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Abstract

Dandy-Walker malformation (DWM) has been reported to have heterogeneous causes, including mutations in genes of fibroblast
growth factors and in genes in the sonic hedgehog (Shh) signaling pathway. Here, we identified an activating cancerous inhibitor
of protein phosphatase 2A (CIP2A) p.D269V mutation, located at the predicted protein-protein interaction groove, as a novel
genetic cause of Dandy-Walker variant (DWV). CIP2A has been reported as an oncoprotein promoting tumor survival via
inhibition of protein phosphatase 2A (PP2A). However, the impact of human germline C/P2A mutation is unknown. We report
a novel heterozygous CIP2A p.D269V mutation via whole exome sequencing in two siblings with DWV and severe intellectual
disability who were born to non-consanguineous parents. Only the older brother developed a slow-growing sacral leiomyoma in
his teens. The CIP2A p.D269V mutation is associated with increased PP2A, mTOR, and c-Myc protein levels in peripheral blood
mononuclear cells (PBMCs). The PP2A phosphatase activity, however, was not suppressed. Deep sequencing revealed that the
father carries 16% of somatic CIP2A p.D269V mutation, suggesting potential inheritance from the mosaic sperm populations.
Our study is the first to describe a pathogenic CIP2A mutation in humans, which might disrupt neuronal development via
enhancing mTOR and c-Myc protein expressions, shedding light in mechanisms of DWV pathogenesis.
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Introduction agenesis of the cerebellar vermis, and cystic dilatation of the

fourth ventricle, with or without hydrocephalus (OMIM
Dandy-Walker malformation (DWM) primarily affects the de- ~ 220200). For the terminology, DWM is at one end of a spec-
velopment of the cerebellum, resulting in partial or complete  trum of posterior fossa anomalies (Dandy-Walker complex) in

children, with enlargement of posterior fossa and elevation of

the confluence of sinuses, while those cases with similar neu-
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DWM [4-7]. Furthermore, both FGF§ and WNT! signaling
molecules are known to be important in neural tube patterning
and cerebellar development [8]. Deletion in FGF§ has been
reported to be associated with vermis hypoplasia, one of the
features in DWV [9]. Due to its low empiric recurrence risk, it
is suggested that mendelian inheritance is unlikely for non-
syndromic DWM [10].
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Cancerous inhibitor of protein phosphatase 2A (CIP2A)
has been reported as an oncoprotein promoting tumor survival
via inhibition of protein phosphatase 2A (PP2A) causing AKT
activation or MYC stabilization [11]. CIP2A can also interact
with the mTOR pathway, which might influence neuronal
development [12]. It has been reported that mutations in the
PI3K-AKT-mTOR pathway could cause brain overgrowth
syndrome and neuronal migration defects [3]. The impact of
gain-of-function CIP2A germline mutation on human diseases
is currently unclear. Here, we present two siblings with DWV,
developmental delay, and intellectual disability, who are car-
riers of an activating CIP2A p.D269V mutation causing en-
hanced PP2A, mTOR, and c-Myc protein expressions. Deep
sequencing of CIP2A in the parents revealed potential inheri-
tance from the mosaic sperm populations.

Materials and methods
Patients

We studied a non-consanguineous family of two affected chil-
dren with DWM and severe intellectual disability. The study
was approved by the Research Ethics Committee of China
Medical University Hospital (CMUH106-REC1-047).
Written informed consents were obtained from the
participants.

Whole exome sequencing and data analysis

Peripheral blood mononuclear cells (PBMCs) were collected
from the index case and DNA, RNA, and proteins were ex-
tracted via standard procedures for further analyses. DNA
libraries were prepared using Illumina Truseq exome Library
Prep kit, and sequenced on the Illumina NextSeq 500 plat-
form. Base calling and quality scoring were performed by an
updated implementation of real-time analysis (RTA) on
NextSeq 500. Bcel2fastq Conversion Software was used to
demultiplex data and to convert BCL files to FASTQ file
formats. Sequenced reads were trimmed for low-quality se-
quence, then aligned to the human reference genome (hg19)
using BWA [13]. Finally, SNPs and small INDELs were
called in individual samples by GATK [14] and VarScan
[15] at their default settings. We then performed ANNOVAR
[16] to functionally annotate genetic variants. The following
criteria were used to select potential candidates: the mutant
allele frequency >30%, global minor allele frequency < 1%,
and exclusion of variants showing “benign” clinical signifi-
cance in ClinVar, predicted to be pathogenic by at least one of
the three software: SIFT, PolyPhen, and CADD PHRED.
Fifty-three genes related to DWM reported in the literatures
[2,4-7, 17] and genes recommended by ACMG for reporting
incidental findings [18] were annotated. After the
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identification of potentially causative variants, confirmation
was performed by Sanger sequencing.

Protein quantification and phosphatase activity assay

Western blot analysis was performed to detect the PBMC
protein expressions using antibodies against CIP2A
(SANTA, #2G10-3B5), PP2A (Millipore, #2880678),
mTOR (St John’s Laboratory, #STJ94280), c-Myc (SANTA,
#C-33), and actin (Abcam, #ab8226, as internal control). The
CIP2A serum levels were detected by ELISA kit
(MyBioSource). PP2A phosphatase activity assay was per-
formed by using PP2A immunoprecipitation phosphatase as-
say kit (Merk, Millipore).

Lymphocyte activation assay

PBMCs were rested overnight and the suspended lympho-
cytes were added to the anti-CD3-coated (eBioscience,
#4310640, 10 png/ml) wells together with anti-CD28
(eBioscience, #4311047, 10 pg/ml). RNAs were extracted
from the stimulated and the non-stimulated cells after 6 h via
TRIzol reagent and reverse-transcribed to cDNA. Real-time
PCR was performed to detect the expression levels of
IFN-yand IL-2 using the respective primers.

Statistical analysis

The non-parametric Mann-Whitney U tests using GraphPad
Prism 5 were applied to compare PBMC protein expression
levels between patients and healthy family members. String
Version 10.5 was used to analyze potential interactions among
CIP2A, PP2A, mTOR, Myc, and molecules related to DWM
or cerebellar development.

Results
Clinical features and brain MRI studies

The index case is a 24-year-old male, who was born to healthy
non-consanguineous parents at full term. The prenatal ultraso-
nography 24 years ago did not detect brain abnormality, but
small head circumference was noted at gestational age of
34 weeks. He had neonatal hypotonia and could be pulled to
sit with head lag at around 8.5-month-old. He suffered from
unsteady gait, together with severe intellectual disability and
autistic behaviors. He had difficulty in learning and was poor-
ly oriented. Furthermore, at 24-year-old, he could only make
sounds, neither speech nor language was developed. When
growing up, there was no seizure episode or frequent infec-
tions. On physical examination, his adult head circumference
was within normal limits, but high forehead with normally
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Fig. 1 Neuroimaging studies of the affected siblings. a Sagittal view of
T1-weighted flair image of the index case (Pt) at age 24, showing
hypoplasia of vermis especially at the inferior parts, and enlargement of
the fourth ventricle along the cystic space of the posterior fossa. The
posterior fossa was not enlarged and the confluence of sinuses (torcula)
was not elevated. Neither supratentorial hydrocephalus nor atrophy of the
bilateral cerebral hemispheres was observed, but significant atrophy of

positioned and configured ear auricles were noted. There was
a soft, slow-growing mass at his sacral area, which was first
noticed at age 14. Ultrasound examinations of heart, kidneys,
and abdomen showed no anomalies. Previous chromosomal
analysis showed a normal male 46, XY karyotype. The patient
has an apparently normal younger sister and an affected youn-
ger sister (18-year-old) who presented with similar clinical
phenotypes since early childhood, including unsteady gait,
developmental delay, and severe intellectual disability. As
compared with the index case, the affected younger sister
did not have palpable mass lesion and had amblyopia in ad-
dition to the clinical presentations described above.

The brain MRI of both patients revealed hypoplasia of ver-
mis especially at the inferior parts, and enlargement of the
fourth ventricle along the cystic space of the posterior fossa
(Fig. 1a, b). However, the posterior fossa was not enlarged
and the confluence of sinuses (torcula) was not elevated.
Neither supratentorial hydrocephalus nor atrophy of the bilater-
al cerebral hemispheres was observed. These findings suggest
the diagnosis of Dandy-Walker variant (DWYV). Furthermore,
significant atrophy of the pons and mild atrophy of the inferior
part of the midbrain were detected. The bilateral cerebellar
hemispheres with apparently normal architecture were reduced
to a very small volume, which could be found in the brain MRI
(Fig. not shown). Pons and midbrain atrophies might be sec-
ondary to the lack of interaction with the bilateral cerebellar
hemispheres. Sagittal view of T1-weighted FLAIR image of

B)

(D)

the pons and mild atrophy of the inferior part of the midbrain were
detected. These findings suggest the diagnosis of Dandy-Walker
variant. b Sagittal view of T1-weighted flair image of the affected sister
(S(Pt)) at age 18, showing similar findings as the index case. ¢, d The
appearance (c¢) and axial CT with contrast image (d) of the sacral
leiomyoma of the index case at age 24

the affected sister (S(Pt)) at age 18 showed the same findings
(Fig. 1b) as the index case (Fig. 1a). In addition, spinal MRI of
the older brother showed a sacral leiomyoma, which grew to
about 4 cm in the longest diameter over 10 years (Fig. 1c, d).

CIP2A c.806A>T (p.D269V) mutation identified
as the genetic cause

Our whole exome analysis pipeline found 6 candidate variants
(ZNF107 p.1737fs, PSEN2 p.T142fs, SHISAS p.265 270del,
PIK3CB p.R493W, CERCAM p.R402C, CIP2A p.D269V) in

CIP2A D269V 16% CIP2A D269V 0%

Bl O

CIP2A D269V 50%  CIP2A D269V 0%

/

Fig. 2 Genetic analyses. Pedigree with percentages of the C/IP2A
p-D269V mutation in PBMCs of the proband and the family members,
determined by next-generation sequencing

CIP2A D269V 60%
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Fig. 3 PBMC protein expression levels among patients and unaffected
family members. a Western blot analysis of relative PBMC protein
expression levels as compared with actin. Pt, the affected brother; F,
father; M, mother; S(N), the unaffected sister; S(Pt), the affected sister.
The numbers shown in each lane represent the expressions as a ratio with
actin. This is a representative blot picture of multiple experiments (b, ¢). b
PBMC CIP2A protein expression levels of patients and family members
among different experiments. The protein levels of the mother were
evaluated in all experiments and were used as an inter-experimental
control. Actin was the intra-experimental control. Protein expression

the index case. Further, Sanger sequencing of the above genes
in PBMCs of the family members (parents, unaffected sister,
and affected sister) showed that CIP2A p.D269V is the unique
mutation seen only in the two affected siblings. To increase
the sensitivity of mutation detection, deep sequencing of the
family DNAs for the CIP2A variant was performed via
[llumina NextSeq 500, which revealed the CIP2A p.D269V
mutation load to be 50, 60 and 16% in the index case, the
affected sister, and the father, respectively (Fig. 2).

Functional impacts of the CIP2A ¢.806A>T (p.D269V)
mutation

Since CIP2A p.D269V is located at the predicted protein-
protein interaction area [19] and has been reported to interact
with PP2A, c-Myc, and mTOR [11], we performed western

levels were first compared with actin and shown as fold of the mother.
Lines represent medians; Mann-Whitney U test was performed to analyze
the difference of CIP2A protein expression levels between patients (Pt,
S(Pt)) and apparently normal family members (F, M, S(N)). ns, not
statistically significant. ¢ PBMC mTOR protein expression levels of
patients and family members among different experiments. *p» <0.05 by
Mann-Whitney U test. d PBMC PP2A protein expression levels of
patients and family members among different experiments. ***p <
0.001 by Mann-Whitney U test

blot analysis for the aforementioned proteins in PBMC lysates
derived from the index case and his family members (Fig. 3a).
The cell lysate CIP2A expression varied among individuals,
and as compared with the unaffected family members, only a
mild elevation of serum CIP2A level was detected in both
affected patients (Figs. 3a, b and 4a). In contrast, the mTOR
protein levels in the two affected siblings were around twofold
as compared with samples of other unaffected individuals, and
the PP2A protein levels were also higher in the patients (Fig.
3a, ¢, and d). The c-Myc protein expressions were mildly
elevated in the probands (Fig. 3a). The PP2A phosphatase
activities were not suppressed in both cases with DWV
(Fig. 4b). Further, network analysis of CIP2A, PP2A,
mTOR, Myc, and molecules related to DWM or cerebellar
development revealed potential interactions among mTOR,
Myec, Shh, and Wnt-1 (Fig. 5).

Fig. 4 Functional studies of the (A) (B)

CIP2A mutation. a Serum CIP2A 6 g 157

protein levels (7= 6, bars T o

represent mean + SEM). b PBMC = S

PP2A phosphatase activities of %, 4- T T 2 1.0

the patients and family members. . 8

Pt, the affected brother; F, father; 3 g

M, mother; S(N), the unaffected % 21 T 0.5
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ol : v . v & 00l , . . .
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Fig. 5 Network analysis of
CIP2A, PP2A, mTOR, Myc, and
molecules involving neural tube
patterning and cerebellar
development revealed potential
interactions among mTOR, Myc,
Shh, and Wnt-1. The analysis was
performed using String Version
10.5. Light green lines connecting
different molecules represent
potential interactions (the two
molecules have been co-
mentioned in Pubmed abstracts).
Enriched biological processes as
analyzed by String Version 10.5
are listed below the graph

MTOR

Enriched biological processes:

Red: neural tube patterning (GO: 0021532)

Blue: midbrain-hindbrain boundary development (GO: 0030917)
Green: positive regulation of developmental process (GO: 0051094)

Effects of CIP2A ¢.806A>T (p.D269V) on lymphocyte
activation

Lymphocyte activation assay revealed that as compared with
the unaffected family members, the affected siblings had im-
paired T cell IFN-yand IL-2 responses upon CD3 and CD28
stimulations (Fig. 6a, b).

Discussion

We described here CIP2A p.D269V mutation as potential ge-
netic cause of DWYV and intellectual disability seen in two
siblings born to non-consanguineous parents. Interestingly,
the asymptomatic father also carried 16% of the CIP2A
p.D269V mutation, suggesting inheritance from the mosaic
sperm populations.

The human CIP2A gene sequence is conserved in mice,
and CIP2A protein is reported to be expressed at a moderate
amount in mouse embryonic brain (OMIM 610643).
According to the Human Protein Atlas (https://www.
proteinatlas.org), CIP2A is highly expressed in the brain,

especially at the cerebellum. Although CIP2A mutations
have been frequently found in different types of human
cancers (COSMIC database), CIP2A p.D269V mutation has
never been reported, and we are the first to demonstrate a
potential correlation of this variant with human cerebellar
malformation and intellectual disability.

As reviewed by Pradip De et al., CIP2A has multiple func-
tions, including PP2A inactivation, c-Myc stabilization, and
mTORCI activation [11]. The 3D-structure of CIP2A was
predicted to be a stable armadillo repeat fold with a positively
charged groove, and the CIP2A p.D269V mutation site is
approximately at the groove, which potentially involves pep-
tide binding [19]. Besides their roles in tumor progression, c-
Myec has been demonstrated to influence neural precursor cell
fate and direct cerebellar development [20], while gain-of-
function mutations in mTOR have been reported to cause
megalencephaly and other malformations in brain develop-
ment [12]. Functional studies on PBMCs with CIP2A
p-D269V mutation revealed mildly elevated serum CIP2A
level, and increased protein expressions of PP2A, mTOR,
and c-Myc. Network analysis of CIP2A, PP2A, mTOR,
Myc, and molecules involving neural tube patterning and

Fig. 6 Activation assays of (A) (B)
lymphocytes derived from 200- 25
patients and family members (a, 5 5
b). Lymphocytes were activated S 150 o 201
with anti-CD3 and anti-CD28 for =3 2 45
6 h, and the IFN-y(a) and IL-2 (b) < 100- o
mRNA levels were measured as z Z 10-
compared with baseline levels in o sl o
unstimulated lymphocytes E 4 59
0= T — 1 0 I_l T T T T
Pt F M S(N)  S(Pt) Pt F M S(N)  S(PY)
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cerebellar development revealed potential interactions among
mTOR, Myc, Shh, and Wnt-1. Therefore, it is possible that
CIP2A p.D269V contributed to DWV and intellectual disabil-
ity via enhanced mTOR and c-Myc activities. Germline ge-
nome editing is needed in animal models to validate the causal
relationship between CIP2A p.D269V and cerebellar
malformation.

In addition to its expression in the brain, CIP2A is reported
to be expressed at significant levels at the testis and lymph
nodes in both human and mice (OMIM 610643, https:/www.
proteinatlas.org). Hypomorphic CIP2A"% mice had been
generated and demonstrated defects in spermatogenesis and
T cell activations [21, 22]. However, mice with activating
CIP2A mutations have not been generated. We observed
increased mTOR expression in resting CIP2A p.D269V
lymphocytes. MTOR is a key molecule integrating the
environmental cues determining T cell differentiation and
proliferation [23]. The impaired IFN-yand IL-2 response to
TCR stimulations seen in CIP2A p.D269V lymphocytes could
be an indirect consequence of an already activated mTOR
signaling at baseline. Phenotypically, the probands showed
no history of recurrent infections and no malignant tumors
were detected over 20 years, suggesting that their immunity
is generally intact. The affected siblings are regularly followed
up at the neurology clinic for check-ups of potential develop-
ment of malignancy.

Conclusion

Our study is the first to describe an activating pathogenic
CIP2A genetic variant in humans, which is inherited from
paternal post-zygotic somatic mutation. The CIP2A
p-D269V mutation might disrupt neuronal development via
enhancing mTOR and c-Myc protein expressions, shedding
light on novel mechanisms of DWV pathogenesis.
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