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INCREASING TESTING OF GENETIC 
CHANGES IN TUMORS FOR 
TREATMENT DECISIONS



Single Nucleotide Changes in Tumors

• Missense changes that alter the 
normal activity of a protein to make it 
more tumorigenic are key oncogenic 
drivers.

• Normal RAS protein has an inactive 
state when bound to GDP.
– RAS missense mutation blocks GTPase

activity and yields constitutively active 
RAS protein in tumors.

• RET is another oncogene with 
missense variants in cysteine residues 
that activate the RET receptor in the 
absence of ligand.
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Clinically Relevant Missense Mutations

• The availability of biopsy tissue for molecular analyses 
is increasingly important for treatment decisions (at 
diagnosis and relapse).

• Specific missense mutations in BRAF (p.V600E) first 
seen in melanoma and now many other tumor types 
resulted in BRAF specific drugs.

• Many other examples of missense changes used to 
decide on treatment, e.g. EGFR and lung cancer.

• Circulating tumor DNA tests developed to detect these 
specific changes in cancer patients.

• The molecular testing of tumors is sometimes done in 
parallel with hereditary cancer testing.



Translocations/Rearrangements

Chromosomal rearrangements including translocations 
cause a gene to be abnormally expressed by bringing 
together two different chromosome fragments. 

Other types of rearrangements including 
intrachromosomal deletions and inversions – can also 
bring different functional components of genes together

Major progress over the last ten years to develop cancer 
treatments based on these cancer-specific 
rearrangements.
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Chr 2 Inversion - EML4-ALK Fusion 
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• Inversion events are seen in ~3% of non-small cell lung cancer.
• Results in activation of ALK because the EML4 domain aids in 

heterodimerization.
• FDA approved Crizotinib and other ALK inhibitors for treatment of 

EML4-ALK inversion positive tumors



One Gene – ALK – Multiple Tumors 
“ALKoma”

Type of ALK
Alteration

Tumor Type

Translocation Anaplastic Lymphoma

Inversion Lung Cancer

Missense variants Neuroblastoma

Inherited missense 
variants

Familial Neuroblastoma

Example of where a tumor result (missense variant in NB) might suggest 
familial testing



Guidance for talking to cancer patients about 
germline possibility when doing tumor testing



Germline Genetic changes that 
result in cancer susceptibility



Inherited Predisposition to Cancer

• Overall a minority of cancers result from an inherited 
predisposition to cancer:

– For most tumor types, e.g. breast, the inherited fraction fall in the 
range of 5-10% but for rare tumors can be as high as 40-60% 

– Multiple recent studies suggest that 10-15% of pediatric and adult 
cancer patients carry a major cancer susceptibility mutation.

• Majority of inherited cancers result from loss of function 
(LOF) mutations in tumor suppressor genes.

– Rare examples of inheriting oncogenic driver mutations

• The risk of cancer in mutation carriers is high enough to 
result in specific management guidelines.



Different types of cancer risk alleles

“Mendelian” risk – many 
known cancer susceptibility 
syndromes with genetic 
testing clinically available

FGFR1

CHEK2 BRCA1

Development 
of Polygenic 
Risk Scores



Mechanisms of Cancer Susceptibility Require 
Different Testing Methods
Type of Alteration Clinical Testing Method

Common Risk Alleles SNPchips (direct to consumer tests)

Chromosomal 
Aneuploidy

Karyotype or ArrayCGH

Microdeletions ArrayCGH

Imprinting Disorders Methylation tests

Mutations within 
oncogenes

Sequencing specific parts of the gene

Mutations w/in tumor 
suppressor genes

Sequencing of whole gene AND deletion 
analysis often large panels

Comprehensive 
analysis of 
oncogenes/TSG

Very large gene panel or whole exome test 
(plus array) or whole genome sequencing.



Cancer diagnoses with >10% hereditary 
risk and require genetic evaluation

Genes

Retinoblastoma RB1

Adrenocortical or choroid plexus carcinoma, 
hypodiploid ALL, anaplastic rhabdomyosarcoma

TP53

Pheochromocytoma/ paraganglioma VHL, NF1, RET, SDH…

Retinal or cerebellar hemangioblastoma, 
Endolymphatic sac tumor (ELST)

VHL

Optic pathway tumor, malignant peripheral nerve 
sheath tumor, JMML

NF1

Medullary thyroid cancer RET

Atypical teratoid/ malignant rhabdoid tumor SMARCB1, SMARCA4

Ovarian small cell carcinoma, hypercalcemic type SMARCA4

Acoustic or vestibular schwannomas NF2

Pulmonary pleuroblastoma DICER1



Tumor Suppressor Genes (TSGs)

Cancer susceptibility syndromes 
often result from inheriting loss 
of function (LOF) mutations in 
tumor suppressor genes.

TSGs normally function to:
– Inhibit proliferation by down 

regulating proto-oncogenes

– Inhibit cell cycle

– Repair DNA

– DNA damage checkpoints

Ras-GTP

Ras-GDPInactive

Active

NF1



Two Hit Hypothesis – both copies of the TSG 
inactivated in the tumor cell



Li Fraumeni syndrome (LFS)– Germline TP53

• LFS first described in children with sarcomas and 
mothers with early onset breast cancer.  

• Autosomal dominant inheritance of susceptibility 
to many different cancer types.  

• Germline TP53 pathogenic variants are found in 
>80% of families that meet Li Fraumeni Syndrome 
criteria.  

• Overall, germline TP53 variants are found in ~5-15% 
of children presenting with sarcomas. 



Li Fraumeni Syndrome - Surveillance for TP53 
Mutation Carriers – Toronto Protocol

• Improves cancer morbidity and mortality
• Very intensive evaluations every 3-4 months from infancy: 

– Physical exam
– Imaging: abdominal ultrasound (ACC)
– Blood and tests (ACC and leukemia)

• Annual brain MRI (brain tumor)
• Annual whole body MRI (looking for sarcoma and other 

soft tissue tumors)
• Adults include breast MRI (beginning age 18-21) and 

colonoscopy beginning age 25.

See article in https://clincancerres.aacrjournals.org/pediatricseries



Update of the Toronto Protocol Outcomes –
Villani et al., Lancet Oncology 2016



Growing Number of Pediatric Cancer 
Predisposition Syndromes

• Li-Fraumeni syndrome 
• Wilms tumor
• Overgrowth syndromes
• Neurofibromatosis/schwannomatosis
• Neural tumors 
• Neuroendocrine tumors
• Leukemia predisposition
• DNA repair disorders
• Miscellaneous disorders: PTEN, DICER1, Noonan 

syndrome (known as RASopathies)



http://clincancerres.aacrjournals.org/pediatric
series Open Access Articles

http://clincancerres.aacrjournals.org/pediatricseries


Breast Cancer

• Approximately 180,000 new cases per year with 40,000 
deaths. 
– In United States there is 1 in 8 lifetime risk.

• Breast cancer is a heterogeneous disease with treatment 
based on specific somatic markers.
– ERBB2/HER2/Neu amplification (response to trastuzamab)
– Estrogen receptor/Progesterone receptor expression 

(tamoxifen and aromatase inhibitor treatments)
• 5-10% of breast cancer results from inheritance of mutation 

in cancer susceptibility gene.



Many Different Hereditary Breast Cancer 
Syndromes
• Breast-Ovarian Families – BRCA1,  BRCA2
• Li-Fraumeni – TP53. Breast cancer and variety of other tumor 

types. Very early onset (avg age 32 of diagnosis).
• Cowden’s syndrome – PTEN mutations assoc. with breast cancer, 

thyroid cancer, hamartomas, skin lesions.
• Hereditary diffuse gastric cancer and lobular breast cancer –

CDH1, specific tumor types.
• Moderate risk genes PALB2, CHEK2 (1100delC founder), RR~2.0 

for breast CA Ataxia telangiectasia (ATM) heterozygous mutation 
carriers RR -2.0 risk of BRCA.  
– Biallelic ATM mutation – rare recessive disorder (ataxia 

telangiectasia).



Risk of cancer in individuals with BRCA1/BRCA2 
pathogenic variants

Increased risk of other cancers:
Male breast cancer BRCA2 (6%) >BRCA1
Pancreatic cancer BRCA2 (1.5-2%), also PALB2
Prostate cancer BRCA2
Melanoma BRCA2

Breast cancer:  60%-70% lifetime risk

Second primary breast cancer: 40%-50%

Ovarian cancer: 15-45%  BRCA1>BRCA2



Risk Management for BRCA1/BRCA2
Pathogenic Variants

• Early surveillance starting age 25 with breast exams 
and breast MRI imaging. 

• Prophylactic bilateral salpingo-oopherectomy
decreases ovarian cancer rate by 90% and improves 
survival (ages 35-40 – BRCA1 and ages 40-45 – BRCA2)

• No proven ovarian cancer screening methods
• Chemoprevention:

– More research is needed on chemoprevention for BRCA1/2 
carriers.



PARP inhibitors are approved for use in cancer 
patients with BRCA1/2 mutations

• BRCA1/BRCA2 mutant breast and ovarian cancers 
respond to drugs directed at defective DNA repair.

• PARP (poly ADP ribose polymerase) is a back-up repair 
pathway for BRCA1/BRCA2 mutant tumors.

• FDA approval of Olaparib for ovarian cancers which 
contain BRCA1/BRCA2 mutations (2014)  

• Olaparib approved for breast cancer in BRCA1/BRCA2 
mutation carriers (2017)

• Now being considered for other tumors types w/BRCA 
mutations or “BRCAness” tumors.



Key Points for Hereditary BRCA

• Hereditary breast cancer risk varies with underlying 
genetics from low-risk SNPs to high risk loss-of-
function variants in major cancer genes. 

• Women found to be BRCA1/BRCA2 mutation carriers 
have a number of options to decrease breast and 
ovarian cancer-related morbidity and mortality.
– Early and increased surveillance
– Prophylactic surgery – particularly salpingo-oopherectomy

• Panels of multiple breast cancer genes are now 
available (BRCA1/2, PALB2, CDH1, PTEN, TP53, ….)

• PARP inhibitors which specifically target BRCA1/2 
mutant tumors are now FDA approved.



Colon Cancer

• Mutations found in colon cancer are another 
example of the complex nature of tumorigenesis.   

• Sporadic colon cancer is a common condition 
marked by the accumulation of multiple mutations.  
– These mutations occur roughly sequentially.
– Combination of activating mutations in oncogenes and 

LOF mutations in TSGs.
– Tend to follow the Knudson two-hit hypothesis



Tumor Progression Model (Adapted from Vogelstein et al. 1996)



Familial Adenomatous Polyposis (FAP)

• Disorder due to mutations in APC
• Adenomatous colonic polyps begin in late childhood 

to adolescence.
• Nearly 100% lifetime colorectal cancer risk with 50% 

risk by age 33.
• Extracolonic features such as desmoid tumors often 

referred to as Gardner Syndrome. 
• There is a rare autosomal recessive disorder 

(MUTYH) which gives a similar adenomatous 
polyposis condition.



Polyposis Associated with FAP

Twin A

Twin B

Typical Adenomatous Polyp from 
colon of a teenager with FAP

Colons of twin teenage boys who presented with 
history of rectal bleeding and abdominal pain

Photographs courtesy of M. Finegold, MD – Texas Children’s Hospital



Management of individuals with Familial 
Adenomatous Polyposis

• Begin yearly colonoscopy between ages 8-12 for 
surveillance for polyps.

• Prophylactic colectomy during the teen-age years.  
– If rectal epithelium is left in place then lifelong surveillance 

for rectal ca.

• Adults should have upper endoscopy every 2-3 years 
due to increased risk of small intestinal tumors.

• Surveillance for hepatoblastoma in young children is 
controversial but considered.

• No clear chemoprevention yet although number of 
trials.



Lynch syndrome also called Hereditary non-
Polyposis Colon Cancer

• Families with an increased risk of colon cancer 
without polyposis in autosomal dominant pattern.  
– Increase in colorectal cancer, endometrial cancer, 

ovarian cancer, ureteral cancer and few others.
– Stage for stage, the colon cancer is less malignant than 

in sporadic colon cancer or FAP with greater immune 
response.

– Tumors are more likely to respond to immune 
checkpoint inhibitors.

• Due to LOF mutations in one of four mismatch 
repair genes: MSH2, MLH1, MSH6 and PMS2



Recommended Initial Evaluation of Colon Cancer 
patients

Patients with Colorectal Cancer 

Test tumor
For MSI

If MSI+ or Absent MMR Protein 
Then exclude MLH1 methylation

Test tumor for MMR Protein
Expression by Immunohistochemistry

Germline mutation testing
for MMR mutations

Tumors w/ MLH1 
methylation

No MLH1 methylation

If Positive
Screen Relatives

Sporadic Cancer



Management of Individuals with Lynch 
Syndrome or POLE/POLD1 mutations

• Prophylactic colectomy not typically performed as 
there are individual tumors that can be visualized by 
colonoscopy.

• Multiple primary cancer diagnoses are common.
• Colonoscopy every 1-2 years beginning at age 25 

– Clear evidence that colonoscopy screening prolongs 
survival.  

– Guidelines vary with later age for PMS2

• Women - management for endometrial cancer and 
ovarian cancer more controversial.



FDA approved immunotherapy (nivolumab) 
for mismatch repair deficient  and 

hypermutated tumors (MMR & POLD1/E)



Inherited Oncogene Mutations

Gene Disorder
RET Multiple endocrine neoplasia type 2

MET Hereditary papillary renal cell cancer

HRAS Costello syndrome with skeletal abnormalities, 
developmental delay, bladder 

KRAS Cardio-Facio-Cutaneous syndrome – no known cancer 
phenotype

ALK Hereditary neuroblastoma

EGFR Familial lung cancer (V843I or T790M)- germline
When somatic these mutations associated with acquired 
resistance to tyrosine kinase inhibitor therapy



Multiple Endocrine Neoplasia 2

• Type 2A includes- in this typical order of diagnosis:
– Medullary thyroid carcinoma (MTC)
– Pheochromocytomas
– Parathyroid disease 
– Missense mutations in cysteine residues found in >90%.

• Type 2B often diagnosed in infancy
– Ganglioneuromas of the GI tract, lips and skeletal 

abnormalities. 
– Onset of MTC in early childhood
– Two specific tyrosine kinase domain missense mutations (RET 

p.M918T most common and then p.A883F) :

• Familial MTC - without other MEN features.



Clinical Evaluation for MEN2

• Genetic testing is standard of care in MEN2 families 
and anyone with MTC especially at young ages.

• If mutation positive, recommend prophylactic 
thyroidectomy (Chen et al., Pancreas, 2010):
– Level 1 RET mutations outside conserved cysteine residues; 

surgery by age 5 – 10 -
– Level 2 mutations (exon 10-11) surgery by age 5
– Level 3 mutations (including MEN2B alleles) by age 1

• Specific RET alleles also associated with 
Hirschsprung’s 

• Ret inhibitors have now been developed - vandetanib, 
sunitinib, sorafenib, or ponatinib.



New treatments for cancer susceptibility 
conditions are being developed frequently



Summary of cancer management

• There have been international efforts to develop 
surveillance guidelines for patients at hereditary risk 
of cancer.

• We are gaining data on the effectiveness of 
surveillance in improving survival.

• Protocols including multiple modalities are 
developed with increasing use of whole body MRI.

• Prophylactic surgery can be life saving when 
appropriate.

• Increasing development of treatments based 
specifically on underlying genetic mechanism.



Single Genes-
Very Specific 
Phenotype

Multiple gene panels –
Highly variable in size (7 – 50 genes) 

Newer technologies

Whole exome or whole genome analysis (maybe part of tumor 
study

Current approaches to hereditary cancer 
testing

Specific phenotypes with only 
2-4 Genes

RB1

TSC1 & TSC2 or
APC & MUTYH

Hereditary breast cancer or 
colon cancer panel (most 
frequently ordered tests)

Used for Cancer analysis 
or rare recessive disorders



Hereditary cancer panel testing

• Simplifies the genetic testing process:
– Requires less family history and pathology information.
– Can more rapidly identify a disease associated variants
– Increases likelihood of variants of uncertain significance as 

panel gets bigger. 

• Can provide “surprising results” with pathogenic 
variants in genes not associated w/ patient history:
– For example, MSH2 mutation in patient with breast cancer.

• Panels may include genes for which there is limited 
evidence of disease association or lack of surveillance 
guidelines (gene of uncertain significance).



Variants of Uncertain Significance (VUS)

• VUS reported in 3% of BRCA1/2 genetic tests.
– Often missense mutations in regions of the protein w/o known 

function.
– Many methods to try and determine the significance (conservation, 

functional studies, segregation with cancer and population studies).
• Studies show that the majority of VUS eventually found to 

be benign – avoid over-interpretation
– Several studies reveal that 50% of women having prophylactic 

mastectomy had a VUS genetic test result.

• Many different US labs offering BRCA1/2 testing.
– Different laboratories may interpret the same variant differently.
– Encourage data sharing (ClinVar database)

• As you increase the number of genes tested in a panel the 
likelihood of VUS increases rapidly.



Important Questions when Considering 
Surveillance and Prevention?

• Is the risk of developing cancer high enough to 
warrant screening?

• What are the best screening tests to do?
• At what age should you start? When should they 

stop? 
• How often should you test? For example, every 

year?
• Should surveillance be adjusted based on the 

specific mutation that the patient has? 
• Where can you find recommended screening 

protocols?



Examples of hereditary cancer 
syndromes w/ specific care guidelines

Management 
modalities

Hereditary breast/ovarian cancer 
(BRCA1/2)
Lynch syndrome (MSH2, MLH1, MSH6, 
PMS2)
Familial adenomatous polyposis (APC)

Von Hippel Lindau syndrome (VHL)

Tuberous sclerosis complex (TSC)

Multiple endocrine neoplasia 2 (RET)

Li Fraumeni syndrome (TP53)

Imaging Other diagnostic 
modalities

Prophylactic 
surgery

Targeted 
medications


