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Abstract

Precision Oncology seeks to identify and target the mutation
that drives a tumor. Despite its straightforward rationale, con-
cerns about its effectiveness are mounting. What is the biolog-
ical explanation for the "imprecision?" First, Precision Oncol-
ogy relies on indiscriminate sequencing of genomes in biopsies
that barely represent the heterogeneous mix of tumor cells.
Second, findings that defy the orthodoxy of oncogenic "driver
mutations" are now accumulating: the ubiquitous presence of
oncogenic mutations in silent premalignancies or the dynamic
switching without mutations between various cell phenotypes
that promote progression. Most troublesome is the observation
that cancer cells that survive treatment still will have suffered

Introduction

The application of "Precision Medicine" to the management
of cancer, or "Precision Oncology," has quickly captured the
imagination of scientists, clinicians, and the public because of
its intuitively plausible scientific rationale: identification of the
oncogenic mutation in a patient's cancer genome that drives the
growth of her tumor, followed by treatment with target-selec-
tive drugs that block the phenotypic consequence of precisely
that oncogenic mutation (1, 2). But critics have been quick to
warn of an overly simplistic view, reminding us of the balance
between warranted hope and runaway hype (3, 4). They point
to the genetic heterogeneity of tumors, the diversity of path-
ways used by different tumors, and the inexorable evolution of
drug resistance. These complications are readily comprehensi-
ble within the existing paradigm, but there is more outside this
box of conventional thought that demands a more encompass-
ing perspective.

Here, we go beyond the usual pushback against Precision
Oncology and present emerging concepts of tumor dynamics
that defy the orthodoxy in Precision Oncology. We summarize
recent observations and insights that have been difficult to
reconcile with the paradigm of oncogene-driven tumorigenesis
and that will provide a biological basis to comprehend the
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cytotoxic stress and thereby enter a stem cell-like state, the
seeds for recurrence. The benefit of "precision targeting" of
mutations is inherently limited by this counterproductive
effect. These findings confirm that there is no precise linear
causal relationship between tumor genotype and phenotype, a
reminder of logician Carveth Read's caution that being vaguely
right may be preferable to being precisely wrong. An open-
minded embrace of the latest inconvenient findings indicating
nongenetic and "imprecise" phenotype dynamics of tumors as
summarized in this review will be paramount if Precision
Oncology is ultimately to lead to clinical benefits. Cancer Res;
77(23); 6473-9. ©2017 AACR.

immanent limitations of precision-guided treatment: (i) Iden-
tification of oncogenic mutations by tumor sequencing is
obfuscated by intratumor genetic heterogeneity. (ii) Targeting
of causative mutations is complicated by phenotypic plasticity
of cells, which produces nongenetic heterogeneity and
cell behaviors not predicted by a cell's genotype. Cancer is not
a disease of DNA or the cell but of the tissue (3, 5, 6).
Eradication of a tumor may fail because a tumor is a robust
adaptive ecosystem of diverse, communicating cells that senses
injuries, and repairs itself; this could explain why the very act of
attempting to kill cancer cells may also plant the seed of
recurrence (Fig. 1).

Current Public Perception and Cracks in
the Paradigm

Clinical studies have failed to demonstrate that systematic
cancer genome sequencing results in significant benefit to
patients. One study showed that in only 5% of cases does genome
sequencing result in "actionable" information (7), detection of a
mutated driver oncogene for which there is a target-selective drug
available and accessible (8). Often, well-established activating
mutations are detected that cannot yet be pharmacologically
blocked. For instance, one third of all human tumors are driven
by mutations in RAS genes (9), yet development of drugs to block
KRAS gene function has been challenging (10). One may ask:
Given that Ras is so widely mutated and its intracellular pathways
fan out to regulate thousands of genes (11), would targeting Ras
indeed represent a "precision" intervention? Is precision the
"right" strategy at all?

Despite limited clinical impact, Precision Oncology, glorified
by a handful of highly publicized anecdotal success stories
continues its ascendance in public awareness. The U.S. govern-
ments' new Cancer Moonshot Program launched in 2016 with
great fanfare has Precision Oncology as one of its central pillars
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Figure 1.

Limitations of the precision approach. The belief in Precision Oncology relies on the assumption that tumor treatment is more effective if a target-specific
therapy is selected to match the genetic or epigenetic alterations observed in an individual patient's tumor (e.g., shown here on the left in targeting
altered Ras). However, in implementing such a precision approach, one encounters a number of biological realities that test the foundations of this
mental model (right). Owing to heterogeneity, a single tumor displays intratumoral variation at the genetic and nongenetic level. Which specific
alteration should then be targeted? Nongenetic heterogeneity is a critical consideration as cells respond to broad, environmental perturbations and
drug treatments by converting to many other cell states, including stem-like, resistant cell phenotypes (Ras signaling inset image modified from ref. 42).

(12). Questions of cost effectiveness are drowned out by
ubiquitous direct-to-consumer advertisements for Precision
Oncology by cancer care centers (13). And the skepticism of
some investigators regarding the very concept of "driver muta-
tions" (14, 15) is overpowered by the gratifying logics of
targeting a molecular root cause.

Ironically, the same genome sequencing technologies that
have brought us Precision Oncology have uncovered a series of
inconvenient facts that explain why Precision Oncology cannot
be the universal solution. Deep sequencing with next-generation
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sequencing and single-cell omics technologies have revealed
inconsistencies in the paradigm of "driver mutations" (16) and
the somatic mutation theory of cancer, warranting a more critical
stance toward Precision Oncology (15, 17).

GeneticHeterogeneity in Tumor Specimens

The notion of massive cell heterogeneity in tumors is now
broadly acknowledged. But the minds of investigators still operate
largely in the category of genetic as opposed to nongenetic
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heterogeneity (18-20). Before clinical researchers recognized
tumor cell heterogeneity as a challenge, cartoons of mutated
oncogenic pathways (21) were used as a scheme of causality.
These were mentally projected onto every cell of the tumor under
the tacit assumption that the tumor is a homogenous mass of
identical cells. This idea goes back to the textbook concept of
clonal expansion of a dominant cell clone carrying the onco-
genic mutation that "takes over" the entire tumor. Reality departs
from such cartoonish pathway models in two ways: (i) Every
individual cancer cell carries a distinct set of mutations, hardly
surprising given the genomic instability of cancer cells; (ii) there
is little evidence of a "purifying selective sweep" by the
most malignant clone carrying "driver mutations" that would
"homogenize" the tumor.

Although one finds signatures of clonal selection in some
tumors (22-24), clonal diversity dominates. Genetic hetero-
geneity is now readily recognized by deep sequencing and
genomic analysis of multiple biopsies from different regions
of the same tumor (25). Analysis of regional diversity of
genomes in colorectal and liver tumors (26, 27), with 100
million distinct coding region mutations found in a single
tumor, illustrates this genetic diversity (26). A systematic
analysis of the frequency distributions of mutations in bulk
tumor genomes suggests that neutral evolution is the rule
rather than exception (28). Single-cell studies confirm multi-
ple, branching evolutionary trajectories proceeding concomi-
tantly in leukemia populations (29).

With such genetic diversity within a single tumor, we must
reexamine what exactly needs to be measured to identify "onco-
genic mutations" in the diagnostic step of Precision Oncology.
There is no single tumor genome to sequence. Genomic DNA
extracted from a bulk tumor sample may capture the most
dominant clone. The "other" tumor cells that do not carry the
targeted "driver mutation" may yet survive and be the source of
tumor recurrence.

In contrary to the regional genetic diversity uncovered by
sequencing a tumor following surgery, temporal changes in
genetic diversity have been less studied. Analyses of individual
cell genomes in serial samples extracted at multiple time points
indicate complex subclone dynamics that reflect independent
evolutionary paths and copresence of distinct stages, far from the
standard model of multistep cumulative acquisition of mutations
(22, 29). Circulating tumor cells (30) or even tumor (ct) DNA
(31) now afford a noninvasive window to the tumor, enabling
longitudinal monitoring without repeated biopsies. But given the
cellular heterogeneity of tumors, do these "liquid biopsies" offer
representative samples of entire tumor cell populations? For
example, ctDNA analysis of patients with colorectal cancer who
had developed resistance to anti-EGFR therapy revealed up to 12
distinct subclones in one patient, each harboring a different
mutation in RAS or BRAF genes (32).

Neither Mutations nor Epimutations Are
Strictly the "Cause” of Cancer

Nowhere is the disconnect between nominal "oncogenic muta-
tion" and cancer phenotype as lucidly manifested as in precan-
cerous lesions that only rarely become cancer. With next-gener-
ation sequencing of somatic tissues, a large number of mutations
that affect oncogenes have been detected in healthy skin cells.
Potentially oncogenic mutations (in BRAF, TP56, PIKC3, etc.) are
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found in normal skin and at high frequency in nevi, the vast
majority of which never develop into malignant melanoma
(33-36). As in tumors, these mutations may even display signs
of clonal selection and expansion. Similarly, a large fraction of
epithelial cells in Barrett's esophagus also carry oncogenic muta-
tions. But again, only <1% of Barrett's esophagus progresses
to esophageal adenocarcinoma (37, 38). For a systematic
review of driver mutations found in noncancer tissues, see Kato
and colleagues' work (39). A logical interpretation is that
so-called "driver mutations" are not actual omnipotent "drivers"
but represent, in the simplest scheme, molecular lesions that are
causatively necessary but not sufficient for pathogenesis. But
the common notion that "additional hits" are needed may also
be too simplistic.

If genomic mutations are not sufficient, one should also
consider the logical complement that accumulation of specific
mutations may not be necessary in the first place. Although
absence of evidence is never evidence of absence, whole-
genome sequencing of ependymoma has failed to identify
recurrent somatic mutations (40), and several childhood can-
cers, notably leukemia and rhabdomyosarcoma, may be caused
by just a single mutation (41). This is not as outlandish as one
may think if one overcomes the tacit habit of reducing complex
phenotypes to genotypes, a common epistemic practice in
which each new "hallmark of cancer" (42), such as invasion
or angiogenesis, is mapped to a plausible mutation. In reality, a
single genetic alteration in a master regulatory gene may pro-
foundly alter the developmental trajectory of cells on
Waddington's canonical "epigenetic landscape" of cell devel-
opment. In this (mathematically permissive) abstraction, every
point on the landscape is a cell phenotype, and the major
valleys into which cell naturally roll represent stable normal
differentiated cell types (43). Mutations may push cells into
"side-valleys" where further descent (=differentiation) is
blocked, causing a maturation arrest that is a fundamental
feature of all neoplasia (19). Once in the wrong developmental
path, the derailing mutation may not be necessary anymore to
maintain the malignant state. Such hysteresis in which activity
of an oncogenic protein is required only in a transient devel-
opmental window (44) obviously defies the therapeutic target-
ing of "causal" mutations because dependency on the (tumor
initiating) oncoprotein is lost.

A prosaic manifestation of "phenotype innovation without
mutation" is the diversity of cell types in the metazoan body,
each of which constitutes a distinct, stable, and inheritable cell
phenotype that is not produced by genomic alterations. It is
then only a small step to explain minimally mutated or even
mutation-less cancer if one considers the old idea that cancer
cells are pathologic (immature) cell types not meant to be
implemented but once realized, are trapped in developmental
dead ends (45).

When no plausible mutation is found, it is common practice
to implicate "epimutations,” that is, changes in DNA methyl-
ation or covalent histone modifications (ref. 46; such epige-
netic alterations have little to do with Waddington's original
"epigenetic landscape" despite the use of the same term;
refs. 47, 48). These reversible changes of the "epigenetic state"
of gene loci must be programmed by specific transcriptional
regulation via recruitment of chromatin-modifying enzymes
by site-specific transcription factors (49). Thus, chromatin
changes reflect the altered gene expression patterns that
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implement the pathologic cell phenotype and are the result
rather than cause of the coordinated regulation of genes by the
transcriptional network that integrates inputs from a variety of
signaling pathways (48, 50). Therefore, when invoking "epi-
genetic" causation, one must consider that epigenetic modifi-
cations are fundamentally distinct from genetic alterations,
belonging to a separate explanatory category: A chromatin
modification is not a random event (the defining property of
mutations) that occurs in a single cell and must be selected for
to spread through the cell population. Instead, epigenetic
modifications merely reflect the coordinated gene expression
patterns, which in turn are controlled by regulatory signals in
the tissue that act in parallel on large numbers of cells to
modulate gene expression. These tissue-level signals have
much more leverage than genetic mutations because they affect
a large proportion of the cells in parallel. Perhaps, such events
of abnormal signaling are the rate-limiting factors in progres-
sion of precancerous lesions, which may already carry onco-
genic mutations. Then mutations would not be the "cause" of
macroscopic (clinical) cancer.

This view applies to epigenetics in both senses and has funda-
mental epistemic and practical consequences: The development
of clinical cancer in premalignant or dormant lesions may not be
driven solely by "additional mutational hits." Nongenotoxic
tissue-level stress, for example, chronic inflammation and toxic
stress, alters the behavior of entire cell populations through
signaling. Such nongenetic perturbations may be a much more
potent trigger of growth in a dormant tumor and thus may be
considered the "effective cause" of a clinical tumor. Such directed
and concerted cell population level dynamics would explain rapid
recurrence but defy the picture of clonal evolution that underlies
Precision Oncology.

Paradoxical Responses to Targeted
Therapy

A glaring illustration that cancer treatment is far more complex
than can be captured by the Precision Oncology scheme is
provided by a series of paradoxical effects: Attempts to block
oncogenic pathways with precision drugs can instead stimulate
progression (51, 52). Clinically, this is well documented in the
case of melanoma treatment with BRAF inhibitors, a targeted
therapy that has seen spectacular successes in the treatment of
melanoma for a subset of patients (53, 54). Such paradoxical
effects have also been reported in treatments with checkpoint
inhibitors in immuno-oncology, the youngest child of Precision
Ontology (55, 56).

Following the logics of target-selective therapy, benign nevi,
which harbor BRAF mutations, should shrink when a melanoma
patient is treated with a BRAF inhibitor. Some do but others
actually grow under BRAF therapy (57, 58). BRAF inhibitors can
trigger other (nonmelanoma) skin cancers, perhaps due to the
compensatory activation of mitogenic MAPK when BRAF is
inhibited (54, 59).

The rationale of Precision Oncology has therefore been
expanded to targeting multiple pathways by combining treat-
ment with BRAF and MEK inhibitors. Although combination
treatment can substantially extend survival in melanoma
patients, resistance and recurrence are observed in less than a
year (60). The question is: how many backdoor pathways do
tumors have available for escaping single-point targeted ther-
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apy, which becomes a whack-a-mole game due to the unfor-
eseeably immense repertoire of evasion pathways. Where is
then precision? Are we not better off acknowledging an inher-
ent vagueness in intervening with complex processes and using
broadly acting drugs, such as the class of chromatin modulators
that target epigenetic enzymes? (61).

Expanding Precision Oncology to Embrace
Complexity

The most salient manifestation of the limits of a "precision
intervention" is the rapid and near inevitable development of
therapy resistance and recurrence. Logically, tumor recurrence is at
odds with Precision Oncology's targeting of the molecular root
cause that drives the tumor, unless, as is done by default, recur-
rence is explained by a somatic evolution in the tumor: genetic
mutations in the cancer cells' genome that confer resistance are
selected for (62). Indeed, genetic mutations in the targeted pocket
of kinases or those that activate alternative pathways can be
routinely observed (63). However, in this gene-centric perspec-
tive, the convoluted and inevitable path to the phenotype of
resistance is again reduced to a simple genetic cause, which takes
effect thanks to a somatic equivalent of Darwinian evolution. But
this rationale misses the complexity of the tumor, which provides
many more ways for evading treatment. We summarize two
central but forgotten principles (64):

Nongenetic plasticity

A growing number of reports may help explain why dynamic
nongenetic heterogeneity of tumor cell states defies a "precise"
genotype-phenotype causal relationship and allows them to
adapt to treatment stress without mutations. First, any attempt
to kill a cell by irradiation, chemotherapy, or targeted therapy
will leave many cells alive for a variety of reasons, ranging from
drug accessibility to cell-intrinsic susceptibility. In a 1 g tumor
of approximately 10° cells even if (in the very optimistic case)
treatment kills 99% of cells, still 107 cells would, independent
of resistance mutations, survive (18). A neglected reason for
such uneven killing efficiency is the enormous nongenetic cell-
to-cell variability due to the physics of molecular fluctuations:
the abundance of any given protein, including the drug target,
varies up to 1,000-fold between cells within the same genetic
clone (18). This untold heterogeneity of cell states results in a
wide statistical spread of susceptibility: some cells will always
receive substantially smaller effective (relative) dose and thus
are more likely to survive.

Second, a more vexatious biological fact is that the surviving
cells are not static bystanders. In response to cytotoxic stress, a
robust protective response is activated through induction of
specific biological pathways, long before Darwinian selection
of randomly occurring genetically encoded behaviors. This
induced response to treatment stress is manifested in the
acquisition of a resilient stem-like state by surviving cancer
cells (51, 52) after their near-death experience, as is ubiqui-
tously seen following chemotherapy or irradiation (reviewed
in ref. 65). Similarly, chemotherapy promotes immune eva-
sion by stimulating expression of the immune checkpoint
protein PD-1 (55, 56).

Third, yet more troublesome is the cytokine storm released
by cells stressed by therapy and the "danger signals" emitted by
dying cells, which promote the transition to the stem-like state
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in other cells (66, 67). This explains the old observation that
coinjection of radiation-generated tumor cell debris along with
tumor cells drastically stimulates tumor growth in xenograft
models (68). This response of surviving tumor cells to dying
cells constitutes a non-cell-autonomous, tumor-tissue level
damage response that stimulates inflammation and suppresses
antitumor immunity (69). Therapy-induced cell stemness and
tissue inflammation suggest a primordial wound-healing and
regenerative response of the tissue that if nonphysiologically
activated and unopposed, might sustain the tumor. This picture
of perpetuating self-healing was articulated by the 19th century
pathologist Virchow and recently revived by Dvorak (70):
Tumors are wounds that do not heal.

Thus, if mutations are not the sufficient cause of progression
under therapy, genetic alterations combined with the sea of
nongenetic regenerative signals stimulated by tissue destruction
may reinforce each other to produce a pathologic healing
response that escapes tissue homeostasis. Therefore, any treat-
ment (targeted or not) that involves killing tumor cells but, as is
nearly universally the case, leaves some cancer cells alive and
stressed, is a double-edged sword. Recurrence is not driven solely
by the passive Darwinian scheme of "Survival of the fittest" (cell).
Instead, tumors may follow Nietzsche's principle (71): "What
does not destroy me, strengthens me." Conquering this active
dynamics, of which we have currently only a vague notion, will
require more sophisticated, multipronged precision than that of
current Precision Oncology.

Outlook: "Precision” Must Not Mean
"Narrow"

What can we do to elevate the bar for "precision" and embrace
all the aforementioned complexities? First and foremost, we need
to learn more about the interplay between genetic and nongenetic
heterogeneity of tumor cells and their dynamics, the plasticity of
individual cells and of cell populations. The very technology that
gave rise to Precision Oncology now affords high-throughput
single-cell analysis to study these features. Advanced methods
for single-cell resolution molecular profiling, such as RNA-seq,
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