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Ø In 1866 neuropathologist Paul Broca reported the history of BC in 15 members of his wife’s family: he 

suggested evidence for hereditary predisposition to cancer

Ø In 1914 Theodor Boveri published his visionary theory that somatic acquisition of “particular, 

incorrect chromosome combinations underlies cancer”

Ø In 1971 mathematical modeling of the epidemiology of retinoblastoma by geneticist Alfred Knudson 
suggested a two-hit model whereby both alleles of a specific gene were required to be inactivated for 

retinoblastoma to occur

Ø In 1987 the retinoblastoma predisposition gene RB1 was discovered and in hereditary cases one 

RB1 allele was mutated and the other somatically inactivated (Fung YK et al. Science 1987)

History lessons



Ø Family history of cancer of the same type in close relative(s)

Ø High rate of cancer within a family

Ø A cancer occurring at an unusually young age compared with the usual presentation 
of that type of cancer

Ø Multifocal development of cancer in a single organ or bilateral development of 
cancer in paired organs

Ø Development of more than one primary tumor of any type in a single individual

Ø Occurrence of cancer in an individual or a family exhibiting congenital anomalies or 
birth defects

Criteria for defining familial cancers



Cancer Predisposition Gene Discovery

>2 fold relative risks 
At least 5% of individuals with relevant mutations 
develop cancer

Comprise 3% of all cancer (300,000 cancer/year worldwide)
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Chromosomal location of 114 Cancer Predisposition Genes



Overlap between somatically mutated cancer genes and 
cancer predisposition genes



Germ line mutations predisposing to cancer and inheritance 

(e. g. ATM, FANC)

Potential effect of germline mutations 
on clinical practice

Bi-allelic pathogenic mutations Recurrent somatic mutations



Cancer and non-cancer phenotypes

Ø Highly variable contribution to individual cancers 

Ø Highest attribution to childhood embryonal tumors (retinoblastoma,RB
and  pleuro-pulmonary blastoma, DICER1) with exceptions (Wilms tumor 
is associated with many CPG and other predisposing mechnisms)

Ø Very small contribution to some adult cancers (lung, prostate) but sizable 
contribution to others (breast, colorectal, melanoma, ovarian, thyroid)

Ø Specific histological subtypes (BRCA1: triple negative BC)

Ø Distinct genomic profiles (p53: chromothripsis; deletions/microhomology 
at the breakpoint junctions: BRCA1 and BRCA2)

Ø 87/114 CPG are associate with non-cancer clinical features, often 
developmentally related



CPG to cancer association: Wilms tumor

~10%: 21 genes ~30%: 8 genes



Gene/Protein Function Somatic Mutations Germline Mutations

E-cadherin Cell adhesion Gastric CA Familial gastric CA

NF-1 Ras signaling Schwannoma Neurofibromatosis 1
NF-2 Cytoskeletal Meningioma,

schwannoma
Neurofibromatosis 2

APC Wnt signaling Colon CA, 
others

Adenomatous 
polyposis coli

RB Cell cycle RB, breast 
CA,other

Familial retinoblastoma

p53 Cell cycle/apoptosis Many; high-
grade cancers

Li-Fraumeni syndrome

WT1 Transcription rare WAGR, Deny-Drash
(Wilms  tumor)

BRCA1, 2 DNA repair rare Familial breast/ovarian CA

PTEN Phosphatase Various cancers Cowden syndrome

Functional diversity of tumor suppressor CPGs

DICER1 Regulation of 
gene expression

rare Pleuro-pulmonary 
blastoma/others



Hereditary cancer 
syndrome

Gene Incidence Tumor spectrum

Autosomal-dominant inheritance
Hereditary nonpolyposis 
colorectal cancer 
(HNPCC)

MSH2 approx. 1:500
*2

Colon, endometrial, 
gastric, small intestine, 
urothelial cancer etc.

MLH1
MSH6
PMS2

Familial breast and 
ovarian cancer

BRCA1 1:500 to 1:1000 Breast, ovarian, and 
prostate cancer

BRCA2
Neurofibromatosis type 1 NF1 1:3000 Neurofibroma, optic 

nerve glioma, 
neurofibrosarcoma

Familial retinoblastoma RB1 1:15 000 to 1:20 000 Often bilateral 
retinoblastoma in 
childhood, later 
secondary tumors

Multiple endocrine 
neoplasia type 2 
(MEN2a)

RET 1:30 000 Medullary thyroid cancer, 
pheochromocytoma, 
hyperparathyroidism

Familial adenomatous 
polyposis (FAP)

APC 1:33 000 >100 colonic adenomas, 
tumors in upper 
gastrointestinal tract, 
desmoids

Von Hippel-Lindau 
disease

VHL 1:36 000 Clear cell renal cell 
cancer and other, usually 
benign tumors

Li-Fraumeni syndrome TP53 rare
*3

Particularly broad tumor 
spectrum incl. sarcomas, 
breast cancer, brain 
tumors, leukemia

Hereditary cancer syndromes with increased malignancy risk

Autosomal-recessive inheritance
MUTYH-associated 
polyposis (MAP)

MUTYH No data Colon cancer, colonic 
adenoma

Ataxia telangiectasia ATM 1:40 000 to 1:100 000 Non-Hodgkin 
lymphoma,leukemia

Fanconi anemia FANC 1:100 000 Hematological 
neoplasms



Frequency and penetrance of cancers: contributing factors

High complexity in the risk of cancer conferred by CPG mutations



Changing paradigms of tumor suppression

NNo phenotype

N
Cancer develops even after 
subtle reduction in expression

N
Obligate haploinsufficiency: 

complete loss is less tumorigenic 
than haploinsufficiency

Activation of fail safe mechanisms 
leading to cell death or cellular 

senescence)

Np53
BRCA1/BRCA2

Classical tumor suppressor 
genes

Haplo-insufficient tumor suppressor 
genes 



TS Gene Loss: “Two-hit” Model

Familial form of retinoblastoma
inherited/multifocal

Sporadic form of retinoblastoma
not inherited/unifocal

Cells of child
(Chr. 13)

Retinoblastoma(s)

RB1

Retinal cells

10-7

10-5

2-hits; overall rate: 10-121-hit; rate: 10-5

10-5



Mechanisms of LOH

Normal Allele Mutant allele

Loss of Normal Allele

Chromosome 
loss Deletion Unbalanced 

translocation
Loss and

reduplication
Mitotic 

recombination Point mutation

Non disjunction 
in mitosis



Mitotic recombination in which the entire distal chromosome arm becomes identical to its homologue.

Specifically, MR is probably one of several possible outcomes of DSB (double strand break) repair.

LOH at RB1 in retinoblastoma almost always occurs by mitotic recombination 

Mitotic recombination usually accounts for LOH at NF1 in neurofibroma 

Exchange between homologous chromosomes manifests also as so-called Gene conversion (GC) in 
which a relatively short length of chromosome becomes identical to its homologue

Mitotic recombination and GC are common at APC in human colorectal tumors

Mitotic  recombination



Ø Mitotic recombination the chromosomes would both remain full-
length and indistinguishable from the chromosomes that existed prior 
to this genetic exchange. 

Ø Mitotic recombination was found to occur at a frequency of up to 10-4

per cell generation. 

Ø This is a far easier way for a cell to rid itself of the remaining wild-
type copy of the RB gene than mutational inactivation 

Ø Following the mitotic recombination cells lose heterozygosity and 
become homozygous.

Mitotic  recombination



Genetic paradigms for cancer development in 
cancer predisposing disease

Ø Two-hits hypothesis

Ø Loss of heterozygosity



LOH in NF1 glioma

Normal DNA

Tumor DNA



Ø RETINOBLASTOMA /LI-FRAUMENI SYNDROME 

Ø HAMARTO-NEOPLASTIC SYNDROMES (NF1, NF2, Von Hippel-Lindau 
syndrome, Tubero-sclerosis)

Ø CHROMOSOME INSTABILITY SYNDROMES/DNA REPLICATION/REPAIR
(Fanconi anemia, Ataxia telangiectasia, Bloom syndrome, xeroderma      

pigmentosum)

Cancer Prone Diseases



Genetic Features of  Heritable Retinoblastoma

ØAutosomal dominant transmission

ØRB1 gene on Chr 13q14.2 (first tumor suppressor 
gene discovered)

ØPenetrance >90%

ØPrototype for Knudson’s “two-hit” hypothesis

Bilateral RB, 1 yr
d. 78

Bilateral RB, 1 yr
osteosarcoma, 16 yr

Bilateral RB,
6 mo

Bilateral RB, 
1 mo



Nonheritable vs Heritable Retinoblastoma

Feature
Tumor
Family history
Average age at dx
Increased risk of second 
primaries

Nonheritable
Unilateral
None
~2 years
No

Heritable
Usually bilateral
20% of cases
<1 year
Osteosarcoma, other 
sarcomas, melanoma, 
pineal cancer



Li-Fraumeni syndrome

Ø Cancer predisposing syndrome

Ø Autosomal dominant

Ø Individuals with LFS are at increased risk of 
developing multiple cancer types (sarcoma, leukemia, 
breast, colon and  brain cancer) 

Ø Highly penetrant cancer syndrome: segregation 
analysis of LFS families revealed 50% risk of cancer 
before age of 30 and up to 90% by age 60

Ø Occurs in 1:50,000 individuals 

Ø Prototype for Knudson’s “two-hit” hypothesis but also
haploinsufficiency has been hypothesized.



Mutation type, tumor frequency and age first tumor in 
patients with Li-Fraumeni syndrome



Germ line contribution Inherited excess risk Somatic mutation frequency 
(%)

Ectoderm 10-1000 X 2 -35

Mesoderm 10-100 X 50 - 60

Endoderm 2-3 X 70 - 100

Germ line cell type and excess risk in inherited versus
sporadic p53 mutation



Environmental differences influence cancer type development and age
in inherited p53 mutation driven cancer



Cancer type, age and excess risk in inherited p53 mutation

Tumor type Age Excess risk
ADC 6 mo – 4 years 100-1000 X
CPT 6 mo – 2 years 100-1000 X
MED 2 – 9 years 100-1000 X
RMS 1 – 4 years 100-1000 X
LPS, OST 1 – 20 years 10-1000 X
BC 18 – 45 years 50% females
LMS 20 – 55 years 10 -100 X



Outstanding Questions
Do cancers derived from LFS iPSC models harbor intratumor 
heterogeneity resembling the heterogeneity found in patient 
primary tumors?

Can LFS iPSCs comprehensively recapitulate LFS malignancies 
in the absence of the microenvironment inside the human 
body?

Can iPSCs engineered to express p53 mutants recapitulate the 
disease malignancies present in LFS patients and in LFS 
iPSCs, or is there something else unique about the genetic 
background of LFS?

Can LFS iPSC-derived tumors offer a practical ‘disease-in-a-dish’ 
platform for novel cancer therapeutics discovery?

Can LFS iPSC-derived tumors serve as an alternative PDTX 
model?

Can help define differences between inherited versus 
somatically acquired components of tumor development



Neurofibromatosis syndrome

Ø NF is the most common neurological disorder caused by a single 
gene alteration

Ø NF comprises two distinct types: NF1 and NF2

Ø These diseases affect more than 100,000 Americans



NF1 and NF2 differential diagnosis



Neurofibromatosis 2



The NF1

• NF-1 is the most common human genetic cancer predisposition
syndrome (1 of 2,500 - 3,300 people)

• NF-1 is caused by germline mutations in the NF1 tumor
suppressor gene encoding for the Neurofibromin

• Neoplasms occurring most frequently in NF-1 patients are

ü cutaneous neurofibroma (cNF)

ü plexiform neurofibroma (PN)

ü malignant peripheral nerve sheath tumors (MPNST)

• Gliomas are seen in 15-20% of individuals with NF-1



NF-1 peripheral nervous system tumors
• Cutaneous neurofibromas (cNF)

• Benign, heterogeneous tumors arising from the connective tissue of peripheral nerve
sheaths

• Occur in the majority of adults with NF-1 and have an unpredictable growth pattern

• Plexiform neurofibromas (PN)

• Comprise the same cell types as cNF, but have an expanded extracellular matrix and
often have a rich vascular network

• May involve multiple nerves or fascicles, extend into surrounding structures causing
functional compromise

• Occur in 25-50% of individuals with NF-1

• Malignant peripheral nerve sheath tumors (MPNST)

• PN may undergo malignant change to spindle cell tumors known as malignant peripheral
nerve sheath tumors (MPNST)

• Usually arise in preexisting PN have a poor prognosis

• Occur in 10–15% of individuals with NF-1



Brain tumors in NF-1

• Approximately 15% of patients with NF-1 develop optic pathway glioma,
usually before the age of 6 years

• Patients with NF-1 have more than 5-fold increased incidence of non-
optic glioma (low-grade and high-grade) in their lifetime

• While the clinical aspects of the NF-1 syndrome are well characterized and
the pathogenesis of plexiform neurofibroma has been widely studied,
surprisingly little is known about the genetic and epigenetic changes in
the NF1 mutant glioma

• Targeted therapeutic approaches that have provided successful examples of
personalized treatment in other sporadic cancer types cannot be developed
against glioma occurring in patients affected by NF-1
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Mutations in NF1 brain tumors



Inactivation of the ATRX gene differentiates high-grade from low-grade NF1-glioma
Figure 2

a

b
Function/Pathway All glioma High-grade Low-grade p-value

PI3K 13/56 (23%) 12/24 (50%) 1/32 (3%) 4.7e-05

Transcription/Chromatin regulation 32/56 (57%) 20/24 (83%) 12/32 (38%) 9.1e-04

Splicing 14/56 (25%) 10/24 (42%) 4/32 (12%) 0.03

MAPK 26/56 (46%) 7/24 (29%) 19/32 (59%) 0.03

Cilium/centrosome 18/56 (32%) 10/24 (42%) 8/32 (25%) 0.25
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• Diagnosis and management of cancers

• Surgery conservative versus radical

• Radiotherapy/chemotherapy (platinum based therapy for BRCA

carriers; avoiding temozolomide for MSH6 mutation carrier)

• Prognostic information

• Surveillance (likelihood of recurrence, new primary and/or second

malignancies)

• Screening/prevention for relatives

Clinical implications of CPGs 



ØOver-estimation of the casual link between gene variant and cancer in an individual (control
group)

ØFailure to appreciate that very rare coding variants including putative deleterious mutations,
are collectively common

Ø Over-extrapolation of concepts

Ø If one gene mutation causes a cancer, any other cancer occurring in a mutation carrier is attributable to that gene

Ø One mutation class predisposes carrier to cancer (non-sense), variant in other classes (missense) are also causative

Ø If genes in a pathway are CPGs, variants in other gene members of that pathway are de facto gene predisposing to cancer

Ø Demonstration of pathogenicity

Ø Inadequate functional assays to prove pathogenicity.

Ø Typically unclear the relationship between multiple complex functions of CPGs and clinical phenotypes

Pitfalls in research and clinical practice



Readings

https://www.ncbi.nlm.nih.gov/books/NBK12959/

https://www.ncbi.nlm.nih.gov/books/NBK45295/

https://clincancerres.aacrjournals.org/content/23/12/e76

https://oxfordmedicine.com/view/10.1093/med/9780195375336.001.0001/med-9780195375336-chapter-21

https://link.springer.com/article/10.1007/s00431-015-2565-x#Tab1

https://www.ncbi.nlm.nih.gov/books/NBK12959/
https://www.ncbi.nlm.nih.gov/books/NBK45295/
https://clincancerres.aacrjournals.org/content/23/12/e76
https://oxfordmedicine.com/view/10.1093/med/9780195375336.001.0001/med-9780195375336-chapter-21
https://link.springer.com/article/10.1007/s00431-015-2565-x

