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Inducibleand Transmissible
    Tumors of  theGenetic
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    Tumors of the nervous  system  most  often  occur  in both children  and  adults  as sporadic  events  with

no  family history of  the disease, but they  are also arnong  the  clinical  manifestations  of a significant num-

ber of  familial cancer  syndromes,  including familial retinoblastoma,  ncurofibromatosis  1 and  2, tuberous
sclerosis,  and  Cowden, Turcot, Li-Fraumeni and  nevoid  basal cell carcinoma  (Gorlin) syndremes.  All of
these syndromes  involve transmissible genetic risk  resulting from loss of  a functional allele,  or inheritance
of  a structurally  defective allele,  of  a  specific  gene, These genes include RBI, Allql, NF2, rsCl, 71SC2,
7LP53, PTE7V, APC,  hMLHI,  hPSmo, and  PTCH, most  of  which  function as tumor  suppressor  genes. The
same  genes are  also  observed  in mutated  and  inactive forms, or are deleted, in tumor  cells in sporadic
cases  of  the  same  tumors.  The  nature  of the mutational  events  that give rise to these inactivated alleles

suggests  a  possible role  of  environmental  mutagens  in their causation.  However, only  external  ionizing
radiation  at  high doses is clearly  established  as an  environmental  cause  of brain, nerve  and  meningeal

tumors  in humans, Transplacental carcinogenesis  studies  in rodents  and  other  species  emphasize  the

extraordinary  susceptibility  of  the developing mammaiian  nervous  system  to carcinogcnesis,  but the
inverse relationship  of  latency to dose suggests  that ]ow transplacental exposures  to genotoxicants are

more  like]y to result  in brain tumors  late in life, rather  thun in childhood.  While not  all neurogenic  tumor-

related  genes in humans have simiiar  cffects  in experirnental  rodents,  genetically engineered  mice  (GEM)
increasingly provide useful  insightg into the combined  effects  of  multiple  tumor  suppressor  genes and  of

gene-environment interactions in the genesis of  brain turnors, especially  pediatric brain tumors  such  as

medulloblastoma.

INTRODUCTION

  Neoplasms of  the brain and  other  parts of  thc nervous  sys-

tein occur  in both children  and  adults,  but different neo-

plasms and  different tumor  sites characterize  the two  age

groups, Tumors  of  the nervous  systcm,  cspecially  the brain,
the eye,  and  the  sympathetic  nervous  systcm,  are the second

most  common  category  of  childhood  cancers,  after  leukemia
and  lymphoma. More thari 7500 cases  of  canccr  occur  annu-

ally among  children  in the United States, of  which  approxi-

tnately  19 per cent  are  tumors  of  the central  nervous  systcm

(CNS) and  18 per cent  are  neuroblastomas  arising in the
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In this paper, gcncs of  non-human  species  are  wrttteri  in lo-,er-case italic
font (e,g., p53) and  human  genes in uppcr-cusc  itttlie {e.g., TP53), Naines of

homologous  genes in human  and  non-hurnan  species  are  J]ot  neeessarily

identieal,

adrenal  medulla  and  sympathetic  ganglia. Cancer remains
the second  leading eause  of  death, after accidents,  among

American chi]dren,i} Pediatric brain tumors  are the subject

of  a  recent  on-line  summary  of  clinical progress and  chal-

lenges by a study  group convened  by the U.S, National
CancerInstitute(http:llprg.nci.nih.gov/brainlPediatrics.htm],
April 2005).

  Some  pediatric neoplasms  and  some  adult-onset  neuro-

genic tumors  occur  as aspects  of  the clinical manifestations

of  certain  familial cancer  syndromes,  and  can  now  bc traced
to inherited defective alleles  of  specific  tumor-related

genes,2) During the last 40 years, 1965-2005, the causes  of

tumors of the nervous  system  have been the focus of numer-

ous  studics in both the laboratory and  the clinic,  These  stud-

ies were  driven first by experimental  findings that the mam-
ma]ian  brain is highly susceptible  to carcinogenic  exposures

during early  life, and  later by the discovery of specific genes
that, in mutated  fOrms, are involved in the pathogenesis of

some  of  thcse  neoplasms.  Despite intensive experimental

and  epidemiologic  investigations, and  despite numerous

observations  that suggest  a role  of  environmental  factors in
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the causation  of  neurogenic  tumors, no  chemical  agent  or

mixture has yet been identified as a carcinogen  fOr the
human nervous  system,

  The brief latencies of  brain tumors and  other  nervous  sys-

tem  tumors in children  have often  been cited as support  for
the hypothesis that these tumors may  result  from encounters
with  environmental  carcinogens  during prenatal or  early

postnatal life. Transplacental and  perinatal chemical  carcino-

genesis has been the subject  of  several  intemational confer-

ences  and  symposia  with  published proceedings3' 
S)
 in which

reviews  and  summaries  of  this still-evolving field of  research

are  available.  This paper is taken  in part from a  recent  review

of  the roles  of  conventional  and  genetically modified  mice

in clarifying  the etiology  of  neurogenic  tumors  of  child-

hood.6)

NEUROTROPIC  CARCINOGENESIS  IN
     EXPERIMENTAL  ANIMALS

  Neurogenic tumors  are rarely seen  in conventional  bioas-
says  for carcinogenicity,  in which  rats  and  mice  are usually

exposed  systemically  to the  suspect  agent  by  repeated  iuiec-
tion, ingestion or  inhalation during their entire  adult  lives,
Only a few chemicals  have caused  significant incidences of

brain tumors in adult  rats in long-term bioassays, These
include acrylonitrile. acrylamide,  1,3-butadiene, ethylene

oxide,  glycidol, and  isoprene; the alkylating agcnts  1,3-pro-

pane sultone  and  2-methyluziridine; and  a  numbeT  of  hydra-
zine  derivatives including 1 ,2-diethylhydrazine.7)  No  neuro-

genic tumors of  any  kind have been significant endpoints  of

bioassays for carcinogenicity  in mice,

  When  brain tumors  have occurred  in bieassays in rats, a
few mcningeal  tumors of  various  kinds have often  been seen,
together with  tumors  of glial origin. These include granular
cell tumors, a kind of  meningeal  tumor  peculiar to thc rat,

Meningeal  tumors  have  also been  seen  at low frequency in

transplacental carcinogenicity  studies  in rats and  in other
species.  However, in long-term bioassays "neurogenic"

tumors are frequently induced only  in thc CNS  and  the

meninges,  and  only  in rats.

  Nerve tumors have seldom  occurred  in bioassays in adult
rats, and  peripheral neuroblastic  tumors have been only  inci-
dental findings, not  statistically significantly associated  with

exposure  to the chemical  under  test. Neuroendocrine tumors,
especially  of the stomach,  do occur  in rats and  other  rodent

specics  under  certain conditions,g) but these are beyond  the

scope  of  this discussion.

  Because of  their rarity,  when  brain, nerve,  or meningeal

tumors occur  in bioassays they tend to attract special notice.

It is often  inferred that these  expcrimental  tumors  predict
brain tumor  risk  in humans who  are  exposed  to the same

substances.  In fact, as of  this writing  it has not  been possible
to establish  such  a  causal  association  by epidemiologic  stud-

ies of occupationally  exposcd  individuals. No  chemical

compound  or mixture  has been unequivocally  identified as  a

cause  of  brain tumors  in humans,

7)"ansplacental carcinogenesis  by alkytating  agents  in
rats  and  mice

  The  landmark discoveries of Hermann Druckrey and  his
coworkers  in the 1960s revealed  the extraordinary  vulnera-

bility of  the rat fetus to chemical  induction of  neurogenic

tumors.9) Since then, many  carcinogens  have been identified

that can  cause  tumors  of  the nervous  system  in experimental

animals  when  given systemically  to the mother  animals  dur-
ing pregnancy, The most-studied  of  these  carcinogens  is the

potent direct-acting monofunctional  alkylating  agent, N-
nitrosoethylurea  (ENU). The  evolution  of  this body of

knowledge has been summarized,iori])

  The  most  common  CNS  tumors induced transplacentally
in rats  and  mice  are not embryonal  tumors,  but rather  glio-
mas  of  various  kinds, most  commonly  either oligodendro-

gliomas or mixed  gliomas with  an  oligodendroglial  compo-

nent. In humans, such  tumors occur  in adu]ts  but very  rarely

in children.  In rats  they  occur  in both the brain and  the spinal

cord;  in mice,  which  are much  less susceptible  than rats to

transplacental  carcinogenesis  in the nervous  system,  the spi-

nal cord  is spared  and  CNS  tumors develop only  in the brain,

  In offspring  of both rats and  mice  exposed  to ENU  during

gestation, tumors arise preferentially in the  peripheral ner-

vous  system  including the cranial and  spinai nerve  ganglia.
These neoplasms  have the classic histologic features of

human schwannomas,  but are aggressivety  invasive.i4) They
have been described as malignant  neurinomas  in the Euro-

pean literature and  as  malignant  schwannomas  in American

studies, They are not  exactly  comparable  to malignant  peri-

pheral nerve  sheath  tumoTs (MPNSTs) in humans,
  The stage  of  prenatal development at which  susceptibility

to transplacental carcinogenesis  begins in experimental  ani-

mals  varies  with  the characteristics  of  the carcinogen.

Direct-acting alkylating  agents  such  as ENU  freely cross  the

placenta and  do not  require  metabolic  activation  by mater-
nal,  p]acental or fetal tissues, When  given as single doses to
the dams  before approximatcly  post-conception day 10,
when  organogenesis  begins in the developing rat fetuses,
these substances  cause  malformations  but do not  cause

tumoTs, TUmors develop after binh in offspring  exposed  at

approximately  day 12 ef gestation or later, The incidence
and  multiplicity  of brain and  nerve  tumors in the offSpring
increase rapidly  thereafter, becoming maximal  in animals
exposed  to ENU  during the final week  of  gestation.iS) Most
direct-acting a]kylating  agents  other  than ENU  are also

transplacental carcinogens.  These compounds  also induce
neurogenic  tumors  in the offspring  of  rats  that have been
exposed  during pregnancy, and  often  cause  various  kinds of
non-neurogenic  tumors  as well.

  In contrast,  mttny  metabolism-dependent  carcinogens  are

carcinogenic  to the fetal rat only  when  given to the dam  at
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the very  end  of  gestation, when  fetal metabo]ic  competence

has presumably evolved  to the  stage  that the  carcinogen  can

be biotransfbrmed by fetal tissues, Some, but not  all, metab-

olism-dependent  carcinogens  also  cause  neurogenic  tumors

when  given transplacentally  to rats,  but most  of  these sub-

stances  cause  tumors  chiefly in other  organ  systems.  It must
be emphasized  that not  all transplacental carcinogens  cause

tumors  of  the nervous  system,  even  in the exquisitely  sensi-

tlve rat specles.

7:ransplacental and  perinatal carcinogenesis  in non-
rodent  species
  Transplacental carcinogenicity  experiments  with  ENU
have been conducted  in conventional  rats, mice,  Syrian ham-
sters, rabbits, dogs, and  patas and  cynomolgus  menkeys.i6}

In Old Wbrld monkeys,  ENU  is a  transplacental  carcinogen

when  given in repeated  doses throughout pregnancy, begin-

ning during the first trimester.i6) In al1 these species,  the fetal
nervous  systein is a target of the carcinogen,  and  is the major
target organ  in the rat. The  rat  fetus at day 15 of  gestation is
at least 50 times more  susceptibie  than the adult,ij)  and  well-

tolerated single  doses of ENU  can  cause  multiple  primary
brain tumors  in 1 OO per cent  uf  exposed  offspring.  In rodents
and  rabbits  (but not  in non-human  primates) neurogenic

tumors occur  in the offspring  in both the central  and  the

peripheral nervous  systems,  although  not  in the eye  or the

adrenal  medulla,  features that are at variance  with  the spec-
trum of  human pediatric tumors. The spectrum  of  transpla-

centally  induced neurogenic  tumors in non-human  primates
more  closely  resembles  the pattern of human pediatric
tumors,  in that neurogenic  tumors  induced by ENU  have
thus far been found only  in the brain, and  not  the peripheral
nervous  system.

Dose-qfflect relationships  and  latency

  The  incidence and  multiplicity  of  neurogenic  tumors in the
offspring  increase with  increasing dose of  carcinogen  admin-

istered to the mothers,  but tumor  latency is inversely related

to the dose,i7' However, even  at the highest tolerable doses
of carcinogen,  t'ew of the resulting  cancers  in the offspring

arise early in postnatal life, which  can  be considered  the  peri-
od  preceding onset  of  sexual  maturity,  approximately  5-6

weeks  of age  in mice and  6-10 weeks  of  age  in rats,  Most
transplacentally induced neurogenic  tumors in rats and  mice

only  become clinically evident  during adult life, or  even  in
old age, The majority  of  the induced tumoTs are more  closely

comparable  to tumors of middle  and  late adult  life in humans,

with  respect  to both cell  type  and  site  oi  origin,  than to

human tumors of  childhood.  Only a  very  small  percentage of

these  tumors  have an  embryonal  histologic pattem.
  Dose-effect relationships  for causation  of  neurogenic  plus
renal tumors  by single iajections ofENU  to newbern  rats  are

given in Thble 1. These data show  increasing incidence and

multiplicity  of  tumors  of  the kidney and  nervous  system

with  increasing dose, and  monotonically  decrea,ving latency
with  increasing dose. These data do not  extend  to very  low
doses, but at  the lowest dose tested, the mean  latency for
tumors in rats given a single injection of  this carcinogen  as

newborns  was  500 days, or  more  than  half the Iifespan of

untreated  animals.i7}

  Dose-effect relationships  for prenatal exposures  fbllow
the same  patterns as in neonates  and  adults, but the slopes
of  the curves  are generally different. For sorne  carcinogens

and  target tissues, the rodent  fetus may  be two decimal
orders  of  magnitude  more  susceptible  than the dams
throughout  the range  of  tolerated doses.

Mole(:ularpathogenesis
  It is now  well  recognized  that many  kinds of  tumors may

arise by several different pathways, and  that these may  vary

from species  to species. Interspecies difl'erences in tumor
spectrum  resulting  from expesure  to the same  carcinogen  are

now  at least panially understandable  as a result of  progress
in identification of  the different genetic pathways that are
involved in pathogenesis of  various  tumors  in different

species.  For example,  peripheral nervous  system  tumors

Table 1. Dose-response relationships  for induction of  tumors  of  brain, spinal  cord,  nerves  and  renal  tumors combined,
by directly-acting IV-nitrosoethylurea in newborn  rats.i7)  Total tumor  incidence and  multiplicity  increase monotonically

with  increasing dose, while  lateney is inversely proportional to increasing dose,

Single irljectien Total number  of

   (mglkg) iajectionsx Number  of  Per cent  with  tumor  Tumorslanimala Meanlatency

              iajectionslweek anjmals  <days)

510204080
'[1111

2816161516 32691001001eo O,31,32.22.32.9 500310240205183

"

 Tbtal tumors  observed  in thc group divided by the number  of  animals  at risk  at the tiine thut the first tumor  appeared.
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induced transplacentally  in rats  by ENU  contain  a  potent
transfomning gene, neu,  which  is readily  detectable by
transfection of  NIH  3T3 indicator cells  in monolayer  cul-

ture. Nbu in these tumors  is activated  by a specific point
mutation  in the transmembrane  domain of  this gene,iS) The
same  pathway has been shown  to operate  in neurofibromas
and  schwannomas  induced transplacentally  by ENU  in Syr-
ian hamstersiP) and  in transplacentally induced schwanno-
mas  in mice.20)

  This pathway cannot  operate  in humans because the gene
sequence  of  the human homologue ot' ne",  HER2, does not
allow  the same  amine  acid  substitution  from a single point
mutation  (Fig. 1)."' 

i)
 Activating mutations  of  protein kinases

of  the epidermal  growth factor receptor  family do occur  in
certain human carcinomas  and  contribute  to their develop-
ment,22}  but the activating mutations  of  HER2  in non-smal1
cell  lung cancers  occur  in the kinase domain of the onco-

gene, rather  than the transmembrane  domain.23)

extraeellular i"tacellular

     erd crd TM  tkd

-M asgeanF=-.
                   664

Tumors,  the so-called  
"blue

 books;' devete an  entire volume

to the pathology and  genetics of tumors  of the nervous

system2)  (with the exception  of retinoblastoma).  It has
become essential  to combine  genetics and  morphology  fOr

the proper classification of  a significant  fraction of  these

neoplasms,

  Most neurogenic  tumors of  childhood  are clinically and

histologically distinctive neoplasms  that occur  uniquely  or  at

least predominantly in this age group. Some  are composed

of  primitive or  undifferentiated  cells, a  fact that is intuitively

consistent  with  their origin  during early  life when  the ner-

vous  system  is still developing. These include the primitive
neuroectodermal  tumors (PNETs) of  the brain, notably

medulloblastoma  of the cerebellum;  retinoblastoma;  and

neuroblastoma.  Other pediatric brain tumors  include various

kinds of gliomas, Many  pediatric glial tumors  such  as  pilo-

cytic astrocytomas  of  the brain stem  (astrocytoma grade I),
are  well  ditferentiated and  clinically  much  more  benign

(iower histologic grade) than the more  common  high-grade

astrocytic  tumors of  adults (e.g., glioblastoma, or  astrocyto-

ma  grade IV). In further contrast  to adults,  gliomas that arise
in children  include a  high proportion of  ependymomas  and

papillomas of  the choroid  plexus, while  adult  gliomas are
most  commonly  of  astrocytic (and less commonly  oligoden-

droglial) origin.

    66S t s6e

rat TTC ATC ATT GCA  ACT GTA  GTG GGc  GTc  cTG CTG                  -

                         t

mouse  TTCATCAITGCAACTGTGGTGGGCGTCCTGITG                     -

       os3 At  6SS
hamster TCCATCATcGCAACGGTGGTGGGCATCCTGnG                      -

            fisc es3

humanHER-2 TocATCATCTCTGCGGTGGnGGCArrCTGCTG                          pt

Fig. 1. Diagram of  the extracellular,  intracellular, and  transrnem-

brane domains of  the oncogene  neu  and  its activation  by point
mutation  in the transmembrane  domain in malignant  schwannomas

in rats, mice  and  hamsters. The base sequence  of the human
hornolog of  neu,  HER2,  precludes an  equivalent  change  in base

sequence  in a single  mutational  event.  Reproduced from Perantoni
andRice2i).

  In contrast,  DNA  frorn the gliomas induced transplacen-
tatly by ENU  in F344 rats in the same  experiment  did not
transform  NIH  3T3  cells  in vitro.]g)  No  transfOrming  gene
(oncogene) has yet been shown  to play a significant  etiologic

role  in chemically  induced brain tumors  in rodents  or  in
humans, although  mutationally  activated  ras  genes have
been observed  in small  subsets  of human  brain tumors.?4)

BRAIN,  NERVE  AND  MENINGEAL  TUMORS
               IN HUMANS

The  current  World  Health Organization Classification of

Causation and  latency

  Environmental  causes  of  human neurogenic  tumors

remain  obscure.  High-intensity external  ionizing radiation
during chiidhood,  delivered to the heacl as therapy for leu-
kemia or other  malignancies,  is the only  

"environmental"

carcinogen  that has been clearIy linked to human cancers  of

the nervous  system.  Cerebral PNETs  (not medulloblasto-
mas)  have developed in children  who  had received  a total

radiation  dose te the CNS  of  18-24 Gy  7-9 years before, at

3-8 years oC  age.24) Prophylactic irradiation of  the CNS  for
ALL  can  also cause  low-grade diffUse and  anaplastic  astro-

cytomas  and  even  glioblastoma in children.  After a  standard

therapeutic dose of  24.4 Gy at a mean  age  of  4.8 years, the
interval between irradiation and  appearance  of  clinical signs

of  brain tumor  was  7.6 ± 2,3 years.2S) In a  retrospective

cohort  study  of  9720 children  treated  for ALL,  there was  a

22-fold excess  risk  of  subsequently  developing a  CNS
tumor, and  the risk was  even  higher in children  aged  S years
or  less at  the time  of  ALL  diagnosis.26) The  much  lower esti-
mated  doses (mean, 1.5 Gy) of  radiation  directed at the scalp
of  older  children  to treat tinea ctu?itis  resulted  in a relative
risk  of  2,6 for gliomas, which  was  less than that fbr menin-

giornas (Telative risk, 9,5) or for nerve-sheath  tumors (rela-
tjve risk, 1 8.8) or  for all neural  tumors of  the head and  neck

combined  (relative risk, 8.4), Many  of these tumors  had a

prolonged latency (up to 30 years) and  presented clinically
well  after childhood,  but at these comparatively  low doses a
steep  dose-effect relationship  was  observed,  with  relative
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risk approaching  20 after  estimated  doses of  2.5 Gy.27)

  For meningiomas  a clear dose-effect relationship  has been
recognized,  with  higher radiation  dose leading to increased
risk.  Irradiation to treat tinea capitis at a  retrospectively  esti-

mated  mean  X-ray dose per patient of 1.5 Gy  was  associated

with  a  significantly  increased relatiye  risk of 8.4 (95 per cent
confidence  interval, 4.8-14.8) for neurogenic  tumors  of the

head and  neck,27) This is a  relatively  low therapeutic dose,
compared  te what  is used  for anti-tumor  therapy, Meningio-
mas  typically  occur  in middle-aged individuals, but also

occur  in children  and  in the very  old. Meningiomas that
result from radiation  exposures  during chilchood  can  arise

in late adult life, after latencies of  30 years or  more,  and  can

have extraordinarily  long latencies; a  case  with  a  63-year
latency period has been reported.2S) As with  chemical

carcinogenesis  in experimental  animals,  tumor latency is
inversely proponional to intensity of  exposure:  ayerage

latencies of  35, 26, and  19-24  years have been  Teported  for
meningiomas  induced by low-, moderate-,  and  high-dose
radiation, respectively,2S,29}

  Maternal and  paternal exposures  to carcinogenic  chemi-

cals  and  chemical  rnixtures  before conception,  and  maternal

exposures  during pregnancy, have not  been conclusively

shown  to increase the risk of neurogenic  tumors  in children.
Even maternal  cigarette smoking,  perhaps the most  potent
and  most  widespread  exposure  to any  chemical  carcinogenic

mixture  durjng pregnancy, has been associated  with  only  a

very  small  elevated  relative  risk  for all kinds of  cancer  in
childnood  (RR =  1.10; 95% confidence interval [CI], 1.03-
1,19) in a meta-analysis  of  more  than 30 individual stud-

ies,3U) For central nervous  system  tumors  in offspring  of

mothers  who  smoke  the risk was  even  smaller,  and  statisti-

cally non-significant  (RR =  1.04; CI, O.92-1.18). Interest-
ingly, exposure  to paternal cigarette smoke  was  more  strong-

]y associated  with  increased risk of  brain tumors in chi]dren

than exposure  to materna]  tobacco smoke  (RR =  1,22; CI,

1,05-1,4o),30)

7)imor suppressor  genes and  somatic  cett  mutations

  Homozygous deletion or missense  mutation  of the retin-

oblastoma  tumor  suppressor  gene, RBI, gives rise specifical-
ly to retinoblastoma  and  contributes  to the pathogenesis of

certain mesenchyma]  tumors  in children.3i)  Patterns of  retin-

oblastoma  inheritance led Knudson to develop the two-hit
theory  of  carcinogenesis32'33)  and  ultimately  led to discovery
of  tumor  suppressor  genes, of  which  RBI  was  the first to be
characterized.34)  Subsequently, many  other  tumor suppressor

genes and  a number  of  genes that behave somewhat  differ-
ently from tumor suppressors  have been discovered, some  of

which  are  important in the  pathogenesis of  various  human
tumors.  These include NF2  in meningiomas,35)  schwanno-

mas,36} and  spina] ependymomas;36)  PTE?V in high-grade

gliomas;37) 71P53 in ditifusely infiltrating astrocytomas38)  and

in a variety  of  other  tumors;  and  PrcH39)  and  APC  or  fi-
catenin40)  in different subsets  of  medulloblastomas  (Table 2).

Familial cancer  syndromes and  germ-line mutations  in
tumor-relatedgenes

  Children of parents who  are carriers of a defective allele
of certain tumor-associated genes are at risk fbr the fami'lial
cancer  syndromes  listed in [[hble 3. These particular familial
cancer  syndromes  include certain neurogenic  tumors  among

 Table 2. Somatie cell  mutatiens  in tumor  suppressor  genes and  other tumor-related genes in common  sporadic  (non-familial) tumors

 of  the human  nervous  system.  Chrornosomal alterations have also  been noted  in oligodendrogliomas  and  in cerebral  ependymomas,  but

 no  specific  genetic loci have yet been identified that are  commonly  altered  in these tumors.

Tumor  Gene Stmcturalclefectimutation Reference

Retinoblastoma RBi

Meningioma

Schwannoma

Spinal ependymoma

High-gradegliomas

DiffiJsely infi1trating

astrocytomas

Medulloblastoma

NF2NF2

NF2P･71iN71P53

TP53P7IrH

APCorIl-catenin7

Loss of functional gene sequence

Sma]1 jnsertion or deletionlnonsense mutations  in 60% of  sporadic

Inactivating loss-offunction point mutations,  mostly  frameshifts,
throughout  the coding  sequenee,  with  loss of wild-type  allele

Inactivatingrnutations

Loss-of-functionmutations

cases

Point mutations  (transitions and  transversions) clustered  in exons  5-8,
especially  

"hot

 spot"  codons  175, 196, 213, 245, 248, 273 and  282 (CpG sites)

Mutations in 5-10 %  of  tumors

Inactivating mutations  (tmncated protein product) in 8% of  sporadic  cases,

especiallydesmoplasticmedullobLastomas

IVbet signaling  pathway mutations  in 13%  of  sporadic  cases

17p Deletiens,including deletions distal to TIP53 at 17p13,1

Srmth and  O'Brien]4)

Louis et al.SS)

Louis et al. 36)

Louis et al.36)

Tbhma  et aL37)

Kleihuesetal,3S)

Wolteretal.39)

Huang  et  al.4e)
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Table 3.Familial cancer  syndromes  and  germ-line mutations  in tumor-associated genes, Modified from,])

Syndrome

Famtlialretinob]astoma

Li-Fraumcni

Neurofibromatosis 1

Gene

Neurofibromatosis2

Nevoid basal cell carcinoma

syndromc(Gorlin)

Turcot

ChromosomcNeurogenictumorsa Reference

Tuberoussclerosis

Cowden

RBI7P53NFI

NF2

PTCH

APChMLHIhPSM2TSCITSC2PTI!N

13ql4I7p1317qll

22q12

9q31

5q213p217p229q34]6p1310q23

Retinoblastoma

Astrocytoinas,PNET

Neurofibromas, MPNST,  optic  nerve  gliomas, astrocytomas

Bilateralvestibularschwannomas,meningiomas,periphcral
schwannomas,spinalependymomas,astrocytomas

Medul]oblastoma

Medulleblastoma

Glioblastoma

Subependyma[ giant cell astreeytomas

DyspLasticcerebellargangliocytema

Smith and  O'Brieni4)

Ohgaki et  al.4i]

von  Deimling et at.42)

Louisetal.3fiJ

ReifenbcrgcretaL43}

Cavenee et al,-)

Wtestleretal.4S)

Wiestler er al.46)

a

 MPNST.  malignant  periphcral nerve  shcath  tumors; PNET,  pritnitive neureectodermal  tumers.

their rnanifestatiens:')  including retinQblastema  (familial ret-

inoblastoma syndrome)34>;  astrocytomas  and  PNETs  (Li-
Fraumeni syndrome)4i):  neurofibromas,  optic  nerve  gliomas,
astrocytomas,  and  malignant  peripheral nerve  sheath  tumors

(MPNSTs; neurofibromatosis  type  1)4i'}; bilateral vestibular

schwannomas,  rneningiomas,  peripheral schwannomas,  spi-

nal  ependymomas  and  astrocytomas  (neurofibromatosis type

2)36); medulloblastomas  (nevoid basal cell  carcinoma  [Gor-
linl syndrome)43);  medul]oblastornas  and  glioblastomas
(Turcot syndrome)-;  subependymal  giant cell  astrocytomas

(tuberous sclerosis)45); and  dysplastic cerebellar  gangliocy-
toma  (Cewden syndrome),46)  The germline mutations  in

parental carriers may  reflect a continuing  transrnission of  a

mutation that arose  generations ago, as with  germline TP53
mutations  in Li-Fraumeni syndrome,4i)  or  may  have newly
arisen in aparent  of a syndrome  patient, most  often  in the

paternal germline, Newiy arising germline mutations  have
been well  documented for neurofibromatosis  types  l42} and

23b) and  for nevoid  basal cell  carcinoma  (Gorlin) syn-

drOme.43}

  It has been  postulated that carriers  of  a  defective allele  of

TLP53 may  be especially  susceptible  to environmental  carcin-

ogens,  but no  specific  example  has been documented in
human  experience.  Laboratory exploration  of  the roles  of

gene-gene and  gene-environment interactions in the genesis
of neurogenic  turnors, both pediauic and  adult, has recently
been rnade  possible by the creation  of genetically engineered

mouse  (GEM) models  of  many  famjlial cancer  syndromes.

Genetic engineering  approaches  have also  made  it possible
to study  the consequences  of loss of  one  or both alIeles of

two or more  suppressor  genes in the same  individual.

GENETICALLY  ENGINEERED  MOUSE

          (GEM) MODELS

  Genetically engineered  mouse  models  ef  human neuro-

genic tumors have recently  been reviewed  and  evaluated  in

the context  of  clues  to the etiology  of pediatric brain tumors.
The  recommendations  of  a  panel convened  for this purpose
by  the NCI  Mouse Models of  Cancer Consortium have
recently  been published.47) GEM  mode]s  have been estab-
lished fbr many,  but not  all, major  kinds of  neurogenic

tumors. For example,  there is as yet no  GEM  model  for oli-

godendroglioma, mixed  glioma  (oligodendroglioma-astro-
cytoma),  or ependymoma,

Neurogenic t"mors  in GEM  modets

  A  large nurnber  of  genetically engineered  mice predis-

posed to specific  tumers  of  the central  and  peripheral ner-

vous  system  have been described, but relatively few GEM
tumors have been  studied  as  etiologic  models  for the corre-
sponding  human  neoplasms.  Animals  heterozygous for spe-
cific  defective cancer-related  genes have enormous  potential
for investigations of  possible gene-environment interactions
in the etiology  of  childhood  brain tumors, but their use for
this purpose has yet to be fully explored.  However, promis-
ing findings have been reported  fi'om experiments  on  the

mouse  p53  and  ptcl genes.

Gene-gene interactions

  The mouse  gene ptc1 appears  to function in a very  similar

manner  to the homologous human  gene, PllCH,  which  is
known to act  as  a  tumor  suppressor  gene and  is inactivated
by mutation  in a  subset  of  human  medulloblastomas.  Sonic

hedgehog, a  homologue of the Drosophila segment  polarity
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 Table 4. Medulloblastomas and  other tumors in ptc knockout mice  subjected to 3 Gy X
 4 days and  at age  3 months.S")

Group Tumor-bearinganimals(%) Medulloblastomas

Controls,ptc'i' O O

                                 ]< 3) O

-irTadiatien
 at age

Other tumorso]

Contruls,ptc'A 15(50)5(19) 22 133

3 G.y at age 3 months,  ptc'-

3 Gy at age 3 months,  ptc'i'

6(14)21(51) oo 622

3 Gy  at age 4 days, ptc'k

3 Gy  at age 4 days, ptc"

14(30)38(75) o26 l417

gene hedgehog, is expressed  in vertebrate  tissues that are
known to be inductjve centers  for embryonal  patterning.4g)
Its protein product acts through a receptor  that is encoded  by
the gene patched (human homolog,  PTCH;  mouse  homolog,

ptcJ).49) Inactivation of  one  allele ofptc1  in mice  by genetic
methods  results  in a 7-14% incidence of  GEM  medulloblas-

tomas in the ptc"i heterozygous mice.

  GEM  medulloblastoma  incidence is dramatically increa-
sed  in ptcl'i' mice  that have been genetically modified  to

lack functional p53. Such ptcJ'i' p53i' mice  sutTer a GEM
medulloblastoma  incidence of  more  than  95 per cent,  and

the tumors occur  very  early  in life, when  the animals  are  less
than 12 weeks  oi' age.50)  The importance of  p53  for GEM
medulloblastoma  induction in mice  is emphasized  by other

genetic constructs  in p53-null mice  that also  develop GEM
medu]loblastomas.  For examp]e,  somatic  inactivatien of  Rb
by complex  genetic constructs  in p53-null mice  produced
genetically engineered  mice  which  developed GEM

medulloblastomas  as early  as 7 weeks  of age.5i) Also, null
mutation  of poly(ADP-ribose) polymerase, or I\XRR causes
a high incidence (49 per cent) of  aggressive  GEM  medu]lo-

blastomas in p53 
f'
 mice.  In these  double knock-out mice,

iesions on  the outer  surface  of  the cerebellum  that eventually

develop into overt  GEM  medultoblastomas  are  distinguish-
able  as eurly as 8 weeks  of  age,S2)

  Likewise, mice  in which  one  allele of  the AifI locus and
one  allele ot' the linked p53 gene have been inactiyated
develop both central and  peripheral nervous  system  tumors

that are very  similar  to the nerve  and  brain tumors that occur

in human neurofibromatosis  type 1 disease.53･S4)

Gene-environmentinteractions

  Neonatal X-irradiation (3 Gy) significantly  increased the
incidence of  medulloblastomas  in ptc'i' heterozygous mice
to approximately  50%, but irradiation ofptci"i'  adults  had
no  eff'ect on  GEM  medulloblastoma  incidenceSS) ([[lible 4),

The dramatically higher susceptibility  of  newborn  pt(rj'/'
mice  to X-rays is consjstent  with  earlier findings of  incre-
ased  early-life susceptibility to direct-acting carcinogens  in

conventional  rnice57) and  rats.iS)

  Transplacenta] carcinogenesis  in the  nervous  system  has

been studied  in the offspring  ofp53't'  mice given ENU  dur-
ing pregnancy, This treatment resulted  in the rapid  develop-
ment  oi  primary brain and  nerve  tumors (1 1 cerebral  glio-
blastomas, 1 cerebellar  medulloblastoma,  and  1 malignant

trigeminal schwannoma)  in 70  per cent  of  the p53U' off-

spring  (n =  17), and  the  first of  these turnors  killed the host
at only  8 weeks  of  age.  Brain and  nerve  tumors  (2 cerebral

glioblastomas, 10 malignant  schwannomas)  also  developed
later in life in 12155 of the p53'i' offspring,  but the wild-type
a]lele had been lost in these tumors. No  neurogenic  tumors

developed in 37 ENU  - exposed  p53'A  offspring,  or  in

untreated  controls  (total, 59) of  any  of the three genotypes.56)
In contrast,  in alarge  series  of  transplacental carcinogenicity

studies  in conventional  mice  of  yarious  strains, 27 tumors  of

the brain and  meninges  were  observed  in 1 ,652  mouse  ofF

spring, an  incidence ol' only  1,6 per cent: 98 malignant

schwannomas  were  also  observed,  originating  mostly  from
cranial  nerves,57)  It can  be ini'erred frorn these studies  that

the tumor  suppressor  gene p53 is important in controlling
expression  of  the neoplastic  phenotype in mouse  brain cells,

and  that IQss of p53 increases incidence and  reduces  latency

of brain tumors induced transplacentaTly by ENU  in mice,

CONCLUSIONS

  The various  neurogenic  tumors  in humans jn general and
in chi]dren  in particular are  characterized  by difEerent genet-
ic abnormalities.  There is no  such  thing as a 

"brain

 tumor

oncogene"  or  
"brain

 tumor  suppressor  gene;' as  different

genes are increasingly being shown  to play crucial roles  in

the development of  specific neoplasms.  The  human  genes
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that have been found to be crucial to deve]opment of  specific

pediatric neurogenic  tumor  types all appear  to have tumor
suppressor  functions, including RBI, 71P53, PTCH)  NFI,
NF2, TSCI and  71SC2, and  are inactivated in turnors by dele-
tion, truncation, or  point mutations.

  Genetic engineering  procedures have been used  to inves-
tigate the consequences  of  deletion or mutation  of  the

murine  homologues of  a number  of  these genes. Genetically
engineered  mice carrying  some  of  these altered genes devel-
op  genetically engineered  murine  (GEM) tumors  that strik-

ing]y resemble  the corresponding  human cancer,  histologi-
cally, anatomically,  and  with  respect  to occurrence  befbre
sexual  maturity,  These GEM  tumors sometimes  arise with

extraordinarily  short latencies, in contrast  to those that occur
in conventional  animals  exposed  transplacentally  to chemi-

ca]  carcinogens.  For medulloblastoma  there is a  satisfactory

mouse  model  of  the  tumor,  cveated  by genetically engin-

eering  {he inactivation of two  medulloblastoma-associated

tumor  suppressor  genes. TheptcJ'i' p53'i' mouse  provides
perhaps the most  convincing  and  satisfactory genetically
engineered  animal  model  of  a  hurnan pediatric nervous  sys-

tem  tumor. GEM  medu]loblastomas  in ptcl"L p53'i' double
knockout mice closely  resemble  the corresponding  human
neoplasms  in morphology,  anatomic  location, and  latency,
Moreover the synergistic  effect of  knockouts in both ptcl
and  p53 is consistent  with  human  experience  in that
medulloblastoma  is one  of  the many  kinds of  human brain
tumor  in which  germ-line 71P53 mutations  play a role  in

pathogenesis.4i)
  The tumor  suppressor  gene 71P53 is the most  frequently
mutated  gene in human tumors,  including many  neurogenic

tumors, and  it is reasonab]e  to predict a  significant  role  for
this gene  in other  species  also, The best evidence  in mice is
indirect and  comes  from carcinogenicity  studies in p53
knockout mice,  which  are  more  highly susceptible  to DNA-
reactive  carcinogens  than  corwentional  mice  with  wild-type

p53.56} Identification of mutant  71P53 sequences  in human
tumors is relatively  straightforward,  as  no  7LP53 pseudo-
genes exist in the human  genome. In contrast, characteriza-
tion of  p53  in naturally  occuning  and  chemically  induced

tumors in conventional  mice  and  rats  has been difiicult
because of  the presence of  pseudogenes in rat  and  mouse

genomes, one  in the mouse58)  and  several  in the rat.S9)

Pseudogenes must  be avoided  during PCR  amplification  to

avoid  mistaking pseudogene  sequences  for genuine muta-
tions. The earlier experimental  literature is flawed, and  much

cenfusion  has resulted  from failure to recognize  the exist-
ence  and  significance  of  the rodent  p53  pseudogenes.
Reports ofp53  rnutations  in rodent  tumors-especially  mul-

tiple mutations  and  the same  mutation  in several  tumors-

must  be interpreted with  caution.

  In marked  contrast  to the successes  wjth  p53  and  ptcJ, ret-

inoblastoma not  only  does not  occur  natural]y  in experimen-
tal rodent  species  but deletion or  inactivation of  the mouse

Rb gene by genetic engineering  does not  cause  retinoblasto-

mas  in mice,  Homozygous deletions or missense  mutations

of the retinoblastoma  tumor  suppressor  gene, RBI, give rise

specifically to retinoblastoma  and  contribute  to the patho-

genesis of  certain  mesenchymal  tumors  in children3i)  but this
same  genetic defect in genetically medified  mice  causes  an

entirely different spectrum  of  congenita]  defects and  does
not  lead to GEM  retinoblastoma  or any  other  kind of  tumor

of the eye.6e･6i) Similarly, germline mutations  in the 71SC2

locus predispose to subependymal  giant cell  astrocytomas  in
humans, but the Eker rat  which  has an  abnormality  in the
homologous tsc2 gene is predisposed to renal  epithelial

tumors and  does not deyelop brain tumors. Germline muta-
tions in Nf2 likewise predispose mice  to tumor  development,
but the tumors  are  sarcomas,  lymphomas, and  epithelial

tumors of  the lung and  ]iver, not schwannomas,  meningiom-

as and  ependymomas.  It appears  not  really possible to have
a 

"true"
 mouse  model  of  tumors such  as  the RBJ retinoblas-

torna, or  of  the neurofibromatosis  type 2 or tuberous sclero-

sis syndromes,  as the natural genetic pathways to these  con-

ditions in humans simply  do not operate  in mice.  Such
interspecies differences in genetic pathways to the various
kinds of neurogenic  tumors  complicate  the design of etio-

logic rodent  models  for human neurogenic  tumors of  child-

hood.

  Transfonming genes, oT  oncogenes,  of  either  human or

viral origin have not  been shown  to play a major  role in neu-
rogenic  tumor  causation  in either children  or  adults. Con-
versely, the only  cellular oncogene  that has been fOund to
control  neoplastic  transfbrmation in rodent  nervous  tissues

in vivo  appears  to play no  role  in human neurogenic  tumor

development. Malignant schwannomas  of  the peripheral ner-

vous  system  are  readily  induced in rodents  by transplacental
administration  of  carcinogenic  alkylating  agents, and  arise

by a molecular  pathway which  is unique  to this kind of

tumor.  This pathway inyolves a specific point mutation  in the

transfbrming gene, neu. 
iS''2i)

 This mutation  can  not  occur  as

a  single  point rnutation  in hurnans because the DNA  base
sequence  of the homologous human gene HER2  is different
from the rodent  sequences,  and  two  adjacent  single-base

mutations  would  be required  to effect  the same  mutation  in
HER2.21)

  The sources  of  most  mutations  in suppressor  genes in
adult  and  pediatric neurogenic  tumors  are not  known. 'IIie

one  known agent  that induces brain tumors, nerve  sheath

tumors, and  meningiomas  in humans is ionizing radiation,27)
which  is a potent mutagenic  and  clastogenic  agent.  As neo-

natal X-radiation is synergistic  with  the genotype in cau-
sation  of medul]oblastomas  in neonatal  ptcl'A knockout
mice,55') an  even  more  marked  synergism  might be predicted
in these knockout mice  fo11owing prenatal exposures  to X-
ray  or  chemical  carcinogens,  and  perhaps in other  knockout

genotypes as well. Double  knockoutp53'i' offspring  ofp53'A

mice  given ENU  during pregnancy develop primary brain
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tumors  in high incidence and  with  remarkably  short  laten-
cies.  Double  knockouts with  p53't' would  be especially

interesting fbr further studies  with  perinatally administered

carcinogens  in yiew  of  the dramatically increased suscepti-

bility to GEM  medulloblastomas  and  other  GEM  brain
tumors that results from loss ofp53  and  a second  suppressor

gene. No  prenatal X-irradiation or  transplaeental  chemical

carcinogenesis  studies  have yet been reported  on  ptcJ'i-,

ptcj'i' p53'i' or  ptcJ'i' p53't' mice, or  in single-gene  knock-
out mice lacking genes other  than ptcl and  p53. Gene-envi-
ronment  interactions urgently  need  to be studied  in all the
available  knockout mice.

  Defective alleles of  tumor-related genes clearly are  inher-
ited, and  do pose a  genetic risk to the future ef  othpring  of

carriers  of these alleles,  The roles of  these genes in causation
of  pediatric brain tumors, and  the consequences  of  gene-
gene and  gene-environment interactions, are rapidly  becom-
ing better understood  through experimental  studies in genet-
ical]y engineered  mice.
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