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Abstract

Ependymoma is the third most common pediatric brain tumor. Predisposition to
develop ependymomas has been reported in different hereditary diseases, but the
pathogenic variants related to the familial syndromes have rarely been detected in
sporadic ependymomas. De novo variants in POLR2A, the gene encoding the largest
subunit of RNA polymerase Il, cause a neurodevelopmental disorder with a wide
range of clinical manifestations, characterized by severe infantile-onset hypotonia,
developmental delay, feeding difficulties, palatal anomalies, and facial dysmorphisms.
As somatic events, POLR2A mutations represent a recurrent somatic lesion in benign
meningiomas. Here we describe a case of ependymoma in a 2-year-old male with a
de novo pathogenic variant in POLR2A predicted to impair proper interaction of the
subunit with transcription-elongation factor TFIIS, whose function is required for
back-tracking of the enzyme due to elongation blocks or nucleotide misincorporation,
and expected to result in an increased error and reduced elongation rates. To date,
ependymoma has never been reported in patients harboring pathogenic POLR2A var-
iants. Further information is required to explore the possibility of a differential clinical
and functional impact of the pathogenic POLR2A variants and the eventual inclusion
of the POLR2A neurodevelopmental disorder among the cancer predisposition syn-

dromes with the possible development of ependymomas.
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1 | INTRODUCTION

The RNA polymerase Il subunit A (POLR2A) gene encodes the largest
catalytic subunit of the RNA polymerase Il enzyme (Wintzerith
et al, 1992), which mediates the transcription of all protein-coding
and several non-coding RNA genes in eukaryotic cells. Mutations in
POLR2A have originally been reported as somatic events implicated in
oncogenesis in 2016, when they were specifically associated with a
clinically distinct subset of meningiomas (Clark et al., 2016). More
recently, de novo germline variants in the same gene have been
reported to underlie a neurodevelopmental syndrome characterized
by severe infantile-onset hypotonia, developmental delay, microceph-
aly, visual anomalies, feeding difficulties, palatal defects, cardiac and
urogenital malformations, and facial dysmorphisms (Haijes
et al,, 2019). In fact, a complex scenario linking constitutional POLR2A
mutations to a wide spectrum of phenotypes, possibly related to the
differential functional impact of the wide spectrum of mutations, is
emerging (Hansen et al., 2021).

Ependymomas are the third most common pediatric neoplasms of
the central nervous system (CNS), accounting for approximately 10%
of brain tumors in children, with a peak incidence in early childhood,
as more than 50% of all cases occur in children under 5 years of age
(Kilday et al., 2009; Shu et al., 2007). Pediatric ependymomas are gen-
erally intracranial in origin and most commonly arise in the posterior
fossa. Thus far, nine subgroups have been described based on DNA
methylation profiling (Malbari & Lindsay, 2020). Although their
increased incidence has been reported in certain cancer-prone dis-
eases, such as neurofibromatosis type 2 (NF2), multiple endocrine
neoplasia type 1 (MEN1) syndrome, and Turcot syndrome (Campian &
Gutmann, 2017; de Bont et al., 2008), they mostly occur as sporadic
events with a poorly characterized genetic risk.

Here we describe a child with facial anomalies, cleft lip and palate,
developmental delay, hydronephrosis, club feet, who presented with
gait ataxia and hydrocephalus due to a posterior fossa ependymoma
at 2 years of age. After surgical removal of the tumor, he had a pro-
gressively ingravescent neurological condition, and genetic studies
documented a previously unreported de novo germline POLR2A

variant.

2 | CASEREPORT

The proband, a 2-year-old white male of Italian ancestry, presented
with gait ataxia at the emergency department. He was born at
41 weeks of gestational age, by cesarean section, and his birth weight
was 3.110 kg. During pregnancy, cleft lip and hydronephrosis were
diagnosed by fetal ultrasound examination. Apgar scores were 9 and
10 at 1 and 5 minutes, respectively. The family history was

unremarkable. Clinical examination at 2 years of age showed macro-
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dolichocephaly, facial anomalies (sparse and large eyebrows, promi-
nent eyes, elongated palpebral fissures, thick lips, large ears), repaired
unilateral cleft lip and palate (surgically corrected at 5 months of age),
bifid uvula, bilateral clubfoot, partial cutaneous syndactyly between
the second and third toes. Renal ultrasound examination revealed uni-
lateral congenital hydronephrosis (Figure 1a; Table 1). The patient suf-
fered from recurrent upper airway infections. Echocardiography
showed late spontaneous closure of patent foramen ovale and patent
ductus arteriosus. The baby sat without support at 9 months of age,
crawled at 11 months, walked without help at 18 months, and spoke
his first words at 22 months. Brain and spine magnetic resonance
imaging (MRI) showed obstructive hydrocephalus due to a posterior
fossa tumor; therefore, a third ventriculostomy was urgently per-
formed. MRI also detected multiple isointense periventricular nodules,
in the absence of restricted diffusion and post-contrast enhancement,
which were described as heterotopia (Figure 1b a-g). He subsequently
underwent near-total resection of the localized tumor, and post-
resection histology proved the tumor to be a classic ependymoma
(WHO grade Il). He developed postoperative neurological deficits
including dysphagia to solids and liquids, sialorrhea, and convergent
strabismus. Moreover, he showed a regression in his developmental
milestones, gradually losing language, developing trunk and four-limb
hypotonia, and requiring support while walking. He was initially
treated with surgery and radiotherapy and subsequently presented
with various recurrences of the disease, which were treated with sur-
gery, reirradiation, and chemotherapy.

A neurodevelopmental evaluation, performed at the age of
5 years using the Griffith Mental Development Scales, 3rd Edition and
the Vineland Adaptive Behavior Scales, 2nd Edition--Survey Inter-
view Form, revealed significantly lower than normal for age psycho-
motor development and adaptive function. At the last follow-up
evaluation, at the age of 6 years, he showed cognitive deficits with
developmental, language and speech delay (impaired comprehension
and expressive language, inability to produce intelligible speech
sounds), and attention and behavioral disorder. Physical examination
revealed, in addition to the abovementioned dysmorphic features, dif-
fuse hypotonia and dorso-lumbar kyphosis. He reached good head
control, despite an abnormal head posture due to strabismus, and
decent trunk control in sitting, albeit with some sudden losses of bal-
ance. He had an unsteady gait, needing bilateral ankle-foot orthoses
when standing and walking. Unfortunately, after a few months the

patient died from a new recurrence.

3 | GENETICTESTING

Clinical investigations and genetic analyses were conducted in accor-
dance with the Helsinki Declaration, after obtaining informed consent

from the patient's parents for the genetic testing. Array comparative
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(a)

FIGURE 1

(a) Patient's facial appearance at different ages; left foot with partial cutaneous syndactyly between the 2nd and 3rd toes.

(b) Posterior fossa ependymoma. Magnetic resonance imaging (MRI), T2-weighted (T2w, a, b), susceptibility-weighted imaging (SWI, c)
gadolinium-enhanced T1-weighted (GdT1w, d) axial images. Fourth ventricular mass (*) shows heterogeneous T2 hyperintensity (a, b), extension
through the foramina of Luschka (b, arrows), punctate hypointense foci (c, arrow) consistent with intratumoral calcifications, predominantly solid
enhancement on GdT1w images (d), and elevated perfusion in the cerebral blood volume (CBV) map (e). Note enlargement of the pericerebellar
cisternal space on the left with scalloping of the bone, suggestive of an arachnoid cyst (b, arrowhead). Multiple, bilateral periventricular nodular
heterotopia. T2w (f) and GdT1w (g) axial MRI images show bilateral heterotopic nodules isointense to gray matter on both T2w and T1w images
without contrast-enhancement, causing distortion of the ventricular margins (arrows). Renal involvement. Ultrasound examination of the right

kidney reveals hydroureteronephrosis and lithiasis (h, i)

genomic hybridization tests of the proband and parents did not detect
any clinically or functionally relevant rearrangement. Parallel sequenc-
ing analysis directed to identify the occurrence of somatic cancer-
associated gene fusions (rearrangement involving the following genes:
ALK, BRAF, BRD3, BRD4, CAMTA1, CCNB3, CIC, EGFR, EPC1, ERG,
ETVé, EWSR1, FGFR1, FGFR2, FGFR3, FOXO1, FUS, GLI1, HMGA2,

MAML2, MET, MYB, MYBL1, MN1, YAP1, NCOA2, NOTCH1, NOTCH2,
NTRK1, NTRK2, NTRK3, NUTM1, PDGFB, PDGFRA, PDGFRB, PIK3CA,
PLAG1, PRKCA, RAF1, RELA, RET, ROS1, 5518, STATé6, TAF15, TERT,
TFE3, TFEB, TFG, USP6, YWHAE, VGGL2) in the neoplastic lesion was
negative. Similar negative results were obtained by performing a
mutation scan on formalin-fixed paraffin-embedded (FFPE) tumor and
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TABLE 1
previously reported phenotypes

Previously
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De novo heterozygous missense variant ¢.3865G>a (p.Glu1289Lys) of POLR2A: Similar and novel clinical features compared to

Organ and tissue

reported by Haijes

Previously reported by
Hansen et al.?

9/12 (facial dysmorphisms and

Study case [c.3865G>A
(p.Glu1289Lys)]

Sparse and large eyebrows,

systems Alterations etal?
Head and neck Facial anomalies (2 2 10/16
dysmorphic
features)
Strabismus 11/15
Microcephaly-- 5/15
macrocephaly
Orofacial clefts 1/16
Cardiovascular Congenital and 1/15
acquired heart
diseases
Respiratory Respiratory tract 8/15
diseases
Gastrointestinal Feeding difficulties 10/15
Urogenital Functional and 3/16
anatomical disorders
Musculoskeletal Abnormalities 7/15
CNS/neurodevelopment  Brain MRI 12/16
abnormalities
CNS tumors 0/16
Developmental delay 15/15
Developmental 4/15
regression
Intellectual disability 5/15
Hypotonia 14/15
Ataxia 0/15
Behavior/autism 6/15
spectrum disorder
Disturbed sleeping 7/15

strabismus are considered prominent eyes, elongated

together) palpebral fissures, thick lips,
and large ears
Convergent strabismus®

3/12 Macro(—dolicho)cephaly

0/12 Unilateral cleft lip and palate, and
bifid uvula

3/12 Late spontaneous closure of
patent foramen ovale and
patent ductus arteriosus

5/12 Recurrent upper respiratory
infections

7/12 Dysphagia“

7/12 Unilateral hydronephrosis and
lithiasis (right kidney)
(Figure 1b,h,i), unilateral duplex
collecting system (left kidney)

5/12 Bilateral clubfoot and kyphosis

7/12 Heterotopia and obstructive
hydrocephalus

0/12 Ependymoma

12/12 Motor and speech-language delay

4/12 Loss of language; very slow
progress in all areas of
development

8/12 Moderate intellectual disability

8/12 Trunk and four-limb hypotonia ©

7/12 Gait ataxia

6/12 Behavior (and attention) disorder

5/12 Pavor nocturnus, central sleep

apnea

2One pregnancy was terminated because of corpus callosum agenesis, frontonasal dysplasia, and a cleft lip; postmortem examination showed additional

alterations.

One individual, previously published by Haijes et al. has been described due to available supplementary information.

“Postoperative neurological deficits.

matched peripheral blood specimens using custom-designed
NimbleGen SeqCap probe hybridization (Roche NimbleGen), consider-
ing a custom panel covering major pathways implicated in oncogene-
sis. The FFPE material was also analyzed for DNA methylation
profiling using the Infinium EPIC array (lllumina), as previously
described (Cacchione et al., 2021). Generated methylation data were
compared to the Heidelberg brain tumor classifier 11b43 to assign a
subgroup score for the tumor compared to 91 different brain tumor
entities (Capper et al., 2018). The DNA methylation profiling con-
firmed the histological diagnosis. The primary tumor clustered in the
class “ependymoma, posterior fossa group A (EPN_PF_A)”, with

optimally calibrated scores (>0.9) (Supplementary Table S1). This
approach was also used to explore the occurrence of copy number
variation, which did not document functionally/clinically relevant
structural rearrangements (Supplementary Figure S1). Trio-based clini-
cal exome sequencing, performed on genomic DNA obtained from
leukocytes (Twist Bioscience, South San Francisco, CA), did not reveal
any cancer-associated pathogenic variant, but revealed a novel de
novo POLR2A missense variant, c.3865G > A (p.Glu1289Lys). Confir-
mation by Sanger sequencing was not performed due to the high
quality of the POLR2A variant call. This variant had not previously
been reported in public databases (GnomAD), was predicted to be
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probably damaging by multiple in silico tools, had a CADD score of
29.8, and was classified as a likely pathogenic according to the ACMG
criteria (PP3, PM1, PM2, and PS2). The variant was submitted to the
LOVD database (https://databases.lovd.nl/shared/individuals/
00380423). To assess the functional impact of the variant, structural
analyses using the cryo-electron microscopy structure of the mamma-
lian polymerase Il transcribing complex (PDB ID: 5FLM) (Bernecky
et al., 2016) were performed with the VMD software (Humphrey
et al,, 1996). Different from what was observed for the majority of
the pathogenic missense changes, which cluster around the catalytic
site, Glu1289 does not map in the sites of the subunit binding to DNA
or RNA. The residue, highly conserved among POLR2A orthologues
(Supplementary Figure S2 a), is located in the region interacting with
the transcription-elongation factor TFIIS, whose function is required
for back-tracking of the enzyme due to elongation blocks or nucleo-
tide misincorporation (Supplementary Figure S2 b and c). In the same
region, a recurrent pathogenic amino acid substitution (p.Asn1251Ser)
had previously been reported in three individuals (Haijes et al., 2019;
Hansen et al., 2021). Moreover, a missense change affecting Glu1230
(p.Glu1230Lys) in the yeast orthologue (corresponding to Asp1249 in
POLR2A) was shown to reduce the interaction of the subunit with
TFIS (Malagon et al., 2006). Of note, Gly1289 is located at the C-
terminus of a short stretch (Q1270-V1275) that is not present in yeast
and not resolved in the available structure of the complex. It has been
suggested that this inserted stretch is relevant for binding to other
factors with TFIIS-like domains (Bernecky et al., 2016). Based on the
cryo-electron microscopy structure of the mammalian complex, the
Glu-to-Lys substitution was expected to affect the interaction
between POLR2A and TFIIS (and possibly other partners with TFIIS-
like domains) by disrupting the hydrogen bond involving this residue
and Asn56 in TFIIS (Supplementary Figure S2 d), which would result
in an increased error and reduced -elongation rates (Haijes
et al., 2019).

4 | DISCUSSION

Haijes et al. described 16 individuals (including one aborted fetus)
with de novo heterozygous variants in POLR2A (10 missense variants,
three truncating variants, and three in-frame deletions), who were
documented to be affected by a neurodevelopmental disorder with
hypotonia and variable intellectual disability and behavioral abnormali-
ties. In general, compared to loss-of-function variants, missense ones
were associated with a more severe phenotype characterized by pro-
found infantile-onset hypotonia and developmental delay. The expla-
nation likely lies in a dominant-negative effect exerted by the
mutated subunit on the function of the holoenzyme, impacting on
gene transcription, whereas loss-of-function variants leading to the
loss of the subunit are expected to result in haploinsufficiency, caus-
ing a milder phenotype (Haijes et al., 2019). Hansen et al. have
recently provided additional evidence of the pathogenic role of
germline POLR2A variants, pointing out the multisystemic involvement
and the clinical variability of the phenotype of the syndrome in 12 indi-
viduals carrying de novo or inherited POL2RA variants; several

previously unreported phenotypes were also observed (Hansen
et al., 2021). Of note, no CNS tumors were reported in both studies.

Consistent with the previously reported findings, the present
pediatric case heterozygous for a de novo missense change (p.-
Glu1289Lys) in POLR2A was affected by a severe and progressive
form of neurodevelopmental syndrome with hypotonia, cognitive def-
icits, attention and behavioral disorders, associated with orofacial
cleft, urological, skeletal, and facial anomalies. His clinical presentation
fits well with the phenotypic spectrum associated with pathogenic
POLR2A variants (Table 1). The presence of ependymoma as an addi-
tional feature, however, expands the awareness about genotype-
phenotype correlation regarding POLR2A variants, adding new knowl-
edge to both the phenotypic spectrum of POLR2A variants and the
genetic etiology of ependymomas.

The genetic variant found in our patient is relatively close to p.-
Asn1251Ser, a variant previously described in three individuals by
Hansen et al. (individuals 4 and 5) and Haijes et al. (individual 14). The
missense variant affects key residues contributing to the inter-
molecular binding network of POLR2A with the transcription-
elongation factor TFIIS, and is predicted to result in an increased error
rate and reduced elongation rates (Haijes et al., 2019). All three
patients had a phenotype similarity with our case, showing
neurocognitive developmental delay, behavioral disturbances, and
facial dysmorphisms. Nevertheless, epilepsy was absent in the present
patient. Brain MRI abnormalities, but no CNS tumors, were present
(Haijes et al., 2019; Hansen et al., 2021).

Gait ataxia, secondary to the obstructive hydrocephalus, was the
presenting sign in our patient. This type of hydrocephalus is due to a
blockage of cerebrospinal fluid outflow from the ventricular system to
the subarachnoid space, in our case caused by the posterior fossa
ependymoma (Lin & Riva-Cambrin, 2015). Gait ataxia and other signs
or symptoms attributable to hydrocephalus may help in the diagnostic
workup aiming to detect patients with ependymoma-associated
POLR2A variants since obstructive hydrocephalus is present in up to
90% of patients with posterior fossa tumors at diagnosis (Bhatia
et al,, 2009; Raimondi & Tomita, 1981).

In 2015, Liu et al. showed that POLR2A in human cancers is fre-
quently co-deleted with TP53, one of the best-known human tumor
suppressor genes. Given the essential function of POLR2A, further
suppression by the RNA polymerase inhibitor alpha-amanitin could
inhibit the survival and the proliferation of colorectal cancer cells with
hemizygous TP53 and POLR2A deletion, suggesting a novel strategy
for molecular targeted therapy (Liu et al., 2015). Clark et al. later dis-
covered a specific subset of benign meningiomas characterized by
recurrent mutations in POLR2A, confirmed as somatic in all tumor tis-
sue specimens with available blood pairing, for the first time describ-
ing an implication of POLR2A in human disease. POLR2A mutant
tumors showed recurrent dock domain mutations affecting both the
interaction between RNA polymerase Il and transcription factors as
well as the subsequent formation of the pre-initiation complex, neces-
sary for the transcription of protein-coding genes in eukaryotes (Clark
et al.,, 2016). Moreover, a recent retrospective study reported, espe-
cially for WHO grade | skull-base meningiomas, POLR2A pathogenic
variants found in tumor samples could be a potentially ideal marker of
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significantly worse prognosis and a suitable predictor of recurrence
(Okano et al., 2021).

Posterior fossa ependymomas lack a signature of recurrent genetic
events (Mack et al., 2014), but can be classified according to their epige-
netic hallmark into two main groups: group A tumors (EFP-A) are charac-
terized by the absence of histone H3 K27 trimethylation, whereas group
B tumors (EFP-B) show a high level of trimethylation of histone H3 K27
(Panwalkar et al., 2017). EFP-A tumors have a worse prognosis, especially
in the presence of chromosome 1q gain (Gritsch et al, 2022; Pajtler
et al, 2015). DNA methylation profiling is considered a diagnostic tool,
useful in challenging cases when ependymoma is included in the differen-
tial diagnosis based on anatomic location and histopathologic neoplastic
features (Pajtler et al., 2015, 2018; Witt et al., 2018).

The possible causative role of somatic POLR2A variants in
ependymoma is instead unknown, despite the great advances made in the
study of pathogenesis and biological profile of ependymomas, due to the
evolution of gene array technology and the recent discovery of novel
tumor subgroups based on DNA methylation profiling data (Malbari &
Lindsay, 2020). The pathophysiology of the tumorigenic process in an indi-
vidual carrying a germline POLR2A variant is likewise dubious. A number
of variants in oncogenes and tumor suppressor genes are traditionally
linked to the development of pediatric ependymomas. NF2, MEN1 syn-
drome, and Turcot syndrome are the best-known genetic syndromes asso-
ciated with ependymoma. However, pathogenic variants in the genes
related to these familial syndromes (NF2, MEN1, APC, respectively) have
only been observed in a few cases of sporadic ependymomas (de Bont
et al.,, 2008). The eventual inclusion of the POLR2A neurodevelopmental
disorder among the cancer predisposition syndromes with possible devel-
opment of ependymomas is to be considered, although additional evi-
dence is required due to the limited number of patients thus far reported
with germline POLR2A variants. Nevertheless, the present observation,
while acknowledging the possibility of a coincidental relationship between
ependymoma and POLR2A variant, suggests adding POLR2A to the list of
genes to include in oncopediatric next-generation sequencing panels,
especially for patients with ependymoma associated with developmental

delay, malformations, and facial anomalies.

5 | CONCLUSIONS

This is the first report describing an ependymoma as an associated
feature of the neurodevelopmental syndrome caused by a germline
POLR2A variant. Since there is currently scanty information on the
clinical variability associated with pathogenic POLR2A variants, further
studies are required to explore the possibility of a differential clinical
and functional impact of the different classes of these variants and
their possible contribution to the predisposition to ependymomas
inside the germline POLR2A neurodevelopmental disorder.
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