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Abstract

Lynch syndrome (LS), Lynch-like syndrome (LLS) and familial colorectal cancer type X
(FCCX) are different entities of familial cancer predisposition leading to an increased
risk of colorectal cancer (CRC). The aim of this prospective study was to characterise
and to compare the risks for adenoma and CRC in these three risk groups. Data was
taken from the registry of the German Consortium for Familial Intestinal Cancer.
Patients were prospectively followed up in an intensified colonoscopic surveillance
programme that included annual examinations. Cumulative risks for adenoma and
CRC were calculated separately for LS, LLS and FCCX, and then for males and
females. Multivariate Cox regression was used to analyse the independent contribu-
tions of risk group, mismatch repair gene (within LS), sex and previous adenoma. The
study population comprised 1448 individuals (103 FCCX, 481 LLS and 864 LS). The
risks were similar for colorectal adenomas, but different for first and metachronous
CRC between the three risk groups. CRC risk was highest in LS, followed by LLS and
lowest in FCCX. Male sex and a prevalent adenoma in the index colonoscopy were
associated with a higher risk for incident adenoma and CRC. In patients with LS, CRC
risks were particularly higher in female MSH2 than MLH1 carriers. Our study may
support the development of risk-adapted surveillance policies in LS, LLS and FCCX.
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1 | INTRODUCTION

Lynch syndrome (LS) is the most common hereditary colorectal cancer
(CRC) syndrome and responsible for about 2%-4% of all CRCs. LS is
caused by pathogenic germline variants in one of the DNA mismatch
repair (MMR) genes MLH1, MSH2, MSH6, PMS2 or in the EPCAM gene.?
Approximately one in 340 individuals in the general population carries a
pathogenic MMR gene variant.® Besides CRC, individuals with LS face
an increased risk of developing a broad spectrum of extracolonic
cancers.*>

MMR deficiency (AMMR) is an essential characteristic of LS
associated tumours. However, not all patients with a MMR deficient
tumour have a pathogenic MMR germline variant.® It has been
suggested to classify these patients as having “Lynch-like syndrome”
(LLS), if no MLH1-hypermethylation and germline mutation can be
identified.”® Several studies showed that double somatic pathogenic
MMR gene variants are a likely cause for dMMR in this group.”*?
Besides LS and LLS, there is a third distinct clinically defined group
of patients, the so-called “familial colorectal cancer type X” (FCCTX
or FCCX). This group comprises individuals from families showing
clustering of LS specific tumours according to the clinical
Amsterdam criteria without any signs of dMMR.”*2 The different
clinical aspects and molecular features of these three groups have
been summarised elsewhere.?® Recently, we compared the risks of
different tumour types between LS, LLS and FCCX using prospective
cohort data.**

It is assumed that LS associated CRC develop mainly via the
classical adenoma-carcinoma sequence, although other pathways of
CRC development have recently been proposed.'>!¢ Therefore, and
because of the highly elevated CRC risk, LS patients are advised to
undergo frequent colonoscopies to detect and remove adenomas
early, before they can develop into invasive cancer. The frequency

of such surveillance measures is currently a matter of debate,
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While associations between colorectal cancer (CRC) risk and Lynch syndrome (LS) are well-
described, less is known about CRC risks linked to the closely related Lynch-like syndrome (LLS)
and familial colorectal cancer type X (FCCX). In this prospective follow-up study of patients with
LS, LLS, and FCCX, risks were similar for colorectal adenomas but considerably different for first
and metachronous CRCs. In addition, LS females who carried MSH2 mutations had notably
higher CRC risks than female MLH1 mutation carriers. The identification of variations in carcino-

genic pathways between LS, LLS, and FCCX could enable risk-adapted CRC surveillance for

particularly in LS. Since CRC risks are considerably different
between MMR genes, gene-specific surveillance recommendations
have been proposed, which consider adjusting the interval and the
starting age.”"%!

In order to develop appropriate surveillance programs not only
for patients with LS, but also for LLS and FCCX, exact knowledge of
adenoma and CRC risk is necessary. While such risks are described
well in LS, fewer data are available in LLS and FCCX. Therefore, the
aim of the present study was to describe and compare the risks for
colorectal adenoma and CRC in individuals with LS, LLS and FCCX
using prospective surveillance data of the German Consortium for
Familial Intestinal Cancer.

2 | MATERIALS AND METHODS

21 | Study population

Data was taken from the prospective registry of the German Con-
sortium for Familial Intestinal Cancer. All participants gave their
written informed consent at registry inclusion, and the registry was
approved by the Ethics Committees of all participating institutions.
Six university centres collected information about families suspected
of having Lynch syndrome based on the Amsterdam-Il criteria
and/or revised Bethesda guidelines.??>23 A tissue sample (tumour or
adenoma) of the index patient was examined for MMR deficiency
(dMMR) using immunohistochemistry (IHC) and/or microsatellite
analysis (MSA). In case of dMMR (or if no tissue sample was avail-
able), a germline mutation analysis of the MMR genes MLH1, MSH2,
MSH6 and PMS2, and the EPCAM gene was carried out. Details
about the diagnostic procedure have been described elsewhere.® To
ensure high data quality, a central data quality management process

was implemented with automated checks for completeness,
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plausibility and consistency of all data, which triggers queries in the
event of errors.

Index patients were classified as having LS, LLS or FCCX
according to the results of the tissue examination and subsequent
germline DNA analysis. LS index patients were defined by having a
proven class 4/5 germline variant.?* Relatives of LS index patients
with the same class 4/5 variant found in the index patient were also
considered as LS patients. LLS index patients were defined by not
having a class 4/5 germline variant despite signs of dMMR, and
FCCX index patients had no signs of dMMR while fulfilling the
Amsterdam criteria. Relatives of LLS and FCCX index patients were
considered as LLS and FCCX patients, respectively. Individuals from
families with dJMMR due to MLH1 methylation were not regarded as
LLS patients.

In total, 1998 individuals with LS, LLS and FCCX (index patients and
relatives) were invited to participate in an intensified surveillance pro-
gramme comprising annual colonoscopies, esophagogastroduodenoscopies
and gynaecological examinations. Individuals were included in the
present analysis if they had LS, LLS or FCCX according to the
above definitions. In the LS group, only MLH1, MSH2 and MSHé
carriers were included. EPCAM and PMS2 carriers were excluded
due to low sample sizes. Only individuals with an index colonos-
copy, that is, the first colonoscopy after registry inclusion, and at
least one follow-up colonoscopy were included. According to
these criteria, 1448 individuals were included in the analysis set.
Each single surveillance examination was recorded in the registry.
Individuals in the analysis set were younger compared to individ-
uals who were excluded (median age [IQR] at index colonoscopy:
43 [36-50] vs 51 [42-60] years), and the proportion of women was
higher (53% vs 44%).

2.2 | Statistical analysis

From the above study population, colorectal adenoma and cancer
risks (invasive cancer only) were determined. The study population
was divided into two subgroups.

The first subgroup comprised only individuals without any CRC
before study inclusion. Prospective observation started at the index
colonoscopy or at age 25, whichever occurred last.

For CRC as the event of interest, observation ended at the first
incident CRC, or observation was censored at 80 years of age, last
documented contact before 12 May 2019, or death, whichever came
first. For adenoma as the event of interest, observation ended at the
first incident adenoma (or CRC), or observation was censored at
80 years of age, last documented contact before 12 May 2019, or
death, whichever came first.

The second subgroup included individuals who already had a
CRC before registry inclusion. The time difference between the first
and second CRC as well as between the first CRC and incident colo-
rectal adenoma was analysed. Individuals had to have a prospective
observation time of more than half a year, otherwise adenomas and

CRCs were considered as prevalent. Censoring occurred at the last

documented contact before 12 May 2019, or death, whichever
came first.

Cumulative risks were determined separately for men and
women stratified by the three risk groups LS, LLS and FCCX, and by
dividing the LS group into MLH1, MSH2 and MSHé carriers. Risk was
estimated using the Kaplan-Meier product limit estimator account-
ing for the age at index colonoscopy (left-truncation).?> For compari-
sons between groups, the log-rank test was used. The proportional
hazards assumption was tested using scaled Schoenfeld resid-
uals.2%27 We also tested for nonlinearity of the continuous covariate
“age at first CRC” within the Cox model. We found no significant
deviations in the assumptions. In addition, the log-minus-log-
transformed 95% confidence intervals of the product limit estimator
were determined.?>28

Cox regression was used to examine whether and to what extent
different risk factors are associated with adenoma and CRC risk. Haz-
ard ratios (HR) were determined using Firth's Penalized Likelihood as
proposed by Heinze and Schemper.2?° This method allows the esti-
mation of HR even if no event has occurred in a risk group. The risk
groups LS, LLS and FCCX as well as sex and the presence of adenoma
at the index colonoscopy were considered as risk factors in the model.
For the analysis of the LS group, gene, sex and presence of adenoma
at index colonoscopy, and the interaction between gene and sex were
included. In patients with previous CRC, age at first CRC was used as
an additional risk factor.

To investigate whether multiple occurrences of adenomas instead
of just considering the first incident occurrence would lead to differ-
ent results in the time-to-event analyses, we used a specific modelling
approach suggested by Andersen and Gill.%*

All group comparisons were two-sided, and P-values lower than
.05 were considered statistically significant. Due to the exploratory
nature of the study, no correction for multiple testing was performed.
Statistical analyses were carried out with R 3.6.1 for Windows
(R Core Team. R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing, Vienna, Austria. URL:
https://www.R-project.org). We used the R packages: base, coxphf,
forestplot, graphics, grDevices, grid, gridBase, stringr, survival, sur-
vminer and utils.

3 | RESULTS

The study population comprised 1448 individuals (767 women) in total
(103 FCCX, 481 LLS and 864 LS). Patient characteristics are shown in
Table 1. A total of 897 individuals (61.9%) had had a CRC prior to the
index colonoscopy. There were no major differences in the distribution

of colonoscopy intervals among the three risk groups (Figure S4).

3.1 | Adenoma risks

The cumulative adenoma risks were similar in all three risk groups

(Figure 1), except in men without previous CRC in the FCCX group,
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who had lower adenoma risks (53.1% at 50 years of age, 95%Cl
21.2-91.0%) compared to the LS (84.1%, 95%Cl| 74.7-91.5%) and
LLS (82.1%, 95%Cl 61.8-95.4%) group. However, this difference
was not statistically significant. Adenoma risks were significantly
higher in men compared to women (without previous CRC: HR
1.44, 95%Cl 1.08-1.91, with previous CRC: HR 1.26, 95%CI
1.01-1.58) and were also significantly higher if an adenoma was
found in the index colonoscopy (without previous CRC: HR 2.00,
95%Cl 1.42-2.76, with previous CRC: HR 2.48, 95%Cl 1.84-3.29).
Individuals with previous CRC had significantly higher adenoma
risks with increasing age at first CRC (HR 1.30 per 10-year increase,
95%Cl 1.16-1.46). Patients diagnosed with first CRC at age 60 or
older had a 2.44-fold elevated risk for incident adenomas compared
to patients diagnosed with first CRC at age 29 or younger (see
Figure S3A).

Within the LS group, adenoma risks were similar across the
MLH1, MSH2 and MSH6 groups (Figure 2). The risk to develop an inci-
dent adenoma was significantly increased if an adenoma was found at
the index colonoscopy both in LS patients with (HR 1.79, 95%Cl
1.18-2.62) and those without previous CRC (HR 1.96, 95%Cl
1.27-2.92). In LS patients with previous CRC, increasing age at first
CRC was significantly associated with an increased adenoma risk
(HR 1.34, 95%Cl 1.14-1.56).

The Andersen-Gill model, which accounts for multiple occur-
rences of adenomas during prospective observation, revealed the
same significant associations as the Cox model, which considered only

the first incident adenoma event (Figures S1 and S2).

TABLE 1 Patient characteristics

FCCX

Individuals, n (number of women) 103 (55)

CRC before index colonoscopy, number of individuals 65 (34)
(number of women)

Incident adenoma, number of individuals (humber of 38 (20)
women)

Incident CRC, number of individuals (number of women) 1(0)

Number of colonoscopies, median 6(4-10)
(interquartile range)

Colonoscopies, cumulative number 775

Age at index colonoscopy, years, median 48 (40-55)
(interquartile range)

Prospective observation time, years, median 6.5 (3.2-9.7)

(interquartile range)

Age at index colonoscopy, number of individuals (number of women)

29 4(3)
30-39 18 (8)
40-49 39 (19)
50-59 24 (16)
60-69 10 (4)
70-79 8(5)

3.2 | CRCrrisks

Cumulative CRC risks were significantly lower in FCCX compared to
LS (without previous CRC: HR 0.13, 95%Cl <0.01-0.94, with previous
CRC: HR 0.19, 95%CI 0.02-0.69) (Figure 3). No incident CRC was
observed in the FCCX group with previous CRC. Individuals with a
previous CRC in the LLS group had a significantly lower CRC risk com-
pared to the LS group (HR 0.54, 95%Cl 0.30-0.92). Men had higher
risks for first (HR 1.70, 95%Cl 0.88-3.28) and second CRC (HR 2.24,
95%Cl 1.37-3.79) than women. Higher age at first CRC was signifi-
cantly associated with a higher risk for a second CRC (HR 1.38 per
10-year increase, 95%Cl 1.07-1.77). This is consistent with an alterna-
tive Cox model using age at first CRC in groups instead of a continu-
ous variable, showing that the subgroup with the highest age at first
CRC (260 years) had the highest risks for incident CRC and adenoma
(Figure S3B).

Women with LS had a higher CRC risk if they had a pathogenic
variant in MSH2 compared to women with a pathogenic MLH1 variant
(Figure 4). Cumulative risks for first CRC at age 50 were 24.2% (95%
Cl 9.6-53.4%) in MSH2, and 5.9% (95%Cl 0.9-35.0%) in MLH1. Cumu-
lative risks of a second CRC 25 years after the first CRC were 30.0%
(95%Cl 15.5-53.2%) in MSH2, and 14.1% (95%Cl 2.6-58.0%) in MLH1.
(HR 491, 95%ClI
1.46-25.23). In contrast to female carriers, cumulative first and second

This difference was statistically significant

CRC risks in males were similar. This interaction between gene (MSH2
vs MLH1) and sex was statistically significant in the multivariate

regression analysis.

LS
LLS MLH1 MSH2 MSHé6 Total
481 (268) 334 (177) 423 (214) 107 (53) 1448 (767)
352 (183) 203 (94) 226 (97) 51(19) 897 (427)
149 (66) 121 (64) 176 (83) 41(23) 525 (256)
24(9) 28 (4) 51 (25) 6(2) 110 (40)
6 (4-10) 7.5(5-11) 8(5-12) 6 (4-9) 7 (5-11)
3514 2819 3813 757 11 678
43(37-49)  41(33-49) 43(35-50) 43 (36-54) 43 (36-50)
6.1(3.5-9.3) 6.5(3.2-9.9) 7.1(4.0-10.5) 5.8(2.7-10.0) 6.4(3.5-9.8)
43(27) 46 (26) 51 (26) 5(1) 149 (83)
116 (58) 94 (52) 119 (57) 37(19) 384 (194)
205 (116) 117 (53) 145 (72) 29 (16) 535 (276)
72 (37) 52 (31) 72 (40) 21(11) 241 (135)
34 (23) 17 (8) 34(19) 10 (3) 105 (57)
11(7) 8(7) 2(0) 5(3) 34(22)
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The aim of our study was to characterise the risks for CRC and colo-
rectal adenoma development in individuals with LS, LLS and FCCX, as
this is an important prerequisite for the development of appropriate
risk-adapted surveillance policies.

We found that the risks for colorectal adenomas were similar
between the three risk groups, both within the group of individuals
without previous CRC and within the group of individuals who had a
prior CRC diagnosis before start of surveillance. The adenoma risk
was somewhat lower in men without previous CRC in the FCCX
group compared to the LS and LLS groups, but the sample size in this
specific group was very low (n = 17) and this difference was not sta-
tistically significant. Since there was no such trend in females, we
assume that this observation is most likely attributable to chance. The
Anderson and Gill model, a specific approach to consider multiple
occurrences of adenomas during prospective observation, revealed
very similar results compared to the Cox model considering only the
first incident adenoma occurrence. A major reason for this is that most
patients had only one (n = 299) or two (n = 113) positive colonosco-
pies during their follow-up, while only 113 patients had three or more
metachronous occurrences of adenomas.

In contrast to the adenoma risks, CRC risks were different
between the three risk groups (highest in LS followed by the LLS and
lowest in the FCCX group). However, the difference of CRC risks
between LS and LLS was statistically significant only in the group of
patients who had had a CRC diagnosis prior to study entry. The lower
CRC risk in LLS compared to LS is consistent with a study of Pico
et al, who compared standardised incidence ratios of CRC in first-
degree relatives of patients with LS and LLS.3? They found elevated
risks in both groups, whereby the risks were significantly higher in LS
than in LLS.

With regard to sex, we observed higher risks for adenomas and
CRCs in men than in women. Relative risks for men were 1.26/1.44
for adenoma, and 2.24/1.70 for CRC in individuals with/without pre-
vious CRC, respectively. Interestingly, however, in the LS group, the
CRC risk difference between MSH2 and MLH1 seemed to be confined
to female carriers, which was underpinned by a significant interaction
between sex and the MSH2-MLH1 contrast in the multivariate Cox
regression analysis. The underlying pathogenetic mechanism for this
sex-gene interaction, if this should be confirmed in independent and
larger studies, remains unclear. Another risk factor, which was associ-
ated with higher adenoma and CRC risk, was the prevalence of an
adenoma in the index colonoscopy (HR 2.48/2.00 for incident ade-
noma, and 2.11/1.61 for CRC in individuals with/without previous
CRC, respectively).

Given the different CRC risks between LS, LLS and FCCX, but
also within the LS group depending on the MMR gene, risk-adapted
colonoscopic surveillance policies seem to be advisable, also to mini-
mise patient burden, but they need to be appropriately defined and
evaluated. Besides the question at which age surveillance should com-
mence, appropriate examination intervals must be determined. With

regard to LS, a comparative study analysing pooled prospective

surveillance data in 2747 LS patients from Germany, The Netherlands
and Finland showed that a strict annual surveillance policy, as was
usual in the German LS Consortium until recently, was not associated
with a lower CRC incidence or more favourable CRC stages.>® This
result led the German LS Consortium to revise its recommendation to
1-2 yearly intervals.>* Current LS surveillance guidelines recommend

2036 or 2-3 years.?!

colonoscopy intervals of 1-2 years,'®®° 2 years
None of these guidelines currently advise different intervals
depending on sex, which was associated with adenoma and CRC risk
in the present study.

LLS is defined by the absence of a pathogenic germline MMR
gene variant despite the presence of microsatellite instability in the
tumours.!?

LLS is thought to comprise a heterogeneous mixture of patients
with undetected germline variants, with other hereditary cancer syn-
dromes, and with sporadic CRC. Several studies have convincingly
shown that pathogenic double somatic MMR gene variants can be
detected in more than half of the patients with dAMMR, who have nei-
ther a MLH1 hypermethylation nor a pathogenic germline variant.”12
Xavier et al analysed next-generation sequencing data from 22 MMR
genes in 274 LLS patients and found that genes associated with the
DNA MMR process (mainly MLH1, MSH2, MSHé, EXO1, POLD1, RFC1,
RPA1 and MLH3) were most likely associated with LLS.%” Xu et al
found variants of unknown significance in mismatch repair genes and
other mutated genes in 44 of 81 individuals with LLS, with the most
frequent alterations in MUTYH, POLE, BRCA2 and GJB2.%® They rec-
ommend multigene panel testing for all AMMR patients to distinguish
between LS and LLS, which has not yet been done in our present
cohort. Besides, they found high risks of extracolonic cancers and a
high frequency of metachronous CRC in individuals with LLS. They
suggest tailored surveillance policies based on family history and con-
firmed pathogenic or likely pathogenic variants, for example, gastro-
duodenoscopy in MUTYH or gynaecological and breast examinations
in BRCA variant carriers. The guideline of the British Society of Gas-
troenterology (BSG)/Association of Coloproctology of Great Britain
and Ireland (ACPGBI)/United Kingdom Cancer Genetics Group
(UKCGG) suggests biennial colonoscopies from the age of 25 to
75 years for individuals with LLS, if no evidence of biallelic somatic
MMR gene inactivation has been found.?°

CRC risks in FCCX are considerably lower compared to LS and
LLS, which is reflected in less intensive surveillance recommendation
in some guidelines. The BSG/ACPGBI/UKCGG guidelines recommend
that individuals with a family history of CRC and a high risk (ie, three
first-degree relatives with CRC for more than one generation) should
undergo colonoscopies every 5 years from the age of 40 to 75 years.
The ESMO Clinical Practice Guidelines for Hereditary Gastrointestinal
Cancers recommend that individuals with FCCX should undergo col-
onoscopic surveillance at 3 to 5 year intervals, starting at the age of
40 or 10 years before earliest CRC in the family.*’

Our general observation of different CRC risks among the three
risk groups despite similar adenoma risks could possibly be the result
of the different importance of alternative carcinogenic pathways,
which have recently been proposed.'® If this is the case, it is also
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conceivable that surveillance measures are differently effective in the
three risk groups. For instance, if the classical adenoma-carcinoma
sequence would be the predominant pathway in LLS and FCCX, one
may expect a better efficacy of early adenoma removal on CRC inci-
dence compared to LS, in which direct CRC development from normal
mucosa possibly plays a more important role.

A major strength of the present study was its prospective
design, which mitigates the problem of risk overestimation due to
ascertainment bias in clinic-based retrospective studies.>® More-
over, the patients in the three risk groups took part in the same
structured surveillance program with the same quality of data collec-
tion, which should minimise bias. However, some limitations should be
noted. One was that observation times above the age of 60 years were
relatively low. Second, the sample sizes of the LLS and especially the
FCCX groups were comparably low, resulting in wide confidence inter-
vals for the risk estimates even for adenomas. It therefore remains to
be shown whether adenoma risks are lower in these groups compared
to the LS group. Third, no multiplicity correction was performed, due
to the exploratory nature of the study. Therefore, statistical signifi-
cance should be interpreted with caution. Fourth, an important point
to consider, albeit not being a specific methodological weakness of our
study, is that all of the observed patients were under intensified col-
onoscopic surveillance, with possible colorectal cancer prevention
(to an unknown extent) due to adenoma removal. Therefore, the CRC
risks obtained in our study may not reflect the natural course of dis-
ease.*® Furthermore, an analysis of the exact number of detected ade-
nomas or polyps per colonoscopy would have been interesting.

However, corresponding data were largely not available.

5 | CONCLUSIONS

Patients with LS, LLS and FCCX exhibit different CRC risks, while ade-
noma risks were similar. This may indicate a different significance of
alternative carcinogenic pathways, which should be investigated in
further studies. With regard to LLS and FCCX, larger prospective stud-
ies and ideally internationally pooled data are needed to obtain more
precise risk estimates, to clarify the role of risk factors, and to com-

pare the effectiveness of different surveillance policies.
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