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The RAS-RAF-MEK-ERK signaling pathway is vital for different cellular mechanisms

including cell proliferation, differentiation and apoptosis. This importance is highlighted

by the high prevalence of mutations in RAS or related proteins of the pathway in cancers.

More recently, development abnormalities have been linked to various germline mutations

in this pathway and called RASopathies. Interestingly, rare disorders such as RAS-

associated leukoproliferative diseases and histiocytosis have also been recently linked to

multiple mutations in the same pathway, sometimes with the same mutation. This review

will focus on germline RASopathies and rare somatic RASopathies and focus on how gain-

of-function mutations in the same pathway can lead to various diseases.
It's almost 60 years since discovering the human RAS pro-

teins as normal cellular counterparts of the Harvey and

Kirstein viral rat sarcoma oncogenes and almost 40 years

since the discovery of mutations in these proteins

contributing to the development of human cancers [1,2].

Ever since, RAS proteins and the associated pathways have
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been extensively studied for their contribution to cancer

development, unveiling its regulation and importance in

cellular proliferation, differentiation and survival, as well

as the high prevalence of these mutations in human can-

cers (~30% of all cancers) [3]. RAS genes encode a family of

small GTPases (HRAS, NRAS and two isoforms of KRAS:
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KRASA, KRASB). This family of GTPases controls the acti-

vation of the downstream RAF-MEK-ERK proteins consti-

tuting the RAS/mitogen-activated protein kinase (MAPK)

signaling pathway. They function as binary on-off switches

between an inactive GDP-bound form and an active GTP-

bound form after stimulation by various signals, including

growth factors binding to receptor tyrosine kinases (RTKs),

G-protein coupled receptors, cytokine receptors and

extracellular matrix receptors [4]. The switch between GDP/

GTP-RAS is tightly regulated by guanosine exchange factors

(GEFs) participating in its activation and GTPases activating

proteins (GAPs) facilitating GTP release, thus inactivating

RAS. Growth factors binding to RTKs leads to the receptors'
autophosphorylation. Adaptor proteins, such as growth

factor receptor-bound protein 2 (GRB2), can then interact

with RTKs. GRB2 is attached to Son of Sevenless proteins

(SOS), a guanosine exchange factor, increasing the RAS

nucleotide exchange rate from GDP to GTP, thereby ampli-

fying the RAS activation. GTP-bound activated RAS is then

able to phosphorylate downstream transducers: RAF pro-

teins (BRAF, ARAF and CRAF), which then phosphorylate

and activate MEK1 and/or MEK2, culminating to the phos-

phorylation and activation of ERK1 and/or ERK2 [Fig. 1] [5].

Phosphorylated-ERK1/2 exert numerous vital cellular

functions in the nucleus and cytosol, including cellular
Fig. 1 RAS/MAPK pathway and proteins involved in RAS-associat

process from the detection of stimuli (here growth factor) by tyro

and 2. Diseases associated with mutations in the pathway are ind

somatic ones. Increased phosphorylated ERK1/2 in RAS-associated

in BIM degradation, impairing activation autonomous cell-death

1, CFC: Cardio-facio-cutaneous syndrome, NSML: Noonan syndro

malformation-arteriovenous malformation syndrome, LS: Legius

Rosai-Dorfman, LCH: Langerhans-cell histiocytosis.
growth, regulation of apoptosis and differentiation [6].

Multiple regulators of this pathway have been identified,

and disruption, by genetic alterations, in one of the myriads

of proteins in the signaling pathway can lead to a global

gain-of-function in the RAS-associated pathways contrib-

uting to various diseases [6]. Considering its importance in

cell differentiation, growth and survival, it is not surprising

that germline mutations in this pathway lead to several

congenital developmental disorders named “RASopathies”

[4]. Interestingly, most of these conditions are known risk-

factor of developing secondary cancers of various origins

(both hematopoietic and non-hematopoietic neoplasm) but

are not fully penetrant in this matter, although the same

mutations can be found somatically in various cancers [7].

This review will focus on congenital diseases, so-called

“germline RASopathies”, and discuss what we could call

“somatic RASopathies” and how similar genetic back-

grounds can lead to different conditions.
Germline rasopathies

The “RASopathies” referred to a clinical spectrum of disorders

caused by germline mutations in components or regulators of

the RAS/MAPK pathway. They include neurofibromatosis 1
ed diseases. Overview of the RAS-MAPK pathway activation

sine kinase receptors (RTK) to the phosphorylation of ERK1

icated in dark blue for germline diseases and dark yellow for

autoimmune leukoproliferative disorders (RALD) participate

(ACAD). NS: Noonan syndrome, NF1: Neurofibromatosis type

me with multiple lentigines, CM-AVM: capillary

syndrome, ECD: Erdheim-Chester disease, RDD: Destombes-
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(NF1), Noonan syndrome (NS), Noonan syndrome with mul-

tiple lentigines (NSML), Costello syndromes (CS), Legius syn-

drome (LS), cardiofaciocutaneous syndrome (CFC), capillary

malformation-arteriovenous malformation syndrome (CM-

AVM) and autosomal dominant intellectual disability type 5 [4]

[Table 1]. Each of these diseases has unique clinical features.

Still, the common underlying genetic conditions lead to an

overlapping phenotype, including cardio-facio-cutaneous

anomalies, a known risk of secondary malignancies and var-

iable neurocognitive impairment [8]. Altogether, these syn-

dromes account for most congenital malformation disorders,

with 1 in 1000 newborns affected.

Neurofibromatosis type 1 (NF1)

NF1 was the first description of a congenital malformation

caused by a germlinemutation in the RAS/MAPKpathway. It is

an autosomal dominant disorder affecting approximately 1 in

3000 newborns. The clinical diagnosis relies on identifying one

or more of the following features: caf�e-au-lait spots on the

skin, intertriginous freckling, neurofibromas, plexiform neu-

rofibromas, Iris Lisch nodules, skeletal dysplasia, optic

pathway gliomas [9]. Patients can also present with craniofa-

cial dysmorphia reminiscent of Noonan syndrome, cardiac

malformations and other cardiovascular involvement, brain

malformation, seizures and mild cognitive impairment [9].

The disease is caused by heterozygous mutations in the NF1

gene located on chromosome 17 leading to haploinsufficiency

of neurofibromin. Half of the mutations are de novo [10,11].

Neurofibromin being a negative regulator of RAS, its hap-

loinsufficiency leads to a decrease GTPase activity of neuro-

fibromin and thus to an excess of active GTP-bound RAS [9].

This condition is a known risk factor for cancers including

optic pathway glioma but also rhabdomyosarcoma, neuro-

blastoma and juvenile myelomonocytic leukemia (JMML) in

childhood along with peripheral nerve sheath tumors,

gastrointestinal stromal tumors, somatostatinomas, pheo-

chromocytomas, breast cancer, colon cancer, lung cancers, in

adulthood [4,9]. The appearance of a JMML in NF1 is frequently

linked to a biallelic inactivation of the NF1 gene due to uni-

parental disomy or less frequently to compound heterozygous

mutations and occasionally to interstitial deletions or other

additional events [12e14]. The clinical course of JMML in such

cases is aggressive and allogenic hematopoietic stem-cell

transplantation is often mandatory. Despite these second

genetic events, there is still a lack of understanding why some

patients will develop a secondary malignancy and others not.

Further understanding of this specific matter would be of in-

terest in the follow-up of patients.

Noonan syndrome (NS) and related disorders

NS is one of the most prevalent RASopathies with 1 in 1000

people affected worldwide cited in most publications even

though there are no dedicated epidemiological studies to date

[15,16]. In 1963, Jacqueline Noonan first reported nine patients

with pulmonary valve stenosis, craniofacial anomalies such

as hypertelorism, high forehead, epicantal folds, ptosis, short

neck and growth retardation, significant chest deformities

and mild cognitive impairment [17]. The disorder spectrum
further extended, then adding clinical heterogeneity

(reviewed in Ref. [18]). The diagnosis relies on clinical features

standard in all Noonan patients, including craniofacial dys-

morphic features evolving with age, congenital heart defects

in 90% of cases, with the most prevalent being pulmonic ste-

nosis and hypertrophic cardiomyopathy, afterbirth growth

impairment, bleeding disorders, cryptorchidism, variable

cognitive deficits and less frequently predisposition to juve-

nile myelomonocytic leukemia (JMML) [19]. As clinical fea-

tures evolve with age, some adult patients have been

diagnosed after the birth of a more severely affected child.

NS is a clinically diagnosed, genetically based, heteroge-

neous autosomal dominant disorder with some de novo mu-

tations reported [18]. Almost 50% of Noonan patients carry a

heterozygous mutation in PTPN11 encoding SHP2 [20]. SHP2 is

a nonreceptor protein tyrosine phosphatase composed of two

SH2 domains and a catalytic PTP domain that de-

phosphorylates tyrosine-phosphorylated signaling proteins.

The vastmajority of themissensemutations in PTPN11 lead to

constitutive activation of the catalytic domain of the protein

product conducting an excess of RAS/MAPK signaling [20].

In addition to the PTPN11 mutations, many other genes

have been linked to NS and NS-like disorders: SOS1, RAF1,

KRAS, NRAS, SHOC2, CBL, SOS2, MRAS, RRAS2, MAP2K1 [16].

Mutations of these genes lead to the RAS/MAPK pathway

activation through different mechanisms and thus to

different phenotypes.

SOS1 heterozygous hypermorphic missense mutations are

the second NS-causing mutations accounting for almost 20%

of cases [21e23]. SOS1 is an essential RAS guanosine exchange

factor (GEF) involved in the RAS-GDP to RAS-GTP conversion

after translocation to themembrane [24]. Once translocated to

the membrane, changes of SOS1-conformation unmask the

allosteric binding site for RAS, whereas at the baseline SOS1 is

in a catalytically inactive conformation. Almost all the mu-

tations affect codons altering residues responsible for this

inactive conformation leading to a sustained and prolonged

ligand-dependent activation of RAS [22,23]. Of note, SOS1-

mutated NS patients have some distinctive clinical features

such as ectodermal abnormalities and absence of cognitive

impairment [21].

Some Noonan patients carry mutations in the KRAS gene

[25,26]. KRAS encodes two isoforms, KRASA, with tissue-

specific expression and KRASB ubiquitously expressed and

highly implicated in normal development. Mutations in this

gene lead to the activation of the Ras/MAPK pathway in two

different ways: decreased intrinsic or GAP-dependent GTPase

activity (interfering with the inherent ability to hydrolyze GTP

in GDP). Secondly, mutations can interfere with the binding of

guanine nucleotide to KRAS. Patients harboring mutations in

KRAS tend to have a more severe phenotype, including the

occurrence of a severe form of JMML [8].

Mutations in NRAS have also been reported in some cases

with a weaker capacity of activating MAPK cascade than the

NRAS mutations found in cancer, especially the G12V substi-

tution [27].

Mutations in RAF1 encoding CRAF, part of a small family of

serineethreonine kinase including BRAF and ARAF, is rarely

seen in NS [28,29]. These proteins have different kinase ac-

tivity regarding their substrate MEK1 and MEK2 and thus
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Table 1 Germline mutations in RASopathies and associated somatic diseases.

Diseases Mutated genes Protein function Example of somatic hematopoietic disease associated withmutations in each
gene

Neurofibromatosis type 1 (NF1) NF1 RAS-GAP JMML, M-group histiocytosis

Noonan syndrome (NS) PTPN11 Phosphatase M-group histiocytosis

SOS1 GEF JMML

KRAS GTPase RALD, JMML, ECD, RDD, M-group histiocytosis

NRAS GTPase RALD, JMML, ECD, RDD, LCH, M-group histiocytosis

SHOC2 Scaffolding

CBL E3 ubiquitin ligase JMML, M-group histiocytosis

MAP2K1 Kinase ECD, RDD, LCH

Noonan syndrome with multiple lentigines (NSML) RAF1 Kinase ECD

PTPN11 Phosphatase M-group histiocytosis

Costello syndrome (CS) HRAS GTPase M-group histiocytosis

Cardio-facio-cutaneous syndrome (CFC) KRAS GTPase RALD, JMML, ECD, RDD, M-group histiocytosis

BRAF Kinase ECD, LCH, RDD, M-group histiocytosis, hairy cell leukemia

MAP2K1 Kinase ECD, RDD, LCH, M-group histiocytosis

MAP2K2 Kinase ECD

Legius syndrome (LS) SPRED1 Sprouty-related, EVH1

domain-containing

protein 1 (inhibitor of

RAS/MAPK activation)

Capillary malformation arteriovenous malformation Syndrome

(CM-AVM)

RASA1 RAS-GAP

Autosomal dominant intellectual disability type 5 SYNGAP1 Synaptic RAS-GAP

Abbreviations: JMML: juvenile Myelo-Monocytic leukemia; RDD: Destombes-Rosai-Dorfman; ECD: Erdheim-Chester disease; LCH: Langerhans cell histiocytosis; RALD: RAS-associated leukoproli-

ferative disease.
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participate differentially in the RAS/MAPK pathway [5,30]. The

RAF1 gene encodes a protein with three functional domains

(conserved region 1 (CR1), CR2 and CR3). TheN-terminal CR1 is

involved in GTP-RAS binding and the interaction with the

cytosolic surface of the cell membrane. CR2 controls an

autoinhibition conformation of the protein whereas CR3

contains the kinase domain. Germline mutations cluster in

CR2 or CR3 residues. According to their location, mutations

can differentially perturb the protein function with amino-

acid changes in the CR2 domain, disturbing the protein's
inactive conformational state, leading to enhanced MAPK

signaling. In contrast, mutations affecting the kinase domain

are loss-of-function mutations, implying a yet undetermined

mechanism leading to enhanced MAPK activation [16]. These

RAF1 mutations have been linked to NS and found in some

patients with LS. They seem to be characterized by a high

prevalence of hypertrophic cardiomyopathy (~75%) compared

to the prevalence in the general population of NS (~18%) and a

high proportion of patients with multiple nevi lentigines and

caf�e-au-lait spots. BRAF mutations have also been found in

some patients with features of NS or LS (<2% of NS) [31]. These

mutations do not overlap with the cardio-facio-cutaneous

syndrome (CFC) in which this gene is frequently involved [31].

A single de novo heterozygous missense mutation in the

gene SHOC2, resulting in an S2G substitution, leads to an

excess of SHOC2 N-myristoylation. Consequently, the SHOC2

aberrant localization to the internal membrane drives the

excessive MAPK signaling [32]. This mutation was associated

with a unique phenotype of Noonan syndrome with loss of

anagen hair, an NS-like disease [32,33].

MAP2K1 germline mutations have been rarely reported in

NS [34]. In the study of Nava and colleagues, three mutations

affecting highly conserved residues have been reported. Still,

one mutation was inherited from a healthy mother and the

other mutations were not characterized functionally but were

predicted deleterious and located in a hotspot of known

pathogenic mutations [34].

Deleterious heterozygous mutations in Cas-Br-M (murine)

ecotropic retroviral transforming sequence (CBL) have been detec-

ted in patients carrying clinical features fitting or partially

overlapping NS [35,36]. CBL belongs to a small family of E3

ubiquitin ligase contributing to the endocytosis and thus

negative regulationof RTKsandparticipate in signalflowof the

MAPK cascade through its adaptor function [37]. Mutations

affect the well-conserved region of its tyrosine kinase domain

and RING-finger domain responsible for its ubiquitin ligase

activity leading toagain-of-function in theMAPKpathway [35].

Costello syndrome (CS)

CS is one of the rarest RASopathies with many overlapping

featureswith previous syndromes and an estimated incidence

of 1/300 000 births [38,39]. Patients present in early life with

characteristic dysmorphic facial features, failure to thrive,

musculoskeletal, ectodermal and ocular abnormalities along

withhypotoniaandvariable cognitive impairment [40]. Typical

facial features include, among others, macrocephaly, epican-

thal folds and a short nose. Patients also present with cardiac

malformations consisting of hypertrophic cardiomyopathy,

valve anomalies, septal defect and arrhythmia. A primary
concern in these patients is the increased risk of secondary

neoplasm, both benign and malignant. Papilloma is highly

prevalent, with more than 70% of patients harboring different

localizations,mainly to the nose, throughout life. Interestingly

this particular neoplasm is not seen in the other RASopathies

and can help to make the diagnosis with other dermatological

features such as soft skin with excessive wrinkling along with

deep creases [41]. Malignant neoplasms concern up to 20% of

patients and consist of rhabdomyosarcoma, transitional cell

carcinoma and neuroblastoma. Contrary to NS, Costello syn-

drome is caused by different mutations in a single gene,

namely HRAS, with the G12S substitution being the most

prevalent, followed by G12A [40]. These mutations lead to a

constitutive activation state of HRAS, increasing RAS/MAPK

signaling.Most of thesemutations are de novo, thus siblings are

rarely affected although gonadmosaicism in a father has been

once reported [42]. Of note, loss of heterozygosity has been

frequently observed in rhabdomyosarcoma, explaining in part

that malignancies occurrence is not fully penetrant and illus-

trating the frequent need for second events in germline

RASopathies to develop neoplasia [4,43]. Genotype-phenotype

correlation has been reviewed elsewhere and highlights the

importance of a genetic diagnosis in these patients and in

RASopathies in general to improve the clinical follow-up based

on known predicted evolution [40].

Cardio-facio-cutaneous syndrome (CFC)

CFC is another syndrome of the large family of RASopathies,

thus sharing some clinical features of NS and CS with some

specific characteristics [44]. Patients have sparse, brittle, curly

hair, amacrocephalywith a prominent forehead, among other

features. Cardiac malformations are as common as in CS and

NSwith a high prevalence of pulmonic stenosis. Heterozygous

gain-of-function mutations accounting for this phenotype

have been found in 4 genes: BRAF, MAP2K1 (MEK1), MAP2K2

(MEK2) and less frequently KRAS. Heterozygous BRAF muta-

tions account for 75% of the genetic background in CFC pa-

tients for whom amutation is identified whereasMAP2K1 and

MAP2K2 account for 25% [34,44]. Almost all the mutations in

BRAF, encoding a serineethreonine kinase, are gain-of-

function with increased kinase activity. However, some

other mutations are associated with an impaired kinase ac-

tivity but still lead to a global gain-of-function on the MAPK

pathway through CRAF [34]. Interestingly, although gain-of-

function mutations in CFC patients belong to a well-known

oncogenic pathway, patients do not appear to have an

increased risk of cancer such as NS, CS and NF1, adding a yet

unexplained genotype-phenotype heterogeneity.

Capillary malformation-arteriovenous malformation
syndrome (CM-AVM)

CM-AVM is a rare autosomal dominant disorder clinically

characterized by many disseminated capillary malformations

and fistulas [45]. Heterozygous loss-of-function mutations in

RASA1, encoding a RasGAP (p120-GAP) like NF1, cause the

activation of the RAS/MAPK pathway by losing a RasGAP-

mediated negative regulation [46]. Almost 30% of patients

carry a de novo mutation and nearly all the mutations are

https://doi.org/10.1016/j.bj.2021.06.004
https://doi.org/10.1016/j.bj.2021.06.004


b i om e d i c a l j o u r n a l 4 4 ( 2 0 2 1 ) 4 2 2e4 3 2 427
frameshift, nonsense or affect a splice region leading to p120-

GAP haploinsufficiency. Some mutations in RASA1 have been

found in Parkes Weber syndrome and vein of Galens malfor-

mations. Some patients have additional clinical features such

as cardiac malformations (tetralogy de Fallot, valve anoma-

lies, septal defects) [45].

Legius syndrome (LS)

LS is an NF1-like syndrome caused by heterozygous loss-of-

function mutations in SPRED1. SPRED1 encodes the SPRED1

protein, a negative regulator of the RAS/MAPK pathway by

inhibiting RAS phosphorylation [47]. Patients have standard

features of NF1 such as caf�e-au-lait spots, intertriginous

freckling, mild neurocognitive impairment but do not present

with neurofibromas or central nervous system tumors seen in

classical NF1 [48].

Interestingly, although all these syndromes have in com-

mon germline mutations activating the RAS/MAPK cascade,

consequences regarding the hematopoietic system are highly

heterogeneous. Some patients may present JMML during their

life (especially NSwith CBL,NRAS, KRAS, PTPN11mutation and

NF1 patients). In contrast, other germline syndromes with

mutations in BRAF or MAP2K1 are not associated with an

increased risk of hematopoietic disorders such as histiocy-

tosis, where somatic mutations in BRAF and MAP2K1 account

for almost 70% of the diseases. Moreover, mutations in KRAS

or NRAS causing NS do not necessarily lead to hematopoietic

or solid cancers. One hypothesis is that the affected residues

lead to a weaker activation of the pathway in germline versus

somatic mutations.
RAS/MAPK events and the hematopoietic system

Mutations in the RAS/MAPK pathway have been implicated in

numerous diseases since its discovery in humans 60 years

ago. Somatic mutations in cancer have been extensively

studied and more recently, germline mutations leading to an

overall activation of the pathway have been linked to what is

now called RASopathies, comprising ectodermal and meso-

dermal development abnormalities and various neoplasia.

Interestingly, although mutations in RASopathies are germ-

line and may affect all tissues, the consequence in the

different cellular subsets does not necessarily fit with the

phenotype seen in patients with somatic mutations. This

discrepancy could be explained by other affected residues and

by second events, epigenetic, environmental and yet unde-

termined factors as some patients with different phenotypes

carry the same mutation.

The next part of the review will focus on somatic events in

the RAS/MAPK pathway that have consequences in the he-

mopoietic systemandwewill discuss overlapping phenotypes

between germline and somatic mutations.

RAS-associated autoimmune leukoproliferative disorder
(RALD)

RAS-associated autoimmune leukoproliferative disorder, so-

called RALD, has been recently recognized as a non-
malignant and non-infectious clinical syndrome sharing

characteristics with the autoimmune lymphoproliferative

syndrome (ALPS) [49]. Before classifying the disease as RALD,

patients were classified as ALPS-like patients (ALPS type IV) of

unknown origin because they shared common ALPS clinical

and biological features without mutations in known genes

associated with this condition (namely FAS or FASLG). Indeed,

patients with RALD present with early-onset splenomegaly,

chronic lymphadenopathy, monocytosis, multilineage cyto-

penia and hypergammaglobulinemia [49,50]. These cytopenia

are highly frequent and mostly immune-mediated, like in

ALPS, immune-mediated thrombocytopenia, autoimmune

hemolytic anemia, or both [51]. In a recent literature review,

Neven and colleagues also reported neutropenia in 3 cases

(probably auto-immune mediated) [52]. In this study, 27 pa-

tients are discussed, giving an overview of RALD cases pub-

lished so far. Themedian age at disease-onset was 2 years but

ranged from 3 months to 36 years indicating that this disease

can be seen in adults. The most frequent feature was

splenomegaly (26/27), followed by immune-mediated cytope-

nia (15/16) and monocytosis (18/24). Some patients present

with pericarditis, reported in 6 cases, and skin involvement,

reported in 4, with various findings such as unspecified ery-

thematosus and Henoch-Schonlein purpura. Gastrointestinal

tract manifestations have been reported with colonoscopy

biopsies showing B-cell lymphoproliferation in one case, colic

inflammation in another and ulcerations in 2 patients.

Glomerulonephritis, arthralgiaswith orwithout inflammatory

arthritis were also reported. Even though RALD shares clinical

features with ALPS, biomarkers are quite different since an

increased TCRab þ CD4-CD8- “double negative T cells count”,

the hallmark of ALPS, and increased plasma levels of vitamin

B12, soluble FASLG (sFASLG), IL-10 and IL-18 are not always

found in RALD patients. Of note, the persistence of an

increased monocyte absolute count or relative percentage

seems to be a hallmark of RALD in a compatible context [53].

Despite this, clinicians facing the differential diagnosis of

patients presenting with splenomegaly, generalized lymph-

adenopathy with or without autoimmunity must evoke an

extensive list of possible diseases, both rare and frequent,

including infections, various type of malignancies such as

lymphoma, JMML or CMML, and rare diseases such as ALPS,

RALD or Destombes-Rosai-Dorfman (RDD). Thus, reliable

markers delineating and helping differentiate these disorders

are essential to guide therapeutic strategies and follow-up.

The genetic basis of these patients presenting with ALPS-

like features has been resolved at the beginning of the 21st

century with the discovery of recurrent somatic mutations in

KRAS and NRAS. In the first description of ALPS type IV, Oli-

veira and colleagues described a patient with an activating

NRAS mutation impairing apoptosis of T cells after with-

drawal of IL-2 [50]. In normal lymphocytes, growth factor

withdrawal (such as IL-2 for T cells) leads to BIM release, a pro-

apoptotic member of the B cell lymphoma 2 family (BCL2). By

interacting with BCL2, BIM allows the oligomerization of BAX

and BAK at the mitochondrion surface, leading to their per-

meabilization and the release of cytochrome c in the cyto-

plasm where it triggers apoptosis via the formation of a

multimolecular complex, containing APAF1 and Caspase 9,

and called the apoptosome [54]. This intrinsic apoptosis
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pathway, named ACAD for activated cell-autonomous death,

is involved in the contraction of the lymphocyte pool, with the

cytokine production decreasing once the targeted cells or

antigens are eliminated. AICD, for activation-induced cell

death, is another way of triggering apoptosis in chronically

stimulated lymphocytes. AICD involves the activation of

“death receptors”, such as FAS, upon interaction with its

cognate ligand (FASLG). FAS is expressed at the surface of

activated lymphocytes and the chronic antigen-receptor

stimulation leads to FASLG expression and thus to the

apoptosis of unwanted, mainly autoreactive, lymphocytes

[54e56]. Contrary to RALD, the ALPS patients' lymphocytes

exhibit an AICD defect but normal ACAD, thus stratifying

these two diseases in terms of pathophysiology.

The discovery of a distinct apoptosis defect in patientswith

ALPS-like features (impaired ACAD, normal AICD) prompted

Oliveira and colleagues to look for mutations in genes

encoding proteins involved in ACAD regulation, such as the

BH3-only BCL-2-interactingmediator of cell death (BIM), ERK1/

2, JNK1/2. Still, they found no mutation [50]. By looking at

differentially expressed genes between healthy donors' lym-

phocytes and patient's lymphocytes, the authors discovered a

signature suggestive of constitutive activation of the RAS/

MAPK pathway. The sequencing of NRAS evidenced a single

heterozygous mutation leading to a non-conservative amino

acid change from aspartic acid to glycine at codon 13 (NRAS p.

G13D). Interestingly, this amino acid change had already been

described in various malignant conditions (human pediatric

cancers, adult myeloid and lymphoid malignancies) and was

known to stabilize RAS in an activate conformation leading to

an overflow of the RAS/MAPK pathway. Later, additional pa-

tients have been recognized as RALD and all of them carry a

gain-of-function somatic mutation in NRAS or KRAS [52].

These RAS genes activating mutations lead to the constitutive

phosphorylation of ERK1/2, which then phosphorylate the

pro-apoptotic protein BIM leading to its degradation and thus

impairing ACAD [Fig. 1] [50,57]. In the most recent review of

the literature, 16 patients had a somatic mutation in KRAS

(59%) and 11 patients a mutation in NRAS (41%) [52]. These

mutations are thought to appear in early hematopoietic pro-

genitors and have been detected in various immune subsets

(lymphocytes, monocytes) but not in skin-derived fibroblasts

or saliva swab specimens. Since then, RALD has been classi-

fied as a distinct clinical entity from ALPS presenting with

non-malignant lymphoproliferation, persistent monocytosis,

leukocytosis, and frequently associated variable autoimmune

features. The most frequent autoimmune feature is autoim-

mune cytopenia, but systemic lupus erythematosus (SLE) has

also been described [58]. A key clinical message from the re-

ported pediatric patients carrying a somatic NRAS mutation

and SLE is that they presented with lymphoproliferative syn-

drome (enlarged lymph nodes, splenomegaly, or hep-

atosplenomegaly), which is possible in SLE but should call

attention, especially in a pediatric setting. Plus, all patients

had persistent monocytosis. Another case of RALD has been

described with both features of SLE and Destombes-Rosai-

Dorfman (RDD) linked to a de novo somatic mutation in KRAS

(p.G13C), reported in cancer, RALD and NS [59].

Interestingly, in bona fide germline RASopathies, some pa-

tients may present with autoimmunity reminiscent of SLE,
especially NS patients, although it is rare [60]. These cases of

RALD or germline RASopathies associated with SLE highlight

the usefulness of looking for monogenic forms of autoim-

munity in pediatric SLE to better understand the pathophys-

iology and eventually propose personalized therapeutic

strategies. It is, for example, not known if patients with SLE

and/or RALD could benefit from MEK inhibitors such as cobi-

metinib or trametinib, used in both malignant (melanoma)

and non-malignant diseases (histiocytosis) as tested in pre-

clinical models of RAS-mutated iPSCs [61e63].

Juvenile myelo-monocytic leukemia (JMML)

The clinical and biological features of RALD patients are

reminiscent of those of JMML making the differential diag-

nosis sometimes difficult [64]. JMML is a rare myeloprolifera-

tive/myelodysplastic neoplasm of early childhood

reminiscent of CMML in adults. Clinical features include

splenomegaly, fever, thrombocytopenia, monocytosis and

myelo-monocytic infiltration of the skin and sometimes vital

organs such as the lungs. Sixty-five percent of JMML patients

also have hypergammaglobulinemia and 22% have features of

autoimmunity, two features also seen in RALD [65]. It repre-

sents between 20 and 30% of myeloproliferative/myelodys-

plastic syndrome seen in childhood with a poor median

survival of less than one year in untreated patients [65]. The

risk of evolution toward acute myeloid leukemia (1/3 of the

patients) has made hematopoietic stem-cell transplantation

the standard of care in these patients even though some rare

“long-term survivors” with spontaneous remission have been

described [66]. Thus, differentiating between RALD and JMML

is of the utmost importance in terms of clinical management.

Guidelines for the diagnosis of JMML have been reviewed in

the WHO classification of myeloid malignancies in 2016 but

RALD can fit with these criteria [67]. This neoplasm shares a

genetic basis with both RALD and germline RASopathies as it

can be both initiated by germline or somatic mutation in RAS

genes (NRAS, KRAS) or regulators of the pathway (PTPN11, CBL,

NF1) defining syndromic JMML or sporadic JMML, respectively

[64,68]. More than 90% of patients with JMML now have a

molecular diagnosis. Indeed, contrary to other cancers in

children, it has been shown that JMML requires fewer onco-

genic genetic events to develop [69]. Interestingly, it has been

demonstrated in a large cohort of JMML that additional mu-

tations could distinguish between long-term survivors' pa-
tients and those who will evolve toward a very aggressive

form of the disease such as transformation to acute myeloid

leukemia. These mutations include additional hits in the RAS

pathway (disproving the concept of mutually exclusive RAS

pathway mutations), duplication of the oncogenic mutation

due to acquired uniparental disomy and mutations in epige-

netic regulators (SETBP1, ASXL1 for example). These second

events were not found in NS or CBL syndrome with JMML

suggesting that the germline hit was sufficient on itself to

develop the disease contrary to NF1 patients where additional

events were found in 100% of cases, including acquired uni-

parental disomy. This observation brings grain to the mill for

different activation levels of the RAS/MAPK pathway induced

by germline versus somatic mutations. This is exemplified by

the publication of two PTPN11 and one NRAS germline

https://doi.org/10.1016/j.bj.2021.06.004
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variants in neo-natal or pre-natal lethal Noonan syndrome.

These variants had been previously described in isolated

JMML and argued that somatic variants found in JMML lead to

a gain-of-function in the RAS/MAPK pathway rarely compat-

ible with life if germline [70].

Nevertheless, second events could account for RALD evo-

lution to JMML. This risk of malignancy following long-term

non-malignant lymphoproliferation in RALD is exemplified

by the case of a p.G13C KRAS-mutated patient with more than

10 years of indolent disease evolving toward aggressive leu-

kemia. This patient was diagnosed at 5 years with lympho-

proliferation and autoimmune cytopenia requiring

splenectomy and rituximab therapy and then presented at age

20 with chest pain and leukocytosis, subsequently evolving to

a fatal acute respiratory distress syndrome linked to leuko-

stasis [57]. A better understanding of indolent RALD to severe

JMML evolution would be of great interest to stratify patients

at risk.

Other non-malignant hematopoietic proliferation linked to
genetic-based RAS-activated pathway

Histiocytosis is a large group of rare diseases characterized

by the accumulation of histiocytes in various organs recently

revised in their classification [71]. Five groups are now

delineated: R-group with different subtypes of Destombes-

Rosai-Dorfman (familial monogenic, associated with auto-

immune diseases or malignancies, nodal and extra-nodal),

L-group with Erdheim-Chester disease (ECD), Langerhans

cell histiocytosis (LCH), and mixed histiocytosis (ECD and

LCH features), C-group with cutaneous non-Langerhans cell

histiocytosis (non-LCH), H-group for primary and secondary

hemophagocytic lymphohistiocytosis and finally M-group

for malignant histiocytosis, previously named histiocytic

sarcoma. In the past decade, a breakthrough in under-

standing these diseases was the discovery of recurrent mu-

tations in the RAS/MAPK pathway. First, in LCH, with the

discovery of recurrent somatic BRAF V600E mutation in more

than 50% of patients, followed by the same discovery in ECD

withmore than 50% of patients harboring the samemutation

[72,73]. The characterization of these variants led to the

revised classification of histiocytosis in 2016, bringing in the

same group LCH and ECD based on a shared genetic land-

scape and a frequent association between the two diseases

(called mixed histiocytosis) [74]. Following this discovery,

several other mutations in this particular pathway were

found, both in LCH and ECD and to a lesser extent in R-group

and M-group (NRAS, KRAS, MAP2K1, MAP2K2, ARAF, PTPN11,

among others) [75e78]. Interestingly, many of these muta-

tions have been described in RALD, JMML and germline

RASopathies, such as NRAS p.G12D or KRAS p.G13C. More

strikingly, as said before, a lymph node biopsy in a RALD

patient with a KRAS p.G13C mutation has shown compatible

histology with RDD [57]. This type of RDD is classified as

immune-related RDD in the 2016 classification but asks

questions in delineating these two diseases. Other patients

with a diagnosis of RALD have been reported with a lymph

node biopsy showing sinus histiocytosis without specifying

if these imageswere compatible with emperipolesis and thus
a diagnosis of RDD. Why some patients with a somatic mu-

tation in hematopoietic precursors will develop an L-group

or R-group histiocytosis or a RALD has yet to be explained

[79]. The age of onset of the diseases, late adulthood for

Erdheim-Chester disease and childhood for RALD argue for a

link with different second events and somatic mutations

arising at a different age or in different precursors.

Even more interesting was the discovery that, as seen in

RALD, patients with an L-group histiocytosis were at

increased risk of developing secondary myeloid neoplasm

such as CMML [80]. More recently, Cohen-Aubart and col-

leagues reported a high frequency of what is now called clonal

hematopoiesis of undetermined significance in addition to

activating mutations in the RAS/MAPK pathway in Erdheim-

Chester disease [81]. The most frequent mutations were

found in TET2, ASXL1, DNMT3A andNRAS and were detectable

in CD34 þ CD38-derived bone marrow cells as well as in pe-

ripheral blood but to a lesser extent in B and T lymphocytes

[81]. Interestingly, mutations in these genes have been found

in JMML patients and classified as a second hit that could

result in disease progression toward a more aggressive

phenotype [82]. Even though the clinical phenotype of histio-

cytosis does not necessarily fit with RALD, it would be of in-

terest to dissect this heterogeneity of presentation using new

tools such as single-cell epitope and RNA and/or DNA

sequencing to go deeper in the understanding of how the

same somatic event can lead to such different diseases.

Reminiscent of the high frequency of autoimmunity seen in

RALD, a recent report highlight the high frequency of associ-

ated auto-immune diseases in L-group histiocytosis (Erdheim-

Chester disease or mixed histiocytosis) and demonstrated

how targeted therapies such as the MEK inhibitor cobimetinib

could decrease the amount of autoantibodies (especially

anticardiolipin) [83].
Concluding remarks (outlook)

Germline and somatic mutations in the RAS/MAPK pathway

can lead to heterogeneous diseases. On the one hand,

germline mutations lead to developmental abnormalities and

susceptibility to various cancers, including JMML, on the

other hand, somatic mutations have been well described in

more than 30% of cancers including hematopoietic disorders.

In particular, hematopoietic diseases related to a RAS/MAPK

pathway hyperactivation include various rare disorders such

as different types of histiocytosis, hairy cell leukemia, RALD

and JMML with or without associated autoimmunity. The

reason why some patients may develop RALD or histiocytosis

with or without autoimmunity while carrying the same so-

matic mutation remains to be elucidated. Second, not all

patients with germline mutations develop JMML or other

hematopoietic disorders, while cells are affected by the mu-

tation. It is not known either why and when some RALD or

histiocytosis patients will develop, sometimes fatal, malig-

nant hematopoietic diseases. One explanation is the acqui-

sition of second events as shown in JMML and histiocytosis,

participating in the development of the hematopoietic dis-

ease [69,81]. How the first hit in the RAS/MAPK pathway is
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linked to the appearance of second events is not known. One

of the possibilities to decipher all these discrepancies would

be to take advantage of expanding new technologies such as

single-cell epitope and transcriptomic analysis. Such studies

would hopefully lead to a better comprehension of RAS/

MAPK gain-of-function consequences in a cell-specific

manner. For example, these techniques explain the appear-

ance of mixed cryoglobulinemic vasculitis in primary Sj€ogren

Syndrome (pSS). In the study of Singh and colleagues, the

multi-omics analysis revealed that acquisition of known

lymphoma driver somatic mutations (CARD11, TNFAIP3,

KLHL6 among others) in B-cells was correlated to the

appearance of a pathogenic rheumatoid factor contributing

to the onset of a mixed cryoglobulinemic vasculitis [84].

Interestingly, like in histiocytosis or RALD, patients with pSS

can evolve toward a lymphoma (especially mucosa-

associated lymphoid tissue lymphoma, MALT, but not

exclusively). This study, using multi-omics, leads to a more

comprehensive overview of the pathophysiology of these rare

events.

The possibility to stratify patients with somatic RAS/

MAPK mutations at risk of developing secondary hemato-

logic cancers would be of great interest to adapt the follow-

up and why not the treatments. Patients with histiocytosis

carrying mutations in the RAS/MAPK pathway have been

treated with success for almost a decade now, with various

specific inhibitors such as BRAF and MEK inhibitors

[62,63,85]. Whether these treatments can be repositioned in

RALD, JMML or some germline RASopathies remained to be

determined.
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