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Abstract

The search for somatic mutations that drive the initiation and progression of
human tumors has dominated recent cancer research. While much empha-
sis has been placed on characterizing the prevalence and function of driver
mutations, comparatively less is known about their serial genetic evolution.
Indeed, study of this phenomenon has largely focused on tumor-suppressor
genes recessive at the cellular level or mechanisms of resistance in tumors
with mutant oncogenes targeted by therapy. There is, however, a grow-
ing appreciation that despite a decades-old presumption of heterozygosity,
changes in mutant oncogene zygosity are common and drive dosage and
stoichiometry changes that lead to selective growth advantages. Here, we
review the recent progress in understanding mutant allele imbalance and its
implications for tumor biology, cancer evolution, and response to anticancer
therapy.
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INTRODUCTION

Over time, healthy cells acquire somatic genomic mutations that arise from cellular, organismal,
and environmental processes. A small subset of these mutations cause aberrant cell growth and
tumor development. These driver mutations in tumors coexist with a much larger number of
passenger mutations and similar incidental genomic alterations. Population-scale sequencing of
human tumor genomes over the last 15 years has revealed all but the least common of such alter-
ations driving many cancer types. This knowledge is transforming our understanding of disease
pathogenesis and has revealed novel therapeutic vulnerabilities that are changing oncology care
(Garraway & Lander 2013, Hyman et al. 2017b). These new discoveries are also upending long-
held assumptions in cancer biology.

Among the most enduring assumptions since the initial discovery of proto-oncogenes is that
gain-of-function mutations are typically heterozygous because they are dominant acting and
therefore sufficient to drive tumorigenesis (Varmus 1984).This line of reasoning has ultimately led
to a new generation of therapies that inhibit mutant oncogenes, targeting these gain-of-function
mutations based on their presence in affected human cancers.Multimodal genomic profiling stud-
ies have nevertheless revealed that mutant oncogenes coexist in aneuploid cancer genomes with
pervasive copy number alterations (CNAs). This interplay has been studied extensively for mutant
tumor-suppressor genes (TSGs),where biallelic inactivation due to loss of the remainingwild-type
(WT) allele confers a distinct selective advantage to cells (Knudson 1971). There is a growing ap-
preciation that similar serial genetic evolution of mutant oncogenes may be more common than
previously thought, with the potential to alter cellular fitness and mediate key clinical phenotypes.
In this review, we discuss the emerging evidence for this phenomenon and the functional, evolu-
tionary, and clinical implications of cancer cells tuning the dosage and stoichiometry of oncogenic
driver mutations in cancer.

FREQUENCY AND MECHANISMS OF MUTANT ALLELE IMBALANCE

Intersection of Multiple Somatic Alteration Types

Genomic instability, characterized by widespread CNAs and aneuploidy, is a hallmark of cancer
(Hanahan & Weinberg 2000). As such, the identification and classification of CNAs have been
a central challenge in cancer genomics that has driven technology innovation. Over the past 50
years, increasingly sensitive technologies—from cytogenetic techniques such as G-banding, flu-
orescence in situ hybridization, and comparative genomic hybridization to modern sequencing-
based approaches—have revealed ever more subtle and complex chromosomal abnormalities in
human cancers (Carter 2007,Meyerson et al. 2010, Speicher & Carter 2005). These include gene-
specific events such as homozygous deletions of TSGs (e.g.,CDKN2A, PTEN, and RB1) and focal
amplifications of certain oncogenes (e.g.,MYC, CCND1,MDM2, ERBB2, EGFR, and CDK4), as
well as broader CNAs involving modest gains and losses of entire chromosomes or chromosome
arms (Beroukhim et al. 2010,Zack et al. 2013). In addition,whole-genome and -transcriptome data
have enabled the study of combinatorial structural rearrangements in cancer development, partic-
ularly chromothripsis and chromoplexy (Baca et al. 2013, Stephens et al. 2011). Recent work has
sought to unravel the mechanistic origins and biological implications of complex genomic events
(Maciejowski et al. 2015, Umbreit et al. 2020), which in certain settings can predict sensitivity to
platinum-based therapies (Wang et al. 2017).

However, these CNAs have largely been studied as an isolated and distinct class of molecular
alterationsmediating different aspects of tumorigenesis.By contrast, aside from the genomic losses
leading to biallelic inactivation of mutant TSGs or the presence of focal amplifications targeting
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the mutant allele of specific oncogenes (Corcoran et al. 2010, Ercan et al. 2010,Okabe et al. 2007),
little is known about the intersection between CNAs and somatic mutations in tumor genomes.
Indeed, given the prevalence of CNAs in solid cancers, in many affected patients these events
inevitably span the genomic loci of mutant oncogenes and will therefore lead to mutant allele
imbalance, hereafter defined as an unequal number of mutant and WT copies. Many potential
allelic configurations can result from allelic imbalance, of which there are several broad categories
(Figure 1a).These changes can result from genomic gains or losses [including copy-neutral loss of
heterozygosity (CN-LOH)], focal amplifications (as described above), or complex combinatorial
events in either nearly diploid tumors or those whose somatic genome has undergone whole-
genome duplication (WGD), an abnormality associated with chromosomal instability (Dewhurst
et al. 2014) that affects nearly one-third of all tumors pan-cancer (Bielski et al. 2018b, Carter et al.
2012, Zack et al. 2013). For example, a mutant oncogene with two mutant copies and zero WT
copies could be interpreted as resulting from either CN-LOH in a diploid tumor genome or a
single-copy genomic loss prior to a WGD event (Figure 1a).

Inferring Mutant Allele Imbalance at Scale

Ultimately, and notwithstanding the precise underlying genomic mechanism, allelic imbalance
can lead to subtle changes in the dosage of a given mutant allele or its stoichiometry (balance
of mutant and WT copies) (Blakeslee et al. 1920). The prevalence of allelic imbalance can vary
significantly depending on not only the affected cancer gene but also tumor lineage, given the
established differences in the type, frequency, and overall burden of CNAs between cancer types
(Beroukhim et al. 2010, Carter et al. 2012, Zack et al. 2013). Patterns of mutant allele imbalance
within and across cancer types can be used to infer properties of mutant alleles at population scale,
especially the relative proportion of mutant versus WT copies. Characterizing the precise mech-
anisms of allelic imbalance that affect oncogenic mutant alleles across cancer types can elucidate
the dynamics of oncogene activity and help us to decipher the role of oncogene zygosity in tumor
evolution.

However, robust estimation of such changes in tumor genomes has been notoriously chal-
lenging. Detecting mutant allele imbalance requires not only the precise inference of locus- and
allele-specific integer copy number (at the resolution of single-copy changes) (Beroukhim et al.
2010, Carter et al. 2012, Shen & Seshan 2016, Van Loo et al. 2010, Zack et al. 2013), but also
quantitatively accurate mutant allele frequencies (i.e., the proportion of aligned sequencing reads
harboring the mutant allele at a particular locus), both of which are confounded by tumor purity
and intratumoral heterogeneity. Computational approaches have started to integrate such copy
number data with mutation calls to approximate the number of mutant alleles at a given locus
by comparing the observed mutant allele frequency to what would be expected given the purity
of the tumor specimen and the total number of copies present at the affected locus (Figure 1b)
(Bielski et al. 2018a, McGranahan et al. 2015). The accuracy of these estimates depends on the
depth of tumor sequencing, as higher depth of coverage yields more precise estimates of integer
copy number and fewer indeterminate cases for which the allelic configuration of a given driver
mutation cannot be ascertained. A recent study leveraging such an analytical approach combined
with prospective clinical sequencing of tumor-normal pairs found that nearly half of all oncogenic
drivermutations exhibited allelic imbalance.Themechanisms of allelic imbalance variedmarkedly
by oncogene and cancer type, with approximately one-third of cases attributable to LOH result-
ing in loss of theWT allele. This suggests an underlying biological basis for changes in oncogenic
mutant allele zygosity (Bielski et al. 2018a), although the evolutionary origins of these changes
remain unclear.
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Figure 1

Identifying and characterizing mutant allele imbalance. (a) Classes of oncogenic mutant allele imbalance and
their respective allelic configurations depending on whether the underlying tumor genome was
predominantly diploid or had undergone WGD (insets). The red markers indicate oncogenic mutations, and
the gray X for CN-LOH reflects a linkage between two chromosomes, as in the case of uniparental disomy.
Not pictured are combinatorial events and focal amplifications. (b) Data-driven approach for determining the
number of mutant copies from high-depth-of-coverage next-generation sequencing (targeted, whole-exome
sequencing, or whole-genome sequencing) based on the mutant allele fraction, local copy number, and an
analytical estimate of tumor purity. Points correspond to representative oncogenic mutations. Error bars
represent the 95% confidence interval of the mutant allele fraction. Diagonal/curved lines indicate expected
values corresponding to copy number alterations targeting the mutant or WT allele (as labeled). Figure
adapted with permission from Bielski et al. (2018a); copyright 2018 Elsevier. Abbreviations: CN,
copy-neutral; LOH, loss of heterozygosity; WGD, whole-genome duplication; WT, wild-type.

Evolutionary Origins of Zygosity Changes in Mutant Cancer Genes

The selective pressure for biallelic inactivation of mutant TSGs is a foundational concept in
cancer biology. This establishes a key antecedent driver of allelic imbalance that links specific
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mechanisms of CNAs to the underlying mutant cancer genes of affected loci. The fundamental
question remains, however, whether there exists a similar relationship between CNAs and mutant
oncogenes.Detecting statistically significant associations between oncogenic drivermutations and
allelic states is challenging due to the high background rate of CNAs found in many solid cancer
types. Nevertheless, comparing the distributions of CNAs for mutant and WT oncogenes can
reveal both pan-cancer and context-specific associations between oncogenic mutations and allelic
states. For the vast majority of oncogenic driver mutations (which presumably arise relatively early
in the course of tumor evolution), CNAs consistently give rise to allelic configurations with more
mutant thanWT copies, indicating selection for the mutant allele. In contrast, CNAs tend to tar-
get randomly the mutant or WT alleles at loci of common single-nucleotide polymorphisms or
variants of uncertain significance, reflecting the absence of selective pressure for additional copies
of mutant alleles not associated with a fitness gain. Selection for oncogenic mutant alleles persists
even in cases where allelic imbalance is not dependent on the presence of a mutant allele. In these
cancers, CNAs appear to be co-opted during the course of tumor evolution to produce a mutant
allele dosage that confers a fitness advantage. Elucidating how two independently evolving alter-
ation types in tumor genomes interact to produce mutant allele imbalance will therefore require
the application of evolutionary concepts not conventionally applied in cancer research (Bielski
et al. 2018a, Gould & Vrba 1982).

Allelic Imbalance and Negative Selection

Selection for the mutant allele is not a universal property of oncogenes. Mutations in genes that
encode components of the human spliceosome such as SF3B1,U2AF1, and SRSF2 (Dvinge et al.
2016, Yoshida et al. 2011) are often spanned by low-level genomic gains, but these selectively
target the WT allele rather than the mutant allele (Bielski et al. 2018a). This finding underscores
the mutual exclusivity of splicing mutations in human cancer (Lee et al. 2018) and is consistent
with functional studies in animal models of splicing-deficient tumors that exhibit dependence on
WT splicing factors (Lee et al. 2016, Zhou et al. 2015). Multiple spliceosome components are
therefore haplo-essential cancer genes. Hence, while strong positive selective pressure for dosage
increases in mutant oncogenes is common during cancer evolution, even the absence of such an
effect reflects a selective pressure to maintain a precise configuration of mutant and WT alleles
that can enhance fitness and contribute to clonal outgrowth.

FUNCTIONAL AND BIOLOGICAL CONSEQUENCES

Dosage Versus Stoichiometry

The biological implications of changes in gene dosage due to CNAs have been extensively stud-
ied in evolutionary genetics (Pires & Conant 2016). Transcriptional regulation is critical for genes
encoded by the sex chromosomes, where biological processes such as X-chromosome inactivation
and transcriptional upregulation help to maintain homeostasis and achieve dosage compensation
(Avner & Heard 2001, Nguyen & Disteche 2006, Raznahan et al. 2018). The effects of modest
changes in gene dosage are less clear for autosomes, although stoichiometric changes in the com-
ponents of regulatory complexes have been shown to alter gene expression levels, which in turn
can have phenotypic ramifications (Birchler et al. 2001, 2005). Proteomic analysis of trisomic and
tetrasomic human cell lines indicates that ploidy generally correlates with transcriptional output,
although changes in gene dosage do not necessarily result in concomitant changes in protein abun-
dance for certain subunits of protein complexes (Stingele et al. 2012). Similar posttranscriptional
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attenuation has been observed in aneuploid human cancers (Gonçalves et al. 2017). Despite this
progress, the functional consequences of dosage imbalance for mutant oncogenes remain poorly
understood.

Early studies of oncogene dosage primarily focused on aberrant expression due to structural
rearrangements and focal amplifications of otherwise WT genes identified in cell line models
(Collins & Groudine 1982, Dalla-Favera et al. 1982, Klein 1981). In the case of mutant onco-
genes, evidence that subtle changes in allelic balance could give rise to significant biological ef-
fects first began to emerge from studies of cultured cell lines and murine models of human cancer.
The crucible in which these discoveries emerged was mutant Ras. Recurrent allelic imbalance of
oncogenic Rasmutants due to loss of the WT allele was first observed in mouse model systems of
skin carcinomas, suggesting that WT Ras can function as a tumor suppressor in Ras-mutant cells
(Bremner & Balmain 1990). Subsequent studies found that mice bearing either heterozygous or
homozygous Kras-mutant tumors developed very different spectrums of disease; the former were
typified by a limited number of well-differentiated adenomas, while the latter had more numerous
and larger, poorly differentiated adenocarcinomas, although expressingWTKras could inhibit cell
growth and colony formation (Zhang et al. 2001).

Tumor-Suppressive Effects of the Wild-Type Allele

Recent data have emerged supporting a biological role for the WT allele of RAS in tumors with
heterozygous RASmutations (Bentley et al. 2013,Mueller et al. 2018, To et al. 2013), suggesting a
model whereby WT RAS exerts tumor-suppressive effects in RAS-mutant disease. However, the
mechanism by which WT RAS suppresses tumor growth remains elusive. One model posits that
WT RAS inhibits mutant RAS through the formation of a heterodimer. In genetically inducible
murine models of Kras-mutant lung adenocarcinoma, a dimerization-incompetent KrasG12 mu-
tant disruptedMAPK activation and cellular transformation (Ambrogio et al. 2018). These results
corroborate earlier work showing that mutant Ras must dimerize to activate the MAPK pathway
(Nan et al. 2015). Indeed, the dimerization hypothesis might explain the high rate of allelic imbal-
ance associated with mutant RAS (Westcott et al. 2015), as well as the nearly universal selection
for the mutant RAS allele observed across human cancer types (Bielski et al. 2018a). Allelic imbal-
ance of mutant RAS, whether through low-level genomic gains or loss of the corresponding WT
allele, could thus represent a crucial evolutionary step in RAS-mutant tumors that enables cells to
overcome the tumor-suppressive effects of WT RAS.

Beyond mutant RAS, distinct biological properties conditioned on zygosity have also been ob-
served for oncogenicmutations in PIK3CA, which encodes the p110a catalytic subunit of phospho-
inositide 3-kinase (PI3K). PIK3CA mutations are among the most common mutations in human
cancer (Vivanco & Sawyers 2002) and also underlie a family of noncancerous overgrowth disor-
ders referred to as PIK3CA-related overgrowth spectrum (PROS) (Keppler-Noreuil et al. 2015).
In patients with PROS, somatic activating PIK3CAmutations are mosaic and arise heterozygously
(Madsen et al. 2018). Endogenously expressed heterozygous activating PIK3CAmutations are in-
deed insufficient to initiate tumorigenesis in most model systems (Kinross et al. 2012, Tikoo et al.
2012, Van Keymeulen et al. 2015, Yuan et al. 2013). Tellingly, only the overexpression of mutant
PIK3CA or the presence of additional oncogenic drivers will precipitate cellular transformation
(Gustin et al. 2009, Isakoff et al. 2005, Koren et al. 2015, Liu et al. 2011, Meyer et al. 2011, Yueh
et al. 2016). This is consistent with the observation that secondary PI3K pathway alterations of-
ten arise in PIK3CA-mutant tumors across a wide range of diverse human cancer types (Yuan &
Cantley 2008). Moreover, in a study testing directly the impact of mutant PIK3CA zygosity,
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Linking the mechanisms of mutant allele imbalance with their functional consequences. Different mutant
oncogenes select for different mechanisms of allelic imbalance that reflect unique selective pressures. Mutant
allele imbalance often leads to modest dosage gains of an oncogenic driver mutation (left). These likely target
dosage-dependent oncogenes such as EGFR,HER2, and PIK3CA, among others, and lead predominantly to
hypermorphism. By contrast, mutant allele imbalance indicative of a stoichiometric relationship between
alleles (right) appears to be mediated predominantly by loss of heterozygosity and may abrogate the tumor-
suppressive effect of the wild-type (WT) allele by selecting for its loss.

induced pluripotent stem cells expressing heterozygous PIK3CAH1047R underwent normal differ-
entiation with transcriptional profiles and morphologies similar to those ofWT cells. By contrast,
expressing homozygous PIK3CAH1047R led to dramatic transcriptional remodeling and impaired
differentiation both in vitro and in vivo (Madsen et al. 2019). Collectively, these results suggest
that mutant PIK3CA allele imbalance can differentiate benign overgrowths such as those seen in
PROS from malignant lesions. Therefore, mutant PIK3CA is likely a weak oncogene (Berenjeno
et al. 2017, Kinross et al. 2012, Madsen et al. 2019) whose function is conditioned in part on its
mutant zygosity in a dosage-dependent manner (Figure 2).

Allelic Imbalance Through Composite Mutations

PIK3CA has also emerged as a model of a new and previously occult mechanism of mutant allele
imbalance. Indeed, beyond changes in mutant PIK3CA zygosity mediated bymutant-allele specific
CNAs, composite mutations (i.e., two somatic nonsynonymous mutations in the same gene and
tumor specimen) define a subset of PIK3CA-mutant tumors.Most commonly found in breast can-
cers, composite PIK3CA mutations promote enhanced PI3K activity, hyperactivate downstream
signaling, increase cellular proliferation, and exhibit greater sensitivity to PI3K inhibitors than do
conventional singleton PIK3CA driver mutations (Vasan et al. 2019). Moreover, composite muta-
tions appear to arisemore frequently than expected in several key oncogenes, raising the possibility
that composite mutations represent an alternative non–copy number mechanism of mutant allele
imbalance.Notably, compositemutations are enriched for rare,weakly activating alleles, and genes
beyond PIK3CA are also hypermorphic, for example, in TERT (Saito et al. 2020, Gorelick et al.
2020). Much like secondary loss-of-function mutations targeting mutant TSGs, which constitute
an uncommon mechanism of biallelic inactivation, composite mutations in oncogenes may thus
represent a rare class of mutant allele imbalance with context-specific properties.
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Competitive Fitness as a Driver of Mechanism-Specific Mutant Allele Imbalance

Finally, mutant allele imbalance appears to mediate functional differences beyond key signaling
pathways. For instance, LOH appears to be a common mechanism for loss of the WT allele of
mutant ESR1, which encodes the estrogen receptor (ER) (Bielski et al. 2018a). Diverse mutations
in the ligand binding domain of ESR1 arise in hormone receptor–positive breast cancers that be-
come refractory to antihormonal therapy (Toy et al. 2013). Curiously, loss of WT ER accounts
for the majority of ESR1 mutant allele imbalance in this subset of breast cancers, suggesting that
competitive fitness between the mutant andWT alleles underpins selection for LOH. Indeed, co-
expression of both WT and mutant ER in different proportions (modeling ratios corresponding
to amplifications, gains, and balanced heterozygosity) has revealed dose-dependent attenuation
of mutant ER activity with increasing proportions of WT ER, confirming that loss of WT ER
provides a fitness advantage in tumors with ESR1mutations (Bielski et al. 2018a). Taken together,
these findings suggest that driver mutations in diverse oncogenes are often accompanied by mu-
tant allele imbalance, and the widespread loss of the corresponding WT allele supports a broader
growth-inhibitory effect of the WT allele on oncogenic mutations than previously appreciated
across multiple cancer types (Figure 2).

MUTANT ONCOGENE ZYGOSITY AS A THERAPEUTIC BIOMARKER

The prevalence of allelic imbalance affecting mutant oncogenes that are established or emerging
targets of pharmacological inhibition raises the possibility that mutant oncogene zygosity may
represent a novel biomarker of therapeutic sensitivity. Preclinical studies of Kras-mutant mouse
models have found that mutant allele zygosity can play a key role in shaping clonal dynamics and
modulating therapeutic responses to MAPK pathway inhibition. For example, in murine models
of Kras-mutant lung adenocarcinomas, tumors lacking the WT Kras allele exhibited increased
cellular proliferation and sensitivity to MEK inhibition compared to tumors with an intact WT
Kras allele (Ambrogio et al. 2018). In a preclinical trial of MEK inhibition in KrasG12D-driven
mousemodels of acute myeloid leukemia, one exceptional responder resulted from the duplication
ofKrasG12D and loss ofWTKras via somatic CN-LOH (Burgess et al. 2017).Here, a subclone with
duplication of mutant Kras and a single copy of WT Kras existed prior to therapy and expanded
to become dominant at the time of relapse. Subsequent functional studies confirmed that WT
Kras overexpression was sufficient to overcome the fitness advantage conferred by gain of Kras-
mutant dosage and render the pretreatment tumor resistant to MEK inhibition. Furthermore,
CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 editing of theWTallele
toG13D in aKRASG13D-heterozygous colorectal cancer similarly increased RAS-GTPase activity,
growth, and MEK inhibitor sensitivity (Burgess et al. 2017). These studies established that small
changes in the balance between mutant andWT alleles of KRAS can impact pathway dependence
and drug sensitivity.Of course, it remains to be seen if the zygosity ofmutantKRASwill prove to be
a robust biomarker of therapeutic sensitivity in cancer patients. The advent of a new generation of
mutant allele–specific inhibitors ofKRAS (Canon et al. 2019,Hallin et al. 2020,Ostrem et al. 2013,
Patricelli et al. 2016), after decades of futility in developing effective RAS inhibitors (Downward
2003, Haigis 2017, McCormick 2015, Stephen et al. 2014), will facilitate correlative studies of
KRAS-mutant zygosity as a predictive biomarker in a manner that acknowledges their distinct
mechanisms of action (Figure 3).

The potential clinical relevance of mutant allele imbalance extends to the PI3K/AKT pathway.
Clinical drug development for this pathway has largely focused on inhibiting the PI3K isoforms
(Liu et al. 2009, Rodon et al. 2013), although recent efforts have targeted other effectors of PI3K
signaling such as the AKT family of kinases. A recent study of a pan-AKT kinase inhibitor (Davies
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Tradeoff between fitness and therapeutic sensitivity. Schematic representation of a tumor in which a
heterozygous oncogenic driver mutation is followed by a zygosity change that produces mutant allele
imbalance, leading to a tradeoff between a greater fitness advantage and subsequent clonal outgrowth and
increased therapeutic susceptibility (red). This phenomenon raises the possibility that therapy resistance
could emerge via restoration of the wild-type allele.

et al. 2012) in AKT1-mutant tumors found that mutant allele imbalance of AKT1E17K, typically
via CN-LOH resulting in loss of the WT allele, was associated with improved progression-free
survival (PFS) (Hyman et al. 2017a). Notably, this study employed a unique basket design, which
combined AKT1E17K-mutant solid tumors from different lineages to overcome the fact that AKT
mutations are relatively uncommon in any individual cancer type and thus not amenable to tradi-
tional clinical trial designs. The clinical outcomes associated with AKT1 mutant allele imbalance
are therefore more likely to reflect fundamental properties of PI3K/AKT biology than cancer
type–specific effects.

The possibility that the depth and durability of treatment responses can be influenced by the
zygosity of sensitizing mutant oncogenes has significant implications for precision oncology. As
a greater number of these therapies exploiting diverse mechanisms of action become standard
of care in more indications (Chakravarty et al. 2017), it will be imperative that modern clinical
sequencing initiatives move beyond detecting the presence or absence of individual driver mu-
tations to profile even subtle mutant allele–specific changes thereof. For example, exploratory
data indicate that patients with homozygous BRAFV600E-mutant melanomas treated with RAF
inhibitor therapy have markedly improved PFS compared to patients with either heterozygous
mutations or mutations targeted by genomic gains (Bielski et al. 2018a). Subtle dosage effects
may also mediate therapeutic resistance, especially for dosage-dependent actionable oncogenes
such as mutant HER2 (Smyth et al. 2020). Identifying the effect of similarly predictive allelically
imbalanced genotypes on therapeutic sensitivity is a critical need that will be complicated by the
rapid evolution of next-generation technologies such as tumor-derived cell-free DNA sequencing,
platforms that necessitate improved and sophisticated analytical and data-driven methods. Ulti-
mately, population-scale cohorts of prospectively sequenced cancer patients with this level of rich
molecular annotation, integrated with clinical outcomes and therapeutic phenotypes, will likely
drive the discovery and validation of such novel predictive biomarkers and accelerate their clinical
translation more efficiently than smaller-sample-size, albeit homogeneously treated, clinical trial
populations.

OUTLOOK

Mutant allele zygosity is emerging as a hallmark of oncogene biology, with significant functional
and clinical ramifications.There is still much to be learned, however. As current tumor sequencing
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initiatives expand to population scale, so too will our statistical power to analyze oncogene zygosity
at the level of individualmutant alleles,which can have distinct biochemical,mechanistic, and ther-
apeutic consequences even within the same actionable cancer gene (Brenan et al. 2016; Gao et al.
2018; Yao et al. 2015, 2017). Unraveling the functional impact of subtle dosage changes of onco-
genic mutations will necessitate new experimental strategies. Decades of overexpression experi-
ments will require reconsideration, as even modest allelic imbalance can drive clonal outgrowth.
Even with the advent of CRISPR/Cas9, the mechanisms of allelic imbalance and their effects
on function must be considered during study design and cell type selection. From a clinical per-
spective, the prevalence and selective pressure for zygosity changes in mutant oncogenes raise the
question of whether a viable therapeutic window exists for modulatingWT expression (Figure 3).
These issues are relevant to more than just molecularly targeted therapies, with implications for a
newer generation of immunotherapies such as personalized vaccines tailored to exploit the pres-
ence or absence of particular neoepitopes. Ultimately, characterizing mutant oncogene zygosity
across human cancers will help to advance the fields of cancer biology and clinical oncology.
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