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1 | INTRODUCTION

| Keisuke Kataoka®

Abstract

Recent studies of the cancer genome have identified humerous patients harboring
multiple mutations (MM) within individual oncogenes. These MM (de novo MM) in cis
synergistically activate the mutated oncogene and promote tumorigenesis, indicating a
positive epistatic interaction between mutations. The relatively frequent de novo MM
suggest that intramolecular positive epistasis is widespread in oncogenes. Studies also
suggest that negative and higher-order epistasis affects de novo MM. Comparison of
de novo MM and MM associated with drug-resistant secondary mutations (second-
ary MM) revealed several similarities with respect to allelic configuration, mutational
selection and functionality of individual mutations. Conversely, they have several dif-
ferences, most notably the difference in drug sensitivities. Secondary MM usually
confer resistance to molecularly targeted therapies, whereas several de novo MM are
associated with increased sensitivity, implying that both can be useful as therapeutic
biomarkers. Unlike secondary MM in which specific secondary resistant mutations are
selected, minor (infrequent) functionally weak mutations are convergently selected in
de novo MM, which may provide an explanation as to why such mutations accumulate
in cancer. The third type of MM is MM from different subclones. This type of MM is as-
sociated with parallel evolution, which may contribute to relapse and treatment failure.
Collectively, MM within individual oncogenes are diverse, but all types of MM are asso-
ciated with cancer evolution and therapeutic response. Further evaluation of oncogenic

MM is warranted to gain a deeper understanding of cancer genetics and evolution.
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described in Knudson’s two-hit theory.2 In contrast, oncogenes are
usually activated by dominant-acting heterozygous single events.

Significant advances in cancer genomics in recent years have enabled
the identification and characterization of many cancer genes and the
associated mutations driving each patient’s tumor.>? In contrast to
tumor suppressor genes (TSG), which are generally disrupted by copy
number deletions and loss-of-function (nonsense and frameshift)
mutations, oncogenes are mainly activated by focal amplifications
and missense mutations. TSG are often biallelically inactivated, as

Mutational distribution is different for oncogenes and TSG. In TSG,
loss-of-function mutations are distributed throughout their length,
whereas in oncogenes, missense mutations preferentially affect spe-
cific hotspots.® These hotspots include few highly recurrent (major)
positions (such as KRAS G12, G13, and Q61) and a much larger num-
ber of rare (minor) positions. Minor hotspot mutations are function-
ally weak and rare as individuals but account for a substantial fraction
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of the accumulated mutations. It has been reported that 12%-87% of
hotspot mutations are in minor positions in oncogenes.4 However,
the reasons why such minor mutations are frequently observed in
cancer despite their weak function have not been well investigated.

Several recent large-scale genetic studies have reported that
numerous patients are affected by “multiple mutations (MM) within
individual oncogenes,” demonstrating that MM synergistically acti-
vate the mutated oncogenes (Figure 1).® These MM are different
from single hotspot mutations with respect to mutational pattern,
function, and sensitivity to molecularly targeted therapy. Herein,
we discuss what has been learned about oncogenic MM and, more
importantly, what this novel mechanism has taught us about cancer
genomics and its future application in precision medicine.

2 | FREQUENT DE NOVO MULTIPLE
MUTATIONS IN UNTREATED TUMORS

A recent remarkable advance in this field is the comprehensive char-
acterization of oncogenic MM from a pan-cancer genetic study of
more than 60 000 tumors.* This study showed that approximately
one-quarter of oncogenes examined (14 oncogenes out of 60) were
significantly affected by MM. Surprisingly, 9% of samples with
at least one mutation in these genes harbored MM. In particular,
PIK3CA and EGFR had the highest frequency of MM (10%) (Figure 2).
This study also identified several oncogenes showing significant en-
richment of MM in a specific cancer type, such as NOTCH1 in T-cell
acute lymphoblastic leukemia (ALL) and CARD11 in non-Hodgkin’s
lymphoma. These MM are frequently observed in primary untreated
tumors, suggesting that they are “de novo” MM unrelated to can-
cer therapy. These de novo MM have several genetic characteristics
(Figure 1 and Table 1). First, the MM are mostly present in cis (two
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FIGURE 1 Characteristics of de novo multiple mutations (MM)
within individual oncogenes. Functionally weak, minor (infrequent)
mutations are selected in de novo MM. MM in cis synergistically
enhance downstream pathway activation and tumor growth,
suggesting positive epistasis
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FIGURE 2 The prevalence of multiple mutations (MM) across
oncogenes. Fraction of samples with MM (out of the total number
of mutated samples; x-axis) and fraction of samples with mutations
(y-axis) across 30 oncogenes. Reanalysis of data from Saito

et al (n = 11 043).* Circle sizes indicate g-values of the permutation
test. Oncogenes with significant enrichment of MM in pan-cancer
and cancer-type-specific manners are indicated in red and green,
respectively

mutations on the same allele) with concordant variant allele frequen-
cies (Figure 3A),4>89 suggesting that MM arise from the same alleles
of the same clones. This is in contrast to TSG; although MM in cis
are occasionally observed in TSG,® the majority of them are in trans
(two mutations on different alleles), suggesting biallelic inactivation.
Second, both of the mutations in each MM are under positive se-
lection equal to the selection on single hotspot mutations, implying
that MM are a combination of driver-driver mutations. Third, the mu-
tational patterns of MM are skewed from single hotspot mutations
with respect to type (missense and in-frame), position, and amino
acid change. MM generally arise from a pair of mutations that are un-
common as single mutations. In other words, mutations from “minor”
hotspots are frequently observed in MM.*87 This result suggests
the presence of differences in the mutational selection between sin-
gle mutations and MM.

3 | EPISTATIC EFFECT OF DE NOVO
MULTIPLE MUTATIONS

The functional consequences of two driver mutations can be syn-
ergistic, additive, or suppressed.!®!! If two mutations are indepen-
dently driving tumors, they are expected to be additive.'? However,
the functionality of two mutations can be higher (synergistic) or
lower (suppressed) than the simple addition, suggesting a genetic
interaction between mutations. These genetic interactions are best
described using the term “epistasis.”*® Epistasis was first used in the
early twentieth century to describe the effect of a variant masking
another variant from manifesting its effect“; however, currently, it

is commonly defined as the deviation from the expected outcome
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TABLE 1 Differences and similarities between three types of oncogenic multiple mutations (MM)

De novo MM

Allelic configuration Mostly cis

Minor (infrequent) mutations
MM from different domains

Mutational positions

Sensitivities to molecularly
targeted therapy

Highly sensitive
(at least in PIK3CA)

N/A, not available.

when combining mutations.!®> Epistasis has been experimentally
shown in several organisms, such as phages,’® yeast,” and, more
recently, human cell lines.?®? Epistasis can occur in two different
ways; namely, between variants in the same gene (“intramolecular
epistasis”) and between variants in different genes (“intermolecu-

lar epistasis”).?°

Compensatory mutational screening in the phage
identified that approximately half are intramolecular and others are
intermolecular.® However, in cancer genomics, most studies have
focused on intermolecular epistasis. For example, several genomic
studies looked for mutual exclusivity among mutations from differ-
ent genes, such as BRAF and NRAS mutations in cutaneous mela-
noma.?*2® Mutually exclusive driver mutations are not advantageous
if present in the same tumor and are, thus, thought to be negatively
selected during cancer evolution.

In contrast to mutations from different genes, oncogenic MM
in cis are representative of intramolecular epistasis. In fact, vari-
ous recurrent MM have synergistic functions, indicative of posi-

tive epistasis (Figure 1). For example, in PIK3CA, several recurrent

MM from different
Secondary MM subclones
Cis/trans Trans
(mainly cis)

Combination of hotspot
mutations

N/A. Maybe associated
with relapse and treatment
failure.

Combinations of hotspot and
specific resistant mutations

Resistant

combinations of MM, especially those involving minor mutations, are
more frequently observed than expected. The functional synergy of
such MM, including E545K-E726K and R88Q-H1047R, has been val-
idated using several experimental approaches. Synergistic upregula-
tion of AKT phosphorylation and enhanced cell proliferation in vitro
have been validated in mutant transduced cell lines by western blot-
ting and cell growth assays, respectively. Subcutaneous xenograft
models have shown that these double mutant transduced cell lines
proliferate more than single mutant transduced cell lines in vivo.*>
Importantly, the effect of MM on proliferation (eg, R88Q-H1047R)
is higher than the summed effect of individual mutations (eg, R88Q
plus H1047R) in these assays, confirming the positive epistasis be-
tween mutations. For NOTCH1 MM in T-cell ALL, combinations of
mutations from different specific functional domains (ie, HD domain
and PEST domain) are significantly enriched. Functional synergy has
also been experimentally shown in such combinations, including the
augmented transcriptional activity of NOTCH1 MM in T-cell ALL, as
revealed by the luciferase assay.“*24 Although individual functional
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De novo MM. Two mutations (mutations 9% in primary untreated cancers | I I |
A and B) within individual oncogenes . .
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assays may capture only limited aspects of cancer phenotypes, these
findings suggest the positive epistasis between mutations (at least in
some quantified traits).

As mentioned above, one-quarter of the oncogenes showed sig-
nificant enrichment of MM* most MM in these genes show positive
epistasis, resulting in a strong fitness increase that exceeds the ad-
ditive effects of individual mutations. However, it is noteworthy that
not all combinations of MM result in positive epistasis. For example,
in PIK3CA, the combinations of major hotspots (major-major) are
significantly less common than expected, and combinations of mu-
tations from the same functional domain are particularly depleted.
E542K and E545K are the major hotspots in the helical domain, but
these combinations were rarely observed, and if any were present,
all of them were in trans.* In fact, the functional evaluation revealed
that the E542K-E545K combination does not show a synergistic ef-
fect; the effect on proliferation is equal to or even less than those
of single mutations. Similarly, major-major combinations are signifi-
cantly less common than expected in other oncogenes (such as EGFR
and KRAS), and those in close proximity are almost always located in
trans.* Although the statistical power is limited, it is estimated that
major-major combinations in cis, particularly those in close proxim-
ity (approximately equal to the combinations of mutations from the
same functional domain), are under negative epistasis (suppression).

What are the molecular mechanisms of intramolecular epistasis?
Several excellent reviews have discussed the possible mechanism of
epistasis.’%1>2% For example, synergistic epistasis can occur when
a conformation change caused by one mutation is required for a
second mutation to realize its effect on protein function (confor-
mational epistasis). In such cases, the secondary mutated residue
may contact a novel substrate only when the first mutation causes
a conformational change. Another explanation includes the stabil-
ity thresholds in which the mutation has a detrimental effect only
when it reduces the protein stability below a critical threshold. In
this scenario, single mutations have little effect, but two mutations
reaching the critical threshold have a very deleterious effect. The
structural mechanism of oncogenic MM-mediated activation has
been experimentally investigated in PIK3CA. Biochemical analysis
revealed that several double mutant PIK3CA proteins easily detach
from the regulatory subunit and show increased binding to anionic
and PIP, liposomes.> In addition, molecular-dynamic simulation
demonstrated that PIK3CA R88Q-H1047R coordinately promotes
the conformational change to the active state by rendering the salt
bridge between the ABD and kinase domains unstable.* These in-
vestigations suggest conformational epistasis as a mechanism of
oncogenic MM-mediated positive epistasis, although the molecular
mechanisms causing epistasis may be diverse among combinations.

An interesting observation of oncogenic MM is the relationship
with other mutations. For example, PIK3CA mutations tend to be
mutually exclusive with PIK3R1 mutations but co-occur with PTEN
mutations in uterine corpus endometrial carcinoma.?? These asso-
ciations are augmented by PIK3CA MM, suggesting that intermo-
lecular epistasis with PIK3R1 and PTEN is affected by intramolecular

epistasis by MM. These findings suggest that epistasis involves not

only two mutations (pairwise epistasis) but also more mutations
(higher-order epistasis).’>*” Additional evidence of higher-order
epistasis in cancer is the lineage specificity of oncogenic MM. For
instance, MM in PDGFRA are recurrently observed in glioblastoma
but not in gastrointestinal stromal tumor (GIST). MM in NOTCH1 are
highly prevalent in T-cell ALL but not in chronic lymphocytic leu-
kemia.* These observations suggest that the epistatic interactions
of MM are themselves context-dependent; the interactions may
depend on other factors, such as additional genetic variants of the
tumor.

The positive epistasis of oncogenic MM may provide an explana-
tion as to why functionally weak mutations or variants of unknown
significance (VUS) accumulate in cancer. Rare mutations are func-
tionally weak as individual mutations,?® but they may show strong
oncogenic potential in combination. Previous systematic approaches
of VUS annotation were focused on the evaluation of mutations in-

26,27

dividually, which does not address the functional role of VUS in

combination.

4 | SIMILARITIES AND DIFFERENCES
BETWEEN DE NOVO MULTIPLE MUTATIONS
AND DRUG-RESISTANT SECONDARY
MULTIPLE MUTATIONS

This review focuses on “de novo” MM, but another well-known
type of MM is associated with drug-resistant secondary mutations
(hereafter referred to as secondary MM) (Figure 3B). Tyrosine ki-
nase inhibitors (TKI) are widely used for lung cancer patients har-
boring EGFR mutations; however, despite their initial response,
most patients eventually acquire drug resistance. In 2005, T790M
was identified as a drug-resistant secondary mutation in patients
treated with first-generation TKI.28 This means that these patients
acquire MM (primary mutation plus T790M) in EGFR. Patients
harboring T790M mutations are sensitive to third-generation
EGFR-TKI, but C797S is reported to cause resistance to even
third-generation EGFR-TKI.?’ Drug-resistant secondary mutations
are not specific to EGFR-TKI, but they are also common in patients
receiving various other TKI. Several KIT mutations are reported
as imatinib-resistant in GIST patients.’%3* FLT3 mutations in the
tyrosine kinase domains (TKD) cause resistance to FLT3 inhibitors
in acute myeloid leukemia (AML) patients harboring FLT3 internal
tandem duplication (FLT3-1TD).3234 Intriguingly, FLT3-1TD cells ac-
quiring both TKD1 and TKD2 mutations show greater resistance
than those acquiring individual mutations.?* These resistance
mechanisms are also observed in fusion genes, including BCR-
ABL for imatinib resistance,®>3® CCDC6-RET for vendatanib,®” and
EML4-ALK for crizotinib.®3? These resistant mutations are not
specific to TKI. A striking example is the IDH2 inhibitor enasidenib
for AML. The Q316E or I1319M mutation together with the R140Q
hotspot mutation causes resistance.*® Importantly, resistance is
caused only when MM exist; the Q316E or I319M mutation alone

does not cause resistance to the therapy.
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De novo MM and secondary MM have several shared charac-
teristics (Table 1). First, both types of MM occur in cis.3#! This sug-
gests that both mutations need to be in the same molecule to exert
functional effects. One exception is the secondary MM in IDH2.
They are located in trans*® but confer resistance by blocking the
drug interaction with the IDH2 dimer. In addition, EGFR C797S can
occur in the trans position of the T790M allele, although the majority
of them are in cis.*? Second, mutations that are rarely observed as
single mutations are selected in both de novo and secondary MM.
Drug-resistant acquired mutations in secondary MM, such as EGFR
T790M and KIT V654A, do not usually occur as single mutations,
similarly to minor mutations in de novo MM. In addition, the drug-re-

sistant mutations are weakly oncogenic (as in EGFR T790M)*

or are
of unknown oncogenic potential as single mutations, again similar
to minor hotspot mutations in de novo MM. These common charac-
teristics between de novo and secondary MM may suggest a shared
molecular mechanism between them. Consistent with these find-
ings, it has been reported that MM associated with drug-resistant
mutations can occur as de novo MM in untreated cancers. Several
cases have been described where patients carry both the T790M
and L858M mutations in EGFR prior to EGFR-TKI therapy.**3 While
FLT3 TKD-resistant mutations can be acquired during FLT3 inhibi-
tor therapy in AML patients with FLT3-ITD, approximately 1%-2%
of AML patients carry both ITD and TKD mutations at the time of
diagnosis.***> These observations reinforce the idea that de novo
MM and secondary MM have common mechanisms.

However, there are differences between de novo MM and sec-
ondary MM. The prominent difference is the distribution of muta-
tions. Drug-resistant mutations generally occur at specific amino
acids; most of these mutations are present at residues within or
around drug-binding pockets or gatekeeper residues, resulting in a
weakened affinity with specific inhibitors.3%3%4¢ Conversely, there
are numerous recurrent combinations in de novo MM, although
mutations from different domains or those involving minor hotspot
mutations are overrepresented. This may be due to the difference in

selective pressure between untreated and treated tumors.

5 | DRUG SENSITIVITIES OF DE NOVO
MULTIPLE MUTATIONS

As secondary MM are associated with drug resistance, it is reason-
able to speculate that de novo MM are also associated with the re-
sponse to specific inhibitors (Table 1). In fact, several groups have
reported that PIK3CA MM are associated with increased sensitivities
to PI3K inhibitors. Cell lines harboring PIK3CA MM were reported to
be more sensitive to PI3K inhibitors than those harboring single mu-
tations.* Consistently, these PIK3CA MM-harboring cell lines were
more dependent on PIK3CA itself. In addition, patients with PIK3CA
MM detected by circulating tumor DNA showed increased sensitivity
to the PI3K inhibitor taselisib compared with those harboring single
mutations.’ These data suggest that de novo MM (at least in PIK3CA)

are the opposite of secondary MM with respect to sensitivities to

Cancer Science Byl

molecularly targeted therapy. The drug sensitivities of MM were
also evaluated in EGFR and ERBB2 using high-throughput screening
assays."*® Intriguingly, the drug sensitivities of MM were different
between mutational combinations and types of drugs. For instance,
Ba/F3 cells expressing EGFR L858R and E709A/G in cis were resist-
ant to gefitinib and erlotinib but responded to afatinib.*’” The drug
sensitivities of MM may differ between genes, and individual evalu-
ations are needed.

6 | MULTIPLE MUTATIONS FROM
DIFFERENT SUBCLONES

Next, we discuss the MM from different subclones (Figure 3C).
Although most de novo MM and secondary MM occur in cis within
the same clone, several MM are thought to be present in trans. In
particular, almost all major-major combinations in proximity (such as
combinations of KRAS/NRAS G12 and G13 missense mutations) are
located in trans.* These MM show discordant and relatively low al-
lele frequencies, suggesting that they arise as different subclones.
Single-cell sequencing technologies confirmed the presence of
MM arising in different subclones, including NRAS G12-G13 MM in
AML.#¥ Recently, due to the advances of several technologies, intra-
tumor heterogeneity has been well studied in the context of cancer
evolution. Several studies suggest the model of “parallel evolution,”
which refers to the independent evolution of similar traits from a
single ancestral clone.® If two subclones independently acquire mu-
tations to the same oncogene, parallel evolution results. Importantly,
the parallel evolution may contribute to relapse and treatment fail-
ure (Table 1), as represented by a case of B-cell ALL harboring differ-
ent JAK2 R683 missense mutations in founder and relapsed clones.>!
The MM from different subclones may provide insights into the ge-
netic basis of clonal heterogeneity, and careful attention should be
paid to this type of MM.

7 | CLINICAL APPLICATIONS OF
MULTIPLE MUTATIONS

These findings have several clinical implications. First, de novo MM,
as well as secondary MM, can be used as biomarkers for predicting
the sensitivities to molecularly targeted therapy. Several MM show
higher sensitivities to specific inhibitors (as in the case of PIK3CA),
but others may confer resistance to them. Comprehensive evalua-
tion of drug sensitivities for individual MM using systematic screen-

ing methods?¢2747:48

may be important for precision medicine.
Second, the findings suggest the importance of evaluating minor
hotspot mutations. Although a substantial proportion of hotspot
mutations are in minor positions,* most of them are not evaluated
by PCR or hotspot-region-only sequencing. In fact, the frequency of
PIK3CA MM is 10% or more of the mutated samples,“‘5 but commer-
cially available diagnostic tests underestimate the relative frequency

(0.7%).°2 This leads to the overlooking of patients who may benefit
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from PI3K inhibitors such as alpelisib.>® The observations suggest
the importance of comprehensive mutational evaluation, at least in

MM-enriched oncogenes.

8 | CONCLUSION

Although it has long been believed that oncogenes gain tumor-
promoting functions by acquiring single hotspot mutations, several
recent studies suggest that MM within individual oncogenes are
alternative mechanisms of oncogene activation. MM are observed
in several oncogenes across different cancer types, suggesting that
MM are universal genetic mechanisms of cancer pathogenesis.
Oncogenic MM are individually rare, but collectively common, af-
fecting as many as 9% of patients harboring mutations in oncogenes
(Figure 1). These MM are observed in primary untreated cancers,
indicating that they are “de novo” MM. De novo MM and secondary
MM associated with drug-resistant acquired mutations have several
common characteristics, which may imply a shared molecular mech-
anism between them. However, they have several differences, most
prominently the difference in drug sensitivities to the specific inhibi-
tors. De novo MM and secondary MM are usually in cis within the
same clone, which should be distinguished from MM from parallelly
evolved independent subclones.

De novo MM are different from single hotspot mutations with
respect to mutation distribution. Interestingly, minor (infrequent)
mutations are preferentially selected in de novo MM, which are func-
tionally weak individually but exhibit stronger oncogenic potential in
combination. This provides an explanation of why functionally weak
minor mutations and VUS accumulate in cancer. In addition, this sug-
gests the importance of epistasis in cancer. Recurrent MM are under
positive epistasis, but the study of de novo MM also implies the
existence of negative epistasis and higher-order epistasis. Further
evaluation of MM using novel technologies, including single-cell se-
quencing or high-throughput functional screening, is warranted to

gain a deeper understanding of cancer genetics and evolution.
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