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Abstract 

The recognition of dominantly inherited micro‑satellite instable (MSI) cancers caused by pathogenic variants in one 
of the four mismatch repair (MMR) genes MSH2, MLH1, MSH6 and PMS2 has modified our understanding of carcino‑
genesis. Inherited loss of function variants in each of these MMR genes cause four dominantly inherited cancer 
syndromes with different penetrance and expressivities: the four Lynch syndromes. No person has an “average sex “or 
a pathogenic variant in an “average Lynch syndrome gene” and results that are not stratified by gene and sex will be 
valid for no one. Carcinogenesis may be a linear process from increased cellular division to localized cancer to metas‑
tasis. In addition, in the Lynch syndromes (LS) we now recognize a dynamic balance between two stochastic pro‑
cesses: MSI producing abnormal cells, and the host’s adaptive immune system’s ability to remove them. The latter may 
explain why colonoscopy surveillance does not reduce the incidence of colorectal cancer in LS, while it may improve 
the prognosis. Most early onset colon, endometrial and ovarian cancers in LS are now cured and most cancer related 
deaths are after subsequent cancers in other organs. Aspirin reduces the incidence of colorectal and other cancers 
in LS. Immunotherapy increases the host immune system’s capability to destroy MSI cancers. Colonoscopy surveil‑
lance, aspirin prevention and immunotherapy represent major steps forward in personalized precision medicine 
to prevent and cure inherited MSI cancer.
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Introduction
Ten years ago, revised guidelines were issued for the 
clinical management of a group of dominantly inherited 
cancer predisposition syndromes occurring in adults 
and caused by inherited pathogenic variants of the four 
mismatch-repair (MMR) genes path_MLH1, path_
MSH2, path_MSH6 and path_PMS2 [1, 2]. They were 
referred to collectively as Lynch syndrome (LS). At the 
time, penetrance and expressivities of pathogenic vari-
ants of the four genes were not well established.

During organogenesis different genes are inactivated 
in different tissues [3] and, although the functions of 
the MMR genes are not restricted to tissues or organs 
derived from embryonic endoderm it appears that 
these tissues and organs do not have adequate alter-
native repair systems to compensate for faulty MMR 
genes.

Except for infrequent brain tumors and osteosarco-
mas, LS cancers occur in the endoderm-derived lining 
of the stomach, large and small intestine, the pancreas, 
bile duct, urinary tract, prostate and endometrium [4, 
5]. Ovarian cancer in LS is often of an endometrioid 
subtype indicating that these cancers may be derived 
from the cells similar to endometrial cancers [6, 7]. 
While the EPCAM gene itself is not a cause of LS, the 
MSH2 promoter is transcriptionally silenced by dele-
tions involving its 3’ region which result in a distinct 
expression of LS cancers [8]. LS cancers are character-
ized by loss of the wild type allele following somatic 
(second hit) mutation, leading to micro-satellite insta-
bility (MSI) [9]. MSI cells produce abnormal peptides 
(neopeptides) which are recognized and targeted by 
the host immune system [10]. It was originally assumed 
that adenomas were precursors to all colorectal can-
cers (CRCs) and removal of adenomas by colonoscopy 
was advocated in carriers of pathogenic MMR vari-
ants (path_MMR) to reduce the incidence of CRC [1]. 
It soon became apparent, however, that CRC incidence 
was not reduced as much as expected by colonoscopy 
in LS. This paper discusses new knowledge reported 
the last decade.

Epidemiology
The Prospective Lynch Syndrome Database (PLSD)
In 2012 the European Hereditary Tumor Group (www. 
ehtg. org), at that time denoted the Mallorca Group, 
[1] decided to compile information on follow-up of 
path_MMR carriers across multiple specialist centres 
to answer three questions:

1. To what degree does colonoscopy surveillance reduce 
CRC incidence in path_MMR carriers?

2. What is the penetrance and expressivity of patho-
genic variants in each of the four LS-associated 
genes?

3. What is the survival of carriers when followed-up as 
recommended, to facilitate early diagnosis and treat-
ment?

The initial results were published by Møller et al. [11–
13]. A more extensive and detailed report confirming 
the results in the three first reports was recently pub-
lished [14]. Below we suggest an interpretation of the 
findings from these and further studies that were trig-
gered by the initial results, and of concomitant tumor 
biological, prevention and treatment studies and math-
ematic modelling of the carcinogenetic paradigms that 
may help to explain what we observe.

The PLSD methods
The PLSD database, it’s structure and the methods for 
producing the results have been described in detail 
elsewhere [15–18]. A randomized controlled trial 
including a control group of path_MMR carriers who 
would be denied recommended medical interventions 
was considered impossible. Therefore, we performed 
an open, prospective observational study. Indepen-
dently, a complementary retrospective segregation 
analysis in LS families was performed by the Interna-
tional Mismatch Repair Consortium (IMRC) which 
enabled estimation of the CRC incidence before sur-
veillance colonoscopy had been widely implemented 
[19]. The results confirmed that cancer incidence in 
path_MMR carriers was not increased significantly 
before 25 years of age.

Our intentions were to examine the accepted para-
digms of carcinogenesis and the effects of interventions. 
In all studies, the results obtained reflect the parameters 
used for ascertainment and/or the assumptions made 
when considering the results. To avoid these biases, when 
designing the PLSD neither the ascertainment model nor 
the methods used to compile the results included any 
assumption on carcinogenesis or the effects of interven-
tions. Instead, the methods involved an assumption-free 
description of the empirical information observed. Com-
pliant with the reporting methods of cancer registries, 
cancers were scored as discrete events by organ and age, 
allowing events to be considered as the result of stochas-
tic probabilities in a time dimension.

http://www.ehtg.org
http://www.ehtg.org
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The results obtained from the PLSD data were there-
fore empirically observed cancer incidences and subse-
quent overall survival in path_MMR carriers who were 
subjected to follow-up including colonoscopy surveil-
lance in expert hereditary cancer centres world-wide. 
There is no indication that methodological problems 
could have substantially confounded the main results. 
Here we provide a brief summary and an interpretation 
of the results published to date by the PLSD.

The PLSD results

Colonoscopy and incidence of CRC  Compared with 
published estimates of CRC incidence in former gen-
erations before colonoscopy was widely instituted, CRC 
incidence in LS patients subjected to regular colonoscopy 
surveillance was increased for path_MLH1 and path_
MSH2 carriers, not reduced for path_MSH6 carriers and 
possibly (but not significantly) reduced in path_PMS2 
carriers < 50 years of age [20].

Penetrance and expressivity Cumulative cancer inci-
dences stratified by MMR gene, sex, and carriers’ age 
(50 and 75 y.o.a.) when subjected to follow-up, includ-
ing colonoscopy to achieve early cancer diagnosis, are 
reported [14] and illustrated in Figs.  1 and 2. Cancers 
of the endometrium, colon and ovary started to appear 

in early adult life. Cancers of other organs were diag-
nosed later and mainly in survivors of earlier cancers 
[21]. Penetrance and expressivities were specific to 
each gene.

Survival after cancers detected during follow‑up Most 
early onset cancers in the endometrium, colon and ova-
ries detected during follow up were cured [14] (Fig.  3). 
However, later in life, the survivors often developed can-
cers in other organs most of which were associated with 
lower overall survival [14] (Fig. 4).

These results indicated that both penetrance and 
expressivities of the genes in question have been 
affected by a substantial time-trend as most cases of 
CRC are now cured, which was not the case historically. 
In patients who received colonoscopy surveillance and 
relatively recent treatments (which in most individu-
als did not include immunotherapy), the results sug-
gest that there are four different inherited MSI cancer 
syndromes:

The four Lynch syndromes

The MSH2 Syndrome The MSH2 Syndrome is autoso-
mal dominantly inherited. Penetrance is high.

Fig. 1 Cumulative incidences of cancers in male and female carriers subjected to colonoscopy stratified by gene, and sex and age (50 and 75 y.o.a.), 
ordered by incidence in path_MLH1 carriers. The graphs are based on figures given in [14]
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Path_MSH2 carriers are at high risk of cancers in all organs 
that are affected across the Lynch syndromes, with early 
onset of cancer in endometrium/ovaries and colon. Most 
carriers survive these first cancers following early detection 
and treatment. Cancers in other organs are most often diag-
nosed in survivors of the early onset cancers and include 
rectal, upper urinary tract, prostate and brain cancers.

Few founder variants – fitness is low

Most cancer deaths are associated with non-CRC can-
cers, particularly those of the endometrium, rectum, 
upper urinary tract, prostate and brain

Colonoscopy overdiagnoses colon cancer.

The MLH1 syndrome The MLH1 Syndrome is autoso-
mal dominantly inherited. Penetrance is high.

Early onset and high incidence of cancer in the colon, 
endometrium and ovaries. Most carriers survive their 
first cancer following early detection and treatment. Can-
cers in other organs are most often diagnosed in survi-
vors of the early onset cancers, and most often include 
rectal, stomach, small intestine, bile duct and pancreatic 
cancers.

Fig. 2 Median ages of onset of cancers in male and female carriers subjected to colonoscopy, by gene and sex, ordered by median ages 
in path_MMR carriers. The graphs are based on figures given in [14]

Fig. 3 10‑year survival following cancer in different organs in path_MMR carriers subjected to early diagnosis and treatment including colonoscopy. 
The graph is based on figures given in [14]. While there was no difference in survival between carriers of path_MMR variants by gene, cancer 
in path_MSH6 and path_PMS2 carriers were not frequent enough to measure survival apart from after endometrial cancer in path_MSH6 carriers
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Few founder variants – fitness is low

Most cancer deaths are associated with non-CRC can-
cers, particularly those of the endometrium, bile duct and 
pancreas.

Colonoscopy overdiagnoses colon cancer.

The MSH6 syndrome The MSH6 Syndrome is autoso-
mal dominantly inherited with sex limitation. Penetrance 
is high in females but low in males.

There is a high incidence of endometrial and ovarian can-
cer that occurs at older ages than in path_MSH2/MLH1 
carriers. There is an increased incidence of CRC in both 
sexes that is nonetheless much lower than in path_
MSH2/MLH1 carriers. Incidences of cancers in other 
organs are low.

Few founder variants – fitness is low.

Detection rate by family history is low because of the sex-
limited inheritance.

The inconclusive effect of colonoscopy is due to the low 
number of carriers reported to the PLSD.

The PMS2 syndrome The PMS2 Syndrome is autosomal 
dominantly inherited.

Path_PMS2 carriers have a slightly increased incidence 
of CRC and endometrial cancer in young adults, with 

higher incidence in older ages. Increased cancer inci-
dence in other organs is not demonstrated.

Estimates of cancer incidences are difficult because of 
ascertainment biases.

Founder variants present, fitness seems good.

In contrast to the three other syndromes, the low inci-
dence of CRC in young adults receiving colonoscopy 
surveillance may suggest that colonoscopy reduces CRC 
incidence.

Because of the very much lower cancer risks in the PMS2 
syndrome and potentially different carcinogenetic mech-
anisms associated with CRC development, the discussion 
below may not be pertinent to path_PMS2 carriers.

The PLSD and the InSiGHT variant database
When using the international InSIGHT database that 
indicates whether variants of the MMR genes are disease-
associated or not [2], the PLSD database that indicates 
the penetrance and expressivity of pathogenic or likely 
pathogenic variants is displayed by selecting the MMR 
CANCER RISK tab. The PLSD is also available directly at 
www. plsd. eu. It interactively displays the remaining life-
time risk for cancer in each organ when the user indicates 
the carrier’s age, sex and genetic variant. This feature of 
PLSD may be helpful to carriers and health care workers.

Inherited congenital mismatch repair deficiency (CMMRD)
Inherited, biallelic path_PMS2, path_MLH1, path_MSH2 
and path_MSH6 variants are recognized to cause the 

Fig. 4 Cumulative incidence of death at 75 years of age following cancer in male and female carriers subjected to colonoscopy, by gene. The 
graphs are based on figures given in [14]

http://www.plsd.eu
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recessively inherited congenital mismatch repair defi-
ciency (CMMRD) syndrome [22]. CMMRD is char-
acterized by a high incidence of MSI non-endodermal 
malignancies in early life. Path_PMS2 variants are the 
most frequent cause of CMMRD. The relative rarity 
of path_MLH1 and path_MSH2 causing CMMRD has 
caused speculation that most homozygotes or compound 
heterozygotes may not survive fetal development. A 
more detailed discussion of CMMRD is outside the scope 
of this paper.

Relations in time between cancers and consequences 
of early diagnosis and treatment
Most of the frequent and early onset cancers in the four 
Lynch syndromes are cured following early diagnosis 
and treatment, which may be achieved in many cases 
through colonoscopy and gynaecologic examinations 
[13] and by promotion of cancer awareness with early 
consultation in relation to “red flag” symptoms. Most 
cancer-associated deaths in carriers who are subject to 
follow-up are now associated with non-CRC cancers 
[14].

Follow up studies suggest that the occurrence of a 
non-CRC first cancer was not associated with CRC 
incidence [12] and neither stage at CRC diagnosis, nor 
survival following CRC was associated with the interval 
between colonoscopies [23–26]. These findings were 
not as expected from the adenoma-carcinoma sequence 
paradigm of CRC. Instead, they were in keeping with 
the notion that the observed cancers are the result of 
stochastic probabilities in time, in conflict with the 
notion of linear progression from acquisition of an ini-
tial somatic pathogenic variant that causes increased 
mitotic activity, to a dysplastic adenoma and eventually 
an invasive and metastasizing cancer [27, 28]. If the sto-
chastic model is correct for most LS cancers, the aver-
age incidences we have published are valid for groups 
but may have limited predictive value for an individual. 
No person has an “average sex “or a pathogenic vari-
ant in an “average Lynch syndrome gene” and results 
that are not stratified by gene and sex will be valid for 
no one. Modifiers of penetrance may be important in 
determining which cancers occur and when. More 
detailed analyses investigating whether there are asso-
ciations between cancers, or whether they do indeed 
reflect stochastic chances, would be interesting.

Most cancers diagnosed before 50 years of age in 
male path_MLH1 carriers are colon cancers, and can-
cers occurring in other organs reflect the time trend of 
increased colon cancer survival. Most cancers in young 
male path_MSH2 carriers are also colon cancers, but 
rectal, urinary tract, prostate and brain cancers are 
more frequent later in life and with increased colon 

cancer survival they have become the major causes of 
death.

In females, however, endometrial and ovarian can-
cers together are the first and most frequent cancers in 
path_MLH1 carriers and even more so in path_MSH2 
carriers. Colon cancer has a slightly lower incidence 
and older onset in path_MSH2 than path_MLH1 car-
riers. Considering LS as a syndrome of inherited CRC 
or gastro-intestinal cancers ignores gynaecological 
cancers as the main manifestation in women, and that 
gynaecological cancers together with urothelial, pros-
tate and brain cancers are the leading causes of death in 
path_MMR carriers who receive follow-up with colo-
noscopy for early diagnosis and treatment.

Ascertainment biases when estimating variant frequencies, 
penetrance and expressivities
Identification of LS families has been and still is biased. 
The first clinical criteria to identify affected families 
were constructed for research purposes to identify the 
causative gene(s) and reflected the misconception that 
we were looking for inherited CRC, not a syndrome of 
inherited cancer in many organs, and they primarily 
identified path_MLH1 families [29]. The understand-
ing that endometrial cancer was part of the syndrome 
was reflected in later criteria [30] and led to more 
path_MSH2 and especially path_MSH6 families being 
recognized. Because of sex-limited inheritance many 
path_MSH6 families did not fulfil these clinical crite-
ria which assumed high cancer incidences in both sexes 
[31]. Path_PMS2 penetrance is so low that discrimina-
tion from normal variation by using family history is 
nearly impossible. A similar pattern of biases occurs 
when genetic testing is undertaken based on family 
history and when incident testing is focused on young 
onset CRC [32]. Only after all incidental cancers are 
tested for the four genes in question (in all ages and for 
all the genes in question) and the combined results are 
assembled, we will be able to fully determine the inci-
dence and expressivities related to the genetic variants 
of the genes.

Contrary to the assumptions underlying the clinical 
Amsterdam 1 (AMS1) [29] and Amsterdam 2 (AMS2) 
[30] criteria, our studies in the PLSD have shown that 
ovarian cancer can be grouped together with endome-
trial and colon cancer as the early onset cancers in car-
riers who are subject to colonoscopy, while rectal cancer 
can be grouped with the other less frequent cancers that 
are seen mainly in survivors of the early onset cancers. 
Therefore, grouping colon and rectal cancer epidemio-
logically as one organ, as was done by the AMS1/2 cri-
teria might now be considered a mistake. A possible 
interpretation of our findings is that colonoscopy may 
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prevent rectal but not colon cancer in LS. The PLSD 
data also show that not including ovarian cancer in the 
AMS2 criteria was a mistake. And especially so when 
its treatment often includes hysterectomy which will 
prevent endometrial cancer. Including cancer in other 
organs will have little effect on the sensitivity of the cri-
teria in the identification of LS families, because most 
of these cancers appear in survivors of the early onset 
cancers [21, 33].

Despite the consensus that colonoscopy reduces CRC 
incidence in the population as a whole, there is no rec-
ognized evidence that this statement is correct in path_
MMR carriers, as there is only limited historical evidence 
based on three publications, all reporting observations 
made on a cohort of only 22 Finnish families [34–37].

The Finnish families were selected on the basis of one 
case of very early onset CRC with multiple CRC-affected 
relatives. Some of the additional methodological prob-
lems that were not discussed in those reports are as 
follows: the index clusters were not removed when cal-
culating CRC incidences; it was incorrectly assumed that 
the family members had 50% carrier probability after the 
CRC-affected cases were excluded, and lead-time bias in 
the non-intervention group was not discussed. Therefore, 
the validity of the conclusions included in those reports is 
arguable. A later segregation analysis in 70 Finnish fami-
lies of which 65 had a path_MLH1 variant [38] reported 
higher CRC incidence than in French families [39] with 
path_MLH1 variants, and much higher incidence than in 
a multi-national report on European families with path_
MLH1 variants [20]. Additionally, these Finnish papers 
described findings in carriers of the local Finnish path_
MLH1 founder variant which may not be representative 
of all path_MLH1 variants and may not be representa-
tive for carriers of pathogenic variants of the other genes. 
Findings in a single series should be confirmed in another 
before they are used to support clinical decision-making. 
Despite the considerable time since the Finnish reports, 
there is no other reported evidence that colonoscopy 
reduces CRC incidence in LS [34].

Ovarian MSI cancer
Ovarian cancer in LS carriers is dramatically different 
from ovarian cancer in path_BRCA1/2 carriers [40]. The 
observed risk of dying from gynaecologic cancer diag-
nosed before 40 years of age for carriers of path_MMR 
variants was 0%, leading us to conclude that prophylac-
tic hysterectomy and/or oophorectomy before 40 years of 
age solely for cancer prevention reasons is unwarranted 
and unethical. Similarly, the observed risk of dying from 
ovarian cancer in path_MSH6 or path_PMS2 carriers 
diagnosed before 50 years of age was 0%, and in these 
carriers, prophylactic oophorectomy before 50 years of 

age solely for cancer prevention reasons is considered 
unwarranted and unethical [41]. Etiologic diagnosis of 
ovarian cancer cases is crucial to select proper treatment 
for the affected individual, for planning their follow-up 
for subsequent cancers, and for cascade testing of their 
relatives when hereditary cancer is demonstrated.

Combined results of epidemiological, biological, 
interventional and treatment studies
Both the adenoma‑carcinoma and stochastic non‑linear 
paradigms are ‘true’
While the PLSD results indicate the assumption that 
removing colorectal adenomas would prevent most CRC 
in LS is wrong, they are not in conflict with the adenoma-
carcinoma paradigm being true. Rather they indicate that 
the adenoma-carcinoma pathway is not the only pathway 
to CRC in LS. Based on currently available information, 
several possibly interacting carcinogenetic pathways 
may now be considered [10, 28]. Independent of the 
PLSD epidemiological studies, tumor biological studies 
and treatment studies in the last decade have provided 
new evidence for the mechanisms of colorectal carcino-
genesis in path_MMR carriers. In addition to the linear 
adenoma-carcinoma paradigm, we now know that adult 
path_MLH1 and path_MSH2 carriers may at any time 
have a very large number of colonic crypts lacking nor-
mal MMR gene products (dMMR) which may develop 
directly into cancer without going through a macro-
scopically visible non-invasive tumor stage, such as an 
adenoma [42, 43]. These dMMR crypts may become MSI 
and immunogenic as they produce neo-peptides that are 
identified and attacked by the host immune system. The 
advances in MSI CRC treatment include immunotherapy 
which boosts the host immune system to eradicate MSI 
cells including invasive MSI cancers [44, 45], indicating 
that the host HLA system is a key barrier to cancer devel-
opment [46]. Research on making cancer vaccines based 
on this biological understanding is ongoing [47, 48]. The 
information from concomitant biological and treatment 
studies is in keeping with the notion that invasive MSI 
cancers may be removed by the host immune system 
which may be in line with the epidemiological findings 
that frequent colonoscopy over-diagnoses CRC in path_
MMR carriers.

Consequences of the stochastic dynamic paradigm 
for carcinogenesis
The emerging combined picture of carcinogenesis in 
path_MMR carriers, is of a life-long dynamic situation in 
which carriers develop a very large number of MSI pre-
cursor lesions or tumors which are immunogenic and 
are controlled by the host immune system. A precursor 
lesion or tumor may escape by chance and become an 
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invasive cancer. The observed frequency of this occur-
ring may be used as a predictive probability for a group, 
but has low predictive value for a single individual. The 
epidemiological information indicates that such can-
cers might also be removed by the host immune system 
– a phenomenon which is demonstrated more dramati-
cally when immunotherapy boosts the response and 
even advanced cancers may be destroyed. In summary, 
path_MMR carriers may manifest a life-long stochastic 
dynamic process of tumor initiation by the MSI pathway 
that is counteracted by the host immune system recog-
nizing and destroying MSI tumors.

Overdiagnosis when screening for cancer as demon-
strated by PLSD is not novel [49, 50]. While the mecha-
nisms discussed here are specific for path_MMR carriers, 
there may be many and different mechanisms leading to 
over-diagnosis when screening is undertaken for cancers 
with different etiologies which all may involve a stochas-
tic element, as discussed above.

Modifiers of the stochastic probabilities
Aspirin reduces CRC cancer incidence in path_MMR 
carriers [51], probably by modifying carcinogenetic path-
ways [52, 53] or modulating the immune microenviron-
ment. A recent paper reports resistant starch intake to 
be associated with an overall reduction in upper extra-
colonic cancers in path_MMR carriers unselected for 
gene or gender.  The major effect was on upper GI can-
cers [54]. Immunotherapy which increases survival in 
cancer patients, may be considered an example of an 
environmental factor modifying the probability that the 
host immune system will identify and remove a cancer. 
Aspirin and immunotherapy may be considered envi-
ronmental factors associated with preventing and cur-
ing cancers by modifying the probabilities for stochastic 
events occurring. Adenomas are not frequent in LS and 
apparently are not caused by pathogenic variants of the 
MMR genes. The concept that CRC starts with an ade-
noma that is later modified to become an MSI cancer, 
implies that adenomas modified by MSI cause CRC, not 
the other way around. This is illustrated in the very rare 
cases of sebaceous skin adenomas which may become 
cancers in path_MMR carriers (Muir-Torre syndrome) 
[55]. It is accepted that sporadic CRC is mostly caused by 
adenomas that by stochastic chance develop into CRC. 
The assumption that colonoscopy would decrease CRC 
incidence in LS was based on this concept [1]. In recent 
years, growing evidence from both epidemiological (the 
PLSD reports) and biological [10, 27, 28, 56] reports indi-
cate that there is an additional, and perhaps more fre-
quent carcinogenetic pathway to CRC in LS which starts 
with MSI caused by path_MMR variants and that may 
not include a non-invasive adenomatous stage before 

invasive cancer occurs. The existence of the adenoma-
carcinoma pathway is no argument against the MSI path-
way also being true, and vice‑versa. Carcinogenesis is 
complex, there is no single model to explain it all.

Recognizing that colonoscopy as a modifier probably 
prevents most CRCs that arise via the adenoma-carci-
noma pathway may indicate that in path‑MMR carriers 
undergoing colonoscopy surveillance and polypec-
tomy, the observed CRCs in carriers subjected to colo-
noscopy arise mostly via the MSI pathway without a 
macroscopically visible tumor. If invasive MSI cancers 
are destroyed immunologically by the host, the more 
frequently colonoscopies are carried out the more fre-
quently CRC will be observed, because some CRCs 
observed would otherwise have been removed later 
by the host immune system. Theoretically, this may 
challenge the normal association between early detec-
tion/treatment and improved survival. This may, at 
least in part, be a consequence of colonoscopy block-
ing the adenoma-carcinoma pathway, while in LS the 
immune system might remove invasive cancers. This 
notion is supported by an early Finnish study which 
reported the survival in patients receiving three-yearly 
colonoscopies together with the treatment available at 
that time [38] and that found comparable survival to 
that observed by PLSD today [14]. This study, however, 
described carriers of the local Finnish path_MLH1 
founder variant which may not be representative of 
all path_MLH1 carriers and almost certainly not rep-
resentative for carriers of pathogenic variants of the 
other genes. The late progression to metastatic spread 
and the good prognosis when LS-associated CRCs are 
removed surgically [57], may reflect that MSI cancer 
cells are vulnerable to being identified and removed by 
the host immune system when they are located outside 
the primary MSI cancer’s local environment.

Although recent epidemiological studies indicate 
that surveillance colonoscopy in path_MMR carriers 
has not decreased CRC incidence as hoped for, preven-
tion of CRC-associated death is its true objective and 
this is largely being achieved. The PLSD results indicate 
that colonoscopy surveillance should be continued, but 
question the benefit of colonoscopy being performed 
more frequently than every three years. Immunother-
apy will hopefully increase survival following MSI can-
cers, including the later onset cancers with currently 
poor survival. Aspirin reduces MSI cancer incidence, 
and in future anti-cancer vaccination may so do as well.

In general, cancer incidences increase exponentially 
with increasing age. Why, in path_MMR carriers, there 
is close to zero increase in cancer incidence before 
25 years of age and why cancer incidence does not 
increase substantially after 50 years is not understood. 
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It may possibly be associated with maturation and age-
ing of the host immune system and its interactions with 
MSI cells [58].

Are there any additional genes that cause inherited 
MSI cancers?
Variants of other genes may cause inherited MSI can-
cers through interactions with the four MMR genes 
described here. As mentioned in the introduction above, 
inherited deletion of the EPCAM tail causes silencing of 
the MSH2 promoter [8]. The POLE genes variants may 
cause somatic mutations in the MMR genes which in 
effect may cause inherited MSI cancers [59].

Different pathobiology of the two most common 
inherited cancer syndromes
The knowledge-based development of immunotherapy 
tailored to treat both inherited and sporadic MSI can-
cers, comes in addition to the knowledge-based devel-
opment of PARP inhibitors to treat both inherited and 
somatic BRCA1/2 deficient DNA double-stranded break-
associated cancer [60].

Because about 15% of all CRCs are MSI and may ben-
efit from immunotherapy, there is a growing consensus 
that all CRC cases should be tested for MSI [61]. Ger-
mline testing for LS may be restricted to patients with 
MSI cancers and time-consuming family history docu-
mentation may become less important for other cases, 
enabling genetic counsellor time to be focused on those 
with proven germline predisposition and their relatives.

We now have knowledge-based personalized precision 
treatment for the two most frequent inherited cancer 
groups, and for biologically similar but sporadic cancers. 
All individuals with these types of cancer will benefit 
from testing to determine which carcinogenetic mecha-
nisms have caused their cancer, enabling the selection 
of the most appropriate treatment, follow-up for subse-
quent cancers when needed, and for cascade testing in 
their families. Ovarian cancer, which is common to both 
path_MMR and path_BRCA1/2 carriers, and where both 
non-inherited MSI and path_BRCA1/2 associated can-
cers occur, is an example.

Conclusions
This paper identifies, delineates and denotes the group of 
dominantly inherited Lynch syndromes by their shared 
inherited trait which is MSI cancers (https:// www. 
genome. gov/ genet ics- gloss ary/ Mende lian- Inher itance). 
Corresponding with OMIM (https:// www. ncbi. nlm. nih. 
gov/ omim/? term= LYNCH+ SYNDR OME), we recognize 
four different Lynch syndromes caused by the four MMR 
genes, as described in this paper, and consider 3’ EPCAM 

deletions only as an alternative mechanism by which 
MSH2 may be silenced. The numbering of the Lynch syn-
dromes in OMIM is confusing and in conflict with how 
Henry Lynch grouped and numbered them. Instead, we 
name the distinct syndromes by the four genes that cause 
them which is precise and self-explanatory, and gives 
room for more groups to be named in future if more 
genes are found to cause MSI cancers.

No person has an “average sex “or a pathogenic vari-
ant in an “average Lynch syndrome gene” and results that 
are not stratified by gene and sex will be valid for no one. 
The penetrance and expressivities of the genetic vari-
ants causing the Lynch syndromes are age-dependent, 
and discussions of penetrance or expressivity without 
considering age gives limited information. Average ages 
at which cancers are diagnosed reflect the ages of cases 
ascertained, not necessarily the ages at which cancers 
usually occur. Reports that are not stratified on genetic 
variants, sex and age may have limited utility. Compil-
ing series with enough carriers to consider age, gene and 
sex needs wide international collaboration, as has been 
achieved by the PLSD.

Improved survival following early diagnosis and treat-
ment of MSI cancers of the colon, endometrium and 
ovary has led to carriers living on and contracting sub-
sequent cancers in other organs. These have worse prog-
noses. Tests for MSI have generally been optimised to 
demonstrate MSI colon cancers, but the different Lynch 
syndrome genes have different organ specific penetrance 
and expressivities. The prevalence of MSI in cancers 
in these other organs is not well studied, with respect 
to either how to test for MSI cancers in these organs or 
to estimate the frequency of MSI cancers. Identifying 
such MSI cancers would be of interest to select cases 
for immunotherapy tailored against MSI cancers. The 
obvious next steps for clinical research on the MSH2 
and MLH1 syndromes include determining the effects 
of immunotherapy for cancers with currently poor 
prognoses.

When the MMR genes were identified as the causes of 
the Lynch syndromes, it was assumed that colonoscopy 
and removal of pre-invasive adenomas would prevent 
colon cancer. However, despite wide implementation of 
these measures, reduction in colorectal cancer incidence 
by colonoscopy surveillance has not been documented. 
Colonoscopy should be advocated to improve the prog-
nosis when colon cancer is diagnosed, not to reduce 
colon cancer incidence in the Lynch syndromes.

Colon cancer may be asymptomatic and MSI colon 
cancer typically spreads late. Reports on colon cancer 
incidence that have not controlled for lead time bias 
should be interpreted with caution.

https://www.genome.gov/genetics-glossary/Mendelian-Inheritance
https://www.genome.gov/genetics-glossary/Mendelian-Inheritance
https://www.ncbi.nlm.nih.gov/omim/?term=LYNCH+SYNDROME
https://www.ncbi.nlm.nih.gov/omim/?term=LYNCH+SYNDROME
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The host immune system may remove invasive MSI 
cancers, explaining overdiagnosis of colon cancer when 
colonoscopy surveillance is undertaken. A randomized 
control trial of colonoscopy versus no colonoscopy would 
not be possible for ethical reasons. What we could and 
should do, is to conduct a trial of one year versus three 
years intervals between colonoscopies and measure colon 
cancer incidences and survival. The quality of colonos-
copy is subjected to time-trends. Whether improved 
techniques will reduce MSI colon cancer incidence 
remains to be seen.

Tumours are mostly tested genetically for structural 
gene changes and less commonly for epigenetic silencing, 
despite knowledge that the somatic “second hit” needed 
to abrogate mismatch repair is often epigenetic. Most 
MSI colon cancers are sporadic and result from bi-allelic 
somatic epigenetic silencing of an MMR gene. It may be 
of interest to discover more about the mechanisms caus-
ing second hits that lead to cancer in path_MMR carri-
ers, and MSI sporadic cancers in non-carriers. These 
factors may be stochastic events, but they may also have 
inherited genetic components.
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