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Summary It has been observed that some patients with colorectal cancer due to germline or double so-
matic pathogenic variants in the mismatch repair (MMR) genes may have intact protein expression in
their tumors as assessed by immunohistochemistry (IHC). This has been speculated to occur more
frequently in Lynch syndrome (LS) cases due to pathogenic missense mutations, leading to expression
of a full-length but nonfunctional protein with retained antigenicity. Our goals were to study the fre-
quency of unexpected MMR expression in colorectal cancers among LS cases with missense muta-
tions, LS cases with truncating mutations, as well as cases with double somatic MMR
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MMR IHC

mutations and evaluate if the unexpected MMR expression is more common in certain categories. IHC
slides were available for 82 patients with MMR deficiency without methylation, which included 56 LS
cases and 26 double somatic MMR mutation cases. Sixteen of 82 MMR-defective cases showed unex-
pected MMR expression, with 10 cases showing tumor staining weaker than the control and 6 cases
(7%) showing intact staining. Unexpected MMR expression was most commonly seen with LS cases
with missense mutations (4 of 9, 44%), followed by MMR double somatic mutation cases (7 of 26,
27%), and finally by LS cases with truncating mutations (5 of 47, 11%). Cautious interpretation of
MMR IHC is advised when dealing with tumor staining that is weaker than the control regardless
of the percentage of tumor staining as these cases may harbor pathogenic MMR gene mutations.
Missense mutations may account for some LS cases that may be missed by IHC alone. Strict adherence
to proper interpretation of IHC with attention to staining intensity and the status of heterodimer partner
protein will prevent many potential misses.
© 2020 Elsevier Inc. All rights reserved.
1. Introduction

Assessment of mismatch repair (MMR) expression by
immunohistochemistry (IHC) is the cornerstone of uni-
versal screening for Lynch syndrome (LS) at most in-
stitutions. We expect expression of MMR protein will be
lost for any MMR gene that has a pathogenic germline
mutation with a second hit, double somatic mutations, or,
in the case of MLH1, methylation of the promoter.
Although most cases encountered during daily practice are
straightforward with the expected staining pattern and in-
tensity of MMR proteins, occasional cases exist that may
show weak tumor staining compared with the internal
control or show discordant IHC findings compared with
microsatellite instability (MSI) testing. Some cases even
show retained intact IHC expression in the presence of
known pathogenic mutations of the corresponding MMR
gene. This phenomenon has been speculated to be more
frequent in LS cases due to pathogenic or hypofunctional
missense mutations, which lead to expression of a
nonfunctional protein with retained antigenicity [1e4]. In
addition, we hypothesize that double somatic mutation
cases could also have unexpected MMR
expression because these mutations are often at low variant
allele fractions, indicating that a subpopulation of cells
without both somatic mutations may retain expression.
However, little is known regarding the frequency of
retained staining due to missense mutation and double
somatic MMR mutations compared with tumors due to
other pathogenic MMR mutations in LS. In this study, our
goals were to (1) study the frequency of unexpected MMR
expression in colorectal cancers (CRCs) among LS cases
with missense mutations, LS cases with truncating muta-
tions, as well as cases with double somatic MMR
mutations and (2) evaluate if the unexpected MMR
expression is more common in any of these scenarios.
2. Materials and methods

Three thousand three hundred twelve adults with CRC
diagnosed from January 1, 2013, to December 31, 2016,
were evaluated in our statewide initiative (Ohio Colorectal
Cancer Prevention Initiative, ClinicalTrials.gov identifier:
NCT01850654). Institutional review board approval and
written informed consent were obtained. MMR-deficient
tumors were identified by MMR IHC and/or MSI PCR
(Promega MSI Analysis System, version 1.2, Promega US,
Madison, WI) using five repeat markers (BAT-25, BAT-26,
NR-21, NR-24, and MONO-27). Tumors with �2 of 5
markers showing instability were classified as MSI-high
(MSI-H). If cases were classified as MSI-H or showed
absent MLH1 staining, MLH1 methylation was analyzed by
pyrosequencing (with �15% methylation classified as
positive).

MMR immunostaining performed at The Ohio State
University Wexner Medical Center used the following
commercial antibodies: MLH1 (clone ES05, Leica/Novo-
castra, Buffalo Grove, IL), PMS2 (clone A16-4, BD Phar-
mingen, San Jose, CA), MSH2 (clone FE11, Calbiochem,
Basel-Land, Switzerland), and MSH6 (clone EP49, Epi-
tomics, Burlingame, CA). MMR IHC slides of 82 patients
with MMR deficiency (without methylation) and germline
Next Generation Sequencing (NGS) results were available
for review. A subset (26 cases) also had tumor sequencing
results, indicating the presence of double somatic MMR
gene mutations. MMR IHC slides of these 82 cases were
reviewed without the knowledge of mutation status. The
MMR protein expression level (strength and percentage of
tumor cells stained) was quantified manually. Background
lymphocytes and basal crypt epithelial cells served as the
internal control for assessing staining intensity in the tumor
nuclei. For this study, intact staining was defined as tumor
staining equal to or greater than the internal positive

http://ClinicalTrials.gov


Table 1 Expression of mismatch repair (MMR) proteins assessed by immunohistochemistry in 82 MMR-deficient colorectal cancers
without MLH1 methylation.

Cases (n) MLH1 PMS2 MSH2 MSH6

Lynch syndrome, missense mutations (9) Unexpected staining (4) 0 2 0 2
Expected staining (5) 0 0 4 1

Lynch syndrome, truncating mutations (47) Unexpected staining (5) 1 1 0 3
Expected staining (42) 6 8 21 7

Double somatic MMR mutations (26) Unexpected staining (7) 6 0 1 0
Expected staining (19) 14 0 3 2
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control, in �5% of tumor nuclei. Staining that was present
in <5% of tumor nuclei was considered absent/loss of
staining. If tumor cells stained weaker than the control and
the staining was present in �5% of tumor nuclei, the case
was flagged as an abnormal staining pattern.

Patients with MMR deficiency without MLH1 methyl-
ation underwent germline NGS panel testing (25e66 can-
cer genes, ColoSeq or BROCA, University of Washington,
Seattle, Washington). Genomic regions were captured using
biotinylated RNA oliognucleotides (SureSelect, Agilent,
Santa Clara, California) and sequenced on an Illumina
HiSeq2000 instrument (Illumina Inc., San Diego, Califor-
nia) [5]. Large rearrangements were detected [6]. If no
germline MMR mutation was found in these cases, tumor
sequencing (ColoSeq Tumor or Oncoplex, University of
Washington, Seattle, Washington) of the MMR genes
(MLH1, PMS2, MSH2, MSH6, EPCAM ) was performed.
Data were created by the UW NGS Laboratory and Ana-
lytics group.

Statistical analysis was performed using Fisher’s exact
test and the unpaired t test.

3. Results

3.1. Patient characteristics

Of the 3312 CRC cases, we included a total of 82 cases
that had MMR IHC slides available for review, which
included 56 cases with pathogenic germlineMMRmutations
and 26 cases with double somatic MMRmutations identified
via tumor sequencing. The average age of the 82 patients was
52 years (20e84 years). There is no gender predilection, with
a male-to-female ratio of 1.1:1. Forty-five of eighty-two
(55%) of the CRCs were located in the right colon versus
thirty-seven (45%) CRCs in the left colon.

3.2. MMR IHC and molecular characteristics

Among the 82 patients evaluated for this study, 56 had
pathogenic germline MMR gene mutations and 26 had
double somatic MMR gene mutations. Sixteen of 82 (20%)
MMR-defective cases showed unexpected MMR expres-
sion. Detailed case data are summarized in Tables 1 and 2.
Specifically, unexpected MMR expression with defective
MMR was more common in LS cases with missense mu-
tations (4 of 9, 44%) than in LS cases with truncating
mutations (5 of 47, 11%, p Z 0.0287). Of note, the double
somatic MMR mutation group (7 of 26, 27%) also showed
a trend of more unexpected MMR expression than LS cases
with truncating mutations although not statistically signif-
icant (p Z 0.1006). There was no statistically significant
difference when comparing the rate of unexpected MMR
expression in LS with the missense mutation group versus
double somatic MMR mutation group (p Z 0.4159).

Interestingly, in the MMR double somatic mutation
group that had unexpected staining, the majority cases
(86%, 6 of 7) showed loss of heterozygosity (LOH) as the
second hit, whereas only one case showed two sequencing
changes. However, this was not statistically different when
compared with the double somatic mutation cases with
expected staining (p Z 1.000). Among the 19 double so-
matic mutation cases with expected staining, 74% (14 of
19) showed LOH as the second hit.

Among the 16 MMR-defective cases with unexpected
MMR expression, the staining intensity and percentage of
tumor cells stained were variable (Fig. 1). Sixty-three
percent (10 of 16) of cases demonstrated tumor staining
weaker than the control, and 37% (6 of 16) of cases
showed intact (diffuse strong) staining. The ten cases with
tumor staining weaker than the control had a range of
percentage of tumor cells stained (10% to >95%). In the
clinical setting, such cases with tumor staining weaker than
the control may have been interpreted as abnormal or
indeterminate by most pathologists, and further workup
may have been suggested, as shown in Fig. 1 C and F
(weaker than control staining in 30% and 5% tumor nuclei,
respectively).

The unexpected MMR protein expression was found in
cases with pathogenic mutations in all four MMR genes. Of
MLH1, PMS2, MSH2, and MSH6 pathogenic mutations
(including all germline and double somatic mutation cases),
26%, 27%, 3%, and 33% had unexpected immunoreactivity
respectively. Of note, among the four LS cases with
missense mutations and unexpected staining, two cases
were associated with a recurrent mutation in MSH6
c.1109T>C, p.L370S.



Table 2 Unexpected MMR expression in MMR-deficient colorectal cancers without MLH1 methylation.

Cases (n) Cases with retained
MMR expression, n
(%)

# Age (yr) Sex Site MSI MMR gene mutation Unexpected
expression of
afflicted MMR
gene by IHC (%
staining)

Expression of the
corresponding
partner gene by
IHC (% staining)

Lynch syndrome
with missense
mutations (9)

4 (44%) 1 48 F Rectum MSS PMS2 c.137G > T, p.S46I; VUS (c.-
7T > C)

PMS2 intact MLH1 intact

2 44 M Descending MSI-H PMS2 c.2113G > A, E705K PMS2 WTC (75%) MLH1 intact
3 49 M Sigmoid MSI-H MSH6 c.1109T > C, p.L370S MSH6 intact MSH2 intact
4 47 M Sigmoid MSI-H MSH6 c.1109T > C, p.L370S MSH6 WTC (30%) MSH2 intact

Lynch syndrome
with truncating
mutations (47)

5 (11%) 5 46 F Rectum MSI-H MLH1 c.2252_2253delAA,
p.K751Sfs*3; MSH2 VUS (c.80C > T,
p.P27L)

MLH1 intact PMS2 WTC (5%)

6 29 M Rectum MSS PMS2 c.1281del, p.H428Tfs*20 PMS2 intact MLH1 intact
7 51 M Rectum MSI-H MSH6 del promoter-exon 1 MSH6 intact MSH2 intact
8 51 M Cecum MSI-H MSH6 c.3840_3846del, p.E1281Lfs*44 MSH6 WTC (20%) MSH2 intact
9 34 M Rectum MSI-H MSH6 c.3840_3846del, p.E1281Lfs*44 MSH6 WTC (50%) MSH2 WTC (80%)

Double somatic
MMR mutations
(26)

7 (27%) 10 59 F Ascending MSI-H MLH1 Hit 1: c.95T >A, p.I32N; Hit 2:
LOH

MLH1 WTC (10%) PMS2 loss

11 61 M Cecum MSI-H MLH1 Hit 1: c.2054C > A, p.S685Y;
Hit 2: LOH

MLH1 WTC (10%) PMS2 loss

12 61 M Ascending MSI-H MLH1 Hit 1: c.199G > A, p.G67R; Hit
2: LOH

MLH1 WTC (10%) PMS2 WTC (30%)

13 39 M Ascending MSI-H MLH1 Hit 1: c.2135G > A, p.W712X;
Hit 2: c.2041G > A, p.A681T

MLH1 WTC (20%) PMS2 loss

14 62 M Sigmoid MSS MLH1 Hit 1: c.298C > T, p.R100X; Hit
2: LOH

MLH1 WTC (75%) PMS2 loss

15 60 F Transverse MSI-H MLH1 Hit 1: c.100G > A, p.E34K; Hit
2: LOH

MLH1 intact PMS2 intact

16 54 M Descending MSI-H MSH2 Hit 1: c.2038C > T, p.R680X;
Hit 2: LOH

MSH2 WTC
(>95%)

MSH6 WTC (80%)

Abbreviations: IHC, immunohistochemistry; Intact, diffuse strong staining equal to or greater than the control; LOH, loss of heterozygosity; MMR, mismatch repair protein; MSI-H, microsatellite instable-

high; MSS, microsatellite stable; WTC, weaker than the control.
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Fig. 1 Examples of unexpected protein expression in colorectal cancers with pathogenic mismatch repair gene mutation. AeB, Lynch
syndrome with germline MSH6 missense mutation (case #3), showing intact MSH6 and MSH2 staining. CeD, Lynch syndrome with
germline MSH6 missense mutation (case #4), showing retained staining but weaker than control MSH6 staining in 30% of tumor; MSH2
staining is intact. EeF, Lynch syndrome with germline MLH1 truncating mutation (case #5), showing intact MLH1 staining, but weaker
staining than control PMS2 staining in 5% of tumor. GeH, Lynch syndrome with germline MSH6 truncating mutation (case #7), showing
intact MSH6 and MSH2 staining. IeJ, Sporadic colorectal cancer with double somatic MLH1 mutations (case #10), showing weaker
staining than control MLH1 staining in 10% of tumor and loss of PMS2 expression. WTC: weaker than the internal control. Original
magnification: �400. MMR, mismatch repair.

38 W. Chen et al.
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4. Discussion

The phenomenon of retained expression of protein with
certain molecular alterations of the corresponding gene is
uncommon but well documented. Retained MLH1 staining
has been identified in some MLH1 mutation or hyper-
methylation cases [2,4,7e9]. It has been suggested that this
is due to missense mutation that leads to a still expressed,
albeit nonfunctional, protein. Missense mutation has been
speculated to be the most common genetic alteration asso-
ciated with this phenomenon [1,3,4]. In addition, we hy-
pothesize that double somatic mutation cases could also have
unexpected MMR expression because such mutations often
occur at low variant allele fractions, indicating that a sub-
population of cells without both somatic mutations may
retain expression. Rarely, apparent normal expression of
protein can also be seen with truncating mutations. It has
been reported that TP53 truncating mutations with c-termi-
nal stopgain can result in detectable but nonfunctional p53
protein, yielding a normal wild-type staining pattern [10].
We hypothesize that similar mechanism could explain the
retained expression in defectiveMMR genes with truncating
mutation, ie, despite the truncating mutation, a small frag-
ment of protein is still made, which contains an intact
antibody-binding site for the IHC to work. Finally, it is also
possible that tumor with unexpectedly retained expression
from a patient with LS is an incidental cancer that is MMR
proficient and unrelated to the germline mutation.

Here, we demonstrated that among 82 CRC cases with
LS or double somatic MMR mutations, 16 cases had un-
expectedly retained MMR protein expression. This finding
of some degree of nuclear staining despite pathogenic
mutations was statistically more common in LS cases with
missense mutations (44%, 4 of 9) than in LS cases with
truncating mutations (11%, 5 of 47, pZ 0.0287). There is a
trend of more unexpected MMR expression in the double
somatic MMR mutation group (27%, 7 of 26) than in the
truncating germline LS group (p Z 0.1006), and there is no
statistically significant difference between the LS with
missense mutation group and double somatic MMR muta-
tion group (p Z 0.4159), suggesting that double somatic
MMR mutation cases may also be more likely to have
unexpected IHC staining patterns. In a recent study by
Hechtman et al. [11], the authors also found that retained
MMR expression was more commonly seen in tumors from
patients with missense mutations of the MMR genes in a
cohort composed of CRC, endometrial cancer, and various
other cancer types. They found that 69% (25) of MSI-H/
MMR-IHC discordant cases harbored either a pathogenic
germline or somatic MMR missense mutation, whereas
only 16% (6) of the control group (MSI-H/MMR
IHCedeficient cases) harbored a pathogenic germline or
somatic MMR missense mutation (p Z 0.0001).

Unexpected staining with pathogenic mutations was
found with all four MMR genes in the 16 cases in this study,
and all these IHC staining techniques were performed on
resections, except on one biopsy of livermetastasis (case #7),
in house at The Ohio State University. Of MLH1, PMS2,
MSH2, and MSH6 pathogenic mutations (including all
germlinemutation and double somaticmutation cases), 26%,
27%, 3%, and 33% cases had unexpected staining, respec-
tively. In an interobserver interpretation variability study of
MMR IHC, Klarskov et al. [12] observed that CRC cases
with tumor staining weaker than the control were the main
source of reduced consensus. Such weak staining was pre-
sent in all MMR proteins, from the most to the least
frequently seendMLH1, MSH6, PMS2, and MSH2. Man-
gold et al. [8] reported that 34% tumors from MLH1 germ
linemutation carriers exhibit weak or partialMLH1 staining.
One plausible reason is that a high proportion (more than
one-third) of all MLH1 and MSH6 pathogenic genetic al-
terations are missense mutations, despite the fact that the
majority of LS-associated MMR gene alterations are
frameshift or nonsense mutations with resultant truncated
proteins [13], but this cannot explain the high rate of unex-
pected staining we found among PMS2 cases in our cohort.

The levels of MMR protein expression in the presence of
mutations, as indicated by staining intensity on IHC, can be
highly variable from weak in 10% tumor nuclei to strong
diffuse staining in almost all tumor nuclei. This variation of
staining intensity could be related to the extent the anti-
genic epitopes are altered and the residual binding ability to
antibodies. Variable degrees of immunostaining have also
been described in other genes with missense mutation, for
example, fumarate hydratase in uterine leiomyomata [14].
However, we should point out that rare aberrant staining
patterns such as granular/speckled nuclear staining and
nuclear membrane staining have been reported with MMR-
deficient cases, and these aberrant staining patterns are
thought to be related to technical issues and should not be
interpreted as evidence of preserved staining [15]. None of
our cases with unexpectedly retained staining showed the
aforementioned aberrant nuclear staining pattern. The ef-
fects of chemoradiation have been previously shown to
impact MMR IHC by decreased or loss of staining
[15e18]. While IHC was performed in the post-therapy
setting for all 5 rectal cancers with unexpected staining,
retained MMR staining in the presence of molecular ab-
normality is not expected; therefore, the retained staining in
our rectal cases is unlikely to be therapy-related artifact.

This variable retained staining seen with defective MMR
cases begs the questions: What is considered intact MMR
staining? and How can we better identify defective MMR
cases that masquerade with retained staining? The cutoff
value for what is considered intact MMR staining ranges in
the literature from any convincing staining [19], 1%, 5%
[20], up to 10% [15,21]. Regardless of what the cutoff
value is, one key factor is the evaluation of the staining
intensitydMMR staining in the tumor nuclei must be equal
to or stronger than the internal control to be considered
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intact. In this study, we found that 63% (10 of 16) MMR-
deficient cases with unexpected staining demonstrated
tumor staining weaker than the control. If staining weaker
than the control is confirmed on a repeat staining, the result
should be interpreted as abnormal and additional studies
are warranted [22]. However, not all defective MMR tu-
mors with retained protein expression show weaker than
control staining; strong diffuse staining can be seen. Clin-
ical suspicion (family or personal history of cancer and the
patient’s age) and the staining of the heterodimer
partner may help suggest that additional tests are needed to
identify a mutation. For instance, MLH1 mutation cases
(especially with missense mutations) may show retained
and strong MLH1 staining, but examination of its hetero-
dimer partner PMS2 often reveals isolated loss of PMS2
staining, which should prompt additional studies, thus
avoiding missing such cases (case #10, Fig. 1 and J)
[23,24].

As we and others have previously demonstrated, both
MMR IHC and MSI are reliable screening tests for LS,
although they are not perfect and occasional cases will be
missed by both methods [7,25e28]. Unexpectedly retained
MMR staining could contribute to missed LS cases when
using MMR IHC screening alone. Fortunately, understand-
ing the nuances of MMR IHC interpretation as discussed
previouslymay help avoid pitfalls inmost cases. As shown in
this study, 9 of 56 (16%) LS cases had unexpected staining.
Among these 9 cases, 4 exhibited weaker staining than the
control, and one case showed abnormal staining in the
partner gene (case #5), so these 5 cases should have been
flagged as abnormal and should not have been missed. For
the remaining 4 of 56 (7%) LS cases with retained diffuse
strong intact staining (cases #1, 3, 6, 7), 3 patients were
younger than 50 years, and additional workup would be
suggested according to current guidelines for early-onset
CRC [29,30].

These observations highlight the importance of tumor
staining intensity in comparison with the control during
MMR IHC interpretation, and the evaluation of tumor
staining intensity should be a prerequisite even before
determining if there is certain percentage of staining. At our
institution, if tumor nuclei stain weaker than the control, the
case is interpreted as abnormal and further workup is needed.
Tumor sequencing using the multigene panel with genetic
counseling is suggested, particularly for patients with a
strong family history or if the age at diagnosis is less than 50
years [29e31]. A limitation of this study is the small number
of CRC cases that had unexpectedly retained staining; future
studies with more cases may be helpful to avoid sampling
bias.
5. Conclusions

Unexpected expression of MMR proteins may occur in
both LS cases and cases with double somatic MMR
mutation, a potential pitfall in the screening process when
using IHC only. Such MMR protein expression is most
commonly seen with pathogenic germline missense muta-
tions, but it is not limited to these mutations. In addition, it
may be more common in double somatic MMR mutation
cases wherein one of the mutations is LOH. Cautious
interpretation of MMR IHC is advised when dealing with
tumor staining weaker than the control regardless of the
percentage of tumor staining as these cases may harbor
pathogenic MMR gene mutations. Missense mutations
appear to account for some, but not all, CRC cases that may
be missed in LS screening by IHC alone. Strict adherence
to proper interpretation of IHC with attention to staining
intensity and the status of heterodimer partner protein will
prevent many potential misses.
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