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Heritable somatic methylation and inactivation of MSH?2
in families with Lynch syndrome due to deletion of the

3’ exons of TACSTDI
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Lynch syndrome patients are susceptible to colorectal and
endometrial cancers owing to inactivating germline mutations
in mismatch repair genes, including MSH2 (ref. 1). Here we
describe patients from Dutch and Chinese families with
MSH2-deficient tumors carrying heterozygous germline
deletions of the last exons of TACSTD1, a gene directly
upstream of MSH2 encoding Ep-CAM. Due to these deletions,
transcription of TACSTD1 extends into MSH2. The MSH2
promoter in cis with the deletion is methylated in Ep-CAM
positive but not in Ep-CAM negative normal tissues, thus
revealing a correlation between activity of the mutated
TACSTD1 allele and epigenetic inactivation of the
corresponding MSH?2 allele. Gene silencing by transcriptional
read-through of a neighboring gene in either sense, as
demonstrated here, or antisense direction?, could represent a
general mutational mechanism. Depending on the expression
pattern of the neighboring gene that lacks its normal
polyadenylation signal, this may cause either generalized or
mosaic patterns of epigenetic inactivation.

Lynch syndrome (also known as hereditary non-polyposis colorectal
cancer, HNPCC) is caused by heterozygous germline inactivation of
one of the mismatch repair genes MLHI, MSH2, MSH6 and PMS2.
Lynch syndrome patients are susceptible to colorectal, endometrial
and other cancers, which are recognized by microsatellite instability
(MSI-high), a hallmark of mismatch repair defects'. Microsatellite
instability also occurs in a subset of sporadic cancers through
hypermethylation of the MLHI promoter>*. Predisposition for this
phenomenon may be associated with MLHI promoter variants’.
Occasionally, epigenetic inactivation of the MLHI promoter has
been observed in normal tissue®!2. Previously, we have reported

one Chinese family with stable inheritance of allele-specific methyla-
tion of the MSH2 promoter, raising the possibility of a cis-acting DNA
element leading to mosaic methylation of the affected MSH2 allele'®.
Here we report additional families of Dutch and Chinese origin, with
MSH2-deficient MSI-high tumors exhibiting mosaic MSH2 promoter
methylation, in all of which we identified a causative deletion in a gene
located immediately upstream of MSH2.

The index subject of Dutch family A (Fig. 1) was at risk for a
germline mutation in MSH2, because of MSI-high colorectal cancer
with loss of MSH2 and MSH6 protein. However, no germline
mutation was detected in the coding regions of MSH2, MLHI or
MSHS. Using routine diagnostic MLPA analysis of MSH6, a reduced
signal was observed for exon 9 of TACSTDI, located 16 kb upstream of
MSH?2. Subsequent MLPA analyses using additional probes between
TACSTDI exon 3 and MSH2 exon 1, in conjunction with long range
PCR, defined the deletion as encompassing the two most 3" exons of
TACSTDI, while leaving the promoter region of MSH2 (refs. 14,15)
intact (Fig. 1a,b). By sequence analysis the deletion breakpoints were
exactly defined with an intervening deletion of 4,909 bp, which is
considerably smaller than previously reported MSH2 upstream dele-
tions'®. The deletion was denoted as TACSTDI ¢.859-1462_*1999del.

Subsequently, exactly the same deletion was found in three
additional subjects from unrelated families B, C and D with MSH2-
negative MSI-high tumors without detectable MSH2 germline
mutations. Analysis of one subject from each family on an Affymetrix
SNP6.0 genotyping array revealed a stretch of 2,248 SNPs (encom-
passing 6.2 Mb), of which one allele was shared between all four
affected subjects (Supplementary Fig. 1 online), thus strongly sug-
gesting that this mutation originates from a common founder. The
alteration was detected in four out of ten unexplained putative Dutch
Lynch syndrome families with MSH2-negative MSI-high cancer
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Figure 1 A constitutional microdeletion of the a

TACSTDI gene in Dutch families with MSH2- o021 TACSTD1 MSH2
deficient tumors. (a) Structural organization of & N . | | Pospssssssspssh
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asterisks, respectively, analyzed in duplicate with WT . e e e

two synthetic probe mixes (mix A probes: A, B, C, AB/Q —> = - = - - —— - — n s

D, E, F, H, J, M; mix B probes: F, G, H, I, J, K, L, 847 C52*

M, N). (c) Pedigree of family A with Lynch- e AN Controls

associated tumors. Subjects in this family (filled ) TEREROIN g o &
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subject A:IV:1 (arrow), family members carrying

the deletion (+), and MSI-high tumors with immunohistochemical loss of MSH2 (*) are indicated. The number in the diamonds refers to the number of
additional siblings. (d) Long range PCR, using primers flanking the deletion, detects both wild type (wt) and mutant (A8/9) fragments in nine affected family

members of families A to D but not in five unaffected control individuals. (e)
from two families, in which exon 7 of TACSTD1 is fused to exon 2 of MSH2.
transcripts, the translation is terminated in exon 2 of MSHZ2. For transcript, p
chromatograms, see Supplementary Figure 4a,b.

Nested RT-PCR on RNA from EBV-transformed cell lines of five deletion carriers
In the larger transcript 2, a 111 bp cryptic exon (see a) is included. In both
rimer and probe sequences, see Supplementary Table 2. For sequencing

(Table 1), but not in 145 other unrelated Dutch affected subjects that
were tested for MSH6 nor in 97 healthy Dutch controls. In two
families with the deletion, DNA from multiple affected members was
available, and co-segregation of the deletion with the presence of

MSH2-negative MSI-high cancer was observed. In kindred A (Fig. 1)
this resulted in a LOD score of 2.1. In kindred B the deletion was
found in a third degree relative with such a tumor, resulting in a LOD-
score of 0.6. Using MLPA analysis, loss of the wild type allele was

Table 1 Overview of Dutch subjects with a Lynch syndrome-associated MSI-high, MSH2-negative tumor without a detectable mutation in the

coding region of MSH2

Methylation detection

Subject? Location of carcinoma Age at diagnosis TACSTDI deletion Loss of wt allele® MSP Pyro (%) Hhal-A Hhal-B Hhal-C Ep-CAM positive cells (%)e
A:lll:3 Cecum 56 P NA NA NA NA NA NA 40
A:lll:4 lleum 56 P N¢ P 32 0.24 043 0.22 70
A:lV:1 Cecum 47 P NA NA NA NA NA NA 70
A:IV:3 Cecum 52 P Nd P 37 0.25 0.58 0.26 70
A:V:1 Rectum 18 P N P 24 0.13 0.36 0.13 80
B:Ill:1 Rectum 45 P N P NA 0.05 0.20 0.04 30
B:ll1:4 Transverse colon 50 P N P NA 0.13 040 0.14 80
c Ileocecum 53 P P P 34 038 076 047 5f
D Cecum 40 P N NA NA NA NA NA NA
E:1 Sigmoid colon 47 N N

E:2 Sigmoid colon 33 N N

F Appendix 35 N N

G Endometrium 45 N N

H Rectum 58 N N

| Right colon 39 N N

J:1 Rectum 44 N N

J:1 Bladder (urothelial cell carcinoma) 38 N N

P, positive; N, negative; NA, not assessable (no material left or DNA of too poor quality).
3Each subject is referred to by a character indicating a specific family and, if applicable, his or h

er position in the pedigree. PLoss of the wild-type allele as detected by MLPA analysis (see

Supplementary Fig. 2). “Presence of somatic mutation c.511del (p.Argl71fs) in MSHZ2. 9Presence of somatic mutation ¢.1183C>T (p.GIn395X) in MSH2. €Indicated is the percentage of Ep-CAM-

positive cells in the microdissected material used for MS-MLPA; the percentage of Ep-CAM-posit

ive cells in material microdissected for pyrosequencing can be different. fMost tumor cells are

negative for Ep-CAM due to germline mutation of TACSTD1 in combination with somatic deletion of the wild type allele (see also Fig. 3d and Supplementary Fig. 2).
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Figure 2 Deletion of the TACSTDI gene in a TACSTD1 MSH2 e

Chinese families with heritable MSHZ2 promoter Efg:; [ s o s i s BTN

methylation. (a) Location of the deletion and Hi et o a9 a2 s

positions of diagnostic PCR primers. (b) Family ¥ 22.8kbdeletion h £.10,0004 T
pedigree of HK-family A reported previously!3. g i
Co-segregation of the TACSTDI deletion and b 2 5 1,0004

expression of TACSTDI-MSHZ2 fusion transcripts § *

with mosaic methylation of MSHZ2 promoter in g 190 1

this family. Subjects were diagnosed with IHH G 2 24% II-4H clzl;::) II-5 11-6 11-7 § 101

colorectal (C) or endometrial (E) tumors at the i

indicated age. (c) Diagnostic PCR showing I-1 -2 -4 11-5 —o.}] - -
simultaneous amplification of both the control WA AH 12 12 18 122 [14H 114 IES 14 115 116 117 g;;g ’E'”;;c} Cé}én‘indﬂi;jm
wild-type sequence (237 bp) and the deletion Disease haplotype— — + + + + + — + + + + + - normal deletion _rectum  deletion
mutant (172 bp) in individuals showing MSHZ2 MSH2 promoter s 4 4 e — e e 4 - controls. carters. controls carriers
methylation (*). Only the wild-type sequence was m?;gla;;’:

amplified in family members without methylation ?i4191del - Tty e ey e

and in 108 normal individuals (representative TACSTD1_MSH2 ~ A

result shown as N control). (d) Representative fusion transcript f 1004

RT-PCR on blood leukocytes from HK-family A. T + . .

A fusion transcript in which exon 5 of TACSTDI g NN },\\"’;,\\’i,\\'ﬁ\\i\\\\v\\l\\“v\\\%\ g i

is fused to exon 2 of MSH2 was amplified from FFFFFF FEF FF N F e"o S

family members with the TACSTDI deletion and 237 bp‘mm fg 104

MSHZ2 methylation (denoted by *) but not in 172 bp- 3

those without the deletion or in the control =5 i

population (see Supplementary Fig. 4c for e g " TN = x
sequencing chromatogram). (e) Quantification of @9’ T T T NN 14

fusion transcripts in colorectal mucosae and F FJFIFIIFIFEE e 04 011 nlse nito

blood leukocytes in deletion carriers and controls
by real-time RT-PCR. The copy numbers are
normalized to GAPDH. Error bars indicate the
mean and 95% confidence interval of the

Blood Blood Colon and Rectum
normal deletion rectum deletion
controls carriers controls  carriers
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and blood leukocytes in deletion carriers and controls. Methylation levels were
see Methods.

previously published and assayed by bisulfite pyrosequencing!3. For details,

found in a tumor of family C (Supplementary Fig. 2 online).
Moreover, somatic mutations in MSH2 were found heterozygously
in tumors of subjects A:Ill:4 and A:IV:3 (Table 1). Together, these
findings suggest that the deletion in TACSTDI is the predisposing
genetic defect leading to MSH2 inactivation in these four families.

Concurrently, independent analysis of the Chinese family with
heritable MSH2 promoter methylation (hereby denoted as HK-family
A)"3, using a combination of linkage analysis, long range PCR
and sequence analysis, revealed a deletion of 22.8 kb (TACSTDI
€.555+894_*14194del) (Fig. 2 and Supplementary Fig. 3 online),
extending from intron 5 of TACSTDI to ~ 2.4 kb upstream of MSH2,
which thus, again, encompasses the 3’ end of TACSTDI, leaving the
MSH2 promoter intact. The deletion co-segregates with the disease
haplotype and methylation of the MSH2 promoter (Fig. 2). Examina-
tion of other putative Lynch syndrome families revealed a second
family (HK-family B) with the same deletion mutation, where MSH2
methylation was found in two synchronous colon cancers and normal
colon tissue in the index subject but not in his blood leukocytes.
Haplotype analysis of these two families did not suggest a founder
mutation (data not shown).

The TACSTDI deletions result in loss of the two or four most 3’
exons, including the polyadenylation signal, which will abolish tran-
scription termination and could lead to transcription read-through
into the downstream gene. Indeed, using RT-PCR, specific TACSTDI-
MSH?2 fusion transcripts could be detected in EBV-transformed
lymphocytes or blood leukocytes derived from carriers of the deletion
in both ethnic groups, but not from their corresponding control
populations (Figs. 1e and 2d; Supplementary Fig. 4 online). Based on
these results, detailed analysis of EST databases indicating that
TACSTDI transcription does not extend more than 35 bp beyond

the polyadenylation signal in normal individuals, and the previously
reported close link between polyadenylation and transcription termi-
nation!”18, we conclude that this read-through is specific for the
deletion carriers.

Similar to the Chinese families, all six MSI-high tumors from the
Dutch families tested showed methylation of the MSH2 promoter
(Table 1) by methylation-specific PCR and subsequent bisulfite
sequencing. In two subjects with a heterozygous promoter SNP
(subject B:ITI:1 SNP rs2303425 at position c.-118; subject A:V:1 SNP
rs1863332 at position c.-433), the methylation was confirmed to be
allele-specific and to involve the allele segregating with the deletion
(Fig. 3b, Supplementary Table 1 online). Both alleles were present in
the unmethylated fraction, suggesting that the promoter was not
methylated in all cells. No methylation of the MSH2 promoter was
found in tumors of six unrelated affected subjects with a truncating
germline mutation in MSH2 or in eight as-yet-unexplained MSI-high
MSH2-negative tumors of six other index subjects.

We hypothesized that the difference in the level of MSH2 promoter
methylation, observed earlier in different tissues of HK-family A3,
might correlate with the extended transcription of the aberrant
TACSTDI gene across the CpG island of MSH2. Quantitative RT-
PCR of TACSTDI-MSH?2 fusion transcripts revealed a > 100-fold
higher level of fusion transcripts in colorectal mucosa compared to
blood from mutation-positive members of HK-family A (Fig. 2e),
which correlates with the levels of MSH2 methylation (Fig. 2f) and
TACSTDI expression (Supplementary Fig. 5 online). To further test
whether methylation is limited to TACSTDI expressing cells,
which can be identified through Ep-CAM immunohistochemistry,
methylation-specific PCR on DNA isolated from microdissected
Ep-CAM-positive and negative regions from one tissue block of
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Figure 3 Allele-specific methylation of the MSHZ2 a c
promoter coincides with TACSTDI expression.
(a) Schematic representation of the MSH2
promoter, indicating the presence of two
informative SNPs at positions c.-118
(rs2303425) and c.-433 (rs1863332), the
positions of CpG sites analyzed by
pyrosequencing of bisulfite-converted DNA
(marked as pyro), the positions of three MLPA b

probes around methylation-sensitive Hhal sites

(as used in Fig. 3d and Tables 1 and 2) and ?
three methylation-specific PCR products (MSP1, Li‘mfgl‘e i\ f‘\
3 and 5). MSP1 and MSP3 were described W1 J‘. WARL
earlier3:13. All CpG sites present in the region are T T
indicated by bars on the baseline. (b) Direct
sequencing of unmethylated (U) and methylated
(M) MSP3 products from normal rectal mucosa Ry
in subject B:1ll:1 reveals that both alleles are LA
present in the unmethylated DNA fraction, i
while only the T-allele of SNP c.-118,
which cosegregates with the deletion (see

Supplementary Table 1), is efficiently ALY 1“&-
methylated at CpG dinucleotides (boxed). All BN CHTRATA ] TS AT TR R el
CpG dinucleotides within the MSP3 region are

affected by methylation. MSP3 primers amplify the reverse strand. Unmodified leukocyte DNA sequences were used for reference. (c) H&E stained ileal
tissue section of subject A:l11:4 (left panel) shows non-epithelial intestinal wall (NE), epithelium (E) and tumor (Tu). Immunostaining with Ep-CAM antibody
is positive in epithelial tissue and tumor, whereas non-epithelial tissue is negative (right top panels). DNA isolated from microdissected sections of the three
indicated tissues was subjected to methylation-specific PCR using MSP3 primers (bottom panel). The methylated MSHZ2 promoter is only present in regions
expressing Ep-CAM. A microsatellite-stable tumor (mssTu) and milliQ (mQ) were included as controls. (d) Correlation between percentage of Ep-CAM positive
cells in tumors (red rectangles) or normal tissues (blue triangles), and level of methylation at position c.-198 (Hhal-B). The fraction of Hhal restriction-
resistant DNA was determined in duplicate by MS-MLPA. The tumor of subject C with low Ep-CAM expression but high methylation level (arrow) was shown
to have loss of the wild-type TACSTDI allele (see also Table 1).

s
P4 }

MSP5 MSP1

CpG sites 1 11 [T 7y 1 LTI TN} n‘unn%"_

MSH2 exon1

—433 -118

SNP -118
¥

NE E Tu mssTu _mQ
UM UM UMUMUM

1.00

o

0.80

0.60

I\
TAAATATAATCA
0.40 s 11

Methylation level
(probe Hhal-B)

; hin o ARl
il A
AT ‘

'

B=

| ¥ 0.00
TAACCGA ACGCEGC TG 0

20 40 60 80 100
Ep-CAM positive cells (%)

subject A:I1I:4 was performed. Methylation only occurred in Ep-CAM-
positive regions (Fig. 3c). Moreover, in both tumor and normal tissues
of the Dutch mutation carriers the fraction of methylated MSH2
promoter DNA as measured by pyrosequencing of bisulfite-converted
DNA and methylation-specific MLPA correlated with the fraction of
Ep-CAM positive cells (Tables 1 and 2, Fig. 3d).

In conclusion, we have identified a novel mechanism causing Lynch
syndrome by showing that different deletions that disrupt the 3" end of

TACSTDI lead to inactivation of the adjacent MSH2 gene through
methylation induction of its promoter in tissues expressing TACSTDI.
This mechanism explains the observed mosaic and allele-specific
hypermethylation pattern of the MSH2 promoter and transmission
of the methylation over generations. Induction of methylation by
transcription across a CpG island within a promoter region has been
described before. In a subject with a-thalassemia, a truncating deletion
in the widely expressed LUC7L gene was found to mediate silencing of

Table 2 Relation between the presence of hypermethylation of the MSH2 promoter and the expression of TACSTD1, as measured by
immunohistochemical staining of Ep-CAM

Methylation detection

Subject ID? Normal tissue type MSP Pyro (%) Hhal-A Hhal-B Hhal-C Ep-CAM positive cells (%)P
A:lll:4 Gastric mucosa P 34 0.16 0.42 0.17 60
A:lll:4 Ileal mucosa P 43 0.09 0.22 0.09 30
A:lll:4 lleal lamina propria N NA 0.02 0.13 0.01 2
A:lll:4 Lymph node N 9 0.02 0.15 0.01 2
A:IV:3 Cecal mucosa P 23 0.12 0.27 0.14 25
A:V:1 Rectal mucosa P 46 0.06 0.19 0.07 60
A:V:1 Lymph node N 2 0.02 0.11 0.01 <1
B:l11:1 Rectal mucosa P NA 0.23 0.45 0.23 70
B:lll:1 Myometrium N 3 0.02 0.08 0.00 <1
B:ll:4 Mucosa of anastomosis after colectomy P 20 0.13 0.37 0.16 50
C Cecal mucosa P 44 0.22 0.53 0.22 70
C Subcutaneous tissue N 2 0.02 0.13 0.02 2
D Cecal mucosa P NA 0.22 0.43 0.29 70
D Ileal mucosa P NA 0.06 0.13 0.04 5

P, positive; N, negative; NA, not assessable (no material left or DNA of too poor quality).
aEach subject is referred to by a character indicating a specific family and, if applicable, his or her position in the pedigree. PIndicated is the percentage of Ep-CAM-positive cells in the

microdissected material used for MS-MLPA; the percentage of Ep-CAM-positive cells in material microdissected for pyrosequencing can be different.
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the flanking a-globin gene (HBA2) by antisense transcription through
the HBA2 promoter region, leading to methylation of its CpG island?.
Similar to what we found for the MSH2 promoter in our subjects,
methylation only occurred at the promoter positioned in cis to the
deletion!?. Additionally, it was demonstrated that the pl5 tumor
suppressor gene can be transcriptionally silenced by antisense p15
RNA via the induction of epigenetic chromatin changes and, even-
tually, hypermethylation of the pI5 promoter predominantly in cis?.
Taken together with our data on methylation of the MSH2 promoter,
this suggests that abolishment of transcription termination and
concomitant transcriptional read-through can lead to methylation of
the CpG island and silencing of a downstream gene, irrespective of the
orientation of the latter.

Expression of TACSTDI is high in epithelial tissues?!, among which
are the main target tissues in Lynch syndrome. This could explain why
these families are recognized as Lynch syndrome families, although the
mutant MSH2 allele is not inactivated in all cells. Biallelic inactivating
TACSTDI mutations lead to congenital tufting enteropathy. Hetero-
zygous parents of these subjects, like our subjects with a TACSTDI
3’ end deletion, do not present such clinical features?2. Further
assessment of the predisposition to cancer in families with a TACSTD!
3’ end deletion is required to establish whether these mutations lead to
the same tumor risk and spectrum as conventional MSH2 mutations.

Based on our findings, transcriptional read-through due to deletion
of polyadenylation signals may constitute a general mutational
mechanism for the inactivation of neighboring genes. One interesting
feature of this type of mutation is that it is located outside the target
gene and, thus, undetectable by conventional mutation screening
strategies. Moreover, the pattern of methylation of the target gene is
dependent on the expression of the neighboring gene, which may lead
to a somatic mosaic state of the epigenetic inactivation and restriction
of the affected tissues. In addition, abrogation of polyadenylation
signals due to chromosomal aberrations in cancer cells may result in
aberrant promoter methylation and concomitant inactivation of
tumor suppressor genes.

METHODS

Subjects and clinical samples. Index subjects in this study were referred to the
outpatient clinic for hereditary tumors of the Radboud University Nijmegen
Medical Centre or The Hereditary Gastrointestinal Cancer Genetic Diagnosis
Laboratory based at Queen Mary Hospital, The University of Hong Kong, for
genetic diagnosis (Supplementary Note online). Informed consent was
obtained from all participating subjects. The study was performed according
to the rules of the Medical Ethics Committee of the Radboud University
Nijmegen Medical Centre and the Institutional Review Board of The University
of Hong Kong/Hospital Authority Hong Kong West Cluster. DNA was isolated
from peripheral blood leukocytes or microdissected slides from paraffin
embedded tissue according to standard procedures. Normal control DNA
was isolated from EBV-transformed cell lines or blood leukocytes of anon-
ymous blood donors from the respective ethnic groups. For RT-PCR of fusion
transcripts, RNA was isolated from EBV-transformed cell lines or blood
leukocytes. For quantification of transcript abundance, RNA was isolated from
rectal biopsies of 4 TACSTDI deletion carriers (HK-family A I-2, III-2,
I11-4, I1I-5), 2 family members without the deletion (II-7 and III-1), and 13
normal rectal or colonic mucosae obtained from colectomy specimen
of sporadic microsatellite-stable colorectal cancers. RNA from blood leuko-
cytes was extracted from 11 deletion carriers (10 in HK-family A and 1 in HK-
family B) and 17 controls (family members without the deletion or
healthy controls). For quantification of methylation level by pyrosequencing
in Hong Kong families, data was previously published! with addition of a few
new family members. The control groups differed in most cases from
those used for fusion transcript quantification as RNA was not available in
these cases.

The group of 145 unrelated Dutch affected subjects that was tested for
MSH6 mutations consisted of 18 subjects with a truncating MSH2 mutation,
24 subjects with a mutation in MLHI, MSH6 or PMS2, or with a tumor with
somatic hypermethylation of MLHI, 18 subjects with a cancer showing
microsatellite instability but with nuclear staining of MSH2, 60 subjects with
a microsatellite stable tumor and 25 subjects with a Lynch syndrome-associated
tumor not tested for microsatellite instability.

Microsatellite instability, mismatch repair gene mutation and immuno-
histochemical analyses. Microsatellite instability analysis using six markers
(D2S123, D5S346, D175250, BAT25, BAT26 and BAT40), immunohisto-
chemistry of mismatch repair proteins and analysis of germline mutations
were performed and interpreted as described before?®. For the detection of
somatic mutations, MSH2 exons 3, 5, 7, 12 and 13 were sequenced in tumor
DNA of subject A:Ill:4 and A:IV:3. Immunohistochemistry of Ep-CAM was
performed with Ep-CAM Ab-1 (Clone VU-1D9; Thermo Fisher) using
standard procedures.

MLPA, long range PCR and SNP array analyses. The diagnostic MLPA
analysis of MSH6 was performed with SALSA MLPA kit P008 MSH2/PMS2
(MRC-Holland). Synthetic MLPA primers were designed using the MeltIngeny
program (Ingeny International). MLPA was performed using a SALSA MLPA
reaction mixture (MRC-Holland) containing 0.5 nM of each primer, and
analyzed using healthy controls as a reference (for primer sequences see
Supplementary Table 2 online). For the long range PCR across the deletion
in Dutch families, a TAKARA PCR kit (Takara bio inc) was used with primers
on either side of the deletion. The deletion was further specified by direct-
sequencing using the forward primer in combination with an internal reverse
primer. For the Chinese families, multiple long range PCRs were performed
targeting the candidate chromosomal region, which yielded an aberrant
amplicon suggestive of a large deletion mutation (Supplementary Fig. 3).
The aberrant amplicon was digested with restriction enzymes, cloned, and the
breakpoint identified by sequencing. Diagnostic PCR primers were designed
flanking the breakpoint and used to screen the family members (see Supple-
mentary Table 2 for primer sequences).

Total genomic DNA from four index subjects was hybridized on Affymetrix
SNP6.0 arrays, containing 906,600 SNPs throughout the genome, according to
the instructions of the manufacturer (Affymetrix). Genotypes were generated
using Birdseed analysis software implemented in the Affymetrix Genotyping
Console version 2.1. Subsequently, genomic regions on chromosome 2 in
which all four subjects shared one of the alleles were determined by defining
the longest stretches of SNPs in which no opposite homozygous calls in the
four subjects could be detected. For the two Chinese families, haplotype analysis
was performed using microsatellite markers within and flanking MSH2
as described'?.

RT-PCR and real-time quantitative RT-PCR. To detect fusion transcripts, a
direct RT-PCR reaction (for Chinese families) or a nested RT-PCR reaction
(for Dutch families) was performed. For primers see supplementary data
(Supplementary Table 2). To analyze for transcription of TACSTDI beyond
the polyadenylation signal in normal individuals, the entire transcript databases
from GenBank were queried, including spliced and unspliced ESTs.

To quantitate the abundance of wild type TACSTDI, wild type MSH2 and
TACSTDIlexon5-MSH2exon2 fusion transcripts in colorectal mucosae and
blood leukocytes, RNA was treated with DNase I using DNA-free kit (Ambion)
and reversed transcribed using the TagMan Gold Reverse Transcription Kit
(Applied Biosystems) with random hexamers. Real-time quantification was
performed using the QuantiFast SYBR Green RT-PCR kit (Qiagen) on an ABI
Prism 7900HT sequence detection system (Applied Biosystems). TACSTDI
exon 5-7, MSH2 exon 1-3 and the TACSTDIexon4,5-MSH2exon2-5 fusion
transcript were cloned into pCR2.1-TOPO plasmids (Invitrogen). The
plasmids were linearized and known copy numbers were used in serial
dilutions to generate calibration curves for quantification. Transcript
quantification was performed in triplicates and reported relative to
GAPDH. Quantitative PCR primers for TACSTDI and MSH2 were designed
to detect the wild type transcripts only (see Supplementary Table 2 for
primer sequences).
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Methylation analysis. To study DNA methylation by methylation-specific
PCR in the Dutch families the DNA was treated with bisulfite using the EZ
DNA methylation KIT™ (ZYMO Research Corp) as described earlier?.
Methylation-specific PCR was performed by using the MSP1 and MSP3 primer
sets for both methylated and unmethylated DNA as described earlier>!®. For
the analysis of the allele specific methylation surrounding rs1863332 new
primer sets were designed (MSP5; Supplementary Table 2). The specificity
of the PCR for either unmethylated or methylated CG dinucleotides was
confirmed by direct sequencing of the PCR products of all tumor samples
and at least one normal sample per subject.

Pyrosequencing of bisulfite-converted DNA (EZ DNA methylation direct
KIT, (ZYMO Research) was performed as described before!>. Mean methyla-
tion levels of three CpG sites in the MSH2 promoter (c.-366, c.-382 and c.-393)
were calculated and reported. Background level of incomplete conversion was
below 7.5% for all carcinomas assessed and below 5% for normal tissues.

Methylation-specific multiplex ligation-dependent probe amplification (MS-
MLPA) analyses were performed using SALSA MS-MLPA kit ME011 Mismatch
Repair genes (MMR) (MRC-Holland) as described?’. For each MS-MLPA
reaction 200 ng DNA isolated from formalin fixed paraffin embedded material
was used. Data were normalized using all 11 probes without an Hhal site as
control probes. For each probe the fraction of Hhal restriction-resistant DNA,
which is a measure for the level of methylation, was determined by dividing the
normalized signal of the digested sample by the normalized signal of the
undigested sample. Three MSH2 specific probes (Hhal-A position c.-262;
Hhal-B position c.-198; Hhal-C positions c.135 and ¢.150) were included.
Using six formalin fixed paraffin embedded colorectal samples of
subjects without a 3" TACSTDI deletion background fractions of Hhal
restriction-resistant DNA (Hhal-A: 0.02; Hhal-B: 0.08; Hhal-C: 0.00) were
determined. Samples with known MGMT or MLHI methylation were used as
positive controls.

Accession codes. GenBank: human TACSTDI mRNA, NM_002354.1; human
MSH2 mRNA, NM_000251.1; TACSTDI mutation c.859-1462_*1999del,
FJ347525; TACSTDI mutation ¢.555+894_*14194del, FJ347526; human
chromosome 2 genomic sequence, NT_022184.14.

Note: Supplementary information is available on the Nature Genetics website.
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