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The duality of human oncoproteins: drivers of cancer and 
congenital disorders

Pau Castel1,✉, Katherine A. Rauen2, Frank McCormick1

1Helen Diller Family Comprehensive Cancer Center, University of California, San Francisco, San 
Francisco, CA, USA.

2MIND Institute, Department of Pediatrics, University of California, Davis, Sacramento, CA, USA.

Abstract

Human oncoproteins promote transformation of cells into tumours by dysregulating the signalling 

pathways that are involved in cell growth, proliferation and death. Although oncoproteins were 

discovered many years ago and have been widely studied in the context of cancer, the recent use of 

high-throughput sequencing techniques has led to the identification of cancer-associated mutations 

in other conditions, including many congenital disorders. These syndromes offer an opportunity to 

study oncoprotein signalling and its biology in the absence of additional driver or passenger 

mutations, as a result of their monogenic nature. Moreover, their expression in multiple tissue 

lineages provides insight into the biology of the proto-oncoprotein at the physiological level, in 

both transformed and unaffected tissues. Given the recent paradigm shift in regard to how 

oncoproteins promote transformation, we review the fundamentals of genetics, signalling and 

pathogenesis underlying oncoprotein duality.

One of the most fundamental challenges in cancer biology is to understand how the normal 

cell becomes a malignant cancer cell. Several decades ago, oncoproteins were discovered to 

hijack the signalling pathways that regulate cell proliferation, growth, death, differentiation 

and metabolism. We now understand that oncoproteins significantly contribute to many, if 

not all, steps of cancer formation and progression, and designing therapies that specifically 

block their activity has resulted in unprecedented clinical benefit. Next-generation 

sequencing has revolutionized the oncology field and helped identify genetic variants in 

human cancers. However, the impact of genome analysis has not been restricted to oncology, 

but rather genome analysis has impacted all fields of medicine1. For instance, an emerging 

number of congenital disorders caused by either somatic or germline pathogenic variants 

have been reported to be caused by mutations in genes that are well-known cancer 
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drivers1–3. While most of these oncoprotein-driven germline syndromes and somatic 

mosaicisms are characterized by specific signs and symptoms, basic human architecture and 

organ structure remain histologically normal despite the presence of the mutation. These 

remarkable observations are in line with recent studies that demonstrate the presence of 

clonal oncogenic mutat ions in normal tissues, such as the oesophagus and skin4–6. The 

expression of oncoproteins in different cell lineages provides a unique opportunity to 

address two crucial questions: (1) the mechanism that leads to cell transformation or 

abnormal function in the clinically affected tissue and (2) the therapeutic potential behind 

the molecular mechanisms that avoid transformation in clinically unaffected tissues. Hence, 

understanding the reasons why certain tissues are phenotypically normal despite the 

presence of an oncoprotein is as important as understanding those instances in which tissues 

are transformed7. It now seems clear that certain tissues are extremely sensitive to 

transformation by specific oncoproteins, while others require many additional steps, or hits, 

to promote tumour growth. This observation is also true when individual alleles are taken 

into consideration and explains the mutation bias characteristic of many tumour types8,9. 

Orthogonal experimental approaches that take into consideration the molecular, cellular and 

organismal effect of oncoproteins will be required to better understand the role that specific 

oncoproteins play during transformation, as well as to predict epistatic interactions that lead 

to tumour initiation and growth.

In this Review, we provide a comprehensive catalogue of oncoproteins that are known to 

cause cancer and congenital disorders (a property that we have termed 'oncoprotein duality'). 

The genetic basis behind these conditions will be established and the signalling pathways 

that oncoproteins affect to promote tissue transformation will be discussed. Finally, we 

summarize some of the efforts made to model oncoproteins in the mouse and examine the 

therapeutic approaches being developed to target oncoproteins in the clinic.

Do oncoproteins cause transformation?

Historically, oncoproteins were identified on the basis of their ability to transform 

monolayer cell cultures, such as fibroblasts (FIG. 1). Expression of oncoproteins in these 

cultures can lead to insensitivity to contact inhibition, growth factor independence or 

tumorigenic potential when they are injected in animal hosts. While these properties are still 

used routinely in many laboratories as a proof of concept to define novel oncoproteins, the 

ability to transform non-malignant cell lines, or to what extent, is highly variable. Similarly, 

the expression of certain oncoproteins in animal models can transform specific tissues, but 

not all. The factors that underlie the ability of an oncoprotein to promote transformation are 

presumably tissue specific10. In an effort to categorize such factors, these have been defined 

as intrinsic, referring to the oncoprotein itself, and extrinsic, which refers to the 

environmental effects that modify indirectly the outcome of the oncoprotein (FIG. 2).

Intrinsic factors.

Intrinsic factors can include the role of gene dosage, such as amplifications of a cancer-

associated gene that result in increased activity and downstream signalling11. Similarly, loss 

of the wild-type allele is seen in certain tumours, for example in patients with HRAS-mutant 
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Costello syndrome who develop embryonal rhabdomyosarcoma12. The downstream effects 

of the mutation itself can also result in a different ability to transform tissues. For example, 

the different mutations in the phosphoinositide 3-kinase catalytic subunit-α gene (PIK3CA) 

use different molecular mechanisms to induce gain of function13,14, and lead to differential 

phenotypic effects that in some cases are probably linked to their distinct ability to activate 

certain signalling pathways in a tissue-specific manner. For instance, KRAS-G12R, an 

oncoprotein commonly found in pancreatic adenocarcinoma, is unable to bind and activate 

PI3K15. Furthermore, the signalling output of the KRAS-A146T mutant, the encoding allele 

of which is found only in gastrointestinal tumours, is strikingly different from that of the 

most common G12D variant, though still oncogenic16. The differences in downstream 

signalling that lead to or prevent tissue transformation are not necessarily post-translational, 

because tissues exhibit specific epigenetic landscapes that can result in different 

transcriptional responses17. All these factors contribute to cell-lineage specificity, a 

commonality which is essential to understand the ability of oncoproteins to transform certain 

tissues. Oncoprotein expression in particular lineages is also an important factor. For 

example, the oncoprotein anaplastic lymphoma kinase (ALK) is mostly expressed in 

embryonic and adult neuronal tissue — a pattern that can explain the predisposition to 

neuroblastoma in families carrying ALK activating mutations in the germline18,19. Because 

the expression of some of these oncoproteins leads to cell cycle arrest, terminal 

differentiation or senescence, it is not surprising that genetic epistatic interactions often 

occur with tumour suppressors involved in these cellular processes20. Many of these 

additional genetic hits are sequential and are required to promote complete transformation to 

overt cancers21.

Extrinsic factors.

Some of the factors that can be considered as extrinsic include the relationship between the 

mutant cell and the surrounding wild-type cells. Cell competition, for example, is a key 

mechanism that has been widely studied in flies, but is poorly understood in mammals22,23. 

Understanding how cells interact and compete with mutant populations is of great relevance 

to mosaicisms and tumours. In experimental epithelial monolayers, cells expressing the 

oncoprotein HRAS-G12V are apically protruded and eliminated by the surrounding wild-

type neighbours24. This observation underlines the importance of tissue architecture in 

limiting oncogenesis25. For instance, in the skin, the presence of HRAS mutations (which 

are characteristic of squamous carcinomas), does not lead to abnormal growth because tissue 

architecture preserves homeostasis by correcting the mutant clones26 or because of 

compartmentalization in the hair follicle27. Similarly, the diversity of cell lineages present in 

the tissue can modulate the process of transformation, especially in certain conditions, such 

as tissue inflammation, that have been shown to cooperate with specific oncoproteins28. In a 

similar context, the ability of the immune cells to detect and remove populations of mutant 

cells could be compromised in cases in which the mutant population was present from birth, 

as seen in many congenital disorders and tumour predisposition syndromes29. Other 

environmental factors can promote the transformation potential of an oncoprotein, by 

causing secondary mutations or an inflammatory response, as seen with radiation and other 

carcinogens30,31. In summary, the ability of an oncoprotein to transform a specific tissue will 
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be the result of a combination of factors that facilitate this process in a cell-autonomous 

and/or cell-non-autonomous manner.

Allele bias

In the context of clinical genetics, this is when a specific mutation in a gene is far more 

frequent than expected.

Modifying alleles

Single-nucleotide polymorphisms that can either decrease or exacerbate a clinical 

phenotype driven by a pathogenic mutation.

Mosaicism

Characterized by the presence of cells with at least two distinct genetic make-ups.

Oncoprotein transmission

Oncogenic mutations can occur spontaneously and stochastically in any cell during 

development (FIG. 3a) or adulthood, as the result of either external mutagens or error-prone 

replication bypass and replication errors32. The origin of such mutations can be 

retrospectively investigated by the presence of mutational signatures in the tumour that are 

characteristic of specific genetic events, such as homology recombination deficiency, or 

genotoxins, such as UV exposure33. Depending on the timing and tissues in which such 

mutations occur, the phenotypes can range from a complete lack of phenotype (that is, silent 

mutations present in otherwise healthy tissues) to a severe and extensive transformation of 

the normal tissues. To add another layer of complexity, different variants of the same 

oncogene can lead to signi ficant variations in phenotypic outcomes as well; this 

phenomenon leads to the allele bias observed in tumours and congenital disorders. For 

example, HRASG12S is the most common mutation in Costello syndrome, while papillary 

thyroid cancer and pheochromocytoma are driven by HRASQ61L or HRASQ61R 

(REFS34–36).

Inheriting oncoproteins.

When oncogenic mutations occur de novo in germ cells, their inheritance pattern is termed 

'germline transmission' and can be transmitted to the offspring. The age of the father can 

have a direct impact on the germline transmission of certain oncogenic variants, because 

these 'selfish' variants give a growth advantage to cells producing sperm in these 

individuals37–39. Although there are some examples of oncoproteins that are inherited 

through the germline, there is a clear restriction in this sense: the oncoprotein has to be 

compatible with embryonic development and, ultimately, with fertility (FIG. 3b). For 

instance, germline oncogenic mutations in the fibroblast growth factor receptor 3 gene 

(FGFR3) lead to a disorder termed 'achondroplasia', which results in dwarfism and 

macrocephaly, yet is compatible with life40. In contrast, oncogenic mutations in the PIK3CA 
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gene have not been detected in the germline, consistent with the embryonic lethality 

observed in mouse models expressing the oncoprotein PI3Kα41. In this sense, it is important 

to introduce the concept of the division of genes encoding oncoproteins into weak versus 

strong alleles. This arbitrary separation is based on the ability of an oncoprotein, or a 

specific allele, to interfere with normal development, leading to a lethal or non-lethal 

embryonic phenotype. This is exemplified by the oncoprotein KRAS; mutations in the 

classical hotspots found in cancer (that is, G12, G13 and Q61) are highly transforming in 

cellbased assays, and the expression of such mutants in the germline results in embryonic 

lethality due to a severe phenotype that includes cardiomegaly and abnormal brain 

development42,43. However, KRAS mutations have been found in the germline of 

individuals with Noonan syndrome. These mutations never occur in the cancer hotspot 

alleles, but rather occur in secondary alleles such as KRASV14I, KRAST58I and KRASD153V 

(REF.44). Such mutations render KRAS active, but to an intermediate point where there is a 

balance between embryo survival and hyperactive signalling that results in a specific 

congenital disorder. Since these are weak activating mutations, their phenotype can often be 

attenuated or exacerbated by so-called modifying alleles. In some instances, affected 

individuals exhibit a mild, subclinical phenotype, which is not diagnosed. These individuals 

often transmit their oncogenic mutations to the offspring, who might be more severely 

affected and, hence, may receive a diagnosis. Examples of such pedigrees have been 

described in cardiofaciocutaneous syndrome, carrying oncogenic mutations in the 

MAPK/ERK kinase 1 gene (MEK1, also known as MAP2K1) or MEK2 (also known as 

MAP2K2)45.

Oncoproteins surviving embryonic development and human chimaeras.

Postzygotic mutations during embryonic development give rise to organisms with different 

genetic populations. These mutations can range from single variants to large chromosomal 

abnormalities in autosomes and/or sex chromosomes. The resulting clonal mosaicisms are 

relatively frequent in healthy individuals and could contribute to genetic conditions such as 

cancer or congenital disorders46–49. According to the Happle hypothesis (BOX 1), when an 

oncoprotein is incompatible with embryonic development (lethal gene), it can still survive 

through mosaicism50 (FIG. 3c). This explains how certain strong alleles can still be found in 

extensive parts of the body and highlights the importance of the balance between survival of 

the oncoprotein and survival of the embryo. Then, one can expect that there is a level of 

mosaicism in the individual that cannot be surpassed, otherwise the development of the 

embryo would be interrupted. In KRAS, where strong alleles in the germline are lethal, it 

could be expected that some of these strong alleles are found in the form of mosaicism. 

Consistently, Schimmelpenning–Feuerstein–Mims syndrome, a disorder characterized by the 

presence of sebaceous nevi and cataracts, is caused by KRASG12V and KRASG12D 

mutations in the neuroectodermal lineage as a result of mosaicism51. Many of the 

mosaicisms caused by oncoproteins can be easily visualized in affected individuals when 

there is a cutaneous involvement, as these follow a particular pattern termed the 'Blaschko 

lines'52. These lines represent the vestigial route of cell migration during skin development 

and become highly evident in mosaicism involving melanocytic lesions, such as the 

epidermal nevi driven by postzygotic FGFR3, HRAS or PIK3CA mutations53–55. The 

degree and lineage specificity of the mosaicism will be the result of the precise moment at 
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which the oncogenic mutation occurs during embryonic development and whether the 

mutation might exhibit a positive or a negative advantage to the developing embryo. 

Mutations arising as early as the morula stage will give rise to highdegree mosaicisms 

affecting all tissue lineages, while mutations that occur during or after gastrulation will 

likely be restricted to a specific germ layer and/or cell fate56,57. By contrast, if the oncogenic 

mutation occurred at the very end of embryo development, then the effect will most likely be 

local unless such a mutation affects the migration patterns of certain cells (for example, 

melanocytes derived from the neural crest).

Schimmelpenning–Feuerstein–Mims syndrome

Neuro-oculocutaneous mosaicism characterized by the presence of skin lesions and 

pigmentation abnormalities, epilepsy, epibulbar dermoids, cloudy cornea, eyelid 

colobomas and arteriovascular defects, among other manifestations.

Blaschko lines

Skin patterns found in adults that recapitulate the normal cell development during 

embryogenesis. These can be often appreciated in individuals with genetically driven skin 

stains.

Field cancerization

The presence of large areas of tissue affected by carcinogenic mutations, which often 

contribute to malignant transformation. It is generally the result of a genotoxic exposure 

during a prolonged time and can lead to the presence of low-grade and high-grade 

tumours.

Somatic oncogenic variants and accumulating mutations.

When the mutation occurs in a single cell that will not give rise to other histological types, it 

can be considered a clonal somatic event. The current model for sporadic cancer initiation 

relies on this idea, where a single cell acquires an oncogenic mutation that drives tumour 

formation (FIG. 3d). This seems to be true in certain tumours (or overgrowths) that are 

monogenic in nature (such as sporadic venous malformations or epidermal nevi), but does 

not seem to explain how overt cancers are formed for several reasons: (1) tumours usually 

contain many other somatic mutations; (2) not all tumours remain addicted to the driver 

oncoprotein; and (3) expression of the oncoprotein is not sufficient to transform tissues in 

preclinical models. It was later proposed that, to promote cancer formation, cells require 

several additional mutations, or multiple hits, that would facilitate transformation. This 

concept, introduced by Nordling, and later known as the Knudson hypothesis, is exemplified 

by experiments in which the deletion of the tumour suppressor Trp53 highly accelerates the 

formation of tumours in mice expressing different oncoproteins58–60. Loss of heterozygosity 

at the RB1 locus was one of the first examples supporting the Knudson hypothesis in human 

cancers61. Additional genetic hits can also be boosted by a permissive microenvironment 
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(that is, as a result of radiation or inflammation), as seen in the pancreatitis-induced models 

that cooperate with Kras mutations to induce pancreatic adenocarcinoma progression62. 

Therefore, a combination of a driver oncogenic mutation and secondary mutations is likely 

to result in tumour formation when present in a tissue susceptible to transformation.

While some tissues appear to be extremely sensitive to transformation by certain 

oncoproteins, others remain highly resistant. This is likely explained by the role that such 

proto-oncoprotein and its downstream effectors would play in the normal physiology of the 

tissue or cell of origin, resulting in constitutive growth and proliferation when its gene 

becomes mutated. For example, mutations in the G protein subunit αq gene (GNAQ) are 

drivers of uveal melanoma and congenital capillary malformations63,64 but are unlikely to 

transform other tissues. Hence, certain oncogenic mutations might be more common in 

normal tissues than we previously anticipated. Recent work has demonstrated that expansion 

of clones carrying an oncoprotein is frequent in histologically normal tissues, creating 

asymptomatic individuals with mosaic expression of common strong oncogenes (that is, 

KRASG12V and PIK3CAH1047R)4–6,65–67. This concept of clonal expansion can be termed 

'silent oncogenic mosaicism' and needs to be recognized as an important, but understudied, 

discovery that potentially plays a role in cancer as an underlying factor. It is tempting to 

speculate that clonal expansion of a silent oncogenic mosaicism could give rise to a 

particular cancer after accumulating additional genetic mutations or hits; this idea is similar 

to the concept of field cancerization and has also recently been described in unaffected 

endometrial tissue surrounding endometrial tumours68,69 and in cases of early-onset bladder 

cancer, where a mosaicism for HRAS mutation was reported70. It is also important that, in 

the context of mosaicism, not all tissues expressing oncoproteins will develop a phenotype, 

or that tissues that exhibit a phenotype have to carry such mutations, because mutant cell 

clones can affect histologically normal tissues in a cell-non-autonomous manner. In an 

autopsy study on a patient with Proteus syndrome, a mosaicism driven by AKT1E17K, the 

correlation between tissues that exhibited histological changes and those with detectable 

mutational burden was rather poor. Certain tissues appeared highly affected microscopically, 

yet AKT1 mutations could not be found71. These observations clearly indicate that either 

small or distant populations of mutant cells have the ability to affect surrounding tissues.

Oncogenic pathways

Oncoproteins generally participate in mitogenic signalling, mostly the RAS-MAPK and 

PI3K-AKT pathways72. Despite the high frequency of mutations affecting these pathways, 

their effect is not universal. Oncoproteins exhibit both lineage specificity and allele 

specificity, underscoring the importance of specific gene products, or their downstream 

effectors, in the transformation process. To study this so-called oncoprotein dualism, a 

review of literature in PubMed, mutation data from tumour sequencing consortia using 

cBioPortal36 and congenital disorders using the Online Mendelian Inheritance in Man 

(OMIM) and NSEuronet databases and GeneReviews was conducted. Only oncoproteins 

that exhibit dualism and contribute to a significant fraction of the cases have been 

considered.
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Receptor tyrosine kinase pathways, the upstream drivers of malignancy.

Growth factors are sensed through cell surface-anchored receptor tyrosine kinases (RTKs). 

Multiple protein ligands interact with RTKs to activate the signalling cascades that lead to 

specific cellular phenotypes73. While the activation of RTKs can trigger unique effectors, the 

RAS–MAPK and PI3K–AKT pathways appear to be downstream of most RTKs and are also 

involved in the pathogenesis of many cancers and congenital disorders. RTK genes are 

commonly mutated in cancer and the encoded proteins are considered bona fide 

oncoproteins, constitutively activated by point mutation, amplification, translocation or 

deletion of autoinhibitory regions74. In general, weakly activating mutations in these RTK 

genes are compatible with development and give rise to tumour predisposition syndromes 

rather than clinically unique syndromes (FIG. 4a). The best known RTKs contributing to 

human cancer are epidermal growth factor receptor (EGFR) and ERBB2. While EGFR 
mutations occur in a large number of lung adenocarcinomas (mostly L858R and E746–

750del), ERBB2 variants are less frequent in the lung, but can be found in some patients 

with breast cancer. Gene amplification and/or protein overexpression of ERBB2 is a very 

common and subtype-defining event, and is found in breast and gastric adenocarcinomas. 

Most of these mutations are gain-of-function mutations because they promote ligand-

independent activation of the receptor, but they have not been found in other congenital 

disorders. However, activating mutations in these genes have been detected in the germline 

of patients with familial predisposition to lung cancer75–77.

Achondroplasia

An autosomal dominant syndrome that is the most common form of skeletal dysplasia in 

humans and is caused by the FGFR3 mutation G380R. Patients exhibit macrocephaly and 

short limbs.

Acanthosis nigricans

A hyperpigmentation and hyperkeratosis of the skin.

Another RTK gene, ALK, is mutated in both somatic tumours and families with cancer 

predisposition. Somatic events often result from translocation of the ALK kinase domain 

and other partners (for example, EML4 in lung cancer and TPM3 and/or TPM4 in anaplastic 

large B cell lymphoma) or as a result of gain-offunction alterations in the kinase domain that 

result in constitutive activation of the receptor, most frequently seen in neuroblastomas. In 

cases of family predisposition to neuroblastoma, ALK kinase domain alterations have been 

described in the germline, although these alleles do generally not overlap with those seen in 

sporadic cases78–80. RET, an RTK that plays a critical role in the biology of neural crest 

cells, displays similarities to the oncoprotein ALK; gene translocations are drivers in lung 

adenocarcinomas, activating point mutations are found in a specific tumours (medullary 

thyroid cancer) and there are germline mutations that predispose individuals to the same 

tumours. In the case of the oncoprotein RET, three highly overlapping conditions with 

autosomal dominant segregation have been described, namely multiple endocrine neoplasia 

type 2A and type 2B and familial medullary thyroid cancer81.
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The platelet-derived growth factor receptor-α gene (PDGFRA) and KIT belong to the same 

subfamily of RTK genes and display similar patterns of oncogenesis. Strong activating 

variants in these genes are present in sporadic gastrointestinal stromal tumours, with 

PDGFRAD842V, KITD816N/V/Y/H and KITN822K as the main hotspots. Family members with 

gastrointestinal stromal tumour susceptibility have also been reported to be carriers of 

germline heterozygous mutations in these two oncogenes82–84. In addition to gastrointestinal 

stromal tumours, patients with germline PDGFRA and KIT mutations exhibit cutaneous 

mastocytosis. Other neoplasms driven by KIT oncogenic mutations include acute leukaemia 

and germ cell tumours.

The case of somatic and germline mutations in the fibroblast growth factor receptor (FGFR) 

gene family is of particular interest, given the gene-and allele-specific phenotypes resulting 

from gain-of-function mutations. Physiologically, FGFRs are activated by the FGF family of 

proteins, which differentially bind to FGFR1-FGFR4 to regulate key developmental 

processes such as mesodermal induction, limb formation, neural development and bone 

homeostasis73,85. The latter becomes apparent when one is studying the phenotypes of 

individuals carry ing germline gain-of-function mutations in FGFR1, FGFR2 or FGFR3, as 

these are generally characterized by dysmorphic features, such as craniosynostosis, and short 

limbs40. Activating mutations in FGFR3 give rise to clinically overlapping, but different, 

forms of bone affections, including achondroplasia (G380R), Muenke syndrome (P250R), 

thanatophoric dysplasia I and II (R248C and K650E, respectively), severe achondroplasia 

with developmental delay and acanthosis nigricans (K650M) and Crouzon syndrome with 

acanthosis nigricans (A391E)40,86–88. Some of these alterations occurat different functional 

domains of the protein (P250R at the extracellular immunoglobulin- like domain, G380R at 

the transmembrane domain and K650E at the intracellular kinase domain), which could 

potentially explain the differential traits of these patients. Somatic mutations in FGFR3 are 

very common in urothelial bladder carcinoma, with two main hotspots, R248C and S249C, 

that are also found in patients with thanatophoric dysplasia I. Such mutations also appear to 

be common in epidermal nevi and seborrheic keratosis, two frequent benign skin lesions 

characterized by, among other conditions, acanthosis54,89. Germline mutations in FGFR1 
and FGFR2 are also a frequent cause of skeletal pathologies within this spectrum, for which 

Pfeiffer syndrome, Apert syndrome and Crouzon syndrome are widely recognized88,90,91. 

Although some uterine adenocarcinomas have FGFR2 hypermorphs similar to those in 

Apert syndrome, FGFR1 and FGFR2 mutations are relatively uncommon in cancer.

Although many other RTKs are known to be oncogenic, and often altered in tumours, they 

have not been discussed in this section because of limited evidence regarding gain-of-

function mutations in congenital disorders and, hence, do not fall within the category of dual 

oncoproteins. These include ROS1, NTRK, MET and FLT3. This also applies in the 

opposite situation in cases such as TEK, INSR and DDR2.

Tumours and RASopathies driven by oncoproteins of the RAS-MAPK pathway.

The RAS-MAPK signalling network integrates multiple extracellular cues that result in 

activation of the canonical RAF-MEK-ERK axis, which promotes cellular proliferation and 

cell cycle progression. The RAS GTPases are central regulators of this signalling pathway 
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and function as molecular switches that cycle between inactive and active conformers that 

promote the activation of the downsstream kinases RAF, MEK and ERK92. An increasing 

number of cancers and congenital disorders have been found to be driven by gain-of-

function mutations in RAS, RAF or MEK gene isoforms (FIG. 4b). Mutations in the RAS 

oncogenes are very frequent across all human cancers72. KRAS mutations are found as a 

main driver in pancreatic adenocarcinoma, lung adenocarcinoma, colorectal 

adenocarcinoma, uterine carcinoma and carcinosarcoma, testicular germ tumours, multiple 

myeloma and gastric adeno carcinoma. HRAS mutations instead are mostly found in 

pheochromocytomas, paragangliomas, head and neck tumours, bladder and thyroid cancers, 

and melanoma. Mutations in NRAS are found in melanoma, acute myeloid leukaemias, and 

thyroid and colorectal cancers36.

Most mutations found in the RAS gene isoforms occur at three conserved hotspots (G12, 

G13 and Q61). Mechanistically, such mutations result in the loss of GTPase-activating 

protein-mediated hydrolysis, which results in constitutive RAS activation and signalling92. 

Most of the mutations that activate NRAS in melanoma are at codon 61, while in leukaemias 

they are at codon 12 (REF.93). The basis of this allelic imbal-ance is poorly understood as 

both alleles are considered strongly oncogenic. Such alleles have also been discovered in 

somatic monogenic disorders such as arteriovenous malformations94. Extracranial 

arteriovenous malformations can also carry mosaic KRAS mutations, although in a lower 

proportion95. KRAS mutations have also been identified in the form of mosaicism in nevus 

sebaceous and both oculoectodermal syndrome and Schimmelpenning-Feuerstein-Mims 

syndrome51,96. These syndromes are now considered part of the mosaic RASopathy 

spectrum given their molecular genetics and the overlapping clinical features, suggesting a 

common pathogenesis97. Within this group, other mosaic forms driven by oncogenic HRAS 
or NRAS mutations have also been described, including epidermal nevi, phacomatosis 

pigmentokeratotica, nevus spilus, woolly hair nevus, neurocutaneous melanosis/congenital 

giant melanocytic nevus and cutaneous-skeletal hypophosphataemia syndrome98–102. These 

disorders are characterized by their heavy cutaneous involvement, which, together with the 

fact that these mutations are also found in melanomas, highlights the importance of these 

proto-oncogenes in nnormal skin biology.

Arteriovenous malformations

Abnormal blood vessels that tangle and allow direct connection between veins and 

arteries and can cause pain and severe haemorrhage if ruptured.

G protein-coupled receptor-associated GTPases

Gα proteins are bound to Gβγ, forming an inactive trimeric complex that associates with 

G protein-coupled receptors (GPCRs). On GPCR stimulation, conformational changes in 

the receptor lead to Gβγ dissociation and Gα GTP loading and activation, resulting in the 

production of second messengers; for Gαs (encoded by GNAS) adenylate cyclase and 

production of cAMP, and for Gαq and Gαll (encoded by GNAQ and GNA11, 

respectively) phospholipase C, resulting in diacylglycerol and inositol trisphosphate.
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Cutaneous–skeletal hypophosphataemia syndrome is of special interest because it 

exemplifies the result of both autonomous and non-autonomous effects caused by the 

oncoprotein RAS. This mosaicism is characterized by the presence of epidermal nevi and 

skeletal defects, mostly hypophosphataemic rickets and osteomalacia. HRAS and NRAS 
mutations have been identified in both skin and bone, suggesting a multilineage mosaicism 

arising from a multipotent cell progenitor103. Mutant bone exhibits dysplastic features and 

elevated secretion of FGF23, a hormone that regulates phosphorus homeostasis in the kidney 

(autonomous effect). These patients develop rickets in bones that do not contain the mutation 

as a result of paracrine and endocrine action of RAS mutant bone-derived FGF23 (non-

autonomous effects), in a similar fashion as the paraneoplastic phenomenon observed in 

oncogenic osteomalacia104. Another mosaic RASopathy characterized by an extensive bone 

phenotype is melorheostosis, a rare disorder that causes excess bone growth with a classic 

'dripping candle wax' pattern and is caused by activating mutations in MEK1 (REF.105). The 

effect of MAPK activation in the bone due to oncogenic mutations is not restricted to these 

syndromes, since skeletal abnormalities have been observed in other germline RASopathies, 

such as Noonan syndrome, cardiofaciocutaneous syndrome and Costello syndrome. These 

patients exhibit distinctive craniofacial dysmorphia and, in Costello syndrome, a dental 

pheno type that includes malocclusion and delayed tooth development106,107. Costello 

syndrome is the most seve of the germline RASopathies and is caused by de novo mutations 

in HRAS, mostly G12S. Although other mutations have been described, it is worth noting 

that strong alleles (that is, HRASG12V and HRASG12D) are rarely found in these patients, 

most likely due to embryonic lethality, but if found, they are associated with a severe 

phenotype12,34,108. Individuals affected by Costello syndrome exhibit classic RASopathy 

features, including difficulty to thrive, craniofacial dysmorphia, intellectual disabilities and 

specific phenotypes, such as hair and skin abnormalities and predisposition to tumours, 

mostly embryonal rhabdomyosarcoma and bladder cancer109. In the case of Noonan 

syndrome, several genes have been shown to contribute to the disorder due to gain-of-

function mutations. Of these, many can be considered oncogenes, such as PTPN11, SOS1, 

RIT1 and RAF1 (REFS110–113). However, mutations in these genes are rather infrequent in 

human cancers. In the case of PTPN11 and SOS1, the alleles found in Noonan syndrome are 

not similar to those seen in cancers. In contrast, RIT1 and RAF1 hotspots are the same in 

Noonan syndrome and cancer. RIT1 mutations have been seen in a subset of patients with 

lung adenocarcinoma who do not harbour other typical driver mutations and these alleles are 

often the same as in patients with Noonan syndrome114.

Despite not being canonical components of the MAPK pathway, the heterotrimeric G 

protein-coupled receptor-associated GTPases are another emerging family of 

oncoproteins115. Three members of the Gα gene family have been recurrently found to be 

mutated in many cancers and disorders: GNAS, GNAQ and GNA11 (REF.116). GNAS gain-

of-function germline mutations are not compatible with life, but can be found as postzygotic 

mosaicism in patients with McCune-Albright syndrome117. As with other mosaicisms, the 

clinical presentation depends on the affected tissues, but it is characterized by atypical café 

au lait macules, fibrous dysplasia and endocrine symptoms, including hyperthyroidism, 

Cushing disease and excessive growth hormone118. The common alleles GNASR201C and 

GNASR201H are also hotspots seen in certain epithelial cancers, such as gastric and 
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pancreatic adenocarcinoma, as well as pituitary adenomas and pancreatic cysts119,120. These 

mutations were postulated to affect the GTP hydrolysis and promote effector activation due 

to constitutive GTP loading; however, recent structural studies suggest otherwise. Such 

mutations can subvert the GDP state, activating adenylate cyclase when it is bound to 

GDP121. Mutations in GNAQ and GNA11 are frequent in uveal melanomas and have also 

been described in other dermatological conditions63,64,122–124. For instance, in congenital 

haemangioma, patients exhibit the same variant found in uveal melanoma, Q209L/P, 

although the expression of the oncoprotein is restricted to the endothelial cells. It is likely 

that these mutations exhibit a similar mechanism as described for Gαs. The R183Q variant, 

which is never seen in uveal melanomas, is the driver of Sturge-Weber syndrome, a 

neuroectodermal mosaicism characterized by port-wine stains, glaucoma and 

leptomeningeal angiomatosis. The remarkable allele specificity seen in these conditions is, 

again, proof that not all mutations in oncogenes lead to similar clinical phenotypes.

Activating the PI3K-AKT pathway in cancer and PIK3Copathies.

The PI3K-AKT pathway is another major cellular sensor of growth factor stimuli, which can 

be regulated by upstream receptors and RAS proteins (FIG. 4c). A central component of the 

pathway is the lipid kinase PI3K, encoded by the PIK3CA, PIK3CB, PIK3CG and PIK3CD 
genes; while PI3Kα and PI3Kβ are widely expressed in most tissues, the other isoforms are 

restricted to immune cell lineages125,126. PI3K activation results in the activation of 

dowsntream AKT kinases, among others, to promote cell survival127,128. Gain-offunction 

mutations in PIK3CA were described in different tumour types and have been characterized 

at the cellular, biochemical and structural levels. These mostly occur at two hotspots found 

at the helical and kinase domains of the protein, resulting in increased cell growth, 

proliferation, survival and transformation when expressed in non-malignant cells13,129. 

While alterations in the helical domain have been shown to interfere with the inhibitory 

interaction of the regulatory subunit p85 (encoded by PIK3R1), alterations in the catalytic 

domain appear to promote kinase activity by increasing substrate availability14. In cancer, 

PIK3CA is the second most common oncogene and is particularly frequent in breast 

carcinomas, endometrial adenocarcinoma, head and neck tumours, and colorectal and 

bladder cancer, among other cancers130. An emerging number of congenital disorders 

characterized by overgrowth and vascular malformations have also been found to harbour 

monogenic mutations in PIK3CA. These disorders include congenital lipomatous 

overgrowth, vascular malformations, epidermal nevi, scoliosis syndrome (CLOVES), 

Klippel-Trenaunay syndrome, megalencephaly-capillary malformation syndrome, 

hemihypertrophy with multiple lipomatosis syndrome and many others with similar 

phenotypes131–134. All these syndromes are likely the result of different degrees of PIK3CA 
mutation mosaicism and, therefore, have been grouped under the umbrella term 'PIK3CA-

related overgrowth spectrum' (PROS). While these somatic events occur in a postzygotic 

manner, the affected tissue lineage and the time of the mutation will determine the extent of 

the lesion, ranging from severe forms of CLOVES to localized overgrowth such as 

megadactyly, a disproportionate growth of one or multiple fingers135 Somatic mutations in 

PIK3CA have also been described in vascular malformations, including venous and 

lymphatic malformations. In these lesions, the mutation is found only in endothelial cells, 

which account for only a small fraction of the whole lesion. This observation highlights the 
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effect of mutant cells on the surrounding cell populations, since these lesions often contain 

an increased number of non-mutant perivascular cells (that is, vascular smooth muscle 

cells)46,136–138. Germline PIK3CA mutations in the main hotspots have never been reported 

in humans, probably due to embryonic lethality. However, other less common mutations may 

be associated with a disorder resembling Cowden syndrome, which is classically caused by 

mutations in PTEN, which encodes the phosphatase that antagonizes PI3K enzymatic 

function139,140. Such PIK3CA mutations are weakly active, in contrast to the mutations 

found in patients with PROS. Strong germline gain-of-function mutations in PIK3CD 
(mostly E1021K) can be found in patients with a specific immunodeficiency, which has now 

been termed 'activated PI3Kd syndrome'. Given the restricted expression of PI3Kδ to 

lymphocytes, strong mutations appear to be compatible with embryonic development and 

have been seen inherited in many generations with an autosomal dominant segregation141. 

Somatic mutations in PIK3CD are also seen in a subset of patients with diffuse large B cell 

lymphoma, revealing the oncogenic potential of these alleles, and some individuals with 

activated PI3Kδ syndrome have developed different forms of B cell lymphoma142.

The most common AKT1 mutant is the E17K variant, which promotes constitutive 

membrane targeting as a result of the charge switch at the phosphoinositidebinding 

domain143. Analogous mutations have also been described in the AKT2 and AKT3 genes, 

although at a lower frequency. AKT1E17K mutations are mostly found in breast and uterine 

endometrioid carcinomas and have been shown to be transforming in cell culture assays. 

High-degree mosaicism of AKT1E17K leads to Proteus syndrome, a rare and severe 

progressive disorder characterized by asymmetric overgrowth of bone and adipose tissue, as 

well as vascular malformations and predisposition to benign and malignant tumours144. 

Germline heterozygous E17K mutations in the AKT2 gene have been shown in two 

individuals with hypoglycaemia and mild overgrowth, AKT3E17K somatic mutations are 

found in children with hemimegalencephaly and germline mutations are found in syndromic 

diffuse megalencephaly133,145. The phenotypic difference of these mutations suggests non-

redundant roles between the AKT isoforms. Given the overlapping clinical phenotypes and 

the similarity to the RASopathies, we propose the term se 'PIK3Copathies' for all these 

disorders.

Modelling and new therapies

Genetically engineered mouse models have been used successfully to model the effects of 

germline and somatic mutations and/or mosaicism, using various approaches (BOX 2). One 

can predict that the use of these tools is highly convenient when one is addressing 

fundamental questions in the context of oncoprotein biology, including cell lineage tracing, 

cell competition between wild-type and mutant clones, and cell-autonomous versus cell-non-

autonomous effects of the oncoprotein. With use of these approaches, many mouse models 

for either cancer or congenital disorders driven by oncoproteins have been described in the 

literature (TABLE 1). As hypothesized by Happle (BOX 1), many of the 'strong' oncogenes 

are incompatible with embryonic development, as demonstrated in mice carrying such 

alleles in line the germline. Examples of these include the KrasG12D, Pik3caH1047R, 

GnasR201H and Akt1E17K variants41,43,146,147. These same alleles have been successfully 

used to create models by means of somatic recombination in specific lineages. The use of 
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animal models is not restricted to mice, since recent reports have described novel models 

using zebrafish that faithfully recapitulate some of the phenotypes of congenital 

disorders148. For instance, the cardiovascular defects and craniofacial dysmorphia observed 

in some RASopathies have been modelled in zebrafish149.

One of the most helpful uses of these models is the development of experimental therapies 

that are able to reverse or ameliorate the condition. In this context, some work has been done 

to determine the window of intervention, dosing and scheduling of targeted therapies in 

mouse models of congenital disorders such as Noonan syndrome, achondroplasia and 

vascular malformations136,150–153. Because most of the oncoproteins driving congenital 

disorders are considered drug targets for treating sporadic cancers, an extensive arsenal of 

drugs is clinically available or under development. The challenges in treating congenital 

disorders include determining the window during development in which intervention is 

expected to be effective, as well as dosing requirements and side effects in children, who 

may require long-term treatment. We describe some cases that exemplify how targeted 

therapies initially designed to treat cancer have the potential to become standard-of-care 

treatment for congenital disorders.

In achondroplasia, children need to be treated before the growth plate closes and is replaced 

by solid bone during adolescence154. Abnormal MAPK signalling driven by activated 

FGFR3 is suppressed by C-type natriuretic peptide155, and a phase III clinical trial is under 

way with vosoritide, an analogue of C-type natriuretic peptide that has caused increased 

growth in treated individuals156. Preliminary results in mice suggest that this treatment could 

be expanded to other congenital disorders with growth deficit, such as cardiofaciocutaneous 

syndrome157. Direct inhibition of FGFR3 by a small-molecule drug, infigratinib, will soon 

be investigated in phase II clinical trials. Infigratinib is also being tested in cancers driven by 

mutant FGFR and, while it is likely that treatment of these tumours will require complete 

inhibition of FGFR signalling to promote tumour regression158, reduced FGFR signalling 

might be sufficient to reverse the effects of hyperactive FGFR3 in achondroplasia, as 

proposed in a study that used a mouse model of dwarfism152. If so, lower doses of the drug 

are expected to be efficacious in this indication, with fewer side effects.

In the context of RASopathies, use of the MEK inhibitor selumetinib has recently led to 

beneficial responses in children with plexiform neurofibromas159,160. Individuals with 

Costello syndrome, cardiofaciocutaneous syndrome or Noonan syndrome might also benefit 

from treatment with MEK inhibitors, or other inhibitors of the MAPK pathway, as described 

in some preclinical trials using model organisms149,151,161. Recently, two infants with RIT1- 

driven Noonan syndrome who developed severe early-onset hypertrophic cardiomyopathy 

were treated with off-label trametinib, a potent allosteric MEK inhibitor. In both cases, the 

cardiac phenotype reversed, suggesting that MEK inhibitors could be efficacious in patients 

with RASopathy with extensive cardiovascular involvement162. Farnesyltransferase 

inhibitors block post-translational processing of HRAS at the plasma membrane. Tipifarnib, 

a farnesyltransferase inhibitor, is already in late-stage clinical trials for HRAS-mutant 

sporadic cancers and could, in principle, be tested in Costello syndrome. However, these 

syndromes, are characterized by multiple developmental and learning disorders, rather than 
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focal tumours. Therefore, the clinical end points and the window of opportunity for these 

treatments are unclear163.

For PIK3Copathies, two therapeutic strategies are paving the way for targeted therapies in 

congenital disorders. First, the AKT inhibitor miransertib has proven preliminarily to be safe 

and active in a cohort of patients with Proteus syndrome, and patients are currently being 

enrolled for a registrational phase III study164,165. Second, a study involving 19 patients with 

PROS has recently reported dramatic therapeutic effects with low doses of the PI3K 

inhibitor alpelisib, which is approved by the FDA for treatment of metastatic breast 

cancer153. This study has led to a phase III clinical trial that will evaluate the efficacy of the 

compound in a larger cohort of patients with PROS. In oncology trials, AKT inhibitors and 

PI3K inhibitors have both shown adverse events, with the most significant being 

hyperglycaemia166 However, because the doses given to patients with PROS are expected to 

be lower, such secondary effects might not be an issue, even in long-term treatments. An 

alternative to overcome these problems, especially for patients with isolated vascular 

malformations, is topical treatment. As previously reported in preclinical models, this 

approach could help deliver high local doses without systemic toxicity136. Although many 

other efforts are being pursued in the field, these examples offer some insight into promising 

therapies for many congenital disorders.

Conclusions

The latest advances in next-generation sequencing and clinical genetics have challenged the 

dogma that defines oncoproteins as entities capable of transforming quiescent tissues. The 

expression of oncoproteins is far more common than we anticipated; they are present in 

many histologically normal tissues without exhibiting any phenotype but are also drivers of 

particular congenital disorders as well as cancer. Therefore, it is important to acknowledge 

the versatility of oncoproteins and begin to study them in a more comprehensive manner. At 

the organismal level, the study of oncoproteins will likely shed light on the key processes 

underlying embryonic development and tissue homeostasis. Moreover, identifying genes 

involved in phenotypically similar syndromes can lead to the discovery of novel components 

and regulators of signalling pathways. Among some outstanding questions, it is tempting to 

propose that elucidating the mechanisms that promote and restrict oncogenesis in certain 

tissues will be of great interest. This could be addressed through the use of -omic approaches 

that reveal the effect of oncoprotein expression in different tissues (that is, transforming 

versus non-transforming). One could also undertake genetic analysis in patients who have 

congenital disorders that are prone to neoplasia by comparing malignant and healthy tissues. 

In this context, genetically engineered mouse models can be of great interest. Finally, it is of 

vital importance to keep developing therapies that inhibit oncoprotein function, which could 

be used not only for patients with cancer but also for patients with congenital disorders.
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Box 1 |

The Happle hypothesis

On the basis of the observation that McCune-Albright syndrome is not an inheritable 

disorder, Rudolf Happle, a German dermatologist, postulated what is now considered the 

Happle hypothesis50. McCune-Albright syndrome is characterized by the presence of 

fibrous dysplasia, endocrine dysfunction and cutaneous lesions118. Happle observed that 

the pigmented skin lesions follow the patterns of the Blaschko lines, described earlier by 

Alfred Blaschko52. Happle realized that skin lesions following such lines visualize the 

dorsoventral patterning of two cell populations during embryogenesis, suggesting that 

individuals with McCune-Albright syndrome have two genetic clones and are, therefore, 

chimaeras. Indeed, later genetic studies showed that these patients carry a mosaic GNAS 
mutation117. On the basis of the fact that all cases of McCune-Albright syndrome are 

sporadic, he speculated that this disorder was the result of a dominant lethal gene that 

survives only through mosaicism. The analysis of other cutaneous mosaicisms, such as in 

Schimmelpenning-Feuerstein-Mims syndrome, Proteus syndrome and Klippel-Trenaunay 

syndrome, among others, confirmed his observations; none of these disorders can be 

transmitted through the germline. With the recent development of mouse models, we can 

now confirm that these causative genes are incompatible with life. Following the Happle 

hypothesis, it is predicted that 'strong alleles' cannot be found in the germline, in contrast 

to 'weaker alleles'. Examples of these are summarized in the graph (see the figure).
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Box 2 |

Genetically engineered mouse models to study oncoproteins

The Cre-loxP system allows us to conditionally express oncoproteins somatically, while 

CRISPR-Cas9 facilitates the generation of germline mutations by editing mouse 

zygotes214–216. In the Cre-loxP system, insertion of a loxP-STOP-loxP cassette in front 

of the oncogene prevents its expression until it is removed by Cre recombinase, for 

example in the KrasG12D conditional mouse model43. This strategy is not recommended 

when heterozygous compound mice exhibit a detrimental phenotype, since the 

conditional gene is a null allele. To overcome this limitation, many investigators have 

relied on the so-called safe locus (that is, Rosa26)217,218. However, the abnormal 

expression of the oncoprotein can lead to artefactual phenotypes. Alternatively, 

conditional knock-in mice allow expression of oncoproteins in their endogenous locus; 

the wild-type gene is normally expressed but, on Cre recombination, the mutant allele 

encoded in a downstream minigene replaces the endogenous gene. This is particularly 

useful in mutations that are found in the last coding exons, such as in the Pik3caH1047R 

mouse model219. To model somatic mosaicism, one approach is the use of latent alleles, 

which are based on the hit-and-run gene targeting technology and spontaneously 

recombine in vivo169. CreER mice express a fusion between Cre recombinase and a 

tamoxifen-dependent, but oestrogen-resistant, oestrogen receptor. Here, the degree of 

mosaicism can be dependent on the tamoxifen concentration achieved in the tissues of 

interest or the time at which recombination was induced220. In regard to modelling 

clinically relevant mosaicisms, it is important to highlight the importance of CreER 

strains that are specifically expressed during germ layer formation and can be used to 

express oncoproteins in the mesoderm, ectoderm or endoderm. Refining such strains will 

provide a powerful tool to replicate mosaicism in a more faithful manner. When one is 

phenocopying mosaicism, genetically engineered mouse models also provide a 

remarkable opportunity to track mutant cells by leveraging the use of reporter strains. 

This can be achieved either by use of a ubiquitous conditional reporter, such as 

fluorescent proteins, or, ideally, by insertion of the reporter downstream of the oncogene 

of interest42.
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Fig. 1 |. 
Timeline of the key events in the history of and research into oncoproteins4,34,40,130,206–213.
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Fig. 2 |. Factors that influence the ability of oncoproteins to cause transformation.
The presence of oncogenic mutations in a tissue can lead to its transformation. However, this 

dogmatic view appears to be the exception rather than the rule. This figure depicts some of 

the factors that are likely to contribute to the process of oncoprotein-mediated 

transformation, which are dependent either on the characteristics of the oncoprotein itself 

(intrinsic factors) or the microenvironment and macroenvironment (extrinsic factors). Some 

of these factors are at the crossroads of this binary classification. The exact combination of 

factors required to facilitate tissue transformation is unknown, but it is reasonable to expect 

that many are needed and each tissue would require a different combination.
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Fig. 3 |. Genetic transmission of oncoproteins.
Mutations that lead to oncoproteins can occur during human development (panel a). 

Depending on the time and location where such mutations occur, the affected tissue will 

exhibit different patterns in the adult. Germline inheritance affects all lineages of the body 

and, in the case of oncoproteins, with autosomal dominant segregation. Oncogenic mutations 

can be transmitted from an affected parent who acts as a carrier or can occur spontaneously 

(de novo) during gametogenesis or in the zygote. Examples include achondroplasia and 

Costello syndrome, respectively (panel b). Postzygotic somatic mutations that occur in the 

blastocyst, during gastrulation or during embryogenesis lead to different degrees of 

mosaicism. In this example, a mutation that occurs in the ectoderm and mesoderm will affect 

various lineages that arise from these germ layers, including skin, brain, muscle and 

endothelial cells. An example is Sturge-Weber syndrome (panel c). Somatic mutations occur 
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late during embryogenesis, during development or in adulthood. These mutations typically 

affect a single lineage and display clonality, such as those seen in arteriovenous 

malformations and cancer (panel d).
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Fig. 4 |. The pathways of oncoprotein signalling in congenital disorders.
Most human oncoproteins are core components of the signalling pathways that regulate cell 

growth, division and proliferation. Among these, three major groups can be easily 

recognized: the receptor tyrosine kinase (RTK), PI3K-AKT and RAS-MAPK pathways. a | 

RTK pathway. Mutations in RTK genes often lead to ligand-independent activation of the 

receptor and signal through downstream pathways such as the PI3K, MAPK, signal 

transducer and activator of transcription (STAT) and SRC pathways. Most germline 

mutations in RTK genes lead to tumour predisposition syndromes. b | RAS-MAPK pathway. 

Mutations in genes in this pathway generally lead to cell cycle progression and proliferation. 

Activating mutations in the RAS gene isoforms (NRAS, HRAS and KRAS) are frequent in 

congenital disorders and cancer, but are mostly incompatible with life in the germline. Most 

germline syndromes include weak activating variants of the oncoproteins, such as the 

variants found cardiofaciocutaneous syndrome. Mutations in the genes encoding the trimeric 

G protein-associated GTPases GNAS, GNAQ and GNA11 cause syndromes characterized 

by their skin involvement, such as McCune-Albright syndome and Sturge-Weber syndrome. 

c | PI3K-AKT pathway. This is an important pathway that mainly regulates cell growth. 

Most mutations affecting PIK3CA, the PI3Ka isoform that generates phosphoinositide 3,4,5-

trisphosphate, result in syndromes with severe overgrowth and vascular involvement. This is 

also true for AKT1 mutations in Proteus syndrome. Germline mutations in PIK3CD, the 

PI3Kδ isoform mostly expressed in lymphocytes, cause a syndrome characterized by 

immunodeficiency. ALK, anaplastic lymphoma kinase; EGFR, epidermal growth factor 

receptor; FGFR, fibroblast growth factor receptor; GIST, gastrointestinal stromal tumour; 

mTORC1, mechanistic target of rapamycin complex 1.
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