast to the cancer stem cell theory where it is really
only crucial to target the cancer stem cells with drugs as the remaining population is not
expected to contribute to sufficient tumor progression to result in mortality.

2.3. Reconciliation of Two Theories
It is not our intention to resolve the debate between the hierarchical and stochastic models of
tumor progression, but merely to reflect on how either model would influence the proper
approach for effective tumor treatment. As it is quite possible that evidence will continue to
mount for each theory, it is noteworthy that both hypotheses suggest that significant
heterogeneity of cells exist within a tumor and that a single therapeutic approach may not
likely be effective in killing all cancer cells. It is also a possibility that these seemingly
conflicting theories may not be entirely mutually exclusive [13, 19]. It seems possible, with
the countless combination of mutations and epigenetic factors that may coordinate to result
in neoplasia, that some cancers may develop by overriding natural stem cell differentiation
hierarchies, whereas others may develop by self-reinforcing and runaway mutagenesis that
allows for stochastic evolution and competition among the most malignant clonal
populations. Others have proposed that perhaps the evolution of cancer itself may also allow
for phases that alternate between hierarchical and stochastic patterns. For example, Tian et
al. have suggested that as the epigenetic landscape of cancer cells becomes severely
destabilized, hierarchical patterns that were previously evident in tumor progression may be
overridden by aggressive clonal populations that have lost connection to that hierarchical
architecture [20]. If cancer can ascribe to one of two driving mechanisms, or even worse,
migrate between the two, then development of therapies to tackle the heterogeneity
achievable within these scenarios will be even more crucial.

Other recent reports propose the concept of phenotypic equilibrium occurring in populations
of cancer cells between stem and non-stem cancer cells. This hypothesis may also offer a
reconciliation between the stochastic and hierarchical theories, or at least serve to further
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elucidate the confusing array of cancer cell behavioral data. Gupta et al. report data
suggesting that breast cancer stem cells, luminal cells, and basal cells (defined by antigen
expression profiles) can stochastically transition between these states following a Markov
model [21]. This model asserts that cells expressing a certain phenotype will exhibit distinct
probabilities of either remaining in that state or transitioning to another state. Not all
transition probabilities are equal, but with time and a stable environment, this model predicts
a steady equilibrium ratio of each phenotype existing within the population. Moreover, these
findings suggest that while rare, it is possible for non-stem cells to convert to stem cells.
Iliopoulos et al. also report a similar finding that non-stem cells can convert back to cancer
stem cells in response to the secreted signal interleukin-6 [22] . These studies mostly used
breast and some prostate cancer cells so it is not clear if this phenomenon will be observed
in most cancers generally.

The equilibrium concept poses other challenges for heterogeneous drug targeting. In this
case it would be important to target both stem and non-stem cells and perhaps more
importantly develop therapeutics that can prevent the conversion of a non-stem cell to a
stem cell, because the maintenance of a stem cell population seems to be of greatest concern
when considering tumor recurrence. Gupta et al. also reported that drug sensitivity of the
various phenotypes in a population may also follow a Markov model, and thus, this model
may also be informative in developing new drug strategies against the heterogeneously
shifting population [21].

3. Stromal Cell Contributions to Tumor Progression
Tumors consist of several non-transformed stromal cells, such as fibroblasts, endothelial
cells, and immune cells, that are now understood to have important interactions with
cancerous epithelial cells [4, 5]. Fibroblasts associated with tumor cells, sometimes called
carcinoma associated fibroblasts (CAFs), develop a phenotype distinct from normal
fibroblasts, and can retain this phenotype for several passage doublings even when removed
from the presence of carcinoma cells [23]. Unique aspects of this phenotype include an
increase in the myofibroblastic marker alpha-smooth muscle actin (α-SMA) and the ability
to contract collagen gels. These fibroblasts influence the growth of tumor cells by reciprocal
paracrine signaling involving stromal cell-derived factor-1 (SDF-1) and transforming growth
factor beta 1 (TGF-β1) [24]. Co-implantation xenograft studies of cancer cells with CAFs
indicate that tumor volume will increase more quickly with the CAFs than would occur
without them [23]. Tlsty and Cunha showed that tumorigenesis occurs when non-
transformed epithelial cells were coinjected with CAFs, but not with normal fibroblasts [1].
This suggests that the CAFs have evolved an independent and stable phenotype that
contributes to tumor progression.

The contribution of CAFs to tumor progression suggests there may be some potential to
target them for tumor therapy [25]. One potential obvious target would be to inhibit
receptors or signaling molecules of the many soluble signals between fibroblasts and
epithelial cells [4]. Further work is uncovering some specific cell markers associated with
tumor stroma. One example is fibroblast activation protein (FAP), which is a protease within
the dipeptidyl peptidase IV gene family. This protein has restricted expression in normal
tissue, but is upregulated in some tissues during instances of tissue remodeling, wound
healing, inflammation, as well as in fibroblasts of epithelial tumors and in sarcomas. The
proteolytic capacity of this membrane protein could potentially contribute to matrix
remodeling, which might play a role in angiogenesis and metastasis [26]. There is also some
evidence that FAP expression may allow the tumor to evade anti-tumor immune response. A
few studies have considered the use of monoclonal antibodies to FAP or the use of inhibitors
to FAP protease activity as an approach to tumor therapy [27].
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4. Heterogeneous Conditions in the Tumor Microenvironment
The heterogeneity of the microenvironment across spatial regions of a tumor can also have a
strong influence on the biology of individual tumor cells. Some of this is attributed to the
proximity of a cell to gradient concentrations of paracrine factors released from other tumor
cells or from stromal cells. It is also known that the extracellular matrix (ECM) can
significantly influence cell behavior, and cancers are known to misregulate factors
controlling the remodeling of their matrix or integrin receptors which are influenced by the
ECM ligands [28]. The organization of the ECM is not likely to be consistent throughout a
large, aggressive tumor [29]. Other variations in local environment are caused by
accessibility to the content delivered by perfusion of plasma and blood cells within the
circulatory system, including oxygen and endocrine signals [5].

One factor within the microenvironment that has received substantial investigation over
recent years is the effect of hypoxia on tumor cells. As tumor growth is often rapid and
unorganized, cells within the center of a solid tumor typically will experience some level of
hypoxia because new blood vessel formation will not be well coordinated with new bulk
formation, leaving interior cells severely isolated and lacking access to adequate oxygen and
nutrients. Various investigations have revealed that hypoxia is an important but complex
factor affecting cancer cells, and clinical testing shows that up to 50–60% of locally
advanced solid tumors have heterogeneously distributed regions of significant hypoxia [30].
While it would seem that limited oxygen would be a fortuitous happenstance to prevent
runaway proliferation of cancer cells, it is also known that hypoxia can influence the
metastatic and stem-like properties of cells [31, 32]. This may explain the unfortunate
finding that hypoxic tumors tend to correlate with a worse prognosis, at least in some
cancers [30].

Hypoxia has been shown to correlate with resistance to both radiation and chemotherapy
[33]. There are a number of reasons why hypoxia may facilitate drug resistance in a tumor.
First, hypoxia is usually caused by poor vascularization and diffusion limitations, and any
drug delivery through the blood stream will have difficulty reaching cells in hypoxic
regions. Furthermore, cells are shown to reduce proliferation rates in low oxygen and thus
these cells may evade therapies that target mitotic mechanisms. Also, it appears that along
with increased quiescence in low oxygen, cells may also revert or maintain any stem cell-
like properties, perhaps invoking the issues of cancer stem cells discussed above [32]. This
may be a parallel pattern to adult stem cells that are activated to help heal ischemia-damaged
tissue. Hypoxia appears to promote evolution of cancer cells with capacity to metastasize as
well as withstand nutritive deprivation, both of which might also help facilitate mechanisms
of drug resistance or evasion [31].

5. Conclusion
Here we have only briefly reviewed some of the many factors that can contribute to
heterogeneity within a tumor. Whether cancer cells follow a hierarchical, stochastic, or
equilibrium model, it is evident that significant diversity exists among the population of
transformed cells. This diversity is further compounded by factors in the microenvironment
such as paracrine signaling from associated stromal cells or from hypoxic conditions. It is
not easily observed whether genetic, epigenetic, or microenvironmental influencers may
have the most impact on the fate of a cancer cell. Each malignant cell may be influenced by
a different ratio of these factors at a given time. Furthermore, the signals coming to any cell
from each of these drivers is not steady and will fluctuate with time, creating a very dynamic
and difficult process to correct or shutdown. Nevertheless, future therapies must correctly
diagnose and deploy to these multiple needs.
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As researchers in the treatment of cancer, we must move collectively to acknowledge the
rampant, dynamically evolving heterogeneity found in most tumors. We must embrace this
complexity and ensure that future studies continue to gather the necessary information to
allow for improved therapeutic options. This will obviously include further investigation of
cancer biology, but will likely require the development of new technology or techniques that
enable us to test more relevant hypotheses in areas where only limited assays are available.
These enabling technologies will require collaboration of scientists and engineers with
different expertise to create new technologies or to facilitate accurate interpretation of data
obtained in different disciplines. While tumor heterogeneity may appear discouraging for the
development of successful treatment strategies, it may also reveal new approaches and
tunable vulnerabilities that can be exploited to achieve success. It is likely that therapies may
need to be catered to the unique dynamics of each patient and a multipronged approach to
specifically address the most relevant issues for each disease. Recognizing greater
challenges should not be a reason for reduced optimism. It should be a reason for great
optimism as the ability to handle tumor heterogeneity is the essence of the personalized
medicine we are striving to achieve.
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