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Purpose: Heritable pathogenic variants in the DNA mismatch repair (MMR) pathway cause
Lynch syndrome, a condition that significantly increases risk of colorectal and other cancers. At
least half of individuals tested using gene panel sequencing have a variant of uncertain signif-
icance or no variant identified leading to no diagnosis. To fill this diagnostic gap, we developed
Cancer Risk C (CR-C), a flow variant assay test.
Methods: In response to treatment with an alkylating agent, individual assays of the nuclear
translocation of MLH1, MSH2, BARD1, PMS2, and BRCA2 proteins and the nuclear phos-
phorylation of the ATM and ATR proteins distinguished pathogenic/likely pathogenic (P/LP)
from benign/likely benign variants in MMR genes.
Results: A risk classification score based on MLH1, MSH2, and ATR assays was 100% sen-
sitive and 98% specific. Causality of MMR P/LP variants was shown through gene editing and
rescue. In individuals with suspected Lynch syndrome but no P/LP, CR-C identified most (73%)
as having germline MMR defects. Direct comparison of CR-C on matched blood samples and
lymphoblastoid cell lines yielded comparable results (r2 > 0.9).
Conclusion: For identifying germline MMR defects, CR-C provides augmentation to traditional
panel sequencing through greater accuracy, shorter turnaround time (48 hours), and performance
on blood with minimal sample handling.
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Introduction

Lynch syndrome (LS), also known as hereditary non-
polyposis colorectal cancer, is the most common hereditary
cause of colorectal cancer, accounting for up to 80% of the
hereditary form of this disease.1 LS is caused by autosomal
dominant heterozygous germline pathogenic variants in 1 of
4 mismatch repair (MMR) genes namely MLH1, MSH2,
MSH6, and PMS2 or deletion of EPCAM gene.2 The current
National Comprehensive Cancer Network (NCCN) guide-
lines for diagnosis and treatment of LS recommend testing
for familial variants in these genes.3 If familial testing has
not been performed, cancer gene panel testing is recom-
mended for those who fulfill the Amsterdam II “3-2-1”
criteria (3 affected members, 2 generations, 1 aged <50
years), have presence of microsatellite instability, or nega-
tive staining in immunohistochemistry (IHC) for MMR
proteins in tumors.2 If a pathogenic/likely pathogenic (P/LP)
variant is identified in an individual, the family undergoes
predictive testing for this variant. If positive, the individual
is recommended to undergo cancer screening through co-
lonoscopy and other preventative management.4 Those
identified with P/LP MMR variants have a lifetime risk of
50% to 80% of developing colorectal cancer.5 Of those who
meet Amsterdam II criteria and are tested using gene panel
sequencing, only 27% have P/LP variants and 20% to 40%
have variants of uncertain significance (VUS), leaving the
patients with uncertainty about their diagnosis of LS and
risk of cancer.6 Functional genomic tests can fill the anno-
tation gaps and, potentially, serve as standalone tests for
genetic diagnostics. Flow cytometry-based functional
variant assays (FVAs) were developed to observe the bio-
logical effects of heterozygous variants in genes that disrupt
genetic pathways. FVAs use fluorescently labeled anti-
bodies/markers and flow cytometry to measure functional
protein changes, such as protein–protein interaction and
nuclear transport and/or secondary modifications of pro-
teins, such as phosphorylation. FVAs were first used to test
variants in MAP3K1 in individuals with 46,XY gonadal
dysgenesis for gain of function in the gene.7 Cancer Risk B
(CR-B), the first FVA test for hereditary cancer risk, eval-
uated whether P/LP variants in BRCA1, BRCA2, and other
genes altered functional activities in the double stranded
break repair (DSBR) pathway. CR-B was highly sensitive
and specific for diagnosing hereditary breast and ovarian
cancer syndrome and served as the impetus for developing
new FVA tests for other hereditary cancer syndromes.8,9

In this article, we describe the development of Cancer
Risk C (CR-C), a novel FVA test that identifies MMR de-
fects with high specificity and sensitivity in patient-derived
B-lymphoblastoid cell lines (LCLs), patient-derived pe-
ripheral blood mononuclear cells (PBMCs), and edited cells.
The FVA test is based on how a human cell mounts a repair
response to mismatch DNA damage caused by an alkylating
agent. CR-C measures functional activities in the MMR
pathway, specifically nuclear translocation of repair proteins
(ie, MLH1 and MSH2) and modifications of DNA damage-
sensing kinases (ie, ATR and ATM10,11). Combining mul-
tiple FVAs using logistic regression resulted in a risk
classification score (RCS) that identifies MMR defects.
When applied to cells derived from subjects with either
heterozygous P/LP or benign/likely benign (B/LB) variants
in MMR genes, this test showed high specificity and
sensitivity for identifying MMR defects. The test could also
identify germline MMR defects in LCLs from subjects with
a germline VUS and microsatellite instability-high (MSI-H)
tumor. If clinically validated in future studies, CR-C could
act as a test for patients who fulfill the Amsterdam II (or
similar) criteria or have MSI-H tumor and/or tumors without
MMR proteins measured through IHC, thereby determining
which NCCN management guidelines to follow.
Materials and Methods

LCLs and PBMCs

LCLs were provided by the Colon Cancer Family Registry
(CCFR). LCLs were derived from 180 individual patient
samples that were recruited at Mount Sinai Hospital/
Lunenfeld-Tanenbaum Research Institute, Toronto; Fred
Hutchinson Cancer Research Center, Seattle; and Mayo
Clinic, Phoenix. Patient recruitment, Sanger sequencing or
next generation sequencing, tumor genetic testing, and
transformation to LCLs were done before this study. In
addition to LCLs, CCFR provided de-identified informa-
tion.12-14 Variant classification and nomenclature were
determined using the InSiGHT colon cancer gene variant
database (http://www.insight-group.org/mutations). The
subjects were assigned into 3 groups: group 1 had MSI-H
colorectal cancer and a known P/LP variant in 1 of the
MMR genes: MLH1,MSH2,MSH6, and PMS2; group 2 had
significant family histories of colorectal cancer, a VUS
classified by ClinVar, and/or colorectal cancer that was
MSI-H and/or had loss of MMR proteins (measured through
IHC), but were not positive for MLH1 hypermethylation or
BRAF(V600E) variant; and group 3 were family members of
known heterozygote individuals with P/LP variants in MMR
genes who themselves do not carry the variant, included
both first- and second-degree relatives.

From the original 180 individual patient samples, 2 cohorts
were developed: a discovery cohort to develop the assays
(containing 20 group 1 and 20 group 3 individual subjects)
and a larger replication cohort to confirm sensitivity and
specificity and measure prevalence of germline MMR defi-
ciency among patients with VUS (containing 40 group 1, 60
group 2, and 40 group 3 individuals). LCLs were stored in
liquid nitrogen and expanded in RPMI media (Sigma Aldrich
#724000) containing 20% fetal bovine serum (Peak Serum
#PSFB-4) and 10% penicillin/streptomycin (Gibco #15140).
To assess an appropriate nontoxic dose of methylnitroni-
trosoguanidine (MNNG), LCL cells from patients with B/LB
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variants in MMR genes were treated with 25 to 100 μM
MNNG applied into the media for 48 hours.

During this study, another cohort of 24 subjects was
recruited from Montefiore Medical Center under approval
from the Albert Einstein College of Medicine Institutional
Review Board to collect blood samples for translating the
test from LCL to whole blood cells. All subjects were aged
>18 years, had traditional cancer gene panel sequencing,
and provided informed consent for de-identified CR-C
testing and limited information sharing. The information
shared were age, personal cancer diagnosis (either LS or
non-LS related) and treatment, family history of cancer
(either LS or non-LS related), and results of cancer gene
panel tests. PBMCs from these individuals were transformed
to LCLs to compare performance of FVAs for these 2 cell
types. MMR response was induced in both LCL and PBMC
cells using nontoxic concentrations of MNNG (50μl) and
incubated for a 24-hour period. Cells were then fixed using
35% paraformaldehyde (Sigma #F1635) and permeabilized
using methanol (Sigma #34860).
Edited cells

MLH1, MSH2, MSH6, or PMS2 genes in HEK293 cells
were edited with known B/LB or P/LP variants using a
CRISPR/Cas9 method for mammalian cells that has been
previously developed by Integrated DNA Technologies.15-17

On-target was confirmed through DNA sequencing. Cells
were grown under similar conditions as LCLs and MMR
response was induced as described earlier.

Flow variant assays

The following antibodies were tested: anti-MLH1 (Abcam
#ab251576), anti-MSH2 (Abcam #ab228334), anti-ATM
(Abcam #ab224947), anti-phospho ATM (Abcam
#ab208775), anti-ATR (Abcam #ab54793), anti-phospho
ATR (Abcam #ab230831) anti-PMS2 (Abcam #ab214442),
anti-BARD1 (Abcam #ab226854), anti-BRCA2 (Proteintech
#67285), anti-BRCA1 (Abcam #ab215988), anti-P53 (Pro-
teintech #60283), and anti-phospho P53 (Abcam #ab223868).
Flow cytometry was performed using the strategy that is
previously described.9 In brief, cells were partially lysed and
treated with antibodies conjugated to fluorochromes. DAPI
(Thermo Fisher Scientific #62248) was used as a DNA
marker and presence of S6 ribosomal protein (Life Techolo-
gies #710405) was used as a marker for intact whole cells.
Cell concentration was 100 to 500 cells per μl and antibody
concentration was 0.001 μg/μl. Operator was blinded to the
genetic background of samples when conducting FVAs.

Gene rescue

Expression plasmids for MLH1 (Origene #RG201607),
MSH2 (Origene #RG205848), MSH6 (Origene
#RC202469), and PMS2 (Origene #RC210880) comple-
mentary DNAs (cDNAs) were used to transfect edited HEK
293 cells with MLH1, MSH2, MSH6, and PMS2 edits. The
constructs without cDNA inserts were used for sham
transfection to show specificity of the rescue. The LifeTech
Neon Transfection (Thermo Fisher Scientific) system was
used following the recommendations of the manufacturer.
The efficiency of transfection was gauged by the number of
cells expressing the in-frame reporter (GFP, SBP, or Flag-
His). After transfection, the cells were treated according to
the standard CR-C protocol, then assessed using flow
cytometry with CR-C parameters.

Data analysis

Data are presented as mean ± SEM values. The exact value
of the sample size (n) represents individual biological rep-
licates. FVAs for each sample was performed with 3 tech-
nical replicates. GraphPad Prism 6 and Microsoft Excel
2019 were used for all statistical analyses. Cohort sample
sizes were predetermined by power calculation. Normality
was evaluated using the Kolomogorov-Smirnov test. For
normally distributed data, t test was used to compare 2
groups and 1-way analysis of variance followed by Bon-
ferroni post hoc test for >2 groups. RCS was developed by
fitting a logistic regression model of MLH1, MSH2, and
ATR FVA assays based on group 1 (n = 20) and group 3
(n = 20) from the discovery cohort. This model was applied
to the FVA assays from the remaining group 1 (n = 40) and
group 3 (n = 40) subjects to obtain RCS for the replication
cohort. It was also applied to the group 2 subjects (n = 60).
Subjects with P/LP MMR variants had a positive RCS,
whereas those with B/LB had a negative RCS. Sensitivity
was calculated as the percentage of subjects with a P/LP
variant in any of the MMR genes who had a positive RCS.
Specificity was calculated as the percentage of subjects
without the family P/LP MMR variant who had a negative
CRS. It was found that 95% CIs of the sensitivity and
specificity were exact binomial CIs calculated using StataSE
(StataCorp).
Results

Selecting a dose of alkylating agents that is not
toxic to cell lines

Alkylating agents, such as MNNG, can induce mismatches
by forming O4-methylguanine adducts.18 Alkylating
agents are known to be toxic to normal cells, whereas cells
with deficiencies in the MMR pathway are resistant to
MNNG toxicity. The concentration of 50 μM MNNG was
identified as the highest dose that was not significantly
toxic when treating cells for up to 48 hours (Supplemental
Figure 1, n = 3). Another alkylating agent, Diazald, was
also tested on the same set of cells and showed similar
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survival when treated with up to 25 μM of Diazald for 48
hours (data not shown).
CR-C, an FVA test, identifies germline defects in the
MMR pathway with high sensitivity and specificity

A discovery cohort was established from subjects from the
CCFR, which included 20 participants with a known P/LP
variant in 1 of the MMR genes, namely MLH1, MSH2,
MSH6, and PMS2 (group 1 positive controls), and 20 family
members of heterozygote individuals with P/LP variants in
MMR genes who themselves do not carry the variant (group
3 negative controls; Supplemental Table 1). Nuclear trans-
location of proteins involved in MMR pathway and kinase-
dependent signaling from the site of damage in the nucleus
are features of a functioning MMR pathway and provided
targets for developing a test. After the MNNG treatment of
LCLs derived from subjects in the discovery cohort, MMR
proteins showed a significant increase in nuclear trans-
location of MLH1 (P = .008), MSH2 (P = .001), BARD1
(P = .003), and PMS2 (P = .002) in group 1 compared with
group 3 (Figure 1A-D). FANCD2, MDM2, PALB2, and
RAD51, did not show changes in nuclear translocation be-
tween groups 1 and 3 (Supplemental Table 2; P > .05). ATR
(P = .0001) and ATM (P = .028) phosphorylation in the
nucleus also showed significant increases in group 1 sub-
jects compared with group 3 subjects (Figure 1E and F).

Disruption of the MMR pathway is known to increase
sensitivity to double stranded breaks and can augment func-
tional activities of proteins in the DSBR pathway, another
DNA repair pathway that uses homologous recombination.19

After MNNG treatment, BRCA2 had higher nuclear trans-
location and p53 had higher whole cell phosphorylation in
group 1 than in group 3 (Figure 1G and H). However, there
was no significant change in BRCA1 nuclear translocation
between the 2 groups (Supplemental Table 2).

To produce a nonredundant test, pairwise comparisons
between MMR FVAs and correlated assays were made,
because they provided no incremental information about
MMR defects. PMS2 correlated with MLH1 (r2 = 0.82),
BARD1 correlated with MSH2 (r2 = 0.83), and ATM
correlated with MSH2 (r2 = 0.82); thus, PMS2, BARD1,
and ATM were not carried forward (Supplemental
Figure 2A-F). The MLH1, MSH2, and ATR FVAs
showed 95% or less specificity and sensitivity in dis-
tinguishing group 1 and group 3 subjects (Table 1). To
improve the specificity and sensitivity, these FVAs were
combined by logistic regression to produce an RCS, in
which subjects with a positive RCS were considered to have
LS and those with a negative RCS did not. The sensitivity
(proportion of participants with a P/LP variant who had a
positive RCS) was 100% (95% CI = 83%-100%) and the
specificity (proportion of participants without any variant
who had a negative RCS) was 95% (95% CI = 75%-100%).
The combined accuracy of the RCS, derived from the
weighted average of specificity and sensitivity was 98%
(95% CI = 87%-100%) (Table 1, Figure 1I). Antibody
concentration and cell concentration were optimized for
concentrations with coefficients of variation (CV) < 0.05
when comparing RCS of 3 technical replicates among dis-
covery cohort subjects (Supplemental Figure 3A-B). The
CR-C test was stable up to 3 days after staining when
compared with freshly stained matched cells (Supplemental
Figure 3C).

CR-C testing in the replication cohort shows high
specificity and sensitivity and can identify MMR
deficiency in subjects with germline VUS

A replication cohort was established from a different set of
CCFR subjects than those used in the discovery cohort. The
replication cohort comprised 3 groups: subjects with P/LP
variants in MMR genes (group 1; n = 40); subjects with a
VUS in MMR genes and an MSI-H colorectal tumor (group
2; n = 60); and family members of individuals with known
P/LP variants, who themselves did not have the variant
(group 3; n = 40; Supplemental Table 1). On comparing
groups 1 and 3, similar differences in activities of MLH1,
MSH2, and ATR were observed, resulting in a sensitivity of
RCS of 100% (95% CI = 91%-100%) and a specificity of
98% (95% CI = 87%-100%) (Figure 2A-D, Table 1). When
applied to group 2, 73% (95% CI = 60%-84%) of subjects
had a positive RCS indicating germline MMR deficiency
(Figure 2D). There were no differences by MMR gene VUS
in the mean RCS (Supplemental Figure 4A). The majority of
group 2 subjects had multiple absent MMR proteins, always
dimer pairs, in the tumor as measured through IHC (85%;
Supplemental Figure 4B) and no hypermethylation of the
MLH1 promoter (88%; Supplemental Figure 4C). In 94% of
group 2 subjects, the gene with VUS matched 1 of the IHC-
deficient MMR proteins (Supplemental Table 2).

Gene rescue of P/LP-edited cell lines shows
causality of variants

The cohorts tested in this study correlated the presence of P/
LP variants in genes in the MMR pathway with the CR-C+
phenotype. To show the causality of these variants, HEK293
cells were edited with P/LP or B/LB variants in MLH1,
MSH2, MSH6, and PMS2 via CRISPR/Cas9 (Supplemental
Table 3). We first tested MLH1 and MSH2-edited cell lines
because of more common occurrence of VUS in these
genes. These cell lines were transfected with either an empty
vector plasmid or the corresponding wild-type (WT) cDNA,
both plasmids having a GFP reporter tag. Based on GFP
positivity, the overall efficiency of transfection exceeded
90%. The expression plasmids showed negligible effects on
CR-C phenotypes when transfected into HEK293 cells with
B/LB variants (Figure 3). When expression plasmids with
MLH1 or MSH2 cDNAs were transfected into HEK293



Figure 1 Development of CR-C based on systematic evaluation of FVAs in discovery cohort. Boxplots for group 1 (n = 20) and group
3 (n = 20) subjects’ FVAs for MMR pathway: MLH1 nuclear localization (A), MSH2 nuclear localization (B), BARD1 nuclear localization
(C), PMS nuclear localization (D), ATR nuclear phosphorylation (E), and ATM nuclear phosphorylation (F). Boxplots for group 1 (n = 20)
and group 3 (n = 20) subjects’ FVAs for DSBR pathway: BRCA2 nuclear translocation (G); p53 phosphorylation after MNNG treatment (H);
risk classification score based on combination of MLH1, MSH2, and ATR FVAs (I). Colors represent gene where variant was identified
through sequencing. CR-C, Cancer Risk C; FVA, flow variant assay; MNNG, methylnitronitrosoguanidine.
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with P/LP variants, and then treated with MNNG, individual
MLH1, MSH2, and ATR FVAs showed heterogenous
phenotypes (Figure 3A-F). When analyzed for RCS, MLH1
cDNA rescued MLH1 P/LP variants (P = .01; Figure 3G)
and MSH2 cDNA rescued MSH2 P/LP variants (P = .03;
Figure 3H). We validated these results using 2 edited cell
lines with P/LP variants in either MSH6 or PMS2. We found
that corresponding WT cDNA expression plasmid trans-
fection rescued P/LP RCS (P = .001; Supplemental
Figure 5), confirming the causality of these P/LP variants
to the CR-C+ result.
CR-C testing of whole blood can be translated into
the clinical setting

To facilitate deployment of CR-C in the clinical setting,
direct comparison of LCLs and whole blood was performed
on a pilot group of 24 individuals seeking genetic testing for
cancer risks at the Montefiore Medical Center Cancer Ge-
netics Service, 15 had family histories of LS-related cancers
and 9 had family histories of non–LS-related cancers
(Supplemental Table 4). PBMCs from these subjects were
either tested directly for CR-C or transformed to LCLs, then



Table 1 Sensitivity and specificity for MLH1, MSH2, ATR FVAs
and RCS for discovery and replication cohorts

Test Sensitivity Specificity Accuracy

MLH1 FVA 65% 90% 78%
MSH2 FVA 75% 75% 75%
ATR FVA 95% 95% 95%
RCS discovery cohort 100% 95% 98%
RCS replication cohort 100% 98% 99%

FVA, flow variant assay; RCS, risk classification score.
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tested for CR-C. The correlation between LCL and PBMCs
was high for each of the 3 assays (Figure 4A-C; MLH1 r2 =
0.98, MLH2 r2 = 0.96, and ATR r2 = 0.87) and for RCS
(r2 = 0.92) (Figure 4D). The reproducibility of FVAs per-
formed on PBMCs was also high (MLH1 CV =1.29%,
MSH2 CV =1.49%, and ATR CV = 2.36%).

Among this pilot-study test group, 8 with personal or
familial LS-related cancers were CR-C+ and 1 with per-
sonal or familial non–LS-related cancers was CR-C+.
Among those with personal or familial LS-related cancers
Figure 2 CR-C applied to a larger replication cohort shows similar
LB variants and diagnoses most MSI-H VUS subjects with LS. Boxp
40), MSI-H, VUS (group 2; n = 60), and subjects negative for familial P/
(A), MSH2 nuclear localization (B), ATR nuclear phosphorylation (C),
through sequencing. CR-C, Cancer Risk C; FVA, flow variant assay; MSI
syndrome; P, pathogenic; RCS, risk classification score; VUS, variants
who were CR-C+, 2 had P/LP variants in MMR genes and 1
had a VUS in PMS2 that was rescued with a PMS2
expression plasmid (Supplemental Figure 6). The other 5
subjects with personal or familial LS-related cancers and the
subject with non–LS-related personal or familial cancers did
not have VUS in MMR genes. Another subject with LS-
related familial cancers and a VUS in PMS2 was CR-C–,
indicating that VUS was likely B/LB (Supplemental
Figure 6).
Discussion

CR-C, an accurate functional genomics test, identifies
germline MMR pathway deficiency among patients who
meet Amsterdam II criteria or have a tumor that is MSI-H
and/or IHC negative for an MMR protein. CR-C is based
on FVAs of MLH1 and MSH2 nuclear localization and
ATR nuclear phosphorylation, all 3 of which showed sig-
nificant functional differences when comparing cells with P/
LP variants vs B/LB variants. Similar to prior FVA studies
high accuracy for discriminating individuals with P/LP and B/
lots for CR-C FVAs for subjects with P/LP variants (group 1; n =
LP variants (group 3; n = 40). FVAs of MLH1 nuclear localization
and RCS (D). Colors represent gene where variant was identified
-H, microsatellite instability-high; LP, likely pathogenic; LS, Lynch
of uncertain significance.



Figure 3 Transfection of wild-type cDNA expression plasmid restores benign FVA results in edited cells with P/LP variants.
Boxplots for CRISPR/Cas9 edited cells with either benign or P/LP variants in MLH1 (n = 4 each) or MSH2 (n = 4 each) and transfected with
empty vector or wild-type expression plasmid containing cDNA of the corresponding edited variant: MLH1 (A), MSH2 (B), and ATR FVAs
of cells with edits in MLH1 (C); MLH1 (D), MSH2 (E), and ATR FVAs of cells with edits in MSH2 (F); RCS of transfected cells with edits
in MLH1 (G), and RCS of transfected cells with edits in MSH2 (H). Rescue is shown to be significant by pairwise comparison (P < .05).
cDNA, complementary DNA; FVA, flow variant assay; P/LP, pathogenic/likely pathogenic; RCS, risk classification score.

I. Alim et al. 1827



Figure 4 CR-C shows similar results when comparing LCL and corresponding PBMCs. Linear regression comparing matched
PBMCs and LCLs (n = 20) from the same subjects for MLH1 FVAs (A), MSH2 FVAs (B), ATR FVAs (C), and RCS (D). CR-C, Cancer
Risk C; FVA, flow variant assay; LCL, lymphoblastoid cell line; PBMC, peripheral blood mononuclear cell; RCS, risk classification score.
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of the DSBR pathway,8 individual assays had ≤80%
sensitivity when comparing LCL cells from group 1 and
group 3 subjects. Nonetheless, in both pathways, the het-
erogeneous biological effects of P/LP variants were
accounted for by combining multiple FVAs to calculate an
RCS that accurately captured deficiency (or over-
compensation to a failed repair response in the presence of
deficiency) in the pathways.20 The CR-C RCS based on
combining MLH1, MSH2, and ATR FVAs by logistic
regression had 100% sensitivity and 98% specificity.

This study of CR-C established analytical validity and
clinical validity, criteria that must be met for introducing a
test into a clinical setting.21 Analytical validity was shown
by the correlated results from different cell lines carrying the
same variant, whether LCLs, PBMCs, or edited HEK293
cells, and by the low CVs on replicates of the test on the
same samples. Clinical validity for CR-C was shown by
high specificity and sensitivity for MMR deficiency in >180
patient samples. Clinical utility of the test will be shown in
future case-control studies that measure prospective risks for
developing colorectal and other cancers, as well as retro-
spective studies that measure prevalence of CR-C+ among
cases with microsatellite stable colorectal cancers, MSI-H
colorectal cancers with double somatic variants, and MSI-
H non–colorectal cancers. Individuals with germline
MMR deficiency identified using CR-C could follow NCCN
colonoscopy screening guidelines at an earlier age, which
could lead to identification of colorectal cancer at an earlier
stage, when cure could be most readily achieved.3
Adoption of the CR-C test could modify the current
approach for testing people who meet criteria for LS
testing.3 Gene panel sequencing identifies P/LP variants in
only 27% of individuals who are tested and VUS in 20% to
40%.6 Although P/LP variants in specific MMR genes have
been shown to have differential risks for colorectal, endo-
metrial, or other cancers,22 this knowledge has no practical
value when providing counseling nor surveillance for cancer
risks because it does not consider modifying gene–gene
interactions contributed by polygenic risk scores.23 A 2-
tiered approach of sequencing followed by CR-C would
increase sensitivity, especially for those with VUS. For
patients who have tumors that are MSI-H or have absent
MMR proteins measured through IHC, CR-C could also be
a first-line test, rather than an add-on. Currently, tests for
BRAF(V600E) variant or MLH1 promoter hypermethylation
in these tumors identify somatic events that account for
approximately 75% of MSI-H or IHC negative phenotypes
and exclude the need for germline sequencing for diag-
nosing LS.24-27 The advantage of CR-C is that it would
identify germline MMR deficiency without additional tumor
tests. When CR-C was applied to subjects with significant
family histories; germline VUS in MMR genes; and MSI-H,
MLH1 hypermethylation negative, and BRAF (V600E)
negative tumors (group 2) germline MMR deficiency was
identified among 73%. On the basis of these observations,
approximately 17% of those with significant family histories
and MSI-H or IHC negative cancers would be expected to
have germline MMR deficiency. Although approximately
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50% of subjects with MSI-H or IHC negative without
MLH1 hypermethylation have been reported to have double
somatic variants,28 tumor sequencing was not included in
this study, and thus, prevalence of CR-C+ among the whole
group of patients with MMR deficient tumors is unknown.
Whereas knowledge of germline MMR deficiency has
considerable clinical utility for patients, knowledge of
MLH1 promoter hypermethylation, BRAF(V600E) variant
status, and double somatic variants do not, because these
methods are used only to rule out LS.

CR-C would be useful for annotating gene variants
(Supplemental Figure 7). Application of CR-C to gene
edited cells subsequently rescued by transfected plasmids
that express the WT cDNA showed the causality of P/LP
variants. This unified approach for analyzing all VUS in
MMR pathway genes contrasts with prior research-based
functional assays. Cell-free in vitro MMR activity uses
MSH2 deficient nuclear extract mixed with variant or WT
protein extract. This cell-free procedure compares variant
with WT function via fluorescent labeled mismatch.29,30

Cell line and yeast models have been used to reclassify
human MMR variants. For example, yeast transfection of
both a reporter plasmid with mismatch errors and a MLH1
variant-carrying plasmid tests whether errors in the reporter
plasmid are repaired.31 The CR-C unified approach could be
scaled to 96-well plate analysis and it would meet proposed
criteria for functional assay annotation of genetic variants:
(1) define disease, (2) application of general classes of as-
says used in the field, (3) evaluate specific instances of
assay, and (4) apply evidence to individual variant inter-
pretation that were met by this test.32 Based on these criteria,
the evidence for CR-C- as a benign BS3 categorical clas-
sifier using the American College of Medical Genetics and
Genomics/Association for Molecular Pathology sequence
variant interpretation framework (high sensitivity, speci-
ficity, and reproducibility) is strong.33 Rescue of patient
cells with an expression plasmid would show causality for
the VUS as was done for subject SKC7 in this study. This
approach has been applied previously to the CR-B assay to
annotate variants in the DSBR pathway,34 and would be
applicable not only to the DSBR and MMR pathways, but
also to other genetic pathways for which FVAs were
developed.
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