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Cancers evolve as a consequence of multiple somatic lesions, with competition between
subclones and sequential subclonal evolution. Some driver mutations arise either early or
late in the evolution of different individual tumors, suggesting that the final malignant prop-
erties of a subclone reflect the sum of mutations acquired rather than the order in which they
arose. However, very little is known about the cellular consequences of altering the order in
which mutations are acquired. Recent studies of human myeloproliferative neoplasms show
that the order in which individual mutations are acquired has a dramatic impact on the cell
biological and molecular properties of tumor-initiating cells. Differences in clinical presen-
tation, complications, and response to targeted therapy were all observed and implicate
mutation order as an important player in cancer biology. These observations represent the
first demonstration that the order of mutation acquisition influences stem and progenitor cell
behavior and clonal evolution in any cancer. Thus far, the impact of different mutation orders
has only been studied in hematological malignancies, and analogous studies of solid cancers
are now required.

From a cell biological point of view, cancers
arise as a result of a clone of cells outcom-

peting their neighbors, thereby causing an ac-
cumulation of immature cells that can no longer
carry out the required tasks of cells in that tissue.
The mechanistic underpinnings of this in-
creased competitive ability have been the focus
of many research efforts and have identified key
properties of tumors that facilitate this process
(reviewed in Knudson 2001; Hanahan and
Weinberg 2011). These properties range from
avoiding immune cell destruction through to

increased genome instability, but in some way
or another they help promote the expansion of
the cancer cells relative to their noncancerous
counterparts (reviewed in Hahn and Weinberg
2002; Hanahan and Weinberg 2011). Tradition-
ally, these abnormal cellular attributes have
been linked to individual somatic genetic mu-
tations, each conferring an oncogenic property,
and they have been loosely divided into loss-of-
function mutations (a tumor suppressor) and
gain-of-function mutations (an oncogene)
(Balmain 2001; Futreal et al. 2004).
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The field of cancer genetics was heavily in-
formed by the discovery of dominant onco-
genes and tumor suppressors that strongly as-
sociated with cancer (e.g., Ras [Fearon and
Vogelstein 1990], p53 [Finlay et al. 1989],
BRCA2 [Wooster et al. 1994], Rb [Friend et al.
1986]). These studies laid the foundation for
cancer being considered a disease of genetic
mutations and substantial resources have sub-
sequently been invested in characterizing the
complete genetic architecture of individual can-
cers. Initially, genetic changes were screened for
by comparative genome hybridization efforts
that identified large genetic changes, such as
copy number alterations, amplifications, or de-
letions that correspond to over- or underactiva-
tion of a particular gene (reviewed in Emanuel
and Saitta 2007). However, these studies were
unable to identify single activating or inactivat-
ing point mutations in individual cancers. This
changed with the introduction of high through-
put sequencing methods that evolved from
efforts to sequence the human genome in the
1990s. Mutations in driver genes associated
with various cancers were identified and data-
bases for such mutations now exist that catalog
thousands of cancer-related mutations in hun-
dreds of genes (e.g., COSMIC [Forbes et al.
2015], CBioPortal [Cerami et al. 2012]). These
include a number of hereditary risk alleles that
have been identified across cancer subtypes (e.g.,
BRCA2, APC) and impose an increased risk of
developing disease. Subsequent large-scale ge-
nome-wide association studies (GWASs) also
identified constitutional single nucleotide poly-
morphisms (SNPs) that were enriched (or not)
in particular cohorts of patients (reviewed in
Gibson 2011). These SNPs correlated to areas
in the genome where previously identified
mutations were located but also identified a
number of additional loci of interest that are still
under scrutiny, somewhat obfuscated by the
challenges associated with population-wide
SNP analyses (reviewed in Evangelou and Ioan-
nidis 2013).

Overall, this patchwork of mutations and
genomic variants and their associated gain or
loss of functional properties drives a cancer. In-
deed, the last two decades have resulted in a near

complete set of coding mutations that associate
with individual cancers. Larger projects such as
those in breast cancer (Curtis et al. 2012) and
acute myeloid leukemia (Cancer Genome
Atlas Research Network 2013) make a convinc-
ing case that the scientific community has ex-
hausted the search for novel driver mutations in
coding genes, yet the evolution of individual
cancers remains a complex puzzle with little
to no treatment progress in many cancers
(Coombs et al. 2015; Dan et al. 2015; Bible
and Ryder 2016).

Several studies have already underscored
this complexity in hematological malignancies
in which tumors often undergo branching evo-
lution with respect to additional mutations af-
ter their initial clonal advantage (Anderson
et al. 2011; Notta et al. 2011). Whereas early
mutations are present throughout the entire
malignant clone (e.g., at the base of a branching
tree), later mutations may or may not represent
a significant proportion of the malignant clone.
Instead of being a homogeneous mass of genet-
ically identical cells, a tumor rather becomes an
entire family of clonally diverse cells that have
their origins in a common ancestral clone that
may or may not still exist (see Curtius et al.
2016; Enver 2016). This has significant clinical
implications because this pool of genetically
diverse clones is a common source of therapy-
resistant clones (see Gatenby 2016; Purroy and
Wu 2016; Quezada and Peggs 2016; Taylor and
Costello 2016).

Moreover, there are significant examples of
contradictory functions of genes associated
with cancer (Pallante et al. 2015; Koppens and
van Lohuizen 2016). For example, increased ex-
pression of Ezh2 commonly associates with
multiple cancers, but loss-of-function muta-
tions in Ezh2 have been shown to be sufficient
to drive T-ALL in mouse models (Hock 2012;
Simon et al. 2012; Kim and Roberts 2016). Fur-
ther complicating the picture is the clear evi-
dence of cancer genes interacting to drive a phe-
notype (e.g., Ras and p53) in which mutations
in the same genes are more commonly found
together in particular cancers. Such gene inter-
actions are starting to form the basis for risk
stratification and targeted therapy (Flaherty
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et al. 2012; Nangalia et al. 2013; Papaemmanuil
et al. 2013).

The idea of targeting two individual genes
therapeutically has thus far implied a static state
of cancer that can be targeted (e.g., the cancer
has mutation A and B, treat with inhibitors to A
and B) (Basheer and Huntly 2015; Melero et al.
2015; Epner et al. 2016). However, this sort of
approach fails to consider whether the historical
path to a cancer could give insight into its
growth, its response to therapy, and its subse-
quent evolution. Previous studies using multi-
region sequencing analyses of cancer samples
has formally showed the temporal sequence of
mutations in many cases (e.g., kidney [Gerlin-
ger et al. 2014], breast [Yates et al. 2015]);
however, little was known about whether or
not the temporal sequence of individual muta-
tions mattered. The remainder of this review
will focus on the mechanistic and therapeutic
implications of the recent discovery that the
order of genetic mutations impacts disease evo-
lution.

MUTATION ORDER MATTERS

As described above, cancer is often considered
to be the sum of the phenotypes that individual
mutations confer. The traditional hallmarks of
cancer are almost always discussed as isolated
units in which one mutation drives a particular
phenotype and a second mutation drives anoth-
er complementary phenotype and so on. The
first wave of combinatorial studies therefore
involved studying individual mutations and
how the subsequent mutant gene interactions
drive the malignant properties of a clone. In-
deed it turns out that specific mutations have
preferential partner mutations in particular
cancers and numerous such studies have been
published (Cancer Genome Atlas Research Net-
work 2012, 2013; Curtis et al. 2012; Nangalia
et al. 2013; Papaemmanuil et al. 2013; Skoulidis
et al. 2015). This also prompted the classifica-
tion of cancer genes into categories that defined
types of activities (e.g., differentiation block þ
proliferation advantage ¼ cancer) (reviewed in
Tenen 2003). However, this view does not take
into account the dynamic nature of cancer evo-

lution nor does it account for the possibility
that one mutation may need to precede the oth-
er for the cancer to develop.

The first suggestion that the temporal se-
quence of two mutations might impact tumor-
igensis was in a mouse model of adrenocortical
tumors (Herbet et al. 2012). When oncogenic
Ras was overexpressed before loss of p53, highly
malignant tumors with metastatic properties
were formed in contrast to the benign tumors
that resulted from the reverse mutational order.
These experiments were in mice and involved
overexpression of Ras at nonphysiological lev-
els, so it remained unclear whether or not the
order of endogenous mutations had any impact
on human cancers. It did, however, suggest that
the same two genetic mutations might not al-
ways lead to the same phenotypic outcome. Our
group therefore recently undertook a study that
was aimed at determining whether or not the
order of mutation matters for human tumor
evolution (Fig. 1).

Such a question was most easily addressed in
malignancies that are not genetically complex,
and we therefore elected to study the chronic
myeloprolifertive neoplasms (MPNs). MPNs
are clonal myeloid malignancies that harbor
an average of five to 10 somatic mutations,
only a minority of which have been determined
to be driver mutations, making them a tractable
disease for studying the impact of mutation ac-
quisition order (Klampfl et al. 2013; Nangalia
et al. 2013). In particular, MPNs readily permit
clonal analysis and are chronic diseases, thereby
facilitating the dissection of disease evolution
and intratumor clonal architecture. Moreover,
MPNs are not associated with a differentiation
block, allowing progenitors to be assessed for
differences in downstream blood cell produc-
tion. In 2005, several groups identified a single
gain-of-function point mutation (JAK2 V617F)
that was present in the majority of MPNs (re-
viewed in Levine and Gilliland 2007) and sub-
sequent studies have identified collaborating
driver mutations in genes that were either com-
monly co-mutated (e.g., TET2 [Delhommeau
et al. 2009]) or independently mutated (e.g.,
CALR [Klampfl et al. 2013; Nangalia et al.
2013]).

Order of Mutation Acquisition and Cancer Behavior
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Because TET2 was the most commonly co-
mutated gene alongside the JAK2 V617F driver
mutation, our studies focused on a cohort of
patients who had both mutations. Colony assays
of peripheral blood cells were used to unambig-
uously determine mutation order (Fig. 1B) and
it was determined that about half of the patients
acquired JAK2 V617F before acquisition of a
TET2 mutation (JAK2-first patients) (Ortmann
et al. 2015). In some patients, mutation order
could not be determined because single-mutant
clones could not be isolated. This latter point
poses a significant problem for studies in other,
more advanced, cancers in which the single-
mutant parent clone may not always be identi-
fiable, thereby precluding straightforward stud-
ies of mutation order.

Once stratified into JAK2-first and TET2-
first subcohorts, it became obvious that there

were different disease characteristics associated
with the different mutation order (Fig. 2).
Most strikingly, JAK2-first patients presented
in clinic more than a decade before TET2-first
patients, suggesting that disease symptoms de-
veloped at a different rate depending on the or-
der of mutation acquisition. Differences were
also observed in disease subtype, thrombosis
free-survival, and progenitor composition (Ort-
mann et al. 2015). Thus, JAK2-first patients were
more likely to present with polycythemia vera
(PV), to develop thromboses, and they also har-
bored more megakaryocyte and erythroid pro-
genitors.

Another key observation of this study was
that the most evolved clone (the clone with the
most number of mutations) was not the dom-
inant clone within the stem and progenitor cell
compartment of TET2-first patients. This runs

= Cancer A + BA + BA

A

B B + AB + A = Cancer 

Does order of mutation acquisition matter? 

B 
JAK2 single mutant 

JAK-first

TET-first

TET2/JAK2 double mutant  

TET2 single mutant  

TET2 JAK2
TET2
JAK2

TET2
JAK2

TET2/JAK2 double mutant  

C

??? 

Figure 1. Determining the mutation order in hematological malignancies. (A) Different scenarios for how two
mutations could lead to cancer with the only difference being the order in which mutations are acquired. (B)
How the colony assay can be used to determine mutation order. Briefly, single colonies are grown from
peripheral blood or bone marrow samples and individually picked and sequenced for JAK2 and TET2 muta-
tions. The presence of a single-mutant clone for one of these genes allows determination of mutation order as
displayed.
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counter to the commonly held belief that the
clone with the most number of driver mutations
is, or at least will become, the most dominant.
Sequential follow-up of TET2-first patients
showed that the clonal architecture was typically
stable over months to years with the most
evolved clone continuing to represent a minor
subclone (Ortmann et al. 2015).

SAME TWO MUTATIONS, DIFFERENT
BIOLOGICAL FUNCTION, AND
MOLECULAR PROFILES

Single-cell assays of blood stem and progenitor
cells showed that genetically similar cells (i.e.,
those harboring both a JAK2 and a TET2 mu-
tation) possessed distinct functional properties:

1

2

Time

Nonmutant

TET2 mutant

JAK2 heterozygous

JAK2 homozygous

Hematopoietic unit

Hematopoietic stem cell

Progenitors

Excess production of
differentiated cells

(i.e., above normal counts)

Differentiated cells

2

3

3

JAK2-first

Younger age at diagnosis

Larger homozygous
subclones

Relative expansion of MEPs

Mostly double-mutant HSPCs

Elevated risk of thrombosis

Higher probability of
polycythemia vera

TET2-first

Older age at diagnosis

Smaller homozygous
subclones

Relative expansion of CMPs

Mostly single-mutant HSPCs

Lower risk of thrombosis

1

Figure 2. Order of mutation acquisition influences the evolution of disease. This model depicts the manner in
which single hematopoietic units (left), consisting of stem cells, progenitors, and differentiated cells, acquire
mutations over time. Some units are hyperproliferative and produce excess differentiated cells that contribute to
the disease phenotype. The numbers represent the acquisition of the first mutation (1), second mutation (2),
and JAK2 V617F homozygosity (3). Patients who acquire a TET2 mutation first gain a self-renewal advantage but
do not overproduce downstream progeny. The expansion of the TET2-alone clone (bold borders) without excess
differentiated cells leads to clonal expansion without immediate clinical presentation. Hematopoietic stem cells
that acquire a secondary JAK2 mutation (pink fill) compete with the TET2-alone clone, and their increased
proliferation at the progenitor level drives an overproduction of terminal cells. When homozygosity is acquired
as a third event (red fill), this clone has limited space to expand because of the high self-renewal activity of TET2-
alone and TET2– JAK2–heterozygous clones. Patients who acquire a JAK2 mutation first (pink fill, lower panel)
produce excess differentiated cells in the absence of a distinct self-renewal advantage in the hematopoietic stem
cells. When a secondary TET2 mutation is acquired, hematopoietic stem cells obtain a self-renewal advantage
and JAK2–TET2–mutant cells expand at the stem-cell level. Hematopoietic stem cells with loss of heterozy-
gosity of JAK2 V617F (acquired before or after the TET2 mutation) (red fill) also have space to expand and result
in a more pronounced excess of differentiated cells. This excess production would explain both the presentation
as a polycythemia vera and the elevated risk of thrombotic events in JAK2-first patients. (Both the figure and
legend are from Ortmann et al. 2015, Massachusetts Medical Society; reprinted, with permission, # 2015.)
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the number of progenitor cells created by a dou-
ble-mutant HSC was increased in JAK2-first pa-
tients and decreased in TET2-first patients. This
implied the existence of an intrinsic epigenetic
mechanism in which acquiring one mutation
before the other altered the HSCs ability to pro-
duce progenitor cells despite carrying the exact
same two genetic lesions. Indeed expression
profiling studies showed that the transcriptional
consequences of a JAK2 V617F mutation were
altered by the presence of a prior TET2 muta-
tion. Together, these data show that single cells
and their clonal progeny can have the same two
mutations but have distinct biological and mo-
lecular properties (Ortmann et al. 2015).

POTENTIAL MECHANISMS FOR HOW
MUTATION ORDER ALTERS DISEASE
EVOLUTION

The mechanism by which mutation order influ-
ences disease evolution is currently unknown.
At least three mechanisms (not mutually exclu-
sive) may explain the effects of different muta-
tion order and these are shown in Figure 3: (1)
The first mutation permanently alters the gene
expression of clonal progeny by an intrinsic epi-
genetic mechanism, (2) the first mutation cre-
ates a heterogeneous and unique pool of poten-
tial target cells, and (3) the first mutation drives
a clonal expansion of progeny, thereby creating a
cellular microenvironment that exerts an extrin-
sic effect on the newly minted double-mutant
clone. These are described in more detail below.

Intrinsic Epigenetic Impact of Mutation Order

The gene expression studies described in Ort-
mann et al. (2015) suggest that certain genes are
differently regulated depending on which mu-
tation comes first. One possible explanation
for this would be an epigenetic mechanism in
which the first mutation alters the accessibility
of particular genomic regions (e.g., induces a
local chromatin compaction) and the second
mutation can no longer activate/repress that
region as it would have done on a nonmutant
background. An illustration of how this might
occur is presented in Figure 3A. In the case of

JAK2 V617F and TET2 double-mutant patients,
this seems especially plausible because both
TET2 (Ito et al. 2010; Shih et al. 2012) and
JAK2 (Dawson et al. 2009) have been shown to
play a role in epigenetic regulation and chroma-
tin alteration. Moreover, many cancers have had
mutations in epigenetic modifiers described
(reviewed in Baylin and Jones 2011; Azad et al.
2013; Eriksson et al. 2015) making this mode of
action potentially applicable to numerous other
malignancies.

Production of a Different Target Cell Pool

The dynamics of early disease evolution are very
poorly understood and are often ignored by
consequence. The first mutation almost certain-
ly creates multiple immature progeny, with each
cell having a high proliferative index and there-
fore representing a potential target cell for the
next mutation. For example, cells resulting from
one mutation, as opposed to the other, could
exist in a different differentiation status and may
even drive clonal exhaustion before developing
into disease. Moreover, it has been speculated
previously that early clonal heterogeneity might
even drive distinct disease subtypes (Prick et al.
2014).

Extrinsic Cellular Environmental Impact
of Mutation Order

Mutation order may also alter the cellular con-
text within which the mutant clone evolves.
Numerous studies have shown that the tumor
microenvironment plays a role in shaping the
clonal expansion that results in cancer (Alder-
ton 2015; Hirata and Sahai 2016; Martin et al.
2016; Yuan 2016). Following the first mutation,
single-mutant progeny may expand and create
a distinct microenvironment as illustrated in
Figure 3B, especially in cases in which the first
mutation has been present for a number of years
or decades as in chronic premalignant condi-
tions (Campbell and Green 2006). Consistent
with this concept, some mature hematopoietic
cell types (e.g., monocytes and megakaryocytes)
have been shown to exert effects on the stem and
progenitor cell compartment by secreting key
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Intrinsic epigenetic impact of mutation orderA

B

C

+ mut. A

Alteration of target cell population by mutation order

+ mut. B

+ mut. B + mut. A

+ mut. A

+ mut. B

Extrinsic environmental impact of mutation order

+ Cytokines
+ cell–cell

interactions,
etc.

AB BA

BA

A B

+ Cytokines
+ cell–cell

interactions,
etc.

Figure 3. Potential mechanisms for how mutation order alters disease evolution. (A) The intrinsic epigenetic
impact of mutation order. Here, the first mutation impacts the accessibility of particular genomic loci such that
the second mutation cannot make the changes it would normally make on a wild-type (WT) background. In this
example, black circles represent chromatin compaction by histones induced by mutation B that block the
accessibility of a promoter region for a particular transcription factor (green oval) that is stimulated by mutation
A. The gene would be turned ON if mutation A came first and OFF if B came first. (B) How a single mutation
could create a different collection of target cells. In this case, mutation A induces rapid cell growth and
differentiation from the initial cell, creating many distinct target cell types, whereas mutation B creates a slower
growing, more undifferentiated clone. The second mutation could therefore occur in a different target cell
depending on which mutation comes first. (C) The extrinsic environmental impact of mutation order. Here the
first mutation (A or B) gives rise to different numbers and types of mature cells, thereby altering the cellular
environment that the double-mutant clone (AB) finds itself when it is first created. These distinct cellular
environments may contribute to distinct disease evolution.
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molecules or activating key pathways that influ-
ence cell fate choice. Indeed, it has been shown
that sequential removal of mature cells and the
molecules they secrete from HSC expansion cul-
tures markedly increases HSC self-renewal ca-
pacity (Csaszar et al. 2012; Fares et al. 2014).
Therefore, if the two mutations are different in
the way they alter the differentiation and prolif-
eration of the mutant clone, then the double-
mutant clone will find itself in a cellular envi-
ronment that depends on the nature (and per-
haps length of existence) of the first mutation.
This in turn could drive different signaling re-
sponses and alter the evolution and/or expan-
sion of the double-mutant clone.

CLINICAL SIGNIFICANCE OF MUTATION
ORDER—A CHALLENGE FOR SOLID
CANCERS

There are at least two areas of clinical practice
that could be impacted by identification of dis-
tinct mutation order in disease. The first is in
disease management in which one mutation or-
der may lead to complications that are not as
frequently observed when the other mutation
occurs first. In the MPNs, the evidence for
this is already clear—JAK2-first patients have
an increased likelihood of thrombotic events.
The second is the prediction that patients with
one mutation order would respond to therapy
and patients with the other order would not. It
has been suggested based on in vitro data that
JAK2 inhibition would be more effective in
JAK2-first patients compared to TET2-first pa-
tients, but a prospective clinical trial would be
needed to validate these findings. In any event, it
would appear prudent to incorporate mutation
order into future clinical trial design to assess
whether distinct responses are because of differ-
ent mutation orders.

For other cancers, however, there are signifi-
cant issues that must be addressed before these
sorts of studies can be undertaken. First and
foremost, it is easier to determine mutation or-
der in MPNs for two reasons. First, there are
well-defined clonal assays (e.g., colony-forming
cell, long-term culture-initiating cell, and com-
petitive repopulation assays) (Eaves 2015) and

second, they represent a very early stage of ma-
lignancy. This makes studies of mutation order
in other more advanced cancers quite challeng-
ing. The first issue will almost certainly be ad-
dressed by developments in single-cell geno-
mics, which are allowing the characterization
of single cells from tumors. The issue of tumor
stage, however, may not be so easily resolved.

Samples from vast numbers of cancers have
been subjected to large-scale sequencing proj-
ects, and bioinformatic analysis of exome se-
quencing data has been shown to be able to
determine mutation order accurately in a pro-
portion of patients (Ortmann et al. 2015).
However, by the time of their diagnosis, the
clonal architecture of solid tumors may be dom-
inated by a particular subclone, although in
some cases multisite analysis can address this
problem. Nevertheless, if ancestral clones are
very rare it may be difficult to ascertain muta-
tion order. Either way, such analyses will be
challenging in some patients; the mutation bur-
den is not sufficiently high to conclusively prove
that the mutations coexist within the same
clone (e.g., mutation A is in 20% of cells, mu-
tation B is present in 10%—these mutations
could be from independent clones), although
novel approaches using deep targeted sequenc-
ing and copy number alteration information
have proved effective in several cases (Roth
et al. 2014). In other patients, the variant allele
frequency may be too close together for two
mutations to conclude that one preceded the
other. In still other patients, loss of heterozygos-
ity at some loci may have occurred in some cells
and resulted in an overestimate of the number of
cells that bear the mutation, although this issue
could potentially be addressed by subsequent
allele specific analyses.

A furthercomplication is that when onlyone
mutation order is observed (e.g., mutation B is
always preceded by mutation A) and the remain-
der of patients are exclusively double mutant, it
remains impossible to decipher whether or not
the other mutation order (B then A) existed.
It may be that one mutation order differentiates
the clone to exhaustion (and consequently no
tumor ever emerges) and the other mutation
order drives an expansion that results in a tu-
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mor. In this case, all patients who have tumors
would have had to acquire one mutation before
the other. Alternatively, it may be that the dou-
ble-mutant clone has such a strong clonal ad-
vantage that the single-mutant clone is quickly
outcompeted and no longer observable. In this
case, patients would have different mutation or-
ders with potentially different disease manage-
ment strategies.

In both cases, however, the result would be
the same: no observable single-mutant clones of
one order. Indeed, an example has already been
described in the MPNs in which mutations in
Dnmt3a appear to occur first more frequently
than JAK2 V617F or MPL mutations (Nangalia
et al. 2015). On closer inspection using earlier
and/or diagnostic clinical samples, it turned out
that some patients in whom order could not be
determined were JAK2/MPL-first and the sin-
gle-mutant clone had been completely overtak-
en by the more dominant double-mutant clone
(Nangalia et al. 2015). It remains unclear wheth-
er this is a general rule across cancers or an
anomaly of the blood system, perhaps as a con-
sequence of high tissue turnover.

The most immediate clinical impact of mu-
tation order is for JAK2/TET2 double-mutant
MPN patients in which JAK2-first patients are
much more likely to develop PV and have a sig-
nificantly increased risk of a thrombotic event.
Monitoring of patients from other centers is
required to validate the observations from this
study and significant follow-up studies are re-
quired to determine whether or not disease
transformation to acute myeloid leukemia and
differential response to JAK2 inhibitors are
mutation order dependent in patients.

The in vitro data suggest that JAK2-first pa-
tients would be more likely to respond to JAK2
inhibitors and if a different therapeutic response
based on mutation order is borne out in a pro-
spective clinical trial, there will be two impor-
tant clinical consequences. The first is that
previous clinical trials in which no significant
differences in treatment groups were observed
could be reevaluated if genomic data from those
patients were available. It may be that patients of
one mutation order respond perfectly well to
treatment and could be useful in this subset of

patients. The second is that mutation order
could be factored into disease management in
which patients are treated with a targeted ther-
apy if they acquire mutations in one order but
not the other (e.g., in the case of MPNs, this
would mean prescribing targeted JAK2 inhibi-
tors for JAK2-first patients but not for TET2-
first patients). Moreover, if it turns out that
different mutation orders induce different pro-
cesses of disease evolution and maintenance,
then it will become important to identify the
mechanism of action for each individual set of
mutations to identify novel therapeutic targets.

CONCLUDING REMARKS

Given the high frequency of mutations in epi-
genetic modifiers that have been identified in
hematological and nonhematological cancers,
it seems reasonable to suggest that a second
mutation may not be able to induce the same
genetic changes that it would have done in
the absence of a mutant epigenetic modifier.
Whether or not such changes directly determine
disease evolution and/or therapeutic response
in solid cancers remains unclear but we suspect
this will be the subject of many future biological
and clinical investigations.

What may not be studied as much, but
could be just as important, is the cellular context
in which a newly mutated progenitor finds it-
self. Differences in cell–cell interactions with
distinct cell types, cytokine concentrations,
and feedback loops from single-mutant cells
that have preexisted for several months or years
could all play a role in shaping the eventual
disease. Mutation order may well determine
this cellular context with each single mutation
causing the development of a different milieu of
target cells for the second mutation, mature cell
types, secreted molecules, and clonal fitness.
However, the experimental systems are not as
well defined for such questions of cellular envi-
ronment or early clonal propagation, represent-
ing a major challenge for the field moving
forward that will likely require the introduction
of longitudinal microenvironmental monitor-
ing of serum cytokines, use of mouse models
of single- and double-mutant cell populations,
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and comprehensive phenotyping of the cell
types created by initiating mutations.

With a reasonable understanding of the mu-
tational spectra involved in different cancer
types now in place, research questions must
evolve to consider cancer development in the
context of tumor heterogeneity, clonal compe-
tition, and disease evolution. This next stage of
multilevel dissection of a dynamic growth pro-
cess will be increasingly complex but should
allow scientists and clinicians to make better
predictions of where a cancer is going by under-
standing where it has come from.
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