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Why do we need CRC genetics? 

• Cancer is a genetic disease of somatic cells.  
  Gene asset may  → dictate prognosis  
               → guide “target therapy” 
 
• A fraction of cancers occurs due to gene defect  transmitted 

as germ-line mutation(s)  
    = inherited predispositions 

 
• Inherited gene defects variably predispose to CRC with 

different phenotypes (or no phenotype!) 



Inherited  GI cancer predisposition  
Historical perspective 

1895-1913  
Seed  

concept of 
predisposition 

1930-40s  
Description of 
polyposis coli 

1970s 
Lynch systematic 

review of 
predispositions   

1990s  
Molecular 

genetics identifies 
culprits  

Intuition       Model   Biological bases & heterogeneity   

21st century 
What’s new? 

 
 

… 



Evolution of the Concept of Inherited 
Predisposition 

• The phenotype era  
 
– Recognition of predisposition to CRC as a mendelian trait -> familial 

adenomatous polyposis (FAP) 

– Cancer without polyposis -> Hereditary Non-Polyposis Colorectal Cancer 
(HNPCC) & Lynch Syndrome  

• The genotype era 
 
– FAP= Adenomatous Polyposis Coli (APC) + MUTYH  

– Lynch = DNA Mismatch Repair System and its components (MLH1, MSH2, 
MSH6, PMS2) 

– The new candidates genes: expanding molecular genetics by next generation 
sequencing (NGS)  



Hereditary GI Cancer 

• The main playground: CRC 
- Polyposis in all its variants 
- Lynch syndrome 
- X-syndrome 
- the unknown & the poorly explored -> NGS 
 

• Other territories 
- Pancreatic cancer 
- Gastric cancer 

 



The school-days - childhood 



Familial aggregation ≠ inheritance 

Burt, Gastroenterology, 2005 

Familial aggregation ≈ 25% 

+MAP% 

≈ 70% 



How changed the landscape  
of inherited predispositions to CRC 

Boland, Clin Genetics, 2009 



The familial CRC syndromes 

Polyposis syndromes 

Non polyposis syndromes 
(HNPCC) 

Lynch syndrome 

FCC-syndrome X 

FAP 

aFAP 

Hamartoma 
syndromes 

from Boland, 2015 



3 major diseasto 6 disease groups 
6 
& 11 genes 

Complexity of inherited predispositions to CRC  
The grocery list 



Tasks to classify incident case 

 
 

1. familial and personal history 
2. phenotype (polyposis, yes or no) 
3. young (≤ 50 yrs) age at diagnosis             

 
4. genetic testing 

 

clinical/formal diagnosis 

molecular diagnosis 



CRC risk in relatives  if juvenile cases occurred 
within the family  

Selected Familial Relative Risks (FRRs) for Probands With Affected First-
Degree Relatives (FDRs) Diagnosed at Certain Ages 

Taylor, Gastroenterology, 2010 



Predisposition =  risk of CRC 

The risk of developing CRC increases in association with  
specific features = excess odds of tumor/cancer 
development within the same individual/family 
 

             - multiple polyps / “polyposis” 

             - juvenile (age<50 yrs) CRC 

             - synchronous CRCs 

             - metachronous CRCs 

              



Inherited predispositions to CRC 
Phenotypic features and gene defects 

Phenotype 
• Familial polyposis (FAP) 

 
• Attenuated FAP (aFAP) 
                  
                    HNPCC 
• Lynch syndrome  

 
• Non Lynch syndr. Familial CRC, or 

“Familial CRC type X”  
 

Gene defect 

• APC >>MUTYH 

 
• APC≈MUTYH     more data required 

 

 
• Mismatch Repair Genes 
     MLH1≈ MSH2 > MSH6 > PMS2 
 

                      ? – see NGS  



Most CRC predisposing defects are  
in dominant genes  

Dominant 
APC, Mismatch Repair Genes 

Recessive 
MUTYH 



Hereditary GI Cancer 

• The main playground: CRC 
- Polyposis in all its variants 
- Lynch syndrome 
- X-syndrome 
- the unknown & the poorly explored 
 

• Other territories 
- Pancreatic cancer 
- Gastric cancer 

 



Phenotype: polyps and “polyposis” 

Polyposis, polyp number  >10 
 
Classic/familial polyposis  >100 
 
Attenuated polyposis   <100 

The term polyposis should be properly employed. 

  Thresholds 



Prevalence of APC and MUTYH Mutations in 
Patients with FAP and aFAP 

Grover, JAMA, 2012 

Polyp No Patient No 
 >1000       119 
100-999                    1338 
  20-  99                    3253 
  10-  19                      970  



Study population: 2332 individuals with 
monoallelic MUTYH mutations among 
9504 relatives of 264 CRC cases with 
MUTYH mutation. 
 
CRC risk through 70 yrs of age: 
•males  7.2% (95%CI, 4.6%-11.3%) 
•females 5.6% (95%CI, 3.6%-  8.8%) 



Hereditary GI Cancer 

• The main playground: CRC 
- Polyposis in all its variants 
- Lynch syndrome 
- X-syndrome 
- the unknown & the poorly explored 
 

• Other territories 
- Pancreatic cancer 
- Gastric cancer 

 



The University - graduation 



Predisposition =  risk of CRC 

The risk of developing CRC increases in association with  
specific phenotypic features = excess odds of tumor/cancer 
development within the same individual/family 
 

             - multiple polyps / “polyposis” 

             - juvenile (age<50 yrs) CRC 

             - synchronous CRCs 

             - metachronous CRCs 

              



Lynch syndrome 

• ≈ 3% of CRC; frequently synchr/metachronus CRC +/- 

other organs 

• autosomal dominant 

• CRC risk 60%-80% 

• age of onset: medians ranging 44 – 54 yrs 

• molecular phenotype=MSI 



Lynch syndrome & MSI:  
from esoterica to standard of care 

1991  
Clinical 

Amsterdam 
criteria  

1993-94                                   
MSI discovery 

1998-2004 
Bethesda criteria 

for MSI testing 

2000s 
Alternative 

strategies for MSI 
detection 

Formal genetic             Molecular genetic         Clinical translation 



Keywords 

• Mismatch repair (MMR) defects  
 lack of function / expression of one of the genes composing the system, i.e. 

MLH1, MSH2-EPCAM , MSH6, PMS2 
  

• Microsatellite instability (MSI) 
 hallmark of DNA damage due to defective MMR system 

 
• Hereditary Non-Polyposis Colorectal Cancer (HNPCC) 

 autosomal dominant inherited predisposition to 
gastrointestinal/gynecological/other cancers occurring without polyposis  
 

• Lynch syndrome 
 autosomal dominant inherited predisposition to 

gastrointestinal/gynecological/other cancers, due to defective  DNA MMR 
system 



Identification of Lynch syndrome 
Available tools 

• Clinical 
– patient & family hystory=Amsterdam & Bethesda 

criteria 

• Computer models 
– assessing the probability of carrying GL mutations  

• Tissue testing  
– Microsatellite instability 
– Immunohistochemistry 

 



Clinical criteria for HNPCC diagnosis 

Burt, Gastroenterology 2005 

(1999) 

(1991) 

*Plus: gastric and ovarian cancer 

* 



Testing CRC for MSI/MMR protein expression: 
the revised Bethesda Guidelines  

Umar, JNCI  2004 

*Endometrial, smoll bowel,  urotelial, gastric, and ovarian cancer 
    Medullary or Crohn like reaction 



Molecular tools  
for the diagnosis of Lynch syndrome 

In tumor tissue  
• test for MSI, and/or 
• MMR defect (immunohistochemistry) 
• exclusion of sporadic features (hMLH1 methylation/BRAF 

mutation) 
 

In germ-line 
• look for disease-causing mutations in the defective MMR 

gene:      MLH1≈ MSH2/EPCAM > MSH6 > PMS2 



MS-status assessment  

Laghi, Oncogene, 2008 

Sporadic phenotype by BRAFc.1799 T>A mutation and 
absence of germ-line mutations 

Mismatch Repair protein loss by immunohistochemistry 

Evaluation of germline mutation by 
sequencing analysis or Multiplex Ligation-
dependent Probe Amplification (MLPA) 
related to HNPCC phenotype  
 

MSI MSS 

Loss of MLH1, MSH2, PMS2, MSH6 Loss of MLH1 

PCR of mononucleotide on tumor tissue and analysis of repeat sizes by capillary electrophoresis
  



Performance of different strategies for the 
identification of hMSH2/hMLH1 mutations 

Pinol, JAMA, 2005 



Prevalence of MSI CRC Prevalence of MSI CRC 

From De La Chapelle, JCO 2010 

CRC tumors 

100% 

No MSI = MSS 

(90-85%) 

MSI 

(10-15%) 

Germ-line mutation 

Lynch syndrome 

(~3-5%) 
MSH2>MLH1>MSH6>PMS2 

Promoter Methylation 

Sporadic-BRAF mutated 

(7-12%) 
MLH1 



The seminal input: feasibility 



Guidelines vs universal screening: 
 the debate 



Identification of Lynch syndrome: 
Universal screening by tumor testing  

Humanitas “translational strategy” 
2000-2007 



MSI screening for Lynch diagnosis 

Hampel, NEJM, 2005 Malesci, Clin Cancer Res, 2007 

U.S.A. 
MSI genotyping of 893 pts 
 with newly diagnosed CRC 

MSI +, n=89 Negative for MSI, 804 

IHC of 3 proteins 

Mutation analysis of hMLH1, 
hMSH2  

Mutation found,  n=23 
(+6 HNPCC defined by ACII) 

Italy 

2.2% 

2.6% 



July 2014 





Interval cancers* and MSI 

*51/993 cancers, defined as CRC that developed within 5 years of a complete clean colonoscopy 

Sawhney, Gastroenterology, 2006 

Interval cancer 
(n=46) 

Non- Interval cancer 
(n=97) 

MSI + 14 (30) 10 (10) 

MSS 32 (70) 87 (90) 
P=0.003 

MSI phenotype for interval cancers, O.R. 3.7, 95%C.I., 1.5-9.1 



Very high yield of MSI/Lynch syndrome  
in selected subsets 

• CRC patients with  
– Juvenile onset 
– Synchronous tumors 
– Metachronous tumours 

 
have a frequency of MSI cancers    >>10% 
or of patients with Lynch syndrome >>  3% 



MMR story:  
lessons from a long-standing  biomarker  

First example of biomarker for personalized medicine 
• late 90s’, biomarker of an inherited tumor predisposition 
• early 2000s’ 

– different disease behavior = better survival 
– …  strong immune response 

• 2010s’…, no chemo (5FU/FOLFOX) for T3N0M0 colorectal 
cancers (now standard of care!) 

• >2015s’, different FOLFOX responsiveness (stage IIIB)? 
• nowadays: unsurpassed marker of immunotherapy 

responsiveness!  
• what’s next? 

 



Hereditary GI Cancer 

• The main playground: CRC 
- Polyposis in all its variants 
- Lynch syndrome 
- X-syndrome 
- the unknown & the poorly explored 
 

• Other territories 
- Pancreatic cancer 
- Gastric cancer 

 



Familial Colorectal Cancer – Type X 

 
Family history of CRC fulfilling AC but without MSI/MMR defects 

Lindor, JAMA, 2005 



Familial Colorectal Cancer – Type X 

•Nearly half of 161 familial clusters are not Lynch Syndrome. 
• ≈ 40% of tumors do not have MSI or abnormal IHC for DNA MMR 
proteins  

•Lower penetrance for CRC; later onset of CRC 
• SIR for CRC ≈ 2.3 
• No excess of non colorectal cancers 
 

(Colon Cancer Family Registry, Lindor et al. JAMA 293:1979, 2005) 

 
• Multiple genes are being reported for this, but none are 
common to multiple families (GalNT12,BMPR1A, RPS20, SEMA4A, 
HNRPA0, WIF1) 

 
 
 



Hereditary GI Cancer 

• The main playground: CRC 
- Polyposis in all its variants 
- Lynch syndrome 
- X-syndrome 
- the unknown & the poorly explored 
 

• Other territories 
- Pancreatic cancer 
- Gastric cancer 

 



Innovation - unknown 



Science 

Few men story… 

Remains true and holds over time 



Technology 

Few men + lot of money … 

Usually abandoned over time 





Selected aFAP families (APC & MUYH negative) 
 
• POLEp.Leu424Val  multiple polyps/CRC, 

   early onset 
 

• POLD1p.Ser478Asn  multiple polyps/CRC, 
   early onset  

   + endometrial cancer 
 

Autosomal dominant, high penetrance 



WES of 51 individuals from 48 families: 
7 individuals from 3 unrelated families  
harbored homozygous mutations 
+endometrial malignancy in women 

Autosomal recessive inheritance 



Synopsis of inherited polyposis 



The puzzle of inherited polyposis 



Simplified nosography of CRC predispositions  



Hypothesis driven  



Clinician-referred patients 
Results from commercial multi-gene panels  
assessing 14-22 genes (BRACA1/2 excluded) 

2014 



New data by “massive” sequencing 

Author Study type Setting Patients  
Mutational gain 

N Prevalence (95%CI) 

Yourgelun M, 
2016 

Cross 
sectional 

Folowing LS 
assessment 
2012-13* 

1260 185 14.4% (12.6%-16.5%) 

Yourgelun M, 
2017 

Cohort Dana Farber 
CRCs, 2008-14§ 

1058 115   9.9%   (8.2%-12.9%) 

Pearlman R, 
2017 

Ohio State Juvenile CRC@   450   72 16.0% (12.8%-19.8%) 

*Commercial test provided by Myriad genetics 
§ Commercially available, by Myriad genetics 
@ MSI/MMR test first, then appropriate testing, by Myriad genetics 
 

Too much commercial? 



Yourgelun, Gastroenterology, 2016 



Yourgelun, Gastroenterology, 2016 





The “VUS” issue 

Yourgelun, JCO, 2017 



Unexpected findings in juvenile CRC  
by “massive” sequencing  

= 3.3% 
> LS prevalence? 

Pearlman, JAMA Oncol, 2017  



• Sanger sequencing – traditional method 

• Then Next generation sequencing (NGS) 

• NGS – decreased cost, increased efficiency 

• Usher in era of multiplex genetic testing 

Where is genetic testing of CRC tumors in 2017 
 
 



But, what the gastroenterologist should do?  

• Be suspicious and aware of technology 
• Think of large data-bases: contribute even 

only  1 case 
• Be aware of business interference as well of 

limitations 
• Change both the “scope” and the perspective 
• Collaborate and individualize patient approach 



The precision medicine initiative 

“Doctors have always recognized that every patient is unique, and doctors have always tried to 
tailor their treatments as best they can to individuals. You can match a blood transfusion to a 
blood type — that was an important discovery. What if matching a cancer cure to our genetic 
code was just as easy, just as standard? What if figuring out the right dose of medicine was as 
simple as taking our temperature?” 

President Obama, January 20, 2015 



NGS: types of panels 

• Syndrome specific tests 

• Cancer specific high penetrance panel 

• Cancer specific high and moderate penetrance 

• Comprehensive panels  



Individualized 
Medicine Clinic: 
Patient Care 

Academic offer 



Company offer 



Panel testing 
Advantages 
• Greater time and cost 

efficiency 
• Greater sensitivity for 

cancer risk 
• FH overlapping multiple 

syndromes 
• Small families with limited 

information 
• Assess risk in people not 

meeting criteria 
• Examine moderate and high 

penetrance genes 
 

Disadvantages 
• Moderate risk genes-limited 

or nonexistent risk and 
management data 
 

• Variants of uncertain 
significance (VUS) 
 

• Mutations missed by NGS 
 

• Complex pre-test 
counseling 
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