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TheidentificationofgermlinemutationsinfamilieswithHNPCCishamperedbygeneticheterogeneityandclinical
variability.Inpreviousstudies, MSH2 and MLH1 mutationswerefoundinapproximatelytwo-thirdsoftheAm-
sterdam-criteria—positivefamiliesandinmuchlowerpercentagesoftheAmsterdam-criteria-negativefamilies. There-
fore,aconsiderableproportionofHNPCCseemsnottobeaccountedforbythemajormismatchrepair(MMR)
genes.Doesthelatterresultfromalackofsensitivityofmutationdetectiontechniques,ordoadditionalgenes
underlietheremainingcases?Inthisstudyweaddressthesequestionsbythoroughlyinvestigatingacohortof
clinicallyselectedNorthAmericanfamilieswithHNPCC.Weanalyzed59clinicallywell-definedU.S.familieswith
HNPCCfor MSH2,MLH1, and MSH6 mutations.Tomaximizemutationdetection,differenttechniqueswere
employed,includingdenaturinggradientgelelectrophoresis,Southernanalysis,microsatelliteinstability,immuno-
histochemistry,andmonoallelicexpressionanalysis.In45(92 % )ofthe49 Amsterdam-criteria—positivefamilies
andin7(70% )ofthe10Amsterdam-criteria-negativefamilies,amutationwasdetectedinoneofthethreeanalyzed

MMRgenes.Forty-ninemutationswerein

proportion(27 % )ofthemutationsweregenomicrearrangements(12in

MSH2 or MLH1, andonlythreewerein

MSHG6.Aconsiderable
MSH2 and2in MLH1).Notably,adeletion

encompassingexons1l-6of MSH2 wasdetectedinsevenapparentlyunrelatedfamilies(12 % ofthetotalcohort)
andwassubsequentlyproventobeafounder.ScreeningofasecondU.S.cohortwithHNPCCfromOhioallowed
theidentificationoftwoadditionalkindredswiththeidenticalfounderdeletion.Inthepresentstudy,weshowthat
optimalmutationdetectioninHNPCCisachievedbycombiningaccurateandexpertclinicalselectionwithan

extensivemutationdetectionstrategy.Notably,weidentifiedacommonNorthAmericandeletionin

MSH2, ac-

countingfor ~10%ofourcohort.Genealogical,molecular,andhaplotypestudiesshowedthatthisdeletionrep-
resentsaNorthAmericanfoundermutationthatcouldbetracedbacktothe19thcentury.

Introduction

Hereditarynonpolyposiscolorectalcancer(HNPCC
[MIM114500])isthemostfrequentautosomaldomi-
nantpredispositiontothedevelopmentofcolorectal
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cancer.Itiscausedbygermlinemutationsinhuman
homologuesofthebacterialmismatchrepair(MMR)
genesMutLandMutS:  MSH2 onchromosome2p16,
MLHT on3p21, MSH6 on2p15,and PMS1 and PMS2
on7p22(Fisheletal.1993;Bronneretal.1994;Ni-
colaidesetal.1994;Akiyamaetal.1997;Miyakietal.
1997).Theidentificationofgermlinemutationsinfam-
ilieswithHNPCCandHNPCC-likediseaseishampered
notonlybythislocusheterogeneitybutalsobytheclin-
icalvariabilityamongfamilieswithHNPCC.Apartfrom
alifetimeriskofcolorectalcancerof ~80% (Vasenet
al.1996;Aarnioetal. 1999),individualswithanMMR
genemutationarecharacterizedbyanincreasedriskof
tumorsoftheendometrium,stomach,smallintestine,
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pancreas,hepatobiliarysystem,urinarytract,ovary,
brain,andskin(Lynch1999).Thevastmajorityof
HNPCC-causingmutationshavebeenreportedin - MSH2
and MLH1 (PeltomakiandVasen1997).Accordingly,
mutationsinthesegenesgiverisetothe“classical”
HNPCCphenotype(Wijnenetal.1997;Giardielloet
al.2001),whereas MSH6 mutationshavebeendescribed
infamilieswithmoreatypical HNPCC(Kolodneretal.
1999;Wijnenetal.1999;Wuetal.1999;Wagneretal.
2001).Onlyafew PMS2 germlinemutationshavebeen
describedsofar(Hamiltonetal.1995;Liuetal.2001).
IdentificationofHNPCC-causingMMRgenemuta-
tionsenablesat-riskrelativestobeinformedabouttheir
cancerrisksandtobenefitfromintensivesurveillance
programsthathavebeenproventoreducetheirover-
allmortalityby65 % (Jarvinenetal.2000). Toopti-
mizemutationanalysisinfamilieswithHNPCCand
HNPCC-likedisease,severalclinicalcriteriahavebeen
formulated.Ofthese,theAmsterdamcriteria,estab-
lishedbythelnternationalCollaborativeGroupon
HNPCC(Vasenetal.1991,1999),arenowrecognized
asthegoldstandardinHNPCCclinicalselection.Pre-
viously, MLH1 or MSH2 mutationshavebeenfound
inonly45 %-64%and0%-47 %oftheAmsterdam
criteria—positiveand—negativefamilies,respectively
(Giardielloetal.2001).Since ~ >90%ofHNPCCcolo-
rectalcancersdisplaymicrosatelliteinstability (MSI)
(Aaltonenetal.1994;Fujiwaraetal.1998),incontrast
t012%-18 % ofthesporadiccolorectalcancers(Ionov
etal.1993;Thibodeauetal.1993),the“Bethesda
guidelines”includeMSlIasanadditionalselectiontool
forMMRgenemutationanalysis(Rodriguez-Bigaset
al.1997).However,althoughtheapplicationoftheBe-
thesdaguidelinesdoesimprovethemutationanalysis
sensitivity,italsoresultsinaremarkablereductionof
itsspecificitycomparedwiththeAmsterdamcriteria,
sinceaconsiderablenumberoffamilieswithmoreatyp-
icalphenotypesareincluded(Syngaletal.2000).The
valueofimmunohistochemical(IHC)analysisof MMR
proteinsasavaluableadditionalselectivetoolhasbeen
showninseveralstudies(deLeeuwetal.2000;Lindor
etal.2002;Hendriksetal.2003),althoughpositive
IHCstainingisobservedinthepresenceofcertainmu-
tationtypes(Wahlenbergetal.2002).
Thefactthatgermline MSH2 and MLH1 mutations
cannotbeidentifiedinastill-considerableproportion
ofthefamilieswith“classical " HNPCCmaybeex-
plainedbytheinvolvementofadditionalHNPCCgenes.
MSH6,PMS2, andthemorerecentlydescribed ~MLH3
and EXO1 genesmayrepresentcandidatedisease-caus-
inggenesfor MSH2-and MLH1-negativefamilies(Wu
etal.2001 4, 2001b).However,preliminarydataindi-
catethatgermlinemutationsinthesegenesaremore
likelytoeitherresultinatypical HNPCCphenotypes

andarerareinfamilieswith“classical”HNPCC( MSH6
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and PMS2)orrepresentonlymildgeneticmodifiers
(EXO1 and MLH3)(Hamiltonetal.1995;Kolodner
etal.1999;Wijnenetal.1999;Wuetal.1999,2001 a,
2001b;Wagneretal.2001;Jagmohan-Changuretal.
2003).Bymeansofmore-sensitivemutationdetection
protocols(conversiontechnologyorm _ onoallelicm u-
tationa_nalysisf MAMA]),Yanetal.(2000)showed
involvementof MSH2 or MLH1 inallthefamilieswith
“classical ’HNPCCanalyzed. Thissuggestedthatclin-
icallywell-definedHNPCCiscausedby MSH2 and
MLH]1 aloneandthatoureffortsshouldbefocusedon
developingnewand/ormore-thoroughmutationdetec-
tionapproaches.Tothisend,weanalyzedacohortof
familieswithclinicallyverywelldefined HNPCCand
HNPCC-likediseasefromtheUnitedStatesforthepres-
enceof MSH2,MLH1, and MSH6 germlinemutations,
byusingdifferenttechniquestooptimizemutationde-
tection.Theresultspresentedherenotonlyprovidea
comprehensivespectrumofthemolecularbasisof
HNPCCintheUnitedStatesbutalsounderscorethe
needforclinicalselectionforacost-effectivescreening

of MMRgenes.

PatientsandMethods

TheHenryLynchHNPCCCohort

Thestudyincludedatotalof59extendedfamilies
selectedforhavingconditionsreminiscentof HNPCC
byH.LynchattheDepartmentofPreventiveMedicine
andPublicHealth,CreightonUniversity. Theprocessof
geneticcounselingemployedinthemanagementofthese
familieshasbeendescribedelsewhere(Lynchetal.
1999).Forty-ninefamiliesfulfilledthe Amsterdamcri-
teria.Ofthe10Amsterdamcriteria—negativefamilies,9
werecharacterizedbytwofirst-degreerelativeswithan
HNPCC-relatedtumor(colorectal,endometrial,urinary
tract,orsmallbowelcancer),withonerelativediagnosed
beforetheageof50years.Onlyonefamilydidnotmeet
thecriteriabecauseofthelater(50years)ageatonset
oftheHNPCC-relatedtumors.However,onepatient
fromthisfamilypresentedwithmultipleHNPCC-re-
latedtumors. Themajorityofthefamilies(80% )en-
compassesfiveormoregenerations,whereas,inthere-
mainingcases,fourgenerationswererecorded.More
familycharacteristicsarelistedintable1.Foreachfam-
ily,theyoungestaffectedrelativeavailablewasselected
formutationanalysis,withonlythreeexceptions:intwo
families,onlyasinglerelativewithcolorectalcarcinoma
insituwasavailableformutationanalysis;inathird
one,onlyanonpenetrantindividualwasavailable.Of
theselectedprobands,24hadcolorectalcancerdiag-
nosedbeforetheageof50years(and17attheageof
45yearsoryounger).Eightprobandshadendometrial
cancer(sixdiagnosedbeforetheageof50years),and



1090

Am.].Hum.Genet.72:1088-1100,2003

Table1
ClinicalFeaturesofthe59FamilieswithHNPCCStudiedinthisArticle
Other
Colorectal Endometrial ~ HNPCC-Related
Cancer Cancer Tumors’
Meanno.perfamily 7.4 1.9 2.1

Meanageatonset,inyears(range)45.2(19-85)46.4(31-77)52.8(27-76)

* Ovarycancer,stomachcancer,urinarytractcancer,andsmall-bowelcancer.

onehadsmallbowelcanceratage29years. Twenty-
threeprobandshadmultipleHNPCC-relatedtumors
(includingsebaceousadenomas).

ElevenfamilieswithHNPCCselectedforthisstudy
andscreenedonlyforthefoundermutationweredi-
agnosedattheOhioStateUniversity’sJamesCancer
Hospital,Columbus,Ohio.Amongthese,fivewere Am-
sterdam-positiveand,intheremainingsixfamilies,there
werefeatureshighlysuggestiveof HNPCC,including
earlyonsetand/ormultipleprimarycancersinthepro-
band,oneortwofirst-degreerelativeswithendometrial
cancer,ormultiplesecond-degreerelativeswithcolorec-
talorendometrialcancer.Anadditionalcohortof128
patientswithcolorectal()omerndo8etrial( n=
43)cancerfromOhiowasstudied. Thesepatientsrep-
resentedallMSI-positivecases(98 MSI-highand30
MSI-low)fromacohortof716unselected,consecutive,
newlydiagnosedpatientswithcolorectal()or n = 482
endometrial()eamce2dtheColumbusarea,
collectedin1998-2000.

DenaturingGradientGelElectrophoresis(DGGE)

DNAfromatleastoneaffectedrelativeofeverykin-
dredwasanalyzed.GenomicDNAwasobtainedfrom
peripheralbloodlymphocytes.InitiaDNAanalysiswas
performedbyDGGEanddirectsequencing,asdescribed
elsewhere(Wijnenetal. 1998 b, 1999).Inshort, MSH2-
and MLH1-specificexonswereamplifiedbyPCRand
wereanalyzedbyGC-clampedDGGE.Exonswithal-
teredpatternsofmigrationonDGGEweresequenced,
todeterminethenucleotidealteration. MSHG6 wasan-
alyzedbyDGGEinfamiliesnegativeforpathogenicmu-
tationsin MSH2 or MLH]I.

SouthernBlotAnalysis

Southernanalysisof MSH2,MLH1, and MSH6 was
performedinthefamiliesnegativeforapathogenicpoint
mutationafterDGGEanalysis,accordingtoourpre-
viouslyestablishedprotocol(Wijnenetal. 1998  a).Anal-
ysisof MSH2 wasperformedwith Xbal, HindIIl, Nsil,
and EcoRIgenomicDNAdigests,followedbyhybrid-
izationwiththreeoverlappingcDNAprobes(encom-
passingexons1-7,exons7-12,andexons10-16).Anal-
ysisof MLH1 wasperformedwith Xbal, Apal, HindllIl,
and Nsildigestshybridizedwithtwospecificc DNA

probesencompassingexons1-12andexons11-19;

MSHG6 Southernanalysiswasperformedwith ~ Xbaland
Apaldigests,followedbyhybridizationwithtwocDNA
probesencompassingexons1-4andexons5-10.

CharacterizationoftheFounderDeletionin MSH2

MolecularAnalysis.— Anapparentlyidenticaldele-
tionencompassingexons1-6ofthe MSH2 genewas
identifiedbySouthernanalysisinsevenapparentlyun-
relatedfamilies.Primersweredesignedaroundtheap-
proximatelocationofbreakpointsinferredfromthe
restrictionmapofthedeletedchromosome.The3
primer(F3)waslocatedinintron6ofthe MSH2 gene
(5'-AAGCATCACAGTTACTGTTG-3'),whereasthe5 ’
primer(R3)wasderivedonthebasisofgenomicse-
quences ~2kbupstreamofexon1(5 -GCTGAATTAG-
GTTTTGGAAC-3’).Throughuseoftheseprimers,a
deletion-specificPCRproductof ~1,700bpwasob-
tainedbylongrangePCR (RocheMolecularBiochem-
icals). Thisproductwaspartlysequencedusingathird
primer(R2)located ~ ~1kbupstreamofexon1(5 -
TTTCAATCTGTCGCCCACGC-3 ').Theseprimers
werealsoemployedtoscreentwoOhiocohorts.

CenealogicalStudies.— Genealogicaldatawereob-
tainedfromtherecordsoftheMormonChurch(Fam-
ilySearchInternetWebsite)andtheOfficesofVitalSta-
tistics,aswellasfromcemeteries’recordsandpatient
recollection.

HaplotypeAnalysis. — Todeterminethegenetichistory
ofthedeletionchromosome,chromosome2haplotypes
werederivedfromseveralaffectedandunaffectedindi-
vidualsbyPCRamplificationofCArepeatmarkersprox-
imalanddistaltothe =~ MSH2 gene.Theemployedchro-
mosome2markerswereasfollows:tel-D25119-D252.88-
D2S391- MSH2™s10 *12672_CA1-D25123-D2S378-cen.
PrimersandPCRconditionswereasdescribedelsewhere
(Gyapayetal.1994;Wijnenetal.1994;Hutteretal.
2000).Also,amonochromosomalsomaticcellhybrid(see
below),containingthefounderexon1-6deletion,was
derivedfromOhiofamily726NM,tofacilitatethestudy
ofthehaplotypeofthemutation-carryingchromosome.

i

MSI,IHC,andMAMA

MSlandIHCanalysiswasperformedontumorsam-
plesfromoneindexpatientnegativefor =~ MSH2,MLH1,
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or MSH6 mutation(family101),aswellasfromone
indexpatient(family125)withamissensemutationin
MSH2.MSlanalysiswasperformedwiththeNational
Cancerlnstitute-recommendedmarkers(Bolandetal.
1998),complementedbymarkersBAT40,MSH3,and
MSH6(Hendriksetal.2003).IHCwasperformedwith
antibodiesagainstMSH2,MLH1,andMSH®6,asde-
scribedelsewhere(deLeeuwetal.2000).MSIstatusin
theOhiocohortswasdeterminedwiththeNCI-rec-
ommendedmarkers.BothMSI-highand-lowcaseswere
included.
WehaveappliedMAMAoftheallegedmutatedallele
isolatedinamurinebackground(Papadopoulosetal.
1995;Yanetal.2000).However,becauseofthelimited
availabilityofappropriatepatientmaterialfromthe59
familieswithHNPCC,onlyfewselectedcaseswerean-
alyzedbyMAMA, mainlytoprovideproofoffeasibility
forthistechnicalapproach:theparacentricchromosome
2pinversion(family140)(Wagneretal.2002),ade-
letionofexons1-13of MLH1 (family103),andone
familynegativeformutationsin MSH2,MLHI1, or
MSH6 (family143).Inbrief,somaticcellhybridscon-
tainingonlyonechromosome2por3pallelefromthe
indexpatientweregeneratedbyfusingperipheralblood
lymphocytesorlymphoblastoidcelllineswithinan
Msh2-deficientmurineepithelialcellline(GMPCon-
versionTechnologies)(Papadopoulosetal.1995;Yan
etal.2000).SomaticcellhybridsweregenotypedbyCA
repeatmarkersaroundthe MSH2 and MLH1 geneson
chromosomes2pand3p,respectively,andwereselected
forMAMA.TotalRNAandproteinsampleswereiso-
latedfromthedifferenthybridcelllines. RT-PCRusing
randomhexamers(Fermentas)wasperformed,followed
byastandardPCRusinghuman-specificprimersfor
MSH?2 (forwardprimer5 ~ATATCATGGAACCAGCA-
3" andreverseprimer5 -TACCTTCATTCCATTACT-
GG-3'), MLH1 (forwardprimer5-GCCATTGTCACA-
GAGGATAA-3 andreverseprimer5 ~-CGAAGGAGTG-
GTTAAGCAAC-3)and MSH6 (forwardprimer5 '-T-
CGGTAGCGCCTGCTGCCCC-3" andreverseprimer
S-TAAGTTGTGCCTACCTCCA-3).Inaddition,west-
ernblotanalysiswasperformedonproteinlysatesob-
tainedfromthesomaticcellhybridlinesthroughuseof
arabbitpolyclonalantibodyraisedagainstaminoacids
402-737ofhumanMSH2 (Smitsetal.2000).

Results

Point-MutationAnalysis

Atotalof37germlinemutationswasdetectedin
MSH2,MLH1, and MSH6 byDGGEanalysis,including
sevenmutationsofuncertainpathologicsignificance(six
missensemutationsandonein-frame3-ntdeletion)(ta-
ble2).Inanotherthreefamilies,bothamissenseanda
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Table2

SummaryofResultsofthePointMutationAnalysisinOur
Cohort

No. OF PoOINT
MUTATIONSIN *

AC-Positive  AC-Negative

GENEAND Families Families TOTAL
MUTATION TYPE (N =49 (N =10 (N =59

MLH1:
Frameshift 8 0 8
Nonsense 2 1 3
Splicesite 6 2 8
Missense 3 1 4
Subtotal 19 4 23

MSH2:
Frameshift 4 0 4
Nonsense 3 1 4
Splicesite 1 0 1
Missense 1 1° 2
Subtotal 9 2 11

MSH6:
Frameshift 1 0 1
In-framedeletion0 1 1
Missense 1 0 1
Subtotal 2 1 3
Total 30 7 37

NoTE.—Incaseofdoublemutations,onlytheassumeddisease-
causingmutationisreported.

* AC = Amsterdamcriteria.

> A636Pin MSH2, apathogenicAshkenaziJewishfounder
mutation(Yuanetal.1999;Foulkesetal.2002).

pathogenicmutationweredetected(table3).Mostpoint
mutations(230f37)weredetectedin MLHI1.Inthree
independentfamilies,anidenticalnonsensemutationin
MLHT1 exonl2leadingtoexonskippingwasfound
(Stellaetal.2001).

DetectionofGenomicRearrangements

Southernblotanalysiswasperformedin29ofthe59
familieswithHNPCC,wherenopathogenicpointmu-
tationwasfound.Intotal,14genomicrearrangements
weredetected,12in  MSH2 and2in MLH]1 (table4).
Oneofthedeletionsisa =+ 13-kbdeletion6kbupstream
of MSH2 (family177).Allfamilieswitharearrangement
of MSH2 or MLH1 fulfilledtheAmsterdamcriteria.In
sevenfamilies,anidenticaldeletionofexons1-6ofthe
MSH?2 genewasidentified. Thefurthercharacterization
ofthisdeletionisdescribedbelow.Otherdeletionsand

typesofrearrangementwerealsoobservedinthe MSH2
gene:asecondbutdifferentdeletionofatleast20kb
encompassingexons1-6(family108),an ~2-kbexon

3deletion(family150),andadeletionofexons3-8of
~50kb(family136).Thechromosome2paracentric
inversionencompassing MSH2 exons8-16foundinone
kindred(family140)hasbeenreportedelsewhere(Wag-
neretal.2002).In  MLH1,twogenomicdeletions,en-



Table3

OverviewofthelndividualProbandsandMutationsDetectedinthe59
Families

MUTATIONIN

Q

Famiy  AC* MSH2 MLH1 MSH6

101
102
103
104
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132 IVS18+1g—a
133 K461X

134 IVS6—2a—g

135 K461X

136
137
138
139
140
141
142
143
145
146
147
148
149
150
151
152
153
154
155
157
158
177
178
205
207
208 + M492v

243delAATG
A exons1-13andES78G
G67R
IVS5+3a—t
A exons1-6
733insAACA
IVS5—1g—c
840delA
A29S
466delC

R T S A e

A636P

N583S IVS7—-1g-t

Q298X
K461X
64insA
A exon6
IVS6—2a—g

A exons1-6 "

A exons1-6 "

A exons1-6 ©

T552pP

129delTCandS473L
R226L(splicesite)
52insA
V185L

A exons1-6 ©

55delC

B S T T e e e e S S S S S

A exons3-8
733insAACA

o+ o+ o+

Q885X

IVS13+1g-t

+

invexons8-16
R389X

IVS9+1g—a

168insA

A exons1-6 ©
806insA
A exon3

+ o+ o+ o+

A exons1-6 "

+ o+

1087insC
1013delCTT

A exons1-6 ©
R680X
IVS3—3tog
A 5" MSH2

+ o+ o+ o+

G244D
525delTT

+

NOTE.—A = deletion.
* AC = Amsterdamcriteria.
" Foundergenomicdeletionencompassingexons1-6ofthe MSH2 gene.
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Table4

SummaryofGenomicRearrangementsinthe59Families
withHNPCC

GENOMIC REARRANGEMENTIN
MSH2 MLH1

103 Deletionofexons1-13

108Deletionofexons1-6

120 Deletionofexon6

122Deletionofexons1-6 :

123Deletionofexons1-6 :

124Deletionofexons1-6 :

130Deletionofexons1-6 :

136Deletionofexons3-8

140Inversionofexons8-16

148Deletionofexons1-6 :

150Deletionofexon3

152Deletionofexons1-6 :

155Deletionofexons1-6 :

177Upstreamdeletion
Total 12 2

FaMILY

* Thefoundergenomicdeletionencompassingexons1-60of
the MSH2 gene.

® An ~13-kbdeletion,the3 ' breakpointendofwhichmaps
6kb5 ' of MSH2.Thepathogenicityofthisdeletioncouldnot
beinvestigated.

compassingexon6(  ~2.3kb;family120)andexons
1-13(atleast42kb;family103),wereidentified.No
MSHG6 genomicrearrangementswerefoundamongthe
29families(tables4ands).

Characterizationofthe  MSH2 Exon1-6Founder
Deletion

MolecularAnalysis. — Insevenpatients,aberrantfrag-
mentsof ~14kbwereapparentbySouthernanalysis
afterdigestionwith ~ EcoRIandhybridizationwiththe
MSH?2 exon7probe(fig.1  a).Also,onthebasisofde-
creasedintensityofthewild-typefragmentandaddi-
tionalhybridizationswithexon1-6probes(datanot
shown),thepresenceoftheaberrant EcoRlIfragment
wasindicativeofagenomicdeletionofexons1-60f
the MSH2 gene.Digestionby Bcllrevealedan
aberrantfragmentandconfirmedthepresenceofan
identicalrearrangementinthesesevenfamilies. Tofur-
thercharacterizethisrecurringNorthAmericandeletion
previouslynotfoundamongHNPCCsamplesofEu-
ropeanorigin(Wijnenetal. 1998  4),PCRprimerswere
designedaroundtheapproximatelocationofbreak-
pointsinferredfromtherestrictionmapofthedeleted
chromosome.The$ ' primer(R3)wasbasedongenomic
sequences ~2kbupstreamofexon1,whereasthe3
primer(F3)waslocatedinintron6ofthe MSH2 gene.
LongrangePCRwiththeseprimersresultedinadele-
tion-specificPCRproductof  ~1,700bp,exclusivelyob-
servedincarriersofthecommondeletionandnotin
deletion-negativecontrols(datanotshown).Sequencing

~13-kb

!
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ofthebreakpointrevealedexactlythesamenucleotide
sequenceinallsevenfamiliesdiagnosedwiththeexon
1-6deletionbySouthernanalysis. Thebreakpointsare
positionedwithintwo ~ Alu repeats(fig.1 B andl C).
Thus,thedeletionislikelytohavearisenthroughan
Alu-mediatedrecombination. Thepresenceofidentical
breakpointsequencesinallsevencasesissuggestiveof
afoundermutation,sinceafrequentlyrecurringrecom-
binationeventwouldbelikelytoresultinatleastafew
single-nucleotidedifferences.

ScreeningfortheFounderDeletion.—  Anadditional
cohortof11clinicallyselectedfamilieswithHNPCC
fromOhiowasinvestigatedforthepresenceofthecom-
mondeletion,throughuseofthePCRprimers(R3and
F3)describedabove. Twoadditionaldeletionswerede-
tected(families726NMandCG336).Notably,thesame
mutationwasnotfoundinaconsecutiveseries( n=
128)ofnewlydiagnosedMSI-positivepatientswith
colorectalandendometrialcancerderivedfromatotal
of7160hiopatientsstudiedforMSI.

HaplotypeAnalysis. — Toconfirmthecommongenetic
originofthedeletionofexons1-6,haplotypeanalysis
wasperformed(fig.2). Withtheexceptionoffamilies
124andCG336,thehaplotypeofthedeletedallelewas
reconstructedinthesevenremainingfamilies,sixfrom
theLynchcohortandoneofthetwoOhiokindreds
(726NM)foundtocarrytheidentical MSH2 deletion.
Acommonhaplotypeisevidentinallfamilies,withthe
oneexceptionofkindred155,whichshows,possiblyas
theresultofmitoticrecombination,novelallelesat
markersDS288andD2S119.Additionalvariationwas

Table5

OverviewoftheResultsoftheCompleteMutationAnalysisofthe
MSH2,MLH1, and MSH6 Genesinthe59FamilieswithHNPCC

NO. OF MUTATIONSIN

AC-Positive AC-Negative

Families Families TOTAL
GENEAND MUTATION TYPE (N =49 (N =10 (N =59
MLH1:
Pointmutation 19 423
Genomicdeletion 2 0 2
Subtotal 21 425(42%)
MSH2:
Pointmutation 10° 212
Genomicdeletion/inversion12 __ 0 12
Subtotal 22 224(41%)
MSHé6:
Pointmutation 2 0 2
In-framedeletion 0 1 1
Subtotal 2 1 3(5%)
Total 45(92%)7(70%)52(88%)

NoTE.—Inthecaseofdoublemutations,onlytheassumeddisease-
causingmutationisreported.

* Includingthesplice-sitemutationdetectedbyMAMAanalysisby
Yanetal.(2000).
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Figure1 A, SouthernblotanalysisofgenomicDNAsamplesfromNorthAmericanindividualswithHNPCC,revealingacommonrear-
rangement.TotalgenomicDNAwasdigestedwith ~ EcoRlandwashybridizedwiththe =~ MSH2 exon7-specificprobe.Anaberrant ~ ~14-kbband
wasobservedinlanes7,8,9,10,14,17,and18,correspondingtoindividualsfromfamilies122,123,124,130,148,152,and155,respectively.
Aberrantfragmentsofdifferentsizesarealsoobservedinlanes4(family108,carryingasimilarbutdistinct MSH2 exonl-6deletion)and20(a
previouslyidentifiedcarrierofan ~ MSH2 exonédeletion,employedhereaspositivecontrol). Alsonotethatthepresenceofadditionalbandsis
accompaniedbyadecreasedintensityofthe ~9-kbwild-typefragmentsencompassingexon?.Thelatterwasconfirmedbyhybridizationswith
exonl-6probesandby  Bclldigestion(datanotshown). B, Genomicmapofthenormalanddeleted =~ MSH2 gene.Forthesakeofclarity,onlythe
EcoRlrestrictionsites,the Alu repeatsinvolvedintherecombination( shadedboxes),andtherelevant MSH2 exons( blackenedboxes)aredepicted.
Thenormal( ~9-kb)andaberrant( ~14-kb) EcoRlIrestrictionfragmentsalsoshowninpanel A areindicated,aswellastheprimers(R3,R2,and

F3)employedtoselectivelyamplifythedeletionbreakpointbyPCR. C, Nucleotidesequenceofthefounderdeletionbreakpoint. Threedistinct
sequencesarereportedfromtoptobottom:thenormalsequenceflanking MSH2 atthe5 ' side,thedeletionbreakpoint,andthenormalsequence
of MSH2 intron6.Theshadedboxesindicatethenucleotidehomologybetweenthetwo Alu repeatspresentintheS ' flankingsequenceandwithin

intron6of MSH2.Becauseoftheextensivehomology,itisdifficulttopinpointtheexactdeletionbreakpoint. Thearrowindicatesitsmostlikely
positiononthebasisofnucleotidehomology.
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Family 122 152 124 123 148 130 155 726NM  CG336
Origin California California Missouri Kentucky Texas Missouri/ Iowa/ Ohio Ohio
Nebraska Oaklahoma

D25119 1 1 s [q 1 1 2 nd  nd

P 5cM i : i==s
D25288 2 2 2l |2 2 21 s 2 25
03cM i ; : |
D25391 4 4 a3 |4 4 4 4 4
21cM { .
MSH2!vs10 2 2 12t1 2 2 2t1 2 1 2
0.1 cM i .
CA1 4 4 41 4 4 :I 4 L4
1.2cM L L] ] L] L] et
D2S123 8 8 8 8 1 1 1 1 8-1
4cM
D2S378 3 3 3-8 7 7 7 1 1 1-6

q

Chromosome 2

Figure2 Haplotypeanalysisofthefounder =~ MSH2 deletionchromosome.Atotalofsevenpolymorphicmarkersflanking MSH?2 onboth
thetelomericandcentromericsidewereemployed. Thehaplotypeencompassingthefounder MSH2 deletioncouldbereconstructedinmost

families,withtheexceptionoffamily124fromtheLynchcohortandkindredCG336fromtheOhiocohort,becauseofalackofsamplesfrom
informativerelatives. Thehaplotypeoffamily726NMwasderivedfromasomaticcellhybridcontainingtheisolateddeletionchromosomein
arodentbackground.Shadedboxesindicatetheallegedfounderhaplotype.Bothallelesareindicatedinthosecaseswheretheexactphase

couldnotbederived.

observedexclusivelyatmore-distantcentromericmark-
ers—thatis,D25123andD2S378(fig.2).
GenealogicalStudies.— Bymeansofgenealogical
studies,acommonancestrycouldbetracedforfiveof
theninefamiliesfoundtocarrythe MSH2 exonl-6
founderdeletion. Theallegedancestorwasbornaround
1814inAlabamaandwaspresumablyofGermanorigin.
HemarriedandbecameaMormon.FromAlabama,he
andhisfamilyundertookalongjourneytoUtah,fol-
lowingtheMississippiRiverthroughKentuckyandMis-
souri.Somefamilymembersmovedtosoutheastern
Towa,borderinglllinois,andthenfollowedtheMissouri
RivertoNebraskaandWyoming,eventuallysettlingin
Utah.However,theancestorwasexcommunicatedfrom
theMormonChurchandmoved,withanunspecified
numberofchildren,toCalifornia. Twoofthefamilies
studiedhere(122and152)stillcarrythesameancestral
nameandliveinCalifornia. Theotherfamiliesreside
alongthetrailoftheirancestors(A.B.,A.W_.P.F.F.,S.C.,

Y.K.,P.W.R.O.,J.F.L,R.F.,A.D.,andH.T.L.,unpub-
lisheddata).

AlternativeApproachestoUnresolvedCases

Evenwhenapplyingthemostthoroughmutationde-
tectionstrategy,unresolvedcases—thatis,mutation-
negativesamplesormissensemutationsofunknown
pathogenicrelevance—requireadditionalanalysesfor
theirelucidation.Inourstudy,wewereconfrontedwith
anumberofsuchcases.Unfortunately,thelimitedavail-
abilityofbloodortumorsampleshamperedtheappli-
cationofadditionalapproachestosomecases.However,
anumberofcasesprovidedproofoffeasibilityforthe
generalstrategy(table6).

Inoneofthefamiliesnegativefor MSH2,MLH1, or

MSH6 mutations(family101),analysisofthecorre-
spondingcolorectalcancerrevealedanMSI-highphe-
notypeandnoexpressionof MSH2byimmunohisto-
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Table6

Am.].Hum.Genet.72:1088-1100,2003

FamilieswithMutationsofUnknownSignificanceandFamilieswithoutMutations

TEST RESULT®

FamiLy  AC* MuTATION MSI IHC MAMA
101 + HighDecreasedexpressionMSH2 NP
104 + G67R MLH1 NPNP NP
112 + A29S MLH1 NPNP NP
114 + NPNP NP
125 + T552P MSH2 HighNormalexpressionMSH2, MLH1,MSH6NP
129 + V185L MLH1 NPNP NP
143 - NPNP Normalexpression MSH2,MLH1,MSH6
146 + NPNP NP
147 + NPNP NP
151 - NPNP NP
154 - 1013delCTT MSH6  NPNP NP
177 + DS’ MSH2 NPNP NP
178 - G244D MLH1 NPNP NP
207 - NPNP NP
208 + M492V MSH6 NPNP NP
* AC = Amsterdamcriteria.

> NP = notperformed.

chemistry.Thiskindredwascharacterizedbyaclassical
clinical HNPCCphenotypethatislikelytheresultofa
geneticdefectinthe MSH2 genethatwasmissedbythe
DGGEandSouthernapproaches.Inoneotherindividual
foundtocarryan MSH2 missensemutationofunknown
pathogenicrelevance(family125),analysisoftumor
DNAagainrevealedanMSI-highphenotype.IHCanal-
ysisofthecorrespondingtumorsectionsshowednormal
expressionof MSH2, MLH1,andMSH6.Althoughit
ispossiblethatthemutantMSH2proteinsarefunc-
tionallyhamperedbythemissensemutations,atpresent
wecannotdeterminethepathogenicityofthismutation
(Wahlenbergetal.2002).

MAMA orconversiontechnology,representsauseful
andpromisingapproachfortheanalysisofmissense
mutationsin MSH2 (Papadopoulosetal.1995;Yanet
al.2000).Ithasalsoproventobeausefultoolinthe
analysisofbothsplicingerrorsandgenomicalterations
(Nakagawaetal.2002).Somaticcellhybridscontaining
theallegedmutatedchromosomeinamurineback-
groundcanbeanalyzedbyRT-PCR,northern,orwest-
ernanalysis,toensureexpressionandstabilityofthe
human MSH2 gene.Wedemonstratedproofoffeasi-
bilityforthisapproachintheanalysisofthepathoge-
nicityofthechromosome2pparacentricinversion(Wag-
neretal.2002).Moreover,thechromosome3allele
harboringthe MLH1 deletionofexons1-13(family
103)didnotshowanyexpressionofthisgenebyRT-
PCRafterconversion(notshown).Conversionanalysis
ofthechromosome2and3allelesoftheindexpatient
negativeformutationsin
(family143)displayedexpressionofthesamegenesby
RT-PCRandwesternblotanalysisofthesomaticcell
hybrids.

MSH2,MLH1, and MSH6

Discussion

Theoverallmutationdetectionrateinourstudyisre-
markablyhigh,comparedwithmostpreviousstudies
(Giardielloetal.2001).In39(80% )of49familiesful-
fillingthe Amsterdamcriteria,andin5(50 % )ofthe10
Amsterdamcriteria—negativefamilies,apathogenicmu-
tationwasfoundinoneofthethreeMMRgenesana-
lyzed.Whenthemutationsofuncertainsignificance(ta-
ble6)areincluded,thedetectionpercentagesriseto92 %
(450f49)and70% (70f10)for Amsterdam-positive
and-negativefamilies,respectively(table5). Thesere-
sultsaresupportiveoftheextremelyhigh MSH2 and
MLH1 mutationdetectionrateamongclinicallywell-
selectedHNPCCfamilies.Itissafetoassumethatex-
tensionoftheMAM Aanalysistoallthe59indexpa-
tients,improvementoftheD GGEstrategy,andfurther
functionalanalysisofthenucleotidevariantsofas-yet-
uncertainpathogenicsignificancewouldincreasedetec-
tionratetocloseto95 %.
Apartfromthemorestraightforwardnonsenseand
deletionmutationsthatareexpectedtobedisease-caus-
ingbynature,severalmissensemutationsweredetected
inthisstudy.Oneofthese,theA636Pmutationin
MSH2, isafoundermutationintheAshkenaziJewish
populationandwasproventobepathogenic(Yuanet
al.1999;Foulkesetal.2002). Twoothermissensemu-
tations(G67RandV185Lin MLH; families104and
129,respectively)werepreviouslydescribedtoaffect
mismatchrepair(Shimodairaetal.1998;Ellisonetal.
2001).Inoneindexpatientfoundtocarryan MSH?2
missensemutation(T552Pinfamily125),tumoranal-
ysisrevealedanMSI-highphenotype.Asdescribedby
Foulkesetal.(2002),onepossibleapproachtotheanal-
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ysisofthepathogenicityofmissensemutationsisthe
analysisoflargecohortsofaffectedandhealthyindi-
viduals.Moreover,cosegregationanalysisofthealleged
mutationwiththediseasephenotypewithinextensive,
multigenerationpedigreescanprovidestrongsupport
forthepathogenicityofthemissensesubstitution.How-
ever,definitiveproofordisproofofthepathogenicity
ofsuchmutationscanbeobtainedonlybyimplement-
ingfunctionalstudies.Thelatterhavebeenprimarily
performedinyeast(Ellisonetal.2001),althoughnovel
protocolsbasedonmammalianexpressionsystemshave
alsobeenappliedsuccessfully(Nakagawaetal.2002;
Trojanetal.2002;seebelow).

Inakindredwithclassical HNPCCthatwasnegative
formutationsin MSH2,MLH1, or MSH6 (family101),
analysisofacolorectalcancershowedanMSI-highphe-
notypeandlossof MSH2proteinexpressionbyIHC,
indicatingthatfunctionalimpairmentof MSH2—forex-
ample,byapromotormutation(Shinetal.2002)ora
splicingerrorduetoachangewithinanintron—may
underlieHNPCCinthisfamily.Inanotherkindredwith
classicalHNPCC(family158),amutationwasdetected,
byMAMA ,byYanetal.(2000).Byusingthistechnique,
theseauthorsfoundasplice-acceptormutationin =~ MSH2
thatwasprovenhardtodetectbyconventionalmutation
analysis(table3)(Yanetal.2000).Oneotherfamily
negativeformutationsin MSH2,MLH1, or MSH6 (fam-
ily143)wasstudiedbyMAMA.Thisfamilydidnotfulfill
theAmsterdamcriteriabutwashighlyreminiscentof
HNPCC,becauseofthepresenceofmultiplerelatedtu-
morsinanaffectedindividualandcolorectalcancerin
severalindividuals. Theindexpatientfromthisfamily
presentedwithcolorectalcanceratageS6years.Con-
versionanalysisshowedexpressionofthethreeMMR
genes.Hence,thelattercasemayrepresentabonafide
carrierofageneticdefectatalocusotherthanthemajor
MMRgenes.Alternatively,theindexpatientmayrep-
resentaphenocopy.Thisunderscorestheimportanceof
testingindividualswhoaremostlikely,onthebasisof
clinicalfeatures,tocarrythefamilialgeneticdefect—
namely,thepresenceof HNPCC-relatedtumorsandtheir
ageatonset(Wijnenetal. 1998  b).

Intotal,onlytwomutationswerefoundin
Oneisaframeshiftmutation,andtheotherisanin-
framedeletionof3ntofunknownsignificance(infam-
ilies153and154,respectively).Bothfamiliesarechar-
acterizedbypatientswithendometrialcancerandbya
relativelylateonsetofcolorectalcancer,inagreement
withtheatypicalphenotypicfeaturesassociatedwith
MSH6 mutations(Kolodneretal.1999;Wijnenetal.
1999;Wuetal. 1999;Wagneretal.2001).Therela-
tivelylowincidenceof =~ MSH6 mutationsisinteresting
inviewofthepercentages(8 %and30%oftheAm-
sterdam-positiveand-negativekindreds,respectively)of
thefamilieswithHNPCCinwhichnomutationcould
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bedetected.Itislikelythatgeneslike MSHG6 thatcause
anoverlappingthoughdistinctphenotypearerespon-
sibleforasmallsubsetofthefamilieswithHNPCC
andforalargerproportionoftheatypicalkindreds.
Thehighdetectionrateinourstudyispartiallydue
tothescreeningforandidentificationoflargergenomic
rearrangements. Thelatterenabledustoidentifyone
common ~20-kbdeletion,encompassingexons1-6of
the MSH2 gene,thatwasproventorepresentafounder
mutationintheNorthAmericanpopulation. Theorigin
ofthismutationcouldbetracedbacktothebeginning
ofthe19thcentury.Nucleotidesequenceanalysisofthe
ninedeletionbreakpointsdidnotrevealanybasepair
difference,aswouldbeexpectedfromarecurringre-
combinationevent.Also,haplotypeanalysisoftheseven
oftheninefamilieswithHNPCCcarryingthecommon
deletionbyCArepeatmarkersflankingthe =~ MSH2 gene
wasinagreementwiththefounderhypothesis.Inthe
majorityofthecases,aregionof ~8cMisconserved.
Thisisinagreementwitharelativelyyoungageofthe
founderdeletion.Accordingly,althoughtheallegedan-
cestorwasofGermanorigin,wewereunabletofind
thesamedeletioninanextensiveanalysisofEuropean
patientswithHNPCC(Wijnenetal. 1998 a)andina
cohortof89GermanfamilieswithHNPCC(authors’
unpublisheddata).AsconfirmedbythePCRscreening
ofthesmallbutclinicallyselectedOhiocohort,this
mutationrepresents =10%ofthedisease-causingmu-
tationsamongtheMidwesternwhitefamilieswith
HNPCC.Furtheranalysesareneededtodeterminethe
frequencyofthisfounderinotherU.S.populations.No-
tably,screeningoftheMSI-positiveOhiocohort(
128,980ofwhomwereMSI-highand30ofwhomwere
MSI-low)forthepresenceofthefounder MSH?2 dele-
tionfailedtodetectanyadditionalcarrier. Thelatter
findingdoesnotaffecttheallegedfrequencyofthefoun-
dermutation,sinceitisknownthatalargefractionof
theMSI-highcasesrepresentsporadictumorsdueto
hypermethylationofthe MLH1 promoter.Moreover,a
largefractionofsporadicCR CisknowntobeMSI-
low(Halfordetal.2002).Therefore,thisfindingem-
phasizestheimportanceofclinicalselection.
Sevenadditionalgenomicrearrangementswerede-
tectedinourcohort.Fiveofthegenomicrearrange-
mentswerein  MSH2.Notably,inthecaseoffamily
177,the13-kbdeletionmaps6kb5 " of MSH2.Pre-
sumably,thisdeletionencompassesupstreamregulatory
sequences,althoughnoevidenceforitstruepathoge-
nicitycouldbedemonstratedinthisstudy.Also,inview
ofthehighfrequencyofgenomicrearrangementsde-
tectedinthe MSH2 geneinour(datanotshown)(Wij-
nenetal. 1998 a)andotherlaboratories(Charbonnier
etal.2002),thislocusmaycontainsequencesproneto
recombination.Indeed,genomicsequencesimmediately
upstreamof MSH?2 andsomeofitslargerintrons(in-

n =
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trons6,7,and8;13.3kb,15.6kb,and17.4kb,re-
spectively)docontainmanyrepetitivesequences,like
Alu andotherrepeats(fromourownanalysisby
RepeatMasker[RepeatMaskerWebServer])(Charbon-
nieretal.2002). Theserepeatsareknowntomediate
recombinationeventsbetweenpartiallyhomologousse-
quencesresultingingenomicdeletions,insertions,in-
versions,orothermore-complexrearrangements(Wag-
neretal.2002).Onthebasisofourfindings,mutation
analysismustincludescreeningforgenomicrearrange-
ments,sincetheserepresentafrequentcauseofdisease
atthemajorMMRgenes(inthisstudy,24 %ofthe
totalHNPCCburdenand50%ofthecasesdueto
MSH?2).Thecharacterizationofthebreakpointsofthe
mostcommongenomicrearrangementswillallowthe
developmentofPCR-basedscreeningprotocols(present
study)tocircumventmorecumbersomeandtime-con-
sumingmethodssuchasSouthernblotting.
Overall,accurateandexpertclinicalselectionofthe
studiedfamiliesgreatlyimprovesmutationdetection,
especiallywhencombinedwithathoroughandexten-
sivemethodologicalapproach. Thirty-four(69 % )ofthe
Amsterdamcriteria—positivefamiliesinourcohorthad
twoadditionalrelativeswithanHNPCC-relatedtumor,
exceedingtheAmsterdamcriteriarequirements.Inall
thesefamilies,an MSH2 or MLH1 mutationwasde-
tected.Also,apathogenicmutationwasdetectedinall
familiesfulfillingtherevised Amsterdamcriteria,only
oneofwhichwasin MSH6.Thisindicatesthatthe
fulfillmentofthe Amsterdamcriteriabythreepatients
withcolorectalcancerisnotnecessarilyanindication
ofthepresenceofan =~ MSH2 or MLH1 mutation.This
isprobablybecauseofthehighfrequencyofcolorectal
cancerinthegeneralpopulation,oftenwithrelatively
earlyageatonset,andbecauseofotherformsoffamilial
clusteringofcolorectalcancercases. Thepresenceof
additionalrelativeswithHNPCC-relatedtumorscon-
siderablyincreasesthechanceof =~ MSH2 or MLH1 mu-
tationdetection.PatientswithmultipleHNPCC-related
tumorsorwithsebaceoustumorsreminiscentofMuir-
Torresyndromewereobservedinmutation-positive
familiesthatdidnotfulfilltheAmsterdamcriteria.Con-
versely,wewereunabletodetectthedisease-causing
mutationinonefamilywith“classical”’HNPCC(family
101).Acolorectaltumorsampleoftheindexpatient
fromthisfamilydisplayedanMSI-highphenotypeand
lossof MSH2expression.
Inconclusion,improvedclinicalselectionformsthe
basisofoptimalmutationdetectioninHNPCC.Mu-
tationanalysisin“classical”’HNPCCshouldfocuson
thetwomajorMMRgenes—thatis, MSH2 and MLH]1.
Weunderscorethat,apartfrompointmutations,
genomicrearrangementsstronglycontributetothe
HNPCCmutationspectrum.MSIand[HCanalyseswill
directfurthermutationdetectionstrategiesinthemu-

Am.].Hum.Genet.72:1088-1100,2003

tation-negativefamilieswithclassical HNPCCandin
themoreatypical HNPCCcases. Thisapproachhasalso
ledtotheidentificationofacommonNorthAmerican
deletioninMSH2accountingfor ~ ~10%ofourcohort.
Genealogical,molecular,andhaplotypestudiesshowed
thatthiscommondeletionrepresentsaNorthAmerican
foundermutationthatcouldbetracedbacktothe19th
century.
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