NEUROPATHOLOGY REVIEW SERIES

Saber Tadros, MD*

Aleksei Kondrashov, MD*$
Sriya Namagiri, BA*

Ashis Chowdhury, BHMS?*
Yeshavanth Kumar
Banasavadi-Siddegowda,
PhD*

Abhik Ray-Chaudhury, MD*

*Laboratory of Pathology, National
Cancer Institute, National Institutes
of Health, Bethesda, Maryland, USA;
*National Institute of Neurological
Disorders and Stroke, National Institutes
of Health, Bethesda, Maryland, USA;
SFaculty of Medicine, Moscow State
University, Moscow, Russia

Correspondence:

Saber Tadros, MD,

Laboratory of Pathology,

Center for Cancer Research,

National Cancer Institute,

10 Center Dr, Building 10, Room 3N248,
Bethesda, MD 20814, USA.

Email: tadross2@nih.gov

Received, June 7, 2020.
Accepted, December 13, 2020.

© Congress of Neurological
Surgeons 2021. All rights reserved.
For permissions, please e-mail:
journals.permissions@oup.com

NEURO

Pathological Features of Tumors of the Nervous
System in Hereditary Cancer Predisposition

Syndromes: A Review

Hereditary cancer predisposition syndromes (HCS) become more recognizable as the
knowledge about them expands, and genetic testing becomes more affordable. In this
review, we discussed the known HCS that predispose to central and peripheral nervous
system tumors. Different genetic phenomena were highlighted, and the important cellular
biological alterations were summarized. Genetic mosaicism and germline mutations are
features of HCS, and recently, they were described in normal population and as modifiers
for the genetic landscape of sporadic tumors. Description of the tumors arising in these
conditions was augmented by representative cases explaining the main pathological
findings. Clinical spectrum of the syndromes and diagnostic criteria were tabled to outline
their role in defining these disorders. Interestingly, precision medicine has found its way
to help these groups of patients by offering targeted preventive measures. Understanding
the signaling pathway alteration of mammalian target of rapamycin (mTOR) in tuberous
sclerosis helped introducing mTOR inhibitors as a prophylactic treatment in these patients.
More research to define the germline genetic alterations and resulting cellular signaling
perturbations is needed for effective risk-reducing interventions beyond prophylactic
surgeries.
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ereditary cancer predisposition syn-

drome (HCS) is a condition of increa-

sing risk of developing cancer resulting
from inherited gene mutation. The first des-
cribed germline genetic variants predisposing
individuals to cancer was BRCAL' Currently,
exome/whole genome sequencing allows novel
genes discovery in these disorders. Many
exclusive solo cancer susceptibility genes have
been identified; however, epidemiological

studies elucidated that susceptibility to specific
tumors could be attributed to mutations in
group of different genes. Conversely, some
independent syndromes appeared to be manifes-
tations of different mutations in the same gene.
Development of each syndrome requires a
loss of tumor-suppressor proteins — hypothesis
described by Knudson? in retinoblastoma.
Knudson’s” “two-hit” hypothesis postulates
one allele loss in germline followed by second

ABBREVIATIONS: AD, autosomal dominant; AR, Autosomal recessive; ASA, acetylsalicylic acid; AT, ataxia-
telangiectasia; ATM, AT mutated; AT/RT, atypical teratoid/rhabdoid tumor; CMMRD, constitutional MMR deficiency
syndrome; CNC, Carney complex; CNS, central nervous system; CPC, choroid plexus carcinoma; CS, Cowden
syndrome; DNT, dysembryoplastic neuroepithelial tumor; GEMM, genetically engineered mouse model; GFAP,
Glial fibrillary acidic protein; HAT, histone acetyltransferase; HCS, hereditary cancer predisposition syndrome;
H&E, Hematoxylin and eosin stain; HIF, hypoxia-inducible factor; IHC, Immunohistochemistry; LFS, Li-Fraumeni
syndrome; LS, Lynch syndrome; MMR, mismatch repair; mTOR, mammalian target of rapamycin; MYC, myelocy-
tomatosis oncogene; NBS, Nijmegen breakage syndrome; OPG, optic pathway glioma; PA, pituitary adenomas;
PHTS, PTEN hamartoma tumor syndrome; RB, Retinoblastoma; RTPS, rhabdoid tumor predisposition syndrome;
SEGA, subependymal giant cell astrocytoma; SGBS, Simpson-Golabi-Behmel syndrome; SHH, sonic hedgehog;
SMO, the signal transducer Smoothened; TSC, tuberous sclerosis complex; VCP, valosin-containing protein; VHL,
Von Hippel-Lindau; WHO, World Health Organization
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allele loss causes multiple tumors. However, the phenomenon
of gene dosage sensitivity suggests that haploinsufficiency can
explain tumorigenesis.’”

Germline mosaicism is a feature of HCS. Mosaicism could
be somatic, germline, or mixed gonadal/somatic. Naturally, an
average of 2:1 asymmetry of early human embryonic cells
contributes to adult tissues.® Segmental syndrome/mosaicism
results in some cells having 2 normal genes and other cells
containing pathogenic variants in 1 copy of the same gene. People
with segmental syndrome do not have affected parents. Originally,
segmental syndrome is proven by molecular analysis in many
cutaneous traits then expanded to hereditary cancer syndrome.
Rare individuals were described having only germline mosaicism
without apparent somatic features.””

Germline mutations are traditionally viewed as HCS hallmark;
however, increasing evidence shows a key role of inherited
germline genetic variation in nonhereditary cancer risk.” Recent
studies suggest that germline variants affect somatic mutation
profiles in individuals having sporadic cancer.'”!! For example,
selective amplification of germline variants like AGK, DGKB,
EGFR, INSR, KIT, and RELN are associated with increased
glioblastoma risk.'?

Studying HCS requires experimental models in addition to
natural history and genetics studies of affected families. Modeling
human cancers was achieved by genetically engineered mouse
models (GEMMs) either by the traditional, mosaic, condi-
tional, chimeric, or nongermline GEMMs. Furthermore, induced
pluripotent stem cells technology introduces a feasible way of
studying HCS.!314

Central nervous system (CNS) is affected by several HCS
either predominantly or as a bystander. Some HCS were
previously grouped under the term “Phakomatoses” because
of the involvement of the eye lesions; however, it is no
longer used because of lack of such lesions in many HCS.
Common syndromes that predominantly involve the CNS
include neurofibromatosis (NF) types 1 and 2, Von Hippel-
Lindau (VHL) disease, and tuberous sclerosis complex (TSC),
whereas syndromes having mostly extra-neural manifestations
include Cowden, Li-Fraumeni, Turcot, and Gorlin syndromes.
There is cellular, molecular, and clinical overlap between NF1,
NF2, and schwanommatosis.'®

Noteworthy, recent advances in understating HCS improved
personalized risk assessment and develop novel interventions to
prevent or intercept cancer. For example, precision prevention
for BRCAI-mutation carriers moved toward receptor activator of
NE-«B (RANK) activation interference.'® Further studies are
needed to expand our knowledge of germline alterations for
developing and implementing effective risk-reducing interven-
tions beyond prophylactic surgical approaches.

NEUROFIBROMATOSIS TYPE 1

NF1 (Tables 1 and 2) increases risk for neurofibroma,
optic gliomas, and malignant peripheral nerve sheath tumors

(MPNSTs).
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The cutaneous, intraneural, diffuse, and plexiform neurofi-
bromas (Figure 1A-1C) are commonly encountered. The
plexiform variant involving multiple nerve trunks that appear
early first 2 yr of life causes significant physical disfigurement.
Plexiform neurofibromas have 10% lifetime risk of progression
into MPNST (Figure 1D and 1E). In localized pediatric MPNST,
NF1 is associated with worse survival.

NF1 develop low-grade tumors of the optic nerves, chiasm,
tracts, and radiations, termed optic pathway gliomas (OPGs),
which can cause vision loss. OPGs (Figure 1F) are seen in 15% to
20% of children with NF1. The second common brain tumor is
the brainstem glioma, representing 18% of NF1-associated brain
neoplasms. Glioblastomas could also be seen.

NF1 is caused by NFI germline mutations. Neurofibromin is
a cytoplasmic protein that negatively regulates the RAS signaling.
The NFI mutations are frequently seen in multiple malignancies
not typically associated with NF1. Intriguingly, mouse models
showed that Nfl+/— microenvironment accelerates benign
tumors formation but impairs further progression to malig-
nancy.'” In the brain, neurofibromin acts with valosin-containing
protein (VCP)/P97 to control endoplasmic reticulum formation
and consequent protein synthesis. Additionally, VCP/P97
regulates dendritic spine formation and brain function.'®

NF1 gliomas have specific genomic signatures. Pediatric low-
grade gliomas typically exhibit mutations of the MAPK pathway,
whereas high-grade gliomas are characterized by loss-of-function
mutations in ATRX, TP53, and CDKN2A. Children with NF1
develop diffuse midline gliomas that carry worse prognosis
than sporadic cases, independent of histone H3 lysine27-to-
methionine (H3K27M) mutation. NF1 gliomas also reduce
deoxyribonucleic acid (DNA) methylation of immune genes,
which explain tumor-infiltrating lymphocytes.”

NF1 microdeletion syndrome is severe phenotype of NF1
characterized by mental retardation, developmental delay, cardiac
anomalies, and dysmorphic features.”® Patients have a 1.4-Mb
heterozygous 17q11.2 deletion encompassing NFI.

Legius syndrome is an autosomal dominant (AD) disorder that
results from loss-of-function SPREDI germline mutations and
mimics NF1 clinically. It consists of multiple café-au-lait spots,
axillary freckling, and macrocephaly but lack neurofibromas,
typical osseous lesions, and OPGs.?!

Melanoma-astrocytoma syndrome (MAS) is a rare condition
with cutaneous and neurological manifestations. It is linked to
CDKN2A and CDKNZ2B germline mutations.

NEUROFIBROMATOSIS TYPE 2

Bilateral vestibular schwannomas are the diagnostic hallmark.
Cranial and spinal meningiomas, meningioangiomatosis, spinal
ependymoma, and other gliomas are frequently seen. Tumors
frequently demonstrate a saltatory growth pattern with unpre-
dictable progression.*”

NF2-associated schwannomas (Figure 2A) appear early in life
(third decade) than sporadic cases. Though the vestibular branch

of 8th cranial nerve is usually involved, 5th cranial nerve and

www.neurosurgery-online.com

1202 1Mdy zz uo 1sanb Aq Z/62919/6109eAu/SOINBU/SE0 L 0 L/I0P/a]01e-2oueApe/Alabinsoinau/wod dno-olwapede//:sdiy woly papeojumoq



HEREDITARY CANCER PREDISPOSITION SYNDROMES

Downloaded from https://academic.oup.com/neurosurgery/advance-article/doi/10.1093/neuros/nyab019/6162972 by guest on 22 April 2021

ewouepwW
pue (ewod1esoAwol3|
Ajaenonaed) sewodies

ewojse|qoullal

9NSSI} 1JOS ‘eW021eS03)SO 2(%00L)
Ajeorund ‘ewo)se|qounsy a19|dwod 000/gul'L av Areypassy
‘sewio)se|qoieday pue
s190ued ploJAyl ‘sew 09150
‘Sewouldied |e1910|0d (mo] aq sisodAjod
‘ewolse|qo||npaw ‘sdAjod 01 pa12adxa) snojewouspe
Bunsal diLUID |e312340]02 SNOJRWOoUIPY umouun 000 8L 03 0008 Ul | av
S9501e49)
|esde ‘ssinded snojewojjided
‘Aleydadoidew ‘(sdAjod
SNojewOoLIeWERY [BUIISIUL
sewolbue ‘[9seasip sojpng-NUwIRYT]
16BHID SNOUJIARD PUB SNOUDA sewo1Ad0l1|bueb
onsoubelp [e 12 Bisie|ld  Je[ndseA [elueldesul ‘sewodi| onse|dsAp Jejjagaiad
06U ‘9seasIp 1sealq d1sA>0iqy 1|NPe pue Sewowws|IydL]
Jlsoubelp wniosuod) ‘sewiouldJed uojod ‘jeual |e1dey) Ajjenadsa (%08)
USPMOD) [BUOIIBUIDIU| ‘leLizswopus ‘ploiAyl 1sealg sewoliewey ajdnnpy 919|dwodu] 000 0SZ ©1 000 00T U! | av SWOIPUAS UsSpMoD
2WOXAWOIPUOYD03350
‘ewouspe |e1onp 1sealq
‘SNASU dN|q ‘SewouueMydS
J10uejPW snojewowwesd
‘ewouldied ploiAy) ‘lowny
1192 1joMaS BulAyd|ed ||9d
ob.e| ‘aseas|p |ed130d0uIpe (esodnwi 3juad
Jejnpou pajuswbid Arewnd pue ‘jeuibea ‘1yued J31no Jo
‘Alebawiolde ‘sisoyeuloxAw Jauul pue eApduUNfuod ‘sdif)
15e91q ‘ewoxAw uonnquisip [ea1dAy yum (9608-9%07)
g2142311 [ed1Bojoyiedodiuld JejpJed ‘ewoxAw snosueind) uonejuawbid upys Anods 919|dwodu| umouun av xa|dwod Asuie)
ANARISUSS
uoljelpel pue aseasip
AKreuow|nd apn|pui sainjeay
pajernossy ‘Aouspysp
sunwwi pue ‘seiseldsibueal
ewolse|qo|inpaw SNO3URINDO|ND0
‘ewol|b6ol|bued ‘sal}i|ewoude 3160j0Inau
gg@HaUId ‘ew03£>013se 43dURD 13430 ‘syuswanow aks (%00L)
A1o1eloqe| pue [ed1ulD)  1sealq ‘elwayna| ‘ewoydwA |ewlouqe ‘eIxele Je|[9qa1a) 919|dwo) 000 00L 01 000 0T Ul | vy eise1dalbue|sl-eixely
sisoubeiq sainjeay dnsejdoan sainjeay dnsejdoau-uoN dueIBUDY dUIPDU| adueLIBYuU| 19piosig

SDH O sainjead [ed1ul]d Jo MIIAIBAQ ‘L 3719VL

VOLUME O | NUMBERO | 2021 | 3

ERY

I

NEUROSURC



TADROS ET AL

Downloaded from https://academic.oup.com/neurosurgery/advance-article/doi/10.1093/neuros/nyab019/6162972 by guest on 22 April 2021

265DD4N U0 wninbojjod

BWOUIDIBD Palelualayipun
|eseuouls pue ‘ewouidied
Bun| ‘ewourdied yseaiq
‘ew021esoAWol9| aNssiy 1Jos
‘elwayna| proydwA| duoiyd
‘ewoueaw ‘ewoydwA|
unybpoH ‘ewoydwiA|
upbpoH-uou ‘s3skd
Suluasawoydwi| ‘ewoiqy
JelpJed ‘ewodiesoAwopgeys
pue ewoAwopgeyl

|e13} ‘ewolbulusw
‘ewo)se|qo||npaw

saljewoue

Jejndo ‘sapdey diydiowsAp
‘Aleydadoidew ‘squ pyiq
‘sa]jewoue [eigalJan ‘syud
Jejue|d-sew|ed ‘uoiedyid|ed
51d0123 |eruesdesul ‘s3sAd

JeuoneuIaul 154y Y3 ‘siown) UeleAO me[ buipnppul sanijewouqge %L6 SwoIpuAs ewouldied
W04} JUSWIDIL)S SNSUSSUOD ‘sewiourdJed [|9d |eseg Jeyuawdolanag a19|dwodu] 000 9L O3 000 LE Ul | av ||92 |eseq pIoASN
sewol|6 Jay3o ‘ewowApuada
Jeuids pue ‘sewolbuiusw salyledoinau
Jeurds pue [elueid ‘SoAISU pue sewoliewey [eunal pue
jessyduad pue jeuids ‘[eiuesd |e1]6 ‘sisorewoibueoibulusw
J3Y10 Ul Sewouuemyds Buipnpaui suoliss|
16'96BMRNID ‘SewiouueMydS |eruswdojanap/dnse|dsAp z2dfy
131S3Ydue|\ pasIASyY 1e[NQ1ISaA |eIlR|Ig |awos 000Gz UL av SISO1ewoIqyoINaN
salI9)le [eIgRId
13410 pue pjoed [eusaiul
9Y1 JO SISOUR]s ‘salIalIe
J30ued 1sealq Jeual ayy jo eise|dsAp
‘elwa3na| dnA>0uowoAw Jejnosnwouqy buipnpul
‘siown) snwo|b S9111WI0J3P JB[NDSEA ‘BINje)S
‘sewo|nueiboyiuex ajiuaAn( 110ys pue siso10doalso
‘sewodlesoAwopaeys ‘eluadoalso ‘sisolods |eulds
‘sewoyfd>owoiydoayd ‘eise|dsAp Buim piousyds
‘sewiouldied ploAyy Buipn|dul SUOIS| SNOISSO
Aie||npaw ‘siown} [ewos)s  (S9INpou Yydsi7) sewoyiewey
|eunsajuionseb 1 SNAIN su1‘Bulyda.y jeuinbul pue (900L) 1 9dA)
c62H23d dnsoubeip HIN ‘SDJO ‘ewoiquyoInNaN Kiejixe ‘syods yej-ne-ajed) 919|dwod 000€ 03 0097 Ul | av SI1SO1eWO0IqLOINAN
Jneasnuedolsius pue
sadAy Jowny |INJW Arewnd ‘f1eynyd Jousyue ‘spue|b (95001) | 9dA} eisejdoau
910W 10 OM] JO 92US1INDDQ proiAyiesed ayi jo siownj| 919|dwod 000 0O€:L av audopua a|diny
ewolbujuaw pue
‘ewiouueMYdS ‘eW0oIqyoInNau dWoIpuAs
‘ew014>01)5e ‘eWouRDW ewofdol3se
Bunsal dnLUID jueubijew snoauend) umouun w > av -eWoUeRN
ewouidied
g2 WOIPUAS )1|-S 4] |e2131000UIpE ‘siown) uleiq uswi up
cg2H231d 331dwoy) ‘SeU01es09150 ‘ewouldIed 9%EL ‘USWOM SwoIpuAs
26547 2155 3sealq ‘sewod.es anssi} 1J0S ul %00L 000 0Z 03 0005 Ul | av juswnel4-1q
sisoubeiqg saJinjedy dnsejdoapn saJnjeaj dipsejdoau-uopn dueIBUYd duapnU| dueIRYU| 19piosig

panupuo) ‘L 319Vl

www.neurosurgery-online.com

4 | VOLUMEO | NUMBERO | 2021



HEREDITARY CANCER PREDISPOSITION SYNDROMES

Downloaded from https://academic.oup.com/neurosurgery/advance-article/doi/10.1093/neuros/nyab019/6162972 by guest on 22 April 2021

paysijqeiss Jou
elRID dl3soubelp [ed1uld

mmm_mOumEOCCmgr_Um

wnppnjjad

wnidas ayy Jo 154>

‘pueb Areyinud diydiowsAp
154> Je||aseidns-ie||ss
‘SJIOWINY. J9AI] JOWIN] SWIIAA
sewolbuiusw

9|dnnw ‘sewouuemyds

suofrew.ojew Areurinoyuab
pue ‘jeunisajuioseb
‘|ers|ays ‘Jeipied

‘so|ddiu Asesswinuiadns
‘sanljewlouqe

S91}IWIIXD ‘s2IN}ed)

|e1dey ‘Alebawouebio
‘Aleydadoidew ‘Yyimoibiano
|ereulsod ‘ejwiososdew

[€19) YUM soey

9WOIPUAS
[swyeg
poxull-xX -igejoo-uosduwis

2)lUYSp J0j eLISIID jesayduad sjdnnpy gI[dwodu] 0009zL Ul L av sisojewouuemyds
uolepielal [elusW pue
's90) BIq pue squiny} peoiq
‘so13s11912eIRYD [RIDRY DYID3dS
sewol|boipuspobijo ‘Aleydanoudiw ‘Aouapysp
‘sewolbulusw yimoub |ejeulsod ‘sajjewoue (9%00L) SwoIpuAs
sisoubelp |esiuld ‘sew0}se|qo|npan Jeyuabuod ajdiy Ny 919|dwod 000SzL Ul | av 1gAe]-uidisuigny
ewolbulusw ‘ewouueMYdS
‘Jowny plopgeys
|e20413|NW “Jowny plopgey.
jueubijew se ‘Aaupn| ay3 ul
K|je1padsa ‘Ajjelueidelixa 1o SWOIPUAS (939|dwodul SWOIPUAS
14/1V Se wniueid ay3 uiyiim 195)1eIRg-SOPIR|ODIN A|geqoud) uonsodsipaid
Bunsal onLusn J3yaIs Jowiny plopgeyy SWOIPUAS SLIS-ULJoD umouun uol|[iw [:| av Jown) plopgeyy
sannouyip buipasjq
‘suonjew.ojjew dneydwi|
‘S9]|eWOUR [eUdI ‘9SeaSsIp
1eay [euabuod ‘ainjels
sewol|6 “lowny [einsuol|b 10ys ‘Aejap |eyuswdojanap
Bunsal onauab pue |esiuld ‘ewowApuadagns ‘NG ‘sainjesy |e1de4 9139|dwodu| 00SZ 01 000L Ul | av SWOIPUAS URUOON
Kduspyspounwiwl
sewolse|qoj|npaw ‘uoniepJeias yimoib SWOoIPUAS
bunssy d13uab pue [ediuld ‘Aoueubijew proydwAy ‘Aleydadoudiw anissaiboid umouun vy abeyealq usbawliN
sisoubeig sainjeaj onsejdoan sainjeay dnsejdoau-uoN adueIIBUd ERTET TR axueIRYuU| 19piosig

panunuo) °L319v1L

VOLUME O | NUMBERO | 2021 | 5

ERY

I

NEUROSURC



Downloaded from https://academic.oup.com/neurosurgery/advance-article/doi/10.1093/neuros/nyab019/6162972 by guest on 22 April 2021

‘U3jeaH JO se1nasul [euonen ‘HIN ‘uta1oad dipide Ae|juqy el dy4D ‘DAISSadaU |BLOSOINE ‘Y JUBUIWOP [ewosolne ‘qy
“JUBLIRA [Y| 77 U1 U355
*(uoibal Ja30wold pue ‘BsuassiW ‘Dwelj-ul ‘H3) suoneINW |gy 919A3S ss3| Yyim adAjouayd ,ad0ueiiauad-mo|, JO Sased |eljiue) 1e aIdY] ,

www.neurosurgery-online.com

TADROS ET AL

eise|dsApojaAw/eiwayna|
‘sJowny auoq

Krewd ‘sewodies anssiy 1Jos
‘ewolbujusw ‘ewoueRW
jueubijew ‘sewourdied

z0i@NIShpUOdUl
3Je s21n3edy [edIUID

sisolodoaiso

‘snjijjaw sa19gelp ‘sebueyd
upys 91[-ewIapoI3|ds

“Jley Jo sso| pue

J1 Bunsal onauab pue |eduld Jejnaljjo4 proJAy L buikelb ‘s1oeieled jessle|ig 00000Z Ul | v SWOIPUAS JISUIDIAN
1e9d 3|ppIW dY} JO siown}
ses di3eydwAjopus ‘uswebi|
peouq pue siwApipida
9y} JO sewouapelsAd
pue s154> dnjeasdued
‘ewo3f>0owoiydoayd
95e3SIP THA JO UOIIeISajIURW ‘eur}al pue SND
9|buls e jo sisoubelp 9y} Jo ewo)se|qolbueway (9%00L) aseasip
J91ye Bunsal o1nauab Ajutey ‘ewouIdied [|3D [eusy 919|dwio) 0009€ Ul | av nepuii-joddiq-uop
(sbupe1INb 3|pued) sa|npou
sewodijoAwolbue [eual je16 jewApuadagns ‘sajnpou
‘sisojewoAwola|olbueydwA| Jeuoinauol|b |ed1310dgns pue
Kreuownd ‘sdAjod (Sewoyiewey |ed11102) SI9gN]
Jeuinsalul ‘sewoAwopgeyd apnjaul SND 3y bulajoAul
SelpJed ‘sewoiqy [enbungns S19PIosI 'SONSSI) [eINdU-UOU
00l 92Ud13ju0D ‘(WN32egas ewouape) pue |[einau Buiajoaul (900L) x3|dwod
SNSUISUOD) DS |[UOIIRUIAIU| sewoliqyolbue ‘syH3s Sewollewey [eI9ASS 919|dwo) 000 0L ©3 000S Ul | av SISOJ3|2S snoJagn]
sisoubeiqg sainjeaj dnsejdoapn saJnjeaj dipsejdoau-uop dues)dUdd dUdpDU| aduepIayu| 19pJosig

panuiuo) °L319vL

6 | VOLUMEO | NUMBERO | 2021



HEREDITARY CANCER PREDISPOSITION SYNDROMES

Downloaded from https://academic.oup.com/neurosurgery/advance-article/doi/10.1093/neuros/nyab019/6162972 by guest on 22 April 2021

(pue|q A]|e3160]0142) eW0IAD0ININ

(+1411) wouidied [|93 |jews d11elseIdpy

(+dv4D) ewowApuad3y

(SSO| LINI) LY/1V

(+0LXOS ‘+00LS) eWoue|aW diydonoinaN

(++0LXOS ‘+00LS) ewoueaW |93 3|pulds d1eIseIdly

(+ VIS ‘Hulwssg) ewod1esoAwola

(+0S3-AN) ewod1es [eirouAS

(—u1qIyu| ‘+-8XVd) BuouIdIed [|93 J83JD D11eISeIS|

(=dv4D) siowny |93 an|q |[ewS

(+uisAydoirdeuAs) ewoifd>0inaN

ewoAdouse asnyig

ewo3lAd013se 213420]14

(—dv4D “+YW3) ewoibuiusy

(—dVv4D ‘+00LS Buo.ls) ewouuemyds

(—uisAydoideuAs) ewoifoonsy

(1911BW SUYM YuM ddep1ul 1dnige) ewolfdolbueb [euonusauod
(/€120 +#1TVS) siowny || wisH

(=)D “+dVv4D) ewowApuada dn3sejdeuy

(=)D) siowny |33 aN|q |[eWS

(SSOI LINI) LY/1V

(THA $0 usuodwod) Jowny des dineydwAjopus Alefjideqd

uolbai |esuid ayi jo Jowny Aiejjided

(LINI pautelas ‘4-uisAydoldeuAs) ewoise|qojnpaiy

(+€¥ad ‘+5sAd) 1SNDd

(uona|apod bel/d] ‘19)anU punos snouolouoy) ewoljboipuspobiiQ
(S|192 DAISDY0D ‘DA1IRI} YUl J0U) Wise|dosu d1ieIseIs|y

(7 9peJb) ewoise|qolD

(uona|spod be|/d] ‘19]2nuU punoJ snouolouow) ewol|boipuapobi|O
(uoneJsyijoid JeINDSEAOIDIW PUE SISOIDRU) BLWOISE|GOI|D

(€ 9peib) ewolfd0.415e dN3se|deuy

(uonaapod bel/d] ‘19)nU punos snouolouow) ewol|boipusapPobi|O
(buibew [e3160]01pLIOINSU PUE |BDIUI|D) SUOIIPUOD SAI}IRY

(z ape1b) eLOILD0IISE BSNYIQ

s191oweled |esibojolpes pue [edjuld uodn 3sal Aew pue uolIed0| Yim saliea qa
ewoif>0nse 204014

s21£d0115€ + 44D
dAI1}DR3I

91P|[91S UIRIUOD
‘+uisAydoydeuks

sso|
€9W/DYEH SN
+uigyy

(o1wsejdoykoeinul
1]-10p) +VINT
‘+00LS ‘+dV4D
+NnaN “+d14N

‘+uisAkydoydeuAs

+3D DHI 2y1dads oN
$sO| LINI

Am‘_o_‘c:u uelinw-LHal

ul) Sso| XY 1V

pue + HeelyLHAl + b0
‘+001S “+dV4D

eWO}SR|O|INPIN

Jowiny yieays aAlau [esayduiad Jueubijepy
ewolse|qolbuewaH

ewowApuady

sewo01£d0l1|bueb Je||agalad dise|dsAg

ewoudied snxa|d ploioy)
Jowny plopgeyJ/pioieldl |edidAy

ewo1£>011sy

sisoubelp jenualayip yueliodwy

adfyousaydounwwij

Jown)

«SOH YMM paieossy siowin] waisAs snoAIa| Jo sisoubeiq [enualayig pue adfjousydounwwy z 379YL

VOLUME O | NUMBERO | 2021 | 7

ERY

. §

NEUROSURC



TADROS ET AL

Downloaded from https://academic.oup.com/neurosurgery/advance-article/doi/10.1093/neuros/nyab019/6162972 by guest on 22 April 2021

‘A11siwaydoIsiyounwiw] “OH|

cor'SIsoubelp

S)IUYSP e Ydeal 0} |12} SUoKRINW 104 HuduaNbas YNQG pue DH| usym sased ay3 Jaydidap o3 jnyd|ay 3q pjnod Aesse paseq-uoneAyiaw yYNQ ‘siowny jo sisoubelp ay3 Buiwiyuod jo poyisw pides s1a0 DH| Yybnoyl|y,

s|[92 uoljbueb yum siown|

ewo014>013s€ D131420]SIWD)

(—u1nonay) ewoikdoanse d1kd0|id

(—unnoiay ‘+vIN3 ‘+00LS Aydied) ewoibuiuaiy

(+VINIS “—00LS ‘@AISU YIIM UOIRIDOSSE OU) BLOAWOIT]

(—001S 10 + 00LS

|e20 ‘YyimolH snouolouow ‘s|assaA auljeAy ou ‘anssiy buipunouins apeaul) 1SNdIA
(u1913ed g pue V IUOIUY HIYXD J0U S0P ‘“4e|n|j920dAY ‘pare|nqol) SN

(+¥€aD pue + 00LS Jo uonejndod paxiw) ewoiqyoINSN

95e3sIp 5,120D)

snoaJiA Arewnd dnsejdiadAy jualsisiad

spiwjeyydopus aporewsN

ewol|ayydaojnpsy

(+€¥AD "+S¥AD) 1SNDd

(suounau buneoy ‘a1n1dalydie sejnpou ‘buibew s|qredwod ‘Aioisiy 21nz1ss) |Nd
(++VYIN3 ‘@an1da1ydae Bbuneyjyuiuou 10edwod) ewowApuads |33 Jes|d
ewolfdol3se buiesyjyu|

sassad04d aAdeIY

(+11N17D) ewoinaulizd

(—00LS ‘uonedo| yoau Jouaisod) ewodi [|93 o|pulds

(9AJ3U Yyum uoneposse ou ‘aejn[20dAy ‘pa1eingoy) INSN

(S]192 Jje buiajoAul + £dD wiofun ‘—QLS ‘use11ed Yimoib wiojiois “en|@2) 4s4d
(s]192 uoljbueb d1ydiowsAp) ewoinauolbuen

+dv4D
APpjeam (8304 +00LS

dv49 9|qelien
'+00LS °snyia

+3SN +X4D

+zb110
‘DHI dy1>3ds oN

ewofdoi3se |92 Juelb jewApuadagns

ewouuemyssg

ewolse|qoullay

ewol|boipuapobii0

(—00LS 10 + 00LS [2204 ‘sisow ‘eldA3e uen|[3) [SNJIN apelb-mo +€AD pue + 00LS
(—¥€aD ‘+00LS paounouoid pue WIOoJIUN SIO0W) BLOUUBMUDS Jo uone|ndod paxip ewoiqyoInaN
(pue|q A]|e3160]014D) ew01AD>0ININ +d14N
(+dv4D) ewoln ‘uisAydordeuAs ewolse|qoInaN
(=YW3 “+4LIW “+vuepw) ewoikdouepy
(4dV4D ‘|eixe-eau|) ewoise|qoilsy —dv4D '+4d
(+¥d319g) BWOUIDIED D11RISRID|N ‘(2dA1qns A10191295)
(=VYW3 ‘+~€aD +91V1S) 145 +MD ‘+VedLSS
(—VINT “+00LS 9SNHIp) BWOUURMYDS +YINF SNouRIqUIS|A ewolbuluspy
sisoubelp jenyualayip Jueriodw] adfyousaydounwwj Jownjp

panunpuo) ‘z319vL

www.neurosurgery-online.com

8 | VOLUMEO | NUMBERO | 2021



HEREDITARY CANCER PREDISPOSITION SYNDROMES

FIGURE 1. Tumors of NF1 (H&E staining). A, Neurofibroma: benign hypocellular neoplasm composed of cells having thin, spindly nuclei in a collagenous
background. Mitotic figures are rare. B, Diffuse neurofibroma: ill-defined subcutaneous proliferation (green arrow points to normal subcutaneous collagen).

Blue arrow points to tumor cells entrapping adnexal structures. C, Plexiform neurofibroma: multinodular/serpentine growth pattern better appreciated grossly
or on low magnification histology. Blue arrows point to multiple intraneural neurofibromas. D, Atypical neurofibromatous neoplasms of uncertain biologic
potential (ANNUBP): the lesion shows nuclear atypia (blue arrows) with loss of neurofibroma architecture and high cellularity, which are worrisome for
malignancy transformation in plexiform neurofibromas. The term ANNUBP for lesions displaying at least 2 of these features (nuclear atypia with loss of
neurofibroma architecture, high cellularity, and/or mitotic activity > 1/50 but <3/10 high-power fields) was proposed at a consensus at the National institutes
of Health. Such diagnosis should prompt additional sampling, clinical correlation, and expert pathology consultation.’’! No mitotic figures are seen in this

picture. E, MPNST: the lesion showed high-grade sarcoma with fascicular or storiform fibrosarcoma-like pattern, prominent nuclear atypia, tumor necrosis
(black arrow), and mitosis (blue arrow points to a cell in prophase). ¥, OPG: it is pilocytic astrocytoma, WHO grade 1 (most common type of OPGs) that
composed of astrocytes with bipolar thin hair-like (piloid) processes (blue arrow on top). Rosenthal fibers (black arrow in the middle), eosinophilic granular
bodies (red arrow at the bottom), and hyaline globule (green arrow at the bottom) are commonly present.

spinal nerve dorsal roots can be affected. The vestibular tumors
in NF2 are polyclonal and more difficult to treat than sporadic
tumors because of their multifocal nature.

Plexiform schwannoma (Figure 2B) could be associated
with NF2 and no malignant transformation is reported.
Schwannoma/neurofibroma hybrid nerve sheath tumors have
been described in the settings of NF2. Hybrid tumors show highly

NEUROSURGERY

ordered cellular components (Antoni-A) with loose myxoid
components (Antoni-B) in addition to areas of wavy nuclei inter-
spersed with collagen fibers (neurofibroma).

Malignant transformation in schwannoma often has epithe-
lioid appearance but sometimes develops angiosarcoma.
Collection of epithelioid cells in schwannoma suggests early
malignant transformation.
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FIGURE 2. Tumors of NF2 (HEE staining). A, Schwa a: lesion is composed of mildly atypical Schwann cells arranged in fascicles. Hypercellular areas
(Antony A, black arrow on the right) with nuclear palisading giving rise to Verocay bodies are seen intermixed with hypocellular areas (Antony B, blue arrow
on the left). Some schwannomas may show increased proliferative activity; however, this is not considered a sign of aggressive behavior. This lesion does not show
mitosis. B, Plexiform schwannoma: tumor is formed of multiple round to oval nodules (blue arrows) composed of spindled Schwann cells. There is syncytial
growth pattern (black circle on the right) and amorphous-appearing pool of cellular processes (Verocay bodies, red circle on the left). C, Meningioma: the lesion
is composed of atypical meningothelial cells arranged in sheets and lobules with scattered cellular whorls (black circle on top) and calcified psammoma bodies
(blue circle at the bottom). It is WHO grade 1 tumor. Multiple meningiomas or meningiomatosis is a feature of NF2, and they are usually psammomatous,
[fibroblastic, meningothelial, or transitional types. D showed anaplastic meningioma (WHO grade 3). Red circle highlights sheet of atypical meningothelial
cells with many mitotic figures (blue arrows) and tumor necrosis (black line in the middle). E, Meningioangiomatosis: it is a malformative cortical lesion
that is characterized by plaque like proliferation of perivascular meningothelial and fibroblast like cells. Meningeal cells encircle intracortical vessels (black
arrow, cells are negative for Glial fibrillary acidic protein (GFAP)), where brain parenchyma stains positive for GEAP (blue arrow). Brain invasion was in
question, but the bland cytology of the lesion argued against it (GFAP IHC). F, Spinal ependymoma: the tumor shows true rosettes (black circles on the right)
and perivascular pseudo-rosettes (blue arrows on the left) with hypercellular sheet-like growth pattern in between.

Multiple meningiomas (Figure 2C-2E) (meningiomatosis)
occur throughout the cranial and spinal neuraxis and maybe
the presenting feature of NF2. There are 2 main hypotheses for
their development, one that supports the independent tumori-
genesis of these neoplasms and the other suggests the propa-
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gation of tumor cells of a unique clone through cerebrospinal
fluid.

Gliomas in NF2 consist predominantly of spinal and cauda
equina ependymomas (Figure 2F). These are usually multiple and
slowly growing,.
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Glial hamartias are clusters of atypical glial cells that occur in
the cortices and basal ganglia. These are common and pathog-
nomonic features of NF2.

NF2 results from mutation in the NF2. Merlin exists in 2
forms: inactivated (unphosphorylated) and activated (phospho-
rylated). Once Merlin gets activated in the presence of WNT
or transmembrane proteins (cadherins, integrins, and CD44),
inhibits mammalian target of rapamycin (mTOR), is imported
to the nucleus and suppresses the Hippo pathway (YAP/TAZ)
through binding of the transcription factor CRL4.%

The discovery of LZTR1-associated schwannomatosis showed
substantial diagnostic overlap with NF2, particularly in those
with unilateral vestibular schwannoma and other nondermal
schwannomas.

Schwannomatosis is characterized by multiple peripheral
schwannomas in the absence of other diagnostic features of
NF2. Bilateral vestibular schwannomas are not encountered
and multiple meningiomas could happen. Unlike NF2, somatic
mutations of NF2 not germline mutations are frequently seen
resulting from SMARCBI or LZTRI germline mutations.

LZTRI inhibits RAS signaling through ubiquitination of RAS
by cullin 3 ubiquitin ligase complexes. LZTRI mutations result
in incomplete degradation of Ras-GTPase RIT1 and dysregulated
growth factor signaling responses.” LZTR1 loss in Schwann cells
drives dedifferentiation and proliferation.””

FAMILIAL MULTIPLE MENINGIOMAS

It is an AD disorder defined by the presence of at least 2
lesions that appear simultaneously or at different intracranial
locations, without the association of NE Heterozygous loss-of-
function germline mutations in SMARCEI — SWI/SNF complex
— predisposes to spinal and intracranial clear-cell meningiomas.2°
Swedish study showed concordance in histology for meningioma
in mother-offspring.”’

CARNEY COMPLEX

It is associated with clinically aggressive psammomatous
melanotic schwannoma (Figure 3).

Carney complex (CNC) is linked in 40% of familial cases
to mutations in tumor-suppressor gene PRKARI. Protein kinase
alpha is a ubiquitous cAMP-dependent kinase that binds to A-
kinase anchoring proteins and allows cAMP-responsive events to
occur within specific compartments of the cells and to cluster
with other classes of signaling enzymes.”® Missense mutation in
PRKARI results in decrease in the cellular pool of the regulatory
subunits (Rler) allowing the catalytic (C) subunit to roam unreg-
ulated increasing the kinase activity.

CNC was previously called NAME (nevi, atrial myxoma,
ephelides) and LAMB (lentigines, atrial myxoma, blue nevi)
syndrome. Because of the presence of ephelides (freckles), it
may seem like Peutz-Jeughers syndrome. Carney triad consists
of paragangliomas, gastric stromal tumors, and pulmonary
chondromas, and should not be confused with CNC.

NEUROSURGERY

HEREDITARY CANCER PREDISPOSITION SYNDROMES

FIGURE 3. Tumors of CNC (H&E staining). Psammomatous melanotic
schwannoma in 10% of patients, a rare nerve sheath tumor that can involve

the CNS and is characterized by high melanin pigmentation and psammoma
bodies.

TUBEROUS SCLEROSIS COMPLEX

CNS manifestations include tubers, subcortical glioneuronal
nodules, subependymal glial nodules, and subependymal giant
cell astrocytoma (SEGA).

SEGA (Figure 4A) occurs in 5% to 15% of TSC patients and
is considered a major diagnostic criterion. The tumors are well
circumscribed and project in the lateral ventricle. SEGA could
present with intratumoral hemorrhage and acute hydrocephalus.

Cortical tubers (Figure 4B) are hamartomatous nodules that
can be epileptogenic and are usually needed to be resected.
Magnetic resonance imaging helps to identify them, and
reflectance spectroscopy was attempted in small cohort for better
localization.?’

TSC is caused by inactivating 7SCI and 7SC2 germline
mutations. Tuberin and hamartin dimerize to suppress mTOR;
that is why everolimus is used in TSC.*® Tscl stabilizes Tsc2
by facilitating Hsp90-mediated folding of kinase and nonkinase
clients, including Tsc2, thereby preventing their degradation.’!

Conversely, Polo-like kinase 1 phosphorylation of TSC1 inter-
feres with TSC1/TSC2 binding, destabilized TSC1, promoted
dissociation of the TSC complex from the lysosome, and
eventually leads to mTOR activation.’? Sustained activation of
mTOR in oligodendrocyte progenitors in Zscl mutants leads
to oligodendrocyte cell death and myelination defects.”® Hyper-
active mTOR-mediated negative feedback regulation of AKT
partially contributes to the benign nature of TSC-associated
tumors.>*

VON HIPPEL-LINDAU DISEASE

VHL syndrome is divided into 4 subtypes (1, 2A, 2B, and 2C)
according to the risk of developing pheochromocytoma (type 2C
has only pheochromocytomas). Type 1 is more likely to develop
CNS hemangioblastomas.

CNS or retinal hemangioblastomas (Figure 5) appear at early
age (25-29 yr). CNS tumors developed in cerebellum, brain stem,
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FIGURE 4. Lesions in TSC (HOE staining). A, SEGA: lesion consists of large atypical astrocytes that have copious eosinophilic cytoplasm resembling
gemistocytic astrocytes and are arranged in sheets, fascicles, and perivascular clusters (blue arrow). Stromal dystrophic calcification (blue circle) is common.
Mitotic figures are rare. It is a slow growing neoplasm (WHO grade 1) arising from the subependymal layer of the lateral ventricles (black arrow points to
ependymal lining of lateral ventricle). B, Cortical tubers: it is a hamartomatous nodule that can be multiple and epileptogenic. Large balloon cells displaying
both glial and newronal features are frequently encountered (blue arrow). Typically, lesion is composed of multinucleated giant cells, abnormal dysplastic
neurons, and reactive gliosis, disrupting the normal cortical lamination (not shown here). Black arrow shows Virchow-Robin space.

FIGURE 5. Hemangioblastoma in VHL (HOE staining). The tumor is
composed of 2 elements, large number of capillaries and small blood vessels,
and collection of stromal cells with eosinophilic cytoplasm. Many stromal cells
display larger, lipidized, and vacuolated cytoplasm. The cell of origin is not
known. These are benign circumscribed tumors and belong to WHO grade 1.

and spinal cord, in that order of frequency. Multifocal CNS
hemangioblastomas were also reported.

VHL is associated with inactivation VAL germline mutations.
VHL is a tumor-suppressor protein involved in hypoxia signaling.
It acts as ubiquitin E3 ligase to help the proteasomal degra-
dation of hypoxia-inducible factors 1 and 2. These factors
activate glycolysis, fatty acid metabolism, erythropoiesis, and
angiogenesis. VHL is also required for proper P53 activation and
mTOR regulation.

VHL-JAK-STAT signaling plays alternative pathways in
hemangioblastoma to supplement VHL-hypoxia-inducible factor
(HIF) pathway.®® Jade-1 is another tumor-suppressor protein
associated with histone acetyltransferase (HAT) activity and stabi-
lized by VHL; its destabilization contributes to cancer.*®

Independent of HIF pathway, inactivation of m®A ribonucleic
acid (RNA) demethylase Fat mass and obesity-associated protein

12 | VOLUMEO | NUMBERO | 2021

in the presence of VHL loss reduces tumor cells growth. It was
proposed as targeted therapy for drug-resistant clear-cell renal cell
carcinoma in VHL.?’

Although VHL could be caused by multiple loss-of-function
mutations, C-terminal-encoding VHL mutations may cause
polycythemia.*

LI-FRAUMENI SYNDROME

Among the CNS neoplasms medulloblastomas, choroid plexus
carcinoma (CPC) and ependymomas predominate. However, in
the young adult, astrocytomas occur commonly.

Most CPC arise in the children (14% occurring in the first year
of life) in the region of the lateral ventricles (Figure 6A). Hydro-
cephalus and increased intracranial pressure are common because
of tumors location.

Although 40% of CPCs display 7P53 germline mutations in
the setting of Li-Fraumeni syndrome (LES), 90% of 7753 wild-
type CPC harbor some dysfunction of P53 because of polymor-
phism like R72P variant.

Medulloblastoma (Figure 6B and 6C) predominantly affects
children less than 3 yr old. They are located exclusively in
the cerebellum and dorsal brainstem region. Originally, 4
histological subtypes were recognized, including classic (72%
of all), desmoplastic/nodular, medulloblastoma with extensive
nodularity, and large cell/anaplastic. However, World Health
Organization (WHO) classification is based on their molecular
characteristics because of its increasing clinical utility. Five
distinct genetic subtypes are identified: WNT-activated, SHH-
activated, 7P53-mutant, 7P53 wild-type, and non-WNT/non-
SHH. Massive chromosome rearrangements in a 1-step catas-
trophic event termed “chromothripsis” were linked to P53
status.”

LES results from 7P53 germline mutations. The core P53
pathway is the response to DNA damage either by repair

www.neurosurgery-online.com
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e

located exclusively in the cer

FIGURE 6. Tumors of LFS (H&E staining). A, CPC: these tumors show a solid (blue arrow on the right) as well as vague papillary structures (black
arrow on the left) with increased cell densiy, frequent mitotic figures and foci of necrosis (black line on rop). Individual cells are epithelioid with nuclear
hyperchromicity and pleomorphism. Adjacent brain invasion and metastasis via cerebrospinal fluid pathway are common. These are WHO grade 3 tumors.
B and C, Medulloblastoma: these tumors are a high-grade (WHO grade 4) embryonal tumor that predominantly affects children less than 3 yr old. They are
m and dorsal brainstem region and consist of highly atypical and poorly differentiated cells having frequent mitotic figures
and tumor cell necrosis. Homer-Wright (neuroblastic) rosettes are seen in many cases (blue circles). B, Classic type (molecularly by methylation classifier and
Next-generation sequencing is subclass group 4). C, Desmoplastic/nodular type. Black arrows point to the nodular pattern (molecularly is SHH-B group).

and return to homeostasis or cell death. There is redun-
dancy and extensive communication of P53 pathway with
other cellular pathways and feedback loops. The downstream
genes regulated by the wild-type P53 are robust; however, loss-
of-function mutation of 7P53 turns off the entire pathway.
Interestingly, mutations in 7P53 can function efficiently
initializing malignancy rapidly in tissue of ectodermal or
mesodermal-derived origin (in case of medulloblastoma and
rhabdomyosarcoma), whereas same mutations in endodermal-
derived stem cells require other mutations in oncogenes
or tumor-suppressor genes, occurring prior to the 7P53
mutations, to develop malignancy (in case of lung and colonic
cancer). %0

Surprisingly, P53-mutant loss of function is accompanied
by 3 phenomena. First, P53 mutant can drive P53 wild-
type to a mutant conformation in similar mechanism to the
prions.*! Second, P53 mutant has the ability of acquiring novel
functions.*? Last, mutations within 7P53 cause stabilization of
P53-mutant and its overexpression that led to its discovery origi-
nally.® Among the novel functions, P53 mutant significantly
upregulates mevalonate pathway via SREBP2 and promotes the
synthesis of ubiquinone that supports the synthesis of pyrimidine
nucleotide.

NEUROSURGERY

PTEN HAMARTOMA TUMOR SYNDROMES

The defining feature of PTEN hamartoma tumor syndrome
(PHTY) is the presence of hamartomatous tumors.

COWDEN SYNDROME

Multiple hamartomas arising from all three germ layers
happens, of which facial trichilemmomas and adult cerebellar
dysplastic gangliocytomas are highly pathognomonic.

Cowden syndrome (CS) is caused by PTEN germline
mutations; however, somatic mutations are rarely encountered
in CNS malignancies. Generally, PTEN levels are frequently
downregulated in cancer, even in the absence of genetic aberra-
tions.*> E3 ubiquitin ligase WWP1 negatively regulates PTEN,
and it was suggested to have oncogenic function.’® PTEN tumor-
suppressor activity depends on its lipid phosphatase activity,
which antagonizes PI3K-AKT-mTOR signaling at the plasma
membrane. Additionally, PTEN has phosphatase independent
functions in the nucleus like DNA repair regulation and
maintaining chromosomal stability and can be exported extracel-
lularly through exosomal export or secretion to produce tumor-
suppressor effects in adjacent cells.®
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FIGURE 7. Oligodendroglioma in CMMRD (H&E staining). Tumor is
Sformed of a uniform population of tumor cells with round nuclei, scant
cytoplasm, and an artifactual perinuclear halo (so-called fried egg appearance).

CS and Bannayan-Riley-Ruvalcaba syndrome are considered
variable phenotypic presentations of the same disorder.

Dysplastic Cerebellar Gangliocytomas

They are benign cerebellar tumors composed of dysplastic and
enlarged ganglionic cells infiltrating and enlarging the internal
granular layer of the cerebellar gray matter, causing abnormal
thickening of cerebellar folia. Though WHO grade 1 has been
assigned, it is not clear whether this is a neoplasm or hamartoma.
The tumor may spread locally but not outside the cerebellum.
Most cases occur in the adults and all of them display PTEN
mutations, which are not common in pediatric tumors. It may
arise in conjunction with CS or without other PHTS signs.

Proteus-like syndrome is associated with PTEN pathogenic
variants but lack hamartomas.

TURCOT SYNDROME

Turcot syndrome is a historical term for conditions showing
brain tumors, intestinal polyps, and cancers caused by APC
germline mutations. Recently, it was divided subsequently into
2 distinct disorders based on different genetic profiles involving
distinct inheritance and cancer spectrum.

Mismatch Repair Cancer Syndrome

This AD disorder is caused by mutations in one of the
mismatch repair (MMR) genes MLHI, PMS2, MSH2, and
MSHG. Individuals carry biallelic homozygous or compound
heterozygous deleterious germline mutations in MMR, leading
to constitutional MMR deficiency syndrome (CMMRD) in
contrast to heterozygous monoallelic germline loss-of-function
mutations followed by somatic loss of the remaining wild-type
allele, which happens in Lynch syndrome (LS).

Based on the effect of acetylsalicylic acid (ASA) in reducing
cancer risk in individuals with LS, ASA is used to reduce the risk
of cancer in CMMRD.#

Astrocytomas and oligodendrogliomas (Figure 7) occur in the
first 2 decades. Presence of giant cells on histology, multiple brain
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tumors, and developmental brain anomalies are suggested to be
characteristic features for CMMRD. In addition, medulloblas-
tomas and primitive neuroectodermal tumors were reported.

Individuals with CMMRD may have NF1-like phenotype,
presenting with café-au-lait spots, neurofibromas, Lisch nodules,
and axillary freckling. Gastrointestinal polyposis and malig-
nancies are encountered in almost all the patients.

Familial Adenomatous Polyposis

It is caused by heterozygous mutations in the APC tumor-
suppressor gene. APC inhibits the WNT/S-catenin signaling.
Without APC, B-catenin remains undegraded, resulting in
uncontrolled proliferation. B-catenin is also involved in cell
migration, adhesion, transcriptional activation, and apoptosis
inhibition.

Polymerase proofreading-associated polyposis syndrome is AD
highly penetrant disorder caused by POLE and POLDI germline
mutations. Affected individuals develop adenomatous polyposis
and are at risk for colonic and endometrial cancer at early age.

NEVOID BASAL CELL CARINOMA SYNDROME
(GORLIN SYNDROME)

The nevoid basal cell carcinoma syndrome is caused by
germline mutations of P7CH1 and rarely SUFU or PTCH?2.

PTCHI1 is a receptor for secreted hedgehog signaling
molecules, including sonic hedgehog (SHH).* SHH binds
to and inhibits PTCHI, which permits the signal trans-
ducer Smoothened (SMO) activation.’® Mutated PTCHI does
not inhibit SMO, resulting in activation of SUFU-GLI. GLI
is a transcription factor that causes cell proliferation.”! The
risk of developing medulloblastomas is substantially higher in
individuals with SUFU pathogenic variants with a male predom-
inance of 3:1.

Gorlin-Koutlas syndrome is defined by occurring of multiple
schwannomas in an extended family who also develop multiple
nevocytic nevi and vaginal leiomyomas.

RHABDOID TUMOR PREDISPOSITION
SYNDROME

Rhabdoid tumor predisposition syndrome (RTPS) is caused by
SMARCBI germline mutations. SMARCBI1/INI1 is part of the
BAF chromatin-remodeling complex (aka SWI/SNF complex).
Knock-out of Inil in mice embryo results in their demise,?
but Inil-heterozygous mice develop aggressive cancer, including
rhabdoid-like tumors and T-cell lymphomas.>® Different mouse
models showed that early Inil loss causes rhabdoid tumors,
whereas Inil loss at later stages combined with /N/2 inactivation
causes schwannomas. Atypical teratoid/rhabdoid tumor (AT/RT)
(Figure 8) presents in patients aged 3 yr or below. Both supra and
infratentorial locations are common.
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FIGURE 8. AT/RT (HE&E staining). This is a poorly differentiated WHO
grade 4 embryonal tumor that usually presents in patients aged 3 yr or below.
Both supra and infratentorial locations are common. The characteristic feature
of the tumor is presence of large number of cells having copious eosinophilic
cytoplasm and eccentrically located nuclei, so-called rhabdoid cells (black
arrow on the right). Apart from this the neoplastic cells can display epithelial,
mesodermal (blue arrow on the left), and neuroectodermal differentiation.

HEREDITARY CANCER PREDISPOSITION SYNDROMES

HEREDITARY RETINOBLASTOMA

Hereditary retinoblastoma is caused by RBI germline
mutations and 90% of cases present before 3 yr of age. Trilateral
retinoblastoma presents as midline intracranial neuroblastoma (in
the pineal gland or in the supra/parasellar region) with bilateral
intraocular retinoblastomas (Figure 9). Noninheritable cases of
retinoblastoma are always unilateral.

Retinoblastoma (RB) inhibits cell growth through interaction
with E2F transcription factors.”* The CDK—RB-E2F axis forms
the core transcriptional machinery driving cell cycle progression
and alterations in the components of this axis occur in virtually
all cancers. Interestingly, mice with single copy of R4 develop
multiple neuroendocrine neoplasia.”> Moreover, most sporadic
cancers inactivate RB by phosphorylation rather than losing it
entirely — possibly to take advantage of RB antiapoptotic role
under stress.>®

Inactivation of RBI is usually caused by mutations affecting
the coding region. Silencing by methylation of RBI promoter
is observed in retinoblastoma as second event and is classified

staining.

FIGURE10. Pituitary adenoma in MEN1 (H&'E staining). The adenomas display proliferation of monomorphic epithelioid cells having copious cytoplasm.
The cells are arranged in sheets and cords A, destroying the typical acinar (nested) architecture of the normal adenohypophysis. The effacement of the normal
acinar network of the gland can be confirmed by a reticulin stain B that is diagnostic of an adenoma. No acinar outlines could be appreciated on reticulin
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the fibrillary matrix (C, circle) separated by a loose matrix (C, arrow).

FIGURE 11. Tumors of Noonan syndrome. A, DNT: tumor is formed of round uniform cells resembling those found in oligodendrogliomas (blue circle) and

floating mature neurons (black arrow). B and C, Subependymoma: tumor shows lobulated architecture B with variably size clusters of tumor cells embedded in

as somatic epimutation. However, monoallelic germline RBI
promoter methylation has also been described.”” RB1 itself
is known epigenetic regulator interacting with SWI/SNF
complexes, histone deacetylase, and DNA methyltransferase

DNMT1.8

ATAXIA-TELANGIECTASIA

A total of 85% of patients develop lymphomas and acute
leukemias, but brain tumors may happen. Ataxia-telangiectasia
(AT) is caused by AT mutated (A7M) germline mutations. ATM
kinase regulates the cellular response to DNA double-strands
breaks by activating P53 and inhibiting MDM2 (P53-specific
inactivator), leading to P53 accumulation.’® It also activates
other DNA repair proteins (eg, BRCA1 and NBS1), CHK2
(control cell cycle), elF-4E (protein translation), and PP2A (AKT
phosphatase).-%? The presence of neurological symptoms likely
develops because of PP2A inhibition.®® In the absence of ATM,

cells build up somatic mutations, leading to malignancies.

MULTIPLE ENDOCRINE NEOPLASIA TYPE 1
(MEN?1)

It is characterized by parathyroid, pancreatic islet
cell/gastrointestinal, and anterior pituitary tumors. Multiple

16 | VOLUMEO | NUMBERO | 2021

endocrine neoplasia type 1 (MEN]1) results from MEN1 germline
mutations. Menin is a component of MLL1/MLL2-containing
histone methyltransferase complexes that trimethylate H3K4.%4
However, it interacts with myelocytomatosis oncogene (MYC)
and enhances the transcription of MYC target genes independent
from H3K4me3 inhibitory activity.> Menin inhibits SHH®
and HOX signaling via PRMTS5. It interacts with CHESI in
S-phase checkpoint pathway related to DNA damage response.®’
It has essential role in WNT/B-catenin signaling.G8 Additionally,
it binds transcription factor JUND, inhibiting its transcrip-
tional activity.®” Tt remains unclear why tumors arise only in
neuroendocrine organs.

Pituitary adenomas (PA) (Figure 10) are broadly catego-
rized into macro- or micro-adenomas (1-cm cutoff), functional
(hormone-secreting), or nonfunctioning. Functional adenomas
secrete 1 hormone (commonly GH or ACTH), though some may
secrete 2 hormones. These functional adenomas are microade-
nomas and are detected early because of early hyperpituitarism
symptoms. Nonfunctioning adenomas are usually macroade-
nomas, causing hypopituitarism by compressing the adjacent
normal parenchyma.

MEN4

MEN4 is caused by CDKN 1B germline mutations and charac-
terized by parathyroid and anterior pituitary tumors in association
with tumors of the adrenals, kidneys, and reproductive organs.”
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FIGURE 12. Diagram illustrates signaling pathways involved in hereditary predisposition cancer syndromes pathogenesis. Many HCS genetic alterations affect cell
cycling proteins (LFS, RB, and MAS), DNA repair (ATM, CMMRD, and PPAP), mTOR pathway (NF1, NF2, TSC, VHL, and Cowden), or epigenctic modifications
(RTS, RTPS, Schwannomatosis, and MEN1). “—,” stimulation; and “—” inhibition. Color code: “warm” colors (yellow, orange, and peach) represent proto-oncogenic
proteins, whereas “cold” colors (blue, magenta, violet, and green) represent tumor suppressors. Red patches — names of the diseases linked with the associated abnormal
proteins. Golden yellow — Ras-Raf-MEK-ERK (also known as MAPK/ERK) pathway, one of the main growth signaling pathways. Yellow-green — hypoxia-inducible
Jactors sustain growth and development in an oxygen-deprived environment. Orange — PI3K-AKT (also known as protein kinase B) pathway, the second major cellular
growth, and proliferation signaling cascade. AKT phosphorylates more than a hundred of other proteins and is highly conservative throughout all eukaryotic organisms.
The RAS pathway also activates it. Peach — protein kinase AIcAMP pathway; regulated by G proteins (Gs activates, Gi inhibits); involved in glucose metabolism,
cellular growth, and proliferation (via CREB). Lime — proteins involved in cytoskeleton regulation and intercellular contacts (WNT/B-catenin pathway, Merlin). WNT
pathway is a key regulator of cellular polarity, migration, and body axial orientation; it also controls regeneration in adult bone marrow, skin, and intestine. Merlin
is a membrane-cytoskeleton scaffolding protein, normally promotes contact-mediated growth and proliferation inhibition through the Hippo pathway (not shown in a
diagram). Green — DNA reparation proteins; includes single- and double-strand breaks repair systems and mismatched base repair system. Mismatch errors occur when
DNA in the synthetic (S) phase, whereas others can occur throughout the cell cycle. Double-stranded breaks, as shown, mostly happen because of ultraviolet radiation,
which explains sunlight sensitivity in AT Blue — inhibitory proteins (VHL, NF1, and TSC1/TSC2). These are major negative regulators of growth signaling pathways.
This group is heterogeneous by the mechanism of action. Magenta — cell cycle regulatory proteins; includes P53 and RB1 (GI-S checkpoint control). Purple — DNA
binding proteins, which include SWI/SNF complexes and RNA polymerases. SWI/SNF complexes, as shown, responsible for proper chromatin packing and nucleosome
sliding. Abbreviations: GF — growth factors (such factors as insulin and insulin-like growth factors, epidermal growth factor, nerve growth factor, platelet-derived
growth factor, vascular endothelial growth factor, and fibroblast growth factor); UV — ultraviolet light; DSB — double-strand breaks); RTK — receptor tyrosine kinase;
MAPK — mitogen-activated protein kinases; MEK — MAPK/ERK kinase; ERK — extracellular signal-regulated kinases; NFI— neurofibromin 1 protein; NF type 1 —
neurofibromatosis type 1; Ras — rat sarcoma proteins; RAF — rapidly accelerated fibrosarcoma kinase; cAMP — cyclic adenosine phosphate; PKA — protein kinase A;
CREB — cyclic AMP response element-binding protein; PI3K — phosphoinositide 3-kinase; PTEN — phosphatase and tensin homolog; TSC1/TSC2 — tuberous sclerosis
complex proteins 1 and 2; mTOR — mammalian target of rapamycin complex; CD44 (HCAM) — homing cell adhesion molecule; NF type 2 — neurofibromatosis type
2; VHL — von Hippel-Lindau; HIF 1a/1b — hypoxia-inducible factors 1a/1b; LRP5/6 — low-density lipoprotein receptor-related protein 5/6; APC — adenomatous
polyposis coli; SWI/SNF — SWitch/sucrose nonfermentable chromatin-remodeling complexes; MLL — mixed lineage lewkemia complexes; MENI — multiple endocrine
neoplasia type 1; ATM — ataxia-telangiectasia mutated; CMMRD — constitutional mismatch repair disorder; EXOI — exodeoxyribonuclease 1; Shh — sonic hedgehog
protein; PTCHI — protein patched homolog 1; SMO — smoothened; SUFU — suppressor of fused homolog; Gli — glioma associated oncogene; PPAP — polymerase
proofreading-associated polyposis; Pole — DNA polymerase epsilon.
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FAMILIAL ISOLATED PITUITARY ADENOMA

It is a familial PA with no other associated tumors like
in MEN1, MEN4, and CNC. It is caused by A/P germline
mutations with incomplete penetrance.”! AIP is associated
normally with GH and prolactin secretory vesicles, but not in
thyrotrophs, corticotrophs, gonadotrophs, or follicular cells.

McCune-Albright syndrome and SDHx mutations are also
HCS that predispose to pituitary tumorigenesis.”*>

RUBINSTEIN-TAYBI SYNDROME

Rubinstein-Taybi syndrome (RTS) is associated with medul-
loblastomas, meningiomas, and oligodendrogliomas.

RTS is associated with mutations in the CREBBP or its
homolog EP300. CBP has HAT activity and regulates expression
of multiple proteins, such as P53 and MYC. CREBBP mutations
results in tumorigenesis and immuno-evasion.”47°

OLLIER DISEASE AND MAFFUCCI SYNDROME

Individuals with these disorders develop multiple enchon-
dromas with no causative gene identified to date. However, there
is increased incidence of gliomas that harbor /DHI and rarely
IDH?2 mutations.”” Notably, IDHI and IDH2 mutations are

reported in enchondromas and chondrosarcoma.”®

WERNER SYNDROME

Werner syndrome (WS) is premature aging syndrome that
develops features of aging in the second decade of life. It is caused
by WRN RecQ helicase mutations, which is not enough alone to
develop tumors.”? Lacking WRN results in deletion of telomeres
from single sister chromatids that are replicated by lagging strand
synthesis.®” Cancer predisposition is due to cellular senescence
and not mtDNA mutagenesis.®!

NIJMEGEN BREAKAGE SYNDROME

Most malignancies in Nijmegen breakage syndrome (NBS)
are lymphoid with reported medulloblastomas. NBS is due to
NBSI mutations that result in genomic instability. Nbs1-deficient
neuroprogenitors show proliferation defects and contain more
chromosomal breaks, which are accompanied by ATM-mediated
P53 activation.®?

SIMPSON-GOLABI-BEHMEL SYNDROME

Simpson-Golabi-Behmel syndrome (SGBS) is an overgrowth
syndrome caused by GPC3 germline mutations. Glypican-3
forms a complex with insulin-like growth factor 2.8> A sellar-
suprasellar cyst, dysmorphic pituitary gland, and a cyst of the
septum pellucidum are reported.

18 | VOLUMEO | NUMBERO | 2021

Beckwith-Wiedemann, Sotos, and Weaver syndromes are also
overgrowth disorders that are not connected with GH overpro-
duction.

DICER1 SYNDROME

DICERI1 germline mutations cause variety of tumors. Loss
of DICER1 in developing lung results in pleuropulmonary
blastoma.®* CNS manifestations of DICER1 syndrome include
pituitary blastoma, pineoblastoma, ciliary body medulloepithe-
lioma, primary DICER1-associated CNS sarcomas, and ETMR-
like infantile cerebellar embryonal tumor.®

NOONAN SYNDROME

Noonan syndrome is a RASopathy disorder due to PTPNI1I
germline mutations. Brain tumors such as dysembryoplastic
neuroepithelial tumor (DNT) (Figure 11A), subependymoma
(Figure 11B and 11C), glioneural tumor, and gliomas were
reported.®¢

CONCLUSION

Although most HCS are rare or extremely rare (1:40 000-
1:100 000), NF1 and TSC are quite common (1:3000-1:10 000)
with high penetrance. For comparison, the incidence of
glioblastoma is 1:33 000 to 1:50 000.

Family history of early-onset brain cancer gives a modest
increase (2-3-fold) in the cumulative risk of brain cancer:
0.24% in general population vs 0.75% for offspring and
0.53% for siblings. Similar results were obtained in the
Norwegian nationwide register-based cohort 1960 to 2001 study
(2.6 million children, 2477 primary solid tumors).®” Interest-
ingly, after excluding hereditary cancer syndromes, a family
history of cancer still increased the risk of childhood CNS
tumors and neuroblastomas 2.3-fold and retinoblastoma 6.1-
fold. This suggests that other unknown genetic mechanisms are
involved.

Our review presented the pathological and molecular features
(Figure 12) of tumors associated with HCS. Using DNA methy-
lation classifier empowers the pathologists with more objective
way of diagnosing the tumors; however, stratification of the
tumors in syndrome-associated group vs the sporadic group
has not been achieved yet. Further studies are needed to
identify features that define syndrome-associated tumors to help
diagnosing them and developing targeted therapy for them.
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