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A B 8§ T R A C T

Purpose

Ideﬂtifying individuals with Lynch syndrome (LS) is highly beneficial. However, it is unclear
whether microsatellite instability (MSI) or immunohistochemistry (IHC) should be used as the
screening test and whether screening should target all patients with colorectal cancer (CRC) or
those in high-risk subgroups.

Patients and Methods
MSI testing and IHC for the four mismatch repair proteins was performed on 500 tumors from

unselected patients with CRC. If either MSI or IHC was abnormal, complete mutation analysis for
the mismatch repair genes was performed.

Results

Among the 500 patients, 18 patients (3.6%) had LS. All 18 patients detected with LS (100%) had
MSI-high tumors; 17 (94%) of 18 patients with LS were correctly predicted by IHC. Of the 18
probands, only eight patients (44%) were diagnosed at age younger than 50 years, and only 13
patients (72%) met the revised Bethesda guidelines. When these results were added to data on
1,066 previously studied patients, the entire study cohort (N = 1,566) showed an overall
prevalence of 44 of 1,566 patients (2.8%; 95% Cl, 2.1% to 3.8%) for LS. For each proband, on
average, three additional family members carried MMR mutations.

Conclusion
One of every 35 patients with CRC has LS, and each has at least three relatives with LS; all of

whom can benefit from increased cancer surveillance. For screening, IHC is almost equally
sensitive as MSI, but IHC is more readily available and helps to direct gene testing. Limiting tumor
analysis to patients who fulfill Bethesda criteria would fail to identify 28% (or one in four) cases
of LS.

J Clin Oncol 26:5783-5788. © 2008 by American Society of Clinical Oncology

be identified early in life, they have the opportunity
to prevent CRC through early and more frequent

Colorectal cancer (CRC) is the third most common  colonoscopy and to detect or prevent the other LS-

type of cancer in the United States, with 145,000
individuals diagnosed each year.' Lynch syndrome
(LS) is the most common hereditary form of colon
cancer. Individuals with LS have increased risks for a
number of other cancers as well, including endome-
trial, gastric, ovarian, ureter and renal pelvis, small
bowel, bile duct, brain, and certain skin cancers.?
Determining the prevalence of LS among all patients
with CRC is an important public health issue. Pa-
tients with CRC and LS have an increased risk for
second primary cancers, which could be prevented
or detected early if the condition is recognized.
Maybe more importantly, many of the relatives of
those found to have LS will also have inherited LS
and high risks for cancer. If these at-risk relatives can

related cancers through intensive surveillance or
risk-reducing surgeries.”” At-risk relatives found
not to have the proband’s mutation do not need
intensive surveillance.

Lynch syndrome is due to mutations in at least
four DNA mismatch repair (MMR) genes: MLH]I,
MSH2, MSH6, and PMS2. There are two tumor
characteristics that can be screened for in an attempt
to identify those patients with CRC who are most
likely to have LS. These characteristics are microsat-
ellite instability (MST)®® and loss of one or two of the
MMR proteins in the tumor compared with the
normal tissue.”'®

Although there is little controversy regarding
the value of surveillance for carriers of MMR gene
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mutations,'>'? there is considerable uncertainty regarding (1) whether
the prevalence of MMR mutation carriers is high enough to warrant
large-scale screening; (2) the trade-offs between screening all patients
with CRC versus targeted screening of some high-risk subgroups as
defined by age at diagnosis,'” family history criteria,'*"” or tumor
histology;'® and (3) whether to recommend immunohistochemistry
(THC) or MSI as the primary screening tool. To answer these ques-
tions, we conducted this study using both the MSI and IHC screening
tests and including full sequencing and large deletion testing for all
four MMR genes.

We previously reported on the molecular and clinical findings in
1,066 patients.'”*° To compare the suitability of IHC or MSI as a
primary screening method, we studied an additional 500 patients with
both tests. We also summarize the prevalence of LS and clinical char-
acteristics of the entire cohort of 1,566 patients.

Patients

Patients with colorectal adenocarcinoma diagnosed at six participating
hospitals were eligible for this study, regardless of age at diagnosis or family
history of cancer. Patients with a clinical diagnosis of familial adenomatous
polyposis were not eligible for this study. These six hospitals perform the vast
majority of all operations for CRC in the Columbus metropolitan area (pop-
ulation 1.7 million). The institutional review board at all participating hospi-
tals approved the research protocol and consent form in accordance with
assurances filed with and approved by the United States Department of Health
and Human Services. The accrual process has been described in detail else-
where.'*?° Briefly, during the period of January 1999 through August 2004,
1,566 eligible patients with CRC were accrued to the study. Initial results
for the first 1,066 patients were reported previously.'® The results of testing
in the last 500 patients, which differs because it includes both MSI and THC,
are presented here. These 500 patients had a mean age of 63.6 years, and
were largely white (88%) or African American (9%). Approximately one
half (48%) were women.

Methods

Sample processing, MSI testing, IHC staining methods, MLHI promoter
methylation testing, and mutation detection methods used in this study have
been described in detail previously.'*°

Analytical Strategy

The 500 tumors were analyzed for MSI and 483 of the 500 tumors also
had THC staining for the four MMR proteins (17 cases did not undergo IHC
because there was no remaining tumor material after the MSI test). The 387
MSI-negative patients with normal IHC results received a letter explaining that
they were not likely to have LS; however, they might still want to be seen for a
complete cancer genetic evaluation if they were concerned about their per-
sonal or family history. All 113 cases who were MSI positive (MSI-high and
MSI-low) or had abnormal THC underwent full genetic analysis (Fig 1). In the
98 MSI-positive cases, this included resequencing of MLHI, MSH2, MSHG6,
and, when indicated based on IHC, PMS2; multiplex ligation-dependent
probe amplification assay of MLH1, MSH2, MSH6, and PMS2; and methyl-
ation analysis of the MLHI promoter. In the cases who were microsatellite
stable (MSS) but had abnormal THC, the gene(s) corresponding to the pro-
tein(s) absent on IHC were tested with both resequencing and multiplex
ligation-dependent probe amplification, and in the case of MLHI absence,
MLH]1 promoter methylation was also assessed.

In addition, in an effort to determine whether any cases of LS had been
missed by both MSI and IHC, the 372 patients with MSS tumors and normal
IHC and the 15 cases with MSS tumors in which IHC was not completed
received genetic testing for the two most common MMR gene mutations in
our series. This includes the ¢.942 + 3A—T mutation in MSH2 leading to
skipping of exon 52! and the American Founder Mutation (AFM), a deletion
of exons 1 to 6 in MSH2.”*> Together, these mutations account for eight

5784 © 2008 by American Society of Clinical Oncology

Microsatellite analysis and IHC analysis
of MMR proteins in unselected newly-
diagnosed patients with CRC (n = 500)

MSI-high and IHC abnormal (n =56)
MSI-high and IHC not done (n=2)
MSI-high and IHC normal (n=6)
MSI-low and IHC normal (n=34)
MS-stable and IHC abnormal (n=15)

(n=372)
(n=15)

MSI negative and IHC normal
MSI negative and IHC not done

Mutation analysis for ¢.942+3A>T and
exon 1-6 deletion in MSH2

No mutations found

Mutation analysis by sequencing and
MLPA of MLH1, MSH2, MSH6 and in
selected cases, PMS2
|
Germline mutations found in probands
(n=18)
|
Counseling of probands (n=16)

Identifying family members at risk
and offering mutation testing

Tested (n=94)
Mutation-positive (n=36)
Mutation-negative (n=58)

Germline mutation-positive

Probands (n=18)
Relatives (n =36)
Total (n =54)

Fig 1. Flow diagram of the analytic strategy and main results of the study. IHC,
immunohistochemistry; MMR, mismatch repair; MSI, microsatellite instability;
MLPA, multiplex ligation-dependent probe amplification.

(44.5%) of 18 of all the mutations found in this study. The methods used to
detect these mutations are described in the Appendix (online only).

Finally, we combined the 500 patients screened in this study with our
prior 1,066 patients to present some new overall results on the entire cohort of
1,566 patients with CRC. This includes the prevalence of LS in the entire
cohort, clinical features that were most predictive of finding a germline
MMR gene mutation, and the results of genetic testing in the at-risk
relatives of everyone diagnosed with LS in this cohort (free genetic counseling
and single-mutation analysis was provided as part of this study, as de-
scribed previously)."

Statistical Methods

Sensitivity,? specificity** and positive predictive values?* of clinical pa-
rameters were determined. Statistical analysis was conducted using R (http://
cran.r-project.org/) software. Two-sided 95% ClIs of the proportions were
estimated using Wilson score method with continuity correction, as described
by Newcombe.” Differences in proportions were compared using the x* test.

/5
MSI testing was performed for all 500 tumors; 64 tumors were
found to be MSI-high (12.8%) and 34 tumors were found to be
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MSI-low (6.8%). For this study, all 98 patients (19.6%) with MSI-high
or MSI-low tumors were considered MSI positive and underwent full
genetic analysis. Eighteen (28.1%) of the 64 patients with MSI-high
tumors were subsequently found to have LS. No LS gene mutations
were found in patients with MSI-low tumors. Furthermore, all 34
MSI-low CRC tumors had normal IHC for all four MMR proteins.
There were six tumors that were MSI-high that had normal IHC
results. MSI-high tumors accounted for 56 (78.9%) of the 71 tumors
with abnormal IHC.

IHC Analysis

THC was performed on 483 of the 500 tumors. IHC was abnor-
mal in 71 (14.7%) of the 483 CRC tumors. Abnormal results were as
follows: 45 patients had MLHI and PMS2 absent, 12 patients had
MSH?2 and MSH6 absent, nine patients had MSH6 only absent, two
patients had PMS2 only absent, and three patients had other combi-
nations absent (MLHI, MSH6 and PMS?2 absent, MLHI and MSH6
absent, and MLH]I only absent). These 71 patients included 56
(87.5%) of the 62 MSI-high tumors in which THC was completed.
There were 15 MSS tumors in which IHC was abnormal; none were
found to have an LS mutation. IHC findings were concordant with the
germline mutation findings in 17 of the 18 patients with LS; 17
(23.9%) of the 71 patients whose tumors had abnormal IHC were
subsequently found to have LS.

MLH1 Promoter Methylation

Methylation at the proximal region*>*” of the MLHI promoter
was assessed in all 98 MSI-positive tumors and in the six MSS tumors
that had absence of MLHI on IHC. Overall, there were 38 patients
with MLH1 promoter methylation; none of whom were found to have

LS. Of the 48 patients with MLH1 absent on ITHC; 33 patients (68.8%)
showed MLHI promoter methylation, 13 patients did not have MLH1
promoter methylation (four of whom were found to have LS), and
two patients had failure of methylation testing.

Probands With LS

Eighteen of the 500 patients with CRC had a deleterious muta-
tion in one of the MMR genes (Table 1). None of these patients had
previously been diagnosed with LS. Mutations in MSH2 (n = 10) were
more common than mutations in MLHI (n = 4), MSH6 (n = 3),and
PMS2 (n = 1). Five probands had the recurrent c.942 + 3A—T
mutation of MSH2, which leads to exon 5 skipping.*' The remaining
mutations include six large rearrangements (including three patients
with the AFM??), six truncating mutations, and one in-frame deletion
that is known to be deleterious (K618del).***’ The mean age at diag-
nosis was 50.1 years (range, 28 to 77 years). Only eight (44.4%) of the
18 probands were diagnosed at age younger than 50 years and only 10
(55.6%) of the 18 probands had a first-degree relative with colorectal
or endometrial cancer. Regarding published family history criteria,
seven of 18 patients fulfilled the Amsterdam I criteria,'®'” 13 of 18
patients met the revised Bethesda guidelines,'*'® and five (27.8%) of
18 patients did not meet either.

Mutation Analysis in Patients With MSS Tumors

None of the 387 patients with MSS tumors with normal IHC
or in which THC could not be performed were found to have the
¢.942 + 3A—T mutation in MSH2 or the AFM mutation.

Screening Test Performance
The sensitivity and specificity of screening for patients with LS
using four different modalities could be formally determined only if

Table 1. Patients With Deleterious Mutations
No. of Total No. of
Age at Unstable  Microsatellite
Diagnosis Microsatellite ~ Markers
Patient Sex (years) CRC Site Amsterdam™ Bethesdat  Markers Tested Gene  Nucleotide Change Mutation
57089 M 45 Cecum and rectal N Y 5 5 MLH1 ¢.826dupA p.1276NfsX31
58443 F 48 Cecum N Y 4 5 MLHT c.1852_1854delAAG p.K618del
68833 F 49 Rectum Y Y 4 15) MLH1 Del exons 16-19 Large deletion
67761 F 52 Descending Y Y 4 5 MLHT Dup exons 6-12 Large duplication
61299 M 37 Transverse N Y 5 5 MSH2 ¢.830T > G p. L277X
342 M 32 Cecum N Y 2 3 MSH2 ¢.942 + 3A>T Skip exon 5
1599 F 29 Colon N Y 5] 5] MSH2 ¢c.942 + 3A>T Skip exon 5
1700 F 71 Descending N Y 5 5 MSH2 ¢.942 + 3A>T Skip exon 5
59233 F 28 Colon N Y 5 5 MSH2 c.942 + 3A>T Skip exon 5
62411 M 58 Transverse N Y 4 5 MSH2 ¢c.942 + 3A>T Skip exon 5
1519 M 57 Sigmoid N Y 3 5 MSH2 ¢.2038C > T p.R680OX
1728 M 58 Rectum N N 5 5 MSHZ2 Del exons 1-6 g.26445441_26465484del20045%
59400 M 60 Cecum N Y 5 5 MSH2 Del exons 1-6 0.26445441_26465484del20045%
64763 F 45 Ascending N Y 5 5 MSHZ2 Del exons 1-6 g.26445441_26465484del20045%
64754 M 54 Cecum N N 5 5 MSH6 ¢.3939_3957dup19”  p.A1320SfsX5
56838 F 58 Sigmoid N N 2 5 MSH6 ¢.3261dupC p.F1088LfsX5
57511 M 64 Descending N N 5 5 MSH6 ¢.3920_3923dupATCT p.P1309SfsX11
62972 F 56 Ascending N N 4 5 PMS2 Del exon 1 Large deletion
Abbreviations: CRC, colorectal cancer; MSI, microsatellite instability; M, male; N, no; Y, yes; F, female.
*Yes if patient meets at least Amsterdam |l criteria using only first-degree relatives.
tYes if patient meets revised Bethesda guidelines using only first-degree relatives.
FReference sequence: NT 022184.14.
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we had performed complete genetic testing in every patient, which
would have been a cost-prohibitive and probably unnecessary en-
deavor. Here we apply the terms sensitivity and specificity to describe
these parameters assuming that 100% of all mutations had been de-
tected. This assumption is supported by the fact that all patients with
MSS tumors were tested for the two most common LS mutations, and
none were found. Both the MSI and IHC screening tests performed
well, with sensitivities of 100% and 94.4% and specificities of 90.5%
and 88.4%, respectively. On the other hand, the sensitivity of screen-
ing for LS based on a diagnosis before age 50 years was 44.4% and
the specificity was 85.5%. Positive predictive value of MSI-high,
abnormal IHC, diagnosis before age 50 years, and first-degree relative
with CRC or endometrial cancer were 28.1%, 23.9%, 10.3%, and
8.8%, respectively. Negative predictive values were 100%, 99.8%,
97.6%, and 97.9% respectively.

Results From Entire Study Cohort of 1,566 Patients
With CRC

Overall prevalence of LS. Notably, after improving our PMS2
mutation detection methods,” three additional PMS2 mutations have
been found among the 1,066 patients described previously. This in-
cludes a Lys614X mutation in patient 56850, a ¢.736_741del6ins11
mutation in patient 1364, and a ¢.2007-1 G—A in patient 1356. The
tumor from patient 1356 was MSI-low, and this is the only case of LS
diagnosed in a patient with CRC with an MSI-low tumor on study.
This brings the total number of LS cases among the previously re-
ported 1,066 patients with CRC to 26 patients (2.4%). Thus the overall
prevalence of LS among all 1,566 CRC cases is 44 of 1,566 (2.8%; 95%
CI, 2.1% to 3.8%). The prevalence might be higher if some of the
missense mutations (Appendix Table A1, online only) are determined
to be deleterious.

Relatives of probands with LS. Overall, considering the entire
series of 1,566 patients, a total of 249 relatives from 33 of the 44 LS
families have been counseled and tested; 109 relatives tested positive
and 140 relatives tested negative (Table 2). This amounts to more than
three relatives per proband being diagnosed with the same mutation as
in the proband. Of the 109 mutation-positive relatives, 25 had a prior
diagnosis of an LS-related cancer, whereas 84 were unaffected at the
time of testing (three relatives have subsequently been diagnosed with
cancer). Remarkably, of the 153 individuals identified with LS as part
of this study (44 probands and 109 relatives), only one had been
previously diagnosed with LS.

Clinical Findings

The characteristics of the entire cohort of 1,566 patients with
CRC have been analyzed with respect to the likelihood of making an
LS diagnosis (Appendix Table A2, online only). The features associ-
ated with the highest likelihood of finding a germline mutation in an

Table 2. Relatives Tested in the Entire Study Cohort

Relationship Mutation Positive Mutation Negative Total Tested
First degree 52 47 99
Second degree 28 36 64
Beyond second degree 29 57 86
All 109 140 249

5786 © 2008 by American Society of Clinical Oncology

MMR gene include absence of MSH2 with or without absence of
MSH6 on THC (66.7%), absence of MSH6 or PMS2 alone on THC
(23.5% and 55.6%), and absence of MLH1 without MLHI promoter
methylation (33.3%). Patients whose tumors had abnormal IHC had
a similar likelihood of having LS as those whose tumors were MSI-
high (21.4% v 20.8%; P = .9847, x” test). Patients with CRC diagnosed
at younger ages are more likely to have LS, with 8.4% of those diag-
nosed before age 50 years having a mutation as compared with 1.7% of
patients diagnosed at age 50 years or older. However, an equal number
of patients (n = 22) were found to have LS among those diagnosed at
age younger than 50 years and those diagnosed at age = 50 years.
Patients with right-sided tumors were twice as likely to have LS (4.0% v
1.9%; P = .0224, x* test).

Limitations of this study include the fact that we could not perform
complete molecular analysis of the MLH1, MSH2, MSH6, and PMS2
genes in all 500 patients to confirm that there were no mutations in the
patients who were both MSI-negative and had normal IHC results. In
addition, we found many missense mutations in the MMR genes that
could not be classified as polymorphisms or deleterious mutations as
of yet. Both of these limitations mean that the prevalence we found for
LS represents the minimum prevalence.

Itis clear that in a typical United States metropolitan area, at least
2.8% of all newly diagnosed patients with CRC have LS. This preva-
lence translates into a rate of one patient with LS for every 35 individ-
uals diagnosed with CRC. This is a remarkably high prevalence for a
highly penetrant, dominantly inherited, potentially lethal condition.

Several sets of criteria for defining high risk have been developed
and are widely used in clinical practice. They rely on age at cancer
diagnosis and family history of cancer. These criteria could be applied
as a prescreen in population-based molecular screening projects. We
show here that screening only patients younger than 50 years will leave
half of the cases undiagnosed, so we believe this practice should be
rejected. The stringent Amsterdam criteria have too low a sensitivity to
be suitable (eg, 39% in this study), whereas the sensitivity of the
Bethesda guidelines is higher (eg, 72% in this study). Although pre-
screening using the Bethesda guidelines (or a simpler modification
thereof) would dramatically reduce the number of MSI or THC tests
necessary, it would also reduce the number of carriers detected (eg, by
28% in this study). The fact that only one of the 153 individuals
identified as having LS in this study had previously been diagnosed or
referred to genetics is a sign about how poorly taking and assessing a
family history of cancer works in practice.’

We show that IHC and MSI are quite similar in having high
sensitivity to detect LS, as has been shown by others.*>** The over-
whelming advantage of IHC over MSI in the setting of large-scale
screening is its availability (in principle, wherever there is a pathology
laboratory) and the fact that MSI requires microdissection of the
tumor and work in a molecular diagnostics laboratory. The use of
IHC results in fewer genetic tests than MSI by predicting the
responsible gene. Moreover, the costs of IHC screening can be re-
duced dramatically through the use of tissue microarrays without loss
of accuracy.”*°

Four main prerequisites should be fulfilled for any large-scale
screening program to be undertaken. First, it should be conceptually
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and technically feasible. We have endeavored to show that screening
patients with CRC for LS is feasible. Second, it should be desirable. We
show that LS is relatively prevalent, affecting one in 35 patients with
CRC. Empirically, clinical surveillance for CRC in mutation carriers
prevents more than 60% of cancers and more than 60% of cancer-
related deaths.'" We conclude that early detection of LS is highly
desirable. Third, it should be cost-effective. This is currently being
explored. Fourth, the screening should not be harmful. We do not
know of any circumstances that make large-scale screening more
susceptible to harmful effects (psychological or physical) than the
less proactive screening that is already practiced in high-risk genet-
ics clinics.

The benefits of any screening program are heavily dependent on
the number of at-risk relatives who will receive genetic counseling,
undergo genetic testing, and follow appropriate cancer surveillance
guidelines. In our study, we achieved a high rate of relatives tested per
proband (average, > five per family) and diagnosed 109 at-risk rela-
tives with LS (average, > three per family) and 140 relatives without
LS. Compliance to cancer surveillance recommendations on a large
scale is yet to be shown. However, single-mutation analysis for the
known mutation in the family is extremely simple and inexpensive,
which will lead to dramatically more favorable cost effectiveness in
family members.

It may be well worth reconsidering current models for providing
cancer genetic services, relying on physicians to identify and refer
individuals with a positive family history. It is well known that family
history is often overlooked.” In this study where none of 44 probands
and only one of 109 mutation-positive relatives had been previously
diagnosed with or tested for LS, it is clear that the current approach will
only identify a small fraction of all individuals with LS. It will only
become more difficult to identify patients with LS on the basis of
family history of CRC in the future, given that the average family size is
getting smaller and usage of colonoscopy will likely prevent many
CRCs through the removal of precancerous polyps. Moving to an
active approach of screening for LS among patients with cancer is an
attractive and even compelling option.
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