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Introduction
Advances in the classical cancer treatment modalities of standard 
cytotoxic chemotherapy, radiotherapy, and surgery have led to 
reductions in cancer mortality rates over the last several decades; 
however, major challenges remain that often lead to tumor recur-
rence and death. These challenges have led to the exploration of 
mutation-targeted therapies for cancer. While standard chemo-
therapy uses cytotoxic agents that kill rapidly dividing malignant 
and normal cells, targeted therapies act on abnormal proteins 
encoded by mutated genes. Since normal cells lack the tumorigenic 
mutations that are exploited for drug targeting, there is often high 
differential sensitivity of malignant and nonmalignant cells to tar-
geted therapies. As a result, targeted therapy frequently produces 
rapid and dramatic tumor regression while limiting the potential 
for off-target toxicities that are a hallmark of conventional chemo-
therapy. The overall drug discovery strategy for cancer has thus 
shifted away from cytotoxic agents and toward the identification 
of tumor-specific actionable mutations and the development of 
molecularly targeted agents. The rapid development of immune-
based therapies has also dramatically changed the cancer thera-
peutic landscape but is outside the scope of this Review (1).

Progress in targeted therapies is closely tied to technological 
advancements in sequencing made over the past two decades, 
including the revolutionary development of massively paralleled 

next-generation sequencing (NGS) (2). The discovery of both com-
mon and rare genetic aberrations has launched research investiga-
tions into targeted therapies against resultant mutant proteins and 
exploration of downstream aberrant molecular signaling path-
ways that can be therapeutically exploited (3). Additionally, NGS 
has proved critical to the clinical application of targeted therapies. 
Mutational evaluation by sequential oligonucleotide capture, 
amplification, and NGS has become a standard-of-care diagnostic 
tool in many cancers (4, 5). These tests are used to identify action-
able genetic mutations that are then used for selection of an appro-
priate targeted therapy, for prognostication, or as biomarkers for 
other clinical endpoints.

The discovery of the BCR-ABL fusion gene as the hallmark of 
chronic myelogenous leukemia (CML) and the development of 
the BCR-ABL inhibitor imatinib marked a pivotal moment in drug 
development. Since then, numerous targeted therapies have been 
approved by the US FDA, with many more agents under investi-
gation (Figure 1). Oncogenic gene mutations may be druggable in 
several different ways: (a) they can encode a protein that can be 
targeted in a manner distinct from the WT protein; (b) they can 
cause abnormal activation of a protein (e.g., through a gain-of-
function mutation or amplification) that is druggable but for which 
mutant-specific targeting has not been achieved; or (c) they can 
create novel molecular dependencies that are druggable (“action-
able mutations”). Examples of truly druggable mutations in the 
first category are far less common than druggable mutations in 
the second category. However, excellent therapeutic indices are 
still achieved for many overactivated or amplified targets due to 
increased target expression and/or a high level of cancer-specific 
dependence on a specific protein. Additionally, other mutations 
that are not yet amenable to targeted therapy approaches are still 
useful as biomarkers that support selection of another appropri-
ate therapy. Biomarkers are reviewed extensively elsewhere; here, 
we focus on progress made on mutations directly linked to target-
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ies (mAbs) targeting the extracellular domains have emerged as 
a promising therapeutic approach (10, 11). Here, we begin by dis-
cussing several examples of mutations in tyrosine kinases that 
have been successfully targeted with different strategies. 

In 2001, the tyrosine kinase inhibitor (TKI) imatinib became 
the first FDA-approved targeted therapy for a known genetic alter-
ation. Imatinib’s initial approval was for CML, characterized by 
the presence of the Philadelphia chromosome, a molecular jux-
taposition of the tyrosine kinase ABL1 on chromosome 9 to BCR 
on chromosome 22 (12). The resultant fusion gene encodes an 
onco protein that is capable of autophosphorylation and constitu-
tive activation of downstream signaling pathways including PI3K/
AKT/mTOR, MAPK, and JAK/STAT, leading to unrestrained cell 
proliferation (13, 14). Before the development of imatinib, the 
10-year survival rate of the approximately 90% of patients pre-
senting with chronic-phase CML was less than 50%. Extraordi-
narily, treatment with imatinib increased the 10-year survival rate 
to approximately 80% (15, 16). Despite its success, two challenges 
with imatinib are resistance and side effects. Resistance occurs 
through several mechanisms, most commonly due to mutations 
in the kinase domain of BCR-ABL (17–19). These mutations may 
develop while patients are on imatinib but may also be present in 
the CML prior to the start of treatment and may be selected for 
by insufficient drug levels (20). To overcome resistance, next-gen-
eration kinase inhibitors with increased inhibitory activity toward 
BCR-ABL have been developed. Nilotinib, dasatinib, bosutinib, 
and ponatinib compete in the same ATP-binding pocket as ima-
tinib but with higher affinity and are able to overcome many 
resistance mutations (21–24). More recently, the allosteric inhib-
itor asciminib has also been approved (25). Because asciminib 

ed therapies (6, 7). We describe key examples of genetic drivers 
and associated modes of druggability, consider the clinical and 
research challenges in the field, and discuss new approaches to 
maximizing therapeutic benefit of targeted therapies. 

Key mutations with actionable therapies
Targetable genetic aberrations occur in a range of genes encoding 
kinases and their downstream signaling effectors, tumor suppres-
sors, and chromatin modifiers. Table 1 lists common actionable 
genetic aberrations associated with FDA-approved targeted thera-
pies. Below, we highlight representative examples of genetic aber-
rations and corresponding targeted therapies that demonstrate 
the benefits targeted therapy can provide and the challenges that 
must be overcome in designing novel therapies. 

Tyrosine kinases. Following the success of imatinib, there has 
been an enormous amount of interest in targeting other mutated 
kinases. As developments in sequencing have added to the num-
ber of candidate targets, parallel progress in chemical approaches 
has expanded the number of targets considered druggable. Kinas-
es can be divided into two general types: tyrosine kinases, which 
act primarily as growth factor receptors or in direct interaction 
with growth factor receptors, and serine/threonine kinases, which 
respond to a range of cellular cues, including signaling down-
stream of tyrosine kinases. Kinase inhibitors may act through any 
of multiple mechanisms, including by competition for ATP in the 
ATP-binding pocket of the kinase in either active (type I) or inac-
tive (type II) conformation, allosteric inhibition of kinase activity 
(types III and IV) through binding of other regions of the kinase, 
and/or other mechanisms (Figure 2 and refs. 8, 9). For tyrosine 
kinases, in addition to chemical inhibitors, monoclonal antibod-

Figure 1. Timeline of FDA-approved targeted therapies in cancer. FDA-approved molecules with mutation-specific indications are depicted along with 
their associated mutation-specific indications. First-in-class molecules for novel targets are shown in red.
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of HER family members result in constitutive downstream path-
way signaling and are found across a spectrum of cancers; the 
most common mutations include EGFR/HER1 activating muta-
tions in non–small cell lung cancer (NSCLC) and HER2 amplifi-
cations/activating mutations in breast cancer (BC) (3). Both EGFR 
and HER2 TKIs have been developed; TKIs against the latter are 
less widely used but have clinical efficacy in specific settings and 
are reviewed elsewhere (30). Early-generation EGFR inhibitors 
block both mutant and WT EGFR signaling reversibly (gefitinib/
erlotinib) or irreversibly (afatinib/dacomitinib) (31–34). Patients 
treated with these drugs often have dramatic initial responses to 
therapy but develop resistance mutations including T790M and 
experience side effects due to inhibition of WT EGFR. The devel-
opment of the covalent EGFR inhibitor osimertinib represented 
a major step forward due to increased relative affinity for mutant 
EGFR over WT and retention of efficacy against the T790M muta-
tion (35, 36). Nevertheless, resistance eventually occurs in all 
patients with stage IV EGFR-mutant NSCLC. While a subset of 
resistance occurs through mutations at osimertinib’s reactive cys-
teine target C797, it is also common for resistance to occur through 

does not bind in the ATP-binding pocket of BCR-ABL but instead 
binds in the myristylation pocket that is responsible for maintain-
ing the kinase in the autoinhibited state, asciminib is expected to 
overcome nearly all known resistance mutations (26). Additional-
ly, because the binding site of asciminib is entirely distinct from 
that of other BCR-ABL–targeted TKIs, combination targeting of 
BCR-ABL activity is possible and may prevent the acquisition of 
resistance (27). Despite excellent efficacy, TKI therapy is gener-
ally given lifelong, as it appears that CML stem cells can persist at 
low levels in the presence of therapy, possibly due to quiescence 
or activation of other signaling pathways (28). Side effects of CML 
therapy are common and have particularly detrimental effects on 
quality of life given lifelong treatment.

Drugs targeting the EGF/human EGFR (HER) family of recep-
tor tyrosine kinases (RTKs) were the second large group of tar-
geted therapies to be approved by the FDA. Under normal phys-
iologic conditions, ligand binding to the extracellular domains of 
HER RTKs causes dimerization of receptors leading to autophos-
phorylation within the intracellular tyrosine kinase domains and 
consequent activation of downstream effectors (29). Mutations 

Table 1. Genetic indications for targeted therapy in cancer

Mutated gene Common genetic alterations Tumors implicated Drugs
ALK Mutation, fusion Non–small cell lung cancer Alectinib, brigatinib, ceritinib, crizotinib, lorlatinib
ATM Mutation Breast Olaparib
BCR-ABL Fusion Chronic lymphocytic leukemia,  

acute lymphocytic leukemia
Bosutinib, dasatanib, imatinib, nilotinib, ponatinib, asciminib

BRAF Mutation Melanoma, colorectal, hairy cell leukemia,  
thyroid

Dabrafenib, encorafenib, vemurafenib, binimetinib,  
cobimetinib, trametinib

BRCA1/2 Mutation Breast, ovarian, prostate Olaparib, niraparib, rucaparib, talazoparib
CHEK2 Mutation Breast, ovarian Olaparib
CSF1R Mutation, fusion Giant cell tumor Pexidartinib, sunitinibA

EGFR Mutation, fusion, amplification Non–small cell lung cancer Afatinib, dacomitinib, erlotinib, gefitinib, osimertinib, brigatinibA, 
amivantamab

ERBB2/3/4 Amplification, mutation Breast AfatinibA, lapatinib, neratinib, tucatinib, trastuzumabB,  
pertuzumabB, margetuximab

EZH2 Mutation Lymphoma Tazemetostat
FGFR1/2/3 Mutation, fusion Cholangiocarcinoma Erdafitinib, lenvatinibA, pemigatinib, infigratinib
FLT3 Mutation Myeloid leukemia Gilteritinib, midostaurin, sorafenibA

IDH1/2 Mutation Myeloid leukemia, cholangiocarcinoma, glioblastoma Ivosidenib, enasidenib
JAK2 Mutation Myeloproliferative syndrome Fedratinib, ruxolitinib
KIT Mutation, fusion Gastrointestinal stromal tumor, mastocytosis, 

melanoma
Avapritinib, imatinib, pazopanibA, pexidartinibA, ripretinib,  

sorafenib, nilotinibA, sunitinib
KRAS Mutation Non–small cell lung cancer Sotorasib
MET Mutation, fusion Non–small cell lung cancer CabozantinibA, capmatinib, crizotinibA, tepotinib
NTRK Fusion Many solid tumors at low frequency Larotrectinib, entrectinib
PDGFRA/B Mutation, fusion Gastrointestinal stromal tumor, mastocytosis, 

hypereosinophilic syndrome
Avapritinib, imatinibA, sorafenibA, sunitinibA, lenvatinibA,  

pazopanibA, ripretinibA

PIK3CA Mutation Breast UmbralisibA, duvelisibA, idelalisibA, copanlisibA, alpelisib,  
temsirolimusA, everolimusA

PML-RARA Fusion Myeloid leukemia Arsenic trioxide, retinoic acid
RET Mutation, fusion Renal, thyroid, non–small cell lung cancer Pralsetinib, selpercatinib, cabozantinibA

ROS1 Fusion Non–small cell lung cancer Entrectinib, crizotinib
SMO/PTCH1 Mutation Medulloblastoma, basal cell carcinoma Vismodegib
AMutation-specific treatment supported by National Comprehensive Cancer Network guidelines that does not have full FDA approval. BBase antibody used 
alone or as antibody-drug conjugate. 
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MET has been approved for NSCLC (45). While mAbs have proved 
clinically effective, many patients ultimately develop resistance to 
these agents due to immune-mediated escape from ADCC, intrin-
sic alterations in the RTK extracellular domain, and activation of 
alternative signaling pathways (46–49).

Targeting of mutations in FGFR/PDGFR/VEGFR family 
members is another area that has generated considerable clinical 
interest and has led to FDA approval of over a dozen drugs. Genet-
ic aberrations in FGFR1/2/3 occur in more than 10% of breast, 
bladder, and endometrial cancers as well as at lower frequencies 
in other tumors (3). Mechanistically, activation of the FGFR/
PDGFR/VEGFR pathways occurs through a process similar to 
that of activation of the HER RTKs, and mutations in these path-
ways likewise act to cause constitutive activation of the mutated 
RTK (50). The primary and most well-studied downstream effect 
of FGFR/PDGFR/VEGFR signaling is increased angiogenesis. 
Most inhibitors against this class of RTKs to date have activity 
against all three RTK families and are more frequently used in 
a mutation-agnostic practice to limit angiogenesis rather than 
being employed for mutation-specific cancers (51). While effec-
tive in certain contexts, these multikinase inhibitors have overall 
achieved modest clinical results, for multiple reasons including 
insufficient target inhibition and increased toxicity owing to mul-
tikinase inhibition. FGFR-specific inhibitors, including erdafi-
tinib, infigratinib, and pemigatinib, have been developed more 
recently but have also generated limited responses (52–54). The 

mechanisms that do not depend on specific mutations, such as his-
tologic small cell transformation (Figure 3 and refs. 37, 38).

Targeting HER family members with mAbs is another attrac-
tive therapeutic option. mAbs bind to the juxtamembrane portion 
of the extracellular domain of RTKs and act through multiple 
mechanisms, including antibody-dependent cellular cytotoxicity 
(ADCC), RTK internalization/degradation, and inhibition of RTK 
dimerization (10, 11). The first clinically approved HER2-target-
ing mAb, trastuzumab, has exceptional activity in HER2-positive 
BC (39). Pertuzumab is another HER2 mAb that targets a differ-
ent site on HER2 and is able to disrupt ligand-induced dimeriza-
tion of HER2, thus also inhibiting its receptor partner HER3 
(40). Since the binding sites of trastuzumab and pertuzumab are 
distinct, these agents are often combined to maximize efficacy 
(41). A third HER2-targeting mAb, margetuximab, has improved 
ability to recruit effector immune cells and may retain efficacy 
after resistance to other mAbs has developed (42). HER2-tar-
geted antibody-drug conjugates that deliver cytotoxic payloads 
have also been developed, including trastuzumab-emtansine, 
trastuzumab-deruxtecan, and trastuzumab-duocarmazine (43). 
EGFR mAbs, including cetuximab, panitumumab, and necitu-
mumab, have shown limited activity in NSCLC but have specific 
indications in the treatment of colorectal cancer and squamous 
cell carcinoma of the head and neck (44). Finally, bivalent mAbs 
targeting two oncogenic drivers are a further therapeutic strategy, 
and recently the bivalent mAb amivantamab targeting EGFR and 

Figure 2. Targeting modalities for targeted therapies in cancer. Common modes of druggability associated with clinically approved molecules are depicted 
using the HER1/HER2 RTKs as examples. FDA-approved targeted therapies include small-molecule inhibitors and mAbs. Small-molecule inhibitors are 
commonly classified on the basis of the mechanism by which they bind their targets (inset). Small-molecule inhibitors in cancer can directly inhibit a 
mutant protein product, inhibit an overactive/overabundant protein product along with WT protein, or inhibit a signaling effector downstream of a mutat-
ed protein. In addition to inhibitors, mAbs are approved either with or without the addition of a drug conjugate, which, besides activating antibody- 
dependent cellular cytotoxicity (ADCC), also delivers cytotoxic payloads to targeted cells. DFG, aspartate-phenylalanine-glycine motif.
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kinase inhibitors have shown efficacy in certain contexts, and the 
lack of specificity has indeed facilitated their clinical use against 
multiple targets, but it has often been difficult to understand the 
specific target(s) responsible for therapeutic benefit, making 
the improvement of these inhibitors challenging. Considerable 
research is necessary to understand the precise mechanisms of 
TKI response and resistance and to guide the development of the 
next generation of inhibitors.

Downstream signaling effectors. Tyrosine kinases relay signal-
ing from extracellular ligands to downstream signaling effectors. 
These effectors predominantly include serine/threonine kinas-
es but also include other important proteins such as RAS. As 
highlighted in examples above, mutations in numerous tyrosine 
kinases are able to hijack downstream signaling pathways to drive 
oncogenesis. In addition, mutations in downstream signaling 
effectors themselves are also common in cancer. For mutations in 
serine/threonine kinases, similar therapeutic strategies to those 
used to target tyrosine kinases have been developed, with the 
exception that mAb approaches are only effective against kinases 
with extracellular domains. For mutations in non-kinase effec-
tors, such as RAS, other targeting strategies have been explored. 
In addition to specifically targeting cancers defined by mutations 
in these effectors, inhibitors against these central pathways have 
also been used across a variety of genetically unselected tumors, 
with varying success.

Members of the MAPK signaling pathway are frequent-
ly mutated in cancer and include the RAS GTPases and the 
RAF/MEK/ERK serine/threonine kinases (57). RAS is a plasma 
membrane–localized GTPase that cycles between its GDP-bound 
inactive state and its GTP-bound active state. In response to 
ligand binding, RTKs undergo autophosphorylation of sites that 
serve to recruit and activate RAS. RAS then initiates a signaling 

presence of an FGFR alteration alone is likely not sufficient for 
patient selection, since only a minority of patients with FGFR 
alterations respond to TKIs and a subset of FGFR-WT patients 
also respond. Preliminary data from clinical trials indicate that 
FGFR expression levels may be a superior predictor of response, 
and the development of further biomarkers will likely be neces-
sary to guide patient selection (55). FGFR-mutant tumors may 
also have other as-yet unidentified alterations that prevent addic-
tion to FGFR, and it is also possible that even the existing specific 
FGFR-targeting therapies may not be sufficiently potent and spe-
cific to elicit mutant-specific responses (56). 

Overall, targeting mutations in tyrosine kinases has been 
a fruitful therapeutic strategy: BCR-ABL inhibitors have trans-
formed treatment of CML, and both mAbs and TKIs are stan-
dard-of-care for EGFR-mutant NSCLC and HER2-positive BC. A 
variety of other TKIs (Table 1) also now play important roles in the 
treatment of cancers with JAK2 and FLT3 mutations in hemato-
logic malignancies and ALK, MET, NTRK, RET, and ROS1 muta-
tions in multiple solid tumors. Both primary and acquired resis-
tance remains a challenge in targeted therapy, with most patients 
experiencing disease progression. Common themes of resistance 
are generally at play with TKIs and include mutations within the 
tyrosine kinase domain of the targeted protein that prevent drug 
binding, mutations in downstream signaling effectors, activation 
of alternative signaling pathways, and histologic transformation 
(Figure 3). A further challenge has been to dissect the mechanisms 
of multi-targeted kinase inhibitors in particular tumors. Kinase 
inhibitors vary in their specificity and potency, with early inhibi-
tors being mostly multi-targeted and more recent inhibitors hav-
ing increased specificity and potency against single targets; how-
ever, no kinase inhibitor is completely specific, and the physiologic 
action is multikinase inhibition at least to some extent. Multi-

Figure 3. Mechanisms of resistance to targeted therapies against kinases in cancer. In response to kinase inhibitors, mutations in the kinase domain that 
prevent drug binding to the target are the most frequent resistant mechanisms. Other mechanisms of resistance to kinase inhibition include alterations 
in drug transport or metabolism and mutations in either downstream pathway effectors or alternative signaling pathway effectors. Resistance also occurs 
with mAbs targeting kinases, with loss/downregulation/truncation of the targeted antigen being the most common. Resistance mechanisms that affect 
both small-molecule inhibitors and mAbs are also common and include phenotypic transformation, tumor heterogeneity, immune dysregulation, and 
microenvironmental upregulation of ligands/growth factors.
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cascade whereby RAF, MEK1/2, and ERK1/2 are in turn phosphor-
ylated and activated. ERK1/2 then translocates to the nucleus to 
phosphorylate a range of substrates, leading to changes in gene 
expression and cellular functions. Gain-of-function mutations 
in A/B/C-RAF, MEK1/2, and RAS are all common in cancer (3). 
Of the serine/threonine kinases, mutations in BRAF are the most 
common and in the majority of cases affect the V600 residue, 
producing a mutant BRAF protein that is able to constitutively sig-
nal as a monomer independently of RAS (58). Sorafenib, a mul-
tikinase inhibitor, was the first RAF inhibitor investigated but had 
limited clinical activity, likely owing to a weak affinity for BRAF 
at clinically achievable concentrations (59, 60). The more recent 
RAF inhibitors vemurafenib, dabrafenib, and encorafenib have 
higher potency and are able to inhibit signaling by the monomeric 
V600E-mutant BRAF protein (61–63). However, RAF inhibitors 
cause cutaneous lesions in many patients as a result of paradox-
ical increases in RAF activity and MAPK signaling in normal skin 
(64–66). Addition of MEK inhibitors to RAF inhibitor therapy 
simultaneously abrogates this side effect while increasing MAPK 
suppression and prolonging responses in melanoma (67–69). 
However, in some tumors, even with combined RAF/MEK inhibi-
tion, resistance occurs with sustained dependence on MAPK sig-
naling, indicating that combination therapy may still be ineffec-
tive at achieving full inhibition (70). In addition to mutations in 
A/B/C-RAF, mutations in MEK1/2 also occur but are not sensitive 
to current MEK inhibitors, which are allosteric inhibitors that bind 
to a pocket adjacent to the catalytic site of MEK (71). 

The RAS family genes NRAS, KRAS, and HRAS are among the 
most commonly mutated oncogenes in many different cancers (3). 
Until recently, RAS itself has largely been viewed as “undrugga-
ble” since RAS lacks a hydrophobic druggable pocket and binds 
its ligand GTP at extremely high affinity (72, 73). Historically, 
efforts to target RAS mutations have focused on preventing RAS 
localization to the plasma membrane. In order to be targeted to 
the plasma membrane, RAS must undergo several modifications, 
including prenylation by FTase or GGTase. FTase inhibitors have 
been tested extensively in clinical trials but have largely failed in 
KRAS/NRAS-mutant tumors because of compensatory modifica-
tion by GGTases (74, 75). However, for HRAS mutations, the FTase 
inhibitor tipifarnib has shown promise and has been granted FDA 
breakthrough designation (76). Recently, the attention has shifted 
toward directly targeting RAS-mutant proteins. Mutations in RAS 
largely occur at the positions G12, G13, and Q61, and the resultant 
mutant proteins vary in their rates of intrinsic GTP hydrolysis and 
nucleotide exchange. Of these mutants, the KRASG12C mutation 
has proved amenable to targeting because of its relatively nor-
mal rate of GTP hydrolysis and the presence of a reactive cyste-
ine residue (77, 78). Allosteric inhibitors, including sotorasib and 
adagrasib, have been developed that bind in a pocket specific to 
the GDP-inactive state, stabilizing it and preventing activation of 
RAS (79–81). While effective, the durability of KRAS G12C inhibi-
tors is generally short-lived. Resistance occurs through activation 
of RTKs and mutations in other RAS isoforms (82). Targeting of 
other RAS mutations, including those in HRAS and NRAS, has thus 
far remained elusive owing to their high rates of GTP hydrolysis 
and lack of cysteine residues, although several recent studies have 
suggested novel targeting strategies (83).

The PI3K/AKT/mTOR pathway is another central signaling 
pathway in cancer whose effectors are frequently mutated. Under 
normal physiology, ligand binding to RTKs leads to PI3K targeting 
to the cytoplasmic domains of RTKs and consequent activation 
of the catalytic subunit of PI3K (84). PI3K then phosphorylates 
the plasma membrane lipid substrate PIP2 to form PIP3, which 
recruits AKT, facilitating its activation. AKT then phosphorylates 
and activates a host of downstream regulators, including the met-
abolic receptor mTOR. The PI3K/AKT/mTOR pathway is nega-
tively regulated by PTEN, a phosphatase that dephosphorylates 
PIP3. Activating mutations and amplifications in PI3K, AKT, and 
mTOR are common, along with inactivating mutations in PTEN 
(3). Inhibitors of PI3K have been most widely used, and FDA-ap-
proved drugs include idelalisib, copanlisib, duvelisib, umbralisib, 
and alpelisib (85–90). Of these, only alpelisib is used for muta-
tion-specific targeting (PI3KCA-mutant BC). Alpelisib was test-
ed in a phase III clinical trial for advanced BC in patient popu-
lations with and without PI3KCA mutations and was found to be 
effective only in patients with a PI3KCA mutation (89). However, 
other PI3K inhibitors have mutation-agnostic anticancer activity 
(85, 86). AKT inhibitors have not yet been approved by the FDA, 
but capivasertib has shown promise in phase II clinical trials, a 
benefit dependent on the presence of a mutation in PI3K/AKT/ 
mTOR (91). mTOR inhibitors, including everolimus and temsiro-
limus, have been FDA approved for a variety of indications, but 
none selective for a genetically defined patient population (92). 
Despite several clinical trials, response to mTOR inhibition has 
not been shown to correlate with the presence of any specific 
pathway mutations (93, 94).

Many serine/threonine kinase inhibitors have shown lim-
ited clinical efficacy, and the stratification of patients based on 
tumor genetics has proved complicated. Why subsets of patients 
with or without specific pathway mutations either respond or do 
not respond to the indicated targeted therapies remains unclear, 
and more research will be necessary to elucidate this. Neverthe-
less, success stories exist, such as with RAF and MEK inhibitors 
for BRAF V600–mutant tumors and the recent development of 
KRAS G12C inhibitors. Moreover, the range of mutant effector 
proteins that have been drugged is expanding, and in addition to 
inhibitors of BRAF V600E and KRAS G12C, advances in chem-
istry have spurred the development of small molecules targeting 
other RAF and RAS mutations. As with TKIs, resistance similarly 
occurs through multiple mechanisms, many of which are poorly 
understood. Combination therapy, as successfully illustrated by 
dual BRAF/MEK inhibition, by targeting of two or more effectors 
in either the same or an orthogonal signaling pathway will likely be 
an important strategy in treating and preventing resistance. The 
combination of targeted therapies with standard chemotherapy 
has also been explored (e.g., trastuzumab and chemotherapy) and 
may be beneficial in certain contexts, although careful therapy 
selection will be required to avoid toxicities.

Tumor suppressors. Tumor suppressors are among the most 
common genes mutated in cancer, but targeting them is partic-
ularly challenging, because functional restoration of a mutant 
protein product is generally more difficult than its inhibition. 
Nevertheless, some clinical success has been achieved. To date, 
FDA-approved targeted therapies for mutations in tumor suppres-
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sors have been designed to exploit synthetic lethality conferred 
by these mutations. Other therapeutic strategies are also being 
explored, although most remain in early-stage clinical trials. Here, 
we discuss representative examples illustrating the successes and 
challenges with targeted therapies against tumor suppressors. 

Mutations in BRCA1/2 are common, predominantly in breast 
and ovarian cancers, and provide an example of success in devel-
oping a molecularly targeted therapy for a mutation in a tumor 
suppressor. BRCA1 and BRCA2 are involved in maintaining 
genome integrity by the repair of double-strand breaks (DSBs) 
through homologous recombination (HR) (95). Mutations in 
BRCA1/2 have been shown to confer sensitivity to PARP inhibitors 
(96). PARP1 is a DNA damage sensor that binds to single-stranded  
DNA breaks and synthesizes poly(ADP-ribose) (PAR) chains on 
itself and target proteins in the vicinity of the DNA breaks, result-
ing in the recruitment of additional DNA repair effectors. PARP 
inhibitors compete with the PARP1 cofactor NAD+, inhibiting 
PARP catalytic activity, “trapping” PARP on damaged DNA, and 
resulting in replication fork stalling and DSBs. In an HR-compe-
tent cell, HR proteins including BRCA1/2 are then recruited for 
DNA repair. However, BRCA1/2-mutant cells turn to error-prone, 
nonhomologous end joining, resulting in genome fragmentation 
and cell death. Numerous PARP inhibitors show substantial clin-
ical efficacy, including olaparib, niraparib, rucaparib, talazoparib, 
and veliparib (97–101). Interestingly, clinical benefit from PARP 
inhibition appears to be derived from PARP “trapping” on DNA 
rather than inhibition of catalytic activity (102, 103). Additional-
ly, certain patients without BRCA1/2 mutations respond to PARP 
inhibition, including at least some patients with mutations in oth-
er HR-related genes (e.g., RAD51, PALB2) (104–106). Further bio-
markers that predict response are necessary; in this regard, HR sig-
nature panels, which identify aberrations resulting from genomic 
instability, have shown promise (107, 108). Finally, although PARP 
inhibitors are clinically effective, resistance invariably occurs 
through multiple mechanisms, including mutations that decrease 
PARP trapping, restoration of HR pathway activity, and replication 
fork protection preventing fork collapse (109–112).

The tumor suppressor TP53 is the most commonly mutat-
ed gene in cancer. Around 90% of TP53 mutations are missense 
mutations occurring preferentially in the DNA binding domain of 
the protein and result in loss of function and/or gain of function 
depending on the specific mutation and context (113). The major-
ity of TP53 missense mutations alter the conformation of the p53 
protein and result in its unfolding. Thus, efforts have been made 
to identify small molecules that can stabilize the native p53 con-
formation and thus restore p53 functionality (114, 115). APR-246, 
which has made it furthest in clinical trials, is a prodrug that is con-
verted to electrophilic decomposition products that form covalent 
bonds with two cysteine residues in p53, resulting in thermostabi-
lization of the mutant protein that favors the WT p53 conformation 
(116). In preclinical models and early clinical trials, APR-246 was 
able to restore proper p53 DNA binding and activation of apoptosis 
(117–119). However, although initially showing promising clinical 
efficacy, APR-246 failed to meet its primary endpoint in a recent 
phase III trial. This may have been due at least partially to patient 
selection, as this trial included patients with any of the multitude 
of TP53 mutations rather than a more selected subset of patients 

with mutations for which a benefit may have been more likely. 
Other strategies are also being explored to target TP53 mutations, 
including using oncolytic viruses able to replicate only in cells 
without p53 activity, reversing p53 gain-of-function signaling, 
exploiting synthetic dependencies, and developing vaccines for 
TP53 mutant–specific neoantigens (120). Unfortunately, no clin-
ically approved drug targeting TP53 mutations yet exists.

Targeting tumor suppressors remains challenging. Although 
synthetic dependencies conferred by mutations in tumor suppres-
sors have been identified and targeted, this strategy has proved 
difficult for the majority of tumor suppressors. Further research 
will be necessary to fully elucidate possible targetable synthetic 
dependencies and to develop alternative approaches for targeting 
mutations in tumor suppressors.

Chromatin modifiers. Targeting mutations in chromatin mod-
ifiers has in recent years emerged as a viable therapeutic strate-
gy. Mutations in chromatin modifiers themselves are common in 
several cancers, and other signatures of epigenetic dysregulation, 
such as changes in DNA methylation and histone modifications, 
are pervasive across a variety of cancers. To date, the vast majori-
ty of FDA-approved small molecules targeting chromatin modifi-
ers are for indications not based on a genetically defined patient 
population. These agents, which include inhibitors of DNA meth-
yltransferases and histone deacetylases, have proved effective in 
certain cancers and are reviewed elsewhere (121). Here, we focus 
on an emerging class of targeted therapies that are designed to 
directly target mutations in chromatin modifiers. 

The first FDA-approved drugs indicated for mutations that as 
a direct consequence cause chromatin alterations were for muta-
tions in the core metabolic enzymes IDH1 and IDH2. The IDH1/2 
isoforms are responsible for catalyzing the reversible oxidative 
decarboxylation of isocitrate to α-ketoglutarate (αKG), producing 
NADPH as a by-product. Mutations in IDH1/2 occur frequently in 
acute myeloid leukemia (AML) and gliomas and are neomorphic 
mutations that lead to the aberrant production of 2-hydroxyglu-
tarate (2-HG) while consuming NADPH (122). Since 2-HG shares 
structural similarities to αKG, 2-HG is able to inhibit up to about 
70 αKG-dependent enzymes, including the TET family of dioxy-
genases responsible for DNA demethylation (123). IDH1/2 muta-
tions are mutually exclusive with TET mutations, and both are 
associated with DNA hypermethylation, indicating possible con-
vergence upon a common oncogenic pathway (124, 125). IDH1/2 
mutations also likely simultaneously act through other oncogenic 
mechanisms including through inhibition of other αKG-depen-
dent chromatin modifiers, reprogramming of cellular metabolism, 
and accumulation of ROS (126). Inhibitors of both IDH1 and IDH2 
have been developed. The IDH1 inhibitor ivosidenib competes 
with the cofactor Mg++ to prevent active site formation, and the 
IDH2 inhibitor enasidenib binds and stabilizes the inactive form 
of the enzyme to prevent catalysis (127, 128). Both inhibitors are 
able to reduce 2-HG concentrations in the plasma by more than 
90%, leading to decreased methylation, terminal differentiation, 
and cell death of IDH-mutant cancer cells (129). Despite consid-
erable activity in AML, the clinical setting in which they are most 
commonly used, long-term responses are rare (130, 131). Resis-
tance invariably occurs involving IDH isoform switching or muta-
tions in the IDH dimer interface, preventing drug binding (132, 
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The development of KRAS G12C inhibitors represents an exam-
ple whereby a mutation previously considered “undruggable” 
can be targeted with novel chemistry. Developments in targeted 
therapies for TP53 mutations, though they have not yet resulted 
in an FDA-approved drug, represent another area where cre-
ative strategies may be employed. Other strategies and chemical 
approaches are under investigation for a range of other targets. 
For example, proteolysis-targeting chimeras (PROTACs) allow 
targeting of a protein via conjugation of the protein’s ligand to 
an E3 ubiquitin ligase, resulting in proteasome-mediated deg-
radation of the target protein (144, 145). This approach greatly 
expands the types of proteins that can be targeted as, unlike with 
traditional small-molecule inhibitors, there is no need to block a 
specific catalytic or otherwise critical site. Other mutation-specif-
ic targeted therapy strategies, including cancer vaccines, are also 
in early-stage clinical trials (146).

Both the development and the application of targeted ther-
apies have relied predominantly on NGS-based identification 
of alterations. We expect that the clinical relevance of NGS will 
become even greater during the next decade as the expanding 
arsenal of targeted therapies supports the evolving clinical para-
digm of treating cancer based on genomic features and agnostic of 
cell of origin. Indeed, selection of appropriate patient populations 
in clinical trials is now in some cases guided more by the presence 
of a mutation than by even the specific cancer type. Several “bas-
ket” clinical trials, including the NCI-MATCH trial, have been 
designed that group patients based on molecular alterations rath-
er than cancer type (147). Moreover, in addition to the diagnostic 
role of NGS in tumor biopsies, there is considerable interest in 
the application of NGS in serial sequencing to track response and 
resistance to therapy, a strategy aided by the development of liquid 
biopsy techniques including the sequencing of circulating tumor 
DNA (148). Further, since mutational profiles alone are unable to 
predict response, additional NGS modalities including transcrip-
tomic analyses and single-cell approaches are under investigation 
and will likely be needed in certain contexts to guide appropriate 
patient selection (149, 150). Overall, however, the ability of NGS 
to detect mutations in individual patients has outpaced the ability 
to interpret them. First, interpretation of called mutations can be 
challenging, as it can be difficult to assess the functional signifi-
cance of each individual mutation (151–153). Some mutations are 
passenger mutations, and even among genes known to have driver 
mutations, variants of unknown significance (VUS) remain a chal-
lenge (154). To this end, new approaches such as computational 
modeling of protein structure to predict pathogenicity of VUS and 
CRISPR/Cas9 saturation mutagenesis scanning to directly assess 
VUS function have been developed (155, 156). Second, it is pos-
sible for multiple potential targetable mutations to be identified 
within a single tumor, and the choice of therapy in these situations 
requires clinical judgment. 

Altogether, impressive progress has been made in the identi-
fication and targeting of druggable mutations. Targeted therapies 
have transformed cancer treatment, replacing cytotoxic chemo-
therapies in multiple treatment lines for a variety of cancers, and 
are a new option for patients unable to receive standard chemo-
therapy. As discussed, challenges remain in both the development 
and the application of targeted therapies. Ultimately, the suc-

133). In gliomas, frequent IDH1/2 mutations are also observed but 
progress is even more limited, possibly owing to insufficient CNS 
penetration, an irreversible epigenetic landscape, or lack of tumor 
addiction to IDH1/2 mutations (134). To overcome some of these 
challenges, development of CNS-penetrant dual IDH inhibitors, 
including vorasidenib, which is currently in phase III trials, is an 
important objective (135).

Mutations in the histone methyltransferase EZH2 have also 
been successfully targeted. EZH2 is the catalytic subunit of 
polycomb repressive complex 2 (PRC2), which is responsible for 
trimethylation of H3K27, a mediator of transcriptional silencing. 
Gain-of-function mutations in EZH2 are common in B cell lym-
phomas, and loss-of-function mutations are frequent in other 
hematologic malignancies, indicating context-dependent roles 
for EZH2 (136). In B cell lymphomas, EZH2 is highly expressed 
and is required to maintain germinal center formation and pre-
vent plasma cell differentiation (137). EZH2 gain-of-function 
mutations cause increased H3K27me3 at target genes, which 
leads to repression of cell cycle checkpoint genes and genes 
required for plasma cell differentiation, resulting in a transcrip-
tional profile favoring proliferation and self-renewal (138). The 
EZH2 inhibitor tazemetostat inhibits EZH2 through competition 
with its cofactor S-adenosyl-l-methionine and is able to restore 
proper differentiation and induce apoptosis (139, 140). Interest-
ingly, while tazemetostat shows the highest clinical efficacy in 
EZH2-mutant disease, it also provides some benefit in a subset 
of EZH2-WT lymphomas (141). It is likely that these EZH2-WT 
tumors harbor other genetic or epigenetic alterations that sensi-
tize to EZH2 inhibition and/or that EZH2 dependency is “inher-
ited” by lymphoma cells derived from the germinal center, as has 
been suggested (142).

Targeted therapies against specific mutations in chromatin 
modifiers are beginning to see clinical success, and it is likely that 
this class of agents will expand over the next few years. A range 
of mutations in chromatin modifiers exist in cancer, particularly 
in hematologic malignancies, and many of these may have poten-
tial as drug targets. While mutations in chromatin modifiers are 
believed to be closely linked to tumor onset and progression, their 
exact roles in these processes will require future research to dissect. 
For example, while IDH1/2 mutations are common early alter-
ations in gliomas, some research suggests that these mutations 
switch from driver to passenger mutations as disease progresses, 
potentially explaining observed resistance to IDH inhibitors (134). 
Likewise in AML, mutations in chromatin modifiers, including in 
DNMT3A, TET2, and ASXL1, are frequent early mutations, but 
their roles in disease maintenance, and thus whether they would 
represent therapeutic targets, remain unclear (143). Moreover, the 
difficulty in assessing the unknown role of targeting early versus 
late mutations is exemplified by mutations in chromatin modifi-
ers but is not restricted to this class alone and will require future 
research to address.

Concluding remarks
Mutation-specific targeted therapies have demonstrated enor-
mous success over the past two decades and remain an exciting 
area of research. The next decade will likely see an increase in 
the number of mutated genes in cancer considered druggable. 
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cessful application of targeted therapies will depend on advanc-
es in targeting strategies and a more complete understanding of 
response and resistance.

Acknowledgments
This work was supported by the National Cancer Institute (NCI), 
NIH grant 5F31CA257367 (to MRW); a Geoffrey Beene Graduate 
fellowship (to MRW); NIH grant T32 CA009512 (to AJS); NCI 

 1. Yang Y. Cancer immunotherapy: harnessing the 
immune system to battle cancer. J Clin Invest. 
2015;125(9):3335–3337.

 2. Levy SE, Myers RM. Advancements in next-gen-
eration sequencing. Annu Rev Genomics Hum 
Genet. 2016;17:95–115.

 3. Tomczak K, et al. The Cancer Genome Atlas 
(TCGA): an immeasurable source of knowledge. 
Contemp Oncol (Pozn). 2015;19(1a):A68–A77.

 4. Cheng DT, et al. Memorial Sloan Kettering- 
integrated mutation profiling of actionable can-
cer targets (MSK-IMPACT): a hybridization  
capture-based next-generation sequencing clini-
cal assay for solid tumor molecular oncology.  
J Mol Diagn. 2015;17(3):251–264.

 5. Nagahashi M, et al. Next generation sequenc-
ing-based gene panel tests for the management 
of solid tumors. Cancer Sci. 2019;110(1):6–15.

 6. Goossens N, et al. Cancer biomarker discovery and 
validation. Transl Cancer Res. 2015;4(3):256–269.

 7. Liu D. Cancer biomarkers for targeted therapy. 
Biomark Res. 2019;7:25.

 8. Roskoski R Jr. Classification of small molecule 
protein kinase inhibitors based upon the struc-
tures of their drug-enzyme complexes. Pharma-
col Res. 2016;103:26–48.

 9. Zhang J, et al. Targeting cancer with small 
molecule kinase inhibitors. Nat Rev Cancer. 
2009;9(1):28–39.

 10. Scott AM, et al. Monoclonal antibodies in cancer 
therapy. Cancer Immun. 2012;12:14.

 11. Weiner LM, et al. Monoclonal antibodies: versa-
tile platforms for cancer immunotherapy. Nat Rev 
Immunol. 2010;10(5):317–327.

 12. Kurzrock R, et al. The molecular genetics of Phil-
adelphia chromosome-positive leukemias. N Engl 
J Med. 1988;319(15):990–998.

 13. Daley GQ, et al. Induction of chronic myelog-
enous leukemia in mice by the P210bcr/abl 
gene of the Philadelphia chromosome. Science. 
1990;247(4944):824–830.

 14. Sattler M, Griffin JD. Molecular mechanisms of 
transformation by the BCR-ABL oncogene. Semin 
Hematol. 2003;40(2 suppl 2):4–10.

 15. Kantarjian H, et al. Hematologic and cyto-
genetic responses to imatinib mesylate in 
chronic myelogenous leukemia. N Engl J Med. 
2002;346(9):645–652.

 16. Hochhaus A, et al. Long-term outcomes of imati-
nib treatment for chronic myeloid leukemia.  
N Engl J Med. 2017;376(10):917–927.

 17. Gambacorti-Passerini CB, et al. Molecular 
mechanisms of resistance to imatinib in Philadel-
phia-chromosome-positive leukaemias. Lancet 
Oncol. 2003;4(2):75–85.

 18. von Bubnoff N, et al. BCR-ABL gene muta-

tions in relation to clinical resistance of 
Philadelphia-chromosome-positive leukae-
mia to STI571: a prospective study. Lancet. 
2002;359(9305):487–491.

 19. Gorre ME, et al. Clinical resistance to STI-
571 cancer therapy caused by BCR-ABL 
gene mutation or amplification. Science. 
2001;293(5531):876–880.

 20. Roche-Lestienne C, et al. Several types of muta-
tions of the Abl gene can be found in chronic 
myeloid leukemia patients resistant to STI571, 
and they can pre-exist to the onset of treatment. 
Blood. 2002;100(3):1014–1018.

 21. Saglio G, et al. Nilotinib versus imatinib for newly 
diagnosed chronic myeloid leukemia. N Engl J 
Med. 2010;362(24):2251–2259.

 22. Kantarjian H, et al. Dasatinib versus imatinib in 
newly diagnosed chronic-phase chronic myeloid 
leukemia. N Engl J Med. 2010;362(24):2260–2270.

 23. Cortes JE, et al. Bosutinib versus imatinib in 
newly diagnosed chronic-phase chronic myeloid 
leukemia: results from the BELA trial. J Clin 
Oncol. 2012;30(28):3486–3492.

 24. Cortes JE, et al. Ponatinib in refractory Philadel-
phia chromosome-positive leukemias. N Engl J 
Med. 2012;367(22):2075–2088.

 25. Rea D, et al. A phase 3, open-label, randomized 
study of asciminib, a STAMP inhibitor, vs bosu-
tinib in CML after 2 or more prior TKIs. Blood. 
2021;138(21):2031–2041.

 26. Schoepfer J, et al. Discovery of asciminib 
(ABL001), an allosteric inhibitor of the tyro-
sine kinase activity of BCR-ABL1. J Med Chem. 
2018;61(18):8120–8135.

 27. Eide CA, et al. Combining the allosteric inhibitor 
asciminib with ponatinib suppresses emergence of 
and restores efficacy against highly resistant BCR-
ABL1 mutants. Cancer Cell. 2019;36(4):431–443.

 28. Rousselot P, et al. Imatinib mesylate discontinu-
ation in patients with chronic myelogenous leu-
kemia in complete molecular remission for more 
than 2 years. Blood. 2007;109(1):58–60.

 29. Moasser MM. The oncogene HER2: its signal-
ing and transforming functions and its role 
in human cancer pathogenesis. Oncogene. 
2007;26(45):6469–6487.

 30. Wang J, Xu B. Targeted therapeutic options and 
future perspectives for HER2-positive breast can-
cer. Signal Transduct Target Ther. 2019;4:34.

 31. Kris MG, et al. Efficacy of gefitinib, an inhibitor 
of the epidermal growth factor receptor tyrosine 
kinase, in symptomatic patients with non-small 
cell lung cancer: a randomized trial. JAMA. 
2003;290(16):2149–2158.

 32. Sequist LV, et al. Molecular predictors of response 
to epidermal growth factor receptor antagonists 

in non-small-cell lung cancer. J Clin Oncol. 
2007;25(5):587–595.

 33. Sequist LV, et al. Phase III study of afatinib or cis-
platin plus pemetrexed in patients with metastat-
ic lung adenocarcinoma with EGFR mutations.  
J Clin Oncol. 2013;31(27):3327–3334.

 34. Wu YL, et al. Dacomitinib versus gefitinib as  
first-line treatment for patients with EGFR- 
mutation-positive non-small-cell lung cancer 
(ARCHER 1050): a randomised, open-label, 
phase 3 trial. Lancet Oncol. 2017;18(11):1454–1466.

 35. Soria JC, et al. Osimertinib in untreated 
EGFR-mutated advanced non-small-cell lung 
cancer. N Engl J Med. 2018;378(2):113–125.

 36. Ramalingam SS, et al. Overall survival with osim-
ertinib in untreated, EGFR-mutated advanced 
NSCLC. N Engl J Med. 2020;382(1):41–50.

 37. Mok TS, et al. Osimertinib or platinum-peme-
trexed in EGFR T790M-positive lung cancer.  
N Engl J Med. 2017;376(7):629–640.

 38. Yang Z, et al. Investigating novel resistance 
mechanisms to third-generation EGFR tyro-
sine kinase inhibitor osimertinib in non-small 
cell lung cancer patients. Clin Cancer Res. 
2018;24(13):3097–3107.

 39. Slamon D, et al. Adjuvant trastuzumab in 
HER2-positive breast cancer. N Engl J Med. 
2011;365(14):1273–1283.

 40. Adams CW, et al. Humanization of a recombinant 
monoclonal antibody to produce a therapeutic 
HER dimerization inhibitor, pertuzumab. Cancer 
Immunol Immunother. 2006;55(6):717–727.

 41. Baselga J, et al. Pertuzumab plus trastuzumab 
plus docetaxel for metastatic breast cancer.  
N Engl J Med. 2012;366(2):109–119.

 42. Rugo HS, et al. Efficacy of margetuximab 
vs trastuzumab in patients with pretreated 
ERBB2-positive advanced breast cancer: a 
phase 3 randomized clinical trial. JAMA Oncol. 
2021;7(4):573–584.

 43. Lambert JM, Berkenblit A. Antibody-drug con-
jugates for cancer treatment. Annu Rev Med. 
2018;69:191–207.

 44. Rinnerthaler G, et al. HER2 directed anti-
body-drug-conjugates beyond T-DM1 in breast 
cancer. Int J Mol Sci. 2019;20(5):E1115.

 45. Park K, et al. Amivantamab in EGFR exon 20 
insertion-mutated non-small-cell lung cancer 
progressing on platinum chemotherapy: initial 
results from the CHRYSALIS phase I study. J Clin 
Oncol. 2021;39(30):3391–3402.

 46. Scaltriti M, et al. Expression of p95HER2, a trun-
cated form of the HER2 receptor, and response 
to anti-HER2 therapies in breast cancer. J Natl 
Cancer Inst. 2007;99(8):628–638.

 47. Nagata Y, et al. PTEN activation contributes 

https://www.jci.org
https://doi.org/10.1172/JCI154943
mailto://leviner@mskcc.org
https://doi.org/10.1172/JCI83871
https://doi.org/10.1172/JCI83871
https://doi.org/10.1172/JCI83871
https://doi.org/10.1146/annurev-genom-083115-022413
https://doi.org/10.1146/annurev-genom-083115-022413
https://doi.org/10.1146/annurev-genom-083115-022413
https://doi.org/10.1016/j.jmoldx.2014.12.006
https://doi.org/10.1016/j.jmoldx.2014.12.006
https://doi.org/10.1016/j.jmoldx.2014.12.006
https://doi.org/10.1016/j.jmoldx.2014.12.006
https://doi.org/10.1016/j.jmoldx.2014.12.006
https://doi.org/10.1016/j.jmoldx.2014.12.006
https://doi.org/10.1111/cas.13837
https://doi.org/10.1111/cas.13837
https://doi.org/10.1111/cas.13837
https://doi.org/10.1186/s40364-019-0178-7
https://doi.org/10.1186/s40364-019-0178-7
https://doi.org/10.1016/j.phrs.2015.10.021
https://doi.org/10.1016/j.phrs.2015.10.021
https://doi.org/10.1016/j.phrs.2015.10.021
https://doi.org/10.1016/j.phrs.2015.10.021
https://doi.org/10.1038/nrc2559
https://doi.org/10.1038/nrc2559
https://doi.org/10.1038/nrc2559
https://doi.org/10.1038/nri2744
https://doi.org/10.1038/nri2744
https://doi.org/10.1038/nri2744
https://doi.org/10.1056/NEJM198810133191506
https://doi.org/10.1056/NEJM198810133191506
https://doi.org/10.1056/NEJM198810133191506
https://doi.org/10.1126/science.2406902
https://doi.org/10.1126/science.2406902
https://doi.org/10.1126/science.2406902
https://doi.org/10.1126/science.2406902
https://doi.org/10.1056/NEJMoa011573
https://doi.org/10.1056/NEJMoa011573
https://doi.org/10.1056/NEJMoa011573
https://doi.org/10.1056/NEJMoa011573
https://doi.org/10.1056/NEJMoa1609324
https://doi.org/10.1056/NEJMoa1609324
https://doi.org/10.1056/NEJMoa1609324
https://doi.org/10.1016/S1470-2045(03)00979-3
https://doi.org/10.1016/S1470-2045(03)00979-3
https://doi.org/10.1016/S1470-2045(03)00979-3
https://doi.org/10.1016/S1470-2045(03)00979-3
https://doi.org/10.1016/S0140-6736(02)07679-1
https://doi.org/10.1016/S0140-6736(02)07679-1
https://doi.org/10.1016/S0140-6736(02)07679-1
https://doi.org/10.1016/S0140-6736(02)07679-1
https://doi.org/10.1016/S0140-6736(02)07679-1
https://doi.org/10.1126/science.1062538
https://doi.org/10.1126/science.1062538
https://doi.org/10.1126/science.1062538
https://doi.org/10.1126/science.1062538
https://doi.org/10.1182/blood.V100.3.1014
https://doi.org/10.1182/blood.V100.3.1014
https://doi.org/10.1182/blood.V100.3.1014
https://doi.org/10.1182/blood.V100.3.1014
https://doi.org/10.1182/blood.V100.3.1014
https://doi.org/10.1056/NEJMoa0912614
https://doi.org/10.1056/NEJMoa0912614
https://doi.org/10.1056/NEJMoa0912614
https://doi.org/10.1056/NEJMoa1002315
https://doi.org/10.1056/NEJMoa1002315
https://doi.org/10.1056/NEJMoa1002315
https://doi.org/10.1200/JCO.2011.38.7522
https://doi.org/10.1200/JCO.2011.38.7522
https://doi.org/10.1200/JCO.2011.38.7522
https://doi.org/10.1200/JCO.2011.38.7522
https://doi.org/10.1056/NEJMoa1205127
https://doi.org/10.1056/NEJMoa1205127
https://doi.org/10.1056/NEJMoa1205127
https://doi.org/10.1182/blood.2020009984
https://doi.org/10.1182/blood.2020009984
https://doi.org/10.1182/blood.2020009984
https://doi.org/10.1182/blood.2020009984
https://doi.org/10.1021/acs.jmedchem.8b01040
https://doi.org/10.1021/acs.jmedchem.8b01040
https://doi.org/10.1021/acs.jmedchem.8b01040
https://doi.org/10.1021/acs.jmedchem.8b01040
https://doi.org/10.1016/j.ccell.2019.08.004
https://doi.org/10.1016/j.ccell.2019.08.004
https://doi.org/10.1016/j.ccell.2019.08.004
https://doi.org/10.1016/j.ccell.2019.08.004
https://doi.org/10.1182/blood-2006-03-011239
https://doi.org/10.1182/blood-2006-03-011239
https://doi.org/10.1182/blood-2006-03-011239
https://doi.org/10.1182/blood-2006-03-011239
https://doi.org/10.1038/sj.onc.1210477
https://doi.org/10.1038/sj.onc.1210477
https://doi.org/10.1038/sj.onc.1210477
https://doi.org/10.1038/sj.onc.1210477
https://doi.org/10.1038/s41392-019-0069-2
https://doi.org/10.1038/s41392-019-0069-2
https://doi.org/10.1038/s41392-019-0069-2
https://doi.org/10.1001/jama.290.16.2149
https://doi.org/10.1001/jama.290.16.2149
https://doi.org/10.1001/jama.290.16.2149
https://doi.org/10.1001/jama.290.16.2149
https://doi.org/10.1001/jama.290.16.2149
https://doi.org/10.1200/JCO.2006.07.3585
https://doi.org/10.1200/JCO.2006.07.3585
https://doi.org/10.1200/JCO.2006.07.3585
https://doi.org/10.1200/JCO.2006.07.3585
https://doi.org/10.1200/JCO.2012.44.2806
https://doi.org/10.1200/JCO.2012.44.2806
https://doi.org/10.1200/JCO.2012.44.2806
https://doi.org/10.1200/JCO.2012.44.2806
https://doi.org/10.1016/S1470-2045(17)30608-3
https://doi.org/10.1016/S1470-2045(17)30608-3
https://doi.org/10.1016/S1470-2045(17)30608-3
https://doi.org/10.1016/S1470-2045(17)30608-3
https://doi.org/10.1016/S1470-2045(17)30608-3
https://doi.org/10.1056/NEJMoa1713137
https://doi.org/10.1056/NEJMoa1713137
https://doi.org/10.1056/NEJMoa1713137
https://doi.org/10.1056/NEJMoa1913662
https://doi.org/10.1056/NEJMoa1913662
https://doi.org/10.1056/NEJMoa1913662
https://doi.org/10.1056/NEJMoa1612674
https://doi.org/10.1056/NEJMoa1612674
https://doi.org/10.1056/NEJMoa1612674
https://doi.org/10.1158/1078-0432.CCR-17-2310
https://doi.org/10.1158/1078-0432.CCR-17-2310
https://doi.org/10.1158/1078-0432.CCR-17-2310
https://doi.org/10.1158/1078-0432.CCR-17-2310
https://doi.org/10.1158/1078-0432.CCR-17-2310
https://doi.org/10.1056/NEJMoa0910383
https://doi.org/10.1056/NEJMoa0910383
https://doi.org/10.1056/NEJMoa0910383
https://doi.org/10.1007/s00262-005-0058-x
https://doi.org/10.1007/s00262-005-0058-x
https://doi.org/10.1007/s00262-005-0058-x
https://doi.org/10.1007/s00262-005-0058-x
https://doi.org/10.1056/NEJMoa1113216
https://doi.org/10.1056/NEJMoa1113216
https://doi.org/10.1056/NEJMoa1113216
https://doi.org/10.1001/jamaoncol.2020.7932
https://doi.org/10.1001/jamaoncol.2020.7932
https://doi.org/10.1001/jamaoncol.2020.7932
https://doi.org/10.1001/jamaoncol.2020.7932
https://doi.org/10.1001/jamaoncol.2020.7932
https://doi.org/10.1146/annurev-med-061516-121357
https://doi.org/10.1146/annurev-med-061516-121357
https://doi.org/10.1146/annurev-med-061516-121357
https://doi.org/10.1200/JCO.21.00662
https://doi.org/10.1200/JCO.21.00662
https://doi.org/10.1200/JCO.21.00662
https://doi.org/10.1200/JCO.21.00662
https://doi.org/10.1200/JCO.21.00662
https://doi.org/10.1093/jnci/djk134
https://doi.org/10.1093/jnci/djk134
https://doi.org/10.1093/jnci/djk134
https://doi.org/10.1093/jnci/djk134
https://doi.org/10.1016/j.ccr.2004.06.022


The Journal of Clinical Investigation   R E V I E W  S E R I E S :  N E X T- G E N E R A T I O N  S E Q U E N C I N G  I N  M E D I C I N E

1 0 J Clin Invest. 2022;132(8):e154943  https://doi.org/10.1172/JCI154943

to tumor inhibition by trastuzumab, and loss 
of PTEN predicts trastuzumab resistance in 
patients. Cancer Cell. 2004;6(2):117–127.

 48. Musolino A, et al. Immunoglobulin G fragment 
C receptor polymorphisms and clinical efficacy 
of trastuzumab-based therapy in patients with 
HER-2/neu-positive metastatic breast cancer.  
J Clin Oncol. 2008;26(11):1789–1796.

 49. Pohlmann PR, et al. Resistance to trastu-
zumab in breast cancer. Clin Cancer Res. 
2009;15(24):7479–7491.

 50. Zhao Y, Adjei AA. Targeting angiogenesis in can-
cer therapy: moving beyond vascular endothelial 
growth factor. Oncologist. 2015;20(6):660–673.

 51. Touat M, et al. Targeting FGFR signaling in can-
cer. Clin Cancer Res. 2015;21(12):2684–2694.

 52. Loriot Y, et al. Erdafitinib in locally advanced or 
metastatic urothelial carcinoma. N Engl J Med. 
2019;381(4):338–348.

 53. Makawita S, et al. Infigratinib in patients with 
advanced cholangiocarcinoma with FGFR2 gene 
fusions/translocations: the PROOF 301 trial. 
Future Oncol. 2020;16(30):2375–2384.

 54. Abou-Alfa GK, et al. Pemigatinib for previously 
treated, locally advanced or metastatic cholan-
giocarcinoma: a multicentre, open-label, phase 2 
study. Lancet Oncol. 2020;21(5):671–684.

 55. Wynes MW, et al. FGFR1 mRNA and protein 
expression, not gene copy number, predict FGFR 
TKI sensitivity across all lung cancer histologies. 
Clin Cancer Res. 2014;20(12):3299–3309.

 56. Kotani H, et al. Co-active receptor tyrosine 
kinases mitigate the effect of FGFR inhibi-
tors in FGFR1-amplified lung cancers with 
low FGFR1 protein expression. Oncogene. 
2016;35(27):3587–3597.

 57. Braicu C, et al. A comprehensive review on 
MAPK: a promising therapeutic target in cancer. 
Cancers (Basel). 2019;11(10):1618.

 58. Pratilas CA, et al. (V600E)BRAF is associated 
with disabled feedback inhibition of RAF-MEK 
signaling and elevated transcriptional out-
put of the pathway. Proc Natl Acad Sci U S A. 
2009;106(11):4519–4524.

 59. Hauschild A, et al. Results of a phase III, random-
ized, placebo-controlled study of sorafenib in 
combination with carboplatin and paclitaxel as 
second-line treatment in patients with unresect-
able stage III or stage IV melanoma. J Clin Oncol. 
2009;27(17):2823–2830.

 60. Eisen T, et al. Sorafenib in advanced melanoma: a 
Phase II randomised discontinuation trial analy-
sis. Br J Cancer. 2006;95(5):581–586.

 61. Chapman PB, et al. Improved survival with vemu-
rafenib in melanoma with BRAF V600E muta-
tion. N Engl J Med. 2011;364(26):2507–2516.

 62. Hauschild A, et al. Dabrafenib in BRAF-mutated 
metastatic melanoma: a multicentre, open-label, 
phase 3 randomised controlled trial. Lancet. 
2012;380(9839):358–365.

 63. Dummer R, et al. Encorafenib plus binimetinib 
versus vemurafenib or encorafenib in patients 
with BRAF-mutant melanoma (COLUMBUS): 
a multicentre, open-label, randomised phase 3 
trial. Lancet Oncol. 2018;19(5):603–615.

 64. Hatzivassiliou G, et al. RAF inhibitors 
prime wild-type RAF to activate the MAPK 
pathway and enhance growth. Nature. 

2010;464(7287):431–435.
 65. Su F, et al. RAS mutations in cutaneous 

squamous-cell carcinomas in patients 
treated with BRAF inhibitors. N Engl J Med. 
2012;366(3):207–215.

 66. Lacouture ME, et al. Analysis of dermatologic 
events in vemurafenib-treated patients with mel-
anoma. Oncologist. 2013;18(3):314–322.

 67. Robert C, et al. Improved overall survival in mela-
noma with combined dabrafenib and trametinib. 
N Engl J Med. 2015;372(1):30–39.

 68. Larkin J, et al. Combined vemurafenib and cobi-
metinib in BRAF-mutated melanoma. N Engl J 
Med. 2014;371(20):1867–1876.

 69. Kopetz S, et al. Encorafenib, binimetinib, and 
cetuximab in BRAF V600E-mutated colorectal 
cancer. N Engl J Med. 2019;381(17):1632–1643.

 70. Long GV, et al. Increased MAPK reactivation in 
early resistance to dabrafenib/trametinib com-
bination therapy of BRAF-mutant metastatic 
melanoma. Nat Commun. 2014;5:5694.

 71. Gao Y, et al. Allele-specific mechanisms of acti-
vation of MEK1 mutants determine their proper-
ties. Cancer Discov. 2018;8(5):648–661.

 72. Taparowsky E, et al. Structure and activation of 
the human N-ras gene. Cell. 1983;34(2):581–586.

 73. Bonfini L, et al. The Son of sevenless gene 
product: a putative activator of Ras. Science. 
1992;255(5044):603–606.

 74. Whyte DB, et al. K- and N-Ras are geranyl-
geranylated in cells treated with farnesyl 
protein transferase inhibitors. J Biol Chem. 
1997;272(22):14459–14464.

 75. Sebti SM, Hamilton AD. Farnesyltransferase and 
geranylgeranyltransferase I inhibitors and cancer 
therapy: lessons from mechanism and bench-
to-bedside translational studies. Oncogene. 
2000;19(56):6584–6593.

 76. Ho AL, et al. Tipifarnib in head and neck squa-
mous cell carcinoma with HRAS mutations. J Clin 
Oncol. 2021;39(17):1856–1864.

 77. Hunter JC, et al. Biochemical and structural 
analysis of common cancer-associated KRAS 
mutations. Mol Cancer Res. 2015;13(9):1325–1335.

 78. Gehringer M, Laufer SA. Emerging and re-emerg-
ing warheads for targeted covalent inhibitors: 
applications in medicinal chemistry and chemi-
cal biology. J Med Chem. 2019;62(12):5673–5724.

 79. Hong DS, et al. KRAS(G12C) inhibition with 
sotorasib in advanced solid tumors. N Engl J Med. 
2020;383(13):1207–1217.

 80. Ostrem JM, et al. K-Ras(G12C) inhibitors alloster-
ically control GTP affinity and effector interac-
tions. Nature. 2013;503(7477):548–551.

 81. Hallin J, et al. The KRAS(G12C) inhibitor 
MRTX849 provides insight toward therapeu-
tic susceptibility of KRAS-mutant cancers in 
mouse models and patients. Cancer Discov. 
2020;10(1):54–71.

 82. Dunnett-Kane V, et al. Mechanisms of resistance 
to KRAS(G12C) inhibitors. Cancers (Basel). 
2021;13(1):151.

 83. Welsch ME, et al. Multivalent small-molecule 
pan-RAS inhibitors. Cell. 2017;168(5):878–889.

 84. Fresno Vara JA, et al. PI3K/Akt signalling 
pathway and cancer. Cancer Treat Rev. 
2004;30(2):193–204.

 85. Furman RR, et al. Idelalisib and rituximab in 

relapsed chronic lymphocytic leukemia. N Engl J 
Med. 2014;370(11):997–1007.

 86. Dreyling M, et al. Phase II study of copanlisib, 
a PI3K inhibitor, in relapsed or refractory, 
indolent or aggressive lymphoma. Ann Oncol. 
2017;28(9):2169–2178.

 87. Flinn IW, et al. The phase 3 DUO trial: duvelisib 
vs ofatumumab in relapsed and refractory CLL/
SLL. Blood. 2018;132(23):2446–2455.

 88. Burris HA 3rd, et al. Umbralisib, a novel PI3Kδ 
and casein kinase-1ε inhibitor, in relapsed or 
refractory chronic lymphocytic leukaemia and 
lymphoma: an open-label, phase 1, dose- 
escalation, first-in-human study. Lancet Oncol. 
2018;19(4):486–496.

 89. Andre F, et al. Alpelisib for PIK3CA-mutated, hor-
mone receptor-positive advanced breast cancer. 
N Engl J Med. 2019;380(20):1929–1940.

 90. Yang J, et al. Targeting PI3K in cancer: mecha-
nisms and advances in clinical trials. Mol Cancer. 
2019;18(1):26.

 91. Jones RH, et al. Fulvestrant plus capivasertib 
versus placebo after relapse or progression on 
an aromatase inhibitor in metastatic, oestrogen 
receptor-positive breast cancer (FAKTION): a 
multicentre, randomised, controlled, phase 2 
trial. Lancet Oncol. 2020;21(3):345–357.

 92. Hua H, et al. Targeting mTOR for cancer therapy. 
J Hematol Oncol. 2019;12(1):71.

 93. Hortobagyi GN, et al. Correlative analysis of 
genetic alterations and everolimus benefit in 
hormone receptor-positive, human epidermal 
growth factor receptor 2-negative advanced 
breast cancer: results from BOLERO-2. J Clin 
Oncol. 2016;34(5):419–426.

 94. Yang L, et al. PTEN loss does not predict for 
response to RAD001 (Everolimus) in a glioblas-
toma orthotopic xenograft test panel. Clin Cancer 
Res. 2008;14(12):3993–4001.

 95. Roy R, et al. BRCA1 and BRCA2: different roles 
in a common pathway of genome protection. Nat 
Rev Cancer. 2011;12(1):68–78.

 96. Lee JM, et al. PARP inhibitors for BRCA1/2 muta-
tion-associated and BRCA-like malignancies. 
Ann Oncol. 2014;25(1):32–40.

 97. Robson M, et al. Olaparib for metastatic breast 
cancer in patients with a germline BRCA muta-
tion. N Engl J Med. 2017;377(6):523–533.

 98. Mirza MR, et al. Niraparib maintenance therapy 
in platinum-sensitive, recurrent ovarian cancer. 
N Engl J Med. 2016;375(22):2154–2164.

 99. Coleman RL, et al. Rucaparib maintenance 
treatment for recurrent ovarian carcinoma after 
response to platinum therapy (ARIEL3): a ran-
domised, double-blind, placebo-controlled, phase 
3 trial. Lancet. 2017;390(10106):1949–1961.

 100. Litton JK, et al. Talazoparib in patients with 
advanced breast cancer and a germline BRCA 
mutation. N Engl J Med. 2018;379(8):753–763.

 101. Coleman RL, et al. Veliparib with first-line chemo-
therapy and as maintenance therapy in ovarian 
cancer. N Engl J Med. 2019;381(25):2403–2415.

 102. Murai J, et al. Trapping of PARP1 and PARP2 
by clinical PARP inhibitors. Cancer Res. 
2012;72(21):5588–5599.

 103. Murai J, et al. Stereospecific PARP trapping by 
BMN 673 and comparison with olaparib and 
rucaparib. Mol Cancer Ther. 2014;13(2):433–443.

https://www.jci.org
https://doi.org/10.1172/JCI154943
https://doi.org/10.1016/j.ccr.2004.06.022
https://doi.org/10.1016/j.ccr.2004.06.022
https://doi.org/10.1016/j.ccr.2004.06.022
https://doi.org/10.1200/JCO.2007.14.8957
https://doi.org/10.1200/JCO.2007.14.8957
https://doi.org/10.1200/JCO.2007.14.8957
https://doi.org/10.1200/JCO.2007.14.8957
https://doi.org/10.1200/JCO.2007.14.8957
https://doi.org/10.1158/1078-0432.CCR-09-0636
https://doi.org/10.1158/1078-0432.CCR-09-0636
https://doi.org/10.1158/1078-0432.CCR-09-0636
https://doi.org/10.1634/theoncologist.2014-0465
https://doi.org/10.1634/theoncologist.2014-0465
https://doi.org/10.1634/theoncologist.2014-0465
https://doi.org/10.1158/1078-0432.CCR-14-2329
https://doi.org/10.1158/1078-0432.CCR-14-2329
https://doi.org/10.1056/NEJMoa1817323
https://doi.org/10.1056/NEJMoa1817323
https://doi.org/10.1056/NEJMoa1817323
https://doi.org/10.2217/fon-2020-0299
https://doi.org/10.2217/fon-2020-0299
https://doi.org/10.2217/fon-2020-0299
https://doi.org/10.2217/fon-2020-0299
https://doi.org/10.1016/S1470-2045(20)30109-1
https://doi.org/10.1016/S1470-2045(20)30109-1
https://doi.org/10.1016/S1470-2045(20)30109-1
https://doi.org/10.1016/S1470-2045(20)30109-1
https://doi.org/10.1158/1078-0432.CCR-13-3060
https://doi.org/10.1158/1078-0432.CCR-13-3060
https://doi.org/10.1158/1078-0432.CCR-13-3060
https://doi.org/10.1158/1078-0432.CCR-13-3060
https://doi.org/10.1038/onc.2015.426
https://doi.org/10.1038/onc.2015.426
https://doi.org/10.1038/onc.2015.426
https://doi.org/10.1038/onc.2015.426
https://doi.org/10.1038/onc.2015.426
https://doi.org/10.3390/cancers11101618
https://doi.org/10.3390/cancers11101618
https://doi.org/10.3390/cancers11101618
https://doi.org/10.1073/pnas.0900780106
https://doi.org/10.1073/pnas.0900780106
https://doi.org/10.1073/pnas.0900780106
https://doi.org/10.1073/pnas.0900780106
https://doi.org/10.1073/pnas.0900780106
https://doi.org/10.1200/JCO.2007.15.7636
https://doi.org/10.1200/JCO.2007.15.7636
https://doi.org/10.1200/JCO.2007.15.7636
https://doi.org/10.1200/JCO.2007.15.7636
https://doi.org/10.1200/JCO.2007.15.7636
https://doi.org/10.1200/JCO.2007.15.7636
https://doi.org/10.1038/sj.bjc.6603291
https://doi.org/10.1038/sj.bjc.6603291
https://doi.org/10.1038/sj.bjc.6603291
https://doi.org/10.1056/NEJMoa1103782
https://doi.org/10.1056/NEJMoa1103782
https://doi.org/10.1056/NEJMoa1103782
https://doi.org/10.1016/S0140-6736(12)60868-X
https://doi.org/10.1016/S0140-6736(12)60868-X
https://doi.org/10.1016/S0140-6736(12)60868-X
https://doi.org/10.1016/S0140-6736(12)60868-X
https://doi.org/10.1016/S1470-2045(18)30142-6
https://doi.org/10.1016/S1470-2045(18)30142-6
https://doi.org/10.1016/S1470-2045(18)30142-6
https://doi.org/10.1016/S1470-2045(18)30142-6
https://doi.org/10.1016/S1470-2045(18)30142-6
https://doi.org/10.1038/nature08833
https://doi.org/10.1038/nature08833
https://doi.org/10.1038/nature08833
https://doi.org/10.1038/nature08833
https://doi.org/10.1056/NEJMoa1105358
https://doi.org/10.1056/NEJMoa1105358
https://doi.org/10.1056/NEJMoa1105358
https://doi.org/10.1056/NEJMoa1105358
https://doi.org/10.1634/theoncologist.2012-0333
https://doi.org/10.1634/theoncologist.2012-0333
https://doi.org/10.1634/theoncologist.2012-0333
https://doi.org/10.1056/NEJMoa1412690
https://doi.org/10.1056/NEJMoa1412690
https://doi.org/10.1056/NEJMoa1412690
https://doi.org/10.1056/NEJMoa1408868
https://doi.org/10.1056/NEJMoa1408868
https://doi.org/10.1056/NEJMoa1408868
https://doi.org/10.1056/NEJMoa1908075
https://doi.org/10.1056/NEJMoa1908075
https://doi.org/10.1056/NEJMoa1908075
https://doi.org/10.1038/ncomms6694
https://doi.org/10.1038/ncomms6694
https://doi.org/10.1038/ncomms6694
https://doi.org/10.1038/ncomms6694
https://doi.org/10.1158/2159-8290.CD-17-1452
https://doi.org/10.1158/2159-8290.CD-17-1452
https://doi.org/10.1158/2159-8290.CD-17-1452
https://doi.org/10.1016/0092-8674(83)90390-2
https://doi.org/10.1016/0092-8674(83)90390-2
https://doi.org/10.1126/science.1736363
https://doi.org/10.1126/science.1736363
https://doi.org/10.1126/science.1736363
https://doi.org/10.1074/jbc.272.22.14459
https://doi.org/10.1074/jbc.272.22.14459
https://doi.org/10.1074/jbc.272.22.14459
https://doi.org/10.1074/jbc.272.22.14459
https://doi.org/10.1038/sj.onc.1204146
https://doi.org/10.1038/sj.onc.1204146
https://doi.org/10.1038/sj.onc.1204146
https://doi.org/10.1038/sj.onc.1204146
https://doi.org/10.1038/sj.onc.1204146
https://doi.org/10.1200/JCO.20.02903
https://doi.org/10.1200/JCO.20.02903
https://doi.org/10.1200/JCO.20.02903
https://doi.org/10.1158/1541-7786.MCR-15-0203
https://doi.org/10.1158/1541-7786.MCR-15-0203
https://doi.org/10.1158/1541-7786.MCR-15-0203
https://doi.org/10.1021/acs.jmedchem.8b01153
https://doi.org/10.1021/acs.jmedchem.8b01153
https://doi.org/10.1021/acs.jmedchem.8b01153
https://doi.org/10.1021/acs.jmedchem.8b01153
https://doi.org/10.1056/NEJMoa1917239
https://doi.org/10.1056/NEJMoa1917239
https://doi.org/10.1056/NEJMoa1917239
https://doi.org/10.1038/nature12796
https://doi.org/10.1038/nature12796
https://doi.org/10.1038/nature12796
https://doi.org/10.1158/2159-8290.CD-19-1167
https://doi.org/10.1158/2159-8290.CD-19-1167
https://doi.org/10.1158/2159-8290.CD-19-1167
https://doi.org/10.1158/2159-8290.CD-19-1167
https://doi.org/10.1158/2159-8290.CD-19-1167
https://doi.org/10.3390/cancers13010151
https://doi.org/10.3390/cancers13010151
https://doi.org/10.3390/cancers13010151
https://doi.org/10.1016/j.cell.2017.02.006
https://doi.org/10.1016/j.cell.2017.02.006
https://doi.org/10.1016/j.ctrv.2003.07.007
https://doi.org/10.1016/j.ctrv.2003.07.007
https://doi.org/10.1016/j.ctrv.2003.07.007
https://doi.org/10.1056/NEJMoa1315226
https://doi.org/10.1056/NEJMoa1315226
https://doi.org/10.1056/NEJMoa1315226
https://doi.org/10.1093/annonc/mdx289
https://doi.org/10.1093/annonc/mdx289
https://doi.org/10.1093/annonc/mdx289
https://doi.org/10.1093/annonc/mdx289
https://doi.org/10.1182/blood-2018-05-850461
https://doi.org/10.1182/blood-2018-05-850461
https://doi.org/10.1182/blood-2018-05-850461
https://doi.org/10.1016/S1470-2045(18)30082-2
https://doi.org/10.1016/S1470-2045(18)30082-2
https://doi.org/10.1016/S1470-2045(18)30082-2
https://doi.org/10.1016/S1470-2045(18)30082-2
https://doi.org/10.1016/S1470-2045(18)30082-2
https://doi.org/10.1016/S1470-2045(18)30082-2
https://doi.org/10.1056/NEJMoa1813904
https://doi.org/10.1056/NEJMoa1813904
https://doi.org/10.1056/NEJMoa1813904
https://doi.org/10.1186/s12943-019-0954-x
https://doi.org/10.1186/s12943-019-0954-x
https://doi.org/10.1186/s12943-019-0954-x
https://doi.org/10.1016/S1470-2045(19)30817-4
https://doi.org/10.1016/S1470-2045(19)30817-4
https://doi.org/10.1016/S1470-2045(19)30817-4
https://doi.org/10.1016/S1470-2045(19)30817-4
https://doi.org/10.1016/S1470-2045(19)30817-4
https://doi.org/10.1016/S1470-2045(19)30817-4
https://doi.org/10.1186/s13045-019-0754-1
https://doi.org/10.1186/s13045-019-0754-1
https://doi.org/10.1200/JCO.2014.60.1971
https://doi.org/10.1200/JCO.2014.60.1971
https://doi.org/10.1200/JCO.2014.60.1971
https://doi.org/10.1200/JCO.2014.60.1971
https://doi.org/10.1200/JCO.2014.60.1971
https://doi.org/10.1200/JCO.2014.60.1971
https://doi.org/10.1158/1078-0432.CCR-07-4152
https://doi.org/10.1158/1078-0432.CCR-07-4152
https://doi.org/10.1158/1078-0432.CCR-07-4152
https://doi.org/10.1158/1078-0432.CCR-07-4152
https://doi.org/10.1093/annonc/mdt384
https://doi.org/10.1093/annonc/mdt384
https://doi.org/10.1093/annonc/mdt384
https://doi.org/10.1056/NEJMoa1706450
https://doi.org/10.1056/NEJMoa1706450
https://doi.org/10.1056/NEJMoa1706450
https://doi.org/10.1056/NEJMoa1611310
https://doi.org/10.1056/NEJMoa1611310
https://doi.org/10.1056/NEJMoa1611310
https://doi.org/10.1016/S0140-6736(17)32440-6
https://doi.org/10.1016/S0140-6736(17)32440-6
https://doi.org/10.1016/S0140-6736(17)32440-6
https://doi.org/10.1016/S0140-6736(17)32440-6
https://doi.org/10.1016/S0140-6736(17)32440-6
https://doi.org/10.1056/NEJMoa1802905
https://doi.org/10.1056/NEJMoa1802905
https://doi.org/10.1056/NEJMoa1802905
https://doi.org/10.1056/NEJMoa1909707
https://doi.org/10.1056/NEJMoa1909707
https://doi.org/10.1056/NEJMoa1909707
https://doi.org/10.1158/0008-5472.CAN-12-2753
https://doi.org/10.1158/0008-5472.CAN-12-2753
https://doi.org/10.1158/0008-5472.CAN-12-2753
https://doi.org/10.1158/1535-7163.MCT-13-0803
https://doi.org/10.1158/1535-7163.MCT-13-0803
https://doi.org/10.1158/1535-7163.MCT-13-0803


The Journal of Clinical Investigation   R E V I E W  S E R I E S :  N E X T- G E N E R A T I O N  S E Q U E N C I N G  I N  M E D I C I N E

1 1J Clin Invest. 2022;132(8):e154943  https://doi.org/10.1172/JCI154943

 104. Hodgson DR, et al. Candidate biomarkers 
of PARP inhibitor sensitivity in ovarian can-
cer beyond the BRCA genes. Br J Cancer. 
2018;119(11):1401–1409.

 105. Polak P, et al. A mutational signature reveals 
alterations underlying deficient homologous 
recombination repair in breast cancer. Nat Genet. 
2017;49(10):1476–1486.

 106. Criscuolo D, et al. Identification of novel bio-
markers of homologous recombination defect 
in DNA repair to predict sensitivity of prostate 
cancer cells to PARP-inhibitors. Int J Mol Sci. 
2019;20(12):E3100.

 107. Ford L, et al. A profile on the Foundation-
Focus CDxBRCA tests. Expert Rev Mol Diagn. 
2020;20(3):285–292.

 108. Morice PM, et al. Identifying patients eligible 
for PARP inhibitor treatment: from NGS-based 
tests to 3D functional assays. Br J Cancer. 
2021;125(1):7–14.

 109. Dias MP, et al. Understanding and overcoming 
resistance to PARP inhibitors in cancer therapy. 
Nat Rev Clin Oncol. 2021;18(12):773–791.

 110. Pettitt SJ, et al. Genome-wide and high-density 
CRISPR-Cas9 screens identify point mutations 
in PARP1 causing PARP inhibitor resistance. Nat 
Commun. 2018;9(1):1849.

 111. Ray Chaudhuri A, et al. Replication fork stability 
confers chemoresistance in BRCA-deficient 
cells. Nature. 2016;535(7612):382–387.

 112. Bunting SF, et al. 53BP1 inhibits homolo-
gous recombination in Brca1-deficient cells 
by blocking resection of DNA breaks. Cell. 
2010;141(2):243–254.

 113. Petitjean A, et al. TP53 mutations in human 
cancers: functional selection and impact on 
cancer prognosis and outcomes. Oncogene. 
2007;26(15):2157–2165.

 114. Foster BA, et al. Pharmacological rescue of 
mutant p53 conformation and function. Science. 
1999;286(5449):2507–2510.

 115. Rippin TM, et al. Characterization of the p53- 
rescue drug CP-31398 in vitro and in living cells. 
Oncogene. 2002;21(14):2119–2129.

 116. Bykov VJ, et al. Restoration of the tumor 
suppressor function to mutant p53 by a 
low-molecular-weight compound. Nat Med. 
2002;8(3):282–288.

 117. Zache N, et al. PRIMA-1MET inhibits growth of 
mouse tumors carrying mutant p53. Cell Oncol. 
2008;30(5):411–418.

 118. Sallman DA, et al. Eprenetapopt (APR-246) and 
azacitidine in TP53-mutant myelodysplastic syn-
dromes. J Clin Oncol. 2021;39(14):1584–1594.

 119. Zandi R, et al. PRIMA-1Met/APR-246 induces 
apoptosis and tumor growth delay in small cell 
lung cancer expressing mutant p53. Clin Cancer 
Res. 2011;17(9):2830–2841.

 120. Bykov VJN, et al. Targeting mutant p53 for 
efficient cancer therapy. Nat Rev Cancer. 
2018;18(2):89–102.

 121. Cheng Y, et al. Targeting epigenetic regulators 
for cancer therapy: mechanisms and advances 
in clinical trials. Signal Transduct Target Ther. 

2019;4:62.
 122. Dang L, et al. Cancer-associated IDH1 muta-

tions produce 2-hydroxyglutarate. Nature. 
2009;462(7274):739–744.

 123. Zhao S, et al. Glioma-derived mutations 
in IDH1 dominantly inhibit IDH1 catalyt-
ic activity and induce HIF-1alpha. Science. 
2009;324(5924):261–265.

 124. Figueroa ME, et al. Leukemic IDH1 and IDH2 
mutations result in a hypermethylation phe-
notype, disrupt TET2 function, and impair 
hematopoietic differentiation. Cancer Cell. 
2010;18(6):553–567.

 125. Hartmann C, et al. Type and frequency of IDH1 
and IDH2 mutations are related to astrocytic 
and oligodendroglial differentiation and age: a 
study of 1,010 diffuse gliomas. Acta Neuropathol. 
2009;118(4):469–474.

 126. Xu W, et al. Oncometabolite 2-hydroxygluta-
rate is a competitive inhibitor of α-ketogluta-
rate-dependent dioxygenases. Cancer Cell. 
2011;19(1):17–30.

 127. Popovici-Muller J, et al. Discovery of AG-120 
(ivosidenib): a first-in-class mutant IDH1 inhib-
itor for the treatment of IDH1 mutant cancers. 
ACS Med Chem Lett. 2018;9(4):300–305.

 128. Yen K, et al. AG-221, a first-in-class therapy 
targeting acute myeloid leukemia harboring 
oncogenic IDH2 mutations. Cancer Discov. 
2017;7(5):478–493.

 129. Wang F, et al. Targeted inhibition of mutant IDH2 
in leukemia cells induces cellular differentiation. 
Science. 2013;340(6132):622–626.

 130. DiNardo CD, et al. Durable remissions with ivo-
sidenib in IDH1-mutated relapsed or refractory 
AML. N Engl J Med. 2018;378(25):2386–2398.

 131. Stein EM. Enasidenib, a targeted inhibitor of 
mutant IDH2 proteins for treatment of relapsed 
or refractory acute myeloid leukemia. Future 
Oncol. 2018;14(1):23–40.

 132. Intlekofer AM, et al. Acquired resistance to IDH 
inhibition through trans or cis dimer-interface 
mutations. Nature. 2018;559(7712):125–129.

 133. Harding JJ, et al. Isoform switching as a mech-
anism of acquired resistance to mutant isoci-
trate dehydrogenase inhibition. Cancer Discov. 
2018;8(12):1540–1547.

 134. Johannessen TA, et al. Rapid conversion of 
mutant IDH1 from driver to passenger in a 
model of human gliomagenesis. Mol Cancer Res. 
2016;14(10):976–983.

 135. Konteatis Z, et al. Vorasidenib (AG-881): a first-
in-class, brain-penetrant dual inhibitor of mutant 
IDH1 and 2 for treatment of glioma. ACS Med 
Chem Lett. 2020;11(2):101–107.

 136. Bodor C, et al. EZH2 Y641 mutations in follicular 
lymphoma. Leukemia. 2011;25(4):726–729.

 137. Beguelin W, et al. EZH2 is required for germinal 
center formation and somatic EZH2 mutations 
promote lymphoid transformation. Cancer Cell. 
2013;23(5):677–692.

 138. Yap DB, et al. Somatic mutations at EZH2 Y641 act 
dominantly through a mechanism of selectively 
altered PRC2 catalytic activity, to increase H3K27 

trimethylation. Blood. 2011;117(8):2451–2459.
 139. Knutson SK, et al. Durable tumor regression in 

genetically altered malignant rhabdoid tumors 
by inhibition of methyltransferase EZH2. Proc 
Natl Acad Sci U S A. 2013;110(19):7922–7927.

 140. Knutson SK, et al. Selective inhibition of EZH2 
by EPZ-6438 leads to potent antitumor activity 
in EZH2-mutant non-Hodgkin lymphoma. Mol 
Cancer Ther. 2014;13(4):842–854.

 141. Morschhauser F, et al. Tazemetostat for patients 
with relapsed or refractory follicular lymphoma: 
an open-label, single-arm, multicentre, phase 2 
trial. Lancet Oncol. 2020;21(11):1433–1442.

 142. Beguelin W, et al. Mutant EZH2 Induces a 
pre-malignant lymphoma niche by repro-
gramming the immune response. Cancer Cell. 
2020;37(5):655–673.

 143. Papaemmanuil E, et al. Genomic classification 
and prognosis in acute myeloid leukemia. N Engl 
J Med. 2016;374(23):2209–2221.

 144. Toure M, Crews CM. Small-molecule PROTACS: 
new approaches to protein degradation. Angew 
Chem Int Ed Engl. 2016;55(6):1966–1973.

 145. Nowak RP, et al. Plasticity in binding confers 
selectivity in ligand-induced protein degrada-
tion. Nat Chem Biol. 2018;14(7):706–714.

 146. Saxena M, et al. Therapeutic cancer vaccines. Nat 
Rev Cancer. 2021;21(6):360–378.

 147. Flaherty KT, et al. The molecular analysis for 
therapy choice (NCI-MATCH) trial: lessons 
for genomic trial design. J Natl Cancer Inst. 
2020;112(10):1021–1029.

 148. Olsson E, et al. Serial monitoring of circulating 
tumor DNA in patients with primary breast can-
cer for detection of occult metastatic disease. 
EMBO Mol Med. 2015;7(8):1034–1047.

 149. Docking TR, et al. A clinical transcriptome 
approach to patient stratification and therapy 
selection in acute myeloid leukemia. Nat  
Commun. 2021;12(1):2474.

 150. Fustero-Torre C, et al. Beyondcell: targeting 
cancer therapeutic heterogeneity in single-cell 
RNA-seq data. Genome Med. 2021;13(1):187.

 151. Reva B, et al. Predicting the functional impact of 
protein mutations: application to cancer genom-
ics. Nucleic Acids Res. 2011;39(17):e118.

 152. Horak P, et al. Integrating next-generation 
sequencing into clinical oncology: strat-
egies, promises and pitfalls. ESMO Open. 
2016;1(5):e000094.

 153. Jones S, et al. Personalized genomic analyses for 
cancer mutation discovery and interpretation. Sci 
Transl Med. 2015;7(283):283ra53.

 154. Oulas A, et al. Selecting variants of unknown 
significance through network-based gene-asso-
ciation significantly improves risk prediction for 
disease-control cohorts. Sci Rep. 2019;9(1):3266.

 155. Findlay GM, et al. Accurate classification of 
BRCA1 variants with saturation genome editing. 
Nature. 2018;562(7726):217–222.

 156. McInnes G, et al. Opportunities and challenges 
for the computational interpretation of rare 
variation in clinically important genes. Am J Hum 
Genet. 2021;108(4):535–548.

https://www.jci.org
https://doi.org/10.1172/JCI154943
https://doi.org/10.1038/s41416-018-0274-8
https://doi.org/10.1038/s41416-018-0274-8
https://doi.org/10.1038/s41416-018-0274-8
https://doi.org/10.1038/s41416-018-0274-8
https://doi.org/10.1038/ng.3934
https://doi.org/10.1038/ng.3934
https://doi.org/10.1038/ng.3934
https://doi.org/10.1038/ng.3934
https://doi.org/10.1080/14737159.2020.1701438
https://doi.org/10.1080/14737159.2020.1701438
https://doi.org/10.1080/14737159.2020.1701438
https://doi.org/10.1038/s41416-021-01295-z
https://doi.org/10.1038/s41416-021-01295-z
https://doi.org/10.1038/s41416-021-01295-z
https://doi.org/10.1038/s41416-021-01295-z
https://doi.org/10.1038/s41571-021-00532-x
https://doi.org/10.1038/s41571-021-00532-x
https://doi.org/10.1038/s41571-021-00532-x
https://doi.org/10.1038/s41467-018-03917-2
https://doi.org/10.1038/s41467-018-03917-2
https://doi.org/10.1038/s41467-018-03917-2
https://doi.org/10.1038/s41467-018-03917-2
https://doi.org/10.1038/nature18325
https://doi.org/10.1038/nature18325
https://doi.org/10.1038/nature18325
https://doi.org/10.1016/j.cell.2010.03.012
https://doi.org/10.1016/j.cell.2010.03.012
https://doi.org/10.1016/j.cell.2010.03.012
https://doi.org/10.1016/j.cell.2010.03.012
https://doi.org/10.1038/sj.onc.1210302
https://doi.org/10.1038/sj.onc.1210302
https://doi.org/10.1038/sj.onc.1210302
https://doi.org/10.1038/sj.onc.1210302
https://doi.org/10.1126/science.286.5449.2507
https://doi.org/10.1126/science.286.5449.2507
https://doi.org/10.1126/science.286.5449.2507
https://doi.org/10.1038/sj.onc.1205362
https://doi.org/10.1038/sj.onc.1205362
https://doi.org/10.1038/sj.onc.1205362
https://doi.org/10.1038/nm0302-282
https://doi.org/10.1038/nm0302-282
https://doi.org/10.1038/nm0302-282
https://doi.org/10.1038/nm0302-282
https://doi.org/10.1200/JCO.20.02341
https://doi.org/10.1200/JCO.20.02341
https://doi.org/10.1200/JCO.20.02341
https://doi.org/10.1158/1078-0432.CCR-10-3168
https://doi.org/10.1158/1078-0432.CCR-10-3168
https://doi.org/10.1158/1078-0432.CCR-10-3168
https://doi.org/10.1158/1078-0432.CCR-10-3168
https://doi.org/10.1038/nrc.2017.109
https://doi.org/10.1038/nrc.2017.109
https://doi.org/10.1038/nrc.2017.109
https://doi.org/10.1038/s41392-019-0095-0
https://doi.org/10.1038/s41392-019-0095-0
https://doi.org/10.1038/s41392-019-0095-0
https://doi.org/10.1038/s41392-019-0095-0
https://doi.org/10.1038/nature08617
https://doi.org/10.1038/nature08617
https://doi.org/10.1038/nature08617
https://doi.org/10.1126/science.1170944
https://doi.org/10.1126/science.1170944
https://doi.org/10.1126/science.1170944
https://doi.org/10.1126/science.1170944
https://doi.org/10.1016/j.ccr.2010.11.015
https://doi.org/10.1016/j.ccr.2010.11.015
https://doi.org/10.1016/j.ccr.2010.11.015
https://doi.org/10.1016/j.ccr.2010.11.015
https://doi.org/10.1016/j.ccr.2010.11.015
https://doi.org/10.1007/s00401-009-0561-9
https://doi.org/10.1007/s00401-009-0561-9
https://doi.org/10.1007/s00401-009-0561-9
https://doi.org/10.1007/s00401-009-0561-9
https://doi.org/10.1007/s00401-009-0561-9
https://doi.org/10.1016/j.ccr.2010.12.014
https://doi.org/10.1016/j.ccr.2010.12.014
https://doi.org/10.1016/j.ccr.2010.12.014
https://doi.org/10.1016/j.ccr.2010.12.014
https://doi.org/10.1021/acsmedchemlett.7b00421
https://doi.org/10.1021/acsmedchemlett.7b00421
https://doi.org/10.1021/acsmedchemlett.7b00421
https://doi.org/10.1021/acsmedchemlett.7b00421
https://doi.org/10.1158/2159-8290.CD-16-1034
https://doi.org/10.1158/2159-8290.CD-16-1034
https://doi.org/10.1158/2159-8290.CD-16-1034
https://doi.org/10.1158/2159-8290.CD-16-1034
https://doi.org/10.1126/science.1234769
https://doi.org/10.1126/science.1234769
https://doi.org/10.1126/science.1234769
https://doi.org/10.1056/NEJMoa1716984
https://doi.org/10.1056/NEJMoa1716984
https://doi.org/10.1056/NEJMoa1716984
https://doi.org/10.2217/fon-2017-0392
https://doi.org/10.2217/fon-2017-0392
https://doi.org/10.2217/fon-2017-0392
https://doi.org/10.2217/fon-2017-0392
https://doi.org/10.1038/s41586-018-0251-7
https://doi.org/10.1038/s41586-018-0251-7
https://doi.org/10.1038/s41586-018-0251-7
https://doi.org/10.1158/2159-8290.CD-18-0877
https://doi.org/10.1158/2159-8290.CD-18-0877
https://doi.org/10.1158/2159-8290.CD-18-0877
https://doi.org/10.1158/2159-8290.CD-18-0877
https://doi.org/10.1158/1541-7786.MCR-16-0141
https://doi.org/10.1158/1541-7786.MCR-16-0141
https://doi.org/10.1158/1541-7786.MCR-16-0141
https://doi.org/10.1158/1541-7786.MCR-16-0141
https://doi.org/10.1021/acsmedchemlett.9b00509
https://doi.org/10.1021/acsmedchemlett.9b00509
https://doi.org/10.1021/acsmedchemlett.9b00509
https://doi.org/10.1021/acsmedchemlett.9b00509
https://doi.org/10.1038/leu.2010.311
https://doi.org/10.1038/leu.2010.311
https://doi.org/10.1016/j.ccr.2013.04.011
https://doi.org/10.1016/j.ccr.2013.04.011
https://doi.org/10.1016/j.ccr.2013.04.011
https://doi.org/10.1016/j.ccr.2013.04.011
https://doi.org/10.1182/blood-2010-11-321208
https://doi.org/10.1182/blood-2010-11-321208
https://doi.org/10.1182/blood-2010-11-321208
https://doi.org/10.1182/blood-2010-11-321208
https://doi.org/10.1073/pnas.1303800110
https://doi.org/10.1073/pnas.1303800110
https://doi.org/10.1073/pnas.1303800110
https://doi.org/10.1073/pnas.1303800110
https://doi.org/10.1158/1535-7163.MCT-13-0773
https://doi.org/10.1158/1535-7163.MCT-13-0773
https://doi.org/10.1158/1535-7163.MCT-13-0773
https://doi.org/10.1158/1535-7163.MCT-13-0773
https://doi.org/10.1016/S1470-2045(20)30441-1
https://doi.org/10.1016/S1470-2045(20)30441-1
https://doi.org/10.1016/S1470-2045(20)30441-1
https://doi.org/10.1016/S1470-2045(20)30441-1
https://doi.org/10.1016/j.ccell.2020.04.004
https://doi.org/10.1016/j.ccell.2020.04.004
https://doi.org/10.1016/j.ccell.2020.04.004
https://doi.org/10.1016/j.ccell.2020.04.004
https://doi.org/10.1056/NEJMoa1516192
https://doi.org/10.1056/NEJMoa1516192
https://doi.org/10.1056/NEJMoa1516192
https://doi.org/10.1002/anie.201507978
https://doi.org/10.1002/anie.201507978
https://doi.org/10.1002/anie.201507978
https://doi.org/10.1038/s41589-018-0055-y
https://doi.org/10.1038/s41589-018-0055-y
https://doi.org/10.1038/s41589-018-0055-y
https://doi.org/10.1038/s41568-021-00346-0
https://doi.org/10.1038/s41568-021-00346-0
https://doi.org/10.1093/jnci/djz245
https://doi.org/10.1093/jnci/djz245
https://doi.org/10.1093/jnci/djz245
https://doi.org/10.1093/jnci/djz245
https://doi.org/10.15252/emmm.201404913
https://doi.org/10.15252/emmm.201404913
https://doi.org/10.15252/emmm.201404913
https://doi.org/10.15252/emmm.201404913
https://doi.org/10.1038/s41467-021-22625-y
https://doi.org/10.1038/s41467-021-22625-y
https://doi.org/10.1038/s41467-021-22625-y
https://doi.org/10.1038/s41467-021-22625-y
https://doi.org/10.1186/s13073-021-01001-x
https://doi.org/10.1186/s13073-021-01001-x
https://doi.org/10.1186/s13073-021-01001-x
https://doi.org/10.1093/nar/gkr407
https://doi.org/10.1093/nar/gkr407
https://doi.org/10.1093/nar/gkr407
https://doi.org/10.1136/esmoopen-2016-000094
https://doi.org/10.1136/esmoopen-2016-000094
https://doi.org/10.1136/esmoopen-2016-000094
https://doi.org/10.1136/esmoopen-2016-000094
https://doi.org/10.1038/s41598-019-39796-w
https://doi.org/10.1038/s41598-019-39796-w
https://doi.org/10.1038/s41598-019-39796-w
https://doi.org/10.1038/s41598-019-39796-w
https://doi.org/10.1038/s41586-018-0461-z
https://doi.org/10.1038/s41586-018-0461-z
https://doi.org/10.1038/s41586-018-0461-z
https://doi.org/10.1016/j.ajhg.2021.03.003
https://doi.org/10.1016/j.ajhg.2021.03.003
https://doi.org/10.1016/j.ajhg.2021.03.003
https://doi.org/10.1016/j.ajhg.2021.03.003

