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Abstract

Cyclin D2 (CCND?2) is a critical cell cycle regulator and key member of the cyclin D2-CDK4
(DC) complex. De novo variants of CCNDZ clustering in the distal part of the protein have

been identified as pathogenic causes of brain overgrowth (megalencephaly, MEG) and severe
cortical malformations in children including the megalencephaly-polymicrogyria-polydactyly-
hydrocephalus (MPPH) syndrome. Megalencephaly-associated CCNDZ2 variants are localized to
the terminal exon and result in accumulation of degradation-resistant protein. We identified five
individuals from three unrelated families with novel variants in the proximal region of CCND2
associated with microcephaly, mildly simplified cortical gyral pattern, symmetric short stature,
and mild developmental delay. Identified variants include de novo frameshift variants and a
dominantly inherited stop-gain variant segregating with the phenotype. This is the first reported
association between proximal CCNDZ2 variants and microcephaly, to our knowledge. This series
expands the phenotypic spectrum of CCNDZ2-related disorders and suggests that distinct classes
of CCNDZ2variants are associated with reciprocal effects on human brain growth (microcephaly
and megalencephaly due to possible loss or gain of protein function, respectively), adding to the
growing paradigm of inverse phenotypes due to dysregulation of key brain growth genes.

Keywords

cyclin D2; inverse phenotypes; megalencephaly; megalencephaly-polymicrogyria-polydactyly-
hydrocephalus syndrome (MPPH syndrome); microcephaly

1| INTRODUCTION

Overgrowth syndromes are disorders characterized by cellular hyperplasia and/or
hypertrophy, which may involve one or more of the three embryonic tissue layers
(endoderm, ectoderm, or mesoderm) and present clinically with generalized or segmental
overgrowth of the brain or the body (Burkardt et al., 2019; Tatton-Brown & Weksberg,
2013). Undergrowth syndromes or syndromes of growth restriction, on the other hand, are
groups of disorders characterized by tissue hypoplasia and growth restriction. Collectively,
these syndromes may manifest with localized or generalized growth abnormalities and
display considerable heterogeneity in onset, tissue involvement and distribution among other
features (Grissom & Reyes, 2013).

The Cyclin D2 Cyclin-dependent kinases 4 (CDK4) family of genes regulates the cell
cycle by modulating the G1-to-S phase transition, critical for cell proliferation and
development (Jeong et al., 2016). Posttranslational modification by phosphorylation of
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CCND2, downstream of the phosphatidylinositol 3-kinase (PI3K)/ AK murine Thymoma
(AKT)/mammalian target of the rapamycin (MTOR) signaling pathway inhibits its binding
to the transcription factor E2F, allowing the cell to exit the G1 phase of the cell cycle
(Becker et al., 2010; Bouchard et al., 1999; Sicinski et al., 1996). A schematic representation
of the PI3K-AKT-MTOR pathway and CCND2 interaction is provided in Figure 1a.

Cyclin D2 has well-studied roles in brain development and is expressed in dividing

cells derived from neuronal precursors in the adult hippocampus (Ross et al., 1996).
Hyperactivation of CCND2 has been linked to hematologic malignancies and increased
proliferation in human cancer cell lines (Hung et al., 2018; Murai et al., 2001). Further,
genetic variants of CCND2 (MIM #123833), as well as two other key PI3K-AKT-MTOR
pathway genes, namely AK73and P/IK3RZ2, have been identified as pathogenic causes of the
megalencephaly-polymicrogyria-polydactyly-hydrocephalus (MPPH) syndrome (Hiraiwa et
al., 2021; G. Mirzaa et al., 2014). MPPH is a rare megalencephaly (MEG) syndrome
characterized by congenital or early postnatal brain overgrowth and cortical malformations,
most commonly polymicrogyria (PMG). MPPH is also associated with variable degree

of ventriculomegaly, with 40-50% of affected individuals progressing to hydrocephalus

and necessitating surgical intervention (G. Mirzaa et al., 1993). Most affected children

have mild to severe intellectual disability and oromotor dysfunction, including expressive
language or speech delays, difficulties handling oral secretions, and dysphagia; with seizures
reported in at least 50% of individuals. CCNDZ2-related MPPH is characterized by severe
and widespread polymicrogyria, typically bilateral perisylvian PMG (BPP) extending to

the frontal and/or occipital lobes and correlating with increased severity of epilepsy and
intellectual disability (G. Mirzaa et al., 2014). An additional report of a child with the
MPPH phenotype in association with the CCNDZ2 variant, p.Thr280lle, further expanded

the phenotypic spectrum as this individual had additional brain abnormalities including
hippocampal hypoplasia with malrotation, diffuse hypomyelination, and abnormalities of the
midbrain and cerebellum (Cappuccio et al., 2019).

While overexpression and hyperactivation of CCND2 have been identified in humans

and mice, the effects of CCND2 deficiency or loss of function have not been studied

in humans. In mice, Ccnd2 knock-out leads to lack of cerebellar stellate interneurons
(Garthe et al., 2014; Glickstein et al., 2007) and striking microcephaly (Huard et al.,
1999). CCNDZ2haploinsufficiency due to 12p13.32 contiguous microdeletion syndromes
has been reported in individuals with microcephaly, although the critical region for this
microdeletion also encompasses other key genes (Firth et al., 2009; Leyser et al., 2016).

In this study, we describe three novel proximal variants in CCNDZ2 in five individuals

from three unrelated families presenting with microcephaly, symmetric short stature,
hypotonia and developmental delays. This series suggest that frameshift and stop-gain
variants in the proximal portion of CCNDZare linked to human microcephaly and adds
CCNDZ2to the growing list of genes associated with reciprocal brain growth dysregulation.
All microcephaly- and megalencephaly (including MPPH)-associated variants in CCND2
identified to date are schematically shown in Figure 1b. Examples of reciprocal gain and
loss of protein function resulting in inverse phenotypes are seen in a multitude of abnormal
growth syndromes, including mutations in other genes involved in cell growth and cell
cycle regulation such as AK73, PTEN, NSD1, and MYCN. These inverse brain growth
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phenotypes due to reciprocal gene defects are summarized in Table 1 and discussed in depth
in the literature review we provide here.

METHODS

Human subjects and cell lines

Families were identified through our clinical and research programs, personal
communication, as well as the MatchMaker Exchange (MME) including GeneMatcher
(http://www.genematcher.org) (Sobreira et al., 2015). Informed consent for publication and
analysis of photos, imaging and clinical data was obtained from the patients’ legal guardians
under an IRB approved protocol at Seattle Children’s Hospital (IRB#13291). Brain magnetic
resonance imaging (MRI) studies were performed on three individuals (LR19-002, LR20-
198al, and LR20-198a2) and reviewed by the investigators. Fibroblast cell lines were
established from one of the patients (LR19-392) with the c.305delG, p.G102Vfs*17 variant
(referred to as LR19-392-MIC throughout the manuscript), and compared to a MEG/MPPH
fibroblast cell line from a previously published patient (LR07-041) with the CCND2,
€.839C>A, p.T280N variant (referred to as LRO7-041-MEG hereon) (G. Mirzaa et al.,
2014), as well as fibroblasts obtained from a healthy unrelated control (UW402-4-CTRL).

Western blot analysis

Fibroblast cell lines (LR19-392-MIC, LR07-041-MEG, and UW402-4-CTRL) were
expanded to six confluent T-75 flasks each before protein extraction. Cell culture flasks were
placed on ice and washed once with 10 mL ice cold TBS. Flasks were then incubated on ice
for 5 min with 500 pl cold RIPA buffer (Thermo Scientific, 89900) containing phosphatase
and protease inhibitors (Thermo Scientific, 78,430, P5726, and P2850), cells were scraped
and collected in 15 mL conical tubes and agitated for 30 minutes at 4C before being
centrifuged at 14,000¢ for 15 min. The resulting supernatant was aliquoted into 0.2 mL
tubes, snap frozen with liquid N2, and stored at —80°C. Protein concentrations were assessed
via the standard Bicinchoninic Acid (BCA) Assay (Thermofisher, 23227). Equal amounts

of protein extracts (10 and 20 ug) were heated to 95°C for 5 mins with NuPAGE® LDS
Sample Buffer (4x) (Thermofisher, NP0007) and run on NUPAGE® Novex® 4-12% Bis-Tris
gels (Thermofisher, NP0326BOX), together with a protein ladder (Pageruler prestained
protein ladder, Thermofisher, 26617). Proteins were transferred to nitrocellulose membranes
(Thermofisher, 77010). Due to low expression of CCND2 in human fibroblasts, we used

40 ug of protein extracts for its detection via Western Blot analysis. Membranes were
blocked at room temperature for 1 h in blocking solution (3% BSA and 10% Donkey Serum
in TBS with 0.1% Tween-20). For the CCND2 antibody, the blocking buffer contained

5% nonfat milk in addition to 3% BSA and 10% Donkey Serum to improve specificity.
Membranes were incubated with primary antibody diluted in blocking solution overnight

at 4C on an orbital shaker. Primary antibodies were diluted as follows: 1:200 for CCND2
(D52F9, Cell Signaling), 1:2500 for pAKT (Cell signaling, C31E5E), 1:2500 for pan-AKT
(Cell Signaling, C67E7), 1:1000 for pS6 (Cell Signaling, 2215), and 1:5000 for p-actin
(Abcam, ab8226). Membranes were washed three times for 15 min at room temperature in
TBS-Tween 0.1% then incubated with secondary antibody in blocking solution for 1 h at
RT. The secondary antibodies Donkey Anti-Mouse 1gG H&L HRP (Abcam, ab205724) or
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Donkey Anti-Rabbit IgG H&L HRP (Abcam, ab97064) were used at 1:10,000 in blocking
solution. After three washes at room temperature with TBS-Tween 0.1%, protein signal

was detected with Pierce™ ECL Western Blotting Substrate (Thermo Scientific, 32109) and
visualized using a ChemiDoc-1t®2810 Imager (Ultra-Violet Products Ltd., Cambridge, UK).
If necessary, membranes were stripped and re-probed, probing the antibody for the protein
with the weakest signal first, following standard protocols. Six independent experiments
were performed for each antibody and images were analyzed, quantified, and normalized
against B-Actin using ImageJ24. Statistical analysis and graphs were generated using
GraphPad Prism version 9.0.2.

High-content imaging

Fibroblast cell lines LR19-392 MIC, LR07-041 MEG, and UW402-CTRL were passaged in
an optical 96 well plate coated with 0.1% porcine gelatin and cultured for 48 hours before
fixing with cold 4% PFA in TBS (20 min at room temperature). Four wells per cell line
were used for immunostaining. Cells were washed twice with cold TBS and permeabilized
with TBS-Tween 0.1% for 5 min at room temperature. Immunostaining was performed
using standard protocols. Briefly, cells were incubated for 1 hour at room temperature

with blocking buffer (TBS-Tween 0.1% with 10% Donkey serum) and then incubated
overnight with primary antibodies at 4C. Primary antibodies were diluted as follows: mouse
anti-Ki-67 1:300 (Cell Signaling, 9449S) and rabbit anti-pS6 1:100 (Cell Signaling, 2215S).
The following day, cells were washed three times with TBS-Tween 0.1% for 15 min and
incubated with secondary antibodies diluted in blocking buffer for 1 h at room temperature.
Secondary antibodies Donkey Anti-mouse Alexa 594 (Abcam, ab150112) and Donkey Anti-
Rabbit Alexa 488 (Abcam, ab150065) and were used at 1:1000 dilution. Cells were washed
three times in TBS-Tween 0.1%, followed by one wash in TBS, and stored in Glycerol-TBS
(70:30) for acquisition and long-term storage. Image acquisition was performed using the
Celllnsight CX7 LZR system (Thermofisher). Fifteen fields for each of the 4 replicate wells
per cell lines were acquired at 10x and 20x magnification. Images (10x magnification) were
analyzed and quantified with a custom algorithm using the HCS Studio software. Statistical
analysis was performed using GraphPad Prism version 9.0.2. and specific tests used are
described in figure legends.

3| RESULTS

3.1

Clinical reports

Clinical and genetics features for all patients are summarized in Table 2.

3.1.1| Patient LR19-002—This 7-month-old boy was referred to the genetics clinic for
microcephaly, intrauterine growth restriction (IUGR), hypotonia, and mild motor delays. He
was the first child of non-consanguineous parents of Armenian descent, a 30-year-old G1P1
mother and 30-year-old father and conceived by intrauterine insemination. Pregnancy was
complicated by suspected preeclampsia and vaginal bleeding. No teratogenic exposures were
reported. Family anamnesis was unremarkable with no history of microcephaly, delayed
growth, or development. At 32-33 weeks of gestation, IUGR and placental insufficiency
were reported. The boy was delivered at 35 + 5 weeks of gestation by a scheduled caesarian
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section. Birth weight was 1870 grams (2nd centile, —2.05 SD), length 42.5 cm (3rd centile,
-1.8 SD) and occipitofrontal circumference (OFC) 30.5 cm (3-10th centile, — 1-2 SD).
OFC measured again at 36 weeks was 29.9 cm (1-2nd centile, —2.25 SD). The child was
also diagnosed with gastroesophageal reflux and allergic colitis. At age 7 months, he was
sitting up without assistance, had begun rolling in both directions, grabbed objects with
both hands and was beginning to vocalize sounds. OFC was 40.2 cm (<1st centile, — 3.1
SD), weight was 6.1 kg (<1st centile, —2.6 SD), and length was 64.5 cm (5th centile, —1.6
SD). His body habitus was proportionately small with symmetric limbs, clinically apparent
microcephaly with mild right occipital flattening but otherwise normal skull shape and no
other notable dysmorphic features.

Brain magnetic resonance imaging (MRI) without contrast performed at age 6 months
revealed apparent microcephaly with a diffusely simplified gyral pattern (Figure 2a—c). An
echocardiogram performed at age 4 months revealed a small patent foramen ovale versus
secundum atrial septal defect with left to right shunting.

Chromosomal microarray analysis was normal. Trio exome sequencing on buccal samples
identified a heterozygous de novo variant in CCAND2 (NM_001759.4:¢.416_419dupGGGA,
p.L141GfsX19) (Figure 1b). This frameshift variant causes a premature stop codon at
position 19 of the new reading frame and is predicted to cause a loss of normal

protein function either through protein truncation or nonsense-mediated mMRNA decay.
This novel variant has not been observed in over 60,000 apparently normal individuals
(Lek et al., 2016) (Table 3). Other reported findings unrelated to the patient’s phenotype
include a heterozygous paternally-inherited variant of uncertain significance (VUS) in
GBA (NM_000157.4: ¢.882T>G, p.H294Q), and a maternally inherited hemizygous VUS
in TENM1 (NM_001163278.1:¢.679 C>A, p.P227T) a gene not currently known to be
associated with microcephaly or other human Mendelian disorders, but has been reported as
possibly associated with cerebral palsy (McMichael et al., 2015), autism spectrum disorder
(Yuen et al., 2015), schizophrenia (Gulsuner et al., 2013), and congenital general anosmia
(Alkelai et al., 2016).

3.1.2| Patient LR19-392—This 12-year-old girl presented with a history of IUGR,
microcephaly, delayed language skills, mild attention deficit hyperactivity disorder (ADHD),
and short stature. She was the second child born to non-consanguineous parents. Family
history was unremarkable with no microcephaly, growth, or developmental delay. Pregnancy
was uneventful until the end of the second trimester when ITUGR was identified.
Amniocentesis revealed a normal female karyotype (46,XX). She was delivered at 39 weeks
of gestation by scheduled cesarean section due to IUGR. Her birth weight was 2320 grams
(3rd centile, — 1.8 SD), length was 46 cm (3—10th centile, —1.5 SD), and OFC was 32 cm
(2nd centile, -2 SD). At age 2 years and 10 months, her weight was 9.8 kg (<1st centile,
-2.8 SD), length was 89 cm (18th centile, —0.93 SD), and OFC was 43.6 cm (<1st centile,
-3.1 SD). Bone age was delayed by 6 months but normalized at later follow-up. Evaluation
of growth hormone response to GHRH plus arginine at 8 years of age was normal.

Her motor developmental milestones were within the normal range. She sat without
assistance at age 6-7 months and walked unsupported at age13 months. Her language skills
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were delayed. She had mild attention deficit hyperactivity disorder (ADHD) and attended a
special education program at school. Vision assessment revealed mild myopia. At her last
evaluation at 12 years and 2 months, weight was 25.50 kg (<1st centile, -2.8 SD), height
140.50 cm (8th centile, —=1.42 SD) and OFC was 48 cm (<1st centile, —4.27 SD). Physical
examination revealed marked microcephaly with relatively large ears, short philtrum, and an
incomplete right single transverse palmar crease.

Head ultrasound performed at birth did not show any structural abnormalities. A brain MRI
has not been performed due to the presence of dental braces. An electroencephalogram
(EEG) was performed at 12 years and 5 months and was normal.

Targeted multigene NGS panel testing for microcephaly using the NimbleGen SeqCap
Target Enrichment kit (Roche) by NextSeq550 Platform (Illumina) revealed a heterozygous
de novo variant in CCNDZ2 (NM_001759.4:¢.305delG). This single base deletion is expected
to cause a premature stop codon, p.G102Vfsx17 (Figure 1b), with the de novo status
confirmed by segregation analysis performed by Sanger sequencing of both parents. This
novel variant was not observed in large population cohorts (Table 3). Other microcephaly
genes in the panel include MCPHI, WDR62, CDK5RAP2, CASC5, ASPM, CENPJ, STIL,
CEP135, CEP152, CDK6, ATR, RBBP8, CEP63, NIN, and ATRIP.

3.1.3| Family LR20-198—This family includes two siblings: a 12-year-old boy (LR20-
198al) and 6-year-old girl (LR20-198a2) born to their 30-year-old mother (LR20-198

m). LR20-198al presented prenatally with IUGR and microcephaly. He was born at 38

+ 5 weeks of gestation by emergency cesarean section and had severe perinatal asphyxia
(Apgar scores of 1, 6, and 9 at 1, 5, and 10 min, respectively). Developmental delay was
documented at the age of 3 years. The child attends special education classes at school and
has abnormal behaviors with frequent temper tantrums and aggression. A brain MRI at the
age of 4 years shows mildly foreshortened frontal lobes and very subtle simplification of

the cortical gyral pattern. Brain MR images and clinical photographs are shown in Figure
2d-h. The younger sister, LR20-198a2, similarly presented with IUGR. Microcephaly was
documented at the age of 12 months. She also had short stature from the 2nd year of life,
with failure to thrive, feeding difficulties and speech delays. At the age of 4 years, she had
several seizure-like episodes and an abnormal EEG pattern, but no anti-epileptic treatments
were initiated. A brain MRI performed at age 2 years and 5 months was normal. Brain

MR images and clinical photographs are shown in Figure 2i-m. The mother of these two
siblings, LR20-198 m, also had microcephaly (OFC 51 cm <1st centile, — 3.1 SD) and

had short stature (height 150 cm, 2nd centile, =2 SD). She was also identified to have mild
intellectual and learning disabilities. She attended special education classes at school and did
not graduate. Her health history was otherwise unremarkable.

Exome sequencing performed on LR20-198al showed a heterozygous CCNDZ2 variant
(NM_001759.4:¢.544C>T, p.Q182X) which was not observed in gnomADv2.1.1 or in-house
databases. This nonsense variant is predicted to be deleterious by in silico prediction
programs including Combined Annotation Dependent Depletion (CADD) and Mutation
Taster (Kircher et al., 2014; Schwarz et al., 2014). Through targeted sequencing, this

variant was confirmed in the heterozygous state in both LR20-198a2 and LR20-198 m
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but was absent in three unaffected siblings. A chromosomal microarray on LR20-198al
demonstrated an 85 kb intragenic microduplication affecting exons 20-25 of P/IK3C3.
This microduplication was present in LR20-198a2 and LR20-198 m but also in several
unaffected relatives and was therefore considered to be benign.

Table 2 summarizes the clinical features and molecular features of the five individuals in
this series. We investigated the potential pathogenicity of the three CCNDZ2 variants, as well
as the TNVEM!1 variant identified in individual LR19-002 using several in silico prediction
programs. All CCNDZ variants were classified as disease causing and were not present in
public databases such as dbSNP, 1000Genomes and gnomADv2.1.1 (Auton et al., 2015;
Karczewski et al., 2020; Sherry et al., 2001). These results are summarized in Table 3. In
gnomAD, coverage of the regions surrounding the three novel CCNDZ2 variants reported
here was good (gnomADv2.1.1, over 240,000 reference alleles), and seven putative loss of
function (pLoF) variants are listed in the gene. However, none of them overlap with our
variants, six of these are classified as low confidence (variant annotation or quality dubious)
pLoF calls, with the remaining pLoF variant, p.Glu272Ter, listed as pathogenic.

Western blot analysis of CCND2 mutant fibroblasts

To identify differences in CCND2 expression levels and compare them to expression

levels of proteins in the PI3K-AKT-MTOR pathway, including AKT, phosphorylated

AKT (pAKT), and phosphorylated S6 (pS6), we performed western blot experiments

using protein extracts from control fibroblasts (UW402-4-CTRL), one CCND2 MEG
patient (LRO7-041-MEG, p.T280N) and one CCND2 MIC patient (LR19-392-MIC,
p.G102VfsX17). Due to low expression of CCND2 in primary human fibroblasts, we
confirmed the specificity of the CCND2 antibody band at 31KDa using a mouse cerebellar
protein extract (Supplementary Figure 1A). When compared to the control human fibroblast
cell line, the LRO7-041-MEG line had significantly increased levels of CCND2 (average
1.6-fold change) as well as increased levels of panAKT (average 1.71-fold change), pAKT
(1.64-fold change) and pS6 (2.41-fold change), as expected (Figure 3a—c, Supplementary
Table 1, Supplementary Figure 1C). Interestingly, the LR19-392-MIC line also had
significantly increased levels of CCND2 compared to controls (average 1.17-fold change).
The increase in CCND2 correlated with a small increase in pS6 levels (average 1.16-fold
change), but not of panAKT or pAKT (Figure 3a—c, Supplementary Table 1, Supplementary
Figure 1C).

High-content imaging of CCND2 mutant fibroblasts

To assess the morphological and functional differences between LR19-392-MIC and
LR07-041-MEG cell lines, we performed immunostaining of key markers for proliferation
(Ki-67) and MTOR hyperactivation (pS6) using high-content imaging performed with

the Celllnsight CX7 LZR (Thermofisher). We analyzed 33,218 cells in total for UW402-
4-CTRL line; 36,104 cells for the LR19-392-MIC line; and 12,508 cells for the LRO7-
041-MEG line, as shown in Figure 4. We identified a significant increase in the percentage
of pS6 positively staining cells in LRO7-041-MEG, but not in LR19-392-MIC cells (Figure
4). The increase in pS6+ cells was accompanied by a significant increase in the percentage
of double positive cells (pS6+/Ki-67 +) in LR0O7-041-MEG. In addition, the intensity
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(and thus the levels of expression) of both pS6 and Ki-67 were significantly higher in
LR07-041-MEG but not in LR19-392-MIC (Figure 4). More interestingly, cytoplasmic
area assessments via pSe6 staining revealed marked hypertrophy in LR07-041-MEG cells
(average area 590.93 pixel?) compared to controls and to the LR19-392-MIC line (376.18
pixel? in UW402—-4, and 329.13 pixel? in LR19-392) (Figure 4b).

Literature review of reciprocal brain growth phenotypes

In light of our findings, we reviewed the literature of inverse brain phenotypes similar to
CCND2 associated with reciprocal functional effects of genes. A brief overview of these
genes, namely AKT3, PTEN, NSD1, MYCN, EZHZ, and MIR17HG, is provided below, and
their associated phenotypes are summarized in Table 1.

AKT3—AKT3, also known as protein kinase B (PKB), is located on chromosome 1g43-44
and encodes a serine/threonine protein kinase expressed primarily in the brain. AK73is

one of three closely related AKT isoforms and is the primary downstream effector of PI3K
signaling. PI3K-AKT-mTOR signaling regulates many important cell functions, including
protein synthesis, cell proliferation and survival (Diez et al., 2012; Ersahin et al., 2015;

Ling Wang et al., 2017). AK73exerts its regulatory effects through serine and/or threonine
phosphorylation of various downstream substrates, one of which is linked to influencing
cyclin-D2 levels by S9 residue phosphorylation and subsequent inactivation of glycogen
synthase kinase-3 p (GSK-3p) (P. Cohen & Frame, 2001; Hermida et al., 2017; Miao et

al., 2016; Ouimet et al., 2019). GSK-3 is a negative regulator of cyclin D1 and D2 by
ubiquitin dependent degradation. The AKT family of proteins are implicated in a wide
range of human diseases including cancer, diabetes, cardiovascular and neurological disease
(Alcantara et al., 2017; Chung et al., 2014; Conti et al., 2015; Dobyns & Mirzaa, 2019; Gai
et al., 2015; Grabinski et al., 2011; Hers et al., 2011; Lee et al., 2012; Lopes et al., 2019;
Mure et al., 2010; Poduri et al., 2012; Riviere et al., 2012; D. Wang et al., 2013; Yang et

al., 2005). Gain-of-function variants in AK73lead to inactivation of GSK-3@ which in turn
results in stabilization and increased levels of cyclin D2 which has been proposed as the
unifying mechanism for MPPH syndrome (G. Mirzaa et al., 2014). Data from humans and
animal models suggest a gene dosage effect of AK73resulting in inverse phenotypes. Akt3
knockout mice display microcephaly suggesting that it plays a critical role in determining
brain size (Easton et al., 2005; Yang et al., 2005). Mosaic and constitutional gain-of-function
variants of AK73are associated with MPPH syndrome (Lee et al., 2012; Lopes et al., 2019;
Poduri et al., 2012; Riviere et al., 2012), with more than 20 patients reported to date with
molecularly confirmed AK73related megalencephaly (Alcantara et al., 2017; Harada et al.,
2015; Jamuar et al., 2014; Nakamura et al., 2014; Negishi et al., 2017; Nellist et al., 2015;
Riviere et al., 2012). A subset of affected individuals is mosaic for the common p.E17K
mutation causing hemimegalencephaly (Jansen et al., 2015; Lee et al., 2012; Poduri et al.,
2012; Riviere et al., 2012). Duplications of 1g43-g44 encompassing AK 73 have also been
reported to cause macrocephaly (Chung et al., 2014; Hemming et al., 2016; Luo et al., 2018;
D. Wang et al., 2013). Heterozygous deletions of 1g43-g44 involving AK73, on the other
hand, result in postnatal microcephaly and agenesis of the corpus callosum (Gai et al., 2015;
Hemming et al., 2016; Lopes et al., 2019).
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PTEN—Loss-of-function variants in PTEN, which encodes for phosphatase and tensin
homolog and tumor suppressor, cause a spectrum of clinical megalencephaly disorders
including Cowden syndrome (CS), Bannayan—Riley—Ruvalcaba syndrome (BRRS), and
autism spectrum disorder with macrocephaly (Gorlin et al., 1992; Herman et al., 2007;
Marsh et al., 1998; Orrico et al., 2009; Varga et al., 2009; Zhou et al., 2003). These
syndromes share characteristic features including overgrowth and predisposition to various
tumors. PTEN suppresses phosphoinositide 3-kinase (PI3K) signaling that activates cell
growth and tumorigenesis. Mice deficient in nuclear PTEN have microcephaly persisting
into adulthood (Igarashi et al., 2018; Kwon et al., 2001; Kwon et al., 2003; Kwon et

al., 2006). Further, deletions of the 10923 locus encompassing PTEN are associated with
macrocephaly, hypotonia, and increased predisposition to various malignancies, including
juvenile polyposis syndrome (Babovic et al., 2010). In contrast, microduplications of

this locus have recently been identified in association with autosomal dominant primary
microcephaly and decreased mTOR signaling (Oliveira et al., 2019).

NSD1—NSD1, located on chromosome 5935.3, encodes for nuclear receptor binding
(SET) domain histone methyltransferase that methylates lysine 36 of histone 3 (H3K36)
(Graham et al., 2016). This histone modifier regulates the activity of several genes

involved in growth and development. Haploinsufficiency of NSDI causes Sotos syndrome
characterized by brain and somatic overgrowth, distinctive facial features (broad, prominent
forehead, dolichocephaly, spares frontotemporal hair, long chin, long narrow face, malar
flushing, down-slanting palpebral fissures), and intellectual disability (Kurotaki et al., 2002).
Other major features include behavioral problems, advanced bone age, cardiac defects,
cranial abnormalities, skeletal abnormalities including joint hyperlaxity and scoliosis, renal
defects, and seizures. A minority of affected individuals (<15%) have other features

such as hemihypertrophy, conductive hearing loss, pectus excavatum, and strabismus.
Loss-of-function variants and deletions of 5935 encompassing ASDI have been identified
in approximately 90% of individuals with Sotos syndrome (Tatton-Brown et al., 2005).
Conversely, NSD1 duplications result in growth retardation and microcephaly (Dikow et
al., 2013; Franco et al., 2010; Lucio-Eterovic et al., 2010; Sachwitz et al., 2017; Sellars et
al., 2011; Tracy et al., 2011; J. C. Wang et al., 2007; Zhang et al., 2011). Further, murine
models carrying a heterozygous 1.5-Mb deletion of 36 genes including AsdZ syntenic

with 5935.2-g35.3 in humans had a phenotype characterized by small gestational age and
decreased postnatal growth (Migdalska et al., 2012).

MYCN—MYCN, located on chromosome 2p24.3, encodes for N-Myc protein, a
transcription factor critical to normal embryonic development and postnatal brain size.

The MYCN gene is part of the Myc family of proto-oncogenes critical for regulating cell
differentiation and growth (Henriksson & Luscher, 1996). Much of the function of the Myc
family of proteins is through downstream activation and repression of specific target genes
(Eisenman, 2001). These targets include the cyclin-dependent kinase CDK4, a Cdc25A
phosphatase that activates CDKs, cyclin D2 and the E2F family (Bouchard et al., 1999;
Galaktionov et al., 1996; Leone et al., 2001). Amplification of MYCN is associated with
various cancers including prostate cancer (Dardenne et al., 2016), retinoblastoma (Rushlow
et al., 2013), and aggressive forms of neuroblastoma (Higashi et al., 2019; Otto et al.,
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2009; Tavana et al., 2016; Xue et al., 2016). The carcinogenic potential of N-Myc is likely
due to its ability to drive cells into the cell cycle. A mouse model showed that N-myc

plays a vital role in neurogenesis and that homozygous absence of N-mycresults in a
twofold decrease in brain mass that disproportionately affects the cerebellum and cerebral
cortex (Knoepfler et al., 2002). This same study suggested that the decrease in brain size is
due to downregulation of a subset of cyclin-dependent kinase inhibitors and disruption of
CCNDZ expression. Germline loss of function variants of MYCN cause Feingold syndrome
type 1 characterized by microcephaly, limb abnormalities, atresia of the gastrointestinal
tract, learning disabilities, and dysmorphic facial features. Deletions involving the MYCN
locus have also been reported as a cause of Feingold Syndrome (Chen et al., 2012;
Mercedes Bloch et al., 2014). Although there is variable expressivity, there are no significant
genotype—phenotype differences between individuals with Feingold Syndrome (Marcelis et
al., 2008). Further, an MYCN gain-of-function variant resulting in increased CCND1 and
CCNDZ expression has recently been reported to cause a novel megalencephaly syndrome
that is similar but distinct from MPPH syndrome (Kato et al., 2018).

EZH2—Enhancer of Zeste, Drosophila, homolog 2 (EZHZ2, MIM: 601573) encodes for part
of the polycomb repressive complex 2 (PRC2), which mediates suppression of transcription
via chromatin condensation through methylation of histone H3 (lysine 27) (Cao et al., 2002).
Variants in this gene are the primary cause of Weaver Syndrome (WS), characterized by
overgrowth, facial gestalt, accelerated bone maturation and variable degree of intellectual
disability (A. S. Cohen et al., 2016; Gibson et al., 2012; Lui et al., 2018; Tatton-Brown et
al., 2011; Tatton-Brown et al., 2013). Studies in humans and mice have demonstrated that
EZH?Z2variants associated with WS are mainly due to reduced methyltransferase activity,
and thus are classified as loss of function (A. S. Cohen & Gibson, 2016; Lui et al., 2018).
Recently, an elegant study utilized DNA methylation signature to classify missense variants
in EZHZ2 as pathogenic or benign, and provided insights into gain of function mutations

and mosaicism (Choufani et al., 2020). Notably, gain of methylation at the same CpG sites
associated with WS, lead to transcriptional changes during development resulting in growth
restriction in one patient (Choufani et al., 2020). This evidence adds £ZH2to the growing
list of genes with epigenetic functions that can affect cell growth through changes in their
transcriptional profiles, similarly to NSDI (Aref-Eshghi et al., 2018; Butcher et al., 2017,
Choufani et al., 2015).

MIR17HG and 13g31.3—M/R17HG gene encodes the miR-17 ~92 polycistronic
microRNA (miRNA) cluster, a family of six highly conserved miRNA (Han et al., 2015).
Focal amplifications of this region are present in many types of cancer, with ectopic
expression of this locus associated with acceleration of tumor formation in murine models
(Han et al., 2015). Microdeletions of chromosome 13q that include the M/R17HG gene are
associated with Feingold 2 syndrome, with features of microcephaly, brachymesophalangy,
toe syndactyly, short stature, cardiac anomalies, growth hormone deficiency, aortic dilation,
phalangeal joint contractures, memory, and sleep problems (de Pontual et al., 2011; Muriello
et al., 2019). Recently, a de novo 13g31.3 microduplication encompassing M/IR17HG was
described in a female patient with developmental delay, skeletal and digital abnormalities,
and tall stature and macrocephaly (Siavriene et al., 2020).
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4| DISCUSSION

The CCNDZ2 gene, located on 12p13.32, encodes the protein Cyclin D2 and is a member
of the highly conserved cyclin family, regulating the G1 to S phase transition in the

cell cycle (Z. Wang et al., 2008; Xiong et al., 1992). Gain-of-function (GoF) variants in
CCNDZ2, AKT3and PIK3RZ2have been implicated in MPPH syndrome. Megalencephaly-
associated variants in components of the PI3K-AKT-MTOR pathway, including variants
within the terminal exon of CCNDZ, share the same functional endpoint, namely inhibition
of proteasomal degradation of cyclin D2 (G. Mirzaa et al., 2014). This influences many
important cell functions including cell growth and division, protein synthesis and cell
survival. Although not directly in the PI3K-AKT-MTOR pathway, MCYN indirectly
participates through upstream modulation of CCNDI and CCNDZ2 expression (Kato et

al., 2018). Further, copy number abnormalities, namely 12p13.32 deletions encompassing
CCNDZ, have been identified in individuals with microcephaly and a wide spectrum of
clinical features including intellectual disability, short stature, developmental delays, and
dysmorphic features. However, the highly variable presentation and high gene content

of this microdeletion syndrome provided limited evidence regarding the role of CCNDZ.
(Firth et al., 2009). This is the first series reporting on individuals with heterozygous
frameshift and stop gain CCNDZ2 variants resulting in microcephaly, to our knowledge.

All affected individuals demonstrated poor growth, in association with neurodevelopmental
issues, among other features.

CCNDZis highly expressed in pluripotent human embryonic stem cells (Becker et al.,
2010), and is postnatally expressed at high levels in the human brain, adrenal gland, heart,
and colon (Fagerberg et al., 2014). CCND?2 is a regulatory subunit of the Cyclin D2-CDK4
complex, which phosphorylates and inhibits members of the retinoblastoma (RB) family
of proteins including RB1. Phosphorylation of RB1 allows dissociation of the transcription
factor E2F from the RB/E2F complex and the subsequent transcription of E2F target genes
responsible for progression through the G1 phase of the cell cycle. Cyclin D2 is also

a substrate for SMAD3, phosphorylating SMAD3 in a cell-cycle-dependent manner and
repressing its transcriptional activity. Cyclin D2 has been found to be highly expressed in
the adult mouse brain suggesting that cyclin D2 carries out a unique role in terminally
differentiated neurons (Ross et al., 1996). Murine knockout models of Ccna2 lack adult
neurogenesis almost entirely (Kondratiuk et al., 2015). A deficit in parvalbumin positive
(PV+) GABAergic interneurons in CcndZ null mice have been observed in both the cortex
and the hippocampus leading to a decrease in cortical inhibition (Glickstein et al., 2007).
Evidence of this cortical inhibition was demonstrated on EEGs of awake ¢D2-null mice
showing increased frequency and amplitude of paroxysmal cortical discharges (Glickstein
et al., 2007). Furthermore, gene dose dependent differences in brain cortical surface area
have been observed in mouse models with heterozygous knockouts of Ccna2resulting in
an intermediate phenotype (Glickstein et al., 2007). CcndZnull mice had microcephaly with
either a relatively preserved or mildly decreased body size with catch up growth and an
increase in seizure activity as they age (M. Elizabeth Ross, personal communication, April
25, 2019).
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Our series of five individuals with microcephaly and three novel variants in CCNDZ2 expands
the genotype—phenotype spectrum for this gene. Our functional analysis revealed increased
levels of CCND2 and other key PI3K-AKT-MTOR markers in CCNDZ2 mutant fibroblasts
derived from a child with MPPH, confirming previous findings by our group (G. Mirzaa et
al., 2014). Immunostaining also revealed marked increase in Ki-67 expression, suggesting
that increased proliferation is a mechanism for CCND2-related MEG, as demonstrated by
our prior work on CCNDZ2 (G. Mirzaa et al., 2014). Our data further show that an increase
in cell size, or cellular hypertrophy, is likely another feature of CCND2-related MEG,

as demonstrated by the significant enlargement of cytoplasmic area, and similar to the
MTOR-dependent hypertrophy identified in Prerdeficient mice (Kwon et al., 2001; Kwon
et al., 2003). Despite the increase in pS6+ and Ki-67+/pS6+ cells, the LR07-041 MEG cell
line showed a reduced overall percentage of Ki67+ cells, due to the overall lower number of
cells present in the wells, as cells occupy a larger volume (12,508 cells for LR07-041 MEG
vs. 33,218 cells in the control). Similar assays on the CCNDZ2-associated microcephaly cell
line revealed lower levels of CCNDZ2 compared to the MEG cell line. However, levels were
surprisingly slightly higher than the control line. We were able to detect the CCND?2 protein
in the LR19-392 MIC cell line despite the premature stop codon as the antibody recognized
an epitope in the N-terminus, suggesting expression of a truncated isoform of the protein

in this patient. We therefore hypothesize that the increase in CCND?2 levels in the MIC

cell line could be due to accumulation of unphosphorylated degradation-resistant cyclin D2,
similarly to what demonstrated for CCNDZ -related MPPH (G. Mirzaa et al., 2014), albeit
with distinct functional consequences in the developing brain. We also hypothesize that this
mild increase in protein level is likely insufficient to cause hyperplasia or hypertrophy, as
the LR19-392-MIC cells were not significantly different in size or number from controls.
We previously identified a nonsense variant in the terminal exon of CCADZ in association
with MPPH (p.Lys270X) (G. Mirzaa et al., 2014), thus we postulate that variants in distinct
regions of the gene (proximal vs. distal) are directly relevant to the functional consequences
and associated phenotypes of CCNDZ2-related disorders.

We considered whether the TENMI hemizygous variant in individual LR19-002 could
contribute to the phenotype. However, we believe this is less likely as TENMI is not known
to be associated with microcephaly, to date. Notably, individual LR19-392 in our study
underwent only targeted multigene sequencing. Therefore, we cannot rule out the possibility
that this individual may carry other variants that might contribute to the phenotype. Finally,
additional functional studies in more relevant models, such as human induced pluripotent
stem cell-derived neurons, are needed to confirm some of the above hypotheses regarding
the role of CCNDZ2in regulating brain size and the exact molecular mechanisms of CCND2-
related microcephaly in humans.

In summary, our study expands the phenotypic spectrum of CCNDZ-related disorders in
humans and suggests that distinct classes of genetic variants within different domains of

the gene—namely proximal versus distal variants—have different functional consequences
on the developing human brain and are likely associated with reciprocal effects on early
brain growth—with more proximal and potentially loss of function variants causing protein
truncation associated with microcephaly, and distal variants abolishing phosphorylation-
dependent ubiquitination sites resulting in megalencephaly. This study further highlights the
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diversity of the molecular mechanisms that cause brain growth syndromes and the paradigm
of reciprocal genetic variants leading to inverse brain phenotypes.
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FIGURE 1.

CCNDZ gene diagram and role in cell signaling. (a) A schematic representation of the
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c.841C>G
c.841C>T
c.842C>G
c.842C>T
c.851T>G

PI3K-AKT-MTOR pathway and its’ interaction with the CCND2 protein. Proteins outlined

in magenta are the ones with known gain of function and loss of function mutations leading
to opposite phenotypes (PTEN, AKT3, MYCN, CCNDZ2). Created with BioRender.com. (b)
Scheme of the human CCNDZ2 gene (Homo sapiens chromosome 12, GRCh38.p12 CCND2:
NC_000012.12 mRNA NM_001759.4 protein NP_001750.1). Blue rectangles represent

exons (1-5), while magenta lines represent introns. Exon, coding and intron base pairs

length (bp) is shown in the relative colors. Above the gene scheme, putative CCNDZ2 loss of
function (LOF, in black) reported here, and previously published gain of function (GOF, in

blue) mutations are reported
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FIGURE 2.
Clinical photographs and brain MR images for three individuals with CCND2-associated

microcephaly. (a—c) T2-weighted brain MR images of patient LR19-002 at age 6 months.
(a) Midsagittal image showing a mildly thin corpus callosum, with a relatively preserved
cerebellar vermis; (b) axial image showing an overall simplified gyral pattern with
foreshortened frontal lobes, normal ventricles and (c) coronal image showing also an overall
simplified gyral pattern. (d—f) MRI of patient LR20-198a1l at age 4 years showing a mildly
foreshortened frontal lobe and subtle simplified gyrification with no cortical malformations
and no other major anomalies. (g and h) frontal and lateral pictures of individual LR20-
198al. (i-k) MRI of patient LR20-198a2 at age 2 years 5 months showing a normal
appearance with no cortical malformations and no other major anomalies. (I and m) frontal
and lateral pictures of patient LR10-198a2
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FIGURE 3.
Western blot analysis of MIC- and MEG-associated CCND?2 cell lines. Six independent

experiments were performed using 10, 20, or 40 ug of protein extracts from fibroblasts

cell lines obtained from a wild-type (UW402-4-CTRL), a CCND2MIC patient (LR19-392-
MIC) and a CCND2 MEG patient (LR07-041-MEGQG). (a) Representative blots for CCND2
and beta-actin for the three cell lines, with relative molecular weight shown on the left;

due to low expression of CCND?2 in fibroblasts, 40 ug of protein extracts was used. (b)
Representative blots for PanAKT, pAKT, pS6, and beta-actin for the three cell lines. Two
different protein extract concentrations were loaded (10 and 20 pg), the relative molecular
weight of each detected protein is shown on the left. (c) Quantification of the analyzed
proteins as average of the six independent experiments. The box plot represents the 5-95
centile interval, with the line in the box representing the median value, and the error bars
indicating the minimum and maximum value. A one-way ANOVA (mixed effect analysis)
was performed to identify significant differences among the cell lines. LRO7-041-MEG
presented increased expression of CCND2, panAKT, pAKT, and pS6 compared to control.
LR19-392-MIC showed increased levels of CCND2 compared to control, but lower than
LRO7-041. While PanAKT and pAKT were not affected by the increase in CCND2, LR19-
392-MIC presented increased levels of pS6 compared to control, albeit at lower levels than
LR0O7-041-MEG. Ns, nonsignificant; *p-value < 0.05; **p-value < 0.01. The full range of
quantifications is listed in Supplementary Table 1, additional representative western blots are
shown in Supplementary Figure 1
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FIGURE 4.
High-content imaging on fibroblast cell lines with CCNDZ MIC and MEG mutations.

Fibroblast cell lines from one control (UW402-4-CTRL), one CCND2MIC (LR07-041-
MIC), and one CCND2MEG (LR19-392-MEG) patients were plated in an optical 96 well
plate (4 replicates each) and immunostained for proliferation marker Ki-67 and MTOR
hyperactivation marker pS6; nuclei were counterstained with DAPI. Image acquisition and
quantification was performed using the high-content imaging platform Cellinsight CX7 LZR
and the HCS studio software. (a) Single channel and overlay immunofluorescence images
of one representative field per well per cell line are shown (20x magnification, scale bar
100 pm). For LRO7-041-MEG, a hypertrophic fibroblast is indicated by the white arrow.

(b) Quantification of the cells analyzed (4 wells per cell line, 15 fields per well) using

the HCS software. Each value represents the average per well per cell line. In each graph
and for each cell line, the thick bar represents the median, and the error bars represent

the 95% confidence interval. One-way ANOVA analysis with multiple comparison was
performed using GraphPad Prism software. Ns, nonsignificant; *p-value < 0.05; **p-value
<0.01; ***p-value < 0.0001; ****p-value < 0.00001. LR0O7-041-MEG shows increase in
the percentage of pS6+ and ps6/Ki-67+ cells, with a reduction of Ki-67+ cells. The same
line also presented increased intensity (level of expression) for pS6 and Ki-67, as well as
increased cytoplasmic area. LR19-392-MIC did not show any significant difference when
compared to the control. The table below panel B lists the number of cells analyzed per well
per cell line, and the relative total number of cells per cell line
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