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Abstract
Constitutional mismatch repair deficiency (CMMRD) is an aggressive and highly penetrant cancer predisposition syndrome. 
Because of its variable clinical presentation and phenotypical overlap with neurofibromatosis, timely diagnosis remains 
challenging, especially in countries with limited resources. Since current tests are either difficult to implement or interpret 
or both we used a novel and relatively inexpensive functional genomic assay (LOGIC) which has been recently reported to 
have high sensitivity and specificity in diagnosing CMMRD. Here we report the clinical and molecular characteristics of 
nine patients diagnosed with cancer and suspected to have CMMRD and highlight the challenges with variant interpretation 
and immunohistochemical analysis that led to an uncertain interpretation of genetic findings in 6 of the 9 patients. Using 
LOGIC, we were able to confirm the diagnosis of CMMRD in 7 and likely exclude it in 2 patients, resolving ambiguous 
result interpretation. LOGIC also enabled predictive testing of asymptomatic siblings for early diagnosis and implementa-
tion of surveillance. This study highlights the varied manifestations and practical limitations of current diagnostic criteria 
for CMMRD, and the importance of international collaboration for implementing robust and low-cost functional assays for 
resolving diagnostic challenges.

Introduction

The mismatch repair (MMR) system is a complex pathway 
involved in important cellular functions, including the repair 
of small insertions/deletions and single base pair mismatches 

during DNA replication, immunoglobulin class-switch 
recombination, apoptosis, and signaling of DNA damage 
(Jiricny 2006). A defective MMR system leads to the accu-
mulation of genetic alterations across the genome contribut-
ing to carcinogenesis (Chung and Rustgi 1995). Irrespective 
of whether the MMR deficiency originates in a germline 
or somatic context, these cancers harbor insertions and 
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deletions particularly in repeated segments of the genome 
known as microsatellites, leading to microsatellite instability 
(MSI), and also accumulate high numbers of single nucleo-
tide variants over time contributing to high tumor mutation 
burden (TMB) (Campbell et al. 2017; Chung et al. 2020; 
Shlien et al. 2015). Imprint of these mutational processes 
can be detected in cancers using characteristic mutational 
(COSMIC) and microsatellite signatures (Alexandrov et al. 
2013; Chung et al. 2020).

When defects in the MMR system arise in the germline 
caused by pathogenic and likely-pathogenic variants in one 
of four MMR genes (MSH2, MSH6, MLH1, and PMS2), 
this leads to a familial cancer predisposition syndrome. 
Heterozygous germline variants result in Lynch syndrome 
(LS), an autosomal dominant condition that predisposes 
individuals to a higher incidence of many malignancies 
including gastrointestinal, genitourinary, and other can-
cers. Cancer incidence is typically in mid to late adulthood, 
although presentation in young adults may occur (Carethers 
and Stoffel 2015; Das et al. 2022). In contrast, biallelic 
homozygous or compound heterozygous germline muta-
tions lead to a highly penetrant childhood cancer syndrome 
with recessive inheritance, referred to as constitutional 
mismatch repair deficiency (CMMRD). Individuals with 
CMMRD develop a large variety of malignant neoplasms 
during early life including brain tumors and hematologic 
malignancies, in addition to LS-associated tumors (Durno 
et al. 2021). The first cancer is usually diagnosed within the 
initial two decades of life and multiple cancers, including 
both synchronous and metachronous tumors, are frequent 
(Henderson et al. 2022). Few patients survive into adult-
hood. Many patients display non-oncologic manifestations, 
most frequently café-au-lait macules (CALM) reminiscent 
of neurofibromatosis type 1 (NF1) (Wimmer et al. 2017b) 
and multiple developmental venous anomalies (DVA) in the 
brain (Shiran et al. 2018). A timely recognition of CMMRD 
is of critical importance for both the patient and the family, 
as cancer surveillance from early childhood has been dem-
onstrated to improve survival (Durno et al. 2021). Further, 
there is growing evidence of the clinical efficacy of immune 
checkpoint inhibitors in children with CMMRD (Das et al. 
2022), while this diagnosis also implies less efficacy for 
certain agents like temozolomide and 6-mercaptopurine for 
their cancer treatment (Cahill et al. 2007; Fink et al. 1998). 
However, an accurate and timely diagnosis of CMMRD to 
distinguish it from similar conditions remain challenging. 
A clinical scoring system is useful for identifying cancer 
patients who should be tested for CMMRD (Wimmer et al. 
2014) and recently criteria were established as to when this 
diagnosis is confirmed in these patients (Table 1) (Aronson 
et al. 2022). According to the latter criteria a variety of ancil-
lary assays, most of them testing for MSI in non-neoplastic 
tissue can lead to a diagnosis of CMMRD in cases where 

genetic testing renders an inconclusive result. Yet, diagnosis 
is often delayed or not pursued due to a lack of sufficient 
knowledge and awareness even among pediatric oncolo-
gists. Furthermore, current diagnostic assays used to con-
firm CMMRD are both expensive and have well-established 
limitations (Vaughn et al. 2010; Taeubner et al. 2018; Chung 
et al. 2020, 2022).

The International Replication Repair Deficiency Consor-
tium (IRRDC; www.​repli​catio​nrepa​ir.​ca) is a collaboration 
of physicians and scientists from > 50 countries focused on 
advancing diagnostics and care for patients with cancers 
and syndromes driven by RRD (Chung et al. 2020, 2022; 
Das et al. 2022; Henderson et al. 2022; Shlien et al. 2015). 
Work by the IRRDC has recently led to the development 
of a validated assay for genomic MSI quantification that 
can be performed independently in both germline speci-
mens (blood) and somatic (tumor) samples (Chung et al. 
2020, 2022). This relatively inexpensive and scalable assay 
(low coverage whole genome instability characterization, 
or LOGIC) has been reported to have 100% sensitivity and 
specificity for the detection of MMR deficiency in somatic 
(tumor) samples. LOGIC can help establish the diagnosis 
of CMMRD using non-cancerous (germline) tissue, to dif-
ferentiate it from Lynch syndrome and other germline con-
ditions with overlapping phenotypes such as NF1 (Chung 
et al. 2022). In this report, we share the challenges faced in 
the diagnosis of children with suspected CMMRD at a refer-
ral cancer center in Lebanon, a low-middle income country 
(LMIC), and how collaboration with IRRDC including the 
use of LOGIC helped resolve diagnostic ambiguities and 
guided clinical management.

Materials and methods

Children diagnosed with cancer at the Children’s Cancer 
Institute (CCI) in Lebanon between 2017 and 2020 who had 
genetic testing ordered for CMMRD were identified, and 
their records reviewed. Families were consented for enrol-
ment on the International RRD Consortium and its associ-
ated extended genetic testing. The study was approved by the 
American University of Beirut Institutional Review Board. 
The CCI is the largest pediatric cancer center in Lebanon, 
treating an average of 90 new childhood cancer cases per 
year. Review of the patients’ medical records provided 
demographic, clinical, radiographic and genetic data. The 
3-point clinical scoring system (Wimmer et al. 2014) was 
applied for each patient presenting with cancer and sus-
pected to have CMMRD (Table 2). Next-generation sequenc-
ing (NGS) for point mutations and copy number alterations 
in all four MMR genes was performed in clinically approved 
laboratories, wherever feasible, and following informed con-
sent. Variant nomenclature, interpretation and classification 
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followed published standards as per ACMG guidelines 
(Richards et al. 2015). Testing in the central IRRDC labora-
tory at the Hospital for Sick Children (SickKids), Toronto, 
included immuno-histochemical (IHC) analyses for MMR 
protein expression on available paraffin-embedded tumor 
sections and detailed evaluation of the staining pattern in 
both tumor and non-neoplastic cells. LOGIC was performed 
in Toronto on both tumor and blood samples. The detailed 
algorithm for deriving an MMRDness score using LOGIC 
and its exhaustive validation on clinical cohorts have been 
described in previous reports (Chung et al. 2020, 2022). 
Low-pass sequencing of the genome was performed; the 
threshold for calling MMR deficiency both in tumor and 
germline specimens has previously been validated as “0” 
and was used as the cut-off in the current study (Chung et al. 
2022). For all tissues tested (tumor and germline), scores 
above this threshold are classified as positive for MMRD. 
Depending on tissue availability, further somatic (tumor) 
analyses included whole exome sequencing, TMB and sin-
gle base substitution signature (COSMIC v.3.3) extraction 
using methods as described previously (Alexandrov et al. 
2020, 2013; Das et al. 2022). The diagnosis of CMMRD as 
germline predisposition was finally considered as ‘definitive’ 

or ‘likely’ based on recently published criteria (Tables 1 and 
3) (Aronson et al. 2022).

Results

Cohort characteristics

Between 2017 and 2020, a total of 539 children newly 
diagnosed with cancer were treated at CCI. CMMRD was 
clinically suspected in 9 patients from 6 unrelated families 
(Tables 2 and 3). All cases are previously unreported and 
no genetic data was available. Ten cancers were diagnosed 
in these nine patients: four hematological malignancies 
(precursor B-cell acute lymphoblastic leukemia; n = 3 and 
T-cell non-Hodgkin lymphoma; n = 1), four brain tumors 
(glioblastoma; n = 3 and medulloblastoma; n = 1), one pilo-
matrix carcinoma of the scalp, and one colorectal adenocar-
cinoma (CRC). Consanguinity was reported in 4/6 families. 
All patients had at least one family member who had cancer, 
including the mothers of two patients with a history of early-
onset colorectal adenocarcinoma (Tables 2 and 3; pedigrees 
in Supplemental Fig. 1).

Table 2   Scoring in patients with cancer for eligibility for CMMRD testing (Wimmer et al. 2014)

Sl Criteria Score Patientsb

 Mandatory malignant/ pre-malignant lesion 1a 1b 2a 2b 3a 3b 4 5 6
1 Carcinoma from the LS spectrumc at age <25 years 3

2 Multiple bowel adenomas at age <25 years and 
absence of
APC/MUTYH mutation(s), or a single high-grade
dysplasia/adenoma at age <25 years.

3

3 WHO grade III or IV glioma at age <25 years. 2
4 NHL of T cell lineage or sPNET at age <18 years 2
5 Any malignancy at age <18 years. 1

 Additional criteria
6 Clinical sign of NF1 2

7 Diagnosis of LS in a first-degree/ second degree 
relative 2

8 Carcinoma (LS spectrumc) < 60y in 1st/2nd/3rd 
degree relative 1

9 Sibling with carcinoma (LS spectrumc), HGG, 
sPNET, NHL 2

10 A sibling with any type of childhood malignancy 1
11 Multiple pilomatricomas in the patient. 2
12 One pilomatricoma in the patient. 1

13 Agenesis corpus callosum/ non-therapy-induced 
cavernoma 1

14 Consanguineous parents. 1
15 Deficiency/reduced levels of IgG2/4 and/or IgA. 1

Total scorea 9 5 5 6 4 4 5 4 5

a Indication for CMMRD testing in a patient with cancer, ≥ 3 points
b Siblings are listed with the same number but followed by consecutive letters
c Carcinoma from LS spectrum: Colorectal, endometrial, small bowel, ureter, renal pelvis, biliary tract, stomach, bladder carcinoma
LS Lynch syndrome, HGG high-grade glioma, NHL Non-Hodgkin lymphoma, NF1 Neurofibromatosis type 1, sPNET Embryonal tumor of the 
supratentorial region
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Hypopigmentation and CALM were observed in all 
examined patients (Table 3). Axillary freckling and periph-
eral nerve sheath tumor were each detected in one patient. 
Three patients were initially clinically diagnosed by their 
primary care physicians as having NF1 because of CALM, 
and CMMRD was only suspected after their first cancer 
diagnosis. Brain MRI demonstrated subcortical white mat-
ter T2/FLAIR hyperintensities in four patients, none of 
which had transformed into overt malignancy on the most 
recent follow-up. Other CNS findings included DVA in five 
patients, brain cysts in two patients, and agenesis of the cor-
pus callosum in two patients (Fig. 1C and Table 3).

Using the 3-point clinical scoring system (Wimmer et al. 
2014), every patient, therefore, exceeded the threshold of 
3 at the time of cancer diagnosis (Table 2), raising suspi-
cion for CMMRD, but the diagnosis was inconclusive based 
on available clinical and molecular data. Further, although 
PMS2 was aberrant in 5 of the 6 families, genetic testing 
was not available to establish biallelic trans mutations in the 
gene to confirm CMMRD. We, therefore, applied LOGIC on 
available tumor and normal tissues. LOGIC established the 
diagnosis of CMMRD in 7 patients and likely excluded it in 
2. Ultimately, using the updated diagnostic criteria (Aronson 

et al. 2022), which include functional assays as a part of 
the workflow, five patients were confirmed as ‘definitive’ 
CMMRD, two as ‘likely’ CMMRD, while CMMRD was 
likely excluded in two patients who had overlapping pheno-
typic features (Table 3). The challenges in establishing the 
diagnosis, and the benefit of LOGIC in questionable cases 
are detailed below.

Family 1

The first patient had a heterozygous pathogenic PMS2; 
c.2113G > A variant and presented with a hallmark can-
cer (CRC). IHC showed heterogeneity for PMS2 protein 
expression with areas of lost and retained staining across 
both tumor and non-neoplastic cells (Fig. 1A). LOGIC on 
germline (blood) sample clinched the diagnosis of CMMRD 
(Fig. 1B; Table 2). The CRC tumor tissue showed hypermu-
tation, harboured COSMIC mutational signature 6, and had 
a positive LOGIC score. He underwent a left hemicolectomy 
followed by chemotherapy and remains in complete remis-
sion and on surveillance. A deceased sibling, who had a 
clinical score of 5 and had expired after failing conventional 
cytotoxic therapy for an ultra-hypermutant glioblastoma 

Fig. 1   A Representative immu-
nohistochemistry images. P4: 
Complete loss of PMS2 in all 
cells (tumor and normal). P2b: 
Loss of PMS2 in all cells but 
interpretation made difficult 
due to dirty staining in the 
background. P2a: Parts of the 
specimen showed loss of PMS2 
in both tumor and non-tumor 
cells, but other areas showed 
retained stains in tumor cells. 
P1a and P1b: Three areas within 
the same specimen: first (left 
panel) shows moderate staining 
of tumor cells, middle shows 
weak and mostly absent staining 
in tumor cells, and third (right 
panel) shows complete loss of 
stains in non-tumor (normal) 
cells. B MMRDness of germline 
samples using LOGIC: Thresh-
old for CMMRD was MMRD-
ness > 0. C MRI brain showing 
non-neoplastic features: P1a: 
Complete agenesis of the corpus 
callosum. P1b: Surveillance 
scan showing high FLAIR sig-
nal intensity in the basal ganglia 
and right thalamus. P2a: Right 
parietal neuroglial cyst. P3b: 
Cerebellar venous anomaly. In 
all panels, P refers to the patient 
number
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also showed a similar heterogeneous IHC pattern (Fig. 1A, 
Table 3). Though germline testing was not feasible as the 
patient was deceased, tumor analysis demonstrated the same 
PMS2 variant at an allele frequency of 0.75, high genomic 
MSI burden using LOGIC on the tumor tissue, and the pres-
ence of COSMIC mutational signatures 6, 10 and 15. A third 
unaffected sibling with no discernible stigmata tested nega-
tive for CMMRD using LOGIC.

Family 2

The proband was clinically suspected as CMMRD based 
on cutaneous stigmata resembling NF1 and the diagno-
sis of T-NHL. LOGIC on germline (blood) sample con-
firmed CMMRD. In addition, the same pathogenic PMS2; 
c.2113G > A variant as detected in the first family was 
detected in this child in the homozygous state, and parents 
were diagnosed as heterozygous carriers. The patient devel-
oped a pilomatrix carcinoma with high TMB in follow-up 
that was treated with complete surgical excision and remains 
well on surveillance at present. Again the IHC showed het-
erogeneity with areas of tumor cells having retained and lost 
protein expression. Tumor from a sibling who died from 
ultra-hypermutated glioblastoma was evaluated. Here IHC 
showed loss of PMS2 expression in tumor and non-neoplas-
tic cells (Fig. 1A). The tumor demonstrated ultra-hypermu-
tation, COSMIC mutational signatures 6, 10, 14 and 15, and 
positive LOGIC score (Table 3). Another unaffected sibling 
tested negative for CMMRD using LOGIC.

Family 3

The proband and the second cousin in the 3rd family were 
diagnosed with precursor B-cell leukemia and suspected to 
have CMMRD based on cutaneous and brain anomalies. 
LOGIC using blood confirmed CMMRD. NGS suggested 
PMS2 exon 15 deletion, which was subsequently confirmed 
using Multiplex Ligation-dependent Probe Amplification 
(MLPA) analysis. Allele frequency of this variant in the 
general population has not been documented in a popula-
tion (gnomAD) database and an in-house database found this 
variant in another similarly affected patient in the homozy-
gous state. Exon 15 deletion has also been reported recently 
in a family with CMMRD (Farah et al. 2019). As gross dele-
tions are typically deleterious in nature, this was classified 
as a pathogenic variant. Both children remain in remission 
after completing their leukemia treatment. Testing the blood 
sample of an unaffected sibling with no cutaneous stigmata 
using LOGIC suggested CMMRD, while this simultane-
ously helped exclude CMMRD in the cousin’s sibling.

Family 4

The 4th patient was clinically suspected to have CMMRD 
and IHC had shown complete loss of PMS2 expression in 
glioblastoma and normal cells (Fig. 1A). A germline panel 
reported a homozygous PMS2; c.1145-31_1145-13del vari-
ant and classified this variant affecting the polypyrimidine 
tract of a 3' splice site as a variant of uncertain significance 
(VUS). LOGIC on blood confirmed that this patient indeed 
had CMMRD. The allele frequency of this variant has not 
been reported in a population (gnomAD) database. Inter-
estingly, homozygosity for this variant has been reported 
in another confirmed CMMRD patient with glioblastoma 
and the variant was shown in this patient to cause aberrant 
splicing (Gonzalez-Acosta et al. 2020; Tesch et al. 2018). 
Our patient unfortunately died from his ultra-hypermutant 
glioblastoma, which also had high TMB, signatures 10, 14, 
15 and somatic LOGIC assay confirming high MSI.

Families 5 and 6

The 5th and 6th patients were clinically suspected to have 
CMMRD. Both mothers had a history of CRC and both chil-
dren had compatible cutaneous manifestations.

Patient 5 had digenic variants in PMS2 and MSH2, IHC 
was retained for both proteins, and LOGIC on germline was 
negative for CMMRD. It was noted that both germline vari-
ants identified had been reported previously in patients with 
colon cancer (Pearlman et al. 2017; Raskin et al. 2017). The 
MSH2 c.716A > G variant results in the amino acid exchange 
p.(Gln239Arg), with an allele frequency of 0.00001 in the 
gnomAD database. It has been annotated in ClinVar data-
base eight times as VUS, and nine out of ten bioinformatics 
analysis tools predicted an effect on protein function. As for 
the PMS2 c.620G > A variant, it results in the amino acid 
exchange p.(Gly207Glu), with a reported allele frequency 
of 0.03 in the gnomAD database and up to 0.2% frequency 
in certain subpopulations (South Asian). It has been anno-
tated eight times as benign/likely benign and seven times 
as VUS in the ClinVar database, with an effect on protein 
function predicted by seven out of ten bioinformatics analy-
sis tools, though limited functional studies suggest normal 
MMR activity. The medulloblastoma, however, did have 
both high TMB and a positive LOGIC score, as well as har-
boured COSMIC signature 6, suggesting MMR deficiency 
in the tumor. He is in complete remission after a duration 
of 1.5 years.

The 6th patient had cutaneous manifestations and a vari-
ant in MSH2, currently classified as VUS in Clinvar. This 
variant had a population prevalence of 0.33% in gnomAD 
and a higher prevalence in certain subpopulations (South 
Asian). Though in silico predictors found a deleterious 
effect, the variant has been reported both in individuals with 
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and without LS and is a likely benign variant. The leukemia 
had a higher TMB than expected and COSMIC signatures 
6 and 15, but cancer did not harbour a high genomic MSI 
burden using LOGIC (Table 3). As all cancers in children 
with CMMRD including haematological malignancies uni-
formly have LOGIC > 0 (Chung et al. 2020, 2022), includ-
ing two other patients in this series (Table 3), the consen-
sus conclusion was that this patient likely did not have 
CMRRD. Unfortunately, DNA extraction from blood failed 
multiple times for this patient and hence germline LOGIC 
could not be performed to establish this conclusively, there-
fore CMMRD cannot be completely excluded at this time. 
LOGIC helped exclude CMMRD for an asymptomatic sib-
ling from this consanguineous family.

Overall, in the 4 families of probands confirmed to have 
CMMRD, one asymptomatic sibling was confirmed as 
CMMRD enabling the early establishment of surveillance 
protocols, while 3 asymptomatic siblings were spared such 
screening due to negative LOGIC testing. Also, 2 families 
with tumor and clinical phenotype spectrum overlap with 
CMMRD but where LOGIC likely excluded the diagnosis 
were counselled on the lack of data to recommend surveil-
lance at this time, and therefore were not advised to follow 
any specific surveillance protocols.

Discussion

This report highlights the current challenges in the diagnosis 
of CMMRD in LMIC both in terms of knowledge gap and 
available logistics. We also highlight the role of harnessing 
an international collaborative network (IRRDC; Alphones 
et al. 2021; Amayiri et al. 2016a, 2016b; Kebudi et al. 2020; 
Mishra et al. 2022) to solve challenging and ambiguous 
cases. Importantly, the implementation of novel functional 
assays for routine work-up resulted in important insights 
gained through our study.

First, our data reiterated the well-known overlap of clini-
cal manifestations in different cancer predisposition syn-
dromes. Specifically, the phenotypic overlap between NF1 
and CMMRD can lead to a delay in diagnosis (Wimmer 
et al. 2017b). Therefore, the 3-point clinical score (Wimmer 
et al. 2014) is helpful to suspect CMMRD in cancer patients 
and recommendations as to when to consider CMMRD as 
a differential diagnosis to NF1/Legius syndrome have been 
developed (Suerink et al 2019). Finally, a highly sensitive 
and specific functional genomic assay like LOGIC can be 
an invaluable tool in differentiating these syndromes with a 
phenotypic overlap as has been demonstrated recently in a 
larger study (Chung et al. 2022).

Second, our data show challenges in diagnosing CMMRD 
in suspected patients especially in LMIC countries. As vari-
ant identification and reporting is an ongoing process, and 

most reports are still from developed countries, deleterious 
variants prevalent in LMIC and their impact may be under-
reported. Further, a reliable system to follow up patients 
reported to harbor VUS, as variants are reclassified with 
emerging data (Richards et al. 2015), can be challenging 
in LMIC. For example, the PMS2 variant c.1145-31_1145-
13del identified in Patient 4 is deposited once as VUS in 
ClinVar, but has been reported previously in another proven 
CMMRD patient homozygous for this variant to cause a 
splice effect. LOGIC also confirmed CMMRD in our Patient 
4 by showing a high germline MSI resulting from the func-
tional impact of this deleterious germline MMR alteration. 
It can therefore be used as a low-cost tool in LMIC to not 
only allow timely clinical diagnosis of patients but also aid 
in novel variant detection and reclassification, as has been 
demonstrated in another recent study (Chung et al. 2022). 
An added advantage of a highly discriminating functional 
assay like LOGIC is to resolve the limitation of NGS in 
detecting PMS2 variants due to interference by pseudo-
genes (Gould et al. 2018). This could indeed have been the 
case for Patient 1, where despite parental consanguinity, 
the PMS2 variant c.2113G > A was reported as present in a 
heterozygous state according to the NGS sequencing data. 
Here LOGIC proved useful to confirm the diagnosis, as the 
routinely performed ancillary test (IHC) was ambiguous in 
determining functional impact (protein expression) in multi-
ple individuals with this germline variant in our study. While 
IHC is readily available, inexpensive and has > 80% sensitiv-
ity for detecting CMMRD (Chung et al. 2022), interpretation 
of results can be observer-dependent and challenging. Addi-
tionally, some missense mutations can lead to retained yet 
non-functional protein expression (Hechtman et al. 2020). In 
this context, it is important to note that classical MSI testing 
analysing standard markers by fragment analysis is of lim-
ited use in children with CMMRD and may be replaced in 
clinical practice by a dedicated functional MSI testing like 
LOGIC that has been developed and validated for CMMRD 
patients (Chung et al. 2020).

Third, LOGIC was useful in excluding CMMRD in at 
least one family that presented with a similar phenotype 
(Patients 5). Of note, it is becoming increasingly recognized 
that patients without biallelic germline variants in the four 
MMR genes but with similar clinical and tumor mutational 
manifestations may have specific monoallelic variants in 
DNA proofreading polymerase POLE (Sehested et al. 2022; 
Lindsay et al. 2019; Wimmer et al. 2017a) or digenic inher-
itance of heterozygous PMS2 and POLE/POLD1 variants 
(Schamschula et al. 2022; Berrino et al. 2022; Michaeli et al. 
2022). Furthermore, it has recently been shown that hete-
rozygous carriers of MMR variants have a slightly increased 
risk of childhood cancers (Kratz et al. 2022). It is therefore 
important that the current diagnostic criteria for CMMRD 
explicitly mention that TMB and signatures should not be 
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used as ancillary tests for CMMRD diagnosis (Aronson 
et al. 2022). However, ancillary assays like LOGIC testing 
for constitutional MSI have already been shown to be help-
ful to confirm or refute CMMRD diagnosis and distinguish 
it from LS (Chung et al. 2022; Gallon et al. 2019, 2022, 
Gonzalez-Acosta et al. 2020). The biallelic loss of MMR in 
the non-neoplastic normal cells of patients with CMMRD is 
detected by LOGIC as an increase in the MMRDness score, 
distinguishing them from patients with LS and other syn-
dromes. This is critical, given the differences in screening 
recommendations and clinical management planning (Tabori 
et al. 2017; Vasen et al. 2013).

Last, being relatively inexpensive (< 150 Canadian Dol-
lars) and with the ability to run multiple samples together 
(Chung et al. 2022), LOGIC could be easily used for pre-
dictive CMMRD testing of family members, such as sib-
lings without malignancy. This was especially important 
for this low-resource setting where the healthcare system 
did not reimburse genetic testing, and, therefore, ger-
mline sequencing was not feasible for all family members 
(Table 3). LOGIC testing led to the diagnostic insight that 
allowed the initiation of surveillance for affected members, 
as early cancer detection and management in CMMRD can 
improve survival (Durno et al. 2021). A second malignancy 
(pillomatrix carcinoma) detected on surveillance was local-
ized and managed by surgical excision with wide margins 
without the need for additional adjuvant therapy. Further, 
a diagnosis of CMMRD in patients already on treatment 
also had implications. It was noted that while all patients 
with hematological malignancies are in complete remis-
sion, it had not been possible to suppress WBC levels to an 
average of 3.0 × 109/L despite dose intensification of 6MP/
MTX during maintenance (doses of 75–100 and 40–50 mg/
m2, respectively) (Fink et al. 1998). However, while temo-
zolomide was avoided for children with glioblastoma, all 
children died due to tumor progression. Importantly, family 
members with confirmed CMMRD based on predictive test-
ing have been advised by the treating oncologist and have 
been started on surveillance screening as per current clinical 
guidelines.

There are other limitations to our study. The number 
of patients was small. The family history might have been 
partial at times, as patients did not always have full knowl-
edge of their kindred’s medical history. Genetic testing 
and access to immunotherapy were limited. However, this 
unselected series of patients successfully highlights major 
challenges in the diagnosis and management of pediatric 
cancers in the context of MMR germline mutations. We 
corroborate that while the 3-point clinical scoring sys-
tem is useful to select children diagnosed with cancer for 
CMMRD testing, subsequent confirmation through reliable 
genomic analyses and interpretation remain unmet needs, 
more so in LMIC. Our study only captured patients after 

their referral for CMMRD gene testing by their primary 
oncologist. Thus, it is not possible to ascertain whether 
all patients with clinical stigmata diagnosed during the 
3-year study period were indeed included. In view of the 
higher prevalence of CMMRD in communities with rela-
tively high consanguinity rates, it would be beneficial to 
have clinical guidelines available to treating physicians 
in the clinic, encouraging utilization of the 3-point scor-
ing system and pedigree analysis uniformly for all newly 
diagnosed patients, to appropriately identify patients at 
risk and refer them promptly for genetic counselling and 
testing. Improved awareness, as well as international col-
laboration for implementing an inexpensive functional 
tool like LOGIC, will both be equally important as future 
initiatives in such LMIC settings to maximize benefit for 
families with CMMRD.
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