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Abstract 

Mismatch repair (MMR) deficiency is carcinogenic and can either have 
somatic/sporadic causes (i.e. epigenetic silencing or somatic inactivation) or 
hereditary causes (Lynch syndrome due to a germline mutation in one of the 
MMR genes - MLH1, MSH2, MSH6, PMS2). The identification of MMR defective 
colon cancer is clinically relevant for diagnostic, prognostic and potentially also 
for treatment-predictive purposes. 

The aims of this thesis were to validate the application of the MMR index for the 
prediction of MMR deficiency in colon cancer (study I), to investigate 
heterogeneous MMR protein expression in colorectal cancer (study II) and to 
study urological cancers in Lynch Syndrome (studies III-V). The most common 
cancers in Lynch syndrome are colorectal cancer and endometrial cancer, but also 
other tumour types are linked to the syndrome. We investigated the roles of 
bladder cancer (study III), prostate cancer (study IV) and renal cell cancer (study 
V) in Lynch syndrome. 

Study I confirmed that the MMR index is easy to apply and identifies MMR 
defective colon cancers with high sensitivity (93%) and specificity (76%). The 
MMR index evaluates features such as expanding growth pattern, lack of dirty 
necrosis, mucinous differentiation and presence of tumour-infiltrating 
lymphocytes. 

Study II showed that heterogeneous (retained/lost) MMR protein expression 
occurred in three distinct patterns, i.e. as intraglandular, clonal and compartmental 
protein expression. These patterns co-existed in 9/14 tumours and correlated to 
differences in the MMR status. Attention to this phenomenon is recommended to 
prevent false-positive or false-negative evaluations of MMR protein 
immunostaining. 

Studies III-V linked urinary bladder cancer, prostate cancer and renal cell cancer 
to Lynch syndrome families. The cancers frequently showed MMR defects in line 
with the underlying disease-predisposing mutation, indicating that these cancer 
types should be considered part of the Lynch syndrome tumour spectrum. 
Urothelial cancer development was predominantly linked to MSH2 mutations. 
These findings should be considered in risk estimates and surveillance 
recommendations.  
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Abbreviations 

5-FU 5-Fluorouracil  MLH1/3 MutL homologue 1/3 
AFAP Attenuated familial adenomatous 

polyposis 
 MMR  Mismatch repair 

AJCC/ 
UICC 

American Joint Committee on 
Cancer/Union Internationale Contre 
le Cancer 

 MSH2-6 MutS homologue 2-6 

AUC Area under curve  MSI Microsatellite instability 
BER Base excision repair   MSS Microsatellite stable 
CI Confidence interval  MutL/S Mutator L/S 
CIMP CpG island methylator phenotype  NCI National Cancer Institute 
CIN Chromosomal instability  NER Nucleotide excision repair  
CIS Carcinoma in situ  NGS Next generation sequencing 
CRC Colorectal cancer  NK Natural killer 
DI DNA index  NPV Negative predictive value 
DNA Deoxyribonucleic acid  NSAID Nonsteroidal anti-inflammatory 

drug 
EGD Esophagogastroduodenoscopy  OR Odds ratio 
FAP Familial adenomatous polyposis  PCR Polymerase chain reaction 
FCCTX Familial colorectal cancer type X  PIN Prostatic intraepithelial 

neoplasia 
FFPE Formalin-fixed paraffin-embedded  PMS1/2 Post-meiotic segregation 1/2 
H&E Hematoxylin & Eosin  PPV Positive predictive value 
HGD High-grade dysplasia  PSA Prostate-specific antigen 
HNPCC Hereditary Non-polyposis 

Colorectal Cancer 
 RCC Renal cell carcinoma 

HPF High-power field  RER Replicative errors 
IBD Inflammatory bowel disease  RNA Ribonucleic acid 
IDL Insertion/deletion loop   ROC Receiver operator curve 
IHC Immunohistochemistry  RTU Ready to use 
IRR Incidence rate ratio  TIL Tumour-infiltrating lymphocytes 
ISUP International Society of Urological 

Pathology 
 UC Urothelial cancer 

LOH Loss of heterozygosity  UUT Upper urinary tract 
LPF Low-power field  VHL von Hippel-Lindau 
LS Lynch syndrome  WHO World Health Organization 
MAP MUTYH-associated polyposis    
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Thesis at a glance 

Study Aims Methods Results Conclusions 

I  
Detection of 
MMR deficient 
colon cancer. 

Application and 
evaluation of the MMR 
index for identification 
of MMR deficient 
colon cancer. 

The MMR index 
identifies MMR 
defective tumours 
with 93% 
sensitivity and 76% 
specificity. 

The MMR index 
is easy to apply 
and identifies 
MMR defective 
tumours with high 
sensitivity and 
specificity. 

II  
Impact of 
heterogeneous 
MMR protein 
immunostaining 
in colorectal 
cancer. 

Assessment of patterns 
of heterogeneous MMR 
protein immunostaining 
and association with 
MSI. 

Three different 
patterns of 
heterogeneous 
MMR protein 
expression 
identified. 

Heterogeneous 
MMR protein 
staining is rare but 
important to 
identify. 

III  
Identification of 
the role of 
urothelial cancer 
in Lynch 
syndrome. 
 

Definition of the 
fraction of MMR 
deficient tumours and 
the contribution from 
the different MMR 
genes in urothelial 
cancer of the renal 
pelvis, the ureter and 
the urinary bladder in 
Lynch syndrome. 

Loss of MMR 
protein expression 
in 93% of upper 
urinary tract cancer 
and in 86% of 
urinary bladder 
cancer. Strong 
association with 
MSH2 mutations. 

Upper urinary 
tract cancer as 
well as urinary 
bladder cancer is 
linked to Lynch 
syndrome.  

IV 

 

Identification of 
the role of 
prostate cancer in 
Lynch syndrome. 
 

Analysis of the fraction 
of MMR deficient 
tumours and the 
contribution from the 
different MMR genes 
in prostate cancers 
linked to Lynch 
syndrome. 

In total, 28 prostate 
cancers were 
diagnosed in 288 
Lynch syndrome 
families, at median 
age 63. Loss of 
MMR protein 
expression in 69%. 

Support for 
prostate cancer as 
part of the Lynch 
syndrome tumour 
spectrum. 

V 

 

Identification of 
the role of renal 
cell cancer in 
Lynch syndrome. 
 

Determination of the 
fraction of MMR 
deficient tumours and 
the contribution from 
the different MMR 
genes in renal cell 
cancer in Lynch 
syndrome. Assessment 
of the risk of this 
tumour type relative to 
the general population. 

In total, 13 renal 
cell cancers were 
diagnosed in 313 
Lynch syndrome 
families, at median 
age 62. Highest 
incidence ratio 
(7.7) in age group 
50-69 years. 

Support for renal 
cell cancer as part 
of the Lynch 
syndrome tumour 
spectrum. 
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Summary in Swedish 

Populärvetenskaplig sammanfattning 
 

Felaktig DNA-reparation av typen mismatch repair (MMR) uppkommer i 15-17% 
av cancer i tjock- och ändtarm (kolorektalcancer). MMR defekter är av betydelse i 
tre situationer: 

• MMR defekta tumörer har en bättre prognos än övrig tjock- och 
ändtarmscancer, vilket kan användas för att avgöra huruvida en patient 
skall erbjudas sk. adjuvant cytostatikabehandling i syfte att minska risken 
för tumöråterfall. 

• Tumörerna har en sk. ”mutationsprofil” med en hög grad av små genetiska 
skador, vilket har visat sig vara av betydelse för svaret på behandling med 
immunterapi (sk. PD-1 hämmare). 

• Tumörerna är starkt associerade med det ärftliga cancersyndromet Lynch 
syndrom som beräknas utgöra 2-4% av alla tjock- och ändtarmscancrar. 
Identifiering av dessa individer och familjer är av stor betydelse för att 
genom kontrollprogram med hög grad av kostnadseffektivitet kunna 
minska sjuklighet och dödlighet i cancer. 

 

Avhandlingen studerar tre aspekter av MMR defekt cancer: 

• Möjligheten att identifiera MMR defekt tjocktarmscancer genom 
noggrann analys och klassificering av tumörens histopatologiska 
egenskaper (studie I). 

• Betydelsen av ett variabelt uttryck av MMR proteiner inom samma tumör 
bedömt med immunhistokemisk färgning (studie II). 

• Kopplingen mellan MMR defekta tumörer och Lynch syndrom i 
urologiska tumörer, inkluderande urotelial cancer i njurbäcken, urinledare 
och urinblåsa (Studie III), prostatacancer (studie IV) och njurcancer 
(studie V). 
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De metoder som har använts innefattar: 

• Histopatologisk kartläggning med hjälp av standardfärgning (Hematoxylin 
& Eosin) samt kartläggning av tumörinfiltrerande lymfocyter, ”dirty 
nekros”, tumörens växtsätt (rundat versus infiltrativt) och slembildning 

• Immunhistokemisk MMR-proteinfärgning för MLH1, PMS2, MSH2 och 
MSH6 

• Mikrodissektion för analys av MMR status i ett fåtal tumörkryptor 

• DNA-extraktion 

• Analys av mikrosatellitinstabilitet 

• Riskberäkningar i relation till olika mutationsgrupper och i jämförelse 
med en matchad kontrollbefolkning 

• Statistiska metoder 

 

Resultat och diskussion 

Studie I 

MMR defekter påvisades i 108/474 (22.8%) av tumörerna och var vanligare hos 
kvinnor, i högre ålder och i tumörer från högra delen av tjocktarmen. Flera 
histopatologiska egenskaper var överrepresenterade i MMR defekta tumörer; 
expanderande växtsätt (73.8% versus 7.6%), avsaknad av “dirty” nekros (80.6% 
versus 26.1%), mucinös/signet-ring cell differentiering (67.6% versus 26.3%) and 
tumör-infiltrerande lymfocyter (66.7% versus 16.9%). Dessa faktorer användes för 
att skapa ett MMR index för identifiering av MMR defekta tumörer. MMR index 
användes i 438 patienter och ≥4 faktorer identifierade MMR defekta tumörer med 
93% känslighet och 76% specificitet. Reproducerbarhetsanalys visade ett kappa-
värde 0.88. 

Jämförelse med andra MMR-prediktionsmodeller utfördes i 200 tumörer. MMR 
index med gräns ≥4 faktorer föll väl ut med en yta under kurvan (AUC) på 0.94 
för MMR index jämfört med 0.81 för modellerna PREDICT, 0.80 för RERtest6, 
0.70 for MsPath and 0.77 för MSI probability score. Sensitiviten varierade från 
60-100% och specificiteten från 41-99%. MMR index var likvärdigt med 
modellerna PREDICT/simplified PREDICT (p=0.38/p=0.27) och med ReRtest6 
(p=0.42) och significant bättre än MsPath (p<0.0001) och MSI probability score 
>1 (p<0.0001). 
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Sammanfattningsvis var 

• ett expanderande växtsätt, tumörinfiltrerande lymfocyter, avsaknad av 
”dirty nekros” och mucinös/signet ring-cellsdifferentiering de starkaste 
prediktorerna för en MMR defekt tjocktarmcancer 

• MMR index reproducerbart och användbart med resultat jämförbara med 
eller bättre än andra modeller 

• MMR index ett säkert sätt att identifiera 39/40 MMR defekta tumörer 

 

Studie II 

Immunhistokemisk färgning används i ökande omfattning för att identifiera MMR 
defekta tumörer. I vissa tumörer har en heterogen färgning med varierande bild 
noterats. I studien undersöktes 14 tjock- och ändtarmscancrar med variabel 
färgning för att kartlägga hur varierande färgningar uttrycks och huruvida dessa 
kopplas till mikrosatellitinstabilitet (MSI). 

Immunohistochemisk variabel färgning definierades i tre mönster; 
“intraglandulär” (bevarad/förlorad färgning i eller mellan körtlar), “klonal” 
(bevarad/förlorad färgning i hela körtlar eller körtelgrupper) och “kompartmentell” 
(bevarad/förlorad färgning i större tumörområden). Dessa olika mönster 
samvarierade i 9/14 tumörer. MSI identifierades i 13/14 tumörer och var delvis i 
överensstämmelse med färgningsmönstret. I vissa tumörer kunde den variabla 
färgningen kopplas till skillnader i differentiering. 

Sammanfattingsvis är heterogen immunfärgning för MMR proteiner 

• ovanligt, men viktigt att notera då det kan kopplas till skillnader i 
tumörens MMR status 

• ett färgmönster som riskerar att ge såväl falskt positiva som falskt 
negativa tolkningar av immunhistokemiska färgningar 

• ett fynd som kan uppträda i tre definierade mönster 

 

Studie III 

Cancer i urinvägarna kan uppkomma såväl i de övre urinvägarna (njurbäcken och 
urinledare) som i de nedre urinvägarna (urinblåsan och urinröret). Vi undersökte 
urinvägscancer i alla de 288 familjer i Danmark som diagnostiserats med Lynch 
syndrom. Studien undersökte frekvensen av dessa tumörer och kartlade vilka 
sjukdomsorsakande gener som låg bakom och hur stor andel av tumörerna som 
uppvisar MMR defekter. Därutöver bestämdes risken för urinvägscancer i relation 
till de olika gener som associerats med Lynch syndrom. 
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Totalt analyserades 48 uretärcancrar, 34 njurbäckencancar och 54 urinblåsecancrar 
från 97 patienter i 75 familjer. Av de 136 cancrarna uppkom 106 (78%) i familjer 
som inte tidigare hade drabbats av sjukdomen. Hos 16 av patienterna uppkom flera 
tumörer samtidigt och hos 12 diagnosticerades fler urinvägscancrar över tiden. 

Utveckling av urinvägscancer kunde kopplas till mutationer i genen MSH2, vilket 
återfanns i 73% av fallen. Cancer i de övre urinvägarna diagnostierads i 
medelålder 62 år och 55% av patienterna var kvinnor. Urinblåsecancer 
diagnostiserades i en medelålder av 61 år och bland patienterna var 58% män och 
MSH2 mutationer fanns hos 69%. 

Förlust av immunhistokemiskt uttryck för MMR proteiner påvisades i 93% av 
övre urinvägscancer och i 86% av urinblåsecancer. MSI var däremot mindre 
vanligt med fynd av MSI i 32% av tumörerna i de övre urinvägarna och i 20% av 
urinblåsecancer. 

Risken för urinvägscancer studerades i relation till en ålders- och könsmatchad 
dansk population med användande av data från de nordiska cancerregistren. 
Risken för urinvägscancer vid 70 års ålder var 6.7%. De högsta riskerna noterades 
för individer med mutationer i MSH2. 

Sammanfattningsvis visade studien att 

• urinvägscancer diagnostiseras i 26% av alla Lynch syndrom familjer i 
Danmark med 40% av tumörerna i urinblåsan, 35% i urinledare och 25% i 
njurbäcken 

• förlust av immunhistokemiskt uttryck för det muterade MMR proteinet 
identifieras i 93% av tumörerna i de övre urinvägarna och i 86% av 
urinblåsecancer 

• immunohistokemi är betydligt mer känslig än MSI analys för identifiering 
av dessa tumörer 

• tumörer såväl i de övre som i de nedre urinvägarna kan genom MMR 
defekter tydligt kopplas till Lynch syndrom med en risk på 6.7% 

• urinvägscancer är starkt kopplad till MSH2 mutation, vilket återfanns i 
73% av fallen 

 

Studie IV 

Betydelsen av prostatacancer vid Lynch syndrom är oklar, vilket motiverade 
analys av prostatacancer i familjer med Lynch syndrom. Bland 1609 män (677 
mutationsbärare och 932 förstagradssläktingar) från 288 Lynch syndrom familjer 
identifierades 28 prostatacancrar. Medelåldern vid diagnos var 63 år och Gleason 
graden var 6-10 (med Gleason score ≥8 i 7/10 MMR defekta cancrar). 
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Prostatacancer uppkom hos individer med mutationer såväl i MLH1 som MSH2 
och MSH6. MMR-analys kunde utföras på 16 tumörer med immunhistokemisk 
förlust i 69%, medan MSI endast påvisades i 2 tumörer. Risken för prostatacancer 
vid 70 års ålder beräknades till 3.7%. 

Sammanfattningsvis visade studien att 

• två tredjedelar av prostatacancrar hos mutationsbärare och 
förstagradssläktingar med Lynch syndrom bär MMR defekter som 
indikerar att tumörerna utvecklats inom syndromet 

• MSH2 var den vanligaste (46%) bakomliggande genetiska avvikelsen 

• MSI analys visade svag korrelation med MMR-defekten i prostatacancer 

• en stor andel av tumörerna visade hög malignitetsgrad, låg differentiering 
och tumör-infiltrerande lymfocyter 

• prostatacancer ingår i det spektrum av tumörsjukdomar som associeras 
med Lynch syndrom 

 

Studie V 

Njurcancer kan utvecklas inom ramen för en rad ärftliga cancersyndrom, men 
sjukdomen har inte kopplats till Lynch syndrom. I studien kartlades njurcancer hos 
mutationsbärare. Totalt identifierades 13 njurcancrar som diagnostiserats vid en 
medelålder av 62 år med koppling till de 3 MMR generna MSH2, MLH1 och - 
MSH6. Incidensen beräknades i Lynch kohorten i relation till en köns och 
åldersmatchad kohort från normalbefolkningen. Förhöjd incidens noterades i 
åldersgrupperna 30-49, 50-69 och >70 år med den högsta incidens ration (7.7) i 
gruppen 50-69 år. 

Sammanfattningsvis visar studien att: 

• njurcancer är ovanligt vid Lynch syndrom, men en ökad incidens ratio kan 
påvisas jämfört med normalbefolkningen 

• njurcancer kan utvecklas inom ramen för tumörspektrum vid Lynch 
syndrom 
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Aims 

This thesis focuses on MMR defective tumours of the colorectum, the urinary 
tract, the prostate and the kidney. The overall aims were to assess 
histopathological features and MMR deficiency for diagnostic, prognostic and 
predictive applications. 

The detailed aims were to: 

• Define whether histopathological characteristics allow recognition of 
MMR defective colon cancers that develop after age 50 (study I) 

• Compare the performance of the MMR index relative to other predictive 
models for the identification of MMR defective colon cancers (study I) 

• Assess patterns of heterogeneous MMR protein expression in colorectal 
cancer (study II) 

• Correlate heterogeneous aberrant MMR protein expression to 
microsatellite instability (MSI) (study II) 

• Define the link between Lynch syndrome and urological cancer through 
assessment of MMR status, i.e. MMR protein expression analysis and 
MSI status evaluation, in cancer of the renal pelvis, the ureter, the urinary 
bladder, the prostate and the kidney (studies III-V) 

• Determine the risk of urological cancer in relation to mutations in the 
different MMR genes (studies III and IV) and to a sex- and age-matched 
control cohort from the general population (study V). 
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Background 

Mismatch repair function 

In 2015 the Nobel Prize in chemistry was awarded to the researchers Lindahl, 
Modrich and Sancar for the molecular mapping of the DNA repair machinery. 
Their work has led to fundamental insights into cellular function and provides a 
basis for development of novel cancer treatments. Molecular systems continuously 
surveil and repair our genetic information and thereby protect it from a chemical 
chaos. External causes, spontaneous errors and copy errors necessitate DNA repair 
mechanisms, which constitute a vital part of the cell’s genetic stability and 
functionality. 

Several DNA repair mechanism exist and in general take advantage of the fact that 
DNA is double-stranded with the same information present in both strands. 
Damages that affect one of these strands can accurately be repaired by excision 
and replacement with newly synthesised DNA using the complementary strand as 
template. All prokaryotic and eukaryotic organisms employ at least 3 excision 
mechanisms: MMR discovered by Modrich, base excision repair (BER) 
discovered by Lindahl and nucleotide excision repair (NER) discovered by Sancar 
[1]. 

The MMR mechanism reduces the error frequency during DNA copying thousand 
fold, but when constitutionally defective causes hereditary cancer. The MMR 
system is responsible for correcting base mismatches and insertion/deletion loops 
(IDLs) generated during DNA replication due to DNA polymerase slippage [2]. 
This system was first described in Escherichia coli and is highly conserved in 
prokaryotes and eukaryotes [3, 4]. The human MMR system consists of 2 
interacting heterodimerising protein complexes, i.e. MutS (MSH2/MSH6 or 
MSH2/MSH3) and MutL (MLH1/ PMS2, MLH1/MLH3 or MLH1/PMS1) [5, 6]. 
The MutSα complex (MSH2 and MSH6) recognizes single-base mismatches and 
single-base IDLs, whereas the MutSβ (MSH2 and MSH3) complex recognizes 
larger IDLs consisting of 2 to 8 nucleotides [7]. MutSα binds preferably to MutLα 
(MLH1 and PMS2), whereas MutSβ predominantly interacts with MutLγ (MLH1 
and MLH3), though the exact role of the different MutL heterodimers that bind to 
MutSβ is not fully understood [8]. The steps of MMR are illustrated in figure 1. 
The MutS complex recognizes the mismatch and forms a sliding clamp around the 
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DNA strand. The complex then binds to a MutL heterodimer and moves along the 
DNA chain until reaching the DNA polymerase complex. The MMR protein 
sliding clamp interacts with DNA polymerase, exonuclease-1 and proliferating cell 
nuclear antigen (PCNA). This new large complex excises the daughter strand all 
the way back to the mismatch. The MMR protein sliding clamp falls off and the 
mismatch is finally corrected by DNA resynthesis [8]. 

MLH1 and MSH2 are the 2 obligatory proteins in their respective heterodimer and 
their mutational or epigenetic inactivation leads to destabilisation of the 
corresponding binding partners and results in complete loss of MMR activity [6]. 
Loss of MLH1 leads to destabilisation/secondary loss of expression of PMS2, and 
loss of MSH2 disrupts expression of MSH6 and MSH3. By contrast, loss of 
MSH6 or MSH3 has no major impact on the stability of other MutS proteins. In 
case of mutational loss of MSH6, MSH2 can still bind to unaffected MSH3, 
preserving some functionality of the MMR system. Likewise, in case of 
mutational loss of PMS2, MLH1 can still bind to unaffected MutS proteins, i.e. 
MLH3 or PMS2 [6]. 

This pattern of primary and secondary losses of protein expression forms the basis 
for the interpretation of MMR protein immunohistochemistry. The redundancy of 
the MMR system with partially preserved function of the alternative MutS and 
MutL complexes may also explain the various degrees of MSI in cancers and the 
attenuated phenotype in Lynch syndrome caused by mutations in MSH6 and PMS2 
[6]. 
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Figure 1. Model of the mismatch repair sytem in humans – showing an example with a single-base 
mismatch. Adapted from Boland et al., 2010 [8]. 



  

 14 

Defective MMR induces MSI 

MSI is induced by failure to repair errors that occur during replication of repetitive 
DNA sequences [9-11]. Mutational or epigenetic inactivation of certain MMR 
genes, including MLH1, PMS2, MSH2 and MSH6, typically results in MSI [12]. 
MSI is defined as changes in the length of microsatellites, i.e. small DNA repeat 
units consisting of 1-6 bases. Microsatellites are unique and uniform in length in 
different tissues from the same individual, but are polymorphic among different 
individuals. The deletion or insertion of repeated units in tumour DNA results in 
novel length alleles compared with non-tumour DNA. Microsatellites can be 
located in promoter sequences, exons, introns and 3′-untranslated regions or 
intergenic regions and most of these are considered to be silent. Intragenic 
alterations may, however be important regulators of gene expression by 
influencing the rate of transcription, the stability of RNA, the efficiency of 
splicing and the interaction between RNA and proteins. Microsatellites within 
intergenic regions may also have functional roles in chromatin organisation and 
recombination [13]. Several genes, e.g. BAX, CHK1, IGFR2, MLH3, MSH3, 
MSH6, PMS2, PTEN and TGF-β, contain microsatellites in their coding regions 
and represent mutation targets in MSI cancers [14-16]. 

There are abundant microsatellite loci that could potentially be used for MSI 
analysis distributed throughout the genome [17]. Initially, many different markers 
were used, but this led to variable MSI frequencies in the same type of cancer. 
This can most likely be explained by variations in the sensitivity of individual 
markers [18, 19]. 

Therefore, a National Cancer Institute (NCI) workshop in 1997 recommended the 
use of a reference panel, known as the Bethesda panel, that consisted of only 5 
markers and developed guidelines for MSI classification [20]. The Bethesda panel 
consists of 2 mononucleotide markers (BAT-25 and BAT-26) and 3 dinucleotide 
markers (D2S123, D5S346, and D17S250). 

Instability in 2 or more of the Bethesda markers was defined as MSI-high, no 
instability in any of the 5 markers as microsatellite stable (MSS), and instability in 
only one of the 5 markers as MSI-low. However, the significance of MSI-low is 
unclear [20]. Laiho et al. hypothesised that if a high number of different markers 
are used, most colorectal cancers would show some degree of MSI. Indeed, in an 
analysis of 90 tumours with 377 microsatellite markers 79% of the tumours 
displayed MSI in 1 to 11 markers [21]. 

A follow-up NCI workshop [22] recognised that the dinucleotide markers of the 
Bethesda panel are less sensitive and specific than mononucleotide markers for the 
identification of MSI-high tumours. Suraweera et al. proposed that a panel of 5 
mononucleotide markers may be more sensitive in detecting MMR deficiency 
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[23]. A further advantage of mononucleotide markers is that they are often 
monomorphic or quasi-monomorphic, which allows for MSI analysis without 
corresponding normal tissue [23-26]. 

Bacher et al. [18] evaluated a set of 266 mono-, di-, tetra-, and penta-nucleotide 
microsatellite loci and confirmed that mononucleotide markers are more sensitive 
and specific. The group developed a fluorescent multiplex assay that uses 5 
mononucleotide markers (BAT-25, BAT-26, NR-21, NR-24 and MONO-27). This 
assay, the MSI Analysis System (Promega Corp., Madison, WI), was used for 
studies II-V in this thesis. Other studies have subsequently confirmed a higher 
sensitivity and specificity of the MSI Analysis System compared with the 
Bethesda panel [27, 28]. The MSI Analysis System detects MMR deficiency with 
approximately 96% sensitivity and 99 % specificity [27]. An example of a MSI 
analysis is shown in figure 2. 

The frequency and degree of MSI in MMR defective cancers may also depend on 
the type of inactivation (mutational or epigenetic) and on the specific MMR gene 
affected. Whereas biallelic methylation of the MLH1 promoter results in 
epigenetic silencing of the MLH1 gene and widespread MSI [29], the mutations 
found in Lynch syndrome may be associated with various occurrences and degrees 
of MSI [30, 31]. Studies have shown that a variable fraction of colorectal cancers 
associated with MSH6 mutations were MSS or MSI-low [32-35]. 

The widespread instability throughout the genome of MSI cancers, with a high 
frequency of frameshift mutations within coding regions, also leads to production 
of a range of neoantigens and may explain the stronger immunogenicity in MSI 
cancers [36]. Frameshift neopeptides have been identified in MSI-high cancers 
and research has begun to develop vaccines based on these neopeptides. The 
humoral response may also provide the basis for serological testing in the 
diagnostics/monitoring of patients with MSI cancers [37, 38]. 
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Figure 2. Example of a MSI analysis showing instability in all 5 mononucleotide markers of the 
MSI Analysis System. Each marker shows the presence of 2 major peaks, in which the blue shaded 
peak represents shorter microsatellite lengths in tumour cells and the non-shaded peak normal 
microsatellite lengths in non-neoplastic cells. In this case, a right-sided colon cancer, the tumour was 
designated MSI-high. 
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Defective MMR protein expression 

Development of antibodies against the MMR proteins allows for 
immunohistochemical analysis of MMR protein expression. Since the MMR 
proteins functionally interact in heterodimers, mutations in MLH1 lead to loss of 
expression for MLH1 and PMS2 and mutations in MSH2 lead to loss of expression 
for MSH2 and MSH6 (table 1). Mutations in MSH6 and PMS2 may lead to loss of 
expression of the mutated gene only or be accompanied by loss of MSH2 and 
MLH1, respectively [39]. Hence the combined loss of expression of MLH1/PMS2 
indicates an underlying defect in MLH1 or PMS2, whereas the loss of PMS2 only 
suggests a mutation affecting this gene. Similarly, the combined loss of 
MSH2/MSH6 indicates a mutation in either of these 2 genes, whereas loss of only 
MSH6 points to a mutation in MSH6. Certain mutations, particularly missense 
mutations (especially in MLH1), may be associated with retained staining or 
partially reduced staining compared with the surrounding non-neoplastic cells [40, 
41]. 

 
Table 1. Immunohistochemical patterns in MMR defective cancer 

Affected gene 
Immunohistochemical expression 

MHL1 PMS2 MSH2 MSH6 
MLH1 
 

Loss Loss Preserved Preserved 

MSH2 
 

Preserved Preserved Loss Loss 

MSH6 
 

Preserved Preserved Preserved or 
loss 

Loss 

PMS2 
 

Preserved or 
loss 

Loss Preserved Preserved 

 

MMR protein immunostaining identifies MMR defective tumours with 
approximately 92% sensitivity and 95-100% specificity (figure 3) [39]. Use of all 
4 MMR proteins is generally recommended since the functional interaction 
described above can be used as a control and safety check. However, studies have 
also indicated that a first-line screening using only PMS2 and MSH6 achieves 
favourable sensitivity for the identification of MMR defective tumours [42-44]. 
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Figure 3. Colon cancer demonstrating combined loss of MLH1 (A) and PMS2 (B) with retained 
staining for MSH2 (C) and MSH6 (D). This staining pattern represents the most common abnormal 
staining pattern in routine diagnostics and may be caused by MLH1 promoter hypermethylation or 
MLH1 mutation. Colon cancer with isolated loss of PMS2 (F) with retained staining for MLH1 (E), 
MSH2 (G) and MSH6 (H). This pattern is rare and suggests an underlying mutation in PMS2. 
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Germline and somatic causes of defective MMR 

A defective MMR system can have either hereditary or somatic/sporadic causes. 

Germline mutations 

Lynch syndrome is an autosomal dominant cancer predisposition syndrome caused 
by a germline mutation in one of the MMR genes (MLH1, MSH2, MSH6, PMS2) 
or within the epithelial cell adhesion molecule (EPCAM) gene adjacent to the 
MSH2 gene [45-51]. MLH1 and MSH2 are the most commonly mutated genes in 
patients with Lynch syndrome accounting for ~75% of the mutations identified 
(~42% in MLH1 and ~33% in MSH2), whereas mutations in MSH6 and PMS2 
account for ~18% and ~7%, respectively [52]. An additional somatic event, called 
“second hit”, in the wild-type allele of the target tissue is necessary to inactivate 
both MMR gene copies. This in turn predisposes to the accumulation of somatic 
mutations and finally results in the hypermutable phenotype observed in tumour 
tissues from mutation carriers [53]. 

The MLH1 gene is located on chromosome 3p21.3, has 19 exons and encodes a 
756-amino acid protein. Over 200 different mutations in MLH1 have been reported 
in patients with Lynch syndrome [52, 54]. 

The MSH2 gene, located on chromosome 2p22–p21, consists of 15 exons and 
encodes a 934-amino acid protein. More than 150 different pathogenic mutations 
have been described [52, 55]. Individuals with mutations in the MSH2 gene have a 
high risk for developing extracolonic cancer and a slightly lower risk for colorectal 
cancer when compared with individuals with MLH1 mutations [56, 57]. Germline 
3' deletions of the EPCAM (TACSTD1) gene have been demonstrated to cause 
Lynch syndrome through secondary epigenetic silencing of the neighbouring 
MSH2 gene by promoter methylation [50, 51]. 

The MSH6 gene is located on chromosome 2p16, has 11 exons and encodes a 
1360-amino acid protein. MSH6 mutation carriers are characterised by a lower risk 
for colorectal cancer, nearly equal risk for endometrial cancer and later age at 
diagnosis [35, 58]. 

The PMS2 gene on chromosome 7p22 has 14 exons and encodes a 862-amino acid 
protein [59]. Of note, a non-expressed pseudogene exists in the region of PMS2 
and polymorphisms in this pseudogene may falsely be interpreted as PMS2 
mutations [60]. PMS2 mutation carriers are characterised by a lower penetrance 
and elevated risk for colorectal cancer and endometrial cancer [59]. 

MMR gene mutations include missense mutations, nonsense mutations, slice site 
alterations, small insertions/deletions and large intragenic deletions [52, 54, 55, 
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59]. A small subset of patients with loss of MLH1 expression and a Lynch 
syndrome phenotype, but without a germline mutation, harbours a constitutional 
MLH1 epimutation. These germline epimutations are characterised by soma-wide 
hypermethylation and silencing of a single allele of the MLH1 promoter in the 
absence of any DNA sequence changes [61, 62]. 

Somatic inactivation 

Biallelic methylation of the MLH1 promoter is the most common cause of MLH1 
inactivation and is present in 15-20% of all colon cancer, but is rare in rectal 
cancer [16, 63]. In tumours with MSI and/or loss of MLH1/PMS2 protein 
expression further analysis can help explain the underlying cause. Methylation 
analysis of the MLH1 promoter may distinguish a sporadic from a hereditary 
origin. Alternatively, BRAF V600E mutation analysis can be applied, since BRAF 
mutations are generally not observed in Lynch syndrome cases, but are present in 
approximately half of the somatically mutated colon cancers [64, 65]. MLH1 
promoter methylation is not restricted to colon cancer and has also been described 
in several extracolonic cancers, i.e. gastric cancer and endometrial cancer [66, 67]. 

Recently, somatic mutations in MLH1 and MSH2 have been demonstrated in 
tumours with loss of MLH1 or MSH2 [68]. This implies that somatic mutation 
analysis of tumour tissue could be considered in tumours with unexplained MMR 
defects. 

Prognostic and predictive impact 

The prognostic and predictive value of MMR deficiency has mostly been 
investigated in patients with colorectal cancer. Although considerable frequencies 
of defective MMR have been described in different extracolorectal cancers, e.g. 
endometrial and urothelial cancer, little is known about the prognostic and 
predictive value of MMR deficiency in these tumours. 

MMR deficient colorectal cancers have been found to have a favourable prognosis 
and to be less prone to metastases [69]. Several studies and large meta-analyses 
have shown that MMR deficiency is a positive prognostic factor in stage II-III 
tumours [70-75]. In advanced stage tumours with distant metastasis (stage IV), a 
recent meta-analysis indicates that MMR deficiency is a negative prognostic 
factor, likely driven by the presence of BRAF mutations [76]. 

The underlying mechanism is unknown, but MSI tumours have a stronger 
immunogenicity and commonly show an increased immune response with e.g. TIL 
and Crohn-like reactions, which may contribute to a favourable outcome [36, 77]. 
Mutations in B2M (β2-microglobulin), frequently found in MSI tumours, have 
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also been suggested to represent a possible mechanism since these mutations lead 
to an inability of antigen-presentation through HLA class I molecules, which in 
turn triggers tumour cell death mediated by natural killer (NK) cells [78]. The 
increased immune response may also be the reason for the higher yield of lymph 
nodes in resection specimens of stage I and II MMR defective cancers [79] 

MMR has lately gained increased attention related to it predictive role. MMR 
defective tumours have been shown to show poor response to 5-FU, which 
constitutes the base in most gastrointestinal cancer chemotherapy regimens [80, 
81]. Hence, MMR defective colorectal cancer stage II can be spared adjuvant 
treatment, particularly 5-FU monotherapy, whereas stage II tumours with risk 
factors or stage III tumours should be discussed for combination treatment because 
of their significantly higher risk for relapse [75, 80]. 

Recently, MMR deficient tumours have been demonstrated to respond to treatment 
with the anti-PD-1 immune checkpoint inhibitor pembrolizumab [82]. The results 
of the study suggest that the MMR status represents a treatment-predictive marker 
and that patients with MMR defective tumours may benefit from treatment with 
PD-1 inhibitors. The programmed cell death protein 1 (PD-1) is a cell surface 
receptor and part of a negative feedback system that inhibits autoimmunity by 
suppressing the T-cell mediated cytotoxic immune response [83]. It has been 
shown that the PD-1 pathway is up-regulated in different tumour types and that 
treatment with PD-1 inhibitors activate the anti-tumour immune response [84]. 
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Lynch syndrome 

Historical perspective 

The first known documentation of a family with Lynch syndrome - ‘‘cancer family 
G’’ was made 1913 by Dr. Aldred S. Warthin, who was professor and chair of 
Pathology at the University of Michigan [85]. Inspired by the family history of his 
seamstress he conducted a study of hereditary cancer by analysing her pedigree 
and the corresponding pathological documentation of cancers in her family. He 
was the first to discover a link between gastrointestinal cancer, endometrial cancer 
and family history. However, despite an extended follow-up study by Warthin 
[86], “cancer family G’’ did not receive further attention from the scientific 
community. 

Progress in the understanding of Lynch syndrome would come nearly half a 
century later when Dr. Henry T. Lynch, oncologist and professor of Medicine at 
the Creighton University in Omaha, and colleagues published their study 
‘‘Hereditary factors in cancer. Study of 2 large midwestern kindreds’’ in 1966 
[87]. Dr. Lynch was consulted by a gastroenterologist on a patient with a strong 
family history of colorectal cancer without apparent polyposis [88, 89]. The 
detailed pedigree analysis of this family formed the basis for the study and Lynch 
found a strong predilection for colorectal cancer and also noted the presence of 
other tumour types. 

The data reminded Dr. Majorie W. Shaw, a medical geneticist at the University of 
Michigan at Ann Arbor, of a family with similar features, resulting in the 
collaborative study of “family N” and “family M”. For lack of a better term, the 
syndrome was initially referred to as “cancer family syndrome” [87, 89]. Lynch 
revisited Warthins’s “cancer family G” and published an update of the family in 
1971, containing over 650 individuals [90]. Typical characteristics of the 
syndrome, such as (1) autosomal dominant inheritance, (2) early onset of cancer, 
(3) increased incidence of colorectal cancer endometrial cancer, and (4) increased 
risk for synchronous/metachronous tumours, were noted. 

Lynch’s findings were in the beginning met with substantial scepticism, but 
gradually gained international recognition. In 1984 the term “Lynch syndrome” 
was suggested and the syndrome was initially divided into type I when only 
colorectal cancer occurred in a family and type II when extracolonic cancer (e.g. in 
the endometrium, ovaries, gastrointestinal tract and the urinary tract) also occurred 
[91]. In the following years several studies recognised and further characterised 
the syndrome [92-96]. 

In order to emphasize the hereditary nature and to distinguish Lynch syndrome 
from the polyposis syndromes such as familial adenomatous polyposis (FAP), it 
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was later renamed to “hereditary non-polyposis colorectal cancer” (HNPCC). In 
1989 an international collaborative group on hereditary non-polyposis colorectal 
cancer (ICG-HNPCC) was founded and established criteria known as the 
“Amsterdam criteria I” for the diagnosis of the syndrome [97]. 

The molecular basis of Lynch syndrome was discovered in 1993 to 1994. The first 
loci linked to Lynch syndrome were identified on chromosomes 2p and 3p in 1993 
[48, 98]. Thereafter, 3 studies independently identified a specific molecular 
phenotype in colorectal cancer with widespread alterations in the sequence length 
of repetitive sequences. The observation was variably described as “replicative 
errors” (RERs), “microsatellite instability” and “ubiquitous somatic mutations in 
simple repetitive sequences” [9-11]. During the same time period MSH2 on 
chromosome 2p and MLH1 on chromosome 3p were cloned and corresponding 
germline mutations were found in Lynch syndrome families [45-47, 49]. The 
identification of germline mutations in PMS2 and MSH6 followed [99, 100]. In 
1999, the Amsterdam criteria were further expanded to include extracolonic 
tumours and were referred to the “Amsterdam criteria II” [101]. A standardised 
panel of microsatellite markers was defined and the Bethesda guidelines for 
testing of colorectal tumours for MSI were established by the NCI in 1997 [20, 
102]. These guidelines were revised in 2004 [22] to incorporate family history and 
specific pathological features of colorectal cancer (table 3). 

In 2009, the Jerusalem Workshop suggested a broader screening program in order 
to improve the identification of patients with Lynch syndrome. This is especially 
relevant for MSH6 or PMS2 mutation carriers, who typically present at a later age, 
and would not be selected for testing under the revised Bethesda guidelines. The 
workshop therefore recommended that either MMR protein immuno-
histochemistry (IHC) or MSI analysis should be performed on all colorectal 
cancers diagnosed before age 70 [103]. 

The term hereditary non-polyposis colorectal cancer (HNPCC) was typically used 
for families that either fulfilled the various clinical criteria to suspect an 
underlying MMR syndrome or had proven MMR gene mutations. To distinguish 
between these different family types, families with mutations were again redefined 
as Lynch syndrome families [104]. Families suspected of Lynch syndrome with 
MMR defective tumours, but without any identified MMR gene mutation, were 
defined as Lynch-like families. These families likely consist of a mixture of 
families with missed MMR gene mutations and cases with somatic MMR gene 
inactivation. Families that fulfil the Amsterdam criteria and show MMR proficient 
tumours have an unidentified genetic defect and are referred to as familial 
colorectal cancer type X (FCCTX) [105]. 
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Clinical manifestation 

Lynch syndrome has several unique clinical and pathological features. The 
syndrome is characterised by a high penetrance with 70-90% lifetime risk for 
cancer in mutation carriers [106-108]. Cancers related to Lynch syndrome 
typically develop at an earlier age (mean ~45 years) compared with corresponding 
cancers the general population and individuals with Lynch syndrome show high 
rates of multiple (synchronous and metachronous) primary tumours [106-108]. 
Colorectal cancer and endometrial cancer are 2 of the most common cancer types 
caused by Lynch syndrome [107, 108]. A wide cancer spectrum may be found in 
individuals/families with Lynch syndrome and cancers at several extracolorectal 
sites, e.g. the stomach, small bowel, biliary tract, urinary tract, ovaries and the 
brain can occur within the syndrome [107, 108]. The tumour spectrum, the cancer 
risk and the age at onset vary substantially depending on the sex and the MMR 
gene mutated. The tumour spectrum and cumulative risks in Lynch syndrome are 
illustrated in figure 4. 

The lifetime risk of colorectal cancer for MLH1 and MSH2 gene mutation carriers 
is in the range of 30-74%, whereas lower risks (10-22% and 15-20%, respectively) 
have been found in patients with MSH6 and PMS2 gene mutations [35, 58, 109-
112]. Male mutation carriers exhibit a higher lifetime risk for colorectal cancer 
than female mutation carriers [106, 109]. The mean age at diagnosis is 27-46 years 
for MHL1 and MSH2 gene mutation carriers, whereas MSH6 and PMS2 gene 
mutation carriers show a later onset for colorectal cancer with a mean age of 54-63 
years and 47-66 years, respectively [58, 59, 109]. In Lynch syndrome, colorectal 
cancers are in 60-80% of the cases located in the proximal colon (proximal to the 
splenic flexure) [113]. Lynch syndrome patients are at a high risk (16-19% at 10 
years; 41-47% at 20 years) of metachronous colorectal cancer after segmental 
surgical resection of the initial tumour [114, 115]. Adenomas of limited size can 
transform into adenocarcinoma within 35 months compared with 10-15 years in 
sporadic cancer [116].  

The second most common malignancy in Lynch syndrome is endometrial cancer, 
which occurs in up to 71% of women with MSH6 gene mutations and in 54% with 
MLH1 or MSH2 gene mutations [35, 109]. There is a lower risk (15%) for PMS2 
gene mutation carriers [59]. MSH6 mutation carriers are characterised by a later 
onset of endometrial cancer [35]. Lynch syndrome-associated endometrial cancers 
are predominantly of the endometroid subtype [117, 118]. Female MLH1 and 
MSH2 mutation carrier also have an increased risk for ovarian cancer with a 
cumulative lifetime risk of 4-20% [107, 108]. 

Several studies have reported an increased lifetime risk for urothelial cancers of 
the upper urinary tract in Lynch syndrome. The risk estimates range from 0.4% to 
20.3%, with the highest risk in male carriers and those with an MSH2 mutation. 
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The role of bladder cancer in Lynch syndrome is uncertain though an increased 
risk has been suggested in some studies and MMR defective bladder cancers have 
been identified in individuals with Lynch syndrome. The risk for non-urothelial 
tumours was not increased. Estimates of the lifetime risk of bladder cancer in 
Lynch syndrome range from 0 to 16.4%, with the highest risk for MSH2 gene 
mutation carrier [119-123]. 

Lynch syndrome is a multi-tumour syndrome and as such a number of other 
tumour types may develop, though at low absolute frequencies. The role of 
prostate cancer is unresolved though a few studies suggest that there is an 
increased risk is ranging from 9 to 30%, with the highest risk for MSH2 gene 
mutation carriers [124-126]. An increased risk for adenocarcinomas of the kidney 
has been observed in one study of Lynch syndrome families, compared with the 
general population [106, 127]. MMR defects are rarely observed in kidney cancer 
and the age at onset of this cancer does not seem to be lower than that in sporadic 
tumours. Therefore, it has been proposed that kidney cancer may not be part of the 
tumour spectrum of Lynch syndrome [128, 129]. Increased lifetime risks of 
tumours in the stomach, small bowel, biliary tract, pancreas, breast and brain and 
of cutaneous sebaceous neoplasms in Lynch syndrome families have also been 
described [109, 130-134]. A high risk of gastric cancer was commonly observed in 
Lynch syndrome families in earlier studies, but the risk decreased over the years, 
possibly due to the decreasing incidence in Western countries [135]. The 
association of breast cancer with Lynch syndrome is unclear [136]; an increased 
lifetime risk has been reported in some studies [137], but not in others [130, 138]. 
However, early-onset breast cancer with an MSI phenotype has been described in 
Lynch syndrome [139, 140]. There is probably an association between sarcoma 
and Lynch syndrome, but the risk estimates are uncertain [141]. Turcot syndrome 
is a rare variant of Lynch syndrome with mutations in the APC gene or MMR 
genes; it is characterised by glioblastomas, medulloblastomas and colorectal 
tumours [142]. Another rare variant is the Muir-Torre syndrome linked to MLH1 
and MSH2 mutations, which is characterised by typical skin lesions in the form of 
sebaceous gland tumours, kerathoacantomas and additional colorectal cancer or 
other internal cancer [143]. 
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Figure 4. Cumulative risks of tumours by age 70 years in Lynch syndrome. The corresponding risks 
in the general population are provided in parentheses. Based on data from Vasen et al., 2013 and 
Giardiello et al., 2014 [107, 108]. 
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Identification of Lynch syndrome 

Lynch syndrome is one of the most common cancer susceptibility syndromes with 
an estimated carrier frequency of 1/2000-1/660 in the general population [144]. A 
number of criteria, guidelines and detection strategies exist, but none are optimal 
and identification is challenged by extensive phenotypic variation and a broad 
spectrum of associated tumours. 

The Amsterdam criteria 
The Amsterdam criteria were developed in 1991 [97] and modified in 1999 [101] 
to identify and classify families with Lynch syndrome. They require clinical 
evaluation of the patient and the patient’s pedigree for colorectal and other Lynch 
syndrome-associated cancers. The Amsterdam criteria were originally intended for 
use as research criteria, but became instrumental in identifying Lynch syndrome 
and are still widely used clinically (table 2). Amsterdam criteria II identify Lynch 
syndrome with 22% sensitivity and 98% specificity [117, 145-147]; the low 
sensitivity may mainly be due to small families, skipped generations and lack of 
the central triad of the required first-degree relatives. 

Some 40% of the families that meet the Amsterdam criteria have MMR proficient 
tumours and no MMR gene mutation. Families with non-Lynch syndrome 
colorectal cancer have been termed “familial colorectal cancer type X” [105]. The 
families are characterised by MSS tumours, a lower relative risk for colorectal 
cancer, later onset and no evidence of excess of extracolorectal tumours. The 
genetic basis of this group is unknown. 

 
Table 2. The Amsterdam criteria II [101] 

Amsterdam criteria II: Clinical criteria for the identification of families with Lynch syndrome* 
≥3 relatives with an Lynch syndrome-associated cancer (Colorectal cancer, cancer of the 
endometrium, small bowel, ureter or renal pelvis) 
1 should be a first-degree relative of the other 2 
≥2 successive generations should be affected 
≥1 diagnosed before the age of 50 years 
Familial adenomatous polyposis should be excluded in the colorectal cancer case(s) 
Tumours should be verified by pathological examination 
*All criteria must be fulfilled. 

 

The Bethesda guidelines 
With the implementation of molecular tumour testing, the Bethesda guidelines 
were developed in 1997 and revised in 2004 to select patients with colorectal 
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cancer who should undergo MSI testing [22, 102]. The guidelines are considerably 
broader, include the expanded spectrum of Lynch syndrome-associated tumours 
and incorporate the MSI morphology of colorectal cancer (table 3). The selection 
of patients who fulfil any one of criterion in the revised Bethesda guidelines has an 
82% sensitivity and 77% specificity for the diagnosis of Lynch syndrome [117, 
148]. 

 
Table 3. The revised Bethesda guidelines [22] 

The Revised Bethesda Guidelines: Clinical guide for the testing of colorectal tumours for MSI* 

Colorectal cancer diagnosed in a patient who is less than 50 years of age 
Presence of synchronous or metachronous colorectal or other Lynch syndrome-associated tumours, 
regardless of age (colorectal, endometrial, stomach, ovarian, pancreas, ureter and renal pelvis, biliary 
tract and brain [usually glioblastoma as seen in Turcot syndrome] tumours, sebaceous gland 
adenomas and keratoacanthomas in Muir-Torre syndrome, and carcinoma of the small bowel) 
Colorectal cancer with the MSI-H histology diagnosed in a patient who is less than 60 years of age 
(presence of tumour-infiltrating lymphocytes, Crohn’s-like lymphocytic reaction, mucinous/signet-
ring differentiation or medullary growth pattern) 
Colorectal cancer diagnosed in one or more first-degree relatives with a Lynch syndrome-related 
tumour, with one of the cancers being diagnosed under age 50 years  
Colorectal cancer diagnosed in 2 or more first- or second-degree relatives with HNPCC-related 
tumours, regardless of age 
*Fulfilment of only 1 criterion is necessary to warrant clinical testing. 

 

The Amsterdam criteria II and the revised Bethesda guidelines are the most 
broadly applied strategies to identify Lynch syndrome tumours, though both have 
limitations. Both set of criteria fail to identify up to one-third of Lynch syndrome 
cases and suffer from the requirement of a comprehensive family history [149-
152]. Although the Bethesda guidelines recommend MSI analysis in patients with 
colorectal cancer below age 50, but more than 50% of Lynch syndrome cases 
would escape detection by limiting MMR testing to this subset of patients [153]. 

With the development of MMR protein immunohistochemistry and an increased 
availability of molecular tests, the guidelines are primarily relevant for the 
homogenous classification of families. Broad-scale MMR assessment is 
introduced to improve the identification of patients with Lynch syndrome. The 
need for a broader screening program was also recognised by the Jerusalem 
Workshop (see chapter “Historical perspective”) and screening for MMR 
deficiency in colorectal cancers in patients below age 70 was suggested [103]. 
 
Population-based universal screening/reflex MMR testing of all newly diagnosed 
colorectal cancers at ≤70 years of age has been shown to be cost effective with 
substantial clinical benefit with different possible screening strategies [149, 154-
159]. Regardless of the strategy, however, an ethics platform needs to be 
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developed that establishes whether informed patient consent is required before 
screening, given the potential impact when germline MMR gene alterations are 
identified [160, 161]. 

A common approach is to perform an initial immunohistochemical evaluation of 
MLH1, PMS2, MSH2 and MSH6 with referral to genetic counselling for patients 
whose tumours reveal the loss of PMS2, MSH2 and/or MSH6. In the 15-20% of 
cases with immunohistochemical loss of MLH1/PMS2 further analysis, by BRAF 
mutation analysis and/or MLH1 promoter methylation analysis may provide 
information to distinguish somatic alterations from germline defects (figure 5). 

Figure 5. Example of universal screening algorithm for the identification of patients with Lynch 
syndrome. Adapted and modified from Bellcross et al., [162]. 

 

Germline genetic testing for Lynch syndrome is performed on blood samples and 
available mutation analyses include full-length sequencing of MLH1, PMS2, 
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MSH2 and MSH6, essays for large rearrangements, and additional analysis for 
EPCAM deletions. Genetic testing is recommended for at-risk patients when the 
test will influence their own medical management or that of their at-risk relatives 
[107]. The presence of a pathogenic germline mutation in 1 of the 4 MMR genes 
or in the EPCAM gene, confirms the diagnosis of Lynch syndrome and other at-
risk relatives of the family can be tested for the same mutation through single-site, 
gene-specific DNA mutation analysis [107, 163]. 

Although germline mutation analysis is the gold standard in Lynch syndrome 
diagnostics, its application as a universal screening method is not feasible. Genetic 
testing is still too expensive, time-consuming and difficult to perform in such a 
setting. With new emerging DNA sequencing techniques, e.g. next generation 
sequencing (NGS) and lower costs of genetic tests, the current strategies in Lynch 
syndrome diagnostics may considerably change in the future. 

 

Clinical management 

The main rationale for genetic testing and counselling is to decrease the morbidity 
and mortality from cancer. Clinical management in Lynch syndrome consists 
primarily of surveillance (table 4), but may also include prophylactic surgery and 
chemoprevention [107, 108]. 

Colonoscopy has been found to effectively reduce the mortality from colorectal 
cancer by 65-71% [164-166]. Studies have shown that shorter screening intervals 
(≤2 years) were associated with an earlier stage at diagnosis and a lower risk of 
cancer development than longer intervals [167-169]. Current guidelines 
recommend that high-risk individuals should undergo colonoscopy with (1-)2 year 
intervals from age 20-25 years [107, 108]. Because of the high risk of 
metachronous cancer, subtotal colectomy can be recommended following a 
diagnosis of colorectal cancer. The decision of extended surgery should consider 
patient’s age, preferences and ability to undergo future colonoscopy [170]. 

Endometrial cancer is the second most common cancer type in Lynch syndrome 
and is the first malignant diagnosis in half of female mutation carriers. 
Approximately 75% of women who develop endometrial cancer as part of Lynch 
syndrome present with stage I disease. The 5-year survival rate has been estimated 
as 88% [171, 172]. Due to the favourable prognosis, it is difficult to prove whether 
surveillance improves survival. Current guidelines recommend endometrial 
surveillance with pelvic examination and endometrial biopsy annually starting 
from age 30-35 years. Evidence for ovarian cancer surveillance is lacking (table 
4), but hysterectomy and bilateral salpingo-oophorectomy is recommended for 
women who have finished childbearing or reached age 40 years [107, 108]. 
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In the past gastric cancer was frequently observed in Lynch syndrome families, 
but the risk has decreased over time. A Dutch study found a 5.3-8% lifetime risk 
in mutation carriers, but no evidence for clustering in Lynch syndrome families 
[173]. In Sweden, there are no general surveillance recommendations, though 
esophagogastroduodenoscopy is occasionally recommended for such cases. 

Screening for urinary tract cancer with urine cytology has in one retrospective 
study shown a poor sensitivity (29%) [174]. Annual analysis for haematuria using 
urinary dipsticks from age 45-50 years has been suggested [175]. No studies are 
available for the application of ultrasound. The current US guidelines recommend 
annually urine analysis for microscopic haematuria starting from age 30-35 years, 
though with a low strength of recommendation (table 4). The revised European 
guidelines do not recommend any surveillance outside the setting of a research 
project [108]. Surveillance for other tumour types is not recommended and has 
been left to depend on the individual expert decisions and the occurrence of these 
cancer types in the families. 

 
Table 4. US and European Guidelines for surveillance of at-risk or affected persons with Lynch 
syndrome [107, 108] 
Tumour type Intervention Recommendation Strength of 

recommendation 
Colorectal 
cancer 

Colonoscopy Every 1-2 y beginning at age 20-25 or 
2-5 y before the youngest age at 
diagnosis of CRC in the family if 
diagnosis before age 25 
Considerations: 
Start at age 30 in MSH6 and at age 35 
in PMS2 families 
Annual colonoscopy in MMR mutation 
carriers 

Strong 
 
 
 
 
 
Moderate 

Endometrial 
cancer1 

Pelvic examination 
with endometrial 
sampling 

Annually beginning at age 30-35 Low 

Ovarian 
cancer1 

Transvaginal 
ultrasound 

Annually beginning at age 30-35 Low 

Gastric 
cancer2 

EGD with biopsy 
of the gastric 
antrum 

Beginning at age 30-35 and subsequent 
surveillance every 2-3 y can be 
considered based on patient risk factors 

Low 

Urinary tract 
cancer3 

Urine analysis Annually beginning at age 30-35 Low 

Abbreviations: CRC, colorectal cancer; EGD, esophagogastroduodenoscopy; y, years 
1 revised European guideline: every 1-2 years beginning at age 35-40 
2 revised European guideline: only in families from countries with a high incidence of gastric cancer, 
preferably in a research setting 
3 revised European guideline: no surveillance (outside of research setting) 
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Chemoprevention with resistant starch and aspirin has been studied in individuals 
with Lynch syndrome. The CAPP2 trial evaluated the long-term effect (up to 4 
years) of aspirin, resistant starch or both on adenoma and colorectal cancer 
development and found no effect [176]. However, longer follow-up revealed a 
decline of colorectal adenomas by 45% with a daily dose of 100-300 mg aspirin 
[177]. The CAPP3 trial started in 2014 and evaluates the optimum dose and 
duration of aspirin treatment over a period of 5-10 years. The US and European 
guidelines recommend that Lynch syndrome patients should consider daily 
medication with aspirin starting with their regular surveillance [107, 108]. 
Recently, a link has been suggested between benefit from NSAIDs and presence 
of PIK3CA mutations in the tumour tissue [178]. The role of this association in 
Lynch syndrome remains to be demonstrated, but there is potentially a link to the 
MSI pathway. 

 

Tumour types in focus 

Colorectal cancer 

Epidemiology and aetiology 
Colorectal cancer is one of the major causes of morbidity and mortality; 
worldwide it is the second most common cancer among females and the third most 
common among males [135]. The incidence is highly variable with the highest 
incidence rates in Europe, Northern America, and Australia/New Zealand and 
lower rates in Africa and Asia [135]. In Sweden colorectal cancer is the third most 
common cancer in both females and males with about 6000 new cases each year. 
Approximately 4% of all colon cancers and 5% of the rectal cancers are diagnosed 
in patients younger than 50 years, whereas 29% of the colon cancers and 23% of 
the rectal cancers are diagnosed in patients with age ≥80 years [179]. 

The aetiology of colorectal cancer is diverse and influenced by multiple factors, 
which include environmental and dietary factors, longstanding inflammatory 
bowel diseases (IBD) and genetic predispositions [180, 181]. Environmental and 
dietary risk factors that have been associated with colorectal cancer are for 
example alcohol abuse, cigarette smoking, a diet high in animal fat and red meat 
and low in fibre, physical inactivity and obesity [182]. While physical activity, a 
Mediterranean diet and long-term therapy with low-dose aspirin exerts possible 
preventive effects [183-185]. 

Genetic factors have been estimated to contribute to up to one-third of colorectal 
cancer [186] and this group can broadly be divided into familial and hereditary 
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colorectal cancer. Hereditary colorectal cancer is characterised by high-penetrance 
germline mutations; it accounts for less than 6% of all colorectal cancers and 
include Lynch syndrome and the different polyposis syndromes [187, 188]. 
Familial colorectal cancer is likely to be a consequence of the co-inheritance of 
multiple low-penetrance variants [189]. 

 

Histopathology, grading and differentiation 
Over 90% of colorectal cancers are adenocarcinomas, the majority of which 
develop from a precursor adenoma. To be defined as a carcinoma tumour invasion 
through the lamina muscularis mucosae is required [190]. The prognosis of 
colorectal cancer is strongly correlated to tumour stage, which is based on the 
depth of infiltration through the bowel wall and the presence of lymph node 
metastases or distant metastases. The 5-year survival rate is >90% in stage I, 75-
85% in stage II, 45-60% in stage III and 0-5% in stage IV [179]. 

MMR defective tumours, whether sporadic or hereditary, are characterised by a 
number of features that include: 

• predilection for right-sided location (proximal to the splenic flexure) 

• poor differentiation (including medullary type) 

• mucinous differentiation (including signet-ring cell differentiation) 

• histologic heterogeneity (i.e. at least 2 distinct growth patterns) 

• increased number of TIL, peritumoural lymphocytic reaction/banding, 
Crohn-like reaction 

• absence of dirty necrosis 

• a circumscribed tumour margin/pushing border [191, 192]. 

 

Colorectal cancer has traditionally been graded as well, moderately, or poorly 
differentiated. In 2010 the WHO proposed a refined grading system aimed at 
better reproducibility and based on the similar clinical behaviour of well-
differentiated and moderately differentiated carcinomas. The WHO proposed a 
two-tiered grading system with low-grade defined as ≥50% gland formation and 
high-grade defined as <50% gland formation. In tumours with heterogeneous 
patterns of differentiation the highest-grade component should be used for 
grading, with the important restriction that small areas of poor differentiation at 
the tumour’s advancing edge (i.e. epithelial-mesenchymal transition, tumour 
budding) should not be used to classify a tumour as high-grade [190]. 
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Mucinous adenocarcinoma is composed of >50% of extracellular mucin 
containing single tumour cells, acinar structures or sheets/strips of tumour cells. 
Carcinomas with <50% mucinous areas are classified as having a mucinous 
component. Signet-ring cell carcinoma is defined by >50% tumours cells with 
prominent intracytoplasmatic mucin, typically pushing the nucleus to one side of 
the cell. Signet-ring cells can infiltrate in a diffuse manner within a fibrous stroma 
or may occur floating in pools of free mucin. Signet-ring cell carcinoma comprises 
only 0.7-2.6% of all colorectal cancers [190]. Mucinous adenocarcinoma and 
signet-ring cell carcinoma were by definition classified as poorly differentiated 
according to the previous WHO classification (2000). However, the current WHO 
classification (2010) considers these tumours as low-grade if they have MSI and as 
high-grade if they are MSS [190]. 

Medullary carcinomas are rare (<1% of all colorectal cancers) and are 
characterised by sheets of undifferentiated, large epithelial cells with vesicular 
chromatin, prominent nucleoli, abundant cytoplasm and prominent TIL (figure 
6A). Medullary carcinomas are poorly differentiated with a distinct clinical 
behaviour. They occur more often in older females and are common in the right-
sided colon, are less prone to lymph node metastases and generally have a more 
favourable prognosis. Medullary carcinomas are MSI-H in most cases [190, 193]. 

Morphologic heterogeneity is common in sporadic and hereditary MMR tumours 
and is defined as the presence of 2 or more distinct growth patterns within a 
tumour. Both mucinous and signet-ring cell differentiation may appear as 
heterogeneous components in 10-50% of the tumour area [194, 195] (figure 6D). 

 

Lymphocytic reactions 
Lymphocytic reactions can be categorised into 3 major forms: as TIL, 
peritumoural lymphocytic reactions/banding and Crohn-like reactions. 

TIL are intraepithelial are CD3/CD8 co-expressing cytotoxic T-cells within 
tumour tissue (figure 6B). The underlying mechanism for increased TIL is 
unknown and it has been hypothesised that the presence of TIL reflects a response 
to the formation of tumour neoantigens that occurs in MSI tumours. TIL also 
constitute a possible explanation for the favourable prognosis of MSI tumours 
[196]. Several studies have suggested that TIL are the most sensitive 
morphological biomarker for MMR deficiency [191, 197]. Many different cut-off 
values have been used to define TIL, though most studies have applied a cut-off of 
between 5 and 10 TIL per 10 high-power fields (HPF) in haematoxylin & eosin 
(H&E) stained sections. A higher sensitivity for the detection of MMR defective 
tumours may be achieved with immunohistochemical staining for CD3 [191, 193-
195, 197, 198]. In order to maximize the sensitivity, at least 7 TIL/10 HPF should 
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be identified in H&E-stained slides. TIL should be counted in hot spot areas and 
only in invasive parts of the tumour [198]. 

Peritumoural lymphocytes are defined as a lymphoid cuff/banding or cap at the 
leading edge of the tumour [195]. 

A Crohn-like reaction is characterised by prominent nodular lymphoid aggregates 
that are located in front of the advancing edge of the tumour, characteristically at 
the junction of the muscularis propria and mesocolonic/mesorectal fat (figure 6C). 
Different cut-offs have been used: 2 or more large lymphoid aggregates in one 
section, a minimum of 3 lymphoid aggregates per section, a single 4x field of at 
least 3 nodular aggregates of lymphocytes, and at least 4 nodular aggregates in one 
low-power field [191, 193, 195, 199]. 

 

Growth pattern and necrosis 
The growth pattern is best evaluated at the leading front of a tumour and at low 
power and is typically classified as pushing or expanding [200] (figure xE). By 
contrast, MMR proficient tumours often exhibit an infiltrating growth pattern with 
irregular bordering and tumour budding with single cells or cluster of less than 5 
cells at the leading edge of the tumour [201]. 

Dirty necrosis is characterised by inflammatory cells and celldetritus within 
glandular lumina and its absence correlates with MMR deficiency [191] (figure 
6F). 

 

Sporadic MMR deficient versus Lynch syndrome-associated colorectal cancer 
Most studies that assess histopathological features linked to MSI in colorectal 
cancer have been conducted on MSI-high tumours in general and are therefore 
largely based on a mixed series of sporadic tumours with a small fraction of Lynch 
syndrome tumours [191-193, 199, 202]. Few studies have compared the 
frequencies of pathological features between sporadic and Lynch syndrome-
associated tumours. Young et al. reported in a series of 112 Lynch syndrome and 
57 sporadic tumours that proximal location, poor differentiation, mucinous 
differentiation and tumour heterogeneity occurred often but were significantly less 
frequent in Lynch syndrome tumours than in sporadic tumours. Also, a contiguous 
serrated adenoma was more often observed in sporadic tumours (29% versus 
<1%). By contrast, lymphocytic reactions such as TIL, peritumoural lymphocytic 
banding and Crohn-like reaction were more frequent in Lynch syndrome tumours 
though the difference was not statistically significant. No differences were found 
for expanding growth pattern [195]. Another study identified only mucinous 
differentiation and a higher TIL count at significantly higher frequencies in Lynch 
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syndrome tumours compared with sporadic tumours [194]. Tumour budding 
occurs rarely in sporadic MSI tumours, but is identified in approximately 20% in 
Lynch syndrome tumours and has been suggested to signify a worse prognosis 
[201]. 

 

Figure 6. MSI morphology in colorectal cancer: (A) Poor medullary differentiation, (B) Tumour-
infiltrating lymphocytes (TIL) marked with white rings, (C) Crohn-like reaction marked with white 
arrows, (D) Tumour heterogeneity in an adenocarcinoma with mucinous component, (E) Mucinous 
adenocarcinoma with “pushing border”, (F) Dirty necrosis in an MMR proficient tumour. 
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MSI prediction models 
The clinicopathological features associated with MSI-high colorectal cancer can 
be used as a pre-screening tool to identify cases that should undergo MMR testing. 
The features have been integrated into the revised Bethesda guidelines [22] and 
have also - in different constellations - been combined into several prediction 
models (table 5). 

Five different MSI prediction models have been developed: the MMR index [203], 
MsPath [199, 204], PREDICT [205], the MSI probability score [206] and 
RERtest6 [202, 207]. These models have predominantly focused on the 
identification of Lynch syndrome-related tumours, but the MMR index and the 
RERtest6 model were developed in series that had a substantial contribution from 
sporadic MMR deficient tumours. The models are based on 6-7 
clinicopathological variables and most often integrate proximal tumour location, 
TIL and mucinous/signet-ring cell differentiation. However, large differences exist 
in the cut-offs and also in composition of the remaining variables (table 5). Study I 
focused on the validation of the MMR index and on its comparison with the other 
existing models. 
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Table 5. Overview of the different MMR prediction models in colorectal cancer 

Model 
[reference] 

MMR index 
[203, 208] 

MsPath 
[199, 204] 

PREDICT 
[205] 

MSI probability 
score [206] 

RERtest6 
[202, 207] 

No. of variables 7 6 6 7 6 
Sex Female - - - - 
Age (years) ≥60 <50 <50 <50 - 
Tumour location  Proximal Proximal Proximal Proximal Proximal 
Growth pattern Expanding - - - Expanding 
Dirty necrosis Lack of - - Lack of - 
Mucinous/signet-
ring components 

≥10% ≥50% (incl. 
medullary) 

Any 
component 

Any 
component 

Amount in 
% 

Solid component - - - - Amount in 
% 

TIL ≥7 TIL/10 
HPF 

≥5 TIL/HPF 
(10 HPF 
searched) 

≥5 TIL/HPF 
(10 HPF 
searched) 

≥2 TIL/mean of 
5 HPF 

≥4TIL/HPF 

Differentiation - Poorly 
differentiated 

- Well or poorly 
differentiated 

- 

Crohn-like 
reaction 

- ≥4 
nodules/LPF 

- ≥3 
nodules/section 

≥3 
nodules/LPF 

Peritumoural 
lymphocytic 
reaction 

- - Banding of 
lymphocytes 
beyond 
tumour edge 

- - 

Increased 
stromal plasma 
cells 

- - >25% plasma 
cells/stromal 
immune cells 

- - 

Scoring system No score, 
7-factor 
index, cut-
off ≥4 
features 

Score: cut-off 
≥1 

Score: cut-off 
≥2.5; 
“Simplified 
PREDICT”: 
No score, ≥2 
features 

Score: cut-off 
≥1 or ≥1.5 

Score: cut-
off <0.8 

Sensitivity 92.3% 93% 96.9% 92% 78.0% 
Specificity 75.3% 55% 76.6%  46% 93.4% 
Abbreviations: HPF, high-power field; IHC, immunohistochemistry; LPF, low-power field; MMR, 
mismatch repair; MSI, microsatellite instability; TIL, tumour-infiltrating lymphocytes. 
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Molecular alterations in colorectal cancer 
Colorectal cancer constitutes a prime example of how genetic changes accumulate 
during the progression from an adenoma to a carcinoma. The adenoma-carcinoma 
sequence was initially proposed in 1990 by Fearon and Vogelstein [209] and 
suggests that the accumulation of certain mutations results in the stepwise 
activation of oncogenes and inactivation of tumour suppressor genes. The 
proposed model is still valid but has since, in light of extensive epidemiological, 
histopathological and genetic data, been further refined. Three major pathway 
concepts - chromosomal instability (CIN), microsatellite instability (MSI) and the 
CpG island methylator phenotype (CIMP)/serrated pathway - have been 
recognised [53, 209-211]. The adenoma-carcinoma sequence with its underlying 
genetic changes is illustrated in figure 7. 

 

Figure 7. The adenoma-carcinoma sequence in colorectal cancer. Three major pathway concepts 
have been recognised: the chromosomal instability (CIN) pathway, the microsatellite instability 
(MSI) pathway, and CpG island methylator phenotype (CIMP)/serrated pathway. Adapted and 
modified from Sepulveda and Aisner, 2009 [212]. 

 

The CIN pathway 
The CIN pathway plays a role in 80-85% of colorectal cancers [213]. The pathway 
is associated with an accelerated rate of gains or losses of genetic material. 
Carcinomas are usually highly aneuploid, and show frequent loss of 
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heterozygosity (LOH) and a striking variation in the number of gene copies [214]. 
Genomic changes include either mutational inactivation of the tumour suppressor 
gene APC or loss of chromosome 5q, harbouring the APC gene; additional 
genomic changes include the activation of proto-oncogenes such as KRAS, loss of 
chromosome 18q and deletion of chromosome 17p, harbouring the suppressor 
gene TP53 [215]. 

Loss of the APC gene is an early key event in the CIN pathway. Genetic disruption 
of the APC gene or epigenetic silencing of the APC promoter leads to 
unsuppressed activation of the Wnt/β-catenin signalling cascade. This process is 
suggested to be crucial for the development of adenoma and mutations can be 
found in up to 80% of sporadic colorectal cancer and adenomas [216, 217]. Loss 
of APC protein function increases the stabilisation of β-catenin; as a result, β-
catenin accumulates in the cytoplasma and is translocated into the nucleus. The β-
catenin translocation will in turn deregulate several genes that are involved in 
cellular growth, apoptosis and differentiation [218]. The relevance of Wnt/β-
catenin signalling in the tumourigenesis is also demonstrated by the high 
frequency of activating mutations in the gene encoding β-catenin (50%) in 
colorectal cancer with intact APC genes [219]. 

Another important gene in the CIN pathway is the proto-oncogene KRAS. 
Mutations in KRAS are early events in the pathway and can be found already in 
adenomas. Activating mutations in KRAS lock the protein in a constitutively active 
form leading to disruption of the Ras/Raf/MEK/MAPK pathway, which plays an 
important role in cell division, cell differentiation, and apoptosis. Activating 
mutations in KRAS are found in approximately 40% of all colorectal cancers [220-
222]. Loss of TP53 and 18q LOH are also important contributors to the CIN 
phenotype [209]. The long arm of chromosome 18 harbours the important tumour 
suppressor gene SMAD4, which is lost by 18q deletion, resulting in 
tumourigenesis via the TGF-β signalling pathway [223]. LOH of chromosome 18q 
has been proposed to represent an adverse prognostic marker for survival in 
patients with colorectal cancer [224]. 

The MSI pathway 
The MSI pathway characterises 2-4% of colorectal cancers with a hereditary 
MMR defect and approximately 15% of sporadic colon cancers with epigenetic 
silencing of the MLH1 promoter [16]. Involvement of the MSI pathway is rare in 
sporadic rectal cancers [63]. In contrast to the CIN pathway tumours that develop 
along the MSI pathway are typically diploid or near-diploid with high mutation 
rates [225]. 

Defective MMR leads to an accumulation of mutations, in coding and non-coding 
microsatellites and may cause somatic frameshift mutations in cancer-associated 
genes that promote tumourigenesis [16]. Somatic frameshift mutations in 
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microsatellites of genes that are part the immune surveillance mechanism, also 
allow tumour cells to escape from the physiological immune response. Most MSI 
tumours have lost expression of either β2-microglobulin (B2M) or HLA class I, 
resulting in an impaired presentation of processed abnormal antigens on the cell 
surface [226, 227]. 

Mutations in the TGFβR2 gene are found in 80% of the MSI tumours [228]. 
TGFβR2 mutations are found in advanced adenomas with high-grade dysplasia 
and in adenocarcinomas. These mutations correlate with further neoplastic 
progression and the development of metastatic disease in the MSI pathway [229]. 
Additionally, inactivating mutations in the tumour suppressor genes SMAD2 and 
SMAD4 in the TGF-β signalling pathway are commonly found [230]. Another 
frequent mutational target is the ACVR2 gene, which encodes a transmembrane 
receptor that promotes cell differentiation and inhibits proliferation by 
phosphorylation of the SMAD2 and SMAD3 proteins. The mutation occurs in up 
to 83% of MSI tumours, frequently together with TGFβR2 mutations [231]. 
Mutations in the pro-apoptotic tumour suppressor gene BAX can be found in 50% 
of the MSI tumours, promoting the tumour cell’s escape from intrinsic apoptosis 
mechanisms [232, 233]. In addition to the genes mentioned above, several other 
genes are less frequently mutated, e.g. MSH3 (36%), CCND1 (28%), IGFR2 
(22%), MSH6 (17%), BLM (16%), PIK3CA (15%) [234-238]. 

It is notable that hereditary tumours and sporadic tumours have somewhat 
different mutational spectra. Although the frequency of mutations is similar in 
some genes, e.g. BLM, FLT3LG and TEAD2, considerable differences are 
observed for other genes, e.g. Axin2, B2M, BRAF and CHK1 [16]. Sporadic MSI 
tumours harbour V600E mutations in the BRAF gene in 40-70% of the tumours. 
The proto-oncogene BRAF is a member of the Raf family involved in the 
Ras/Raf/MEK/MAPK pathway. Mutations in BRAF are almost never seen in 
Lynch syndrome-associated tumours [65, 239-241] and the presence of a BRAF 
mutation strongly indicates a somatic MMR defect. This demonstrates that Lynch 
syndrome-associated and sporadic MSI tumours, despite having similarities with 
regard to the MSI pathway, have different underlying molecular pathways of 
tumour development. There is therefore support for separate analysis of Lynch 
syndrome-associated and sporadic MSI tumours [16]. 

The CIMP/serrated pathway 
A third pathway concept is the CIMP/serrated pathway [210, 211]; the name of the 
pathway is derived from the serrated morphology of the tumour precursors. This 
pathway is characterised by the epigenetic silencing of genes involved in cell cycle 
regulation, adhesion, apoptosis, DNA repair, invasion and angiogenesis, e.g. APC, 
CDH13, CDKN2A, MCC, MGMT, MLH1, THBS1, TIMP3 and several others 
[242]. Hypermethylation of CpG dinucleotides in gene promoters results in the 
loss of gene expression, and increased methylation has been shown to correlate 
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with advanced age, smoking and other environmental factors [211, 243, 244]. The 
CIMP pathway overlaps with the MSI pathway and the epigenetic silencing of the 
MLH1 gene in sporadic MSI tumours is considered to be part of CIMP pathway by 
some investigators [245, 246]. In light of this view the CIMP pathway plays a role 
in approximately 15%–20% of colorectal cancers and shows similar clinical 
characteristics to sporadic MSI tumours [245, 246]. 

CIMP is defined by the presence of hypermethylation of multiple genes and a test 
panel of 5 markers, i.e. CACNA1G, IGF2, NEUROG1, RUNX3, and SOCS1, has 
been chosen to define CIMP positivity. Methylation of at least 3 markers is 
classified as CIMP-positive or CIMP-high and methylation of 0 to 2 markers is 
classified as CIMP-negative or CIMP-low [247]. An early event in the CIMP 
pathway is the silencing of CDKN2A, which promotes uncontrolled cell 
proliferation and neoplastic transformation [248]. Also BRAF mutation, i.e. 
V600E, is an early event and can already be detected in sessile serrated 
polyp/adenoma (SSP/SSA) but rarely in ordinary adenomas [249]. 

 

Cancer of the urinary tract 

Epidemiology and aetiology 
Urothelial cancers can develop within the entire urinary tract from the renal pelvis 
to the urethra. While urothelial carcinomas of the bladder and the upper urinary 
tract share morphological characteristics, they also have significant clinical, 
anatomical, biological and molecular differences and are therefore considered to 
represent 2 different diseases. 

Bladder cancer is the most common malignancy involving the urinary system, 
representing the 9th most common malignancy worldwide [250] and the 6th most 
common malignancy in Sweden. Approximately 2400 new cases of bladder cancer 
are diagnosed each year in Sweden, representing an annual incidence of about 25 
new cases per 100,000 individuals. Around 600 individuals die each year from 
bladder cancer, while the prevalence is about 23,000 individuals. There is a male 
predominance, with a male:female ratio of about 3:1. The median age at onset is 
~70 years and urothelial cancers are rarely diagnosed in individuals younger than 
40 years [179]. At diagnosis 20-30% of the tumours are muscle-invasive [251]. 

Urothelial carcinoma in the upper urinary tract (the ureter and the renal pelvis) is 
rare and accounts for 5–10% of all urothelial carcinomas. The estimated annual 
incidence in Western countries is approximately 2 new cases/100,000 inhabitants 
[252, 253]. In Sweden the incidence of cancer in the renal pelvis is approximately 
100 cases per year and for cancer in the ureter it is 60-70 cases per year [179]. At 
diagnosis, 60% of the tumours are muscle-invasive [254, 255]. In 17% of the 
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cases, synchronous bladder cancer is present [256] and recurrences in the bladder 
occur in 22-47% after urothelial cancer in the upper urinary tract [257-259], 
compared with 2-6% after cancer in the contralateral upper urinary tract [260, 
261]. 

Tobacco smoking is the most important risk factor for urothelial cancer. Other risk 
factors include occupational exposure to carcinogenic aromatic amines and for 
bladder cancer also radiotherapy and infections with Schistosoma species [262]. 

A positive family history is a risk factor for bladder cancer. The risk for first-
degree relatives of patients with bladder cancer is about 2-fold higher than that for 
the general population [262]. In upper urinary tract cancer approximately 21% of 
the cases are associated with Lynch syndrome [120, 263]. 

Urothelial cancers can develop in a synchronous or metachronous way at different 
sites in the urinary tract. Two main hypotheses have been generated to explain this 
phenomenon, the “intraluminal seeding and implantation hypothesis” and the 
“field change hypothesis” [264, 265]. The first hypothesis proposes the clonal 
development of a multifocal cancer through intraluminal tumour cell migration 
and implantation on the urinary tract wall or through the intraepithelial expansion 
of cells from the primary tumour. The second hypothesis suggests that mutagenic 
factors in the urine transform urothelial cells at multiple sites inducing the 
development of multiple tumour clones. 

 

Histopathology, grading and differentiation 
Urothelial carcinoma (previously referred to as transitional cell carcinoma) is the 
predominant histological type and accounts for over 90% of all bladder cancers 
and upper urinary tract cancers. Less frequent histological types include squamous 
cell carcinoma, small cell carcinoma and adenocarcinoma. It is important to 
differentiate these types from urothelial carcinoma, because treatment and 
prognosis differ [251]. 

The classification and grading systems for papillary lesions have changed over 
time. Although the WHO 1999 classification system with 3 grades is still used in 
Sweden, the WHO changed the grading system for papillary lesions into a 2-tiered 
system in 2004 [251]. Urothelial cancer is, based on the degree of nuclear atypia 
and architectural changes, graded as low-grade or high-grade. All muscle-invasive 
tumours are usually high-grade (earlier grade 2-3 according to WHO 1999). 

Urothelial cancers are clinically divided into non-muscle-invasive (superficial) and 
muscle-invasive tumours. Non-muscle-invasive tumours include tumours that are 
either are non-invasive or invasive but stay superficial to the muscularis propria. 
At initial diagnosis, 70-80% of patients with bladder cancer and 40% of patients 
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with upper urinary tract cancer have superficial disease. Non-muscle-invasive 
carcinomas can be separated into 3 distinct types [251]: 

• non-invasive papillary urothelial carcinoma 

• flat urothelial carcinoma in situ (CIS) and 

• invasive urothelial carcinoma 

Most non-muscle-invasive urothelial carcinomas present as non-invasive, 
exophytic tumours with finger-like papillae, whereas some tumours exhibit an 
endophytic/inverted growth pattern. Approximately 70% of these tumours will 
recur and 10-15% will eventually progress to invasive carcinomas [266]. Non-
invasive papillary carcinomas (stage pTa) can either be of low grade or of high 
grade, with high-grade tumours exhibiting a higher risk of progression [251]. 

Flat urothelial lesions with strong atypia are classified as urothelial carcinoma in 
situ (CIS) (stage pTis); these lesions are highly aggressive and progress more 
rapidly than papillary tumours. 

Non-muscle-invasive urothelial carcinomas comprise a minority of tumours that 
invade only superficially into the connective tissue (lamina propria) of the bladder 
(stage pT1); these tumours recidivate in 80%, and high-grade tumours progress in 
60% of cases [251]. 

Approximately 30% of all urothelial carcinomas are muscle-invasive at diagnosis 
(stages pT2-pT4). These cancers are highly aggressive and may metastasise via 
lymph and blood vessels to bone, liver and lungs [251]. 

The pathological diagnosis includes the histological type, grade, pTNM stage and 
other prognostic factors, such as vessel infiltration, presence of urothelial 
dysplasia or carcinoma in situ in the surrounding urothelium, and margins in 
cystectomy specimens. In non-muscle-invasive tumours (pTa or pT1) the risk of 
recurrence correlates with a high-grade, multifocal growth and the presence of 
urothelial dysplasia or carcinoma in situ in the surrounding urothelium [251].  

 

MSI morphology 
No morphological differences have been discerned between MMR deficient and 
MMR proficient urothelial cancer in the bladder [123]. For urothelial cancer in the 
upper urinary tract one study has suggested that the occurrence of an inverted 
growth pattern of papillary tumours is predictive of an MSI-high tumour [267] 
(figure 8). 
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Figure 8. Inverted growth pattern in non-invasive urothelial cancer. 

 

Molecular alterations in urothelial cancer 
Clinical behaviour and mutually exclusive genetic changes suggest that urothelial 
cancer of the bladder derives and progresses along at least 2 different pathways. 
Superficial/low-grade non-invasive papillary urothelial cancer originates from 
benign urothelium through urothelial hyperplasia, whereas muscle-invasive 
urothelial cancer derives through progression from dysplasia/carcinoma in situ or 
high-grade non-invasive papillary urothelial cancer or develops de novo from 
normal urothelium. Progression from superficial to muscle-invasive urothelial 
cancer occurs within a minor fraction (10-15%) of the tumours [268-270]. 

Low-grade, superficial urothelial cancers frequently harbour mutations in RAS, 
FGFR3 or PIK3CA. Studies have shown that activating FGFR3 mutations and 
RAS mutations are mutually exclusive in urothelial cancer, given that both signal 
through the same MAPK pathway. FGFR3 and PIK3CA mutations occur together, 
suggesting a synergistic oncogenic effect [271-273]. 

High-grade, muscle-invasive urothelial cancers carry mutations in the TP53 and/or 
RB genes in >50% of the tumours. During progression from dysplasia/cancer in 
situ the lesions accumulate multiple chromosomal abnormalities in addition to 
LOH of chromosome 9, which is the earliest alteration in both pathways of 
urothelial cancer development [270, 274, 275]. The divergent oncogenic pathways 
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in urothelial cancer and their genetic alterations during progression are illustrated 
in figure 9. 

Urothelial cancers of the upper urinary tract carry many of the same mutations and 
chromosomal abnormalities observed in urothelial cancers of the bladder, but the 
progression model for urothelial cancer of the upper urinary tract is less well 
characterised. FGFR3 mutations occur with similar frequencies in urothelial 
cancer of the upper urinary tract and in urothelial cancer of the bladder. Likewise, 
FGFR3 mutations confer a favourable prognosis in both tumour types [276]. 
However, large differences exist between urothelial cancer of the upper urinary 
tract and urothelial cancer of the bladder regarding the contribution of MMR 
defects/the MSI pathway. MMR defects are rarely (~3%) encountered in urothelial 
cancers of the bladder, whereas 15-45% of the urothelial cancers in the upper 
urinary tract show MMR defects [277-279]. Also within in the upper urinary tract 
the frequency of MSI seems to depend on the tumour location; studies have 
demonstrated MSI in 33% of the urothelial cancers of the ureter and in only 10% 
of the urothelial cancers of the renal pelvis [278, 279]. 

Figure 9. The progression model of urothelial cancer in the bladder with 2 divergent pathways: The 
main genetic changes in the development of non-invasive low-grade urothelial carcinoma involve 
HRAS, FGFR3 and members of the mTOR pathway. By contrast, progression to muscle-invasive and 
non-invasive high-grade urothelial carcinoma involves the tumour suppressor genes TP53 and RB, 
and several alterations of the tumour microenvironment. Based on Netto, 2013 [266]. 
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Prostate cancer 

Epidemiology and aetiology 
Prostate cancer is the second most common malignancy in men worldwide and 
(after lung cancer) the second leading cause of death in men in industrialised 
countries. The incidence varies, partly due to differences in the coverage of 
prostate-specific antigen (PSA) testing [280, 281]. Sweden has one of the highest 
prostate cancer incidences in the world with more than 9600 new cases annually. 
Prostate cancer accounts for 5.4% of all cancer-related deaths in men in Sweden 
[179]. While the incidence is increasing, the mortality is decreasing [281]. 

The aetiology of prostate cancer is not well understood, although several risk 
factors have been identified. Increasing age, ethnic origin and hereditary factors 
are well-established risk factors, though prostate cancer development is regarded 
to be multifactorial [282]. Environmental factors and lifestyle factors seem to be 
relevant, based on observations of an increased incidence in populations migrating 
from low- to high-prevalence regions [283]. 

A family history of prostate cancer is an established risk factor for the disease. The 
risk for first-degree relatives of men with prostate cancer is about 2-fold higher 
than that for men in the general population [284] and it is more than 4-fold higher 
if prostate cancer was diagnosed before age 60 [285]. The risk increases to 7- to 8-
fold for those with 2 or more affected first-degree relatives [284]. 

 

Histopathology, grading and differentiation 
More than 95% of the malignant tumours in the prostate are adenocarcinomas and 
the most common subtype (>90%) is acinar adenocarcinoma [251]. Morphological 
adenocarcinoma variants like ductal, mucinous, signet-ring, pseudohyperplastic, 
foamy gland and small cell cancers contribute to less than 5% of the tumours. The 
prognosis of several of these variants is unclear because they are rare and usually 
occur in combination with the acinar type. Some variants, e.g. ductal, signet-ring 
and small cell cancers have a particularly aggressive clinical behaviour and should 
therefore be distinguished from conventional acinar adenocarcinoma. Over 75% of 
the tumours develop in the peripheral zone [251]. The diagnosis is often made on 
transrectal ultrasound-guided core biopsies, but coincidental identification occurs 
in 8-10% of the specimens from transurethral resections (TUR-P) [251]. 

The morphology of acinar adenocarcinomas ranges from well-differentiated gland 
forming to poorly differentiated with diffuse and/or solid growth. Well-
differentiated carcinomas in particular are often difficult to distinguish from 
benign prostatic glands. Histological changes include: 
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• glandular architecture (invasive/dissecting pattern, perineural infiltration, 
microglands and cribriform glands), 

• intraluminal features (dense eosinophilic and irregular crystal-like 
structures), 

• cellular atypia (often enlarged nuclei with prominent nucleoli) and 

• lack of basal cells 

Immunohistochemistry with basal cell markers CK5 (membrane stain), 34BE12 
(membrane stain) and p63 (nuclear stain) is most often used to prove the lack of 
basal cells in suspected carcinomas. Tumour cells can be stained with α-
methylacyl-CoA racemace (AMACR/p504s, cytoplasmatic stain), which is 
commonly up-regulated in prostate carcinoma. 

The standard grading of adenocarcinoma in the prostate is the Gleason grading 
system, which was first introduced in 1966 [286, 287]. The current version, 
proposed by the International Society of Urological Pathology (ISUP) and 
recommended by the WHO, is the 2014 ISUP modified Gleason score [288]. 
Gleason grading is based on the glandular architecture, evaluated at low-power 
magnification in standard H&E-stained tissue sections. Overall, 5 grades are 
distinguished, based on the increasing architectural disorganisation/glandular 
pattern, but Gleason grade 1 is no longer used [288]. In core biopsies and TUR-P 
specimens only grades 3 to 5 are used, which means the lowest possible score is 6. 
The most abundant pattern and the most aggressive pattern pattern/highest grade 
are added to give the Gleason score, e.g. 4+3 or 3+5. In radical prostatectomy 
specimens, grades 2 to 5 are used. The most common pattern and the second most 
common pattern (>5%) are added to give the Gleason score, e.g. 4+3 or 4+4. If 
smaller foci with a tertiary higher grade are present, this should be mentioned 
separately to the Gleason score with an estimated percentage of the extent [288]. 

The pathological diagnosis includes the histologic type, Gleason grades and score, 
presence of high-grade PIN, perineural growth, and presence of extraprostatic 
growth and infiltration of the seminal vesicles. In core biopsies the total length of 
the tumour and the length of the biopsy are reported in mm. In radical 
prostatectomy specimens the diagnosis also contains the pTNM stage, vessel 
infiltration and the surgical margin status. Prognostic factors include the serum 
PSA level, the Gleason score, TNM stage and the surgical margin status [251]. 

 

MSI morphology 
Data on the association between MSI/MMR status and histopathological 
phenotype are scarce. Only one study has reported a high frequency of TIL (cut-
off ≥4 TIL/HPF) in 12 of 16 MMR deficient compared to 3 of 10 MMR proficient 
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prostate carcinomas; all carcinomas were of the acinar type [125]. This study and 
an additional study have found a higher frequency of Gleason score ≥8 in MMR 
deficient tumours compared to MMR proficient tumours [125, 289]. An example 
of a prostate carcinoma with TIL and Gleason score ≥8 is shown in figure 10. 

Figure 10. MMR deficient prostate carcinoma with abundant TIL (examples marked with white 
rings) from an MSH2 mutation carrier. Radical prostatectomy specimen with Gleason score 5+4=9. 

 

Molecular alterations in prostate cancer 
The pathogenesis of prostate cancer and its underlying molecular changes are still 
not well defined. It is thought that there is a continuous progression from normal 
epithelium to prostatic intraepithelial neoplasia (PIN), followed by progression to 
localised invasive adenocarcinoma, which may metastasise and develop into a 
hormone refractory disease; the progression is thought to be reflected by an 
increasing Gleason grade [290, 291]. Multiple molecular and cytogenetic 
alterations have been described, but the demonstration of associations with 
specific steps of cancer progression has been hampered by the multifocal and 
heterogeneous nature of prostate cancer [292]. 

Common chromosomal changes include the loss of 8p and 13q [293, 294] and less 
frequently the loss of 6q, 5q, 16q, 18q, 2q, 4q, 10q and Y [295]. Loss of 8p, 
harbouring the tumour suppressor gene NKX3.1, commonly occurs in PIN and 
represents an early event in cancer development [296, 297]. Frequent gains are 
found on chromosomes 7, 8q, 17q, 3q, 9q, 1q and X [295]. 
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Loss of gene expression due to promoter methylation of the GSTP1 gene, which 
codes for glutathione-S-transferase P1 (an enzyme that protects DNA from free 
radicals), is the most common epigenetic alteration and is found in more than 70% 
of PIN and in more than 90% of invasive adenocarcinomas [298]. Another 
epigenetic alteration is promoter methylation of the CD44 gene, which correlates 
with progression to metastasising disease [299]. 

Various gene expression changes have been identified, which partly reflect 
specific chromosomal losses, e.g. NKX3.1 (loss of 8p), PTEN, MXI1 and ANX1 
(loss of 10q), or are due to gene mutations, e.g. TP53, RB, CDKN2A and AR 
(figure 11) [291]. Mutations in AR are a late event in prostate cancer and lead to 
hormone refractory disease [300]. 

Several gene fusions have also been identified in prostate cancer, the most 
common being the fusion between the androgen-regulated gene TMPRSS2 
(21q22.3) and the ETS-related gene ERG (21q22.2). The TMPRSS2-ERG fusion is 
found in up to 50% of localised prostate cancers and leads to the androgen-
regulated overexpression of the oncogene ERG [301, 302]. 

 

Figure 11. Progression model of prostate cancer. Normal prostatic epithelium transforms into 
prostatic intraepithelial neoplasia (PIN), which in turn progresses to localised invasive cancer, which 
may become metastasising and finally turn into hormone refractory disease, with the increasing 
severity reflected in an increasing Gleason grade. This figure illustrates the variable molecular 
alterations observed in the progression of prostate cancer. Model adapted and modified from Garnis 
et al., 2004 [303]. 
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The molecular basis of hereditary prostate cancer is complex with several loci 
suggested, but no distinct high-risk gene has been identified. In 2012, a germline 
mutation in the HOXB13 gene was identified that was specifically associated with 
familial prostate cancer [304-309]. The HOXB13 G84E mutation is believed to 
represent a founder mutation of Scandinavian origin [307-309]. Further HOXB13 
mutation variants have subsequently been identified in individuals of Southern 
European, African and Asian origin [304, 305, 310, 311]. 

Before the linkage of BRCA1 and BRCA2 to the hereditary breast/ovarian cancer 
(HBOC) syndrome [312, 313], studies had already found an association between 
prostate cancer and breast cancer [314, 315]. Male BRCA2 mutation carriers have 
a 2.5 to 8.6-fold increased risk of developing prostate cancer [316, 317]. The 
association with BRCA1 mutations is uncertain with conflicting risk estimates 
[318-320]. 

An increased risk of prostate cancer has also been reported in Lynch syndrome 
[125, 132, 137, 289]. MMR gene mutation carriers are reported to be at 2- to 3-
fold higher risk, which is possibly even higher for MSH2 carriers [125, 132, 137]. 
The association with Lynch syndrome is still controversial, as other studies have 
not identified an increased risk for prostate cancer [106, 321, 322]. The role of 
MMR in prostate carcinogenesis is unclear. MSI has been reported at different 
frequencies (4-12%) in prostate cancer [323, 324]. Somatic mutations in the MSH2 
and MSH6 genes have also been described [324, 325]. 

 

Renal cell cancer 

Epidemiology and aetiology 
Renal cell carcinoma (RCC) is the 7th most common cancer worldwide and 
represents approximately 2-3% of all cancers [135]. The incidence is highest in 
Western countries. Worldwide the incidence of RCC has increased by 
approximately 2% over the last 2 decades, with the exception of Denmark and 
Sweden, where the incidence has declined [326]. In Sweden the incidence of RCC 
is approximately 14.5/100,000 for males and 7.8/10,000 for females, 
corresponding to 1000 new cases in Sweden each year [179]. There is a 1.5-2:1 
male/female ratio, with the highest incidence between 60 and 70 years. RCC 
mortality in Scandinavia has fallen in the last 3 decades to reach a 5-year survival 
rate of up to 90% for localised disease [327]. 

The main aetiological factors include obesity, hypertension and smoking [328]. 
Individuals with a first-degree relative with RCC are at increased risk for RCC 
[329]. Heredity has been estimated to cause 5-8% of the tumours; histological 
type, age at onset and extra-renal manifestations differ between the syndromes, 
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which include von Hippel-Lindau syndrome, hereditary papillary renal carcinoma, 
hereditary leiomyomatosis, Birt-Hogg-Dubé syndrome and tuberous sclerosis 
[330]. Due to the widespread use of ultrasound and computed tomography, RCC is 
increasingly diagnosed incidentally, at a lower stage [331]. 

 

Histopathology, grading and differentiation 
RCC encompasses a wide spectrum of histological types described in the WHO 
classification 2004; the classification was modified by ISUP in 2013, resulting in 
the ISUP Vancouver classification [332]. The classification has been confirmed by 
genetic analyses [333-335]. The most frequent histological subtypes are clear cell 
RCC (75%), papillary RCC type I and II (10%), and chromophobe RCC (5%) 
[336]. Less common types include uncommon sporadic and hereditary 
carcinomas, e.g. collecting duct carcinoma, multilocular cystic cell carcinoma, 
medullary RCC, mucinous tubular and spindle cell carcinoma, Xp11.2 
translocation RCC and carcinoma associated with neuroblastoma. “RCC of 
unclassified type” is a diagnostic category of exclusion and constitutes about 4-6 
% of the cases. 

 

Clear cell RCC is the most common variant and originates from the epithelium of 
the proximal convoluted tubules (renal cortex). Macroscopically, RCC commonly 
presents as a unilateral, rounded and well-circumscribed tumour. The cut surface 
is typically golden-yellow with a variable extent of haemorrhage, necrosis, cystic 
degeneration or calcifications. Bilateral and/or multicentric growth is rare (<5%) 
in sporadic cases, whereas it is more common in hereditary cases. 
Microscopically, the tumour cells form nests, sheets, alveolar structures or acinar 
structures separated by small blood vessels. The tumour cells are characterised by 
clear cytoplasm due to loss of their lipid- and glycogen-rich content during tissue 
processing and staining. In high-grade lesions, the tumour cells frequently lose 
their clear cell morphology and become more eosinophilic. 

Papillary RCC typically presents as a well-circumscribed tumour with a 
pseudocapsule. Some tumours appear entirely necrotic. Papillary RCC is more 
often multifocal than other RCC subtypes. Microscopically, the tumour is 
characterised by variable papillar, tubulopapillar and tubular growth. The papillae 
commonly contain fibrovascular cores infiltrated by foamy histiocytes. Acute and 
chronic inflammation, necrosis, haemorrhage, hemosiderin deposition and 
psammoma bodies are frequent findings. Two histological subtypes are recognised 
[337]. Papillary RCC type I is the most common subtype and accounts for about 
two-thirds of the cases. Type I tumours typically show short papillae with a single 
layer of basophilic cells surrounding the basal membrane. The tumour cells have 
scarce clear cytoplasm and small hyperchromatic nuclei. Papillary RCC type II is 
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characterised by large papillae lined with eosinophilic cells that have large 
pseudostratified nuclei with prominent nucleoli. The prognosis is better with type I 
than with type II tumours [337]. 

Chromophobe RCC typically presents as a solitary, well-circumscribed and non-
encapsulated tumour; the cut surface is light brown and solid, usually without 
haemorrhage and necrosis. Large tumours characteristically show a central stellate 
scar. Microscopically, the tumour cells commonly show a solid growth pattern, 
sometimes with minor areas with tubulocystic architecture. The tumour cells are 
large and polygonal with a “plant cell like” cell membrane. The cytoplasm is 
finely reticulated due to numerous microvesicles. The nuclei are irregular and 
hyperchromatic and often show a typical perinuclear halo. 

For grading the four-tiered Fuhrman nuclear grading system is commonly applied, 
which was first described in 1982 (table 6) [338]. Several studies have confirmed 
that the Fuhrman grade is an independent prognostic factor for clear cell RCC 
[339]. The grading system is applied to clear cell and papillary RCC, but not to 
chromophobe RCC [340]. 

 
Table 6. Fuhrman nuclear grading system for clear cell RCC and papillary RCC [338] 

Fuhrman 
grade 

Nuclear 
size Nuclear shape Chromatin Nucleoli 

1 <10 µm Round Dense Inconspicuous 
2 15 µm Round Finely granular Small, not visible at 10x 

magnification 
3 20 µm Round/oval Coarsely granular Prominent, visible at 10x 

magnification 
4 >20 µm Pleomorphic, 

multilobulated 
Open, 
hyperchromatic 

Macronucleoli 

 

The pathological diagnosis includes the RCC type, the nuclear grade, the pTNM 
stage and prognostic factors such as vessel infiltration, sarcomatoid features, 
necrosis and infiltration of the perirenal fat. The prognosis is worse for clear cell 
RCC than for papillary and chromophobe RCC [341], even after stratification for 
stage and grade [342]. 

 

MSI morphology 

No morphological differences have been described between MMR deficient and 
MMR proficient RCCs. An example of clear cell RCC from an MSH2 mutation 
carrier is shown in figure 12. 
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Figure 12. Clear cell RCC from an MSH2 mutation carrier. Nephrectomy specimen with a Fuhrman 
grade 3, pT2 tumour. 

 

Molecular alterations in renal cell cancer 
Much of the current knowledge of the molecular biology and the genetics of RCC 
is based on studies of hereditary kidney cancer, in particular related related to von 
Hippel-Lindau syndrome [334]. The underlying genetic changes of the different 
histological subtypes of RCC are diverse, but subtype-specific. 

Clear cell RCCs do in 70-90% of the tumours harbour alterations of the short arm 
of chromosome 3, including deletions, mutations or methylation of the VHL 
(3p25-26), RASSF1A (3p21) and FHIT genes (3p14.2). The second most common 
finding is the duplication of 5q22. Other genetic alterations include the loss of 
chromosomes 6q, 8p12, 9p21, 9q22, 10q, 17p or 14q [343-345]. The majority 
(98%) of sporadic clear cell RCCs show LOH of the VHL gene and 18-82% of the 
tumours have somatic mutations in VHL. Epigenetic silencing of the VHL gene 
through methylation of the VHL promoter has been described in 5-20% of the 
cases [346-348]. The VHL gene is a tumour suppressor gene that encodes the VHL 
protein, which is crucial for the regulation of the cellular response to hypoxia. 
VHL regulates the hypoxia-inducible factor (HIF), which is a transcriptional factor 
that is hydroxylated under normoxic conditions. The wild-type VHL protein binds 
hydroxylated HIF leading to HIF degradation [349]. As a result, normal cells with 
intact VHL have low HIF levels under normoxic conditions. Under hypoxic 
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conditions, HIF is not hydroxylated and not bound by VHL. HIF therefore 
accumulates, which in turn leads to the activation of downstream hypoxia-driven 
genes, including factors involved in angiogenesis (VEGF and PDGF-β), cell 
proliferation or survival (TGFα), anaerobic metabolism (Glut-1), acid base 
homeostasis (CA IX), and erythropoiesis (erythropoietin) [349]. Several signal 
transduction pathways are activated, including the PI3K-Akt-mTOR pathway and 
the Ras-Raf-Erk-Mek pathway, which are involved in cell proliferation, 
differentiation and survival [348, 350]. Loss of VHL, through mutation or 
epigenetic silencing of the VHL gene, leads to uncontrolled activation of this 
VHL/HIF oxygen-sensing pathway and promotes tumourigenesis in clear cell 
RCC. The VHL/HIF oxygen-sensing pathway and other involved pathways are 
illustrated in figure 13. Several critical components of the involved pathways have 
become targets in clinical trials for the treatment of RCC, e.g. the neutralising 
antibody bevacizumab targets VEGF; sorafenib and sunitinib (small molecule 
inhibitors of tyrosine kinase) target PDGFR and VEGFR; erlotinib targets EGFR, 
and temsirolimus targets mTOR [351, 352]. 

 

Figure 13. Key pathways involved in clear cell RCC biology and tumourigenesis. Reprinted from 
Klatte and Pantuck [353]. 
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The underlying genetic changes in papillary RCC are different. Papillary RCC is 
in 75% of the cases associated with trisomy 7 [354]. Other common changes 
include trisomy 17 and in men loss of the Y chromosome [355]. Papillary RCC 
type I and type II have distinct genetic features. Type I is more commonly 
associated with the gain of 7p and 17p, whereas deletion of 9p and loss of 
heterozygosity at 9p13 are associated with type II tumours and a shorter survival 
[356]. In hereditary papillary RCC the responsible proto-oncogene MET 
(mesenchymal-epithelial transition factor) has been identified through linkage 
analysis [357]. The MET proto-oncogene encodes a tyrosine kinase membrane 
receptor (the MET receptor). The gene for the MET receptor and the gene of its 
ligand, HGF (hepatocyte growth factor), are both located on chromosome 7. On 
binding of HGF to the MET receptor, a signalling cascade is initiated, resulting in 
several events such as activation of the Ras-MAPK and PI3K-Akt pathways [358]. 
Gain-of-function mutations constitutively activate the MET pathway and promote 
tumourigenesis in papillary RCC. Several tyrosine kinase inhibitors targeting the 
MET pathway as well as monoclonal antibodies against HGF are in clinical trials 
[349, 358]. 

The genetic changes in chromophobe RCC are characterised by chromosomal loss, 
which most commonly affect chromosomes 1, 2, 6, 10, 13, 17, 21 and Y [359].  

The contribution of deficient MMR in renal carcinogenesis is largely undefined. 
Low frequencies (2-6%) of MSI-high RCC have been reported in unselected series 
using the Bethesda panel or the MSI Analysis System [360, 361]. A study from 
Rubio-Del-Campo et al. analysed 89 RCCs (66% clear cell RCC) and found no 
mutational changes in MLH1 and MSH2, no methylation of the MLH1 promoter 
and no MSI. They concluded that defective MMR related to MLH1 or MSH2 is 
not involved in sporadic RCC and found that chromosomal instability was the 
main genetic alteration [362]. Variable MLH1 and MSH2 protein expression 
levels have also been described in the different histological subtypes of RCC, but 
their functional relevance is unknown [360, 363, 364]. 
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Materials and Methods 

Patients and materials 

The patient and tumour materials used for the studies in this thesis have been 
collected from the Department of Pathology, Helsingborg Hospital and from 
various Pathology Departments in Denmark identified through the national Danish 
HNPCC register, Hvidovre University Hospital, Copenhagen. 

Study I is based on a consecutive series of colon cancer patients diagnosed 
between 2002-2006 at the Department of Pathology, Helsingborg Hospital. The 
patients in study II were identified during evaluations between 2007 and 2011 at 
the Departments of Pathology, Helsingborg Hospital, Sweden and Hvidovre 
Hospital, Denmark. 

The patients in studies III-V were recruited by register searches in the Danish 
HNPCC register performed in May 2014 (study III-IV) and in May 2015 (study 
V). The HNPCC register was founded in 1991 and is continuously updated. All 
departments of genetics, pathology, surgery and biochemistry in Denmark report 
clinical data, genetic test results, surgical procedures, and family data to the 
register. The register covers a population of 5.6 million and contains >5000 
families with suspected or verified hereditary colorectal cancer. One-third of the 
families are estimated to have a moderate risk of colorectal cancer based on 2 or 
fewer colorectal cancers occurring at varying age in these families. An equal 
proportion of families are categorised as high-risk families including about 300 
Lynch syndrome families, with the remaining third consisting of grey-zone 
families, families under evaluation and families with other genetic syndromes 
disposing to colorectal cancer, e.g. attenuated familial adenomatous polyposis 
(AFAP), MUTYH-associated polyposis (MAP) etc. 

 

Families with a high risk: 

• Lynch syndrome families with a proven mutation (n=323) and FCCTX 
families fulfilling the Amsterdam criteria I/II (n=249) 

• Lynch syndrome-likely families, which fulfil all but 1 of the Amsterdam 
criteria (all HNPCC-like n=408) 
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• Families with late onset (age >50 years), which fulfil the Amsterdam 
criteria except for age at diagnosis 

Families with a moderate risk: 

• Families with 1 family member with colorectal cancer diagnosed before 
age 50 years (n=554) 

• Families with 2 family members (first-degree relatives) with colorectal 
cancer diagnosed after age 50 years (n=717) 

• Grey-zone category, for families who are difficult to classify (n=484, 
under evaluation n=618) 

In May 2015 the Danish HNPCC register contained 1494 mutation carriers from 
313 families with Lynch syndrome, based on proven disease-predisposing MMR 
gene mutations.  

 

Tumour material 
Studies I-IV are based on paraffin-embedded tumour tissue. All diagnoses were 
confirmed by review of the original histopathological reports and if necessary 
additional data was obtained from clinical files. All available sections from routine 
diagnostics were re-evaluated. If only paraffin blocks were available, fresh H&E 
stained sections were evaluated. One or more representative tumour blocks were 
selected for MMR protein immunohistochemistry (studies I-IV) and representative 
tumour blocks and/or tumour areas were subjected to DNA-based analyses 
(studies II-IV). 

Study I 

A consecutive series of all colon cancers from patients ≥ age 50 operated for colon 
cancer at Helsingborg Hospital between 2002 and 2006 was studied. The series 
contained 474 colon cancers from 462 patients with a mean age of 76 (range 50-
100) years and a male:female ratio of 1:1.2. Synchronous colon cancers were 
identified in 12 patients. None of the patients had metachronous colorectal cancer. 
58% of the tumours developed within the proximal colon. The tumour stage was 
pT1 in 2%, pT2 in 10%, pT3 in 69% and pT4 in 19%. 

Study II 

During routine immunohistochemical evaluations at the Departments of 
Pathology, Helsingborg Hospital and Hvidovre Hospital, Denmark, colorectal 
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cancers with heterogeneous MMR protein expression were identified. Following 
the first observation of heterogeneous MMR protein staining in 2007, all such 
cases identified at these 2 institutions were collected during 5 years. These cases 
were re-evaluated and 12 colon cancers as well as 2 rectal cancers with a verified 
heterogeneous MMR protein expression were included in the study. None of the 
patients received neoadjuvant treatment. The mean age was 66 (range 33-85) 
years, the male:female ratio was 1:1.3 and the tumour stage was pT2 in 3 cases, 
pT3 in 9 cases and pT4 in 2 cases. 

Study III 

All Lynch syndrome mutation carriers and their first-degree relatives in the Danish 
cohort who had developed primary malignant tumours of the renal pelvis, the 
ureter or the urinary bladder were identified. In total, 48 ureter cancers, 34 renal 
pelvic cancers and 54 urinary bladder cancers developed in 97 patients from 75 
families. The mean age at diagnosis was 61 (range 24-89) years, the male:female 
ratio was 1:1.3. The tumour stage was pTa in 46%, pT1 in 19%, pT2 in 18%, pT3 
in 13%, pT4 in 1% and pTx in 3%. From 49/136 tumours formalin-fixed, paraffin-
embedded tissue was available for histologic re-evaluation and further analysis. 

Study IV 

Study IV is based on the same cohort from the Danish HNPCC register as in study 
III. The register was used to identify all adenocarcinomas of the prostate that had 
developed in carriers of a disease-predisposing MMR gene mutation in MLH1, 
MSH2, MSH6 or PMS2 and in their first-degree relatives. In this cohort of 1609 
males (677 mutation carriers and 932 first-degree relatives), prostate cancers 
developed in 15 mutation carriers and in 13 first-degree relatives. The median age 
at diagnosis was 63 (range 52-81) years. From 16/28 tumours formalin-fixed, 
paraffin-embedded tissue was available for histologic re-evaluation and further 
analysis. The Gleason score was 6 in 12.5%, 7 in 31.3%, 8 in 25%, 9 in 18.7% and 
10 in 12.5%. 

Study V 

Study V is also based on the cohort from the Danish HNPCC register. The register 
was accessed in May 2015 and used to identify all primary malignant tumours of 
the kidney that had developed in carriers of a disease-predisposing MMR gene 
mutation. 
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1494 mutation carriers from 313 families with Lynch syndrome, based on proven 
disease-predisposing MMR gene mutations, were eligible for the study. In total, 13 
RCCs were diagnosed in 8 men and 5 women with mutations linked to Lynch 
syndrome. The disease-predisposing genes were MSH2 in 6 cases, MLH1 in 6 
cases and MSH6 in 1 case. The median age at diagnosis was 62 (47-82) years. In 2 
families 2 RCCs had developed. The tumour stage was pT1 in 3 cases, pT2 in 4 
cases, pT3 in 2 cases and pTx in 4 cases. From 6/13 tumours formalin-fixed, 
paraffin-embedded tissue was available for histologic re-evaluation and further 
analysis. Clinical data and the MMR status for the different studies are 
summarised in table 7. 

 
Table 7. Summary of patients and materials for the different studies 

Study I II III IV V 
Time period 2002-2006 2007-2011 1943-2014 1943-2014 1978-2012 
No. of patients 462 14 97 28 13 
No. of tumours 474 14 136 (49 with 

available 
tissue) 

28 (16 with 
available 
tissue) 

13 (6 with 
available 
tissue) 

      
Male:female 
ratio 

1:1.2 1:1.3 1:1.3 - 1.6:1 

Mean age 
(range) 

76 (50-100) 66 (33-85) 61 (24-89) 63 (52-81) 62 (47-82) 

MSS - 1 26/48 8/16 4/5 
MSI-low - 0 10/48 6/16 1/5 
MSI-high - 13 12/48 2/16 0/5 
Intact MMR 
protein 
expression 

366/474 0/14 5/49 5/16 2/6 

Loss of MMR 
protein 
expression 

108 (23%) 
MLH1/PMS2
: 93 
PMS2: 1 
MSH2/MSH6
: 5 
MSH6: 4 
MLH1/PMS2 
and MSH6: 5 

Complete/part
ial: 14 
(100%) 
MLH1/PMS2
: 2 
PMS2: 1 
PMS2 and 
MSH2/MSH6
: 1 
MLH1/PMS2 
and 
MSH2/MSH6
: 8 
MSH2/MSH6
: 2 

44 (90%) 
MLH1/PMS2
: 5 
MSH2/MSH6
: 35 
MSH6: 4 

11 (69%) 
MLH1/PMS2
: 2 
MSH2/MSH6
: 8 
MSH6: 1 

4 (67%) 
MLH1/PMS2
: 3 
MSH2/MSH6 
: 1 (reduced) 
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Methods 

Study design and methods used for the different studies are summarised in table 8. 

 
Table 8. Summary of methods used in the different studies 
Study Design Methods 
I Cohort study Histopathological evaluation, IHC, Statistical analysis (multiple logistic 

regression model, ROC, Inter-observer variability, Comparison of 
different prediction models with PPV, NPV and ROC) 

II Descriptive Histopathological evaluation, IHC, Laser capture microdissection, DNA 
extraction, MSI analysis, Methylation analysis, Flow cytometry 

III National 
cohort study 

Histopathological evaluation, IHC, DNA extraction, MSI analysis, 
Statistical analysis (Cumulative risk assessment, IRR) 

IV National 
cohort study 

Histopathological evaluation, IHC, DNA extraction, MSI analysis, 
Statistical analysis (Cumulative risk assessment) 

V National 
cohort study 

Histopathological evaluation, IHC, DNA extraction, MSI analysis, 
Statistical analysis (age-specific incidence/Poisson regression, IRR) 

 

Histopathology (studies I-V) 

In study I all available H&E-stained sections were morphologically reviewed for 
correct classification of the tumours. All cases were evaluated according to a 
standardised protocol by 2 independent investigators (B. Halvarsson and P. Joost) 
who were blinded to the IHC results as well as to the results from the other 
reviewer. The tumour location was classified as proximal/distal in relation to the 
splenic flexure [365]. The tumour stage was determined according to the 
American Joint Committee on Cancer /Union Internationale Contre le Cancer 
(AJCC/UICC) staging system and the grade according to the WHO system [366]. 
Mucinous/signet-ring cell cancers were considered as poorly differentiated. For 
the following variables only invasive tumour components were considered and 
intramucosal/early invasive tumour components were not taken into account [197, 
198]. The growth pattern was classified as expanding if a continuous, rounded 
infiltration margin (with a pushing, well-circumscribed border) was found and as 
infiltrating if invading foci (dissecting tumour infiltrates) were identified [200]. 
Dirty necrosis was defined as the presence of cell detritus and inflammatory cells 
within the glandular lumina and was scored as present or absent [191]. A tumour 
was classified as mucinous or signet-ring cell cancer if more than 50% of the 
tumour area showed such differentiation [366]. Tumours with mucinous/signet-
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ring cell components that encompassed 10-50% of the area but did not fulfil the 
criteria for mucinous/signet-ring cell tumours were considered to have a 
mucinous/signet-ring cell component [203]. The presence or absence of TIL was 
evaluated on H&E-stained sections and defined as the presence/absence of 
intraepithelial lymphocytes between tumour cells; hot spot areas were primarily 
analysed. TIL were scored as present if there were ≥7 TIL per 10 high-power 
fields (40x, field diameter 0.53 mm) [197, 198]. For comparison of the MMR 
index [203] with other prediction models of MMR deficiency additional variables, 
including variants of the variables above, were evaluated. They are summarised in 
the “Background” chapter, table 5. 

In study II all cases were histologically re-evaluated by one pathologist (P. Joost). 
The tumour stage was determined according to the AJCC/UICC staging system 
and the grade according to the WHO system. A tumour was classified as mucinous 
cancer if more than 50% of the tumour area showed such differentiation [366].. 
Intratumoural differences in tumour differentiation were compared with MMR 
protein expression. 

In study III all available urinary tract cancers were histologically re-evaluated by 
one pathologist (P. Joost). Tumour stage was determined according to the 
AJCC/UICC staging system and grade according to the WHO 2004 grading 
system [367]. 

In study IV all available core biopsies, as well as all prostatectomy specimens, 
were pathologically reviewed regarding their Gleason scores [287] and the 
presence of TIL (cut-off ≥4 per high-power field) [125, 195] by one pathologist 
(P. Joost), who was blinded to the MMR status. 

In study V all available core biopsies, as well as all nephroureterectomy specimens 
were pathologically reviewed regarding their Fuhrman nuclear grade [338] and the 
presence of TIL (cut-off ≥5 per high-power field) was determined [197]. Tumour 
stage was determined according to the AJCC/UICC staging system and tumour 
type according to the WHO classification 2004 [367]. 

 

MMR protein immunohistochemistry (studies I-V) 

Fresh 4-μm sections from formalin-fixed, paraffin-embedded tumours were 
mounted on Dako REALTM capillary gap microscope slides (Dako, Glostrup, 
Denmark). The slides were dried overnight at room temperature and thereafter at 
60°C for 1–2 hours. The tissue was deparaffinised in xylene for 2 times 5 min, 
followed by 5 min each in 99.5% and 95% ethanol and 5 min in distilled water. 
Heat-induced epitope retrieval was achieved by pressure boiler treatment in 
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ethylene diamine tetraacetic acid (EDTA)-Tris buffer (1:10 mM, pH 9.0) for 20 
min. Hereafter the slides were cooled for 20 min and rinsed in distilled water. 

Immunostaining was performed using the Dako Autostainer and the EnVisionTM 
visualisation method (Dako, Glostrup, Denmark). Endogenous peroxidase activity 
was blocked for 5 min and primary mouse monoclonal IgG antibodies were used. 
Following primary antibody incubation, the slides were incubated with 
EnVisionTM/horseradish peroxidase (HRP) rabbit/mouse (Dako) and stained using 
the EnVisionTM detection system peroxidase/DAB rabbit/mouse (Dako). In study 
II sections from all tumour blocks were additionally subjected to independent 
MMR protein staining using alternative MMR protein antibodies from other 
manufacturers and partly using Ventana BenchMark Ultra (Ventana Medical 
Systems, Tucson, AZ) as an alternative platform. All specimens were stained at 
least 3 times. Antibodies, clones, suppliers and staining protocols are given in 
table 9. 

 
 
Table 9. Data on the MMR protein antibodies used 

MMR 
protein Study Lab Supplier Clone Dilution Immunogen/ epitope 

MLH1 I-V L BD Pharmingen G168-15 1:100 Full-length 
 II C Dako ES05 RTU Recombinant protein, 

210 aa  
 II L Dako ES05 1:100 Recombinant protein, 

210 aa  
PMS2 I-V L BD Pharmingen A16-4 1:300 431-862 a, C-terminal 
 II H Ventana (Cell 

Marque) 
EPR3947 RTU 100 aa, C-terminal 

 II C Epitomics EPR3947 1:50 100 aa, C-terminal 
MSH2 I-V L Calbiochem FE11 1:100 C-terminal 
 II H Ventana (Cell 

Marque) 
G219-
1129 

RTU Full-length 

 II C Novocastra 25D12 1:50 Full-length 
MSH6 II C Epitomics EP49 1:100 Synthetic peptide, N-

terminal 
 I-V L Epitomics EP3945 1:100 Synthetic peptide, N-

terminal 
  II L BD Transduction 

Lab 
44 1:500 Synthetic peptide, 

225-333 aa 
Abbreviations: aa, amino-acids; C, Copenhagen; H, Helsingborg; L, Lund; RTU, ready to use. 
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Immunohistochemical stainings were classified as retained, lost or reduced. 
Reduced immunostaining implies weaker than expected nuclear staining in tumour 
cells compared to non-neoplastic cells, i.e. stromal cells, lymphocytes and normal 
epithelium (figure 14). In study II the areas of the respective expression patterns 
were estimated in each section and expressed as percentages. 

Figure 14. Examples of MMR protein expression patterns: (A) Normal/retained expression in 
tumour nuclei, (B) Lost expression in tumour nuclei and retained expression in non-neoplastic cells, 
(C) Reduced/weak expression in tumour nuclei compared to non-neoplastic cells. 
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Several technical artefacts may hamper the interpretation of immunostainings and 
these were considered carefully in the evaluations. Failure of the antibody to 
penetrate the tissue and the presence of air bubbles lead to general absence of 
staining and lack of an internal control (non-neoplastic cells). Poor fixation, which 
often occurs in the central parts of the specimen, may lead to a general absence of 
staining or a staining gradient in these areas. Generally weak staining can lead to 
false-negative interpretation or to non-evaluable samples, due to the lack of 
positivity in the non-neoplastic cells serving as internal controls. Excessive 
staining/overstaining may lead to a false-positive interpretation and may disguise 
weak/reduced expression and heterogeneous expression patterns. Necrotic tumour 
areas can exhibit both false-negative and non-specific positive staining [368]. 

Pitfalls in the evaluation of MMR stains also arise from biological and technical 
factors. Heterogeneous staining patterns due to biological tumour heterogeneity 
may lead to a false-positive interpretation. Also, neoadjuvant chemotherapy and 
radiotherapy may influence the results with a particular effect on MSH2/MSH6 
staining [369, 370]. None of the patients in studies I-V, where tissue was evaluated 
with IHC, had received neoadjuvant chemotherapy and/or radiotherapy. 

Examples of artefacts and pitfalls in MMR protein immunohistochemistry are 
shown in figure 15. 
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Figure 15. Artefacts and pitfalls in MMR protein immunohistochemistry: (A) Artefact created from 
an air bubble, (B) Overstaining with extensive background staining that hampers evaluation, (C)-(D) 
Lack of internal control staining in stromal components, (E) Staining gradients often observed in 
areas with poor fixation (F), Heterogeneous staining patterns for MSH6 with intraglandular mixture 
of nuclear positivity and negativity. 
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Laser capture microdissection (study II) 

To assess the implications of heterogeneous MMR protein staining for MMR 
protein function, the tumours were subjected to MSI analysis. Depending on the 
extent of the area involved, laser capture microdissection was used to obtain 
material from areas with retained/lost expression patterns. Paraffin blocks from 
tumours with heterogeneous staining were prepared for laser capture 
microdissection. Polyethylene Teraphthalate (PET)-membrane FrameSlides (Carl 
Zeiss MicroImaging, Germany) were first pre-treated with UV-light for 30 min in 
order to make them less hydrophobic and then mounted with fresh 10-µm 
formalin-fixed, paraffin-embedded tissue sections. The tissue was deparaffinised 
and IHC was performed in the same way as described above. However, xylene and 
a cover slip were not applied after immunostaining. Tissue of heterogeneous areas 
was isolated using Carl Zeiss non-contact Laser Capture Microdissection (LCM) 
(Carl Zeiss MicroImaging GmbH, Munich, Germany). The 20x magnification was 
used, and for each analysis at least 2.5 mm2 tissue from 2-6 tumour areas with 
retained as well as lost expression was harvested into separate adhesive caps of 
500-µl microtubes (figure 16) [371]. 

 

Figure 16. Laser capture microdissection. The specimen is microdissected by a focused laser beam. 
The cut piece is then catapulted out of the object plane into a collection device by a defined laser 
pulse. 
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DNA extraction (studies II-V) 

DNA was extracted from 1-3 fresh 10-µm sections from formalin-fixed and 
paraffin-embedded tissue blocks. Macrodissected tissue or whole tumour sections 
were deparaffinised by using xylene and ethanol, followed by tissue digestion 
adding 180 µl Buffer ATL (ready to use, Qiagen) and 20 µl Proteinase K (20 
mg/ml, Qiagen). The tubes were incubated overnight at 56°C and at 90°C for 1 
hour. Thereafter, DNA was extracted either using the QIAcube machine (Qiagen) 
or the QIAamp® DNA FFPE tissue kit (Qiagen) following the manufacturer’s 
protocol for FFPE (formalin-fixed paraffin-embedded) tissue sections, finally 
eluting with 60 µl Buffer ATE (ready to use, Qiagen). Lysis of laser 
microdissected tissue was obtained by adding 15 µl Buffer ATL (ready to use, 
Qiagen) and 10 µl Proteinase K (20 mg/ml, Qiagen) into each cap. The tubes were 
put upside down for digestion for at least 16 hours at 56°C. DNA was extracted 
using the QIAamp® DNA micro kit (Qiagen) following the manufacturer’s 
protocol for laser microdissected tissues, finally eluting in 20 µl Buffer AE (ready 
to use, Qiagen). After extraction, the DNA concentration was measured using a 
NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific Inc). 

MSI analysis (studies II-V) 

MSI status was determined using the MSI Analysis System Version 1.2 (Promega, 
Madison, WI). The system consists of 5 nearly monomorphic mononucleotide 
markers (BAT-25, BAT-26, NR-21, NR-24 and MONO-27) for MSI determination 
and 2 polymorphic pentanucleotide markers (Penta-C and Penta-D) for sample 
identification (table 10). 

 

Table 10. Data on markers used for MSI analysis 
Locus name Gene Repeat motif Size range (bp) Flourescent label 

BAT-25 c-kit (A)25 113-124 JOE 
BAT-26 MSH2 (A)26 103-115 FL 
NR-21 SLC7A8 (A)21 94-101 JOE 
NR-24 ZNF-2 (A)24 130-133 TMR 
MONO-27 MAP4K3 (A)27 142-154 JOE 
Penta C - (AAAAG)3-15 143-194 TMR 
Penta-D - (AAAAG)2-17 135-201 FL 
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The markers were amplified in 10-μl multiplex PCR reactions using 1 μl Gold ST
R 10X Buffer, 1 μl MSI 10X Primer Pair mix, 0.15 μl AmpliTaq Gold® DNA 

Polymerase (5 units/µl; Applied Biosystems, CA, USA), 2 μl template and 
supplemented with nuclease-free water. As a positive amplification control, K562 
Genomic DNA was used (diluted 1:10 to 1ng/μl; Promega) and as a negative 
control nuclease-free water. The PCR was performed on a C1000 Thermal Cycler 
(Bio-Rad Laboratories) and the program consisted of the following steps: 1 
denaturation cycle at 95°C for 11 min and 1 cycle at 96°C for 1 min; 10 cycles of 
30 sec at 94°C, 30 sec at 58°C, ramp 0.5°C/sec, 1 sec at 70°C and ramp 0.3°C/sec; 
30 cycles of 30 sec at 90°C, 30 sec at 58°C, ramp 0.6°C/sec, 1 sec at 70°C and 
ramp 0.3°C/sec; final extension for 30 min at 60°C; unlimited at 4°C. By the 
fluorescently labelled markers the PCR products were size separated on a 3130xl 
Genetic Analyzer (Applied Biosystems) after mixing the PCR products with 9 μl 
deionised formamide (Hi-Di formamide, Applied Biosystems) and 1 μl ILS 600 
(Promega) as the internal size marker and denaturing at 95°C for 3 min. The 
GeneMapper® software was used for data analysis (figure 17). Tumours with 
instability for 1 marker were classified as MSI-low, tumours with instability for ≥2 
markers were classified as MSI-high, and tumours with stability for all markers 
were classified as microsatellite stable (MSS). 
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Figure 17. MSI analysis from paraffin-embedded tissue. After DNA extraction the different markers 
are amplified by PCR with fluorescence labelled primers. The curves represent the fragment length 
analysis, where instability is defined as altered length of repetitive sequences. Blue shading indicates 
additional shorter peaks in microsatellite instable samples (figure reproduced and modified with 
permission from Kajsa Ericson-Lindquist). 

 

Methylation analysis (study II) 

MLH1 promoter methylation analysis was performed at the Department of Clinical 
Genetics, Vejle Hospital, Vejle, Denmark according to the following protocol. 
Extracted DNA was treated with bisulfite using the EZ DNA Methylation-
LightningTM Kit (Zymo Research, CA, USA) according to the manufacturer’s 
instructions. The MLH1 promoter methylation status was analysed by a 
fluorescence-based, real-time methylation-specific PCR assay, as described 
previously [372]. Two sets of primers and probes, designed specifically for 
bisulfite-converted DNA, were used: MLH1-M2B for the methylation-specific 
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reaction [373] and ALU-C4 for the methylation-independent control reaction used 
to measure the amount of bisulfite-converted input DNA [374]. Amplification was 
performed on the QuantStudioTM 12 K Flex Real-Time PCR System (Life 
Technologies). The samples were run in doublets, with 2 reactions for each of the 
2 primer sets with positive and negative controls included in each run. 

Flow cytometry (study II) 

In 1 tumour in study II heterogeneous tumour areas were analysed for DNA 
content by flow cytometric DNA analysis as previously described [375, 376]. 
Briefly, the 2 formalin-fixed samples were processed to form cell suspensions. 
Separated cells were treated with ribonuclease (Sigma-Aldrich, Stockholm, 
Sweden), incubated with trypsin for 48 h (Merck, Darmstadt, Germany) and 
stained with propidium iodide (Sigma-Aldrich, Stockholm). Flow cytometric DNA 
analysis was performed using the FACSCalibur platform (BD Biosciences, USA). 
Up to 20,000 nuclei were analysed from each sample. The DNA histograms 
obtained were automatically processed using Modfit LT TM 3.3 software. The DNA 
index (DI) was calculated as the ratio of the respective modal channel values of 
the non-diploid and the diploid G0/G1 peaks. The S-phase fraction (Spf) was 
estimated assuming that the S-phase compartment constituted a rectangular 
distribution between the modal values of the G0/G1 and G2 peaks. 

Statistical analysis (studies I, III-V) 

Study I  
The MMR index includes the factors female sex, age ≥60 years, proximal tumour 
location, expanding growth pattern, lack of dirty necrosis, any mucinous/signet-
ring cell differentiation (mucinous/signet-ring cell tumour or mucinous/signet-ring 
cell component) in ≥10% of the tumour area and presence of TIL. The index was 
applied to all tumours in the series. For statistical calculations, the software 
package Stata 12.1 (StataCorp. 2012, College Station, TX, USA) was used. The 
histopathological variables were dichotomised and assigned equal weights. The 
association between the MMR status and the other histopathological factors was 
analysed by means of contingency tables and the Fisher’s exact test. Patients with 
any missing value were excluded from the analysis (n=24). A multiple logistic 
regression model that contained the 7 dichotomised clinicopathological factors as 
covariates was fitted to determine the independent contribution of each factor at 
predicting MMR deficiency. These effects were summarised as odds ratios (OR) 
with 95% confidence intervals (CI). The sensitivity and specificity of the MMR 
index were calculated by means of a receiver operating characteristic (ROC) 
curve. 
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In order to evaluate inter-observer agreement, 200 randomly selected tumours 
evaluated by B. Halvarsson were independently re-evaluated by P. Joost. 
Complete data were obtained for 189 tumours, which were included in the final 
calculation. Inter-observer variability was expressed using the chance-corrected 
measure of agreement kappa. 

The MMR index results were compared with those from 5 other predictive models 
(“Background” chapter, table 5), i.e. MsPath [199, 204], PREDICT/simplified 
PREDICT [205], MSI probability score [206] and RERtest6 [202, 207] in 200 
randomly selected tumours, 20% (n=40) of which were MMR deficient. The 
performance of the different models was evaluated by calculating the sensitivity, 
specificity, positive predictive value (PPV) and negative predictive value (NPV) 
and area under the ROC curve (AUC). 

 

Studies III and IV 
The analyses in study III included all urinary tract cancers from mutation carriers 
and first-degree relatives. For patients who developed synchronous or 
metachronous tumours in the same organ, the first urothelial cancer in each patient 
was included in the analyses, whereas synchronous or metachronous cancers in 
different organs were allowed in their respective groups. In study IV the analyses 
included all prostate cancers from mutation carriers and first-degree relatives, no 
metachronous tumours occurred and the calculations excluded females. Mutation 
carriers were weighted by 1, while first-degree relatives were weighted by 0.5, 
assuming 50% mutation carriers among the latter. One family with an EPCAM 
mutation that also affected MSH2 was pooled with the MSH2 groups. In total, 7 
families with PMS2 mutations were excluded, since no urothelial cancers were 
observed in this cohort. The event times used were age at diagnosis or age at death 
in unaffected individuals. Individuals who remained free from cancer were 
censored in May 2014 based on data on vital status from the Danish civil registry. 
Patients without a civil number were censored at the time of death based on the 
death certificate or the family record, or at the last follow-up date. Genotypic and 
phenotypic pedigree data on mutation carriers and first-degree relatives of these 
were transferred into R i386 3.1.0 (R: A Language and Environment for Statistical 
Computing, 2011, R Foundation for Statistical Computing, Vienna, Austria). 
Cumulative incidences were calculated with death as a competing risk (cmprsk: 
Subdistribution Analysis of Competing Risks, 2011, Bob Gray, R package version 
2.2-2). Confidence intervals were calculated at age 70 using a non-parametric 
boot-strap, with re-sampling and repeated calculations of the cumulative 
incidences. Group p-values were calculated using permutation tests with 10,000 
replicates with significance between the groups set at p<0.05. Incidence rate ratios 
(IRR) were calculated for urinary tract cancers in MSH2 mutation carriers 
compared to MLH1/MSH6 mutation carriers, again with boot-strapping as 
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described above. The spectrum of MSH2 mutations was mapped to investigate 
potential clustering to certain genetic regions and cumulative incidences and 
confidence intervals of urothelial cancer were determined for each specific MSH2 
mutation. The risk of urinary cancer was compared between families with MSH2 
mutations with more than 5 events and all families with other MSH2 mutations 
using group p-values as described above. 

 

Study V 
Determination of the incidence ratios of RCC in the general Danish population and 
in the Lynch syndrome cohort was possible - due to data availability and 
completeness - for all cases diagnosed between January 1, 1978 and December 31, 
2012. Person years at risk were defined as the period from entry date (January 1, 
1978) or date of birth, whichever occurred last, to exit date (December 31, 2012) 
or date of death, whichever occurred first. Cancer events were stratified by age, 
sex, mutated gene and time period. Data from the Danish background population 
were collected from the Nordcan database (available from http://www.ancr.nu, 
accessed on May 1, 2015) [377]. Person years at risk were calculated in the 
Pyrsstep SAS-macro (http://sourceforge.net/projects/pyrsstep/) using SAS 
software, version 9.4 (SAS Institute Inc., Cary, NC, USA) with incidence rates 
from the Danish background population as reference [378]. Lynch syndrome-
associated RCCs and their respective person years at risk were subtracted from the 
background population-based data in the Nordcan database to eliminate double 
registrations. Cancer events were pooled into 4 age groups: 0-29 years, 30-49 
years, 50-69 years, and 70+ years. The Lynch syndrome cohort and the Nordcan 
data set were linked using personal identifiers such as age, sex and period, and the 
expected RCC events were calculated for all age groups. The stratified and 
aggregated data were transferred into R i386 3.1.0 (R: A Language and 
Environment for Statistical Computing, 2011, R Foundation for Statistical 
Computing, Vienna, Austria). Incidence rate ratios, 95% confidence intervals and 
p-values were calculated using Poisson regression analyses. The significance level 
was set at p < 0.05. 
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Results and Discussion 

Study I 

A pre-screening procedure that identifies tumours with a high likelihood of MMR 
deficiency could be clinically valuable for institutions that have not implemented 
universal assessment of the MMR status. Several MMR prediction models have 
been established (see table 5 in the Background chapter) [199, 202, 204-207]. For 
such models to be implemented in the routine histopathological work-up, the 
assessment should be reproducible and easy to apply, i.e. it should preferentially 
be based on factors that can be evaluated on standard sections. We assessed the 
performance of the MMR index and validated the index in an independent series of 
474 colon cancers and provide data on reproducibility and performance in 
comparison with other MMR/MSI predictive models. 

 

MMR deficiency, defined as the immunohistochemical loss of at least one MMR 
protein, was identified in 108/474 (22.8%) tumours. No tumour showed weak or 
reduced MMR protein staining. The MMR deficient tumours predominantly 
developed in women (74.8%), in the proximal colon (91.7%), and at a mean age of 
76 (range 50-100) years (table 11). The MMR defects involved MLH1/PMS2 in 
93 tumours, PMS2 in 1, MSH2/MSH6 in 5, MSH6 in 4, and MLH1/PMS2 and 
MSH6 in 5. This means that defects highly suggestive of Lynch syndrome 
(mutations in MSH2 and MSH6) were identified in 14/474 (3%) cases. 

Several morphologic features were overrepresented in MMR deficient tumours in 
comparison with MMR proficient tumours (table 11). This applied to an 
expanding growth pattern (73.8% versus 7.6%), lack of dirty necrosis (80.6% 
versus 26.1%), mucinous/signet-ring cell differentiation (67.6% versus 26.3%) and 
presence of TIL (66.7% versus 16.9%). 
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Table 11: Distribution of clinicopathological factors in relation to the MMR status (n=474). 

Factor 
Frequency (%) 

MMR deficient MMR proficient 

Patients (n=462) Total number 103 (22.3) 359 (77.7) 

Sex (n=462) Male 26 (25.2) 184 (51.3) 

Female 77 (74.8) 175 (48.7) 

Age (n=462) Mean 76  74  

Age ≥60 102 (99.0) 328 (91.4) 

Tumours (n=474) Total number 108 (22.8) 366 (77.2) 

pT stage (n=450) pT1 2  (1.9) 6  (1.7) 

 pT2 10 (9.6) 37 (10.7) 

 pT3 87 (83.7) 224 (64.8) 

 pT4 5 (4.8) 79 (22.8) 

pN stage (n=461) pN0 76 (73.1) 183 (51.2) 

 pN1 23 (22.1) 107 (30.0) 

 pN2 5 (4.8) 67 (18.8) 

pM stage (n=474) pM1 1 (0.9) 10 (2.7) 

Differentiation (n=474) Good/moderate 42 (38.9) 334 (91.3) 

Poor/no 66 (61.1) 32 (8.7) 

Location (n=473) Proximal 99 (91.7) 173 (47.4) 

Distal 9 (8.3) 192 (52.6) 

Growth pattern (n=459) Expanding 76 (73.8) 27 (7.6) 

Infiltrating 27 (26.2) 329 (92.4) 

Dirty necrosis (n=467) Present 20 (19.4) 269 (73.9) 

Absent 83 (80.6) 95 (26.1) 

Mucin/signet-ring 
differentiation (n=473) 

Present (>50%) 23 (21.3) 15 (4.1) 

Present (10-50%) 50 (46.3) 81 (22.2) 

Absent 35 (32.4) 269 (73.7) 

TIL (n=470) Present 72 (66.7) 61 (16.9) 

Absent 36 (33.3) 301 (83.1) 

Abbreviations: MMR, mismatch repair; TIL, tumour-infiltrating lymphocytes. 
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The strongest predictive indicators of MMR deficiency were an expanding growth 
pattern (OR 11.6; 95% CI 5.5-24.5), presence of TIL (OR 5.6; 95% CI 2.6-12.1), 
mucinous/signet-ring cell differentiation (OR 3.0; 95% CI 1.3-6.0) and lack of 
dirty necrosis (OR 3.0; 95% CI 1.3-7.0). 

The MMR index was applied in 438 patients from whom complete data were 
available. In these patients, the presence of ≥4 factors identified MMR deficient 
colon cancers with a sensitivity of 92.6% and a specificity of 75.5%, 
corresponding to an ROC curve with an AUC of 0.94 (95% CI, 0.91-0.96) (figure 
18). 

Figure 18. (A) Expanding growth pattern (x5), (B) TIL (x40), (C) Mucinous differentiation (x10) 
and (D) Dirty necrosis (x20). (E) ROC curve demonstrating the sensitivity and specificity for an 
increasing number of factors in the index. AUC 0.94. The suggested cut-off point (≥4 factors) is 
marked by a red dot. 

 

Inter-observer agreement was 90%, which corresponds to a kappa value of 0.88. 
The kappa values for the individual histopathological markers were 0.78 for TIL, 
0.94 for mucinous/signet-ring cell components, 0.96 for lack of dirty necrosis and 
0.97 for an expanding growth pattern. 

The comparison with other predictive models was performed in 200 randomly 
selected tumours, in which the MMR index - applied with a cut-off of ≥4 factors - 
resulted in an AUC of 0.83 (95% CI, 0.79-0.87) and identified MMR deficient 
tumours with a sensitivity of 97.5% and a specificity of 69%. The factors 
expanding growth pattern, TIL, mucinous/signet-ring cell differentiation and lack 
of dirty necrosis identified MMR deficient tumours with almost identical 
performance as that described in the original report of the MMR index [203]. 
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The corresponding AUC values were 0.81 for PREDICT, 0.80 for RERtest6, 0.70 
for MsPath and 0.77 for the MSI probability score. The sensitivity values for these 
models varied from 60% to 100% and the specificity was 41% to 99% (table 12). 

The performance of the MMR index was similar to that of the 
PREDICT/simplified PREDICT models (p=0.38/p=0.27) and the RERtest6 model 
(p=0.42), but it was significantly better than that of the MsPath model (p<0.0001) 
and the MSI probability score model (p<0.0001 for a cut-off >1 and p<0.01 for a 
cut-off >1.5). 

 
Table 12. Performance of the different prediction models for MMR deficiency (n=200). 

Model Sensitivity (%) Specificity (%) PPV (%) NPV (%) AUC 

MMR index 
4 features present 

 
97.5 

 
68.8 

 
44.3 

 
99.1 

 
0.83 

PREDICT 
Score ≥2.5 

 
95.0 

 
66.3 

 
41.3 

 
98.2 

 
0.81 

Simplified PREDICT 
2 features present 

 
95.0 

 
65.0 

 
40.4 

 
98.1 

 
0.80 

MsPath 
Score ≥1 

 
100.0 

 
40.6 

 
29.6 

 
100.0 

 
0.70 

MSI probability score 
Score ≥1 
Score ≥1.5 

 
100.0 
97.5 

 
45.6 
56.3 

 
31.5 
35.8 

 
100.0 
98.9 

 
0.73 
0.77 

RERtest6 
Score <0.8 

 
60.0 

 
99.4 

 
96.0 

 
90.8 

 
0.80 

Abbreviations: AUC, area under curve; MMR, mismatch repair; MSI, microsatellite instability; 
NPV, negative predictive value; PPV, positive predictive value. 

 

Discussion 
The strongest predictive indicators of MMR deficiency were an expanding growth 
pattern (OR 11.6), the presence of TIL (OR 5.6), mucinous/signet-ring cell 
differentiation (OR 3.0) and lack of dirty necrosis (OR 3.0) (table 11). In 
comparison to the series in which the MMR index was developed, the age groups 
studied differed somewhat (mean age 76 versus 72 in the previous series), but the 
above 4 histopathological characteristics were observed at similar frequencies, i.e. 
59-89% in the previous study and 67-81% in the present series [203]. There were 
some differences in the predictive values of the individual factors, but when 
combined into the MMR index, the presence of ≥4 factors identified MMR 
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defective tumours with similar sensitivity (93%) and specificity (75%) in the 2 
sample sets. 

Inter-observer agreement was demonstrated through independent and blinded 
evaluation by 2 reviewers, who identified MMR deficient tumours with a kappa 
value of 0.88. Hence, the model demonstrates stable performance with good 
predictive accuracy and it is quick and easy to apply. 

When compared with 5 other predictive models, the MMR index demonstrated 
better performance than the RERtest6 [202, 207], the MsPath [199, 204] and the 
MSI probability score [206] models and comparable performance to the 
PREDICT/simplified PREDICT models [205] (table 12). The MsPath, PREDICT 
and MSI probability score models identified MMR deficient tumours with an 
equally favourable sensitivity compared with the MMR index, whereas the 
sensitivity of the RERtest6 model was clearly inferior (60%) in our cohort. 

The MMR index identified 39/40 MMR deficient tumours, but also indicated 
MMR deficiency in 50 MMR proficient tumours, which implies unnecessary 
MMR testing in 50/160 MMR proficient tumours. The corresponding number of 
MMR proficient tumours that would be included in MMR status testing was 54 for 
the PREDICT model, 70 for the MSI probability score model and 95 for the 
MsPath model. By contrast, the RERtest6 model showed a high specificity. Only 1 
tumour identified as MMR deficient was a false-positive. However, as mentioned 
above, the sensitivity was low: 16/40 MMR deficient tumours escaped detection 
(see “supplementary table” in original article study I). 

With the exception of the RERtest6 model, the comparator algorithms were 
primarily developed for the identification of Lynch syndrome tumours [191, 199, 
205]. The MsPath, PREDICT and MSI probability score models therefore include 
age <50 years as one of the predictive variables, which means that the comparison 
with the MMR index in our study was suboptimal given that the study only 
included tumours diagnosed after age 50. The RERtest6 model was, however, 
developed without age restriction and has been validated in independent tumour 
samples [202, 207]. 

MMR testing is commonly requested without prior selection in the 5% of colon 
cancers that develop before age 50 [158, 379, 380]. Our study thus focused on 
patients aged ≥50 years, 23% of whom had MMR deficient colon cancers, with 
loss of MLH1/PMS2 in 86% of the cases. Most of these cases will be of sporadic 
origin, involving the consistent silencing of MLH1 through promoter methylation. 
This epigenetic mechanism has been suggested to lead to more pronounced 
histopathological features than the variable MMR gene defects observed in Lynch 
syndrome tumours [70, 73, 195, 381]. However, despite our focus on a cohort 
aged ≥50, we identified immunohistochemical loss of MSH2 and/or MSH6 
suggestive of Lynch syndrome in 3% of the tumours. In particular, the 
contribution from MSH6 was substantial. MSH6 mutations have been linked to an 
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overall lower risk of colon cancer, a less striking family history, a higher age at 
onset and less pronounced tumour morphology, which implies that many cases 
may escape detection [382, 383]. Indeed, the 4 cases with an isolated loss of 
MSH6 and the 5 cases with the combined loss of MLH1/PMS2 and MSH6 in our 
series developed after age 70. Although these cases did most likely not influence 
the performance of the MMR index, the observation indicates that Lynch 
syndrome should also be considered also among somewhat older patients. 

The MMR index is not intended for the identification of Lynch syndrome cases 
and has not been validated in younger individuals. However, 11 of 14 
MSH2/MSH6 deficient tumours in our series and all 7 MSH2/MSH6 deficient 
tumours reported by Halvarsson et al. [203] would have been detected by the 
MMR index.!

The study limitations include assessment of the MMR status solely based on 
immunohistochemical staining and inclusion of a small number of presumed 
Lynch syndrome tumours, which were not genetically characterised in more detail. 
The impact from these shortcomings is judged to be minor and the limitations 
reflect use of the MMR index in clinical routine. 

Study II 

Universal assessment of immunohistochemical MMR status is increasingly applied 
in colorectal cancer diagnostics in order to identify cases suspected of Lynch 
syndrome for further molecular diagnostics and to obtain prognostic and 
treatment-predictive information linked to the somatic methylation of MLH1 
[154]. MMR protein immunostaining is generally stable and relatively easy to 
interpret, although challenges and pitfalls have been reported with false-positive 
as well as false-negative interpretations [384-386]. Most commonly, these 
observations relate to technical artefacts caused by suboptimal fixation or 
paraffin-embedding, necrotic areas, sample storage, antibody specificity, clone 
selection or staining conditions [368, 387]. Also, neoadjuvant chemotherapy and 
radiotherapy may influence the results with a particular effect on MSH2/MSH6 
staining [369, 370]. Heterogeneous expression patterns have been reported, e.g. 
retained staining in the adenomatous part and loss of staining in an invasive 
tumour area, though their relevance is uncertain [371]. We systematically 
collected colorectal cancers with heterogeneous MMR protein staining patterns 
for the detailed analysis of correlations with the MSI status and MLH1 promoter 
methylation. 
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Immunohistochemical staining using alternative MMR protein antibodies 
confirmed heterogeneous MMR protein expression in all 14 tumours. The 
heterogeneity affected MLH1/PMS2 in 3 tumours, PMS2 in 2 tumours, 
MSH2/MSH6 in 10 tumours (of which 2 also showed heterogeneity for 
MLH1/PMS2 expression) and MSH6 in only 1 tumour (in which one block also 
showed heterogeneity for PMS2 expression). Areas with alternative expression 
patterns were well demarcated and appeared in 3 distinct patterns: “intraglandular” 
(retained/lost staining within or in between glandular formations), “clonal” 
(retained/lost staining in whole glands or groups of glands) and “compartmental” 
(retained/lost staining in larger tumour areas/compartments leading to retained/lost 
staining in between different tumour blocks) (figure 19). Various heterogeneous 
expression patterns co-existed in 9/14 tumours, most commonly as intraglandular 
and clonal heterogeneity (figure 19C). The heterogeneous staining patterns were 
present in 3-100% of the respective examined tumour area. In 4/14 cases, all 
tumour blocks showed heterogeneity, whereas the remaining tumours showed 
heterogeneity in a variable fraction of the tumour blocks (see table 3 “Summary of 
MMR heterogeneity” in original article study II). 

Figure 19. Examples of the different MMR protein staining patterns. (A) Clonal loss, (B) 
intraglandular loss, (C) co-existence of clonal and intraglandular loss and (D) compartmental loss 
with different patterns in 2 separate tumour blocks. 
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In some tumours, a variable MMR status corresponded to variable differentiation, 
e.g. mucinous areas, poor differentiation or adenomatous components (figure 20). 

Figure 20. Variable MMR protein expression in relation to tumour differentiation. (A) Retained 
expression of PMS2 in a mucinous tumour component and loss of PMS2 expression in a non-
mucinous component. (B) Clonal and intraglandular heterogeneity for MLH1 in the adenomatous 
component of a tumour, whereas the remaining tumour areas showed retained expression of MLH1. 
(C) Clonal heterogeneity of MSH6 expression in a poorly differentiated tumour component and (D) 
homogenous expression in a well-differentiated tumour component. 

 

MSI was demonstrated in 13/14 tumours. Intratumoural differences in MMR 
status, i.e. MSI versus MSS, in line with MMR protein expression was observed in 
3 tumours (table 3 “Summary of MMR heterogeneity” in original article study II; 
cases 1, 2 and 9). Non-consistent MSI status in tumours with heterogeneous MMR 
protein expression was observed in 2 cases (cases 4 and 6). MLH1 promoter 
methylation was demonstrated in all 7 cases with complete (non-heterogeneous) 
loss of MLH1/PMS2. In 2 cases (cases 1 and 9) heterogeneous MMR protein 
staining for MLH1/PMS2 correlated with heterogeneous MLH1 promoter 
methylation, i.e. tumour areas with retained MLH1 expression did not show MLH1 
methylation, whereas areas with loss of MLH1 expression showed MLH1 
methylation. DNA flow cytometric analysis was performed in one tumour (case 1) 
and demonstrated differences in DNA content within the heterogeneous areas, 
which had DNA indices of 1.13 and 1.57, respectively (figure 21). 



  

 82 

Figure 21. Adenocarcinoma (case 1) with 4 different expression patterns and various combinations 
of heterogeneity, loss of MLH1/PMS2 and heterogeneity/retained expression of MSH2/MSH6. (A) 
clonal loss of MLH1 staining. (B) MSI corresponding to loss of MMR protein staining, (C) MSS 
corresponding to retained MMR protein staining. Methylation analysis revealed the (D) presence and 
(E) absence, respectively, of MLH1 promoter methylation, in line with the clonal MLH1 methylation 
status. Flow cytometric analysis showed different DNA indices, i.e. (F) 1.13 in the MSI area and (G) 
1.57 in the MSS area. 
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Discussion 
Heterogeneous MMR protein expression is a rare phenomenon that corresponds to 
differences in the MMR status within a given tumour. It is therefore important to 
recognize its occurrence to prevent false-positive or false-negative evaluations. 
We identified 3 distinct patterns of heterogeneous MMR protein expression, i.e. 
intraglandular, clonal and compartmental heterogeneous MMR protein expression. 
The different patterns co-existed within the same tumour and the extent of the 
tumour area involved varied. 

In-depth analysis suggests that multiple causes may be responsible, e.g. variable 
epitope expression, variable differentiation, second hit mutations or methylation in 
selected tumour clones and possibly influence from factors linked to the tumour 
microenvironment such as hypoxia and oxidative stress [39]. 

Intraglandular and/or clonal heterogeneity throughout the tumour, which may be 
caused by variable epitope expression, was identified in 4 tumours (cases 4, 5, 15 
and 16; see table 3 “Summary of MMR heterogeneity” in original article study II). 

Homogenous loss of MLH1/PMS2 and heterogeneous expression of MSH2/MSH6 
was identified in 7 tumours, all of which were MSI-high and showed MLH1 
promoter methylation. This expression pattern has been observed previously and 
may relate either to a germline MSH2/MSH6 mutation that allows for partial 
epitope binding in the presence of somatic MLH1 methylation or to secondary 
MSH2/MSH6 inactivation [39, 388, 389]. For example, Shia et al. reported 
secondary mutations in coding region microsatellites of the MSH6 gene as a 
possible mechanism for aberrant staining of MSH6 in tumours with loss of 
MLH1/PMS2 [390]. 

Heterogeneous MLH1 and/or PMS2 expression, suggestive of variable MLH1 
methylation/second hit mutations, was observed in 2 tumours (cases 2 and 6). 

Case 1 showed a more complex pattern of MMR protein expression and intra-
tumour differences in MSI, MLH1 promoter methylation and DNA content, 
suggestive of a tumour composed of 2 distinct clones (case 1, figure 21). 

Different, though homogenous, MMR protein expression patterns in distinct 
tumour compartments were observed in a mucinous adenocarcinoma (case 9) with 
loss of MLH1/PMS2 expression, MSI and MLH1 methylation in 1/7 tumour 
blocks that corresponded to an adenomatous tumour component (figure 19D). A 
sample mix was excluded through histologic review and penta-D marker fragment 
analysis (data not shown). 

The homogenous loss/reduced staining of MSH2/MSH6 throughout the tumour 
and the additional loss of PMS2 were observed in 7/10 tumour blocks from a 
mucinous adenocarcinoma (case 5). This case most likely reflects a situation 
where the mucinous tumour component progressed in another line than the non-
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mucinous tumour component. Though compartmental loss of MMR protein 
expression is rare, this observation motivates the thorough evaluation of different 
tumour compartments, particularly when areas with variable expression are 
observed. 

Limitations to our study include the use of surgical specimens, since biopsy 
material may produce stainings of better technical quality [391-394]. At the same 
time, the use of biopsy material implies that restricted tumour areas were analysed 
and that areas with alternative expression might not have been captured. 

Moreover, information on the MMR gene mutation status was not available in all 
cases. The 4 tumours from Lynch syndrome mutation carriers displayed 
heterogeneity in different tumour blocks, with homogenous as well as 
heterogeneous loss in clonal and intraglandular patterns. 

So-called “patchy” MMR protein staining has also been reported. This 
phenomenon differs from the heterogeneous staining patterns in that it primarily 
relates to MSH6 stainings in neoadjuvantly treated tumour specimens [369, 370] 
or represents weak or cytoplasmatic staining rather than a pattern of distinct and 
well-demarcated areas with retained staining on the one hand and loss of staining 
on the other. 

Study III 

Lynch syndrome is a multi-tumour syndrome. The highest risks apply to colorectal 
cancer and endometrial cancer, but the tumour spectrum also includes other 
tumour types such as cancer of the upper urinary tract. We aimed to assess the 
frequency or urinary tract cancer in the Danish Lynch syndrome cohort, to 
provide evidence for the link between urinary bladder cancer and Lynch 
syndrome, to assess the sensitivity of MMR protein immunostaining and 
microsatellite instability, and to determine the cumulative risks of urinary tract 
cancer in relation to the different disease-predisposing MMR genes. 

 

In total, 48 ureter cancers, 34 renal pelvic cancers and 54 urinary bladder cancers 
developed in 97 patients from 75 Lynch syndrome families. Of the 136 urinary 
tract cancers, 106 (78%) developed in a family without a prior history of the 
disease. Synchronous urinary tract cancer was diagnosed in 16 (16.5%) patients, 9 
of whom had synchronous upper urinary tract cancer and bladder cancer. 
Metachronous urinary tract cancer developed in 12/97 (12.4%) patients, 4 of 
whom developed bladder cancer following a diagnosis of upper urinary tract 
cancer. The majority of the patients (78.4%) had a previous cancer outside of the 
urinary tract with urinary tract cancer as the first diagnosis in 15 patients. 
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The development of urothelial cancer was strongly associated with MSH2 
mutations with 99/136 (73%) of the tumours diagnosed in MSH2 mutation carriers 
or their first-degree relatives. In total, urinary tract cancer was diagnosed in 49/135 
MSH2 families, in 10/76 MLH1 families and in 16/70 MSH6 families. 

Cancers of the renal pelvis and the ureter 
We identified 82 upper urinary tract cancers in 64 patients (46 mutation carriers 
and 18 first-degree relatives) from 55 families. The tumours included 48 
transitional cell cancers of the ureter and 34 transitional cell cancers of the renal 
pelvis. The mean age at diagnosis was 62 (36-89) years with a somewhat higher 
mean age, 69 years, at diagnosis for cases associated with MSH6 mutations 
compared with 59 and 61 years, respectively, for cases linked to MLH1 and MSH2 
mutations. Of the patients, 55% were female. The tumour stage was pTa in 43% 
with an even stage distribution in the remaining cases. The tumours were 
predominantly (76%) of high grade and showed papillary differentiation with the 
exception of 3 cases with non-papillary histology. MSH2 mutations were present 
in 76% of the cases. 

Urinary bladder cancer 
In total, we identified 54 cancers of the urinary bladder from 50 patients (35 
mutation carriers and 15 first-degree relatives) from 45 families. The tumours 
were predominantly (67%) of high grade and all tumours showed papillary 
differentiation. The tumour stage was pTa in 52%; in the remaining cases, the 
predominant stages were pT1 and pT2. The mean age at diagnosis was 61 (24-82) 
years with a higher mean age, 71 years, in MSH6-associated cases compared with 
59 years in cases associated with MLH1 and MSH2 gene mutations. Of the 
patients, 58% were male. MSH2 mutations were present in 69% of the cases. 

MMR defects in upper urinary tract cancer and bladder cancer 
Loss of immunohistochemical expression of the affected MMR protein was 
identified in 26/28 (93%) upper urinary tract cancers and in 18/21 (86%) urinary 
bladder cancers (figure 23). Of the upper urinary tract cancers, 8/25 (32%) showed 
an MSI-high genotype; among the bladder cancers, the corresponding figure was 
4/20 (20%). 
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Figure 23. Immunohistochemical staining for the 4 MMR proteins in an urothelial cell carcinoma of 
the bladder in a patient with a germline MSH2 mutation. (A) normal staining for MLH1, (B) normal 
staining for PMS2, (C) loss of nuclear staining for MSH2 and (D) loss of staining for MSH6. 

 

Risk of urothelial cancer development 
The cumulative risk of urinary tract cancer (including cancer of the renal pelvis 
and the ureter as well as urinary bladder cancer) at age 70 was 6.7% (95% CI: 5.5-
7.8). The cumulative risk estimates for cancers of the renal pelvis and the ureter 
were 5.1% in women and 4.6% in men and the cumulative risk for urinary bladder 
cancer was 3.3% in men and 2.6% in women (table 13). 

 
Table 13. Cumulative risk estimates (%) in relation to subgroups 

Subgroup 
Cumulative risk (%) 

Upper urinary tract Urinary bladder 

Men 3.96 (95% CI: 2.57-5.29) 4.11 (95% CI: 2.64-5.45)  
Women 5.13 (95% CI: 3.64-6.55) 2.56 (95% CI: 1.54-3.52) 
MSH2 6.91 (95% CI: 5.11-8.60) 4.4 (95% CI: 2.95-5.77) 
MLH1 2.17% (95% CI: 0.73-3.42) 2.85 (95% CI: 1.32-4.24) 
MSH6 2.89 (95% CI 1.23-4.37) 1.74 (95% CI: 0.40-2.85) 
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Individuals with MSH2 mutations had a significantly higher risk for upper urinary 
tract cancer (6.9%) compared to individuals with mutations in MLH1 (2.2%) or 
MSH6 (2.9%) (p=0.0006) (table 13 and figure 24A). The corresponding IRR 
(MSH2=1) for MLH1 and MSH6 was 0.23 and 0.40, respectively. 

Also, the risk for urinary bladder cancer was significantly higher in MSH2 
mutation carriers (4.4%) than in individuals with MLH1 (2.9%) or MSH6 (1.7%) 
mutations (p=0.0081) (figure 24B). The corresponding IRR (MSH2=1) for MLH1 
and MSH6 was 0.46 and 0.42, respectively. 

Figure 24. Cumulative lifetime risk of (A) upper urinary tract and (B) urinary bladder cancer in 
relation to the disease-predisposing MMR gene. 
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The subgroup with the highest risk were men with MSH2 mutations, who had a 
cumulative risk of urinary tract cancer of 6.9% (95% CI: 5.08-8.60). The spectrum 
of MSH2 mutations in individuals with urothelial cancer is delineated in figure 25. 
No obvious urothelial cancer cluster region was found and the identified recurrent 
mutations corresponded to hotspot mutations in the Danish Lynch syndrome 
cohort. The cumulative risk estimates for urothelial tract cancer did not differ 
between the different mutations (data not shown). 

 

Figure 25. Distribution of MSH2 mutations in individuals who developed upper urinary tract cancer 
(green) and bladder cancer (red). In total, 62/82 upper urinary tract cancers and 37/54 urinary bladder 
cancers developed in MSH2 mutation carriers. 
 

Discussion 
Urinary tract cancer developed in 26% of all Danish Lynch syndrome families and 
was particularly frequent (36%) in families with MSH2 mutations. The tumours 
were located in the urinary bladder (40%), the ureter (35%) and the renal pelvis 
(25%). 

The development of urothelial cancer in MMR mutation carriers, the loss of 
immunohistochemical expression concordant with the mutated gene in 93% of the 
upper urinary tract cancers and in 86% of the bladder cancers, and the 
demonstration of MSI suggest that cancers of the upper urinary tract as well as 
those of the urinary bladder represent markers of Lynch syndrome. 
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Immunohistochemical analysis proved considerably more sensitive (90%) than 
MSI analysis (23%) for the identification of MMR defective tumours. 

Urothelial cancers developed at a mean age of 61 years with a predominance of 
high-grade, papillary tumours.  

Cancer of the upper urinary tract is well recognised as part of the Lynch syndrome 
tumour spectrum with cumulative risk estimates of 1.9-12% [57, 106, 109, 121, 
123, 137, 174, 395]. Our data confirm these observations and underscore the 
strong link to MSH2 mutations, which were present in 76% of the cases of the 
upper urinary tract. 

Whereas sporadic urothelial cancers show a male to female ratio of 2.7:1, we 
identified a male to female ratio of 1:1.3 in our cohort. The cumulative risks of 
any urinary tract cancer at age 70 in the Lynch syndrome cohort were 5.1% in 
women and 4.6% in men, which serves as a reminder to include both sexes in 
surveillance programs. 

Though not directly comparable, e.g. due to differences in the time period studied 
and the method of ascertainment, the cumulative risk of urinary tract cancer at age 
70 in the general Danish population (estimated between 1978 and 2013) was 
2.15% in men and 0.7% in women [377]. A direct comparison with a matched 
control cohort was not included in the present study 

An increased risk of bladder cancer in Lynch syndrome has been suggested in a 
limited number of studies with risk estimates of 1-7.5%, which fits well with our 
risk estimates of 3.3% for men and 2.6% for women [121-123, 137, 396-398]. 

Mutations in MSH2 have been suggested to confer an increased risk for several 
types of extracolonic tumour types [397]. Urinary tract cancer was strongly 
associated with MSH2 mutations with 77% of the ureter cancers, 74% of the renal 
pelvic cancers and 69% of the urinary bladder cancers linked to MSH2 mutations, 
which fits well with estimates that suggest that 81-82% of the urinary tract cancers 
develop in MSH2 families [122, 123]. 

Three studies have also linked the development of bladder cancer to MSH2 
mutations, which were identified in 71-76% of the cases [122, 123, 397]. The 
cumulative risks for upper urinary tract cancer (6.9%) and urinary bladder cancer 
tract cancer (4.4%) were significantly higher in patients with MSH2 mutations 
compared to individuals with mutations in MLH1 or MSH6 (p=<0.005) (figure 
24). 

Within the MSH2 gene, we could, however, not identify any specific mutation 
cluster region linked to urinary tract cancer. 

The revised European guidelines for Lynch syndrome families do not recommend 
surveillance for urinary tract cancer, whereas the US guidelines call for 
surveillance for microscopic haematuria from age 30-35 in mutation carriers [107, 
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108]. Urine cytology is not considered appropriate because it has a poor sensitivity 
(29%), whereas annual analysis for haematuria using urinary dipsticks from age 
45-50 has been suggested as the preferred method [174, 175]. Our data do not 
support screening limited to families with a history or urinary tract tumours since 
78% of the tumours developed in patients with a negative family history of the 
disease and the increased risk for urothelial cancer in MSH2 mutation carriers 
suggest that these individuals should be prioritised in the potential surveillance for 
cancer of the upper urinary tract and the urinary bladder [122, 123, 130, 399]. 

 

Study IV 

The role of prostate cancer in Lynch syndrome is unresolved though molecular 
investigations and epidemiological studies suggest that prostate cancer may be 
linked to the syndrome [124-126]. Against this background, we assessed the risk 
of prostate cancer, characterised the clinicopathological features and determined 
the MMR status in the national Danish Lynch syndrome cohort. 

 

In total, 288 Lynch syndrome families with disease-predisposing germline 
mutations in MLH1, MSH2, MSH6 or PMS2 were identified in the Danish HNPCC 
register. In this cohort of 1609 males (677 mutation carriers and 932 first-degree 
relatives), prostate cancer developed in 15 mutation carriers and in 13 fist-degree 
relatives. The median age at diagnosis was 63 (range 52-81) years. All tumours 
were adenocarcinomas with Gleason scores between 6 and 10. The tumours were 
linked to disease-predisposing mutations in MLH1 (n=8), MSH2 (n=14) and MSH6 
(n=6). Among the 28 men diagnosed with prostate cancer, 16 had a previous 
cancer diagnosis, which included colon cancer in 15 cases. 

Tumour tissue for MMR analysis could be retrieved from 16 tumours, with loss of 
expression of the respective MMR proteins in 69% of the tumours, including 2/6 
MLH1-associated tumours, 7/7 MSH2-associated tumours and 2/2 MSH6-
associated tumours (table 14, figure 26). Tumours from proven mutation carriers 
showed loss in 7/10 cases. MSI analysis with standard diagnostic markers revealed 
an MSI-high phenotype in 2 tumours, an MSI-low phenotype in 6 tumours and an 
MSS phenotype in 8 tumours. None of the MLH1-associated tumours showed an 
MSI-high phenotype (table 14). Pathological review showed the presence of TIL 
in all MMR defective tumours and in 75% of all prostate cancers. Among the 11 
MMR defective prostate cancers, 7 tumours had Gleason scores of 8-10, indicative 
of an aggressive tumour phenotype (table 14). 

 



  

 91 

Table 14. Prostate cancers analysed for MMR function 

ID Status Age Gleason 
score 

TILs MMR 
gene 

IHC MSI 
 ≥4/HPF MLH1 PMS2 MSH2 MSH6 

P11 C 63 7 (4+3) n MLH1  + + + + MSS  
P22 F 56 7 (3+4) y MLH1  − − + + MSS 
P2 C 60 8 (4+4) n MLH1  + + + + MSS  
P13 F 63 9 (4+5) y MLH1  − − + + MSI-

L 
P18 F 63 7 (3+4) y MLH1  + + + + MSS 
P16 C 74 10 

(5+5) 
n MLH1  + + + + MSS 

P6 F 80 7 (3+4) n MLH1  + + + + MSS 
P10 C 76 7 (4+3) y MSH2 + + − − MSI-

L 
P7 C 53 8 (4+4) y MSH2  + + − − MSI-

L 
P14 F 63 9 (5+4) y MSH2  + + − − MSI-

L 
P8 C 69 9 (4+5) y MSH2  + + − − MSI-

L 
P20 F 81 10 

(5+5) 
y MSH2  + + − − MSI-

H 
P9 C 52 8 (4+4) y MSH2 + + − − MSS 
P12 C 57 6 (3+3) y MSH2 + + − − MSI-

H 
P3 C 58 8 (4+4) y MSH6  + + − − MSI-

L 
P15 C 78 6 (3+3) y MSH6  + + + − MSS 

Abbreviations: C, carrier; F, first-degree relative; HPF, high-power field; IHC, 
immunohistochemistry; MMR, mismatch repair; MSI, microsatellite instability high/low; MSS, 
microsatellite stability; n, no; TIL, tumour-infiltrating lymphocytes; y, yes. 
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Figure 26. Prostate cancer with normal expression of (A) MLH1 and (B) PMS1 and loss of (C) 
MSH2 and (D) MSH6 from an individual with a mutation in the MSH2 gene. 

 
The risk analysis was performed based on 1488/1609 males for whom complete 
data were available. The cumulative risk of developing prostate cancer at age 70 
was 3.7% (95% CI: 2.32-4.92) with no significant differences depending on the 
disease-predisposing gene: MLH1 4.4% (95% CI: 1.44-7.04), MSH2 3.9% (95% 
CI: 1.96-5.70) and MSH6 2.5% (95% CI: 0.56-4.12) (figure 27). 

Figure 27. Non-parametric risk estimates in the Danish male Lynch syndrome cohort. Age-specific 
cumulative risks for prostate cancer in relation to MMR genes. 
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Discussion   
In the Danish Lynch syndrome cohort, two-thirds of the prostate cancers that 
developed in mutation carriers and in first-degree relatives showed MMR defects 
concordant with the underlying MMR gene mutation and could thus be linked to 
the syndrome. Development of prostate cancer was most frequently (46%) linked 
to MSH2 mutations, which is in agreement with other studies [289, 400-402]. An 
expanded spectrum of extracolonic tumours, e.g. urothelial cancers, brain tumours 
and skin tumours, has been demonstrated in MSH2 families [57, 123, 125, 132, 
400, 401, 403]. Loss of MMR expression was accurately detected in tumours from 
MSH2 and MSH6 families, whereas most MLH1-associated tumours showed 
retained immunohistochemical expression. MSI analysis with the diagnostic 
markers currently used in routine clinical practice did not detect MMR defective 
tumours with sufficient sensitivity, which supports an earlier report that MSI 
defects were detected in only 4-12% of prostate cancers in Lynch syndrome [323, 
324]. 

The median age at onset of prostate cancer in the Danish cohort was 63 years, 
which fits well with reports of a median age at onset of 59-65 years [132, 137, 
289, 400, 401, 404]. 

The cumulative risk of prostate cancer at age 70 was 3.7% in Lynch syndrome 
mutation carriers with no significant differences depending on the disease-
predisposing gene, but this analysis was hampered by the small size of the study 
cohort and should be repeated in larger multi-national cohorts. Based on the 
assumption that MMR defective prostate cancer is part of Lynch syndrome, 
mutation carriers are estimated to be at a 2- to 3-fold increased risk of prostate 
cancer compared to the general population [124, 126]. 

Colorectal cancers that develop as part of Lynch syndrome are often characterised 
by poor differentiation and the frequent presence of TIL. TIL were also present in 
all MMR defective prostate cancers (table 14). However, the role of TIL in MMR 
defective prostate cancer is not known. Studies in prostate cancer in general have 
indicated an association with a poor prognosis [405-407]. Of the 10 MMR 
defective prostate cancers in our study, 7 had a Gleason score of ≥8 (table 14). 

Growing data support the hypothesis that hereditary prostate cancers, those linked 
to Lynch syndrome as well as those linked to the BRCA2 syndrome, present as 
aggressive tumours with an overrepresentation of tumours with Gleason score ≥8, 
tumour stage pT3/T4, nodal involvement and metastases at diagnosis compared to 
sporadic cases [408]. Hence, there is a need to develop strategies for genetic 
counselling related to prostate cancer, recommendations for surveillance and 
guidelines for the clinical management of prostate cancers that develop as part of 
hereditary cancer syndromes. 
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Study V 

RCC has been linked to a number of rare hereditary syndromes, but its potential 
role in Lynch syndrome is uncertain. We used the national Danish HNPCC 
register and the Danish Cancer Registry to identify all RCCs that had developed 
in Lynch syndrome mutation carriers and defined the clinical, histopathological 
and molecular features and incidence rates of these tumours to investigate the 
development of RCC in Lynch syndrome. 

 

In the national Danish Lynch syndrome cohort, we identified 13 RCCs diagnosed 
in 8 men and 5 women with mutations linked to Lynch syndrome (table 15). The 
disease-predisposing genes were MSH2 in 6 cases, MLH1 in 6 cases and MSH6 in 
1 case. The median age at diagnosis was 62 (47-82) years. In 2 families 2 RCCs 
had developed (figure 28). 
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Table 15. Summary of clinical and histopathological data and mismatch repair status 

Sex Age Tumour 
stage 

Histo-
pathology 

TIL 
(≥5/HPF) 

MMR 
gene MSI MLH1 PMS2 MSH2 MSH6 

M 82 NA NA NA MLH1 NA NA NA NA NA 

F 67 pT1b clear cell no MSH2 MSI-
L 

+ + reduced reduced 

M 61 pT2 clear cell NA MSH2  NA NA NA NA NA 

M 50 pT2 clear cell NA MSH2 NA NA NA NA NA 

M 58 NA NA NA MLH1 NA NA NA NA NA 

M 61 pT1a papillary no MSH2 MSS + + + + 

F 66 pT3a clear cell yes MLH1 MSS - - + + 

M 47 pT1a clear cell yes MLH1 MSS - - + + 

F 59 pT2 NA NA MLH1 NA NA NA NA NA 

M 82 NA NA NA MSH2 NA NA NA NA NA 

F 57 NA NA NA MSH2 NA NA NA NA NA 

M 61 pT2 clear cell yes MLH1 MSS - - + + 

F 62 pT3a clear cell NA MSH6 NA + + + + 

Abbreviations: F, female, HPF, high-power fields; M, male; MMR, mismatch repair; MSI, microsatellite 
instability; MSS, microsatellite stable; MSI-L, low microsatellite instability; NA, not available; TIL, tumour-
infiltrating lymphocytes. 
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Figure 28. Anonymised pedigrees from (A) an MSH2 c.368del mutation family with 2 clear cell 
RCCs at ages 50 and 61. (B) an MLH1 c.1667+2delTCAinsATTT mutation family with 2 clear cell 
RCCs at ages 47 and 59. 

 
A comparison of the incidence rates for RCC in MMR mutation carriers with 
those in a matched cohort from the general population (Nordcan database) 
revealed increased incidences in the Lynch syndrome cohort for the age groups 
30-49, 50-69 and >70 years. The highest incidence rate ratio of 7.7 was observed 
for the age group of 50-69 years (p=1.08E-10) (figure 29). Due to the limited 
sample size, differences related to sex and the disease-predisposing genes were 
uncertain (data not shown). 
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Figure 29. Age-specific incidence rates for RCC in Lynch syndrome (solid line) compared to the 
general population (dotted line) with 95% confidence intervals marked in grey. 

 

The histological analysis revealed 7 clear cell cancers, 1 papillary cancer, and 5 
unspecified renal cell carcinomas. Histological re-evaluation and MSI analysis 
were possible in 5 cases, which showed TIL in 3 tumours (figure 30) and an MSI-
low genotype in 1 tumour with the remaining tumours being microsatellite stable 
(MSS). Immunohistochemical results were available in 6 cases and showed loss of 
MMR protein expression concordant with the mutated MMR gene in 4 tumours 
(figure 31). 
 

Figure 30. A clear cell RCC with abundant TIL (examples marked with red circles). 
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Figure 31. IHC for the MMR proteins in a clear cell RCC with the MLH1 c.1667+2delTCAinsATTT 
mutation showing loss of (A) MLH1 and (B) PMS2 staining in tumour cells and positive staining for 
(C) MSH2 and (D) MSH6. 
 
 

Discussion 
We provide evidence that RCC is linked to Lynch syndrome based on an increased 
incidence rate compared to the general population and the demonstration of MMR 
deficient RCCs in mutation carriers. 

The 13 RCCs identified in the Danish Lynch syndrome cohort developed at a 
median age of 62 years. The highest incidence rate of 7.7 applied to the age group 
of 50-69 years (figure 29). The mean age at cancer diagnosis in Lynch syndrome 
varies by tumour type with a mean age of 40-45 for ovarian cancer and colorectal 
cancer, 50-55 for endometrial cancer and around 60 for urinary tract tumours [107, 
118, 133]. RCCs thus seem to develop at an age similar to that reported for other 
urological tumours in Lynch syndrome. 

The tumours were predominantly of the clear cell subtype with abundant TIL in 
3/5 tumours (figure 30). Lymphocytic reactions, expressed as TIL or Crohn-like 
reactions, also characterise colorectal cancer and endometrial cancer linked to 
Lynch syndrome [191, 197, 409, 410]. 
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Loss of MMR protein expression in accordance with the mutated gene was 
identified in 4/6 RCCs available for analysis, whereas MSI analysis was 
considerably less sensitive, with only one of 5 RCCs showing an MSI-low 
phenotype, which is in accordance with previous findings in RCC [128]. This also 
corresponds to observations in urothelial cancer, where MMR protein 
immunostaining has a high (90%) sensitivity for the identification of MMR 
defective tumours, whereas MSI analysis has a low (20%) sensitivity [128, 411-
413]. 

Individuals with Lynch syndrome are estimated to be at a 2- to 22-fold increased 
risk of cancer of the upper urinary tract and the urinary bladder, which translates 
to an estimated cumulative risk for urinary tract cancer of 0.4-20% [130, 395, 
412]. The majority (70-80%) of the urothelial cancers associated with Lynch 
syndrome have been linked to mutations in MSH2, whereas the RCCs identified in 
the present study were associated with any one of the 3 most commonly affected 
MMR genes, namely MLH1, MSH2 and MSH6. In a previous study in 160 Finnish 
Lynch syndrome families, 12 RCCs were identified. These tumours developed at a 
mean age of 64 years and were linked to disease-predisposing mutations in MLH1. 
This finding may reflect strong founder effects in the Finnish population [127]. 

Other hereditary RCC-predisposing syndromes might have affected the cancer 
incidences reported in our cohort. In fact, one of the MSH2 gene mutation families 
in the cohort also carried a verified pathogenic Birt-Hogg-Dubé-associated 
mutation in the FLCN gene. The Birt-Hogg-Dubé syndrome predisposes to 
spontaneous pneumothoraces and skin fibrofolliculomas and confers a 10-30% 
increased risk of RCC. Though the FLCN gene mutation has not yet been 
identified in the affected patient, it is possible that the RCC was linked to Birt-
Hogg-Dubé syndrome and not to Lynch syndrome. Exclusion of this case resulted 
in a slightly lower but still significantly increased incidence rate of 7.0 (p=6.32E-
09) in the age group of 50-69 years. 
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Conclusions 

Study I 
The MMR index provides a validated tool to identify the MMR deficient subset of 
colon cancers. In addition to factors evaluated as part of the routine diagnostic 
work-up (i.e. sex, age, tumour location and occurrence of mucinous 
differentiation), the MMR index only requires evaluation of growth pattern, dirty 
necrosis and TIL. Its simple application and high reproducibility represent key 
advantages for clinical implementation to identify individuals with colon cancer 
who have a good prognosis and may be spared adjuvant chemotherapy. 

Study II 
Our study confirms that a subset of colorectal cancers has a heterogeneous MMR 
status. Heterogeneous MMR protein expression appears in 3 major forms 
(intraglandular, clonal and compartmental), which frequently co-exist and 
correlate to differences in the MMR status. Attention to this phenomenon is 
recommended to prevent false-positive or false-negative evaluations. 

Study III 
We demonstrate that cancers of the upper urinary tract as well as urinary bladder 
cancers are included in the Lynch syndrome tumour spectrum. These tumours 
predominantly develop in individuals with mutations in MSH2, which suggests 
that surveillance programs for urinary tract cancer should be targeted at 
individuals with MSH2 mutations. 

Study IV 
In the national Danish Lynch syndrome cohort, we identified 28 prostate cancers 
that developed at a median age of 63 years, displayed high Gleason scores and 
frequent TIL, and were predominantly linked to MSH2 mutations. MMR staining 
adequately identified these tumours and demonstrated that more than half of the 
prostate cancers were MMR deficient and thus presumably linked to the 
syndrome. By contrast, MSI analysis had a poor sensitivity for these tumours. 
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Study V 
Though a rare presentation, we suggest that RCC should be considered to be part 
of the Lynch syndrome tumour spectrum, based on our findings that RCC 
developed at increased incidence rates in individuals with Lynch syndrome and 
that the tumours in these patients were MMR defective. This implies that RCC 
should be considered in risk estimates and surveillance recommendations for 
families evaluated for or diagnosed with Lynch syndrome. 
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Future Aspects 

A major challenge in Sweden is the widespread introduction of reflex testing for 
MMR defects in colorectal cancer diagnostics and correct clinical management of 
patients with MMR aberrancies as regards patient information, considerations 
related to adjuvant therapy, access to genetic counselling and - for patients with 
advanced-stage disease - potential treatment with PD-1 inhibitors. 

There are now several studies that document the efficient identification of MMR 
gene mutation carriers using reflex testing with IHC; these studies underscore that 
the identification of individuals with Lynch syndrome represents an exceptionally 
cost-effective measure that has not yet been applied in Swedish health care. The 
decision whether or not reflex testing will be introduced will determine the further 
application of the MMR index, assessed and validated in study I, though 
application of this index is highly relevant until broad-scale MMR testing has been 
introduced. 

Our demonstration of heterogeneous MMR status warrants attention to this 
phenomenon and analysis of larger tumour areas and, if possible, multiple tumour 
blocks. Recently, somatic causes of MMR gene inactivation have been 
demonstrated and these mechanisms should be further investigated as potential 
causes of the MMR status heterogeneity identified in study II.  

The link between Lynch syndrome and urological cancer demonstrated in studies 
III-V warrants further caution. The highest risks apply to urothelial cancer, notably 
cancer of the renal pelvis, the ureter and the urinary bladder. No general 
surveillance for these tumour types is recommended in Europe. Since urothelial 
cancer has a clear alarm symptom, i.e. haematuria, and since the disease is linked 
to MSH2 and rarely appears before age 50, we believe that a targeted surveillance 
program should be developed and validated. 

The observation that Lynch syndrome is associated with prostate cancer and 
kidney cancer warrants consideration of these tumour types in the diagnostic 
work-up of families with suspected Lynch syndrome. To determine the risk of 
these tumours and identify of potential genotype-phenotype correlations, multi-
national studies are required to correct for ascertainment bias, to perform 
prospective analyses and to collect larger numbers of these tumours. 
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The identification of MMR defective urological cancers may also be highly 
relevant for prognostic and predictive decisions. The prognosis of Lynch 
syndrome-associated urological cancer remains to be determined. The observation 
of frequent TIL and common MMR defects in these tumours may be highly 
relevant for future therapeutic decisions. Preliminary data indicate that MMR 
defective tumours outside the colorectum may also respond to PD-1 inhibition - an 
observation that opens new possibilities for the treatment of Lynch syndrome 
patients affected by cancer.  



  

 104 

Acknowledgements 

This thesis would not have been possible without all the support and contribution received from 
many people. I would like to thank everyone, in particular: 
 
Mef Nilbert, my supervisor, who initiated this project, for your enormous support, motivation, 
inspiration and patience. 
Britta Halvarsson, my co-supervisor, for your friendship, for keeping me on track and for your 
professional input. 
Mats Jönsson, my co-supervisor, for all your help, time and the fun we had together (including our 
discussions about the serious subject of motorcycles…). 
Eva Rambech, for all your help, advice, patience and the huge amount of laboratory work. 
Christina Therkildsen, for your patience and tremendous contribution to studies III-V. 
Mev Dominguez-Valentin, for your support and the time in Peru. 
All co-authors for your help and advice. 
All personnel at the laboratory of the Department of Oncology and Pathology in Lund and the 
Department of Pathology in Helsingborg. 
Pär-Ola Bendahl, for your great help with the design and the statistical analysis of study I. 
Gunilla Chebil, for your friendship, huge support and encouragement – you kept me sane during my 
“downs”. 
Christer Kjellström (Unilabs AB), for your support and generosity in giving me vital time off to 
complete this thesis. 
Martina Habeck, for your huge help and input during the manuscript preparations. 
Kajsa Ericson-Lindquist, for your support and the good times we had together in Lund. 
Jenny Jönsson, my fellow PhD-student, for your help and encouragement. 
Josefin Persson, for all your help and the fun we had together in Helsingborg/Lund 
Alkwin Wanders, for your friendship and encouragement. 
Ester Lörinc, for your encouragement and for sharing your experience. 
Steve Nolte, for introducing me to motorcycle adventure riding and for your deep friendship, which 
makes all the difference. 
My family Dorothea, Rasmus & Tove Joost, for all your love, support and patience with a busy 
husband/father. I am truly blessed with you. 
 
This work was supported by the by the Swedish Cancer Fund, the Swedish Research Council, the 
Danish Cancer Research Fund, the Thelma Zoéga’s Fund for Medical Research, the Gunnar Nilsson 
Cancer Foundation and the Berta Kamprad Cancer Foundation, the Region Skåne and through an 
ALF grant from the Lund University Medical Faculty, Sweden. 



  

 105 

References 

1. Bernstein C, Bernstein H, Payne CM, Garewal H: DNA repair/pro-apoptotic 
dual-role proteins in five major DNA repair pathways: fail-safe protection 
against carcinogenesis. Mutat Res 2002, 511(2):145-178. 

2. Sancar A, Reardon JT: Nucleotide excision repair in E. coli and man. Adv 
Protein Chem 2004, 69:43-71. 

3. Modrich P: Mechanisms and biological effects of mismatch repair. Annu Rev 
Genet 1991, 25:229-253. 

4. Kolodner RD: Mismatch repair: mechanisms and relationship to cancer 
susceptibility. Trends Biochem Sci 1995, 20(10):397-401. 

5. Acharya S, Wilson T, Gradia S, Kane MF, Guerrette S, Marsischky GT, Kolodner 
R, Fishel R: hMSH2 forms specific mispair-binding complexes with hMSH3 
and hMSH6. Proc Natl Acad Sci U S A 1996, 93(24):13629-13634. 

6. Boland CR, Koi M, Chang DK, Carethers JM: The biochemical basis of 
microsatellite instability and abnormal immunohistochemistry and clinical 
behavior in Lynch syndrome: from bench to bedside. Fam Cancer 2008, 
7(1):41-52. 

7. Edelmann L, Edelmann W: Loss of DNA mismatch repair function and cancer 
predisposition in the mouse: animal models for human hereditary 
nonpolyposis colorectal cancer. Am J Med Genet C Semin Med Genet 2004, 
129C(1):91-99. 

8. Boland CR, Goel A: Microsatellite instability in colorectal cancer. 
Gastroenterology 2010, 138(6):2073-2087 e2073. 

9. Aaltonen LA, Peltomaki P, Leach FS, Sistonen P, Pylkkanen L, Mecklin JP, 
Jarvinen H, Powell SM, Jen J, Hamilton SR et al: Clues to the pathogenesis of 
familial colorectal cancer. Science 1993, 260(5109):812-816. 

10. Ionov Y, Peinado MA, Malkhosyan S, Shibata D, Perucho M: Ubiquitous 
somatic mutations in simple repeated sequences reveal a new mechanism for 
colonic carcinogenesis. Nature 1993, 363(6429):558-561. 

11. Thibodeau SN, Bren G, Schaid D: Microsatellite instability in cancer of the 
proximal colon. Science 1993, 260(5109):816-819. 

12. Eshleman JR, Markowitz SD: Mismatch repair defects in human 
carcinogenesis. Hum Mol Genet 1996, 5 Spec No:1489-1494. 

13. Shah SN, Hile SE, Eckert KA: Defective mismatch repair, microsatellite 
mutation bias, and variability in clinical cancer phenotypes. Cancer Res 2010, 
70(2):431-435. 

14. Woerner SM, Kloor M, von Knebel Doeberitz M, Gebert JF: Microsatellite 
instability in the development of DNA mismatch repair deficient tumors. 
Cancer Biomark 2006, 2(1-2):69-86. 



  

 106 

15. Bertholon J, Wang Q, Galmarini CM, Puisieux A: Mutational targets in 
colorectal cancer cells with microsatellite instability. Fam Cancer 2006, 
5(1):29-34. 

16. Poulogiannis G, Frayling IM, Arends MJ: DNA mismatch repair deficiency in 
sporadic colorectal cancer and Lynch syndrome. Histopathology 2010, 
56(2):167-179. 

17. Ellegren H: Microsatellites: simple sequences with complex evolution. Nat Rev 
Genet 2004, 5(6):435-445. 

18. Bacher JW, Flanagan LA, Smalley RL, Nassif NA, Burgart LJ, Halberg RB, 
Megid WM, Thibodeau SN: Development of a fluorescent multiplex assay for 
detection of MSI-High tumors. Dis Markers 2004, 20(4-5):237-250. 

19. Eshleman JR, Markowitz SD: Microsatellite instability in inherited and 
sporadic neoplasms. Curr Opin Oncol 1995, 7(1):83-89. 

20. Boland CR, Thibodeau SN, Hamilton SR, Sidransky D, Eshleman JR, Burt RW, 
Meltzer SJ, Rodriguez-Bigas MA, Fodde R, Ranzani GN et al: A National 
Cancer Institute Workshop on Microsatellite Instability for cancer detection 
and familial predisposition: development of international criteria for the 
determination of microsatellite instability in colorectal cancer. Cancer Res 
1998, 58(22):5248-5257. 

21. Laiho P, Launonen V, Lahermo P, Esteller M, Guo M, Herman JG, Mecklin JP, 
Jarvinen H, Sistonen P, Kim KM et al: Low-level microsatellite instability in 
most colorectal carcinomas. Cancer Res 2002, 62(4):1166-1170. 

22. Umar A, Boland CR, Terdiman JP, Syngal S, de la Chapelle A, Ruschoff J, Fishel 
R, Lindor NM, Burgart LJ, Hamelin R et al: Revised Bethesda Guidelines for 
hereditary nonpolyposis colorectal cancer (Lynch syndrome) and 
microsatellite instability. J Natl Cancer Inst 2004, 96(4):261-268. 

23. Suraweera N, Duval A, Reperant M, Vaury C, Furlan D, Leroy K, Seruca R, 
Iacopetta B, Hamelin R: Evaluation of tumor microsatellite instability using 
five quasimonomorphic mononucleotide repeats and pentaplex PCR. 
Gastroenterology 2002, 123(6):1804-1811. 

24. Buhard O, Suraweera N, Lectard A, Duval A, Hamelin R: Quasimonomorphic 
mononucleotide repeats for high-level microsatellite instability analysis. Dis 
Markers 2004, 20(4-5):251-257. 

25. de la Chapelle A: Testing tumors for microsatellite instability. Eur J Hum 
Genet 1999, 7(4):407-408. 

26. Pyatt R, Chadwick RB, Johnson CK, Adebamowo C, de la Chapelle A, Prior TW: 
Polymorphic variation at the BAT-25 and BAT-26 loci in individuals of 
African origin. Implications for microsatellite instability testing. Am J Pathol 
1999, 155(2):349-353. 

27. Murphy KM, Zhang S, Geiger T, Hafez MJ, Bacher J, Berg KD, Eshleman JR: 
Comparison of the microsatellite instability analysis system and the Bethesda 
panel for the determination of microsatellite instability in colorectal cancers. 
J Mol Diagn 2006, 8(3):305-311. 

28. Xicola RM, Llor X, Pons E, Castells A, Alenda C, Pinol V, Andreu M, Castellvi-
Bel S, Paya A, Jover R et al: Performance of different microsatellite marker 



  

 107 

panels for detection of mismatch repair-deficient colorectal tumors. J Natl 
Cancer Inst 2007, 99(3):244-252. 

29. Veigl ML, Kasturi L, Olechnowicz J, Ma AH, Lutterbaugh JD, Periyasamy S, Li 
GM, Drummond J, Modrich PL, Sedwick WD et al: Biallelic inactivation of 
hMLH1 by epigenetic gene silencing, a novel mechanism causing human MSI 
cancers. Proc Natl Acad Sci U S A 1998, 95(15):8698-8702. 

30. Lagerstedt Robinson K, Liu T, Vandrovcova J, Halvarsson B, Clendenning M, 
Frebourg T, Papadopoulos N, Kinzler KW, Vogelstein B, Peltomaki P et al: 
Lynch syndrome (hereditary nonpolyposis colorectal cancer) diagnostics. J 
Natl Cancer Inst 2007, 99(4):291-299. 

31. Vilar E, Mork ME, Cuddy A, Borras E, Bannon SA, Taggart MW, Ying J, 
Broaddus RR, Luthra R, Rodriguez-Bigas MA et al: Role of microsatellite 
instability-low as a diagnostic biomarker of Lynch syndrome in colorectal 
cancer. Cancer Genet 2014, 207(10-12):495-502. 

32. Berends MJ, Wu Y, Sijmons RH, Mensink RG, van der Sluis T, Hordijk-Hos JM, 
de Vries EG, Hollema H, Karrenbeld A, Buys CH et al: Molecular and clinical 
characteristics of MSH6 variants: an analysis of 25 index carriers of a 
germline variant. American journal of human genetics 2002, 70(1):26-37. 

33. Wu Y, Berends MJ, Mensink RG, Kempinga C, Sijmons RH, van Der Zee AG, 
Hollema H, Kleibeuker JH, Buys CH, Hofstra RM: Association of hereditary 
nonpolyposis colorectal cancer-related tumors displaying low microsatellite 
instability with MSH6 germline mutations. American journal of human 
genetics 1999, 65(5):1291-1298. 

34. Plaschke J, Engel C, Kruger S, Holinski-Feder E, Pagenstecher C, Mangold E, 
Moeslein G, Schulmann K, Gebert J, von Knebel Doeberitz M et al: Lower 
incidence of colorectal cancer and later age of disease onset in 27 families 
with pathogenic MSH6 germline mutations compared with families with 
MLH1 or MSH2 mutations: the German Hereditary Nonpolyposis 
Colorectal Cancer Consortium. J Clin Oncol 2004, 22(22):4486-4494. 

35. Hendriks YM, Wagner A, Morreau H, Menko F, Stormorken A, Quehenberger F, 
Sandkuijl L, Moller P, Genuardi M, Van Houwelingen H et al: Cancer risk in 
hereditary nonpolyposis colorectal cancer due to MSH6 mutations: impact 
on counseling and surveillance. Gastroenterology 2004, 127(1):17-25. 

36. Saeterdal I, Bjorheim J, Lislerud K, Gjertsen MK, Bukholm IK, Olsen OC, 
Nesland JM, Eriksen JA, Moller M, Lindblom A et al: Frameshift-mutation-
derived peptides as tumor-specific antigens in inherited and spontaneous 
colorectal cancer. Proc Natl Acad Sci U S A 2001, 98(23):13255-13260. 

37. Reuschenbach M, Kloor M, Morak M, Wentzensen N, Germann A, Garbe Y, 
Tariverdian M, Findeisen P, Neumaier M, Holinski-Feder E et al: Serum 
antibodies against frameshift peptides in microsatellite unstable colorectal 
cancer patients with Lynch syndrome. Fam Cancer 2010, 9(2):173-179. 

38. von Knebel Doeberitz M, Kloor M: Towards a vaccine to prevent cancer in 
Lynch syndrome patients. Fam Cancer 2013, 12(2):307-312. 

39. Shia J: Immunohistochemistry versus microsatellite instability testing for 
screening colorectal cancer patients at risk for hereditary nonpolyposis 



  

 108 

colorectal cancer syndrome. Part I. The utility of immunohistochemistry. J 
Mol Diagn 2008, 10(4):293-300. 

40. Mangold E, Pagenstecher C, Friedl W, Fischer HP, Merkelbach-Bruse S, 
Ohlendorf M, Friedrichs N, Aretz S, Buettner R, Propping P et al: Tumours 
from MSH2 mutation carriers show loss of MSH2 expression but many 
tumours from MLH1 mutation carriers exhibit weak positive MLH1 
staining. The Journal of pathology 2005, 207(4):385-395. 

41. Salahshor S, Koelble K, Rubio C, Lindblom A: Microsatellite Instability and 
hMLH1 and hMSH2 expression analysis in familial and sporadic colorectal 
cancer. Lab Invest 2001, 81(4):535-541. 

42. Hicks SC, Ward RL, Hawkins NJ: Immunohistochemistry for PMS2 and 
MSH6 alone can replace a four antibody panel for mismatch repair 
deficiency screening in colorectal adenocarcinoma. Pathology 2011, 43(1):84-
85; author reply 85-86. 

43. Mojtahed A, Schrijver I, Ford JM, Longacre TA, Pai RK: A two-antibody 
mismatch repair protein immunohistochemistry screening approach for 
colorectal carcinomas, skin sebaceous tumors, and gynecologic tract 
carcinomas. Modern pathology : an official journal of the United States and 
Canadian Academy of Pathology, Inc 2011, 24(7):1004-1014. 

44. Shia J, Tang LH, Vakiani E, Guillem JG, Stadler ZK, Soslow RA, Katabi N, 
Weiser MR, Paty PB, Temple LK et al: Immunohistochemistry as first-line 
screening for detecting colorectal cancer patients at risk for hereditary 
nonpolyposis colorectal cancer syndrome: a 2-antibody panel may be as 
predictive as a 4-antibody panel. The American journal of surgical pathology 
2009, 33(11):1639-1645. 

45. Bronner CE, Baker SM, Morrison PT, Warren G, Smith LG, Lescoe MK, Kane 
M, Earabino C, Lipford J, Lindblom A et al: Mutation in the DNA mismatch 
repair gene homologue hMLH1 is associated with hereditary non-polyposis 
colon cancer. Nature 1994, 368(6468):258-261. 

46. Fishel R, Lescoe MK, Rao MR, Copeland NG, Jenkins NA, Garber J, Kane M, 
Kolodner R: The human mutator gene homolog MSH2 and its association 
with hereditary nonpolyposis colon cancer. Cell 1993, 75(5):1027-1038. 

47. Leach FS, Nicolaides NC, Papadopoulos N, Liu B, Jen J, Parsons R, Peltomaki P, 
Sistonen P, Aaltonen LA, Nystrom-Lahti M et al: Mutations of a mutS homolog 
in hereditary nonpolyposis colorectal cancer. Cell 1993, 75(6):1215-1225. 

48. Lindblom A, Tannergard P, Werelius B, Nordenskjold M: Genetic mapping of a 
second locus predisposing to hereditary non-polyposis colon cancer. Nat 
Genet 1993, 5(3):279-282. 

49. Papadopoulos N, Nicolaides NC, Wei YF, Ruben SM, Carter KC, Rosen CA, 
Haseltine WA, Fleischmann RD, Fraser CM, Adams MD et al: Mutation of a 
mutL homolog in hereditary colon cancer. Science 1994, 263(5153):1625-
1629. 

50. Kovacs ME, Papp J, Szentirmay Z, Otto S, Olah E: Deletions removing the last 
exon of TACSTD1 constitute a distinct class of mutations predisposing to 
Lynch syndrome. Human mutation 2009, 30(2):197-203. 



  

 109 

51. Ligtenberg MJ, Kuiper RP, Chan TL, Goossens M, Hebeda KM, Voorendt M, 
Lee TY, Bodmer D, Hoenselaar E, Hendriks-Cornelissen SJ et al: Heritable 
somatic methylation and inactivation of MSH2 in families with Lynch 
syndrome due to deletion of the 3' exons of TACSTD1. Nat Genet 2009, 
41(1):112-117. 

52. Plazzer JP, Sijmons RH, Woods MO, Peltomaki P, Thompson B, Den Dunnen JT, 
Macrae F: The InSiGHT database: utilizing 100 years of insights into Lynch 
syndrome. Fam Cancer 2013, 12(2):175-180. 

53. Hemminki A, Peltomaki P, Mecklin JP, Jarvinen H, Salovaara R, Nystrom-Lahti 
M, de la Chapelle A, Aaltonen LA: Loss of the wild type MLH1 gene is a 
feature of hereditary nonpolyposis colorectal cancer. Nat Genet 1994, 
8(4):405-410. 

54. Wijnen J, Khan PM, Vasen H, Menko F, van der Klift H, van den Broek M, van 
Leeuwen-Cornelisse I, Nagengast F, Meijers-Heijboer EJ, Lindhout D et al: 
Majority of hMLH1 mutations responsible for hereditary nonpolyposis 
colorectal cancer cluster at the exonic region 15-16. Am J Hum Genet 1996, 
58(2):300-307. 

55. Wijnen J, van der Klift H, Vasen H, Khan PM, Menko F, Tops C, Meijers 
Heijboer H, Lindhout D, Moller P, Fodde R: MSH2 genomic deletions are a 
frequent cause of HNPCC. Nat Genet 1998, 20(4):326-328. 

56. Lin KM, Shashidharan M, Ternent CA, Thorson AG, Blatchford GJ, Christensen 
MA, Lanspa SJ, Lemon SJ, Watson P, Lynch HT: Colorectal and extracolonic 
cancer variations in MLH1/MSH2 hereditary nonpolyposis colorectal cancer 
kindreds and the general population. Diseases of the colon and rectum 1998, 
41(4):428-433. 

57. Vasen HF, Stormorken A, Menko FH, Nagengast FM, Kleibeuker JH, Griffioen 
G, Taal BG, Moller P, Wijnen JT: MSH2 mutation carriers are at higher risk 
of cancer than MLH1 mutation carriers: a study of hereditary nonpolyposis 
colorectal cancer families. J Clin Oncol 2001, 19(20):4074-4080. 

58. Baglietto L, Lindor NM, Dowty JG, White DM, Wagner A, Gomez Garcia EB, 
Vriends AH, Dutch Lynch Syndrome Study G, Cartwright NR, Barnetson RA et 
al: Risks of Lynch syndrome cancers for MSH6 mutation carriers. J Natl 
Cancer Inst 2010, 102(3):193-201. 

59. Senter L, Clendenning M, Sotamaa K, Hampel H, Green J, Potter JD, Lindblom 
A, Lagerstedt K, Thibodeau SN, Lindor NM et al: The clinical phenotype of 
Lynch syndrome due to germ-line PMS2 mutations. Gastroenterology 2008, 
135(2):419-428. 

60. Chadwick RB, Meek JE, Prior TW, Peltomaki P, de La Chapelle A: 
Polymorphisms in a pseudogene highly homologous to PMS2. Human 
mutation 2000, 16(6):530. 

61. Castillejo A, Hernandez-Illan E, Rodriguez-Soler M, Perez-Carbonell L, Egoavil 
C, Barbera VM, Castillejo MI, Guarinos C, Martinez-de-Duenas E, Juan MJ et al: 
Prevalence of MLH1 constitutional epimutations as a cause of Lynch 
syndrome in unselected versus selected consecutive series of patients with 
colorectal cancer. Journal of medical genetics 2015, 52(7):498-502. 



  

 110 

62. Suter CM, Martin DI, Ward RL: Germline epimutation of MLH1 in 
individuals with multiple cancers. Nat Genet 2004, 36(5):497-501. 

63. Nilbert M, Planck M, Fernebro E, Borg A, Johnson A: Microsatellite instability 
is rare in rectal carcinomas and signifies hereditary cancer. Eur J Cancer 
1999, 35(6):942-945. 

64. Wang L, Cunningham JM, Winters JL, Guenther JC, French AJ, Boardman LA, 
Burgart LJ, McDonnell SK, Schaid DJ, Thibodeau SN: BRAF mutations in 
colon cancer are not likely attributable to defective DNA mismatch repair. 
Cancer Res 2003, 63(17):5209-5212. 

65. Deng G, Bell I, Crawley S, Gum J, Terdiman JP, Allen BA, Truta B, Sleisenger 
MH, Kim YS: BRAF mutation is frequently present in sporadic colorectal 
cancer with methylated hMLH1, but not in hereditary nonpolyposis 
colorectal cancer. Clin Cancer Res 2004, 10(1 Pt 1):191-195. 

66. Carvalho B, Pinto M, Cirnes L, Oliveira C, Machado JC, Suriano G, Hamelin R, 
Carneiro F, Seruca R: Concurrent hypermethylation of gene promoters is 
associated with a MSI-H phenotype and diploidy in gastric carcinomas. Eur J 
Cancer 2003, 39(9):1222-1227. 

67. Whelan AJ, Babb S, Mutch DG, Rader J, Herzog TJ, Todd C, Ivanovich JL, 
Goodfellow PJ: MSI in endometrial carcinoma: absence of MLH1 promoter 
methylation is associated with increased familial risk for cancers. Int J 
Cancer 2002, 99(5):697-704. 

68. Mensenkamp AR, Vogelaar IP, van Zelst-Stams WA, Goossens M, Ouchene H, 
Hendriks-Cornelissen SJ, Kwint MP, Hoogerbrugge N, Nagtegaal ID, Ligtenberg 
MJ: Somatic mutations in MLH1 and MSH2 are a frequent cause of 
mismatch-repair deficiency in Lynch syndrome-like tumors. 
Gastroenterology 2014, 146(3):643-646 e648. 

69. Malesci A, Laghi L, Bianchi P, Delconte G, Randolph A, Torri V, Carnaghi C, 
Doci R, Rosati R, Montorsi M et al: Reduced likelihood of metastases in 
patients with microsatellite-unstable colorectal cancer. Clin Cancer Res 2007, 
13(13):3831-3839. 

70. Gryfe R, Kim H, Hsieh ET, Aronson MD, Holowaty EJ, Bull SB, Redston M, 
Gallinger S: Tumor microsatellite instability and clinical outcome in young 
patients with colorectal cancer. N Engl J Med 2000, 342(2):69-77. 

71. Ribic CM, Sargent DJ, Moore MJ, Thibodeau SN, French AJ, Goldberg RM, 
Hamilton SR, Laurent-Puig P, Gryfe R, Shepherd LE et al: Tumor 
microsatellite-instability status as a predictor of benefit from fluorouracil-
based adjuvant chemotherapy for colon cancer. N Engl J Med 2003, 
349(3):247-257. 

72. Watanabe T, Wu TT, Catalano PJ, Ueki T, Satriano R, Haller DG, Benson AB, 
3rd, Hamilton SR: Molecular predictors of survival after adjuvant 
chemotherapy for colon cancer. N Engl J Med 2001, 344(16):1196-1206. 

73. Popat S, Hubner R, Houlston RS: Systematic review of microsatellite 
instability and colorectal cancer prognosis. J Clin Oncol 2005, 23(3):609-618. 

74. Sinicrope FA, Foster NR, Thibodeau SN, Marsoni S, Monges G, Labianca R, 
Kim GP, Yothers G, Allegra C, Moore MJ et al: DNA mismatch repair status 
and colon cancer recurrence and survival in clinical trials of 5-fluorouracil-



  

 111 

based adjuvant therapy. Journal of the National Cancer Institute 2011, 
103(11):863-875. 

75. Sargent DJ, Marsoni S, Monges G, Thibodeau SN, Labianca R, Hamilton SR, 
French AJ, Kabat B, Foster NR, Torri V et al: Defective mismatch repair as a 
predictive marker for lack of efficacy of fluorouracil-based adjuvant therapy 
in colon cancer. J Clin Oncol 2010, 28(20):3219-3226. 

76. Venderbosch S, Nagtegaal ID, Maughan TS, Smith CG, Cheadle JP, Fisher D, 
Kaplan R, Quirke P, Seymour MT, Richman SD et al: Mismatch repair status 
and BRAF mutation status in metastatic colorectal cancer patients: a pooled 
analysis of the CAIRO, CAIRO2, COIN, and FOCUS studies. Clin Cancer 
Res 2014, 20(20):5322-5330. 

77. Deschoolmeester V, Baay M, Lardon F, Pauwels P, Peeters M: Immune Cells in 
Colorectal Cancer: Prognostic Relevance and Role of MSI. Cancer 
Microenviron 2011, 4(3):377-392. 

78. Tikidzhieva A, Benner A, Michel S, Formentini A, Link KH, Dippold W, von 
Knebel Doeberitz M, Kornmann M, Kloor M: Microsatellite instability and 
Beta2-Microglobulin mutations as prognostic markers in colon cancer: 
results of the FOGT-4 trial. Br J Cancer 2012, 106(6):1239-1245. 

79. Eveno C, Nemeth J, Soliman H, Praz F, de The H, Valleur P, Talbot IC, Pocard 
M: Association between a high number of isolated lymph nodes in T1 to T4 
N0M0 colorectal cancer and the microsatellite instability phenotype. Arch 
Surg 2010, 145(1):12-17. 

80. Buecher B, Cacheux W, Rouleau E, Dieumegard B, Mitry E, Lievre A: Role of 
microsatellite instability in the management of colorectal cancers. Dig Liver 
Dis 2013, 45(6):441-449. 

81. Des Guetz G, Schischmanoff O, Nicolas P, Perret GY, Morere JF, Uzzan B: Does 
microsatellite instability predict the efficacy of adjuvant chemotherapy in 
colorectal cancer? A systematic review with meta-analysis. Eur J Cancer 
2009, 45(10):1890-1896. 

82. Le DT, Uram JN, Wang H, Bartlett BR, Kemberling H, Eyring AD, Skora AD, 
Luber BS, Azad NS, Laheru D et al: PD-1 Blockade in Tumors with Mismatch-
Repair Deficiency. N Engl J Med 2015, 372(26):2509-2520. 

83. Chen L: Co-inhibitory molecules of the B7-CD28 family in the control of T-
cell immunity. Nat Rev Immunol 2004, 4(5):336-347. 

84. Dolan DE, Gupta S: PD-1 pathway inhibitors: changing the landscape of 
cancer immunotherapy. Cancer Control 2014, 21(3):231-237. 

85. Warthin A: Heredity with reference to carcinoma. Arch Intern Med 1913, 
12:546-555. 

86. Warthin A: The future study of a cancer family. J Cancer Res 1925, 9:279-286. 
87. Lynch HT, Shaw MW, Magnuson CW, Larsen AL, Krush AJ: Hereditary 

factors in cancer. Study of two large midwestern kindreds. Arch Intern Med 
1966, 117(2):206-212. 

88. Cantor D: The frustrations of families: Henry Lynch, heredity, and cancer 
control, 1962-1975. Med Hist 2006, 50(3):279-302. 

89. Lynch HT, Smyrk T, Lynch JF: Molecular genetics and clinical-pathology 
features of hereditary nonpolyposis colorectal carcinoma (Lynch syndrome): 



  

 112 

historical journey from pedigree anecdote to molecular genetic confirmation. 
Oncology 1998, 55(2):103-108. 

90. Lynch HT, Krush AJ: Cancer family "G" revisited: 1895-1970. Cancer 1971, 
27(6):1505-1511. 

91. Boland CR, Troncale FJ: Familial colonic cancer without antecedent 
polyposis. Ann Intern Med 1984, 100(5):700-701. 

92. Cristofaro G, Lynch HT, Caruso ML, Attolini A, DiMatteo G, Giorgio P, 
Senatore S, Argentieri A, Sbano E, Guanti G et al: New phenotypic aspects in a 
family with Lynch syndrome II. Cancer 1987, 60(1):51-58. 

93. Mecklin JP, Jarvinen HJ: Clinical features of colorectal carcinoma in cancer 
family syndrome. Diseases of the colon and rectum 1986, 29(3):160-164. 

94. Mecklin JP, Jarvinen HJ, Peltokallio P: Cancer family syndrome. Genetic 
analysis of 22 Finnish kindreds. Gastroenterology 1986, 90(2):328-333. 

95. Mecklin JP, Sipponen P, Jarvinen HJ: Histopathology of colorectal carcinomas 
and adenomas in cancer family syndrome. Diseases of the colon and rectum 
1986, 29(12):849-853. 

96. Rozen P, Lynch HT, Figer A, Rozen S, Fireman Z, Legum C, Katz L, Moy A, 
Kimberling W, Lynch J et al: Familial colon cancer in the Tel-Aviv area and 
the influence of ethnic origin. Cancer 1987, 60(9):2355-2359. 

97. Vasen HF, Mecklin JP, Khan PM, Lynch HT: The International Collaborative 
Group on Hereditary Non-Polyposis Colorectal Cancer (ICG-HNPCC). 
Diseases of the colon and rectum 1991, 34(5):424-425. 

98. Peltomaki P, Aaltonen LA, Sistonen P, Pylkkanen L, Mecklin JP, Jarvinen H, 
Green JS, Jass JR, Weber JL, Leach FS et al: Genetic mapping of a locus 
predisposing to human colorectal cancer. Science 1993, 260(5109):810-812. 

99. Nicolaides NC, Papadopoulos N, Liu B, Wei YF, Carter KC, Ruben SM, Rosen 
CA, Haseltine WA, Fleischmann RD, Fraser CM et al: Mutations of two PMS 
homologues in hereditary nonpolyposis colon cancer. Nature 1994, 
371(6492):75-80. 

100. Miyaki M, Konishi M, Tanaka K, Kikuchi-Yanoshita R, Muraoka M, Yasuno M, 
Igari T, Koike M, Chiba M, Mori T: Germline mutation of MSH6 as the cause 
of hereditary nonpolyposis colorectal cancer. Nat Genet 1997, 17(3):271-272. 

101. Vasen HF, Watson P, Mecklin JP, Lynch HT: New clinical criteria for 
hereditary nonpolyposis colorectal cancer (HNPCC, Lynch syndrome) 
proposed by the International Collaborative group on HNPCC. 
Gastroenterology 1999, 116(6):1453-1456. 

102. Rodriguez-Bigas MA, Boland CR, Hamilton SR, Henson DE, Jass JR, Khan PM, 
Lynch H, Perucho M, Smyrk T, Sobin L et al: A National Cancer Institute 
Workshop on Hereditary Nonpolyposis Colorectal Cancer Syndrome: 
meeting highlights and Bethesda guidelines. J Natl Cancer Inst 1997, 
89(23):1758-1762. 

103. Boland CR, Shike M: Report from the Jerusalem workshop on Lynch 
syndrome-hereditary nonpolyposis colorectal cancer. Gastroenterology 2010, 
138(7):2197 e2191-2197. 

104. Jass JR: Hereditary Non-Polyposis Colorectal Cancer: the rise and fall of a 
confusing term. World J Gastroenterol 2006, 12(31):4943-4950. 



  

 113 

105. Lindor NM, Rabe K, Petersen GM, Haile R, Casey G, Baron J, Gallinger S, Bapat 
B, Aronson M, Hopper J et al: Lower cancer incidence in Amsterdam-I 
criteria families without mismatch repair deficiency: familial colorectal 
cancer type X. JAMA : the journal of the American Medical Association 2005, 
293(16):1979-1985. 

106. Aarnio M, Sankila R, Pukkala E, Salovaara R, Aaltonen LA, de la Chapelle A, 
Peltomaki P, Mecklin JP, Jarvinen HJ: Cancer risk in mutation carriers of 
DNA-mismatch-repair genes. Int J Cancer 1999, 81(2):214-218. 

107. Giardiello FM, Allen JI, Axilbund JE, Boland CR, Burke CA, Burt RW, Church 
JM, Dominitz JA, Johnson DA, Kaltenbach T et al: Guidelines on genetic 
evaluation and management of Lynch syndrome: a consensus statement by 
the US Multi-Society Task Force on colorectal cancer. Gastroenterology 2014, 
147(2):502-526. 

108. Vasen HF, Blanco I, Aktan-Collan K, Gopie JP, Alonso A, Aretz S, Bernstein I, 
Bertario L, Burn J, Capella G et al: Revised guidelines for the clinical 
management of Lynch syndrome (HNPCC): recommendations by a group of 
European experts. Gut 2013, 62(6):812-823. 

109. Bonadona V, Bonaiti B, Olschwang S, Grandjouan S, Huiart L, Longy M, 
Guimbaud R, Buecher B, Bignon YJ, Caron O et al: Cancer risks associated 
with germline mutations in MLH1, MSH2, and MSH6 genes in Lynch 
syndrome. JAMA : the journal of the American Medical Association 2011, 
305(22):2304-2310. 

110. Dunlop MG, Farrington SM, Carothers AD, Wyllie AH, Sharp L, Burn J, Liu B, 
Kinzler KW, Vogelstein B: Cancer risk associated with germline DNA 
mismatch repair gene mutations. Hum Mol Genet 1997, 6(1):105-110. 

111. Jenkins MA, Baglietto L, Dowty JG, Van Vliet CM, Smith L, Mead LJ, Macrae 
FA, St John DJ, Jass JR, Giles GG et al: Cancer risks for mismatch repair gene 
mutation carriers: a population-based early onset case-family study. Clin 
Gastroenterol Hepatol 2006, 4(4):489-498. 

112. Quehenberger F, Vasen HF, van Houwelingen HC: Risk of colorectal and 
endometrial cancer for carriers of mutations of the hMLH1 and hMSH2 
gene: correction for ascertainment. Journal of medical genetics 2005, 
42(6):491-496. 

113. Lynch HT, Smyrk TC, Watson P, Lanspa SJ, Lynch JF, Lynch PM, Cavalieri RJ, 
Boland CR: Genetics, natural history, tumor spectrum, and pathology of 
hereditary nonpolyposis colorectal cancer: an updated review. 
Gastroenterology 1993, 104(5):1535-1549. 

114. Parry S, Win AK, Parry B, Macrae FA, Gurrin LC, Church JM, Baron JA, Giles 
GG, Leggett BA, Winship I et al: Metachronous colorectal cancer risk for 
mismatch repair gene mutation carriers: the advantage of more extensive 
colon surgery. Gut 2011, 60(7):950-957. 

115. Win AK, Parry S, Parry B, Kalady MF, Macrae FA, Ahnen DJ, Young GP, 
Lipton L, Winship I, Boussioutas A et al: Risk of metachronous colon cancer 
following surgery for rectal cancer in mismatch repair gene mutation 
carriers. Ann Surg Oncol 2013, 20(6):1829-1836. 



  

 114 

116. Edelstein DL, Axilbund J, Baxter M, Hylind LM, Romans K, Griffin CA, Cruz-
Correa M, Giardiello FM: Rapid development of colorectal neoplasia in 
patients with Lynch syndrome. Clin Gastroenterol Hepatol 2011, 9(4):340-343. 

117. Hampel H, Frankel W, Panescu J, Lockman J, Sotamaa K, Fix D, Comeras I, La 
Jeunesse J, Nakagawa H, Westman JA et al: Screening for Lynch syndrome 
(hereditary nonpolyposis colorectal cancer) among endometrial cancer 
patients. Cancer Res 2006, 66(15):7810-7817. 

118. Stoffel E, Mukherjee B, Raymond VM, Tayob N, Kastrinos F, Sparr J, Wang F, 
Bandipalliam P, Syngal S, Gruber SB: Calculation of risk of colorectal and 
endometrial cancer among patients with Lynch syndrome. Gastroenterology 
2009, 137(5):1621-1627. 

119. Mongiat-Artus P, Miquel C, Van der Aa M, Buhard O, Hamelin R, Soliman H, 
Bangma C, Janin A, Teillac P, van der Kwast T et al: Microsatellite instability 
and mutation analysis of candidate genes in urothelial cell carcinomas of 
upper urinary tract. Oncogene 2006, 25(14):2113-2118. 

120. Roupret M, Yates DR, Comperat E, Cussenot O: Upper urinary tract urothelial 
cell carcinomas and other urological malignancies involved in the hereditary 
nonpolyposis colorectal cancer (lynch syndrome) tumor spectrum. European 
urology 2008, 54(6):1226-1236. 

121. Sijmons RH, Kiemeney LA, Witjes JA, Vasen HF: Urinary tract cancer and 
hereditary nonpolyposis colorectal cancer: risks and screening options. The 
Journal of urology 1998, 160(2):466-470. 

122. Skeldon SC, Semotiuk K, Aronson M, Holter S, Gallinger S, Pollett A, Kuk C, 
van Rhijn B, Bostrom P, Cohen Z et al: Patients with Lynch syndrome 
mismatch repair gene mutations are at higher risk for not only upper tract 
urothelial cancer but also bladder cancer. European urology 2013, 63(2):379-
385. 

123. van der Post RS, Kiemeney LA, Ligtenberg MJ, Witjes JA, Hulsbergen-van de 
Kaa CA, Bodmer D, Schaap L, Kets CM, van Krieken JH, Hoogerbrugge N: Risk 
of urothelial bladder cancer in Lynch syndrome is increased, in particular 
among MSH2 mutation carriers. Journal of medical genetics 2010, 47(7):464-
470. 

124. Raymond VM, Mukherjee B, Wang F, Huang SC, Stoffel EM, Kastrinos F, 
Syngal S, Cooney KA, Gruber SB: Elevated risk of prostate cancer among 
men with Lynch syndrome. J Clin Oncol 2013, 31(14):1713-1718. 

125. Rosty C, Walsh MD, Lindor NM, Thibodeau SN, Mundt E, Gallinger S, Aronson 
M, Pollett A, Baron JA, Pearson S et al: High prevalence of mismatch repair 
deficiency in prostate cancers diagnosed in mismatch repair gene mutation 
carriers from the colon cancer family registry. Fam Cancer 2014, 13(4):573-
582. 

126. Ryan S, Jenkins MA, Win AK: Risk of prostate cancer in Lynch syndrome: a 
systematic review and meta-analysis. Cancer Epidemiol Biomarkers Prev 2014, 
23(3):437-449. 

127. Aarnio M, Saily M, Juhola M, Gylling A, Peltomaki P, Jarvinen HJ, Mecklin JP: 
Uroepithelial and kidney carcinoma in Lynch syndrome. Fam Cancer 2012, 
11(3):395-401. 



  

 115 

128. Gylling AH, Nieminen TT, Abdel-Rahman WM, Nuorva K, Juhola M, Joensuu 
EI, Jarvinen HJ, Mecklin JP, Aarnio M, Peltomaki PT: Differential cancer 
predisposition in Lynch syndrome: insights from molecular analysis of brain 
and urinary tract tumors. Carcinogenesis 2008, 29(7):1351-1359. 

129. Mongiat-Artus P, Miquel C, Flejou JF, Coulet F, Verine J, Buhard O, Soliman H, 
Teillac P, Praz F: Spectrum of molecular alterations in colorectal, upper 
urinary tract, endocervical, and renal carcinomas arising in a patient with 
hereditary non-polyposis colorectal cancer. Virchows Archiv : an international 
journal of pathology 2006, 449(2):238-243. 

130. Watson P, Vasen HF, Mecklin JP, Bernstein I, Aarnio M, Jarvinen HJ, Myrhoj T, 
Sunde L, Wijnen JT, Lynch HT: The risk of extra-colonic, extra-endometrial 
cancer in the Lynch syndrome. Int J Cancer 2008, 123(2):444-449. 

131. Watson P, Lynch HT: The tumor spectrum in HNPCC. Anticancer research 
1994, 14(4B):1635-1639. 

132. Win AK, Lindor NM, Young JP, Macrae FA, Young GP, Williamson E, Parry S, 
Goldblatt J, Lipton L, Winship I et al: Risks of primary extracolonic cancers 
following colorectal cancer in lynch syndrome. J Natl Cancer Inst 2012, 
104(18):1363-1372. 

133. Aarnio M, Mecklin JP, Aaltonen LA, Nystrom-Lahti M, Jarvinen HJ: Life-time 
risk of different cancers in hereditary non-polyposis colorectal cancer 
(HNPCC) syndrome. Int J Cancer 1995, 64(6):430-433. 

134. Ponti G, Losi L, Pedroni M, Lucci-Cordisco E, Di Gregorio C, Pellacani G, 
Seidenari S: Value of MLH1 and MSH2 mutations in the appearance of 
Muir-Torre syndrome phenotype in HNPCC patients presenting sebaceous 
gland tumors or keratoacanthomas. J Invest Dermatol 2006, 126(10):2302-
2307. 

135. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A: Global cancer 
statistics, 2012. CA Cancer J Clin 2015, 65(2):87-108. 

136. Vasen HF, Morreau H, Nortier JW: Is breast cancer part of the tumor 
spectrum of hereditary nonpolyposis colorectal cancer? Am J Hum Genet 
2001, 68(6):1533-1535. 

137. Engel C, Loeffler M, Steinke V, Rahner N, Holinski-Feder E, Dietmaier W, 
Schackert HK, Goergens H, von Knebel Doeberitz M, Goecke TO et al: Risks of 
less common cancers in proven mutation carriers with lynch syndrome. J 
Clin Oncol 2012, 30(35):4409-4415. 

138. Muller A, Edmonston TB, Corao DA, Rose DG, Palazzo JP, Becker H, Fry RD, 
Rueschoff J, Fishel R: Exclusion of breast cancer as an integral tumor of 
hereditary nonpolyposis colorectal cancer. Cancer Res 2002, 62(4):1014-1019. 

139. Buerki N, Gautier L, Kovac M, Marra G, Buser M, Mueller H, Heinimann K: 
Evidence for breast cancer as an integral part of Lynch syndrome. Genes 
Chromosomes Cancer 2012, 51(1):83-91. 

140. Walsh MD, Buchanan DD, Cummings MC, Pearson SA, Arnold ST, Clendenning 
M, Walters R, McKeone DM, Spurdle AB, Hopper JL et al: Lynch syndrome-
associated breast cancers: clinicopathologic characteristics of a case series 
from the colon cancer family registry. Clin Cancer Res 2010, 16(7):2214-2224. 



  

 116 

141. Nilbert M, Therkildsen C, Nissen A, Akerman M, Bernstein I: Sarcomas 
associated with hereditary nonpolyposis colorectal cancer: broad anatomical 
and morphological spectrum. Fam Cancer 2009, 8(3):209-213. 

142. Hamilton SR, Liu B, Parsons RE, Papadopoulos N, Jen J, Powell SM, Krush AJ, 
Berk T, Cohen Z, Tetu B et al: The molecular basis of Turcot's syndrome. N 
Engl J Med 1995, 332(13):839-847. 

143. Mercader P: Muir-Torre syndrome. Adv Exp Med Biol 2010, 685:186-195. 
144. de la Chapelle A: The incidence of Lynch syndrome. Fam Cancer 2005, 

4(3):233-237. 
145. Barnetson RA, Tenesa A, Farrington SM, Nicholl ID, Cetnarskyj R, Porteous 

ME, Campbell H, Dunlop MG: Identification and survival of carriers of 
mutations in DNA mismatch-repair genes in colon cancer. N Engl J Med 
2006, 354(26):2751-2763. 

146. Salovaara R, Loukola A, Kristo P, Kaariainen H, Ahtola H, Eskelinen M, 
Harkonen N, Julkunen R, Kangas E, Ojala S et al: Population-based molecular 
detection of hereditary nonpolyposis colorectal cancer. J Clin Oncol 2000, 
18(11):2193-2200. 

147. Green RC, Parfrey PS, Woods MO, Younghusband HB: Prediction of Lynch 
syndrome in consecutive patients with colorectal cancer. Journal of the 
National Cancer Institute 2009, 101(5):331-340. 

148. Pinol V, Castells A, Andreu M, Castellvi-Bel S, Alenda C, Llor X, Xicola RM, 
Rodriguez-Moranta F, Paya A, Jover R et al: Accuracy of revised Bethesda 
guidelines, microsatellite instability, and immunohistochemistry for the 
identification of patients with hereditary nonpolyposis colorectal cancer. 
JAMA : the journal of the American Medical Association 2005, 293(16):1986-
1994. 

149. Hampel H, Frankel WL, Martin E, Arnold M, Khanduja K, Kuebler P, 
Clendenning M, Sotamaa K, Prior T, Westman JA et al: Feasibility of screening 
for Lynch syndrome among patients with colorectal cancer. Journal of 
clinical oncology : official journal of the American Society of Clinical Oncology 
2008, 26(35):5783-5788. 

150. Sjursen W, Haukanes BI, Grindedal EM, Aarset H, Stormorken A, Engebretsen 
LF, Jonsrud C, Bjornevoll I, Andresen PA, Ariansen S et al: Current clinical 
criteria for Lynch syndrome are not sensitive enough to identify MSH6 
mutation carriers. Journal of medical genetics 2010, 47(9):579-585. 

151. Grover S, Stoffel EM, Bussone L, Tschoegl E, Syngal S: Physician assessment 
of family cancer history and referral for genetic evaluation in colorectal 
cancer patients. Clin Gastroenterol Hepatol 2004, 2(9):813-819. 

152. Trano G, Wasmuth HH, Sjursen W, Hofsli E, Vatten LJ: Awareness of heredity 
in colorectal cancer patients is insufficient among clinicians: a Norwegian 
population-based study. Colorectal Dis 2009, 11(5):456-461. 

153. de la Chapelle A, Palomaki G, Hampel H: Identifying Lynch syndrome. Int J 
Cancer 2009, 125(6):1492-1493. 

154. Moreira L, Balaguer F, Lindor N, de la Chapelle A, Hampel H, Aaltonen LA, 
Hopper JL, Le Marchand L, Gallinger S, Newcomb PA et al: Identification of 



  

 117 

Lynch syndrome among patients with colorectal cancer. JAMA : the journal of 
the American Medical Association 2012, 308(15):1555-1565. 

155. Ward RL, Hicks S, Hawkins NJ: Population-based molecular screening for 
Lynch syndrome: implications for personalized medicine. J Clin Oncol 2013, 
31(20):2554-2562. 

156. Morrison J, Bronner M, Leach BH, Downs-Kelly E, Goldblum JR, Liu X: Lynch 
syndrome screening in newly diagnosed colorectal cancer in general 
pathology practice: from the revised Bethesda guidelines to a universal 
approach. Scand J Gastroenterol 2011, 46(11):1340-1348. 

157. Mvundura M, Grosse SD, Hampel H, Palomaki GE: The cost-effectiveness of 
genetic testing strategies for Lynch syndrome among newly diagnosed 
patients with colorectal cancer. Genetics in medicine : official journal of the 
American College of Medical Genetics 2010, 12(2):93-104. 

158. Schofield L, Grieu F, Goldblatt J, Amanuel B, Iacopetta B: A state-wide 
population-based program for detection of lynch syndrome based upon 
immunohistochemical and molecular testing of colorectal tumours. Fam 
Cancer 2012, 11(1):1-6. 

159. Ladabaum U, Wang G, Terdiman J, Blanco A, Kuppermann M, Boland CR, Ford 
J, Elkin E, Phillips KA: Strategies to identify the Lynch syndrome among 
patients with colorectal cancer: a cost-effectiveness analysis. Ann Intern Med 
2011, 155(2):69-79. 

160. Chubak B, Heald B, Sharp RR: Informed consent to microsatellite instability 
and immunohistochemistry screening for Lynch syndrome. Genetics in 
medicine : official journal of the American College of Medical Genetics 2011, 
13(4):356-360. 

161. Peres J: To screen or not to screen for Lynch syndrome. J Natl Cancer Inst 
2010, 102(18):1382-1384. 

162. Bellcross CA, Bedrosian SR, Daniels E, Duquette D, Hampel H, Jasperson K, 
Joseph DA, Kaye C, Lubin I, Meyer LJ et al: Implementing screening for 
Lynch syndrome among patients with newly diagnosed colorectal cancer: 
summary of a public health/clinical collaborative meeting. Genetics in 
medicine : official journal of the American College of Medical Genetics 2012, 
14(1):152-162. 

163. Kastrinos F, Stoffel EM: History, genetics, and strategies for cancer 
prevention in Lynch syndrome. Clin Gastroenterol Hepatol 2014, 12(5):715-
727; quiz e741-713. 

164. Jarvinen HJ, Aarnio M, Mustonen H, Aktan-Collan K, Aaltonen LA, Peltomaki P, 
De La Chapelle A, Mecklin JP: Controlled 15-year trial on screening for 
colorectal cancer in families with hereditary nonpolyposis colorectal cancer. 
Gastroenterology 2000, 118(5):829-834. 

165. Jarvinen HJ, Renkonen-Sinisalo L, Aktan-Collan K, Peltomaki P, Aaltonen LA, 
Mecklin JP: Ten years after mutation testing for Lynch syndrome: cancer 
incidence and outcome in mutation-positive and mutation-negative family 
members. J Clin Oncol 2009, 27(28):4793-4797. 



  

 118 

166. Dove-Edwin I, Sasieni P, Adams J, Thomas HJ: Prevention of colorectal cancer 
by colonoscopic surveillance in individuals with a family history of colorectal 
cancer: 16 year, prospective, follow-up study. BMJ 2005, 331(7524):1047. 

167. Engel C, Rahner N, Schulmann K, Holinski-Feder E, Goecke TO, Schackert HK, 
Kloor M, Steinke V, Vogelsang H, Moslein G et al: Efficacy of annual 
colonoscopic surveillance in individuals with hereditary nonpolyposis 
colorectal cancer. Clin Gastroenterol Hepatol 2010, 8(2):174-182. 

168. Stuckless S, Green JS, Morgenstern M, Kennedy C, Green RC, Woods MO, 
Fitzgerald W, Cox J, Parfrey PS: Impact of colonoscopic screening in male and 
female Lynch syndrome carriers with an MSH2 mutation. Clinical genetics 
2012, 82(5):439-445. 

169. Vasen HF, Abdirahman M, Brohet R, Langers AM, Kleibeuker JH, van Kouwen 
M, Koornstra JJ, Boot H, Cats A, Dekker E et al: One to 2-year surveillance 
intervals reduce risk of colorectal cancer in families with Lynch syndrome. 
Gastroenterology 2010, 138(7):2300-2306. 

170. Maeda T, Cannom RR, Beart RW, Jr., Etzioni DA: Decision model of segmental 
compared with total abdominal colectomy for colon cancer in hereditary 
nonpolyposis colorectal cancer. J Clin Oncol 2010, 28(7):1175-1180. 

171. Boks DE, Trujillo AP, Voogd AC, Morreau H, Kenter GG, Vasen HF: Survival 
analysis of endometrial carcinoma associated with hereditary nonpolyposis 
colorectal cancer. Int J Cancer 2002, 102(2):198-200. 

172. Broaddus RR, Lynch HT, Chen LM, Daniels MS, Conrad P, Munsell MF, White 
KG, Luthra R, Lu KH: Pathologic features of endometrial carcinoma 
associated with HNPCC: a comparison with sporadic endometrial 
carcinoma. Cancer 2006, 106(1):87-94. 

173. Capelle LG, Van Grieken NC, Lingsma HF, Steyerberg EW, Klokman WJ, Bruno 
MJ, Vasen HF, Kuipers EJ: Risk and epidemiological time trends of gastric 
cancer in Lynch syndrome carriers in the Netherlands. Gastroenterology 
2010, 138(2):487-492. 

174. Myrhoj T, Andersen MB, Bernstein I: Screening for urinary tract cancer with 
urine cytology in Lynch syndrome and familial colorectal cancer. Fam 
Cancer 2008, 7(4):303-307. 

175. Koornstra JJ, Mourits MJ, Sijmons RH, Leliveld AM, Hollema H, Kleibeuker JH: 
Management of extracolonic tumours in patients with Lynch syndrome. The 
Lancet Oncology 2009, 10(4):400-408. 

176. Burn J, Bishop DT, Mecklin JP, Macrae F, Moslein G, Olschwang S, Bisgaard 
ML, Ramesar R, Eccles D, Maher ER et al: Effect of aspirin or resistant starch 
on colorectal neoplasia in the Lynch syndrome. N Engl J Med 2008, 
359(24):2567-2578. 

177. Burn J, Gerdes AM, Macrae F, Mecklin JP, Moeslein G, Olschwang S, Eccles D, 
Evans DG, Maher ER, Bertario L et al: Long-term effect of aspirin on cancer 
risk in carriers of hereditary colorectal cancer: an analysis from the CAPP2 
randomised controlled trial. Lancet 2011, 378(9809):2081-2087. 

178. Liao X, Lochhead P, Nishihara R, Morikawa T, Kuchiba A, Yamauchi M, 
Imamura Y, Qian ZR, Baba Y, Shima K et al: Aspirin use, tumor PIK3CA 



  

 119 

mutation, and colorectal-cancer survival. N Engl J Med 2012, 367(17):1596-
1606. 

179. Cancer Incidence in Sweden 2013. The National Board of Health and Welfare, 
http://www.socialstyrelsen.se (Accessed September 2015). 

180. Aleksandrova K, Pischon T, Jenab M, Bueno-de-Mesquita HB, Fedirko V, Norat 
T, Romaguera D, Knuppel S, Boutron-Ruault MC, Dossus L et al: Combined 
impact of healthy lifestyle factors on colorectal cancer: a large European 
cohort study. BMC Med 2014, 12:168. 

181. Xie J, Itzkowitz SH: Cancer in inflammatory bowel disease. World J 
Gastroenterol 2008, 14(3):378-389. 

182. Le Marchand L, Wilkens LR, Hankin JH, Kolonel LN, Lyu LC: A case-control 
study of diet and colorectal cancer in a multiethnic population in Hawaii 
(United States): lipids and foods of animal origin. Cancer Causes Control 
1997, 8(4):637-648. 

183. Agnoli C, Grioni S, Sieri S, Palli D, Masala G, Sacerdote C, Vineis P, Tumino R, 
Giurdanella MC, Pala V et al: Italian Mediterranean Index and risk of 
colorectal cancer in the Italian section of the EPIC cohort. Int J Cancer 2013, 
132(6):1404-1411. 

184. Rothwell PM, Wilson M, Elwin CE, Norrving B, Algra A, Warlow CP, Meade 
TW: Long-term effect of aspirin on colorectal cancer incidence and 
mortality: 20-year follow-up of five randomised trials. Lancet 2010, 
376(9754):1741-1750. 

185. Slattery ML: Physical activity and colorectal cancer. Sports Med 2004, 
34(4):239-252. 

186. Lichtenstein P, Holm NV, Verkasalo PK, Iliadou A, Kaprio J, Koskenvuo M, 
Pukkala E, Skytthe A, Hemminki K: Environmental and heritable factors in 
the causation of cancer--analyses of cohorts of twins from Sweden, Denmark, 
and Finland. N Engl J Med 2000, 343(2):78-85. 

187. Aaltonen L, Johns L, Jarvinen H, Mecklin JP, Houlston R: Explaining the 
familial colorectal cancer risk associated with mismatch repair (MMR)-
deficient and MMR-stable tumors. Clin Cancer Res 2007, 13(1):356-361. 

188. Strate LL, Syngal S: Hereditary colorectal cancer syndromes. Cancer Causes 
Control 2005, 16(3):201-213. 

189. Tomlinson IP, Dunlop M, Campbell H, Zanke B, Gallinger S, Hudson T, Koessler 
T, Pharoah PD, Niittymaki I, Tuupanen S et al: COGENT (COlorectal cancer 
GENeTics): an international consortium to study the role of polymorphic 
variation on the risk of colorectal cancer. Br J Cancer 2010, 102(2):447-454. 

190. Bosman FT, World Health Organization., International Agency for Research on 
Cancer.: WHO classification of tumours of the digestive system, 4th edn. 
Lyon: International Agency for Research on Cancer; 2010. 

191. Greenson JK, Bonner JD, Ben-Yzhak O, Cohen HI, Miselevich I, Resnick MB, 
Trougouboff P, Tomsho LD, Kim E, Low M et al: Phenotype of microsatellite 
unstable colorectal carcinomas: Well-differentiated and focally mucinous 
tumors and the absence of dirty necrosis correlate with microsatellite 
instability. The American journal of surgical pathology 2003, 27(5):563-570. 



  

 120 

192. Jass JR: HNPCC and sporadic MSI-H colorectal cancer: a review of the 
morphological similarities and differences. Fam Cancer 2004, 3(2):93-100. 

193. Alexander J, Watanabe T, Wu TT, Rashid A, Li S, Hamilton SR: 
Histopathological identification of colon cancer with microsatellite 
instability. Am J Pathol 2001, 158(2):527-535. 

194. Shia J, Ellis NA, Paty PB, Nash GM, Qin J, Offit K, Zhang XM, Markowitz AJ, 
Nafa K, Guillem JG et al: Value of histopathology in predicting microsatellite 
instability in hereditary nonpolyposis colorectal cancer and sporadic 
colorectal cancer. The American journal of surgical pathology 2003, 
27(11):1407-1417. 

195. Young J, Simms LA, Biden KG, Wynter C, Whitehall V, Karamatic R, George J, 
Goldblatt J, Walpole I, Robin SA et al: Features of colorectal cancers with 
high-level microsatellite instability occurring in familial and sporadic 
settings: parallel pathways of tumorigenesis. Am J Pathol 2001, 159(6):2107-
2116. 

196. Michael-Robinson JM, Biemer-Huttmann A, Purdie DM, Walsh MD, Simms LA, 
Biden KG, Young JP, Leggett BA, Jass JR, Radford-Smith GL: Tumour 
infiltrating lymphocytes and apoptosis are independent features in colorectal 
cancer stratified according to microsatellite instability status. Gut 2001, 
48(3):360-366. 

197. Smyrk TC, Watson P, Kaul K, Lynch HT: Tumor-infiltrating lymphocytes are 
a marker for microsatellite instability in colorectal carcinoma. Cancer 2001, 
91(12):2417-2422. 

198. Jass JR: Role of the pathologist in the diagnosis of hereditary non-polyposis 
colorectal cancer. Dis Markers 2004, 20(4-5):215-224. 

199. Jenkins MA, Hayashi S, O'Shea AM, Burgart LJ, Smyrk TC, Shimizu D, Waring 
PM, Ruszkiewicz AR, Pollett AF, Redston M et al: Pathology features in 
Bethesda guidelines predict colorectal cancer microsatellite instability: a 
population-based study. Gastroenterology 2007, 133(1):48-56. 

200. Jass JR, Ajioka Y, Allen JP, Chan YF, Cohen RJ, Nixon JM, Radojkovic M, 
Restall AP, Stables SR, Zwi LJ: Assessment of invasive growth pattern and 
lymphocytic infiltration in colorectal cancer. Histopathology 1996, 28(6):543-
548. 

201. Jass JR, Barker M, Fraser L, Walsh MD, Whitehall VL, Gabrielli B, Young J, 
Leggett BA: APC mutation and tumour budding in colorectal cancer. J Clin 
Pathol 2003, 56(1):69-73. 

202. Colomer A, Erill N, Vidal A, Calvo M, Roman R, Verdu M, Cordon-Cardo C, 
Puig X: A novel logistic model based on clinicopathological features predicts 
microsatellite instability in colorectal carcinomas. Diagn Mol Pathol 2005, 
14(4):213-223. 

203. Halvarsson B, Anderson H, Domanska K, Lindmark G, Nilbert M: 
Clinicopathologic factors identify sporadic mismatch repair-defective colon 
cancers. Am J Clin Pathol 2008, 129(2):238-244. 

204. Bessa X, Alenda C, Paya A, Alvarez C, Iglesias M, Seoane A, Dedeu JM, Abuli 
A, Ilzarbe L, Navarro G et al: Validation microsatellite path score in a 



  

 121 

population-based cohort of patients with colorectal cancer. J Clin Oncol 2011, 
29(25):3374-3380. 

205. Hyde A, Fontaine D, Stuckless S, Green R, Pollett A, Simms M, Sipahimalani P, 
Parfrey P, Younghusband B: A histology-based model for predicting 
microsatellite instability in colorectal cancers. The American journal of 
surgical pathology 2010, 34(12):1820-1829. 

206. Greenson JK, Huang SC, Herron C, Moreno V, Bonner JD, Tomsho LP, Ben-
Izhak O, Cohen HI, Trougouboff P, Bejhar J et al: Pathologic predictors of 
microsatellite instability in colorectal cancer. The American journal of surgical 
pathology 2009, 33(1):126-133. 

207. Roman R, Verdu M, Calvo M, Vidal A, Sanjuan X, Jimeno M, Salas A, Autonell 
J, Trias I, Gonzalez M et al: Microsatellite instability of the colorectal 
carcinoma can be predicted in the conventional pathologic examination. A 
prospective multicentric study and the statistical analysis of 615 cases 
consolidate our previously proposed logistic regression model. Virchows 
Archiv : an international journal of pathology 2010, 456(5):533-541. 

208. Joost P, Bendahl PO, Halvarsson B, Rambech E, Nilbert M: Efficient and 
reproducible identification of mismatch repair deficient colon cancer: 
validation of the MMR index and comparison with other predictive models. 
BMC clinical pathology 2013, 13(1):33. 

209. Fearon ER, Vogelstein B: A genetic model for colorectal tumorigenesis. Cell 
1990, 61(5):759-767. 

210. Jass JR: Serrated adenoma of the colorectum and the DNA-methylator 
phenotype. Nat Clin Pract Oncol 2005, 2(8):398-405. 

211. Toyota M, Ahuja N, Ohe-Toyota M, Herman JG, Baylin SB, Issa JP: CpG island 
methylator phenotype in colorectal cancer. Proc Natl Acad Sci U S A 1999, 
96(15):8681-8686. 

212. Coleman WB: Molecular pathology : the molecular basis of human disease. 
Burlington, MA: Academic Press; 2009. 

213. Grady WM, Carethers JM: Genomic and epigenetic instability in colorectal 
cancer pathogenesis. Gastroenterology 2008, 135(4):1079-1099. 

214. Pino MS, Chung DC: The chromosomal instability pathway in colon cancer. 
Gastroenterology 2010, 138(6):2059-2072. 

215. Worthley DL, Leggett BA: Colorectal cancer: molecular features and clinical 
opportunities. Clin Biochem Rev 2010, 31(2):31-38. 

216. Esteller M, Sparks A, Toyota M, Sanchez-Cespedes M, Capella G, Peinado MA, 
Gonzalez S, Tarafa G, Sidransky D, Meltzer SJ et al: Analysis of adenomatous 
polyposis coli promoter hypermethylation in human cancer. Cancer Res 2000, 
60(16):4366-4371. 

217. Powell SM, Zilz N, Beazer-Barclay Y, Bryan TM, Hamilton SR, Thibodeau SN, 
Vogelstein B, Kinzler KW: APC mutations occur early during colorectal 
tumorigenesis. Nature 1992, 359(6392):235-237. 

218. Mann B, Gelos M, Siedow A, Hanski ML, Gratchev A, Ilyas M, Bodmer WF, 
Moyer MP, Riecken EO, Buhr HJ et al: Target genes of beta-catenin-T cell-
factor/lymphoid-enhancer-factor signaling in human colorectal carcinomas. 
Proc Natl Acad Sci U S A 1999, 96(4):1603-1608. 



  

 122 

219. Sparks AB, Morin PJ, Vogelstein B, Kinzler KW: Mutational analysis of the 
APC/beta-catenin/Tcf pathway in colorectal cancer. Cancer Res 1998, 
58(6):1130-1134. 

220. Arrington AK, Heinrich EL, Lee W, Duldulao M, Patel S, Sanchez J, Garcia-
Aguilar J, Kim J: Prognostic and predictive roles of KRAS mutation in 
colorectal cancer. Int J Mol Sci 2012, 13(10):12153-12168. 

221. Schubbert S, Shannon K, Bollag G: Hyperactive Ras in developmental 
disorders and cancer. Nat Rev Cancer 2007, 7(4):295-308. 

222. Tan C, Du X: KRAS mutation testing in metastatic colorectal cancer. World J 
Gastroenterol 2012, 18(37):5171-5180. 

223. Bellam N, Pasche B: Tgf-beta signaling alterations and colon cancer. Cancer 
Treat Res 2010, 155:85-103. 

224. Ogino S, Kawasaki T, Kirkner GJ, Ohnishi M, Fuchs CS: 18q loss of 
heterozygosity in microsatellite stable colorectal cancer is correlated with 
CpG island methylator phenotype-negative (CIMP-0) and inversely with 
CIMP-low and CIMP-high. BMC cancer 2007, 7:72. 

225. Lengauer C, Kinzler KW, Vogelstein B: Genetic instabilities in human cancers. 
Nature 1998, 396(6712):643-649. 

226. Bicknell DC, Kaklamanis L, Hampson R, Bodmer WF, Karran P: Selection for 
beta 2-microglobulin mutation in mismatch repair-defective colorectal 
carcinomas. Curr Biol 1996, 6(12):1695-1697. 

227. Kaklamanis L, Gatter KC, Hill AB, Mortensen N, Harris AL, Krausa P, 
McMichael A, Bodmer JG, Bodmer WF: Loss of HLA class-I alleles, heavy 
chains and beta 2-microglobulin in colorectal cancer. Int J Cancer 1992, 
51(3):379-385. 

228. Takayama T, Miyanishi K, Hayashi T, Sato Y, Niitsu Y: Colorectal cancer: 
genetics of development and metastasis. J Gastroenterol 2006, 41(3):185-192. 

229. Grady WM, Rajput A, Myeroff L, Liu DF, Kwon K, Willis J, Markowitz S: 
Mutation of the type II transforming growth factor-beta receptor is 
coincident with the transformation of human colon adenomas to malignant 
carcinomas. Cancer Res 1998, 58(14):3101-3104. 

230. Riggins GJ, Kinzler KW, Vogelstein B, Thiagalingam S: Frequency of Smad 
gene mutations in human cancers. Cancer Res 1997, 57(13):2578-2580. 

231. Jung B, Doctolero RT, Tajima A, Nguyen AK, Keku T, Sandler RS, Carethers 
JM: Loss of activin receptor type 2 protein expression in microsatellite 
unstable colon cancers. Gastroenterology 2004, 126(3):654-659. 

232. Rampino N, Yamamoto H, Ionov Y, Li Y, Sawai H, Reed JC, Perucho M: 
Somatic frameshift mutations in the BAX gene in colon cancers of the 
microsatellite mutator phenotype. Science 1997, 275(5302):967-969. 

233. Yamamoto H, Sawai H, Perucho M: Frameshift somatic mutations in 
gastrointestinal cancer of the microsatellite mutator phenotype. Cancer Res 
1997, 57(19):4420-4426. 

234. Baba Y, Nosho K, Shima K, Goessling W, Chan AT, Ng K, Chan JA, 
Giovannucci EL, Fuchs CS, Ogino S: PTGER2 overexpression in colorectal 
cancer is associated with microsatellite instability, independent of CpG 



  

 123 

island methylator phenotype. Cancer Epidemiol Biomarkers Prev 2010, 
19(3):822-831. 

235. Calin GA, Gafa R, Tibiletti MG, Herlea V, Becheanu G, Cavazzini L, Barbanti-
Brodano G, Nenci I, Negrini M, Lanza G: Genetic progression in microsatellite 
instability high (MSI-H) colon cancers correlates with clinico-pathological 
parameters: A study of the TGRbetaRII, BAX, hMSH3, hMSH6, IGFIIR 
and BLM genes. Int J Cancer 2000, 89(3):230-235. 

236. Nosho K, Kawasaki T, Chan AT, Ohnishi M, Suemoto Y, Kirkner GJ, Fuchs CS, 
Ogino S: Cyclin D1 is frequently overexpressed in microsatellite unstable 
colorectal cancer, independent of CpG island methylator phenotype. 
Histopathology 2008, 53(5):588-598. 

237. Nosho K, Kawasaki T, Ohnishi M, Suemoto Y, Kirkner GJ, Zepf D, Yan L, 
Longtine JA, Fuchs CS, Ogino S: PIK3CA mutation in colorectal cancer: 
relationship with genetic and epigenetic alterations. Neoplasia 2008, 
10(6):534-541. 

238. Souza RF, Appel R, Yin J, Wang S, Smolinski KN, Abraham JM, Zou TT, Shi 
YQ, Lei J, Cottrell J et al: Microsatellite instability in the insulin-like growth 
factor II receptor gene in gastrointestinal tumours. Nat Genet 1996, 
14(3):255-257. 

239. Domingo E, Laiho P, Ollikainen M, Pinto M, Wang L, French AJ, Westra J, 
Frebourg T, Espin E, Armengol M et al: BRAF screening as a low-cost effective 
strategy for simplifying HNPCC genetic testing. Journal of medical genetics 
2004, 41(9):664-668. 

240. Thiel A, Heinonen M, Kantonen J, Gylling A, Lahtinen L, Korhonen M, Kytola 
S, Mecklin JP, Orpana A, Peltomaki P et al: BRAF mutation in sporadic 
colorectal cancer and Lynch syndrome. Virchows Archiv : an international 
journal of pathology 2013, 463(5):613-621. 

241. Bouzourene H, Hutter P, Losi L, Martin P, Benhattar J: Selection of patients 
with germline MLH1 mutated Lynch syndrome by determination of MLH1 
methylation and BRAF mutation. Fam Cancer 2010, 9(2):167-172. 

242. Wong JJ, Hawkins NJ, Ward RL: Colorectal cancer: a model for epigenetic 
tumorigenesis. Gut 2007, 56(1):140-148. 

243. Samowitz WS, Albertsen H, Sweeney C, Herrick J, Caan BJ, Anderson KE, 
Wolff RK, Slattery ML: Association of smoking, CpG island methylator 
phenotype, and V600E BRAF mutations in colon cancer. J Natl Cancer Inst 
2006, 98(23):1731-1738. 

244. Toyota M, Issa JP: CpG island methylator phenotypes in aging and cancer. 
Semin Cancer Biol 1999, 9(5):349-357. 

245. Ogino S, Odze RD, Kawasaki T, Brahmandam M, Kirkner GJ, Laird PW, Loda 
M, Fuchs CS: Correlation of pathologic features with CpG island methylator 
phenotype (CIMP) by quantitative DNA methylation analysis in colorectal 
carcinoma. The American journal of surgical pathology 2006, 30(9):1175-1183. 

246. Samowitz WS, Albertsen H, Herrick J, Levin TR, Sweeney C, Murtaugh MA, 
Wolff RK, Slattery ML: Evaluation of a large, population-based sample 
supports a CpG island methylator phenotype in colon cancer. 
Gastroenterology 2005, 129(3):837-845. 



  

 124 

247. Weisenberger DJ, Siegmund KD, Campan M, Young J, Long TI, Faasse MA, 
Kang GH, Widschwendter M, Weener D, Buchanan D et al: CpG island 
methylator phenotype underlies sporadic microsatellite instability and is 
tightly associated with BRAF mutation in colorectal cancer. Nat Genet 2006, 
38(7):787-793. 

248. Shima K, Nosho K, Baba Y, Cantor M, Meyerhardt JA, Giovannucci EL, Fuchs 
CS, Ogino S: Prognostic significance of CDKN2A (p16) promoter 
methylation and loss of expression in 902 colorectal cancers: Cohort study 
and literature review. Int J Cancer 2011, 128(5):1080-1094. 

249. Kambara T, Simms LA, Whitehall VL, Spring KJ, Wynter CV, Walsh MD, 
Barker MA, Arnold S, McGivern A, Matsubara N et al: BRAF mutation is 
associated with DNA methylation in serrated polyps and cancers of the 
colorectum. Gut 2004, 53(8):1137-1144. 

250. Ploeg M, Aben KK, Kiemeney LA: The present and future burden of urinary 
bladder cancer in the world. World J Urol 2009, 27(3):289-293. 

251. Eble JN, World Health Organization: Pathology and genetics of tumours of the 
urinary system and male genital organs. Lyon: IARC Press; 2004. 

252. Siegel RL, Miller KD, Jemal A: Cancer statistics, 2015. CA Cancer J Clin 2015, 
65(1):5-29. 

253. Munoz JJ, Ellison LM: Upper tract urothelial neoplasms: incidence and 
survival during the last 2 decades. The Journal of urology 2000, 164(5):1523-
1525. 

254. Babjuk M, Burger M, Zigeuner R, Shariat SF, van Rhijn BW, Comperat E, 
Sylvester RJ, Kaasinen E, Bohle A, Palou Redorta J et al: EAU guidelines on 
non-muscle-invasive urothelial carcinoma of the bladder: update 2013. 
European urology 2013, 64(4):639-653. 

255. Margulis V, Shariat SF, Matin SF, Kamat AM, Zigeuner R, Kikuchi E, Lotan Y, 
Weizer A, Raman JD, Wood CG et al: Outcomes of radical 
nephroureterectomy: a series from the Upper Tract Urothelial Carcinoma 
Collaboration. Cancer 2009, 115(6):1224-1233. 

256. Cosentino M, Palou J, Gaya JM, Breda A, Rodriguez-Faba O, Villavicencio-
Mavrich H: Upper urinary tract urothelial cell carcinoma: location as a 
predictive factor for concomitant bladder carcinoma. World J Urol 2013, 
31(1):141-145. 

257. Novara G, De Marco V, Dalpiaz O, Gottardo F, Bouygues V, Galfano A, 
Martignoni G, Patard JJ, Artibani W, Ficarra V: Independent predictors of 
metachronous bladder transitional cell carcinoma (TCC) after 
nephroureterectomy for TCC of the upper urinary tract. BJU international 
2008, 101(11):1368-1374. 

258. Xylinas E, Rink M, Margulis V, Karakiewicz P, Novara G, Shariat SF, Upper 
Tract Urothelial Carcinoma C: Multifocal carcinoma in situ of the upper tract 
is associated with high risk of bladder cancer recurrence. European urology 
2012, 61(5):1069-1070. 

259. Zigeuner RE, Hutterer G, Chromecki T, Rehak P, Langner C: Bladder tumour 
development after urothelial carcinoma of the upper urinary tract is related 
to primary tumour location. BJU international 2006, 98(6):1181-1186. 



  

 125 

260. Li WM, Shen JT, Li CC, Ke HL, Wei YC, Wu WJ, Chou YH, Huang CH: 
Oncologic outcomes following three different approaches to the distal ureter 
and bladder cuff in nephroureterectomy for primary upper urinary tract 
urothelial carcinoma. European urology 2010, 57(6):963-969. 

261. Novara G, De Marco V, Dalpiaz O, Galfano A, Bouygues V, Gardiman M, 
Martignoni G, Patard JJ, Artibani W, Ficarra V: Independent predictors of 
contralateral metachronous upper urinary tract transitional cell carcinoma 
after nephroureterectomy: multi-institutional dataset from three European 
centers. Int J Urol 2009, 16(2):187-191. 

262. Burger M, Catto JW, Dalbagni G, Grossman HB, Herr H, Karakiewicz P, Kassouf 
W, Kiemeney LA, La Vecchia C, Shariat S et al: Epidemiology and risk factors 
of urothelial bladder cancer. European urology 2013, 63(2):234-241. 

263. Audenet F, Colin P, Yates DR, Ouzzane A, Pignot G, Long JA, Soulie M, Phe V, 
Bensadoun H, Guy L et al: A proportion of hereditary upper urinary tract 
urothelial carcinomas are misclassified as sporadic according to a multi-
institutional database analysis: proposal of patient-specific risk identification 
tool. BJU international 2012, 110(11 Pt B):E583-589. 

264. Harris AL, Neal DE: Bladder cancer--field versus clonal origin. N Engl J Med 
1992, 326(11):759-761. 

265. Sidransky D, Frost P, Von Eschenbach A, Oyasu R, Preisinger AC, Vogelstein B: 
Clonal origin bladder cancer. N Engl J Med 1992, 326(11):737-740. 

266. Netto GJ: Molecular genetics and genomics progress in urothelial bladder 
cancer. Semin Diagn Pathol 2013, 30(4):313-320. 

267. Hartmann A, Dietmaier W, Hofstadter F, Burgart LJ, Cheville JC, Blaszyk H: 
Urothelial carcinoma of the upper urinary tract: inverted growth pattern is 
predictive of microsatellite instability. Hum Pathol 2003, 34(3):222-227. 

268. Mitra AP, Cote RJ: Molecular pathogenesis and diagnostics of bladder cancer. 
Annu Rev Pathol 2009, 4:251-285. 

269. Mitra AP, Cote RJ: Molecular screening for bladder cancer: progress and 
potential. Nat Rev Urol 2010, 7(1):11-20. 

270. Wu XR: Urothelial tumorigenesis: a tale of divergent pathways. Nat Rev 
Cancer 2005, 5(9):713-725. 

271. Jebar AH, Hurst CD, Tomlinson DC, Johnston C, Taylor CF, Knowles MA: 
FGFR3 and Ras gene mutations are mutually exclusive genetic events in 
urothelial cell carcinoma. Oncogene 2005, 24(33):5218-5225. 

272. Kompier LC, Lurkin I, van der Aa MN, van Rhijn BW, van der Kwast TH, 
Zwarthoff EC: FGFR3, HRAS, KRAS, NRAS and PIK3CA mutations in 
bladder cancer and their potential as biomarkers for surveillance and 
therapy. PloS one 2010, 5(11):e13821. 

273. Sjodahl G, Lauss M, Gudjonsson S, Liedberg F, Hallden C, Chebil G, Mansson 
W, Hoglund M, Lindgren D: A systematic study of gene mutations in 
urothelial carcinoma; inactivating mutations in TSC2 and PIK3R1. PloS one 
2011, 6(4):e18583. 

274. Santos L, Pereira S, Leite RP, Souto M, Amaro T, Criado B: Chromosome 
instability and progression in urothelial cell carcinoma of the bladder. Acta 
Oncol 2003, 42(2):169-173. 



  

 126 

275. Tsai YC, Nichols PW, Hiti AL, Williams Z, Skinner DG, Jones PA: Allelic losses 
of chromosomes 9, 11, and 17 in human bladder cancer. Cancer Res 1990, 
50(1):44-47. 

276. van Oers JM, Zwarthoff EC, Rehman I, Azzouzi AR, Cussenot O, Meuth M, 
Hamdy FC, Catto JW: FGFR3 mutations indicate better survival in invasive 
upper urinary tract and bladder tumours. European urology 2009, 55(3):650-
657. 

277. Roupret M, Azzouzi AR, Cussenot O: Microsatellite instability and 
transitional cell carcinoma of the upper urinary tract. BJU international 2005, 
96(4):489-492. 

278. Amira N, Rivet J, Soliman H, Cancel-Tassin G, Le Duc A, Janin A, Cussenot O: 
Microsatellite instability in urothelial carcinoma of the upper urinary tract. 
The Journal of urology 2003, 170(4 Pt 1):1151-1154. 

279. Catto JW, Azzouzi AR, Amira N, Rehman I, Feeley KM, Cross SS, Fromont G, 
Sibony M, Hamdy FC, Cussenot O et al: Distinct patterns of microsatellite 
instability are seen in tumours of the urinary tract. Oncogene 2003, 
22(54):8699-8706. 

280. Vercelli M, Quaglia A, Marani E, Parodi S: Prostate cancer incidence and 
mortality trends among elderly and adult Europeans. Critical reviews in 
oncology/hematology 2000, 35(2):133-144. 

281. Baade PD, Coory MD, Aitken JF: International trends in prostate-cancer 
mortality: the decrease is continuing and spreading. Cancer Causes Control 
2004, 15(3):237-241. 

282. Leitzmann MF, Rohrmann S: Risk factors for the onset of prostatic cancer: 
age, location, and behavioral correlates. Clin Epidemiol 2012, 4:1-11. 

283. Lee J, Demissie K, Lu SE, Rhoads GG: Cancer incidence among Korean-
American immigrants in the United States and native Koreans in South 
Korea. Cancer Control 2007, 14(1):78-85. 

284. Walsh PC, Partin AW: Family history facilitates the early diagnosis of 
prostate carcinoma. Cancer 1997, 80(9):1871-1874. 

285. Johns LE, Houlston RS: A systematic review and meta-analysis of familial 
prostate cancer risk. BJU international 2003, 91(9):789-794. 

286. Gleason DF: Classification of prostatic carcinomas. Cancer Chemother Rep 
1966, 50(3):125-128. 

287. Epstein JI, Allsbrook WC, Jr., Amin MB, Egevad LL, Committee IG: The 2005 
International Society of Urological Pathology (ISUP) Consensus Conference 
on Gleason Grading of Prostatic Carcinoma. The American journal of surgical 
pathology 2005, 29(9):1228-1242. 

288. Epstein JI, Egevad L, Amin MB, Delahunt B, Srigley JR, Humphrey PA, and the 
Grading C: The 2014 International Society of Urological Pathology (ISUP) 
Consensus Conference on Gleason Grading of Prostatic Carcinoma: 
Definition of Grading Patterns and Proposal for a New Grading System. The 
American journal of surgical pathology 2015. 

289. Grindedal EM, Moller P, Eeles R, Stormorken AT, Bowitz-Lothe IM, Landro 
SM, Clark N, Kvale R, Shanley S, Maehle L: Germ-line mutations in mismatch 



  

 127 

repair genes associated with prostate cancer. Cancer Epidemiol Biomarkers 
Prev 2009, 18(9):2460-2467. 

290. Bostwick DG, Pacelli A, Lopez-Beltran A: Molecular biology of prostatic 
intraepithelial neoplasia. Prostate 1996, 29(2):117-134. 

291. Almeida TA, Papadopoulos N: Progression model of prostate cancer. Methods 
Mol Biol 2003, 222:211-222. 

292. Boyd LK, Mao X, Lu YJ: The complexity of prostate cancer: genomic 
alterations and heterogeneity. Nat Rev Urol 2012, 9(11):652-664. 

293. Afonso A, Emmert-Buck MR, Duray PH, Bostwick DG, Linehan WM, Vocke 
CD: Loss of heterozygosity on chromosome 13 is associated with advanced 
stage prostate cancer. The Journal of urology 1999, 162(3 Pt 1):922-926. 

294. Haggman MJ, Wojno KJ, Pearsall CP, Macoska JA: Allelic loss of 8p sequences 
in prostatic intraepithelial neoplasia and carcinoma. Urology 1997, 50(4):643-
647. 

295. Alers JC, Rochat J, Krijtenburg PJ, Hop WC, Kranse R, Rosenberg C, Tanke HJ, 
Schroder FH, van Dekken H: Identification of genetic markers for prostatic 
cancer progression. Lab Invest 2000, 80(6):931-942. 

296. Emmert-Buck MR, Vocke CD, Pozzatti RO, Duray PH, Jennings SB, Florence 
CD, Zhuang Z, Bostwick DG, Liotta LA, Linehan WM: Allelic loss on 
chromosome 8p12-21 in microdissected prostatic intraepithelial neoplasia. 
Cancer Res 1995, 55(14):2959-2962. 

297. Bowen C, Bubendorf L, Voeller HJ, Slack R, Willi N, Sauter G, Gasser TC, 
Koivisto P, Lack EE, Kononen J et al: Loss of NKX3.1 expression in human 
prostate cancers correlates with tumor progression. Cancer Res 2000, 
60(21):6111-6115. 

298. Harden SV, Guo Z, Epstein JI, Sidransky D: Quantitative GSTP1 methylation 
clearly distinguishes benign prostatic tissue and limited prostate 
adenocarcinoma. The Journal of urology 2003, 169(3):1138-1142. 

299. Kito H, Suzuki H, Ichikawa T, Sekita N, Kamiya N, Akakura K, Igarashi T, 
Nakayama T, Watanabe M, Harigaya K et al: Hypermethylation of the CD44 
gene is associated with progression and metastasis of human prostate cancer. 
Prostate 2001, 49(2):110-115. 

300. Culig Z, Klocker H, Bartsch G, Hobisch A: Androgen receptor mutations in 
carcinoma of the prostate: significance for endocrine therapy. Am J 
Pharmacogenomics 2001, 1(4):241-249. 

301. Perner S, Demichelis F, Beroukhim R, Schmidt FH, Mosquera JM, Setlur S, 
Tchinda J, Tomlins SA, Hofer MD, Pienta KG et al: TMPRSS2:ERG fusion-
associated deletions provide insight into the heterogeneity of prostate cancer. 
Cancer Res 2006, 66(17):8337-8341. 

302. Hessels D, Schalken JA: Recurrent gene fusions in prostate cancer: their 
clinical implications and uses. Curr Urol Rep 2013, 14(3):214-222. 

303. Garnis C, Buys TP, Lam WL: Genetic alteration and gene expression 
modulation during cancer progression. Mol Cancer 2004, 3:9. 

304. Ewing CM, Ray AM, Lange EM, Zuhlke KA, Robbins CM, Tembe WD, Wiley 
KE, Isaacs SD, Johng D, Wang Y et al: Germline mutations in HOXB13 and 
prostate-cancer risk. N Engl J Med 2012, 366(2):141-149. 



  

 128 

305. Akbari MR, Trachtenberg J, Lee J, Tam S, Bristow R, Loblaw A, Narod SA, Nam 
RK: Association between germline HOXB13 G84E mutation and risk of 
prostate cancer. J Natl Cancer Inst 2012, 104(16):1260-1262. 

306. Breyer JP, Avritt TG, McReynolds KM, Dupont WD, Smith JR: Confirmation of 
the HOXB13 G84E germline mutation in familial prostate cancer. Cancer 
Epidemiol Biomarkers Prev 2012, 21(8):1348-1353. 

307. Laitinen VH, Wahlfors T, Saaristo L, Rantapero T, Pelttari LM, Kilpivaara O, 
Laasanen SL, Kallioniemi A, Nevanlinna H, Aaltonen L et al: HOXB13 G84E 
mutation in Finland: population-based analysis of prostate, breast, and 
colorectal cancer risk. Cancer Epidemiol Biomarkers Prev 2013, 22(3):452-460. 

308. Xu J, Lange EM, Lu L, Zheng SL, Wang Z, Thibodeau SN, Cannon-Albright LA, 
Teerlink CC, Camp NJ, Johnson AM et al: HOXB13 is a susceptibility gene for 
prostate cancer: results from the International Consortium for Prostate 
Cancer Genetics (ICPCG). Hum Genet 2013, 132(1):5-14. 

309. Karlsson R, Aly M, Clements M, Zheng L, Adolfsson J, Xu J, Gronberg H, 
Wiklund F: A population-based assessment of germline HOXB13 G84E 
mutation and prostate cancer risk. European urology 2014, 65(1):169-176. 

310. Lin X, Qu L, Chen Z, Xu C, Ye D, Shao Q, Wang X, Qi J, Chen Z, Zhou F et al: 
A novel germline mutation in HOXB13 is associated with prostate cancer 
risk in Chinese men. Prostate 2013, 73(2):169-175. 

311. Maia S, Cardoso M, Pinto P, Pinheiro M, Santos C, Peixoto A, Bento MJ, 
Oliveira J, Henrique R, Jeronimo C et al: Identification of Two Novel HOXB13 
Germline Mutations in Portuguese Prostate Cancer Patients. PloS one 2015, 
10(7):e0132728. 

312. Miki Y, Swensen J, Shattuck-Eidens D, Futreal PA, Harshman K, Tavtigian S, 
Liu Q, Cochran C, Bennett LM, Ding W et al: A strong candidate for the breast 
and ovarian cancer susceptibility gene BRCA1. Science 1994, 266(5182):66-
71. 

313. Wooster R, Bignell G, Lancaster J, Swift S, Seal S, Mangion J, Collins N, 
Gregory S, Gumbs C, Micklem G: Identification of the breast cancer 
susceptibility gene BRCA2. Nature 1995, 378(6559):789-792. 

314. Thiessen EU: Concerning a familial association between breast cancer and 
both prostatic and uterine malignancies. Cancer 1974, 34(4):1102-1107. 

315. Tulinius H, Egilsson V, Olafsdottir GH, Sigvaldason H: Risk of prostate, 
ovarian, and endometrial cancer among relatives of women with breast 
cancer. BMJ 1992, 305(6858):855-857. 

316. Kote-Jarai Z, Leongamornlert D, Saunders E, Tymrakiewicz M, Castro E, 
Mahmud N, Guy M, Edwards S, O'Brien L, Sawyer E et al: BRCA2 is a 
moderate penetrance gene contributing to young-onset prostate cancer: 
implications for genetic testing in prostate cancer patients. Br J Cancer 2011, 
105(8):1230-1234. 

317. van Asperen CJ, Brohet RM, Meijers-Heijboer EJ, Hoogerbrugge N, Verhoef S, 
Vasen HF, Ausems MG, Menko FH, Gomez Garcia EB, Klijn JG et al: Cancer 
risks in BRCA2 families: estimates for sites other than breast and ovary. 
Journal of medical genetics 2005, 42(9):711-719. 



  

 129 

318. Leongamornlert D, Mahmud N, Tymrakiewicz M, Saunders E, Dadaev T, Castro 
E, Goh C, Govindasami K, Guy M, O'Brien L et al: Germline BRCA1 
mutations increase prostate cancer risk. Br J Cancer 2012, 106(10):1697-1701. 

319. Cybulski C, Gorski B, Gronwald J, Huzarski T, Byrski T, Debniak T, Jakubowska 
A, Wokolorczyk D, Gliniewicz B, Sikorski A et al: BRCA1 mutations and 
prostate cancer in Poland. Eur J Cancer Prev 2008, 17(1):62-66. 

320. Moran A, O'Hara C, Khan S, Shack L, Woodward E, Maher ER, Lalloo F, Evans 
DG: Risk of cancer other than breast or ovarian in individuals with BRCA1 
and BRCA2 mutations. Fam Cancer 2012, 11(2):235-242. 

321. Dowty JG, Win AK, Buchanan DD, Lindor NM, Macrae FA, Clendenning M, 
Antill YC, Thibodeau SN, Casey G, Gallinger S et al: Cancer risks for MLH1 
and MSH2 mutation carriers. Human mutation 2013, 34(3):490-497. 

322. Scott RJ, McPhillips M, Meldrum CJ, Fitzgerald PE, Adams K, Spigelman AD, 
du Sart D, Tucker K, Kirk J: Hereditary nonpolyposis colorectal cancer in 95 
families: differences and similarities between mutation-positive and 
mutation-negative kindreds. Am J Hum Genet 2001, 68(1):118-127. 

323. Ahman AK, Jonsson BA, Damber JE, Bergh A, Gronberg H: Low frequency of 
microsatellite instability in hereditary prostate cancer. BJU international 
2001, 87(4):334-338. 

324. Pritchard CC, Morrissey C, Kumar A, Zhang X, Smith C, Coleman I, Salipante 
SJ, Milbank J, Yu M, Grady WM et al: Complex MSH2 and MSH6 mutations 
in hypermutated microsatellite unstable advanced prostate cancer. Nat 
Commun 2014, 5:4988. 

325. Taylor BS, Schultz N, Hieronymus H, Gopalan A, Xiao Y, Carver BS, Arora VK, 
Kaushik P, Cerami E, Reva B et al: Integrative genomic profiling of human 
prostate cancer. Cancer Cell 2010, 18(1):11-22. 

326. Lindblad P: Epidemiology of renal cell carcinoma. Scand J Surg 2004, 
93(2):88-96. 

327. Levi F, Ferlay J, Galeone C, Lucchini F, Negri E, Boyle P, La Vecchia C: The 
changing pattern of kidney cancer incidence and mortality in Europe. BJU 
international 2008, 101(8):949-958. 

328. Lipworth L, Tarone RE, McLaughlin JK: The epidemiology of renal cell 
carcinoma. The Journal of urology 2006, 176(6 Pt 1):2353-2358. 

329. Clague J, Lin J, Cassidy A, Matin S, Tannir NM, Tamboli P, Wood CG, Wu X: 
Family history and risk of renal cell carcinoma: results from a case-control 
study and systematic meta-analysis. Cancer Epidemiol Biomarkers Prev 2009, 
18(3):801-807. 

330. Ho TH, Jonasch E: Genetic kidney cancer syndromes. J Natl Compr Canc Netw 
2014, 12(9):1347-1355. 

331. Patard JJ, Rodriguez A, Rioux-Leclercq N, Guille F, Lobel B: Prognostic 
significance of the mode of detection in renal tumours. BJU international 
2002, 90(4):358-363. 

332. Srigley JR, Delahunt B, Eble JN, Egevad L, Epstein JI, Grignon D, Hes O, Moch 
H, Montironi R, Tickoo SK et al: The International Society of Urological 
Pathology (ISUP) Vancouver Classification of Renal Neoplasia. The American 
journal of surgical pathology 2013, 37(10):1469-1489. 



  

 130 

333. Furge KA, Tan MH, Dykema K, Kort E, Stadler W, Yao X, Zhou M, Teh BT: 
Identification of deregulated oncogenic pathways in renal cell carcinoma: an 
integrated oncogenomic approach based on gene expression profiling. 
Oncogene 2007, 26(9):1346-1350. 

334. Linehan WM, Vasselli J, Srinivasan R, Walther MM, Merino M, Choyke P, 
Vocke C, Schmidt L, Isaacs JS, Glenn G et al: Genetic basis of cancer of the 
kidney: disease-specific approaches to therapy. Clin Cancer Res 2004, 10(18 
Pt 2):6282S-6289S. 

335. Yang XJ, Tan MH, Kim HL, Ditlev JA, Betten MW, Png CE, Kort EJ, Futami K, 
Furge KA, Takahashi M et al: A molecular classification of papillary renal cell 
carcinoma. Cancer Res 2005, 65(13):5628-5637. 

336. Lopez-Beltran A, Carrasco JC, Cheng L, Scarpelli M, Kirkali Z, Montironi R: 
2009 update on the classification of renal epithelial tumors in adults. Int J 
Urol 2009, 16(5):432-443. 

337. Delahunt B, Eble JN, McCredie MR, Bethwaite PB, Stewart JH, Bilous AM: 
Morphologic typing of papillary renal cell carcinoma: comparison of growth 
kinetics and patient survival in 66 cases. Hum Pathol 2001, 32(6):590-595. 

338. Fuhrman SA, Lasky LC, Limas C: Prognostic significance of morphologic 
parameters in renal cell carcinoma. The American journal of surgical 
pathology 1982, 6(7):655-663. 

339. Novara G, Martignoni G, Artibani W, Ficarra V: Grading systems in renal cell 
carcinoma. The Journal of urology 2007, 177(2):430-436. 

340. Delahunt B, Sika-Paotonu D, Bethwaite PB, McCredie MR, Martignoni G, Eble 
JN, Jordan TW: Fuhrman grading is not appropriate for chromophobe renal 
cell carcinoma. The American journal of surgical pathology 2007, 31(6):957-
960. 

341. Keegan KA, Schupp CW, Chamie K, Hellenthal NJ, Evans CP, Koppie TM: 
Histopathology of surgically treated renal cell carcinoma: survival 
differences by subtype and stage. The Journal of urology 2012, 188(2):391-397. 

342. Beck SD, Patel MI, Snyder ME, Kattan MW, Motzer RJ, Reuter VE, Russo P: 
Effect of papillary and chromophobe cell type on disease-free survival after 
nephrectomy for renal cell carcinoma. Ann Surg Oncol 2004, 11(1):71-77. 

343. Cheng L, Zhang S, MacLennan GT, Lopez-Beltran A, Montironi R: Molecular 
and cytogenetic insights into the pathogenesis, classification, differential 
diagnosis, and prognosis of renal epithelial neoplasms. Hum Pathol 2009, 
40(1):10-29. 

344. Hoglund M, Gisselsson D, Soller M, Hansen GB, Elfving P, Mitelman F: 
Dissecting karyotypic patterns in renal cell carcinoma: an analysis of the 
accumulated cytogenetic data. Cancer Genet Cytogenet 2004, 153(1):1-9. 

345. Strefford JC, Stasevich I, Lane TM, Lu YJ, Oliver T, Young BD: A combination 
of molecular cytogenetic analyses reveals complex genetic alterations in 
conventional renal cell carcinoma. Cancer Genet Cytogenet 2005, 159(1):1-9. 

346. Banks RE, Tirukonda P, Taylor C, Hornigold N, Astuti D, Cohen D, Maher ER, 
Stanley AJ, Harnden P, Joyce A et al: Genetic and epigenetic analysis of von 
Hippel-Lindau (VHL) gene alterations and relationship with clinical 
variables in sporadic renal cancer. Cancer Res 2006, 66(4):2000-2011. 



  

 131 

347. Gimenez-Bachs JM, Salinas-Sanchez AS, Sanchez-Sanchez F, Lorenzo-Romero 
JG, Donate-Moreno MJ, Pastor-Navarro H, Garcia-Olmo DC, Escribano-
Martinez J, Virseda-Rodriguez JA: Determination of vhl gene mutations in 
sporadic renal cell carcinoma. European urology 2006, 49(6):1051-1057. 

348. Gossage L, Eisen T: Alterations in VHL as potential biomarkers in renal-cell 
carcinoma. Nat Rev Clin Oncol 2010, 7(5):277-288. 

349. Pfaffenroth EC, Linehan WM: Genetic basis for kidney cancer: opportunity 
for disease-specific approaches to therapy. Expert Opin Biol Ther 2008, 
8(6):779-790. 

350. Kaelin WG, Jr.: The von Hippel-Lindau tumor suppressor protein and clear 
cell renal carcinoma. Clin Cancer Res 2007, 13(2 Pt 2):680s-684s. 

351. Linehan WM, Bratslavsky G, Pinto PA, Schmidt LS, Neckers L, Bottaro DP, 
Srinivasan R: Molecular diagnosis and therapy of kidney cancer. Annu Rev 
Med 2010, 61:329-343. 

352. Lane BR, Rini BI, Novick AC, Campbell SC: Targeted molecular therapy for 
renal cell carcinoma. Urology 2007, 69(1):3-10. 

353. Klatte T, Pantuck AJ: Molecular biology of renal cortical tumors. Urol Clin 
North Am 2008, 35(4):573-580; vi. 

354. Kovacs G: Molecular cytogenetics of renal cell tumors. Adv Cancer Res 1993, 
62:89-124. 

355. Brunelli M, Eble JN, Zhang S, Martignoni G, Cheng L: Gains of chromosomes 
7, 17, 12, 16, and 20 and loss of Y occur early in the evolution of papillary 
renal cell neoplasia: a fluorescent in situ hybridization study. Modern 
pathology : an official journal of the United States and Canadian Academy of 
Pathology, Inc 2003, 16(10):1053-1059. 

356. Schraml P, Muller D, Bednar R, Gasser T, Sauter G, Mihatsch MJ, Moch H: 
Allelic loss at the D9S171 locus on chromosome 9p13 is associated with 
progression of papillary renal cell carcinoma. The Journal of pathology 2000, 
190(4):457-461. 

357. Schmidt L, Duh FM, Chen F, Kishida T, Glenn G, Choyke P, Scherer SW, 
Zhuang Z, Lubensky I, Dean M et al: Germline and somatic mutations in the 
tyrosine kinase domain of the MET proto-oncogene in papillary renal 
carcinomas. Nat Genet 1997, 16(1):68-73. 

358. Eder JP, Vande Woude GF, Boerner SA, LoRusso PM: Novel therapeutic 
inhibitors of the c-Met signaling pathway in cancer. Clin Cancer Res 2009, 
15(7):2207-2214. 

359. Yap NY, Rajandram R, Ng KL, Pailoor J, Fadzli A, Gobe GC: Genetic and 
Chromosomal Aberrations and Their Clinical Significance in Renal 
Neoplasms. Biomed Res Int 2015, 2015:476508. 

360. Stoehr C, Burger M, Stoehr R, Bertz S, Ruemmele P, Hofstaedter F, Denzinger S, 
Wieland WF, Hartmann A, Walter B: Mismatch repair proteins hMLH1 and 
hMSH2 are differently expressed in the three main subtypes of sporadic 
renal cell carcinoma. Pathobiology : journal of immunopathology, molecular 
and cellular biology 2012, 79(3):162-168. 



  

 132 

361. Altavilla G, Fassan M, Busatto G, Orsolan M, Giacomelli L: Microsatellite 
instability and hMLH1 and hMSH2 expression in renal tumors. Oncology 
reports 2010, 24(4):927-932. 

362. Rubio-Del-Campo A, Salinas-Sanchez AS, Sanchez-Sanchez F, Gimenez-Bachs 
JM, Donate-Moreno MJ, Pastor-Navarro H, Carrion-Lopez P, Escribano J: 
Implications of mismatch repair genes hMLH1 and hMSH2 in patients with 
sporadic renal cell carcinoma. BJU international 2008, 102(4):504-509. 

363. Baiyee D, Banner B: Mismatch repair genes in renal cortical neoplasms. Hum 
Pathol 2006, 37(2):185-189. 

364. Yoo KH, Won KY, Lim SJ, Park YK, Chang SG: Deficiency of MSH2 
expression is associated with clear cell renal cell carcinoma. Oncology letters 
2014, 8(5):2135-2139. 

365. Jass JR, Do KA, Simms LA, Iino H, Wynter C, Pillay SP, Searle J, Radford-
Smith G, Young J, Leggett B: Morphology of sporadic colorectal cancer with 
DNA replication errors. Gut 1998, 42(5):673-679. 

366. Hamilton SR BF, Boffetta P, Ilyas M, Morreau H, Nakamura SI, Quirke P, Riboli 
E, Sobin LH: Carcinoma of the colon and rectum, 4th edn. Lyon, France: IARC 
Press; 2010. 

367. Eble JN SG, Epstein JI, Sesterhenn IA: World Health Organization 
Classification of Tumors. Pathology and Genetics of Tumours of the Urinary 
System and Male Genital Organs., 3th edn. Lyon, France: IARC Press; 2004. 

368. Engel KB, Moore HM: Effects of preanalytical variables on the detection of 
proteins by immunohistochemistry in formalin-fixed, paraffin-embedded 
tissue. Archives of pathology & laboratory medicine 2011, 135(5):537-543. 

369. Bao F, Panarelli NC, Rennert H, Sherr DL, Yantiss RK: Neoadjuvant therapy 
induces loss of MSH6 expression in colorectal carcinoma. The American 
journal of surgical pathology 2010, 34(12):1798-1804. 

370. Radu OM, Nikiforova MN, Farkas LM, Krasinskas AM: Challenging cases 
encountered in colorectal cancer screening for Lynch syndrome reveal novel 
findings: nucleolar MSH6 staining and impact of prior chemoradiation 
therapy. Hum Pathol 2011, 42(9):1247-1258. 

371. Giuffre G, Muller A, Brodegger T, Bocker-Edmonston T, Gebert J, Kloor M, 
Dietmaier W, Kullmann F, Buttner R, Tuccari G et al: Microsatellite analysis of 
hereditary nonpolyposis colorectal cancer-associated colorectal adenomas by 
laser-assisted microdissection: correlation with mismatch repair protein 
expression provides new insights in early steps of tumorigenesis. J Mol Diagn 
2005, 7(2):160-170. 

372. Eads CA, Danenberg KD, Kawakami K, Saltz LB, Blake C, Shibata D, 
Danenberg PV, Laird PW: MethyLight: a high-throughput assay to measure 
DNA methylation. Nucleic acids research 2000, 28(8):E32. 

373. Fiegl H, Gattringer C, Widschwendter A, Schneitter A, Ramoni A, Sarlay D, 
Gaugg I, Goebel G, Muller HM, Mueller-Holzner E et al: Methylated DNA 
collected by tampons--a new tool to detect endometrial cancer. Cancer 
Epidemiol Biomarkers Prev 2004, 13(5):882-888. 



  

 133 

374. Weisenberger DJ, Campan M, Long TI, Kim M, Woods C, Fiala E, Ehrlich M, 
Laird PW: Analysis of repetitive element DNA methylation by MethyLight. 
Nucleic acids research 2005, 33(21):6823-6836. 

375. Baldetorp B, Dalberg M, Holst U, Lindgren G: Statistical evaluation of cell 
kinetic data from DNA flow cytometry (FCM) by the EM algorithm. 
Cytometry 1989, 10(6):695-705. 

376. Schutte B, Reynders MM, Bosman FT, Blijham GH: Flow cytometric 
determination of DNA ploidy level in nuclei isolated from paraffin-embedded 
tissue. Cytometry 1985, 6(1):26-30. 

377. Engholm G, Ferlay J, Christensen N, Bray F, Gjerstorff ML, Klint A, Kotlum JE, 
Olafsdottir E, Pukkala E, Storm HH: NORDCAN--a Nordic tool for cancer 
information, planning, quality control and research. Acta Oncol 2010, 
49(5):725-736. 

378. Rostgaard K: Methods for stratification of person-time and events - a 
prerequisite for Poisson regression and SIR estimation. Epidemiol Perspect 
Innov 2008, 5:7. 

379. Manders P, Spruijt L, Kets CM, Willems HW, Bodmer D, Hebeda KM, 
Nagtegaal ID, van Krieken JH, Ligtenberg MJ, Hoogerbrugge N: Young age and 
a positive family history of colorectal cancer are complementary selection 
criteria for the identification of Lynch syndrome. Eur J Cancer 2011, 
47(9):1407-1413. 

380. Steinhagen E, Shia J, Markowitz AJ, Stadler ZK, Salo-Mullen EE, Zheng J, Lee-
Kong SA, Nash GM, Offit K, Guillem JG: Systematic immunohistochemistry 
screening for Lynch syndrome in early age-of-onset colorectal cancer 
patients undergoing surgical resection. Journal of the American College of 
Surgeons 2012, 214(1):61-67. 

381. Jass JR, Walsh MD, Barker M, Simms LA, Young J, Leggett BA: Distinction 
between familial and sporadic forms of colorectal cancer showing DNA 
microsatellite instability. Eur J Cancer 2002, 38(7):858-866. 

382. Klarskov L, Holck S, Bernstein I, Okkels H, Rambech E, Baldetorp B, Nilbert M: 
Challenges in the identification of MSH6-associated colorectal cancer: rectal 
location, less typical histology, and a subset with retained mismatch repair 
function. The American journal of surgical pathology 2011, 35(9):1391-1399. 

383. Wagner A, Hendriks Y, Meijers-Heijboer EJ, de Leeuw WJ, Morreau H, Hofstra 
R, Tops C, Bik E, Brocker-Vriends AH, van Der Meer C et al: Atypical HNPCC 
owing to MSH6 germline mutations: analysis of a large Dutch pedigree. 
Journal of medical genetics 2001, 38(5):318-322. 

384. Klarskov L, Ladelund S, Holck S, Roenlund K, Lindebjerg J, Elebro J, 
Halvarsson B, von Salome J, Bernstein I, Nilbert M: Interobserver variability in 
the evaluation of mismatch repair protein immunostaining. Hum Pathol 2010, 
41(10):1387-1396. 

385. Muller A, Giuffre G, Edmonston TB, Mathiak M, Roggendorf B, Heinmoller E, 
Brodegger T, Tuccari G, Mangold E, Buettner R et al: Challenges and pitfalls in 
HNPCC screening by microsatellite analysis and immunohistochemistry. J 
Mol Diagn 2004, 6(4):308-315. 



  

 134 

386. Overbeek LI, Ligtenberg MJ, Willems RW, Hermens RP, Blokx WA, Dubois SV, 
van der Linden H, Meijer JW, Mlynek-Kersjes ML, Hoogerbrugge N et al: 
Interpretation of immunohistochemistry for mismatch repair proteins is only 
reliable in a specialized setting. The American journal of surgical pathology 
2008, 32(8):1246-1251. 

387. Shia J, Ellis NA, Klimstra DS: The utility of immunohistochemical detection of 
DNA mismatch repair gene proteins. Virchows Archiv : an international 
journal of pathology 2004, 445(5):431-441. 

388. Chapusot C, Martin L, Bouvier AM, Bonithon-Kopp C, Ecarnot-Laubriet A, 
Rageot D, Ponnelle T, Laurent Puig P, Faivre J, Piard F: Microsatellite 
instability and intratumoural heterogeneity in 100 right-sided sporadic colon 
carcinomas. Br J Cancer 2002, 87(4):400-404. 

389. Watson N, Grieu F, Morris M, Harvey J, Stewart C, Schofield L, Goldblatt J, 
Iacopetta B: Heterogeneous staining for mismatch repair proteins during 
population-based prescreening for hereditary nonpolyposis colorectal 
cancer. J Mol Diagn 2007, 9(4):472-478. 

390. Shia J, Zhang L, Shike M, Guo M, Stadler Z, Xiong X, Tang LH, Vakiani E, 
Katabi N, Wang H et al: Secondary mutation in a coding mononucleotide tract 
in MSH6 causes loss of immunoexpression of MSH6 in colorectal carcinomas 
with MLH1/PMS2 deficiency. Modern pathology : an official journal of the 
United States and Canadian Academy of Pathology, Inc 2013, 26(1):131-138. 

391. Fadhil W, Ilyas M: Immunostaining for mismatch repair (MMR) protein 
expression in colorectal cancer is better and easier to interpret when 
performed on diagnostic biopsies. Histopathology 2012, 60(4):653-655. 

392. Kumarasinghe AP, de Boer B, Bateman AC, Kumarasinghe MP: DNA mismatch 
repair enzyme immunohistochemistry in colorectal cancer: a comparison of 
biopsy and resection material. Pathology 2010, 42(5):414-420. 

393. Shia J, Stadler Z, Weiser MR, Rentz M, Gonen M, Tang LH, Vakiani E, Katabi 
N, Xiong X, Markowitz AJ et al: Immunohistochemical staining for DNA 
mismatch repair proteins in intestinal tract carcinoma: how reliable are 
biopsy samples? The American journal of surgical pathology 2011, 35(3):447-
454. 

394. Warrier SK, Trainer AH, Lynch AC, Mitchell C, Hiscock R, Sawyer S, 
Boussioutas A, Heriot AG: Preoperative diagnosis of Lynch syndrome with 
DNA mismatch repair immunohistochemistry on a diagnostic biopsy. 
Diseases of the colon and rectum 2011, 54(12):1480-1487. 

395. Barrow E, Robinson L, Alduaij W, Shenton A, Clancy T, Lalloo F, Hill J, Evans 
DG: Cumulative lifetime incidence of extracolonic cancers in Lynch 
syndrome: a report of 121 families with proven mutations. Clinical genetics 
2009, 75(2):141-149. 

396. Bermejo JL, Eng C, Hemminki K: Cancer characteristics in Swedish families 
fulfilling criteria for hereditary nonpolyposis colorectal cancer. 
Gastroenterology 2005, 129(6):1889-1899. 

397. Geary J, Sasieni P, Houlston R, Izatt L, Eeles R, Payne SJ, Fisher S, Hodgson SV: 
Gene-related cancer spectrum in families with hereditary non-polyposis 
colorectal cancer (HNPCC). Fam Cancer 2008, 7(2):163-172. 



  

 135 

398. Barrow PJ, Ingham S, O'Hara C, Green K, McIntyre I, Lalloo F, Hill J, Evans 
DG: The spectrum of urological malignancy in Lynch syndrome. Fam Cancer 
2013, 12(1):57-63. 

399. Acher P, Kiela G, Thomas K, O'Brien T: Towards a rational strategy for the 
surveillance of patients with Lynch syndrome (hereditary non-polyposis 
colon cancer) for upper tract transitional cell carcinoma. BJU international 
2010, 106(3):300-302. 

400. Goecke T, Schulmann K, Engel C, Holinski-Feder E, Pagenstecher C, Schackert 
HK, Kloor M, Kunstmann E, Vogelsang H, Keller G et al: Genotype-phenotype 
comparison of German MLH1 and MSH2 mutation carriers clinically 
affected with Lynch syndrome: a report by the German HNPCC 
Consortium. J Clin Oncol 2006, 24(26):4285-4292. 

401. Haraldsdottir S, Hampel H, Wei L, Wu C, Frankel W, Bekaii-Saab T, de la 
Chapelle A, Goldberg RM: Prostate cancer incidence in males with Lynch 
syndrome. Genetics in medicine : official journal of the American College of 
Medical Genetics 2014, 16(7):553-557. 

402. Win AK, Lindor NM, Winship I, Tucker KM, Buchanan DD, Young JP, Rosty C, 
Leggett B, Giles GG, Goldblatt J et al: Risks of colorectal and other cancers 
after endometrial cancer for women with Lynch syndrome. J Natl Cancer Inst 
2013, 105(4):274-279. 

403. Kastrinos F, Stoffel EM, Balmana J, Steyerberg EW, Mercado R, Syngal S: 
Phenotype comparison of MLH1 and MSH2 mutation carriers in a cohort of 
1,914 individuals undergoing clinical genetic testing in the United States. 
Cancer Epidemiol Biomarkers Prev 2008, 17(8):2044-2051. 

404. Pande D, Negi R, Karki K, Dwivedi US, Khanna RS, Khanna HD: Simultaneous 
progression of oxidative stress, angiogenesis, and cell proliferation in 
prostate carcinoma. Urologic oncology 2013, 31(8):1561-1566. 

405. Karja V, Aaltomaa S, Lipponen P, Isotalo T, Talja M, Mokka R: Tumour-
infiltrating lymphocytes: A prognostic factor of PSA-free survival in patients 
with local prostate carcinoma treated by radical prostatectomy. Anticancer 
research 2005, 25(6C):4435-4438. 

406. Flammiger A, Bayer F, Cirugeda-Kuhnert A, Huland H, Tennstedt P, Simon R, 
Minner S, Bokemeyer C, Sauter G, Schlomm T et al: Intratumoral T but not B 
lymphocytes are related to clinical outcome in prostate cancer. APMIS 2012, 
120(11):901-908. 

407. Ness N, Andersen S, Valkov A, Nordby Y, Donnem T, Al-Saad S, Busund LT, 
Bremnes RM, Richardsen E: Infiltration of CD8+ lymphocytes is an 
independent prognostic factor of biochemical failure-free survival in prostate 
cancer. Prostate 2014, 74(14):1452-1461. 

408. Castro E, Goh C, Olmos D, Saunders E, Leongamornlert D, Tymrakiewicz M, 
Mahmud N, Dadaev T, Govindasami K, Guy M et al: Germline BRCA 
mutations are associated with higher risk of nodal involvement, distant 
metastasis, and poor survival outcomes in prostate cancer. J Clin Oncol 2013, 
31(14):1748-1757. 

409. Garg K, Leitao MM, Jr., Kauff ND, Hansen J, Kosarin K, Shia J, Soslow RA: 
Selection of endometrial carcinomas for DNA mismatch repair protein 



  

 136 

immunohistochemistry using patient age and tumor morphology enhances 
detection of mismatch repair abnormalities. The American journal of surgical 
pathology 2009, 33(6):925-933. 

410. Rabban JT, Calkins SM, Karnezis AN, Grenert JP, Blanco A, Crawford B, Chen 
LM: Association of tumor morphology with mismatch-repair protein status 
in older endometrial cancer patients: implications for universal versus 
selective screening strategies for Lynch syndrome. The American journal of 
surgical pathology 2014, 38(6):793-800. 

411. Bonnal C, Ravery V, Toublanc M, Bertrand G, Boccon-Gibod L, Henin D, 
Grandchamp B: Absence of microsatellite instability in transitional cell 
carcinoma of the bladder. Urology 2000, 55(2):287-291. 

412. Joost P, Therkildsen C, Dominguez-Valentin M, Jonsson M, Nilbert M: Urinary 
Tract Cancer in Lynch Syndrome; Increased Risk in Carriers of MSH2 
Mutations. Urology 2015. 

413. Mongiat-Artus P, Miquel C, van der Aa M, Buhard O, Hamelin R, Bangma C, 
Teillac P, van der Kwast T, Praz F: Infrequent microsatellite instability in 
urothelial cell carcinoma of the bladder in young patients. European urology 
2006, 49(4):685-690. 





Mismatch Repair Defi cient Cancer
Diagnostic Aspects in Colorectal Cancer and
the Role of Urological Cancer in Lynch Syndrome
PATRICK JOOST, MD | FACULTY OF MEDICINE | LUND UNIVERSITY

Lund University, Faculty of Medicine
Department of Oncology and Pathology

Clinical Sciences, Lund
Doctoral Dissertation Series 2016:4

ISBN 978-91-7619-229-0
ISSN 1652-8220

9
78
91
76

19
22
90

PA
TR

IC
K

 JO
O

ST 
 

M
ism

atch R
epair D

efi cient C
ancer

4

Printed by M
edia-Tryck, Lund U

niversity 2015


	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page

