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HelpodunbpomaTos 1-ro Tvna ABAAETCA CaMblM PacnpOCTPaHeHHbIM ayTOCOMHO-A0MUHAHTHBIM OMyX0/1eBbIM CUHAPOMOM, BCTPeYaloLWMMCA C Ya-
ctoTtoii 1 Ha 3000 HaceneHnA. OCOBEHHOCTbIO KNMHUYECKUX NPOAB/IEHNI 601€3HU ABAAETCA NOCTENEHHOEe NOABIEHNE NPU3HAKOB U BbIPaXEHHbI
KNMHWYECKNIA NONUMOPPU3M OT CTEPThIX M aTUNMNYHBIX GOPM A0 TAXKE/bIX KNaCCUYeCKMX NPoAB/eHWiA. B faHHOM 0630pe paccMoTpeHbl 3abone-
BaHWA, CUMNTOMbI KOTOPbIX 3HAYUTE/IBHO CXOXMW C HelipodMbpOMaTo30oM 1-ro TUMa, B CBA3M C YEM BaXKHbIM METOAOM ANs AnddepeHLnanbHom
AAMAarHOCTUKM ABNAETCA MO/IeKYNAPHaA AnarHoCTMKa 6oae3HU. MockonbKy 10% cnyyaeB 3a6os1eBaHUA 06YCN0BNEHDBI KPYMHbIMU feNeLnaMmn 0Ky-
ca 17q11.2, noMmuMo cekBeHnpoBaHusa reHa NFT Heo6XoAMMO NpoBeAeHMe 3aBUCMMOW OT JIMFMPOBAHUA MYNbTUM/IEKCHON aMMIMPUKaLUM 30HAA.
B 60nbWKHCTBE Cly4aeB HayasibHbIMU NPOABAEHUAMU HellpodumbpomaTosa 1-ro TUna ABAATCA MHOXECTBEHHbIE MUIMEHTHblE MATHA, KOTOpble
Ha NPOTAXKEHUN MHOTUX N1eT MOTYT 6bITb €AMHCTBEHHBIMU BHELIHUMY NPU3HaKaMu 601€3HK. B CBA3M € 3TUM MOryT 6bITh OWIMGOYHO YCTaHOB/EHbI
[AVNArHo3bl, 1A KOTOPbIX XapaKTePHbI JaHHbIe MMITMeHTHbIe M3MeHeHuA: cHApoMbl Bayma, LEOPARD, KapHes, Koctenno, Koyaera, Jlernyca, Huit-
MereH, HyHaH, MeiTua-Erepca, Cunbeepa-Paccena, kapAno-$aLmno-KoxHbli cHAPOM. O6HapyXeHWe NOAKOXHbIX HeMpopUOPOM MOXeT cTaTb
OCHOBaHMEM A/l HEBEPHOW AMArHOCTUKN CXOMMX MO KAUHUKE CUHAPOMOB Jlernyca U MHOXeCTBEHHOWM SHAOKPUHHOW Heonnasunu. Kpome Toro,
MHOXeCTBEHHbIE /INMOMbI ABAAIOTCA CNeUnPUIECKUMI NPOABIEHUAMU NUNOMaTO30B MagesyHra uam [lepkyMa, ceMeliHOro aHrMoaMnoMaTosa,
3TUO/IOTUA KOTOPbIX CHMTAETCA HensBeCTHOW. CAenaHo NpesnoNoXKeHNe, YTO 3T 3abosieBaHUA ABAAIOTCA aTUNUYHBIMU GOpPMaMK Helpodubpo-
MaTo3a 1-ro Tuna, MOCKO/IbKY pPAj aBTOPOB ONMUCANU UAEHTUMKaLMIO MyTaumii B reHe NFTy nayMeHTOB CO MHOXECTBEHHbIM /IMMOMaTO30M.
Mo3TOMy Ba)KHOe 3HauyeHMe NMeeT LWNPOKOe BHepeHMe B KNMHUYECKYIO MPaKTUKY BO3MOXHOCTU MONIEKY/IAPHO-TeHeTUYeCKON naeHTudMKaLum
60/1e3HU ANS BbIABNEHWUA C/yYaeB HelpopubpomaTosa 1-ro Tuna, He cooteTcTBytoWMX NpuHATLIM NIH (National Institute of Health) kputepusam
AnarHocTukn. Hanbonee nepcnekTMBHO CO3/aHne NaHeNu C UCCe0BaHUEM BCEX MeHOB, MyTaLMK B KOTOPbIX MOTYT BbI3blBaTb CXOXMUe C Helpo-
¢$unbpomaTo3oM 1-ro TMNa NposABieHUA. PaHHAA AnarHocTuka 3aboseBaHnA Heob6xoAMMa ANA CBOEBPEMEHHOrO Hayasia JIeYeHnA 1 NpeAoTBpalle-
HUA TAXE/bIX NPOABNEHUIA, MOCKONbKY B KAVHUYECKYIO NMPaKTUKY BHeAPAOTCA 3pPeKTUBHbIE METOALI MPOTUBOOMNYXO/1IEBOI Tepanum, Takue Kak

VIHFVI6I/ITOPI:I MMTOFEH-aKTMBMPyeMOﬁ KWHa3bl.

Knro4deBbie cnoBa: zen NF1, dugpdpeperyuansHas duazHOCMuUKa, AUNOMaMO3, Mymayuu, Helpodubpomamos 1-20 muna, ceKBeHUpoBaHue
KoH$AuKT nHTepecos
ABTOpbI 3aABAAIOT, YTO AaHHas paboTa, eé TeMa, NpeAMeT U CoAepIKaHUe He 3aTparnBaloT KOHKYPUPYHOLMUX MHTEPeCcoB

McToYHMKMN puHaHCUpOBaHUA

ABTOPpbI 3aABNAIOT 06 OTCYTCTBUM PUHAHCUPOBAHWA NPY NPOBEAEHNN NCCNe/0BaAHNA
CraTba nonyyexa 25.08.2021r.

MpuHATa K nybavkauum 24.12.2021r.

Ana uutupoBaHuA: Mycrapun P.H. KIMHUYECKME MACKU HEMPO®VEPOMATO3A 1-TO TUMA. Apxub BHYTpeHHeii MeanumHbl. 2022;
12(2): 93-103. DOI: 10.20514/2226-6704-2021-12-2-93-103

*Konrakrsl: Pyctam Haunesia Mycradun, e-mail: ruji79@mail.ru
*Contacts: Rustam N. Mustafin, e-mail: ruji79@mail.ru
ORCID ID: https://orcid.org/0000-0002-4091-382X




94

LECTURES The Russian Archives of Internal Medicine ® Ne 2 e 2022

Abstract

Neurofibromatosis type 1 is the most common autosomal dominant tumor syndrome. The prevalence of the disease is 1 in 3000 people.
Neurofibromatosis type 1is characterized by the gradual appearance of signs of the disease and pronounced clinical polymorphism from erased and
atypical forms to severe classical manifestations. The review is devoted to the consideration of diseases, the manifestations of which are significantly
similar to neurofibromatosis type 1, and therefore, molecular diagnosis of the disease is an important method for differential diagnosis. To make a
diagnosis of neurofibromatosis type 1, it is necessary to find mutations in the NF7 gene using sequencing. In 10% of cases, neurofibromatosis type
1is caused by large deletions of the 17q11.2 locus, therefore, multiplex ligation-dependent probe amplification is also necessary. Typically, the initial
manifestations of neurofibromatosis type 1 are multiple café-au-lait spots, which may be the only external signs of the disease for many years.
Therefore, patients with neurofibromatosis type 1 may be mistakenly diagnosed with diseases for which these pigmentary changes are characteristic:
Bloom, LEOPARD, Carney, Costello, Cowden, Legius, Nijmegen, Noonan, Peitz-Jagers, Silver-Russell, cardio-facio-cutaneous syndromes. The
detection of subcutaneous tumors can become the basis for an incorrect diagnosis of the clinically similar Legius syndrome and multiple endocrine
neoplasia. In addition, multiple lipomas are specific manifestations of Madelung or Dercum lipomatosis, familial angiolipomatosis, the etiology of
which is considered unknown. Therefore, | assume that these diseases are atypical forms of neurofibromatosis type 1, since a number of authors have
described the identification of mutations in NF7 gene in patients with multiple lipomatosis. Therefore, it is important to widely introduce into clinical
practice the possibility of molecular genetic identification of the disease in order to identify cases of neurofibromatosis type 1 that do not meet
the diagnostic criteria adopted by the NIH. It is promising to create a panel for the study of all genes, mutations in which can cause manifestations
similar to neurofibromatosis. Early diagnosis of the disease is necessary for timely initiation of treatment and prevention of severe manifestations,

since effective methods of antitumor therapy of neurofibromatosis type 1, such as inhibitors of mitogen-activated kinase, are being introduced into

clinical practice.
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AMP — adenosine monophosphate; NF1 — neurofibromatosis type 1

Introduction

Neurofibromatosis type 1 (NF1) is the most common
hereditary tumor syndrome with autosomal dominant
inheritance pattern. The global average incidence of
NF1 is 1 per 3,000 people [1]. NF1 is caused by germline
heterozygous mutations in the NFI gene, which is located
at 17q11.2 and includes 280,000 bp and 57 exons. Mature
mRNA of this gene is 11,000 bp long and is translated
into the tumor suppressor protein neurofibromin [2].
The NFI gene is characterized by increased mutability,
therefore, 50% of NF1 cases are sporadic due to de novo
mutations in the germ cells of parents [3].

Neurofibromin regulates RAS-cyclic AMP (cyclic
adenosine monophosphate) pathway, MAPK/ERK kinase
cascade, adenylate cyclase and cytoskeletal assembly. The
main domain of this protein is GRD (GAP (GTP-ase
activating protein) related domain) that converts GTP-
bound RAS oncogenes into GDP-bound (inactivated)
forms [4]. The pathogenesis of NF1 is caused by the effect
of neurofibromin deficiency (due to NFI mutations) on
the hyperactivation of RAS oncogenes that increase AKT
(RAC-alpha serine/threonine-protein kinase)/mTOR
(mammalian target of rapamycin) and RAF (rapidly

accelerated fibrosarcoma)/MEK (mitogen-activated pro-
tein kinase) signaling. As a result, the risk of developing
tumors increases [2].

NF1 is characterized by complete penetrance by
the age of five [5], when specific signs of the disease
develop. These include café-au-lait macules (CALM),
freckles, Lisch nodules, neurofibromas, optic nerve gli-
omas, and specific skeletal anomalies (sphenoid wing
dysplasia, thinning of cortical bone, congenital pseud-
arthrosis). Diagnosis of NF1 is clinically confirmed
by the presence of two of these signs or one sign in the
case of first-degree blood relatives with NF1. These cri-
teria are established by the National Institutes of Health
(NIH) [1].

Specific features of NF1 include the development of
new symptoms with age, as well as a pronounced vari-
ability of clinical presentations even in patients with an
identical mutation and in members of the same family
[1, 2, 6, 7], with the exception of monozygotic twins who
have coinciding manifestations of NF1 even in the devel-
opment of malignant neoplasms [8]. CALM are detected
in 98% of NF1 patients [9], specific cutaneous or subcu-
taneous neurofibromas in 95%, plexiform neurofibromas
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in 50% [10], spinal neurofibromas in 35%, and optic
nerve gliomas in 18% [9]. NF1 patients are character-
ized by high risk of malignant neoplasms (MNs), espe-
cially of aggressive type such as MPNST (malignant
peripheral nerve sheath tumor), that develops in 13% of
patients, most often degenerating from plexiform neu-
rofibromas [11]. Moreover, on average, in 10% of cases,
somatic mutations in the NFI gene in individuals with-
out NF1 cause sporadic MNs that are resistant to stan-
dard pharmacotherapy [4].

Differential diagnosis
of pigment spots in
neurofibromatosis type 1

CALM are detected in 3% of healthy newborns [12].
Since the average incidence of NF1 is 0.033% [1], CALM
in most cases are not associated with a germline muta-
tion in the NF1 gene, which can lead to a wrong diagnosis
of NF1 in children. There are a number of diseases with
clinical signs similar to NF1, for which CALM are a typi-
cal symptoms or may develop in some patients. For the
purposes of differential diagnosis, hereditary tumor syn-
dromes with similar signs have to be considered above
all. Clinical signs of NF1 are similar to those of neu-
rofibromatosis type 2, patients with NF2 also develop
CALM, however, in smaller size and numbers (Figure 1).
This disease is caused by mutations in the NF2 gene (that
encodes schwannomin and is located at 22q12.2) [13].
The clinical presentation in Legius syndrome (NF1-like
syndrome) is also very similar to that of NF1: multiple
CALM or freckling, macrocephaly, facial dysmorphism,
cognitive and behavioral disorders. This disease develops

due to the mutations in the SPREDI gene that includes
7 exons and is localized at 15q3.2. The gene product (like
neurofibromin) works as a negative regulator of RAS-
MAPK signaling pathways [14].

In addition to NF1 and neurofibromatosis type 2,
multiple CALM were described in cases of other
RASopathies: Noonan syndrome (mutations in the
PTPNII1 tyrosine phosphatase gene, localization
12q24.3), Costello syndrome (mutations in HRAS
oncogene localized at 11pl15.5), cardiofaciocutaneous
syndrome (mutations in BRAF genes (encodes BRAF
oncogene, locus 7q34)), MAP2K1 (encodes mitogen-
activated protein kinase, locus 15q22.31), MAP2K2
(locus 19p13.3), KRAS (encodes KRAS oncogene, locus
12p12.1) [12]. RASopathies include LEOPARD syn-
drome (Lentigines, Electrocardiographic conduction
abnormalities, Ocular hypertelorism, Pulmonic steno-
sis, Abnormal genitalia, Retardation of growth, Deaf-
nes) when multiple lentigines (brown spots) on the
face (Figure 2) are caused by mutations in the PTPNI11
(protein-tyrosine phosphatase non-receptor 11) gene.
More than 65% of patients with LEOPARD syndrome
have major missense mutations in the PTPNII gene —
Tyr272Cys and Thr468Met. Like in NF1, the signs of
LEOPARD syndrome also include skeletal anomalies,
neuroblastomas, and hemoblastoses [15].

CALM and sun-sensitive butterfly-shaped facial rash
are typical for Bloom’s tumor syndrome that is caused
by mutations in the BLM gene (locus 15q26.1), whose
product has helicase activity [16]. Multiple CALM are
also found in patients with other hereditary tumor syn-
dromes: Fanconi anemia (affected FANCA gene (Fan-
coni anemia complementation group, locus 16q24.3)),

Figure 1. Comparative characteristics of café-au-lait spots in neurofibromatosis type 1 (A) and neurofibromatosis type 2 (B) [13]
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Figure 2. Typical brown pigmented spots on the face in LEOPARD syndrome [15]

Nijmegen syndrome (NBN gene (Nijmegen breakage
syndrome, 8q21.3)) [17], Lynch syndrome (MSH2 (mut$
homolog 2, 2p21); MSH6, MLH1, PMS2 genes) [18],
Cowden syndrome (PTEN gene, 10q23.31) [19], Peutz-
Jeghers syndrome (STK11 gene encodes tumor suppres-
sive serine-threonine kinase 11, locus 19p13.3) [16],
Gorlin-Goltz syndrome (PTCHI gene, 9q22.32) [20].
CALM are also detected in 84% of cases of ataxia-tel-
angiectasia (Louis-Bar syndrome), which is caused by
mutations in the ATM gene (localization 11q22.3) that
encodes serine-threonine protein kinase [21]. In cases
of tuberous sclerosis, CALM are also detected in addi-
tion to typical depigmented spots [20]. Tuberous scle-
rosis is caused by mutations in tumor suppressor genes
TSCI (localization 9q34) or TSC2 (16p13.3) and its inci-
dence is 1:6000 people [22].

Multiple CALM are typical signs of McCune-
Albright-Braytsev syndrome (caused by a mutation in
the GNAS gene (Guanine Nucleotide binding protein,
Alpha Stimulating activity polypeptide, localization
20q13.32) [12]), Silver-Russell syndrome (caused by
hypermethylation of the H19 gene (11p15.5, tumor sup-
pressor long non-coding RNA) [23], Carney syndrome
(PRKARIA gene, protein kinase cAMP-dependent type
1 regulatory subunit, 17q24.2) [20]. A familial case of
the development of multiple CALM was described;
the lesion was caused by a germline mutation in the
MAP2K2 gene that encodes mitogen-activated protein
kinase involved in neurofibromin regulatory pathways
[24]. Mutations in the MAP2K2 gene are typical for

Costello syndrome [12]. However, in the case described
by the authors, CALM was the only sign of the disease
[24]. CALM can also be found in patients with Marfan
syndrome (fibrillin-1 gene, FBNI, 15q21), Gaucher’s
disease (glucosylceramidase beta gene, GBA, 1q22) and
Hunter disease (iduronate sulfatase gene, IDS, Xq28)
[16]. Since sporadic skin or subcutaneous tumors that
can be confused with neurofibromas and lead to the
diagnosis of NF1 cannot be excluded in any individuals
with the diseases described above, a differential diag-
nosis is required, which is based on molecular genetic
identification of a germline mutation in DNA isolated
from blood WBC.

Differential diagnosis of
tumors in neurofibromatosis

type 1

Tumors that are similar to NF1 both in appearance
and in pathogenesis develop in cases of type 2 neurofi-
bromatosis. They can include NF1-like cutaneous neuro-
fibromas, nodular schwannomas from peripheral nerves,
and specific plaques (irregular, pigmented lesions cir-
cumscribed from the surrounding skin (Figure 3)).
A characteristic difference between neurofibromatosis
type 2 and NF1 is the development of schwannomas of
acoustic nerves [25]. In tuberous sclerosis, facial angio-
fibromas (many reddish papules in the area of the chin,
cheeks, nose, and nasolabial folds), gingival fibromas,
subungual fibromas, and shagreen plaques on the skin
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Figure 3. Cutaneous neurofibromas in neurofibromatosis type 1 (A) [12] and classic cutaneous plaques in neurofibromatosis
type 2 (B) [13]

can also be confused with signs of NF1 [26]. In addition
to CALM, Carney syndrome is characterized by pig-
mented tumors on the skin that may resemble pigmented
neurofibromas [20]. In cases of Legius syndrome, mul-
tiple lipomas develop that are similar to subcutaneous
neurofibromas [14].

NF1 types with subcutaneous neurofibromas
depending on the location of the lesion may resem-
ble the clinical presentation of different lipomatoses.
In patients with Madelung’s disease, lipomas are typi-
cally located on the lower body, legs and neck (proxi-
mal form), thighs, hands and knee joints (distal form),
forearms, lower body, thighs and lower legs (central
form) [27]. Like NF1, Madelung’s disease can be also
accompanied with polyneuropathy [28, 29] and cogni-
tive impairment [30]. Multiple painful subcutaneous
lipomas are also typical for Dercum’s disease, which was
described as early as 1892 and has an autosomal domi-
nant pattern of inheritance, similar to NF1. This disease
is subdivided into diffuse, generalized nodular, localized
nodular, and periarticular types [31].

In addition to Dercum’s disease, a number of authors
describe familial angiolipomatosis with an autosomal
dominant inheritance with no accurate identification
of the genetic causes of this disease. It is assumed that
they are based on NF1 [32, 33]. It can be assumed that
Madelung’s and Dercum’s diseases are also atypical forms
of NF1. This is evidenced by information on the role of
mast cells in the development of angiolipomas in Der-
cums disease [34] and familial angiolipomatosis [35],
since mast cells are also important in the development of
neurofibromas [36].

Other hereditary tumor syndromes can also cause
multiple lipomas. Familial multiple lipomatosis (FML)
with the incidence of 1:50,000 people [37] may be caused
by atypical hereditary retinoblastoma. A family was

described with a splice site mutation in the RBI gene
(encodes the tumor suppressor protein RB, locus
13q14.2) accompanied by the development of many
lipomas with incomplete penetrance in regard to reti-
noblastoma [38]. FML is also found in cases of multiple
endocrine neoplasia with loss of heterozygosity of the
MENT gene (locus 11q13.1, encodes the tumor suppres-
sor protein menin) in some tumors [39]. A recent publi-
cation describes a case of genetically confirmed Cowden
syndrome (mutation ¢.195C>A (p.Y65*) in the PTEN
gene) with multiple CALM and subcutaneous lipomas.
Immunohistochemical results revealed no loss of hetero-
zygosity for the PTEN gene in tumors [19].

Therefore, since the genetic basis of a number of lipo-
matoses has not yet been established, but an autosomal
dominant type of inheritance was determined, it can be
assumed that they are one of the types of NF1 and other
hereditary tumor syndromes. To confirm this assump-
tion, mutations in the NFI gene and other tumor sup-
pressor genes in all patients with multiple lipomas should
be searched for. At the same time, there are cases when
no mutations in the NFI gene are found with a typical
NF1 clinical presentation with CALM, freckles, neu-
rofibromas, and Lisch nodules [40], as well as cases of
familial lipomatosis with an autosomal dominant type of
inheritance and with the absence of mutations in NFI,
SPREDI, and PTEN genes [41]. This suggests the need
to develop a full panel of molecular genetic tests for dif-
ferential diagnosis of various diseases with signs simi-
lar to NF1. Table 1 includes the characteristics of all the
abovementioned diseases with a clinical presentation
characterized by the presence of CALM and/or tumor
syndrome. To develop a differential diagnostic panel
for NF1, molecular genetic testing of genes is required
that can be affected by mutations causing these diseases
(Table 1).
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Table 1. Neurofibromatosis type 1 differential diagnoses

Disease (mutated gene, localization)

Pigmented cutaneous manifestations

Tumors and tumor-like formations

(difference from NF1*) (difference from NF1)
Familial angiolipomatosis (unknown) not typical multiple lipomas (histologically angiolipomas)
Ataxia-telangiectasia CALM** leukemias, carcinomas

(ATM, 11q22.3)

Bloom’s syndrome
(BLM, 15q26.1)

Gorlin-Golts syndrome
(PTCHI, 9q22.32)

Gaucher disease (GBA, 1q22)
Dercum disease (unknown)

Cardio-facio-cutaneous syndrome
(BRAF-7q34, MAP2K1-15q22.31,
MAP2K2-19p13.3, KRAS-12p12.1)

Carney syndrome (PRKARIA, 17q24.2)

Costello syndrome (HRAS, 11p15.5)

Cowden syndrome (PTEN, 10q23.31)

Lynch Syndrome (MSH2, 2p21)
Legius syndrome (SPREDI, 15q3.2)

Madelung disease (unknown)

McCune-Albright-Braitse syndrome
(GNAS, 20q13.32)

Marfan syndrome
(FBN1, 15q21)

Multiple endocrine neoplasia
(MENI, 11q13.1)

Neurofibromatosis type 2 (NF2, 22q11.2)

Nijmegen syndrome (NBN, 8q21.3)
Noonan syndrome (PTPN11, 12q24.3)

Peutz-Jeghers syndrome (STK11,
19p13.3)

Hereditary retinoblastoma (RBI,
13q14.2)

Silver-Russell syndrome (H19, 11p15.5)

Tuberous sclerosis (TSCI-9q34, TSC2-
16p13.3)
Fanconi anemia (FANCA, 16q24.3)

Hunter syndrome (IDS, Xq28)

LEOPARD*** syndrome (PTPNI1,
12q24.3)

CALM, a rash on the face of the
“butterfly” type

CALM

CALM
not typical

multiple CALM

CALM on the face

multiple CALM

CALM

multiple CALM
multiple CALM or freckles

not typical

large CALM

CALM

not typical

CALM (fewer and smaller spots)

multiple CALM
multiple CALM

CALM, pigmented spots on the lips
and oral mucosa

not typical

multiple CALM

depigmentation spots along with
CALM

CALM
multiple CALM

CALM
CALM

multiple lentigines

leukemias

basal cell skin cancer, medulloblastoma

not typical
multiple painful lipomas (histologically angiofibrolipomas)

not typical

pigmented skin tumors, heart myxomas, pituitary
adenomas

skin papillomas

skin trichilemmomas (on the face and ears), thyroid and
breast cancer, endometrial cancer, hamartomas, intestinal
polyps, multiple lipomas

colon cancer, endometrial and ovarian cancer
multiple lipomas (histologically lipomas)

multiple subcutaneous lipomas with specific localization
(not neurofibromas histologically)

not typical

not typical

multiple lipomas (lipomas histologically)

NF1-like cutaneous neurofibromas (fewer), nodular
schwannomas (from large nerve trunks), plaques
(pigmented)

rhabdomyosarcoma, lymphoma, leukemias
neuroblastoma, leukemias

polyps and hamartomas of the gastrointestinal tract, colon
cancer, pancreas cancer, breast and ovary cancer

multiple lipomas (histologically lipomas), retinoblastoma
(retina malignant tumor)

not typical

angiofibromas (localized on the face), fibromas (located
on the gums and under the nails), internal organs
hamartomas

squamous cell carcinoma, leukemias, Wilms’ tumor and
brain tumors

not typical

neuroblastoma (malignant tumor, unlike benign
neurofibromas)

Note: NF1* — neurofibromatosis type 1; CALM — café-au-lait macules, LEOPARD**** — Lentigines, Electrocardiographic conduction abnormalities, Ocular hypertelorism, Pulmonic
stenosis, Abnormal genitalia, Retardation of growth, Deafnes)
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Identification of atypical forms

of neurofibromatosis type 1

Results of histological examinations of subcutaneous
tumors in NF1 revealed the presence of atypical signs
of the disease in the form of liponeurofibromas. For
example, analysis of 130 neoplasm samples from various
NF1 patients demonstrated that the microscopic pattern
in 24.6% of cases can be described as liponeurofibro-
mas. These changes are most often found in patients of
advanced age and in female patients. At the same time,
intratumoral fat deposits differ in morphology and size
in comparison with subcutaneous tissue during light
microscopy [42]. Histological results also demonstrated
atypical neurofibromas consisting of cells with hyper-
chromic nuclei, with alarge number of recurrent chromo-
somal aberrations including deletion of the 9p21.3 locus
that includes CDKN2A/B genes. It should be noted that
9p21.3 deletion is a specific sign of MPNST, therefore,
these atypical neurofibromas [11] are characterized by
frequent malignant transformation [43].

Due to the possibility of detection the mutations in
the NFI gene, clinical signs of NF1 that do not meet
the NTH diagnostic criteria are described. NF1 patients
with multiple lipomas are described [44, 45]. In 2021,
sequencing of the NFI gene in two patients from the
same family with lipomatosis and CALM revealed the
missense mutation ¢.3445A>G (p.Met1149Val) [46]. Ear-
lier in 2020, missense mutations leading to the replace-
ment of methionine in position 1149 of neurofibromin
(p-Met1149) were described in 62 NF1 patients with
mild clinical course of the disease, mainly with CALM
and with no visible plexiform neurofibromas and glio-
mas [47]. In 2019, 135 NF1 patients from 103 unrelated
families were described; they had identical three-nucle-
otide deletion of ¢.2970_2972del resulting in methionine
depletion in neurofibromin (p.Met992del). All patients
are characterized by atypical clinical presentation with
no cutaneous, subcutaneous, or spinal neurofibro-
mas, as well as optic nerve gliomas. However, 38.8% of
patients had cognitive impairments, and 4.8% had brain
tumors not related to optic nerves [1]. In 2019, Trevis-
son E. et al. identified the missense mutation c¢.3112A>G
(p-Argl038Gly) in 7 NF1 patients with CALM as the only
sign of the disease [48].

In 2009, Upadhyaya M. et al, while examining
NF1 patients with spinal plexiform neurofibromas,
determined the association of missense and splicing
mutations in the NFI gene in patients with scarce clini-
cal signs of the disease that did not meet the NIH diag-
nostic criteria [49]. In 2015, Pinna V. et al. examined
786 NF1 patients and found among them 6 unrelated
patients with identical missense mutation ¢.5425C>T
(p-Argl809Cys) with a mild course of the disease with
characteristic CALM and freckling, but with no skin
or plexiform neurofibromas, no Lisch nodules, skel-
etal anomalies, or gliomas of optic nerves [50]. There
were cases of NF1 with inapparent clinical signs with

no visible skin or plexiform neurofibromas, with a three
nucleotide deletion in exon 17 of the NF1 gene (c.2970-
2972 delAAT) that results in the loss of one amino acid,
methionine (p.Met991) in neurofibromin [5]. A mis-
sense mutation with an arginine amino acid substitu-
tion in an identical position (p.Arg1809) in 136 patients
with NF1 causes one typical feature of NFI such as
only multiple CALMs, with no visible skin or plexiform
neurofibromas. These patients were characterized by
Noonan-like syndrome (25%); they also had increased
risk of developing pulmonary artery stenosis and short
stature [3]. It is noteworthy that multiple pigmented
spots, short stature, and pulmonary artery stenosis are
also specific for LEOPARD syndrome [51].

Genophenotypic correlations in NF1 were also deter-
mined for microdeletions of the 17q11.2 locus together
with the NF1I gene and its flanking neighboring genes that
are detected in 10% of all NF1 patients. These patients
have more pronounced signs of the disease with cognitive
deficiency and facial dysmorphism [7], as well as early
manifestation of tumors [52]. The 3 most common types
of microdeletions are the following: type 1 as 1.4 mega-
bases in size, flanked proximally by NF1-REPa and dis-
tally by NF1-REP-c; type 2 as 1.2 megabases in size, with
deletion of NF1, SUZI12 and SUZI2P genes; type 3 as
1.0 megabases in size, with breakpoint regions in paralo-
gous areas in the middle of NF1-REP-b and distally of
NF1-REP-c [53]. Type 1 is detected in 70-80% of cases,
type 2 in 10-23%, and type 3 in 1-4%. The reason is non-
allelic homologous recombination (NAHR) between low
copy repeats during meiosis (types 1 and 3) or mitosis
(type 2) [7]. More severe manifestations of NF1 with
extended deletions of the entire NFI gene with neighbor-
ing loci [53] may indicate the impact of the loss of genes
located in the area of the microdeletion on the pathogen-
esis of NF1. In particular, in cases of type 1 microdele-
tion, the HCA66 gene is lost, which has a protein product
that interacts with the tumor suppressor Apaf-1 (apoptic
protease activating factor-1). Therefore, when HCAG66 is
inactivated, cells become less susceptible to apoptosis,
which contributes to the exacerbation of the tumor syn-
drome in NF1 [54].

Current diagnostic approaches
and management of
neurofibromatosis type 1

Since the clinical manifestations of NF1 may not meet
the criteria established by NIH, one of the most impor-
tant methods of diagnosing this disease is the molecular
genetic test for the mutation that should be performed in
all suspected cases. Since the disease is caused by germ-
line heterozygous mutations in the NFI gene, DNA iso-
lated from peripheral blood WBC is used to find said
mutations. Subsequently, the detection of intragenic
mutations is carried out using next-generation sequenc-
ing with Integrative genomics viewer software [55] and
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confirmation of results via Sanger sequencing [56].
Since 10% of NFI1 cases are caused by microdeletions
at the 17q11.2 locus [7], multiplex ligation-dependent
probe amplification (MLPA) is used to detect them with
analysis of results by means of Coffalyser MLPA analysis
software [57].

The identification of mutations in the NFI gene
is important for the development of treatment for
NF1 patients, since, in cases of nonsense mutations (up
to 20% of all types of changes in NF1 [58]), the technique
of terminating the translation of premature termination
codons in the reading frame can be used. To this end,
pseudouridylation, inhibition of nonsense-mediated
mRNA decay, and suppressor tRNAs are used [59]. Man-
agement of cystic fibrosis with aminoglycosides demon-
strated that the use of gentamicin in low doses in cases
of nonsense mutations in the CFTR gene (formation of a
stop codon at amino acid residues 542 and 553 of protein
product) contributes to the translation of a protein of
normal length in the amount of 25-35% of normal. This
effect is associated with closely related mismatch of ami-
noacyl-tRNA with a premature termination codon [60]:
deoxystreptamine ring of aminoglycosides connected to
several amino sugars connects to the decoding center of
the ribosome (acts as a proofreader for attaching only
related aminoacyl-tRNAs to the peptidyl transferase
center of ribosome). The effectiveness of gentamicin
in restoring normal protein expression in the presence
of a premature termination codon was proven in experi-
ments on mice regarding the Duchenne muscular dys-
trophy, nephrogenic diabetes insipidus, hemophilia, reti-
nal degeneration, APC-mediated colon cancer, Hurler
syndrome. Other antibiotics that cause translational
termination of premature termination codons include
negamycin (binds to the small ribosomal subunit), spi-
ramycin, josamycin, and tylosin. Suppression of trans-
lation of premature termination codons in mammalian
cells without affecting translation termination in normal
termination codons is caused by PTCI124, known as
ataluren. This agent demonstrated its effectiveness in
restoring the translation of normal proteins in models of
various monogenic diseases [59]. Antitumor activity is
also demonstrated by tetracycline group antibiotics that
inhibit protein synthesis in tumor mitochondria, thus
causing a cytotoxic effect. Further, the analysis of a cul-
ture of MPNST cells from an NF1 patient demonstrated
that doxycycline in combination with photodynamic
effect caused by 5-aminolevulinic acid had a pronounced
cytotoxic effect on tumor cells [61]. The suppression of
translation of premature termination codons has been
shown to be effective against tumor suppressor genes
in other hereditary tumor syndromes [59], however, no
such studies were conducted for NF1. However, in cases
of deep intron mutations in the NFI gene that cause
insertions of latent exons in mRNA, experimental stud-
ies on fibroblast and lymphocyte lines demonstrated the
effectiveness of antisense oligomers in the restoration

of normal splicing. These molecules specifically bind to
new 5’ splice sites required for insertion of latent exons
and suppress them, preventing the formation of mutant
mRNA [58, 62].

Currently, the only agent approved by the FDA (Food
and Drug Administration) for the targeted therapy
of NF1 is the ATP-independent inhibitor of mitogen-
activated protein kinase (MEK) selumetinib [63]. This
agent is recommended at a dose of 25 mg per 1 m? of
body surface area. Back in 2016, the results of treatment
of 24 NF1 pediatric patients with selumetinib were pub-
lished. There were rare side effects in the form of acne,
asymptomatically increased level of creatine kinase,
and lesions of the gastrointestinal tract (GIT). After a
course of treatment with 28-day cycles, 71% of children
demonstrated a decrease in the size of neurofibromas
[64]. The effectiveness of selumetinib in combination
therapy with LDN-193189 (inhibitor of BMP2 recep-
tor of type 1) was proven in vitro on MPNST (NF1-/-)
cell line, while the isolated use of LDN-193189 gave
no proper antiproliferative effect. Based on the results
obtained, it is expected that selumetinib can be used
in the complex chemotherapy of MPNST [65]. In 2020,
Baldo F. et al. examined 17 children with plexiform
neurofibromas during one year of treatment with selu-
metinib and observed a decrease in size (more than
20% of volume) of tumors in 16 out of 17 patients with
NF1 [66]. In 2020, Santo V.E. et al described the effec-
tiveness of selumetinib in the management of plexiform
neurofibromas in 18 out of 19 patients with NF1 (95%)
during the first 60-90 days of treatment [67]. In 2020,
Gross A.M. et al., in a phase 2 open-label clinical trial of
selumetinib on a continuous schedule (28-day cycles)
in children with NF1, described a persistent decrease in
the size of inoperable neurofibromas in 70% of patients
(35 of 44) [68]. Selumetinib has been shown to be effec-
tive in the management of brain tumors in cases of NF1:
in 36% (9 of 25) of patients with grade 1 pilocytic astro-
cytoma and in 40% (10 of 25) of patients with low-grade
glioma [69]. Treatment with selumetinib (12 cycles) in
24 NF1 patients with spinal neurofibromas demon-
strated 75% efficacy [70].

Gene therapy may become a promising technique for
NFlmanagement. The insertion of a full-length normal
NF1 gene using recombinant adeno-associated virus
(rAAV) containing an expression cassette to replace
mutant alleles and to restore neurofibromin function is
difficult due to the large size of cDNA (8500 bp). There-
fore, the use of truncated variants of NFI gene that retain
functional domains is more favourable [58]. A panel of
AAV vectors was used in vitro on MPNST cell lines and
human Schwann cell lines to restore the Ras-GTPase
activity of neurofibromin. As a result, significant resto-
ration of the ability to suppress RAS oncogenes using
neurofibromin domain was determined [71]. Partial
restoration of their normal tumor suppressive function
was demonstrated on cell lines of neurofibromas, upon
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transfection of isolated domains GRD, CSRD, LRD, CTD
of the NFI gene into their genomes. These recombinant
transgene sequences can be designed to encode trun-
cated functional proteins that can be easily packaged into
viral vectors [72].

Conclusion

Neurofibromatosis type 1 is the most common
hereditary tumor syndrome. A number of authors have
described atypical manifestations of NF1, including
those with multiple lipomas, as well as those that do
not meet NIH criteria. Since no genetic etiology was
established for a number of familial lipomatoses, it was
suggested that they may be atypical signs of NF1 and
other hereditary tumor syndromes. It is evidenced by
the data of the results of the papers by different authors,
presented in this review. To confirm this assumption, a
standardized panel should be developed to search for
mutations in tumor suppressor genes that are involved
in diseases characterized by the development of mul-
tiple lipomas and/or CALM. Modern medicine requires
wide implementation of methods available for patients
for molecular genetic confirmation of NF1 diagnosis
into clinical practice. It will allow early identification of
the disease and the use of effective treatment methods
with mitogen-activated protein kinase inhibitors.
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