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Abstract

Background: This multicenter study aimed to reveal the genetic spectrum of colorectal cancer
(CRC) with deficient mismatch repair (IMMR] and build a screening model for Lynch syndrome
(LS).

Methods: Through the immunohistochemical (IHC) screening of mismatch repair protein
results in postoperative CRC patients, 311 dMMR cases, whose germline and somatic variants
were detected using the ColonCore panel, were collected. Univariate and multivariate logistic
regression analysis was performed on the clinical characteristics of these dMMR individuals,
and a clinical nomogram, incorporating statistically significant factors identified using
multivariate logistic regression analysis, was constructed to predict the probability of LS. The
model was validated externally by an independent cohort.

Results: In total, 311 CRC patients with IHC dMMR included 95 identified MMR germline
variant (LS) cases and 216 cases without pathogenic or likely pathogenic variants in MMR
genes [non-Lynch-associated dMMR]. Of the 95 individuals, approximately 51.6%, 28.4%,
14.7%, and 5.3% cases carried germline MLH1, MSH2, MSH6, and PMS2 pathogenic or likely
pathogenic variants, respectively. A novel nomogram was then built to predict the probability
of LS for CRC patients with dMMR intuitively. The receiver operating characteristic (ROC)
curve informed that this nomogram-based screening model could identify LS with a higher
specificity and sensitivity with an area under curve (AUC) of 0.87 than current screening
criteria based on family history. In the external validation cohort, the AUC of the ROC curve
reached 0.804, inferring the screening model’s universal applicability. We recommend that
dMMR-CRC patients with a probability of LS greater than 0.435 should receive a further
germline sequencing.

Conclusion: This novel screening model based on the clinical characteristic differences
between LS and non-Lynch-associated dMMR may assist clinicians to preliminarily screen LS
and refer susceptible patients to experienced specialists.

Keywords: colorectal cancer, deficient mismatch repair, Lynch syndrome, nomogram, non-
Lynch-associated dMMR
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Introduction mismatch repair (MMR) system, indicated by
Reportedly, approximately 7-15% of colorectal microsatellite instability-high (MSI-H) or immu-
cancers (CRC) are driven by a defective DNA nohistochemical (IHC) loss of any of four MMR
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proteins: MutL. homolog 1 (MLHI1), MutS
homolog 2 (MSH2), MutS homolog 6 (MSHS6),
or postmeiotic segregation increased 1 homolog 2
(PMS2).1-3

Notably, there are two main reasons accounting
for deficient MMR (dMMR). First, patients diag-
nosed with Lynch syndrome (LS) carry inherited
pathogenic or likely pathogenic (P/LP) variants in
any of the five MMR genes, impairing the DNA
MMR system. These five MMR genes include
MLHI (MIM: 120436), MSH2 (MIM: 609309),
MSH6 (MIM: 600678), PMS2 (MIM: 600259),
or Epithelial Cell Adhesion Molecule [EPCAM
(MIM: 185535)].4 Other dAMMR-CRC patients
without identified germline pathogenic variants
are called non-Lynch-associated dMMR cases,
which may be caused by certain epigenetic fac-
tors, such as MLH] silencing by hypermethyla-
tion of CpG islands, and loss of heterozygosity,
among others.>6

Many studies have reported the various differ-
ences between the Lynch-associated dMMR and
non-Lynch-associated dMMR in terms of clinico-
pathological characteristics, chemosensitivity, and
prognosis.”® However, there have been few stud-
ies attempting to utilize these differences to build
a predictive model for CRC patients with dMMR
for LS screening. Therefore, we conducted a
large-scale, multicenter study involving 15 hospi-
tals from different areas of China. Through
ColonCore panel, a next-generation sequencing
(NGS)-based panel, we classified dMMR patients
into two groups, LS and non-Lynch-associated
dMMR, based on whether they carried germline
pathogenic MMR gene variants. After collecting,
organizing, and analyzing the clinicopathologic
differences between the two groups, we generated
a novel screening model for LS.

Materials and methods

Patients

We screened the immunohistochemical (IHC)
results of MMR proteins (MLH1, MSH2,
MSHG6, or PMS2) in postoperative CRC patients
diagnosed between 1 January 2014 and 1 January
2018, from 15  Thospitals across China
(Supplemental Table S1), collecting clinical data
and pedigree information. The study was
approved by the Ethics Committee of the Second
Affiliated Hospital of Zhejiang University School

of Medicine [approval number: (2017) Ethical
Review Research No. 012], and written informed
consent was obtained from all patients.

Samples and immunohistochemistry

Tumor tissues with a tumor content =10% and
necrotic area <50% were selected, and normal
tissues were obtained from negative surgical mar-
gins. Meanwhile, white blood cells were used as a
normal control when no negative surgical margins
were available. DNA was extracted for further
sequencing, and IHC staining of formalin-fixed
paraffin-embedded tumor tissue was performed
to examine the expression of the four MMR pro-
teins (MLH1, MSH2, MSH6, and PMS2) fol-
lowing standard protocols. After deparaffinization,
antigen repairing and blocking, the paraffin-
embedded slides were incubated with primary
antibodies against MLH1 (clone ES05, 1:50 dilu-
tion, Dako Cytomation, Carpinteria, CA, USA),
MSH2 (clone FE11, dilution 1:50; Oncogene
Research Products, Boston, MA, USA), MSHG6
(clone EP49, dilution 1:150; Dako Cytomation),
or PMS2 (clone EP51, dilution 1:50; Dako
Cytomation). We then used the interpretation
criteria of the College of American Pathologists
(CAP) to determine MMR protein expression. If
there was any definite tumor cell nuclear staining,
this was considered positive. Conversely, when
staining of the tumor cell nucleus was not
observed but nuclear staining of adjacent normal
cells was present, this was considered to indicate
loss of expression. Following this, deficient MMR
was defined as the total lack of expression of any
of the four MMR proteins. The IHC results were
assessed by two specialized pathologists
independently.

Laboratory methods

Simultaneous detection of MSI status and variants
was performed using ColonCore panel, containing
36 genes from 26 September 2016 to 1 June 2017,
and 41 genes after 1 June 2017 (Supplemental
Table S2). Additionally, this panel included hered-
itary CRC related genes, such as MMR genes and
Adenomatous Polyposis Coli [APC (MIM: 611731)]
along with other genes related to carcinogenesis
and CRC development. NGS library preparation,
capture-based targeted DNA sequencing, as well
as MSI status and germline/somatic variant detec-
tion have been described in detail in the
Supplemental material.!® Germline variants were
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identified as variants detected in both tumor and
paired normal tissues. Based on the American
College of Medical Genetics and Genomics stand-
ards and guidelines for sequence variant interpre-
tation, we classified germline variants according to
five tiers: pathogenic, likely pathogenic, uncertain
significance, likely benign, and benign.!! Moreover,
hereditary cancer was diagnosed if the patient was
accompanied by a germline pathogenic or likely
pathogenic variant, as confirmed using Sanger
sequencing or multiplex ligation-dependent probe
amplification (MLPA).

Construction and validation of nomogram

Variable declaration. The clinical information
variables are defined as follows: (1) patient-spe-
cific variables, including sex, age at CRC diagno-
sis, and other LS-associated cancers (endometrial,
stomach, ovaries, urinary tract, small intestine,
pancreas, bile ducts, brain, and sebaceous glands);
(2) personal cancer history defined using three
levels: patients with only one CRC, patients with
multiple CRCs, and patients with other LS-
related cancers; (3) family history of cancer,
which was grouped to the following three types:
no family history, first-degree relatives (FDR) or
second-degree relatives (SDR) affected with
CRC, and FDR or SDR affected with other LS-
associated cancers; and (4) MMR deficiency
defined as four subgroups: MLHI1 alone or both
MLHI1 and PMS2 deficiency, MSH2 alone or
both MSH2 and MSH6 deficiency, MSHG6 alone
deficiency, and PMS2 alone deficiency. Age was
grouped into seven subgroups per decade.

Statistical analysis. The clinical characteristic
differences between LS and non-Lynch-associated
dMMR were analyzed using 7 tests (continuous
variables) and y? tests (categorical variables).
Multivariate logistic regression with adjusted
odds ratio (OR) and with 95% confidence inter-
val (CI) was used to identify independent predic-
tors for LS based on personal history, family
cancer history, and MMR deficiency status,
building a clinical nomogram based on these
independent predictors. For nomogram compari-
son with other LS screening strategies (Amster-
dam II criteria, Bethesda criteria, Chinese Lynch
syndrome criteria, and selective strategy proposed
by Jiang ez al.),!? the screening sensitivity and
specificity of each strategy was calculated based
on the genetic testing results. The receiver operat-
ing characteristic (ROC) curve was then used to

evaluate their discrimination abilities. The Hos-
mer—-Lemeshow test and 200 bootstrapping resa-
mples were used for calibration, and decision
curve analysis (DCA) was used to assess the net
benefit of nomogram-assisted decisions.

External validation cohort. To examine the nomo-
gram’s universal applicability, an independent
external validation cohort of 259 CRC patients
with IHC dMMR from the Sun Yat-sen Univer-
sity Cancer Center between November 2011 and
December 2015 were included. These 259 cases
consisted of 93 cases with and 166 cases without
germline pathogenic or likely pathogenic MMR
gene variants, whose clinical and genetic informa-
tion has been published.!? Sufficient data was
available for all patients to score all variables
involved in the nomogram. ROC curve, Hosmer—
Lemeshow test, 200 bootstrapping resamples,
and DCA were also used for external validation
based on the data from this cohort.

All statistical analysis was performed using R ver-
sion 3.5.1 (https://www.r-project.org/). Logistic
regression was performed using the rms package,
which drew a nomogram, while the ROC curve
was drawn using pROC. The ggplot2 package was
used to draw histograms and bar plots for visuali-
zation of results. The heatmap of multiple
genomic alterations were drawn using the
ComplexHearmap package. Differences were con-
sidered statistically significant when the two-sided
p value was <0.05.

Results

Germline variant distribution of LS

in Chinese CRC

Among the 311 enrolled CRC patients with THC
dMMR, 99 (31.8%) patients carried germline
pathogenic/likely pathogenic (P/LP) variants,
which included 95 patients with germline P/LP
variants in MMR genes (LS) and four patients
with germline P/LP variants in other genes (three
cases with APC variants and one with BRCAI
variant), as shown in Figure 1. Among those 95
patients diagnosed with LS, about 51.6%, 28.4%,
14.7%, and 5.3% cases carried germline MLH]I,
MSH2, MSH6, and PMS?2 P/LP variants, respec-
tively, and none of the EPCAM-related LS vari-
ants was diagnosed. The details regarding clinical
characteristics and variant information of LS
patients are shown in Supplemental Table S3.
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Figure 1. Distribution and types of germline variants in 99 CRC patients carrying germline pathogenic/likely
pathogenic variants. Others gene includes APC and BRCAT.

CRC, colorectal cancer.

The prevalence of LS ranged widely based on dif-
ferent IHC dMMR patterns. Patients with MSH6
alone deficiency had the highest LS prevalence
(60.0%), followed by MSH2 alone or both MSH2
and MSHG6 deficiency (41.4%), PMS2 alone defi-
ciency (33.3%), MLHI1 alone, or both MLH1
and PMS2 deficiency (23.2%), which have been
summarized in Table 1. Interestingly, there were
seven (19.4%) cases with PMS2 alone deficiency,
which were detected to carry pathogenic/likely
pathogenic variants in MLH1 gene but with wild-
type PMS2. Similarly, among patients with
MSH2 alone or both MSH2 and MSHG6 defi-
ciency, two (2.9%) cases were diagnosed with
MSHG6-related, instead of MSH2-related LS.

Clinicopathologic characteristics and somatic
variants of CRC patients with dMMR

Based on whether they carried germline P/LP
variants in MMR genes, these 311 CRC patients
were divided into two groups: LS (95 cases) and
non-Lynch-associated dMMR (216 cases). The
clinicopathological characteristics of these two
groups are detailed in Table 2. The mean age of
patients with LS and non-Lynch-associated
dMMR was 44.8years and 61.2years, respec-
tively, showing that LS patients were significantly
younger than non-Lynch-associated dMMR
patients (p <0.001). Consistent with our expecta-
tions, the proportion of LS patients having a fam-
ily history of CRC was also significantly higher

compared with those in the non-Lynch-associated
dMMR group (p<<0.001).

Regarding the distinctions of tumor tissue somatic
variants between the two groups, the distribution
of variant types and the number of variants per
sample of LS (Figure 2a, ¢) and non-Lynch-
associated dMMR (Figure 2b, d) are displayed.
Furthermore, the top 10 frequently mutated genes
from LS and non-Lynch-associated dMMR are
shown in Figure 2e. More specifically, except the
well-known BRAF V600E mutation, AKT1 gene
variants were to occur more frequently in non-
Lynch associated dMMR patients (13.0% versus
5.3%, p<<0.05). On the other hand, LS patients
were more likely to suffer KRAS-mutant tumors
(60.0% wersus 38.4%, p<<0.001) and carried a
slightly higher mutation rate of APC (69.5% versus
55.6%, p<<0.05). In addition, we found that there
was no significant difference between these two
groups in the variant frequencies of some key
CRC-related genes, such as ERBB2, PIK3CA and
TP53 (Figure 2f).

Construction and validation of a novel

screening model for LS

Univariate and multivariate analyses of patient
characteristics. Due to low prevalence, a screening
model with high efficiency and cost-effectiveness
may be needed for LS screening. Based on the
personal and family history, as well as the various
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Table 1. Prevalence of LS in CRC patients with different dIMMR patterns.

IHC N (%2) LS N (%) Other genes MSS or

PV or LPV MSI-L
MLH1 MSH2 MSHé PMS2 Total

MLH1- alone or Both 185 (59.5) 42 (22.7) / / 42 (22.7) 2(1.1) 8 (4.3)

MLH1- and PMS2-¢

MSH2- alone or Both 70 (22.5) / 27(38.5)  2(2.9) / 29 (41.4) 1(1.4) 3(4.3)

MSH2- and MSH6-

MSHé- alone 20 (6.4) / 12 (60) / 12 (60) 1(5.0) 7 (35)

PMS2- alone 36 (11.6) 7 (19.4) / 5(13.9) 12(33.3) 0 4(11.1)

aPercentage of 311 CRC patients with dMMR.

bPercentage of patients corresponding to specific IMMR patterns.

Loss of expression.

CRC, colorectal cancer; dMMR, deficient mismatch repair; IHC, immunohistochemistry; LPV, likely pathogenic variants; LS,
MSI-L, microsatellite instability-low; MSS, microsatellite stable; N, number; PV, pathogenic variants.

Lynch syndrome;

clinicopathological features of these 311 dMMR
individuals, we collected several variables, which
reached statistical significance in the univariate
analysis, including age of cancer diagnoses, sex,
tumor location, family cancer history, personal
cancer history, and dMMR pattern. Furthermore,
all significant variables were entered in a multi-
variate logistic regression, in which younger age of
cancer diagnoses was the most predominant pre-
dictive factor (OR: 0.49 per decade; 95% CI:
0.38-0.62), followed by family history, personal
cancer history, deficient MMR expression pattern,
and sex (Supplemental Table S4).

Construction and validation of nomogram. A
nomogram was built by incorporating statistically
significant factors identified using multivariate
logistic regression to predict the LS probability
(Figure 3a). A vertical line was drawn from the
factor to the point scale to determine its risk
score, and these scores were added up to obtain a
corresponding probability of LS.

The discriminative power of the nomogram-
based screening model was quantified by the
ROC curves, showing that the nomogram-based
screening model is an effective classifier between
LS and non-Lynch-associated dMMR, with an
AUC of 0.87 (Figure 3b) in the training cohort.
Comparing with the ROC curves of Amsterdam
II criteria (AUC=0.58), Bethesda criteria
(AUC=0.73), Chinese LS criteria (AUC=0.67),
as well as the selective strategy (AUC=0.67) pro-
posed by Jiang er al.,'? this novel screening model
could identify LS with higher specificity and

sensitivity. Additionally, we suggest that patients
with a LS probability >0.435 need to undergo
germline sequencing and genetic counseling, as
this cut-off value achieves a specificity of 0.889
and a sensitivity of 0.716. To assess the external
validation of model performance, we used an
independent data set of 259 dMMR patients
showing that the AUC of the ROC curve still
reached 0.804, which confirms the universal
applicability of this screening model (Figure 3c¢).

The Hosmer-Lemeshow calibration test was not
significant for both the training cohort (32=9.945,
p»=0.269) and the external validation cohort
(x>=8.158, p=0.418), indicating a good fit.
Internal and external validation with 200 boot-
strapping resamples showed relatively good per-
formance for the model (Supplemental Figure
Sla, b). Regarding the decision curve analysis
(DCA), if the threshold probability in clinical
decision was more than 2%, utilization of the
nomogram model to screen LS showed a greater
advantage than in the assumption that all dMMR
patients had LS or that no patients had LS
(Supplemental Figure Slc, d).

Discussion

Since 2015, with the rapid development of immu-
notherapy, the clinical significance of dMMR has
no longer been limited as a screening marker for
LS. Notably, it has been recommended to rou-
tinely perform IHC detection of MMR proteins in
tumor tissues of postoperative CRC patients.
Thus, we conducted a multicenter study involving
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Table 2. Clinicopathological characteristics of CRC patients with dMMR.

Characteristic Total (n=311) LS (n=95) Non-Lynch-associated  p*
dMMR (n=216)
Age [years = SD) 311 44.8+12.0 61.2+15.3 <0.001
Sex
Female 140 29 (30.53%) 111 (51.39%) 0.001
Male 171 66 (69.47%) 105 (48.61%)
Location
Right colon 206 50 (52.63%) 156 (72.22%) 0.007
Left colon 52 23 (24.21%) 29 (13.43%)
Rectum 39 15 (15.79%) 24 (11.11%)
Multiple lesion 14 7 (7.37%) 7 (3.24%)
Personal cancer history
1CRC 295 85 (89.47%) 210 (97.22%) 0.010
=2 CRC 8 6 (6.32%) 2 (0.93%)
Other LS cancerst 8 4 (4.21%) 4 (1.85%)
Family history of cancer*
No family cancer history 228 45 (47.37%) 183 (84.72%) <0.001
CRC 70 43 (45.26%) 27 (12.5%)
Other LS cancers 13 7 (7.37%) 6 (2.78%)
dMMR
MSH6- alone 20 12 (12.63%) 8 (3.7%) 0.001
PMS2- alone 36 12 (12.63%) 24 (11.11%)
MSH2- alone or both MSH2- and MSH6- 185 42 (44.21%) 143 (66.2%)
MLH1- alone or both MLH1- and PMS2- 70 29 (30.53%) 41(18.98%)

*p values obtained from the F tests (continuous variables) and y? tests (categoric variables).
TOther LS cancers include cancers in the endometrial, kidney, ureter, bladder, brain, biliary tract, stomach, small intestine, ovary, pancreas, and

sebaceous neoplasms.

tFamily history was classified as no family cancer history (no affected FDRs and SDRs), CRC (For CRC, at least one affected FDR or SDR), Other LS
cancers (For other LS cancers, at least one affected FDR or SDR).
CRC, colorectal cancer; dMMR, deficient mismatch repair; FDR, first-degree relatives; LS, Lynch syndrome; SD, standard deviation; SDR, second-

degree relatives.

15 hospitals from different areas of China and col-
lected 311 CRC patients with ITHC dMMR,
including 95 LS cases and 216 non-Lynch-associ-
ated dMMR cases. Using univariate and multi-
variate analysis of the distinctions between LS and
non-Lynch-associated dMMR, we generated a

novel nomogram for LS screening, showing good
discriminatory power in both the training and the
external validation cohort.

Nomograms have been accepted as a reliable and
alternative tool to predict an individual’s risk of
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Figure 2. Somatic variant features of the tumors from LS and non-Lynch-associated dMMR. (a, b] Distribution of somatic variant
types in LS (a) and non-Lynch-associated dMMR (b). (c, d) Number of variants per sample in LS (c] and non-Lynch-associated
dMMR (d) groups. (e] Top 10 frequently mutated genes in tumors from LS (left] and non-Lynch-associated dMMR (right). (f] Mutation

frequency of several CRC related key genes, such as APC, ERBBZ2, and TP53 in LS and non-Lynch-associated dMMR, respectively.
*p < 0.05; ¥**p<0.001.
dMMR, deficient mismatch repair; LS, Lynch syndrome.
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Figure 3. Construction and validation of nomogram to predict the probability of LS. (a) Details of nomogram
including the factors of age, gender, personal history, family history, and pattern of dAMMR. Other LS-

related cancers refer to gastric, endometrial, small bowel, ovarian, and so on. (b) ROC curves comparing the
specificity and sensitivity of the nomogram-based model and four current screening criteria to identify LS. The
black dot represents the best cut-off value (0.435). (c) ROC curve of the nomogram in the external validation

cohort.

CRC, colorectal cancer; LS, Lynch syndrome; dMMR, deficient mismatch repair; ROC, receiver operating characteristic.

certain clinical events. Through integrating various
clinicopathological characteristics, nomograms are
able to aid clinical decision making and realize per-
sonalized medicine with a user-friendly, conveni-
ent, and accurate model. In China, despite the high
number of clinicians, only a few of them are well-
versed in LS, including its diagnosis, treatment
strategies, and family management. Therefore, the

vast majority of clinical physicians could utilize this
screening model to promptly identify patients with
high possibility of LS for referral to genetic counsel-
ling by experienced specialists.

Several predictive models for screening LS have
been developed, including PREMM;,? MMR
predict,’* and MMRpro.'> PREMM,, which
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incorporates PMS2 and EPCAM based on
PREMM, ,,, was developed using data from
18,734 cases using polytomous logistic regression
analysis and was validated externally through 1058
individuals. Due to its high sensitivity and specific-
ity, PREMM,L; is currently a highly recognized pre-
dictive model; however, this model does not
incorporate tumor molecular data (MMR or MSI
status), and its predictive ability is relatively limited
for some patients with weaker phenotypes and who
are not affected. MMRpredict, similar to PREMM,,
also used logistic regression methodology to ana-
lyze 870 CRC subjects diagnosed at under the age
of 55years and was validated by series of patients
diagnosed before age 45. Therefore, this model is
ideal for predicting the likelihood of patients with
young-onset CRC carrying a MLH1, MSH2, or
MSHG6 variant, but this model does not include
information regarding extracolonic cancer history.
Unlike MMRpredict and PREMM,, MMRpro
estimates the risk of carrying an MMR gene variant
based on a Bayesian approach. This model’s unique
feature is that it can calculate the probability of car-
rying a deleterious MMR gene mutation and devel-
oping colorectal or endometrial cancer for
individuals whose tumor samples are not available.
In the aforementioned three prediction models,
MMRpro and MMRpredict both incorporate data
regarding MMR protein expression or MSI status.
In contrast, the prediction model obtained in this
study was constructed entirely based on the dMMR
population. In China, where family size is declining
and IHC results are highly accessible, the nomo-
gram has greater clinical promotion value.

In addition, mainstream predictive models,
including the previously mentioned tools, are
based mostly on Western population data.
However, marked differences in the origin of this
disease exist between Eastern and Western popu-
lations. Of the major pathogenic LS genes, MSH?2
has always been thought to be the most common
cause in the Western countries.!®!7 On the other
hand, several Asian-population studies, including
our study, indicated that MLH]1 is the most criti-
cal causative gene for LS with the range of 40—
50% of all LS cases.!?18 In 1998, Yuan er al
gathered 31 Korean families suspected with
Lynch syndrome and found that five in seven
cases were MLH] related.!8

During the modeling process, except for age at
cancer diagnoses, multivariate analysis showed
that a CRC patient carrying other LS-associated
cancers, such as endometrial, gastric, and ovarian

cancers, was more likely to have LS compared
with a CRC patient with multiple occurrences.
Similarly, among the four deficient MMR expres-
sion patterns, CRC patients with MSH6-alone
deficiency are at greatest risk for LS. In addition,
although the sex variable did not reach statistical
significance (p=0.075) in the multivariate analy-
sis, we still added it into the nomogram, consider-
ing that several researches have reported a
relationship between sex and LS.19:20

Moreover, we found that patients with MSH6
alone deficiency had the highest prevalence
(60.0%) of LS and had the greatest probability
(35%) to be microsatellite stability (MSS) or
microsatellite instability-low (MSI-L). This
serves as a reminder to pay attention to patients
with thisvariant during LS screening. Additionally,
it is not appropriate to select the corresponding
gene to be detected based on the deficient AMMR
pattern, as a portion of cases with PMS2 alone
deficiency are MLHI-related LS and MSH2
alone or both MSH2 and MSHG6 deficiency may
be from germline pathogenic MSH?2 variants.

Despite these findings, there are several limita-
tions in this study. First, the nomogram would be
used only for CRC patients with a clear dMMR
status since is not suitable for patients whose
tumor tissue is not available. Second, although
the nomogram has shown high applicability in the
external verification cohort, this still needs to be
tested and verified in a larger population, espe-
cially in Western populations.

In conclusion, through the collection of 311 CRC
patients with IHC dMMR, and the analysis of
distinctions between LS and non-Lynch-associ-
ated dMMR, we created a novel screening strat-
egy for LS with good discriminatory power in
both the training and external validation cohort.
Due to its convenience and feasibility, this nomo-
gram could be widely popularized in the clinical
practice and could potently improve current LS
screening in China.

Conflict of interest statement
The authors declare that there is no conflict of
interest.

Funding

The authors disclosed receipt of the following
financial support for the research, authorship,
and/or publication of this article: This work was
supported by the National Key R&D Program of

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

Therapeutic Advances in Medical Oncology 13

Visit SAGE journals online
journals.sagepub.com/
home/tam

®SAGE journals

China

(2018YFC1312100 to Ying Yuan,

2017YFC0908200 to Kefeng Ding); and the
National Natural Science Foundation of China
(81872481 to Ying Yuan, 81773181 to Dong
Xu). The funders had no role in study design,
data collection and analysis, decision to publish,
or preparation of the manuscript.

Supplemental material
Supplemental material for this article is available
online.

References

1.

Pinol V, Castells A, Andreu M, er al. Accuracy
of revised Bethesda guidelines, microsatellite
instability, and immunohistochemistry for

the identification of patients with hereditary
nonpolyposis colorectal cancer. FAMA 2005;
293: 1986-1994.

Hampel H, Frankel WL, Martin E, ez al.
Feasibility of screening for Lynch syndrome
among patients with colorectal cancer. ¥ Clin
Oncol 2008; 26: 5783-5788.

Haraldsdottir S, Rafnar T, Frankel WL, ez al.
Comprehensive population-wide analysis of
Lynch syndrome in Iceland reveals founder
mutations in MSH6 and PMS2. Nat Commun
2017; 8: 14755.

Tutlewska K, Lubinski J and Kurzawski G.
Germline deletions in the EPCAM gene as a
cause of Lynch syndrome — literature review.
Hered Cancer Clin Pract 20135 11: 9.

Deng G, Chen A, Hong J, et al. Methylation of
CpG in a small region of the hMILLH1 promoter
invariably correlates with the absence of gene
expression. Cancer Res 1999; 59: 2029-2033.

Bertagnolli MM, Redston M, Compton CC,

et al. Microsatellite instability and loss of
heterozygosity at chromosomal location 18q:
prospective evaluation of biomarkers for stages II
and III colon cancer—a study of CALGB 9581
and 89803. ¥ Clin Oncol 2011; 29: 3153-3162.

. Jass JR, Walsh MD, Barker M, er al. Distinction

between familial and sporadic forms of colorectal
cancer showing DNA microsatellite instability.
Eur ¥ Cancer 2002; 38: 858-866.

Sinicrope FA, Foster NR, Thibodeau SN,

et al. DNA mismatch repair status and colon
cancer recurrence and survival in clinical trials
of 5-fluorouracil-based adjuvant therapy. ¥ Nail
Cancer Inst 20115 103: 863-875.

Andre T, de Gramont A, Vernerey D, ez al. Adjuvant
fluorouracil, leucovorin, and oxaliplatin in stage

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

II to III colon cancer: updated 10-year survival
and outcomes according to BRAF mutation and
mismatch repair status of the MOSAIC study.
J Chlin Oncol 2015; 33: 4176-4187.

Zhu L, Huang Y, Fang X, ez al. A novel

and reliable method to detect microsatellite
instability in colorectal cancer by next-generation
sequencing. ¥ Mol Diagnostics 2018; 20: 225-231.

Richards S, Aziz N, Bale S, ez al. Standards and
guidelines for the interpretation of sequence
variants: a joint consensus recommendation of
the American College of Medical Genetics and
Genomics and the association for molecular
pathology. Genet Med 2015; 17: 405-424.

Jiang W, Cai M, Li S, ez al. Universal screening
for Lynch syndrome in a large consecutive cohort
of Chinese colorectal cancer patients: high
prevalence and unique molecular features. Inz ¥
Cancer 2019; 144: 2161-2168.

Kastrinos F, Uno H, Ukaegbu C, er al.
Development and validation of the PREMM 5
model for comprehensive risk assessment of Lynch
syndrome. ¥ Clin Oncol 2017; 35: 2165-2172.

Barnetson RA, Tenesa A, Farrington SM, et al.
Identification and survival of carriers of mutations
in DNA mismatch-repair genes in colon cancer.
N Engl F Med 20065 354: 2751-2763.

Chen S, Wang W, Lee S, et al. Prediction of
germline mutations and cancer risk in the Lynch
syndrome. FAMA 2006; 296: 1479.

Hampel H, Frankel WL, Martin E, et al.
Screening for the Lynch syndrome (hereditary
nonpolyposis colorectal cancer). N Engl ¥ Med
2005; 352: 1851-1860.

Julié C, Trésallet C, Brouquet A, ez al.
Identification in daily practice of patients with
Lynch syndrome (hereditary nonpolyposis
colorectal cancer): revised Bethesda guidelines-
based approach versus molecular screening. Am ¥
Gastroenterol 2008; 103: 2825-2835.

Yuan Y, Han H-J, Zheng S, et al. Germline
mutations of hMLLH1 and hMSH2 genes in patients
with suspected hereditary nonpolyposis colorectal
cancer and sporadic early-onset colorectal cancer.
Dis Colon Rectum 1998; 41: 434-440.

Young J, Simms LA, Biden KG, et al. Features of
colorectal cancers with high-level microsatellite
instability occurring in familial and sporadic
settings: parallel pathways of tumorigenesis. Am ¥
Pathol 2001; 159: 2107-2116.

Malkhosyan SR, Yamamoto H, Piao Z, ez al.
Late onset and high incidence of colon cancer
of the mutator phenotype with hypermethylated
hMLHI1 gene in women. Gastroenterology 2000;
119: 598.

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam
https://journals.sagepub.com/home/tam
https://journals.sagepub.com/home/tam



