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Constitutional mismatch repair deficiency (CMMRD) is a hereditary
cancer syndrome, characterised by biallelic germline pathogenic vari-
ants in one of the four DNA mismatch repair (MMR) genes, mutS
homologue 2 (MSH2), mutS homologue 6 (MSH6), mutL homologue
1 (MLH1), or postmeiotic segregation increased 2 (PMS2) [1]. First
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described in 1999 [2, 3] and initially considered rare, there have been
increasing reports of this syndrome over the past decade, and it is
now considered as being underdiagnosed, particularly with higher
prevalence among endogamous populations [4] and in developing
countries [5]. Individuals with CMMRD are at high risk of developing
multiple malignancies across the central nervous system (CNS), hae-

matological, and gastrointestinal systems, often with cutaneous
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features mimicking neurofibromatosis type 1 (NF1) [6]. Cancers
develop in childhood, with CNS malignancies presenting at a mean
age of 8 years [7], with reports of haematological malignancies mani-
festing in patients as young as 12 months [2]. These cancers are
unusually aggressive and often rapidly fatal after failing chemotherapy
and radiotherapy. However, recent reports suggest remarkable
responses and prolonged survival following PD1-immune checkpoint
inhibition, driven by their elevated mutation burden and genome-wide
microsatellite instability (MSI) [8]. Accurate and early diagnosis is
therefore of paramount importance, as in addition to opportunities to
use appropriate immune-directed therapies, cascade testing and sur-
veillance have been recently demonstrated to profoundly impact sur-
vival, both for the individual and the family [6, 8]. CMMRD-associated
malignant brain tumours include high-grade-gliomas, medulloblastoma
and other embryonal tumours [9]. Ependymomas have not previously
been described in the context of CMMRD. Here, we present a case of
a young child undergoing evaluation for café-au-lait macules who
developed an ependymoma and was subsequently confirmed to have
CMMRD. We describe the extensive collaborative genomic analyses
performed to confirm this. We emphasise pertinent ‘real-world’ impli-
cations, as these findings directly impacted patient management, spe-
cifically the use of immunotherapy at second relapse, after the failure
of conventional chemo-radiation approaches.

A 17-month-old female, known to the genetics team due to the
presence of multiple pre-existing café-au-lait macules, presented with
vomiting and lethargy. Targeted sequencing had failed to identify any
pathogenic germline variants in NF1 (neurofibromin-1) or SPRED1
(Sprouty-related, EVH1 domain-containing-protein-1), and clinically, she
did not fulfil NF1 criteria (as expected, given her young age). Her par-
ents were nonconsanguineous, with no significant family history of
cancer. Head MRI scan showed a heterogeneously enhancing, solid
and cystic mass within the fourth ventricle extending to the medulla
(Figure 1A), but no other disease. Complete gross-total-resection
(GTR) was performed, confirmed on postoperative imaging, and histo-
logical examination of the resected tumour specimen confirmed an
ependymoma (Figure 1B) with a Ki67 index of 12% (Figure 1C).
Cerebrospinal fluid (CSF) cytology was negative. Molecular subgroup-
ing using immunohistochemistry suggested that this was likely a
posterior fossa group A (PFA) ependymoma, based on loss of expres-
sion of H3K27me3 (Figure 1D) and strong expression of EZHIP
(Figure 1E). Methylation profiling further confirmed this as a PFA
ependymoma (DKFZ classifier v12.5, calibration score: 0.99) with no
high-risk cytogenetic aberrations, such as 1q gain or 6q loss [10]
(Figure 1F,G). The diagnosis of a malignant brain tumour, in associa-
tion with café-au-lait macules, but in the absence of NF1/SPRED1
germline variants, raised the possibility of neurofibromatosis type
2 (NF2) or CMMRD and warranted further investigation. Further
immunohistochemical analysis was requested directed against the
four MMR proteins in both tumour and nontumour tissue. The tumour
showed retained MLH1, MSH2 and MSHé expression but loss of
PMS2 expression in both neoplastic cells and background normal
brain tissue (Figure 1H). Functional testing for genomic microsatellite
indel (MSI) accumulation, through low-pass genome sequencing at the
International (www.

Replication-Repair Deficiency Consortium

Key Points

o We present an unusual case of a posterior fossa group A
(PFA) ependymoma in a 17-month-old child with café-
au-lait macules but negative for neurofibromatosis
1 (NF1).

e Whole genome and targeted resequencing of paired
tumour/normal DNA revealed biallelic pathogenic germ-
line variants in PMS2, consistent with the clinical diagno-
sis of CMMRD.

e Through international collaboration, we describe the
genomic profile of both the primary and recurrent
tumours, confirming the ependymoma has indeed arisen
from DNA replication defects.

e PFA ependymoma has not previously been reported in
CMMRD, and given the significant management implica-
tions for the patient and at-risk family members, screen-
ing for CMMRD should be strongly considered in all

malignant paediatric CNS neoplasms.

replicationrepair.ca), corroborated high genomic MSI matching other
known MMR-deficient brain tumours (Figure 11). Targeted sequencing
subsequently identified two germline pathogenic variants in PMS2, a
heterozygous frameshift variant c.1831dupA p.(lle611Asnfs*2) inher-
ited from the mother (age: 34 years), and a heterozygous deletion of
exon 12 inherited from the father (age: 44 years), thereby confirming
the clinical diagnosis of CMMRD. The first variant, located in exon
11 of the PMS2 gene, is predicted to cause a truncated or absent pro-
tein due to a translational frameshift and has been reported in multi-
ple patients with Lynch syndrome [11, 12] and children with CMMRD,
including an 11-year-old with high-grade glioma and osteosarcoma
[9], a 14-year-old with colorectal adenocarcinoma [13] and a 7-year-
old with glioblastoma and T-cell lymphoma [14]. The second variant,
on the other allele, contributed to the complete loss of protein expres-
sion and has been previously reported in an 11-month-old infant with
CMMRD presenting with medulloblastoma [15] and a 17-year-old
with Lynch syndrome presenting with colorectal carcinoma and phe-
notypically mimicking CMMRD [16].

The patient was enrolled in the SIOP-Ependymoma-Il trial and
randomised to receive seven ‘standard-of-care’ alternating chemo-
therapy cycles lasting a total of approximately 1 year, involving vin-
cristine, carboplatin, methotrexate, cyclophosphamide, and cisplatin,
plus the experimental agent sodium valproate. Surveillance MRI head/
spine imaging was continued three-monthly.

Six months following the commencement of chemotherapy, she
presented with asymptomatic localised recurrence, with two new
5-mm diameter nodules within the primary tumour bed (Figure 2A),
and GTR was performed for the second time. Again, there was no evi-
dence of dissemination by imaging or CSF cytology. The recurrent
tumour displayed more high-grade features, such as elevated mitotic
activity and microvascular proliferation at recurrence (Figure 2B,C)
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FIGURE 1

(A) Representative MRI images at first presentation, with the tumour shown with a red arrow using T2/FLAIR and T1 + contrast

sequences. (B) Representative histopathology at diagnosis. Haematoxylin and eosin (H&E)-stained sections from the primary tumour showed
classic ependymoma histology, with monotonous populations of tumour cells with round to oval nuclei, fine chromatin, moderate eosinophilic
cytoplasm and numerous perivascular anuclear zones (pseudorosettes). (C) The Ki6é7 labelling index was 12%. (D) Immunohistochemistry for
H3K27me3 showed loss of expression in tumour cells, and (E) EZHIP was strongly expressed, confirming a posterior fossa group A ependymoma.
(F) A methylation array was performed, followed by unsupervised clustering using t-distributed-stochastic-neighbour-embedding (tSNE) analysis
with previously published molecular subgroups of brain tumours and ependymomas, confirming the diagnosis of the index case (red arrow) as a
posterior fossa ependymoma, group PFA. The case was further run through the DKFZ classifier v12.5, which corroborated this diagnosis with a
calibrated score of 0.99 (cut-off for diagnosis >0.9). Controls for tSNE analysis were downloaded from NCBI Gene Expression Omnibus (GEO),
accession number GSE109381. (G) Copy number analysis did not reveal gain in chromosome 1q or loss of chromosome 6q. Notably, there were
no aberrations detected on either chromosome 17 or 22. (H) Immunohistochemical analysis revealed loss of staining for PMS2 both in the tumour
cells and surrounding normal cells, suggesting germline biallelic loss-of-function while staining for MLH1, MSH6 and MSH2 were retained both in
tumour and normal tissues. (I) Functional characterisation of genomic microsatellite indel accumulation using low-pass (1X) whole genome
sequencing showed ‘MMRD-ness’ beyond the threshold of ‘zero’, similar to other known CMMRD brain tumours and higher than MMR-
proficient (MMRP) brain tumours. Controls (n = 98) for low-pass genomic microsatellite instability characterisation (LOGIC) were obtained from
IRRDC (https://replicationrepair.ca/) and performed according to previously published methods.

and a higher Ki67 index (23%), as compared with baseline (12%)
(Figure 1B,C). Methylation profiling confirmed the recurrent tumour
classified as PFA ependymoma (DKFZ classifier v12.5; calibration
score: 0.99) with a balanced copy number profile, as at diagnosis
(Figure 1F). She received focal proton radiotherapy to the tumour bed
to a total dose of 54Gy in 30 fractions over 6 weeks and was trans-
ferred onto the trial observational arm. The delivered 54Gy dose was
lower than the standard-of-care (59.4Gy in 33 fractions) but was
agreed in view of her young age, two previous operations, known
CMMRD and prior chemotherapy. Unfortunately, a second asymp-
tomatic localised recurrence was noted on surveillance imaging as a
small nodule of enhancing disease after 21 months of follow-up. A
third GTR was performed and histology confirmed this to be recurrent
ependymoma (Figure 1E). However, additional analyses were not fea-
sible in view of the limited availability of tissue.

Meanwhile, paired whole genome sequencing (WGS) had been
undertaken as part of the NHS-England 100,000 Genomes Project
(https://www.genomicsengland.co.uk/initiatives/100000-genomes-
project). This displayed an excess of single nucleotide variants (SNVs)
and indels in both the primary and recurrent samples, compared with
MMR-proficient paediatric brain tumours (Figure 2F). The tumour
mutation burden (TMB) at diagnosis and relapse (1.93 and 5.09 non-
synonymous SNV per Mb, respectively) were higher than that
reported in ependymomas in the published literature (Figure 2G).
Comparative analyses further revealed that all classes of variants were
not only elevated in the relapse compared with the primary diagnostic
specimen but also showed higher allelic frequencies (Figure 2H).
Although there was only minimal overlap (4%) of specific variants
(Figure 2H), mutational signature (COSMIC V3.2; https://cancer.
sanger.ac.uk/signatures/sbs/) analyses [17] demonstrated defective
DNA mismatch-repair signatures in both primary (13%) and relapse
(40%) specimens, indicating that the clonal evolution and mutation
accumulation was plausibly driven by DNA mismatch-repair deficiency
and related genomic instability. Putative driver variants that were
exclusive to the relapse included truncating variants in ARIDI1A
(p.GIn802SerfsTerl5), ASXL1 (p.Gly646TrpfsTerl2) and CIC

(p.Leu510ThrfsTer4, p.Leu1249ThrfsTer6) (Table S1). Though variants
in ASXL1 and CIC have been reported previously in posterior fossa
ependymomas [18], all three variants resided at repetitive homopoly-
mer loci, and it is unclear if they confer a selective advantage or are
benign passenger mutations accumulating as a result of defective
MMR. We did not detect any notable variants in CXorfé7 or the his-
tone H3 genes [18-20], nor did we detect any TP53 and MAPK path-
way aberrations that we have previously described in gliomas arising
in children with CMMRD [21].

The relatively high TMB and MSI also plausibly contributed to the
high CD8+ T-cell infiltration in the microenvironment, suggesting high
immunogenicity. This was evident as multifocal areas of CD8 staining
on immunohistochemistry (Figure 2l), as well as on estimation of CD8
T-cell infiltration estimates using methylation studies performed as
previously published [22], which demonstrated a higher score for our
MMR-proficient
(Figure 2J). PD-L1 was not expressed in either the primary or the

patient in comparison with ependymomas
relapse specimen.

In view of the elevated TMB, MSI and presence of T-cells in the
microenvironment in the previous biopsies, a decision was made fol-
lowing the second recurrence, to proceed with immune-checkpoint-
inhibition using nivolumab [8], a human monoclonal antibody that tar-
gets and inhibits the programmed death-1 (PD-1) cluster of differenti-
ation 279 (CD279) cell surface membrane receptor, on a
compassionate basis. The patient currently remains clinically well on
immunotherapy. Given the high risk of further malignancies, the
patient continues to undergo close surveillance with clinical review,
three-monthly MRI head/spine and six-monthly abdominal ultrasound,
consistent with current CMMRD guidelines [23]. She is now 5 years
of age and 44 months from initial presentation with ependymoma,
36 and 12 months from first and second localised recurrences,
respectively.

We describe an unusual case of CMMRD manifesting at a very
young age, with an ependymoma, a tumour not previously described
with CMMRD. A recent study reported that 44% of cancers develop
in the CNS, 27% in the gastrointestinal tract, 19% are haematological
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FIGURE 2 (A) Representative MRI images at recurrence, with the tumour shown with a red arrow using T2/FLAIR and T1 + contrast
sequences. (B) The recurrent tumour showed clear anaplastic features, including areas of microvascular proliferation and necrosis along with
higher cell density, confluent necrosis and microvascular proliferation (black arrows). (C) The recurrent tumour also showed a higher rate of
mitosis (arrows; >35 per 0.24 mm?, in comparison with <2 per 0.24 mm? at first resection). (D) The Ki67 index was elevated (23%) (E) Morphology
of the tumour at second recurrence, similar to the previous resection, showed anaplastic features with foci of necrosis, apoptotic bodies and
notable mitotic activity. (F) High single nucleotide variants and indels both at baseline and recurrence compared with known MMR-proficient
(MMRP) paediatric brain tumours and known CMMRD-associated glioblastoma (with additional somatic polymerase-proofreading deficiency;
PPD). Controls are from local cases sequenced as part of the NHS-England 100,000 Genomes Project (https://www.genomicsengland.co.uk/
initiatives/100000-genomes-project). [Diffuse midline glioma n = 2, glioblastoma n = 1, medulloblastoma n = 5, pilocytic astrocytoma n = 6,
anaplastic pleomorphic xanthoastrocytoma (PXA) n = 2, astroblastoma n = 1, neuroepithelial tumour n = 1] (G) Tumour mutation burden (TMB)
of primary and recurrent specimens in comparison with brain tumours in patients with confirmed CMMRD (n = 130; data from IRRDC, https://
replicationrepair.ca/; unpublished); the TMB was higher than that previously reported in the published literature for MMR-proficient (MMRP)
ependymomas (n = 70; p = 0.001; Mann-Whitney test [44]). (H) Comparison of variants detected in the primary specimen versus those at
relapse. As compared to baseline (upper panel), both higher single nucleotide variant (SNV) and indel allele frequency were detected at relapse
(lower panel). Primary (upper) and relapse (lower panel) sample WGS mutational (SBS) signatures showed the presence of COSMIC SBS 44 (13%)
in primary and SBS 15 (12%), SBS 26 (13.5%) and SBS 20 (14.5%) at relapse confirming that both tumours were driven by DNA mismatch-repair
(MMR) deficiency. Other signatures detected in the primary included SBS 1 (spontaneous deamination of 5-methylcytosine), 7c (UV exposure),
16, 37, 89 (unknown), and 92 (tobacco), and in the first recurrence, SBS 7c (UV exposure), 31 (platinum chemotherapy), 34, and 89 (unknown).

(I) Evaluation of the tumour microenvironment using immunohistochemistry showed focal clusters of CD8 (+) T cells both at diagnosis and
relapse. (J) Estimates of CDS8 infiltration using the DIME score using methylation data as described by Safaei et al [22] showed higher CD8 T-cell

scores for the index patient as compared with MMR-proficient ependymomas (p = 0.0087; Mann-Whitney test).

malignancies and 10% are other solid tumours [7, 24]. Other reported
malignancies include endometrial, renal and urinary tract tumours,
osteosarcoma, angiosarcoma and rhabdomyosarcomas [23, 25]. The
most frequently reported cause is biallelic mutations in PMS2 [24, 26].
Reported cases show a stronger prevalence of CNS malignancies in
the presence of biallelic mutations in PMS2 and MSHé, compared with
MLH1 and MSH2 mutations [9]. The clinical features of CMMRD, as
occurred in this case, often mimic neurofibromatosis with café-au-lait
macules as the most common manifestation. Indeed, CMMRD is diag-
nosed in 0.4% of suspected sporadic neurofibromatosis, negative for
pathogenic variants in NF1 and SPRED1 [27]. Impaired immunoglobu-
lin class switch has also been reported in association with PMS2 defi-
ciency [28], resulting in mild immunodeficiency.

Timely diagnosis is crucial for patient management in CMMRD;
however, due to lack of awareness and diagnostic difficulties, this is
often delayed. The European Consortium ‘Care 4 CMMRD’
(C4AMMRD) propose a clinical diagnostic protocol based on a three-
point scoring system, with all patients reaching the defined threshold
further investigated by MSI analysis or immunohistochemistry [24].
However, our patient would not have been identified for CMMRD
work-up using this system. As we have shown, immunohistochemistry
is a reliable and easy-to-perform screening test, with loss of protein
expression in both neoplastic and normal cells highly concordant with
the diagnosis. MMR deficiency is routinely assayed in all colorectal
and endometrial cancers [29, 30], but at present, it is not recom-
mended routinely for paediatric brain tumours. As this diagnosis has
important clinical implications for both management of cancer and the
family, and because sequencing is not routinely performed in all set-
tings, we advocate screening for MMR-deficiency using an inexpen-
sive tool like immunohistochemistry in all children with CNS tumours,
the utility of which has been demonstrated in previous reports
[5, 9, 31-33]. This needs to be followed by genetic and functional
testing if indicated, as was performed on our patient.

The diagnosis of CMMRD in our patient was followed by compre-
hensive genomic and immune analyses through international partner-
ships that confirmed that the ependymoma was indeed arising from
DNA replication-repair defects and was not a chance association,
leading to important insights that impacted clinical decisions. The
genomic instability and high TMB, in combination with the high
tumour genomic MSI, plausibly led to neoantigen expression and the
relative abundance of immune infiltrates [34]. The biopsy at recur-
rence, though demonstrating higher cell density and proliferation with
higher mutation accumulation, still retained the PFA ependymoma
subgroup affiliation on methylation, as previously reported in other
relapsed ependymoma tumours [35-37]. This higher TMB at recur-
rence, in combination with a higher proliferative index, suggests that
mutation accumulation in CMMRD is a continuous process that can
increase with each cell division, and over time [38]. In this context, it
is notable that the more commonly reported malignant gliomas in
CMMRD, which are usually seen in older children, harboured higher
TMB than was observed in our 17-month-old patient with ependy-
moma. Further, these gliomas can gain extreme TMB exceeding
100 mutations/Mb if they acquire second hits in POLE or POLD1 [38],
neither of which were detected in our patient. Importantly, the ongo-
ing high mutation accumulation in our patient did impact the tumour
immune microenvironment and provided a rationale for treatment
with nivolumab at second recurrence [8]. Importantly, at this stage,
other conventional therapeutic options were extremely limited and
would have likely involved reirradiation [39], or early-phase
approaches without proven efficacy.

The diagnosis of CMMRD also led to the initiation of a surveil-
lance protocol for second neoplasms in our patient, as these can
develop in up to 50% of children with CMMRD [40], and if diagnosed
early and treated appropriately, can impact patient survival [6]. Impor-
tantly, monoallelic mutations in any of the MMR genes characterise

the autosomal dominant cancer syndrome, Lynch syndrome [41].
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Targeted PMS2 sequencing was performed on family members at risk.
As a result of our patient’s diagnosis, Lynch syndrome was identified
molecularly in both her parents. In PMS2-associated CMMRD, there is
often no family history [26], as Lynch syndrome associated with PMS2
mutations has a relatively low age-dependent penetrance with a
reported mean age of 52 years at presentation [42]. It is therefore not
unusual for the parents to be unaffected. Due to this milder pheno-
type, routine screening for colorectal cancer in PMS2-associated
Lynch syndrome is recommended from the age of 35 years, in con-
trast with MLH1/MSH2 mutations where screening is advised from
the age of 25 years [43].

In summary, this report highlights a rare but important diagnosis
of CMMRD within the context of a tumour type where it would not
be expected (ependymoma). Given the significant management impli-
cations for the patient and at-risk family members, and the simplicity
and low cost of the immunohistochemical test, we propose that
screening for CMMRD using immunohistochemistry should be
strongly considered in all malignant paediatric CNS neoplasms, partic-
ularly as this can allow exploration of immune-directed strategies for

tumours which fail conventional therapies.
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