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Abbreviations: SFU, 5-fluorouracil; B2M, [3,-microglobulin; CIN, chromosomal

instability; CRC, colorectal cancer; HNPCC, hereditary non-polyposis colorectal

cancer; IDL; insertion/deletion loop; LS, Lynch syndrome; MMR, mismatch repair;

MSI, microsatellite instability; MSI-H, high-frequency microsatellite instability; MSI-

L. low-frequency microsatellite instability; MSS, microsatellite stable; NER,

nucleotide excision repair; XP, xeroderma pigmentosum
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genetic instability in colorectal cancer (CRC), and is characterized by the loss of .-~
function of the MMR pathway. Failure to repair replication-associated errors due to a
defective MMR system allows persistence of mismatch mutations all over the genome,
but especially in regions of repetitive DNA known as microsatellites, giving rise to
the phenomenon of microsatellite instability (MSI). A high frequency of instability at

microsatellites (MSI-H) is the hallmark of the most common form of hereditary

susceptibility to CRC, known as Lynch syndrome_ (LS) (previously known as

_{ Deleted: (HnPCO) ]
hereditary non-polyposis colorectal cancer syndrome), but is also observed in ~15— .~ { Deleted: - ]
20% of sporadic colonic cancers (and rarely in rectal cancers). Tumour analysis by
both MMR protein immunohistochemistry and DNA testing for MSI is necessary to
provide a comprehensive picture of molecular abnormality, for use in conjunction { ]
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mutated in MMR-deficient tumours may explain, at least in part, some of the clinical,
pathological and biological features of MSI-H CRCs and holds promise for

developing novel therapeutics.

-

process that is facilitated by some form of genetic instability >® Recent advances in
high-throughput sequencing ™ have also shown that mutations in DNA repair and
replication genes are present in > 58% of cancer cell lines, suggesting that the genetic
instability derived from these changes is an intrinsic feature of most cancers. It is by
no means clear whether genetic instability in itself is a phenotype that is selectable in
selectable advantage conferred by loss of a DNA repair function. Interestingly, base-
to-base mismatches (e.g. A-C instead of A-T) that are not repaired because of
deficiency of the DNA mismatch repair (MMR) system, which are also known as
mismatch repair abnormalities, usually occur at later rather than early stages of

tumour progression, 4 suggesting that normal mutation rates are not necessarily
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modelling has suggested that mutation rate per se is of much less value to a

10

developing tumour than growth advantage . Loss of the MMR system interferes with

the induction of apoptosis by some forms of DNA damage and thus enhances cell
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Hence, MMR deficiency may primarily confer a selectable growth advantage in theg//

form of reduced susceptibility to apoptosis, with an increased mutation rate as a
secondary and perhaps only weakly selectable phenotype ' '°.

Most conditions associated with loss of a DNA repair function are manifest by
recessive inheritance of two inactivated alleles for the phenotype to be evident, but the

phenotype is not manifested in carriers, such as xeroderma pigmentosum (XP).

Moreover, mutations of XP genes are not observed in sporadic forms of the tumours

p { Deleted: Syndrome ]
observed in XP patients 4 In distinct contrast, Lynch syndrome (LS)—a syndrome of e { Deleted: - ]

inherited susceptibility to adenocarcinomas of the colorectum and endometrium along
with tumours at a range of other sites (adenocarcinomas of ovary, stomach and small

intestine; transitional cell carcinomas of ureter and renal pelvis; sebaceous tumours of
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skin; and gliomas of brain) due to defective DNA MMR in tumour cells—is ///,//{Deleted: .
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and one wild-type MMR allele, and thus at the level of the individual cell there .-~
appears to be a selectable advantage to a developing tumour cell in having
inactivation of the second of its two MMR alleles, such as the diminution of
susceptibility to apoptosis. The recognition of a severe condition due to inheritance of
p { Deleted: Syndrome ]
two mutated MMR alleles (sometimes manifest as Turcot’s syndrome), which is .-~
similar in character to other recessive DNA repair deficiency syndromes, and distinct
B { Deleted: Lynch Syndrome ]
from classical LS, is further evidence that LS is an unusual exception in the range of .~ - { Deleted: Lynch Syndrome )

DNA repair deficiency syndromes 15,

Published on behalf of the British Division of the International Academy of Pathology



Page 5 of 38

Histopathology

B { Deleted: mismatch repair

Loss of DNA MMR function can be caused py either mutations or deletions in, or //://{De|eted: cither
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errors produces a high frequency of mutations, either single base mismatches or in

known as microsatellites '°.

High-frequency microsatellite instability (MSI-H) is the hallmark of cancers in LS
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examples of microsatellite instability (MSI) at individual mono- and dinucleotide loci

observed in rectal cancers, this is a rare phenomenon associated almost entirely with

particularly in the right side of the large bowel (caecum, ascending colon and
an increase in the mutation rate that produces a “mutator phenotype”, which leads to
mutations accumulating in genes that play regulatory roles in the growth of normal
colonic epithelia, and these are selected during carcinogenesis as part of a progressive

release from normal growth restraints.

The molecular basis of MMR deficiency
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(CIN) and microsatellite instability (MIN or MSI) ' In contrast to the molecular
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mutant APC, as APC is involved in spindle formation and correct chromosomal

segregation, MSI is almost always associated with defective function of a small
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at a high frequency (defined as >29%) of microsatellites tested (MSI-H); and (ii) -~

tumours showing MSI at a low frequency (MSI-L) of microsatellite markers tested
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debate as to whether MSI-L tumours exist as a distinct entity. Two separate studies **
* showed that if enough microsatellite markers are tested, eventually one is found to
be unstable, and hence all or almost all tumours exhibit at least MSI-L if enough

microsatellites are analysed. Previous studies have also shown that MSI-L. tumours

B { Deleted: categorised ]
appear phenotypically similar to the MSS tumours, so they are often gcategorized .~

together with the MSS group. Thus, MSI-H is due to defective MMR and can be

p { Deleted: Syndrome ]

of a MMR gene mutation, or “sporadic MSI” occurring almost always due to
hypermethylation of the MLH1 promoter (see below). However, there is evidence that

a tumour phenotype manifesting MSI-L. may be associated with sporadic colorectal
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sumorigenesis and a cancer predisposition condition distinct from LS ***. .- { eleted: Lynch Syndrome )
The components of the MMR system are highly conserved in both pro- and
eukaryotic organisms. Upon DNA damage as a result of oxidative stress, lipid
peroxidation or other forms of endogenous stress, or following replication-associated
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same effect as a deletion of the same number of nucleotides on the other strand) and
act to repair these abnormalities. MMR also readily acts to repair some damaged
bases, which are thus, by definition, mismatched. In eukaryotes (Figure 2),

recognition of mismatches and single base JDLs depends upon heterodimeric

contrast, IDLs of two to dight nucleotides are yecognized by the complex MSHZ-
MSH3 (known as hMutSBeta). There is overlap in the specificities of these two
complexes and hence some redundancy in their activity. A second type of
heterodimeric complex, involving two MutL-related proteins MLH1 and PMS2
(hMutLAlpha) or MLH1 and PMS1 (hMutLBeta) binds to the MSH-containing
complexes along with certain replication factors and other proteins, so that excision
and resynthesis can proceed. As MSH2 and MLHI are the common components of
these complexes, then loss of either will abrogate all MMR activity, whereas loss of
one of the other components, such as MSH6, will only diminish the activity of MMR
against base mismatches or single nucleotide IDLs. This is probably why most LS
families are found to have a germ:-line mutation in either MSH2 or MLHI, whereas
mutant MSH6 families are less common and have a somewhat different propensity to
some nucleotide excision repair (NER) proteins to contribute to the resolution of
Holliday junctions *’. The MSH2 and MSH3 proteins, through interaction with the

sequences greater than 30 bases in DNA double-strand break repair.
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develop tumours from clonal expansion of those cells acquiring a second hit, mutation
or loss or epigenetic inactivation, of the remaining wild-type allele resulting in no

overall expression of functional proteins for that MMR gene »,

20% of sporadic CRCs (mostly colonic cancers) arise due to somatically acquired

changes in one of the MMR genes. However, the mechanism of inactivation of MMR

to one germ-line mutation and one acquired mutation or deletion of one of the DNA

phenotype” in sporadic colonic cancers is almost entirely caused by hypermethylation
of the MLH promoter that results in transcriptional silencing of both copies of MLH I

0, Intriguingly, there is evidence that such tumours develop along a pathway distinct

epigenetic silencing was a mechanism exclusive to sporadic tumours, but a small

hypermethylation 32.33,
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of the order of 1-4%, of those will be due to LS. MSI-H appears to be rare in rectal e { Deleted

deficient tumours requires consideration of a wide range of evidence: from the family
history and examination of the tumours for MSI-H and abnormal MMR protein

expression, to germ-line mutation analysis.

Immunohistochemical detection of MMR proteins

expression can be detected in two patterns: either complete loss of expression (when
there is no expression of that MMR protein or only expression of a truncated protein

to which the antibody does not bind or the mutated protein has lost the epitope

nuclear immunopositivity for the MMR protein (due to the expression of the wild-

type allele). This suggests that destabilization of the MMR protein complexes has .
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occurred and the proteins are no longer bound to the nuclear DNA. Generally,

changes in expression of MMR proteins follow the pattern of their heterodimeric
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I { Deleted: - j

in the absence of MSH2 and unbound MSH6 appears to be rapidly degraded.
Similarly, abnormal expression of PMS?2 is significantly associated with abnormal

MLHI1 expression, as PMS2 forms heterodimers with MLH]1.

In the clinical setting, if consistent loss of the same MMR protein is observed in

different individuals across a family, or in more than one tumour from the same
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insensitivity are by no means clear. The wide variation reported between different

studies is probably a function of differences in technique, such as antigen retrieval,
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many investigators argue that a greater number of markers should be used and we
recommend 10 microsatellite markers ***°. This approach can efficiently direct the

search for germ-line mutations to specific MMR genes in appropriately selected
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families with suspected LS and can be used to interpret any sequence changes found .-~
as either pathogenic mutations or harmless polymorphisms.
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p { Deleted: Lynch Syndrome
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other predisposition syndromes. A specific mutation, BRAF V600E, is found in a
proportion of sporadic MSI-H CRCs, but seemingly never (or at least extremely rarely)

p { Deleted: Lynch Syndrome
in CRCs due to LS ***". Hence, finding BRAF V60OE in a MSI-H (MLH1-negative) .~
CRC is a highly specific marker of sporadic origin (approaching 100% specificity),
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Genes affected by MMR deficiency
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MMR deficiency within a cell leads to an increased point mutation rate across the
whole genome, but with a bias towards mutations in repetitive sequences

(microsatellites), particularly mononucleotide repeats. The increase in the mutation

p { Deleted: Lynch Syndrome J
rate appears to account for the rapid progression of adenomas to carcinomas in LS and .-~

B { Deleted: Whilst ]
MSI-H sporadic CRCs ***’. Although most microsatellites are in non-coding regions .~
and thus mutations within them would be inconsequential, those repetitive sequences
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mutations confer a growth advantage and the cells bearing them will be selected for
preferential growth during tumour progression. As an alternative to favouring growth
directly, such mutations may also favour growth indirectly by allowing escape from
immune surveillance mechanisms within the individual. This is demonstrated by an

early finding that most, if not all, tumours with MSI-H have lost expression of either
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processed abnormal antigens on the cell surface. Tumours with loss of MMR would
be expected to express many novel abnormal antigens due to coding region mutations,
which, when presented by HLA-I complexed with B2M, would identify such cells to
the immune system for destruction. Hence, it is significant that such tumour cells lose

antigen presentation by HLA-I/B2M, and moreover by a process involving acquisition
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MMR system in tumours (“MMR targeted genes”) are summarized in Table 1, and

It is notable that at some loci, e.g. FLT3LG, TEAD2 and BLM, the frequency of
mutation is similar in LS and sporadic MSI-H tumours, whereas at others, such as
CHK1, B2M and Axin2, the frequencies are different. This is evidence that although
similarities, their underlying pathways of development are distinct. Hence, the
validity of combining LS and sporadic MSI+ tumours in studies must be questioned.

Most repetitive DNA sequences are present in non-coding regions and mutations here

-
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insertion or deletion mutations (typical of unrepaired replication slippage errors
occurring in repetitive sequences in MMR-defective cells) result in frameshift
mutations that are very likely to introduce a “STOP” codon into the reading frame
soon after the frameshift mutation, thus rendering the protein inactive, if not
preventing its expression due to nonsense-mediated decay at the mRNA level. The list
of genes that are targeted for frameshift mutations in MMR-deficient cells is not

confined to those with a coding repetitive sequence. As has been discussed, loss of

p { Deleted: ,

MMR predisposes a cell to base mismatch mutations all over the genome; for .-

example, BRAF is frequently mutated (usually the V60OE mutation) in sporadic MSI-

mutation may associate more with a tendency to acquire the CpG island methylator
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24, 39
promoter ~”

. In contrast, PTEN with a repetitive sequence in the coding region, is
found to be mutated in both MSI-H and MSS tumours ®, suggesting that there is an

intrinsic selective pressure for mutation at this gene locus, which is not necessarily

driven by MMR deficiency.

Prognostic significance of MMR deficiency in CRC

The selectable advantage conferred on tumour cells by the acquisition of MMR
deficiency is contentious and may in part relate to changes in susceptibility to
apoptosis 10. 11, 61.62 "1t \was noted even at the initial description of MSI, that those
patients with MSI-H tumours appeared to have better survival rates than those with
MSS tumours >'. Since then, there have been many studies addressing the prognostic
significance of MSI-H in CRC, with most of them agreeing with the initial findings 63-
% particularly in young patients ®’, and a few studies failing to identify MSI status as
an independent prognostic factor 08-99 apparent support of the prognostic value of
the MSI status is the high prevalence of activated intraepithelial cytotoxic T
lymphocytes and increased neoplastic cell apoptosis in MSI-H tumours 63. 95 The

former characteristic could be attributable to the inherent capacity of MSI-H tumours

14

Published on behalf of the British Division of the International Academy

Page 14 of 38

_{ Deleted: civp) ]
/ B { Deleted: , ]
B { Deleted: beta-2-microglobulin ]
p { Deleted: , ]
' B { Deleted: - ]

-
-

of Pathology



Page 15 of 38

Histopathology

The predictive significance of MSI-H has also been assessed in relation to the
selection of CRC patients to receive adjuvant chemotherapy. The main correlation
that has been shown is the recognition of 5-fluorouracil (5FU)-induced DNA lesions

70-72

by the intact MMR system resulting in MMR-deficient cells being more resistant

to MLHI1 hypermethylation the cells regained their sensitivity to 5-FU upon MLH1
demethylation . However, a clear-cut role for MSI-H as a predictor of response to
chemotherapy is still controversial e,

The molecular basis underlying MSI is different from CIN and so the clinical,
histopathological and genetic features accompanying them are not unexpectedly
different. Interestingly, there is a statistically significant negative association between
with DNA aneuploidy ”’”°. This observation could also partly account for the less
aggressive phenotype of some MSI-H tumours b)

Although MSI testing can be carried out relatively easily in molecular diagnostic
laboratories, there are doubts over the clinical utility of MSI-H as a prognostic marker
in sporadic CRC 8081 An important factor in the failure to reach a consensus is the

variation in the type and number of microsatellite markers that have been assessed by

a clear correlation between MSI-H tumours and improved overall survival. However,

this study was performed retrospectively and thus could be liable to various
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Conclusion and future perspectives

Understanding the role of genomic instability in cancer initiation and progression is
growing with better insight into the biological and clinical implications of stratifying
CRCs according to the presence or absence of MMR deficiency. It is becoming
increasingly clear that the underlying genotypic background of each tumour governs

its proliferative, invasive and metastatic capacities as well its response to
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immunohistochemistry and detection of MSI status is warranted as a screening
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either hereditary or sporadic MMR-deficient tumours.

The mutational targets in MMR-deficient tumours are not random, in that mutations
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favouring of mutation site. However, those mutations that are observed are those that - { Deleted: which
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are positively selected, presumably on the basis that they confer a Darwinian
selectable advantage via key regulatory roles in cell growth, survival and escape from

immune surveillance. If this hypothesis is correct, identification of the genes that
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become mutated as a result of MMR deficiency is likely to be valuable in developing .~
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new therapeutics, and could form the basis of personalized selection of cancer-related .~ - { Deleted: personalised ]
therapy in the future. In any case, conclusive assessment of the prognostic
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standardized MSI testing and MMR immunohistochemistry criteria, and rigorous
distinction and separation of MSI-H tumours due to LS from those that have arisen
sporadically. There would also have to be independence from confounding factors

such as the grade and stage of the tumour, age of the patient and treatment.
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*
Figure 1. Examples of microsatellite instability observed in colorectal cancers .- \‘[Formatted: Line spacing: Double

Polymerase chain reaction (PCR)-amplified microsatellites are analysed in a -

fluorescent DNA analyser (ABI 3100), in which fluorescently labelled DNA
molecules are separated by size using capillary gel electrophoresis. In each frame the
PCR products from the cancer are labelled in red, with corresponding normal tissue
(or blood) labelled in green. Each peak represents a DNA molecule of a specific
the PCR process introduces stutters and hence a spread of peaks around a modal size.
Microsatellite instability at a particular marker is identified by the presence of either

new peaks (modal peak with adjacent stutter peaks) or a significant change in height

mononucleotide repeats of the form (A)n, whereas frames df are dinucleotide repeats

of the form (CA)n. BAT25 is located in intron 16 of the oncogene c-kit at
chromosome 4q12, BAT40 is in intron 2 of the 3-beta-hydroxysteroid dehydrogenase
gene HSD3 at 1pl1, ACTC is in intron IV of the cardiac alpha actin gene ACTC1 at

15q14, D5S346 is close to APC at 522, and D5S406 is at 5p15 2* 5,
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P '{ Formatted: Not Superscript/

APC 5q21-q22 variablef 56 56 Subscript
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Axin2 17q24.1
B2M 15¢21.1
BAX 19913.33
BLM 15¢26.1
Caspase-5 11g22.3
CDX2 13q12.2
CHK1 11q24.2
DD5 (UBRS) 8q22.3
E2F4 16g22.1
ELAVL3 19p13.2
FLJ11383 (PCNXL2) 1g42.2
FLT3LG 19q13.33
hRADS50 5q31.1
HTO001 (ASTEI) 3g22.1
IGF2R 6q25.3
MACS (MARCKS) 6q22.1
MBD4 (MED1) 3q21.3
MSH3 5q14.1
MSH6 2pl6.3
NDUFC2 11ql4.1
PTEN 10923.31
PTHL3 (PTHLH) 12p11.22
RGS12 4pl6.2
RIZ (PRDM2) 1p36.21
SEC63L 6921
SLC23A1 5q31.2
SLC4A3 2q35
STK11 (LKB1) 19p13.3
TAFIB 2p25.1
TBP 6927

Histopathology

(G, 20
(CT)y/ (A)s 36.4
(G)g 43-55
(A)y 18
(Ao 46
(G)y 5
(A) 100
(A)g 23
CAG)3 71
(Gl 37
(Ao 74
(C)y 38
Ao 45
(A 85
(Gl 13
(A 2
(Ao 28
(A)g 40-58
(© 24-33
(T 42
(A)s 18
(A 86
(Clg 29
A 8/9 ﬁ
(Ao 62
(Cy 40
(C)y 33
(&) =
(A 78
CAG)y9 -

25-40
39-46

28-36
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TCF1 (HNF1A) 12g24.31 (Clspg 17 23
TCF4 1025.3 (A) 41 39
TEAD2 (TEF4) 19q13.33 (C)g 32 32
TEE3 Xpl1.23 (G 24 24
TGFBRII 3p22 (Ao 77-83 82-90

MMR, mismatch repair; MSI-H, microsatellite instability at high frequency: —, data not available.

*According to published mutation frequencies by 3638

B { Formatted: Not Superscript/ }

TThe chromosomal locations are based on Ensembl release 50. -7 ( Subscript
P '{ Formatted: Not Superscript/ }

fThere is a statistically significant excess of APC frameshift mutations in MSI-H vs. MSS tumours -~ | Subscript
- { Formatted: Font: Italic ]

Note: the percentage refers to the respective number of the tumours studied in each case. For a full list

of each individual study the reader is referred to the study by *’.

- {Formatted: Line spacing: Double ]
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