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            Abstract
Activating mutations in genes encoding phosphatidylinositol 3-kinase (PI3K)-AKT pathway components cause megalencephaly-polymicrogyria-polydactyly-hydrocephalus syndrome (MPPH, OMIM 603387)1,2,3. Here we report that individuals with MPPH lacking upstream PI3K-AKT pathway mutations carry de novo mutations in CCND2 (encoding cyclin D2) that are clustered around a residue that can be phosphorylated by glycogen synthase kinase 3β (GSK-3β)4. Mutant CCND2 was resistant to proteasomal degradation in vitro compared to wild-type CCND2. The PI3K-AKT pathway modulates GSK-3β activity4, and cells from individuals with PIK3CA, PIK3R2 or AKT3 mutations showed similar CCND2 accumulation. CCND2 was expressed at higher levels in brains of mouse embryos expressing activated AKT3. In utero electroporation of mutant CCND2 into embryonic mouse brains produced more proliferating transfected progenitors and a smaller fraction of progenitors exiting the cell cycle compared to cells electroporated with wild-type CCND2. These observations suggest that cyclin D2 stabilization, caused by CCND2 mutation or PI3K-AKT activation, is a unifying mechanism in PI3K-AKT–related megalencephaly syndromes.
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                    Figure 1: Images of children with MPPH and CCND2 mutations.[image: ]


Figure 2: CCND2 mutations and cyclin D2 protein conservation.[image: ]


Figure 3: CCND2 protein stabilization by MPPH-associated mutations.[image: ]


Figure 4: Comparative ability of mutant and wild-type CCND2 to enhance neural progenitor proliferation in the embryonic mouse brain.[image: ]


Figure 5: Phosphodeficient CCND2 more effectively promotes proliferation and prevents neural progenitor cells from exiting the cell cycle.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        MINPP1 prevents intracellular accumulation of the chelator inositol hexakisphosphate and is mutated in Pontocerebellar Hypoplasia
                                        
                                    

                                    
                                        Article
                                         Open access
                                         30 November 2020
                                    

                                

                                Ekin Ucuncu, Karthyayani Rajamani, … Vincent Cantagrel

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Mutations of the DNA repair gene PNKP in a patient with microcephaly, seizures, and developmental delay (MCSZ) presenting with a high-grade brain tumor
                                        
                                    

                                    
                                        Article
                                         Open access
                                         30 March 2022
                                    

                                

                                Bingcheng Jiang, Cameron Murray, … Chibawanye I. Ene

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Schizophrenia-related microdeletion causes defective ciliary motility and brain ventricle enlargement via microRNA-dependent mechanisms in mice
                                        
                                    

                                    
                                        Article
                                         Open access
                                         14 February 2020
                                    

                                

                                Tae-Yeon Eom, Seung Baek Han, … Stanislav S. Zakharenko

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Accession codes

              
              
                Accessions

                
                  NCBI Reference Sequence
	
                    
                        NM_001130914
                      

                  
	
                    
                        NM_001759
                      

                  
	
                    
                        NM_012201
                      

                  
	
                    
                        NM_144570
                      

                  


                
              
            

References
	Lee, J.H. et al. De novo somatic mutations in components of the PI3K-AKT3-mTOR pathway cause hemimegalencephaly. Nat. Genet. 44, 941–945 (2012).
Article 
    CAS 
    
                    Google Scholar 
                

	Lindhurst, M.J. et al. Mosaic overgrowth with fibroadipose hyperplasia is caused by somatic activating mutations in PIK3CA. Nat. Genet. 44, 928–933 (2012).
Article 
    CAS 
    
                    Google Scholar 
                

	Rivière, J.B. et al. De novo germline and postzygotic mutations in AKT3, PIK3R2 and PIK3CA cause a spectrum of related megalencephaly syndromes. Nat. Genet. 44, 934–940 (2012).
Article 
    
                    Google Scholar 
                

	Kida, A., Kakihana, K., Kotani, S., Kurosu, T. & Miura, O. Glycogen synthase kinase-3β and p38 phosphorylate cyclin D2 on Thr280 to trigger its ubiquitin/proteasome-dependent degradation in hematopoietic cells. Oncogene 26, 6630–6640 (2007).
Article 
    CAS 
    
                    Google Scholar 
                

	Poduri, A. et al. Somatic activation of AKT3 causes hemispheric developmental brain malformations. Neuron 74, 41–48 (2012).
Article 
    CAS 
    
                    Google Scholar 
                

	Cohen, P. & Frame, S. The renaissance of GSK3. Nat. Rev. Mol. Cell Biol. 2, 769–776 (2001).
Article 
    CAS 
    
                    Google Scholar 
                

	Tokuda, S. et al. A novel Akt3 mutation associated with enhanced kinase activity and seizure susceptibility in mice. Hum. Mol. Genet. 20, 988–999 (2011).
Article 
    CAS 
    
                    Google Scholar 
                

	Bystron, I., Blakemore, C. & Rakic, P. Development of the human cerebral cortex: Boulder Committee revisited. Nat. Rev. Neurosci. 9, 110–122 (2008).
Article 
    CAS 
    
                    Google Scholar 
                

	Martínez-Cerdeño, V., Noctor, S.C. & Kriegstein, A.R. The role of intermediate progenitor cells in the evolutionary expansion of the cerebral cortex. Cereb. Cortex 16 (suppl. 1), i152–i161 (2006).
Article 
    
                    Google Scholar 
                

	Nonaka-Kinoshita, M. et al. Regulation of cerebral cortex size and folding by expansion of basal progenitors. EMBO J. 32, 1817–1828 (2013).
Article 
    CAS 
    
                    Google Scholar 
                

	Pontious, A., Kowalczyk, T., Englund, C. & Hevner, R.F. Role of intermediate progenitor cells in cerebral cortex development. Dev. Neurosci. 30, 24–32 (2008).
Article 
    CAS 
    
                    Google Scholar 
                

	Glickstein, S.B., Alexander, S. & Ross, M.E. Differences in cyclin D2 and D1 protein expression distinguish forebrain progenitor subsets. Cereb. Cortex 17, 632–642 (2007).
Article 
    
                    Google Scholar 
                

	Glickstein, S.B. et al. Selective cortical interneuron and GABA deficits in cyclin D2–null mice. Development 134, 4083–4093 (2007).
Article 
    CAS 
    
                    Google Scholar 
                

	Glickstein, S.B., Monaghan, J.A., Koeller, H.B., Jones, T.K. & Ross, M.E. Cyclin D2 Is critical for intermediate progenitor cell proliferation in the embryonic cortex. J. Neurosci. 29, 9614–9624 (2009).
Article 
    CAS 
    
                    Google Scholar 
                

	Huard, J.M., Forster, C.C., Carter, M.L., Sicinski, P. & Ross, M.E. Cerebellar histogenesis is disturbed in mice lacking cyclin D2. Development 126, 1927–1935 (1999).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Englund, C. et al. Pax6, Tbr2, and Tbr1 are expressed sequentially by radial glia, intermediate progenitor cells, and postmitotic neurons in developing neocortex. J. Neurosci. 25, 247–251 (2005).
Article 
    CAS 
    
                    Google Scholar 
                

	Hevner, R.F., Hodge, R.D., Daza, R.A. & Englund, C. Transcription factors in glutamatergic neurogenesis: conserved programs in neocortex, cerebellum, and adult hippocampus. Neurosci. Res. 55, 223–233 (2006).
Article 
    CAS 
    
                    Google Scholar 
                

	Baala, L. et al. Homozygous silencing of T-box transcription factor EOMES leads to microcephaly with polymicrogyria and corpus callosum agenesis. Nat. Genet. 39, 454–456 (2007).
Article 
    CAS 
    
                    Google Scholar 
                

	DePristo, M.A. et al. A framework for variation discovery and genotyping using next-generation DNA sequencing data. Nat. Genet. 43, 491–498 (2011).
Article 
    CAS 
    
                    Google Scholar 
                

	McKenna, A. et al. The Genome Analysis Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res. 20, 1297–1303 (2010).
Article 
    CAS 
    
                    Google Scholar 
                

	Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 25, 1754–1760 (2009).
Article 
    CAS 
    
                    Google Scholar 
                

	Li, H. et al. The Sequence Alignment/Map format and SAMtools. Bioinformatics 25, 2078–2079 (2009).
Article 
    
                    Google Scholar 
                

	Wang, K., Li, M. & Hakonarson, H. ANNOVAR: functional annotation of genetic variants from high-throughput sequencing data. Nucleic Acids Res. 38, e164 (2010).
Article 
    
                    Google Scholar 
                

	Schneider, C.A., Rasband, W.S. & Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675 (2012).
Article 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgements
We thank the study patients and their families, without whose participation this work would not be possible. We thank M. O'Driscoll (University of Sussex) for advice and help. This work was funded by the Government of Canada through Genome Canada, the Canadian Institutes of Health Research (CIHR), the Ontario Genomics Institute (OGI-049), Genome Quebec and Genome British Columbia (to K.M.B.). The work was selected for study by the FORGE Canada Steering Committee, consisting of K. Boycott (University of Ottawa), J. Friedman (University of British Columbia), J. Michaud (Université de Montreal), F. Bernier (University of Calgary), M. Brudno (University of Toronto), B. Fernandez (Memorial University), B. Knoppers (McGill University), M. Samuels (Université de Montreal) and S. Scherer (University of Toronto). Research reported in this publication was supported by the National Institute of Neurological Disorders and Stroke (NINDS) of the US National Institutes of Health under award numbers P01-NS048120 (to M.E.R.), NRSA F32 NS086173 (to K.A.G.) and R01NS058721 (to W.B.D.), by The Baily Thomas Charitable Fund (to D.T.P.) and by the Sir Jules Thorn Charitable Trust and Great Ormond Street Children's Hospital Charity (to E.G.S.).


Author information
Author notes	Ghayda M Mirzaa, David A Parry, Andrew E Fry, Kristin A Giamanco and William B Dobyns: These authors contributed equally to this work.


Authors and Affiliations
	Center for Integrative Brain Research, Seattle Children's Research Institute, Seattle, Washington, USA
Ghayda M Mirzaa, Carissa Adams, Rebecca D Hodge, Robert F Hevner & William B Dobyns

	Department of Pediatrics, University of Washington, Seattle, Washington, USA
Ghayda M Mirzaa & William B Dobyns

	Leeds Institute of Biomedical and Clinical Science, Wellcome Trust Brenner Building, St. James's University Hospital, Leeds, UK
David A Parry, Clare V Logan, Nicola Roberts, Colin A Johnson, David T Bonthron & Eamonn G Sheridan

	Institute of Medical Genetics, University Hospital of Wales, Cardiff, UK
Andrew E Fry & Daniela T Pilz

	Neurogenetics and Development, Feil Family Brain and Mind Research Institute, Weill Cornell Medical College, New York, New York, USA
Kristin A Giamanco, Shawn Singh, Stanislav S Kholmanskikh & M Elizabeth Ross

	McGill University and Genome Quebec Innovation Centre, Montréal, Quebec, Canada
Jeremy Schwartzentruber & Jacek Majewski

	Children's Hospital of Eastern Ontario Research Institute, University of Ottawa, Ottawa, Ontario, Canada
Megan Vanstone & Kym M Boycott

	Department of Neurological Surgery, University of Washington, Seattle, Washington, USA
Rebecca D Hodge & Robert F Hevner

	Department of Pathology, University of Washington, Seattle, Washington, USA
Robert F Hevner

	Department of Child Neurology, University Medical Center (UMC) Utrecht, Utrecht, The Netherlands
Kees P J Braun

	Centre de Génétique et Centre de Référence Anomalies du Développement et Syndromes Malformatifs, Hôpital d'Enfants, Centre Hospitalier Universitaire (CHU) Dijon, Université de Bourgogne, Dijon, France
Laurence Faivre

	Université de Bourgogne, Equipe Génétique des Anomalies du Développement (GAD), EA 4271, Dijon, France., 
Jean-Baptiste Rivière & Judith St-Onge

	Division of Medical Genetics, A.I. duPont Hospital for Children, Wilmington, Delaware, USA
Karen W Gripp

	Department of Clinical Genetics and Expertise Centre for Neurodevelopmental Disorders, Erasmus University Medical Center, Rotterdam, The Netherlands
Grazia M S Mancini

	Department of Paediatric Neurology, Royal Victoria Infirmary, Newcastle upon Tyne, UK
Ki Pang

	Department of Clinical Genetics, Liverpool Women's National Health Service (NHS) Foundation Trust, Liverpool, UK
Elizabeth Sweeney

	Centre for Human Genetics, University Hospital Gasthuisberg, Herestraat, Leuven, Belgium
Hilde van Esch

	Department of Medical Genetics, UMC Utrecht, Utrecht, The Netherlands
Nienke Verbeek

	Institut fur Humangenetik, Universitatsklinikum Essen, Essen, Germany
Dagmar Wieczorek

	Department of Medical Genetics, University of British Columbia, Vancouver, British Columbia, Canada
Michelle Steinraths

	Department of Neurology, University of Washington, Seattle, Washington, USA
William B Dobyns


Authors	Ghayda M MirzaaView author publications
You can also search for this author in
                        PubMed Google Scholar



	David A ParryView author publications
You can also search for this author in
                        PubMed Google Scholar



	Andrew E FryView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kristin A GiamancoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jeremy SchwartzentruberView author publications
You can also search for this author in
                        PubMed Google Scholar



	Megan VanstoneView author publications
You can also search for this author in
                        PubMed Google Scholar



	Clare V LoganView author publications
You can also search for this author in
                        PubMed Google Scholar



	Nicola RobertsView author publications
You can also search for this author in
                        PubMed Google Scholar



	Colin A JohnsonView author publications
You can also search for this author in
                        PubMed Google Scholar



	Shawn SinghView author publications
You can also search for this author in
                        PubMed Google Scholar



	Stanislav S KholmanskikhView author publications
You can also search for this author in
                        PubMed Google Scholar



	Carissa AdamsView author publications
You can also search for this author in
                        PubMed Google Scholar



	Rebecca D HodgeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Robert F HevnerView author publications
You can also search for this author in
                        PubMed Google Scholar



	David T BonthronView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kees P J BraunView author publications
You can also search for this author in
                        PubMed Google Scholar



	Laurence FaivreView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jean-Baptiste RivièreView author publications
You can also search for this author in
                        PubMed Google Scholar



	Judith St-OngeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Karen W GrippView author publications
You can also search for this author in
                        PubMed Google Scholar



	Grazia M S ManciniView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ki PangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Elizabeth SweeneyView author publications
You can also search for this author in
                        PubMed Google Scholar



	Hilde van EschView author publications
You can also search for this author in
                        PubMed Google Scholar



	Nienke VerbeekView author publications
You can also search for this author in
                        PubMed Google Scholar



	Dagmar WieczorekView author publications
You can also search for this author in
                        PubMed Google Scholar



	Michelle SteinrathsView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jacek MajewskiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kym M BoycottView author publications
You can also search for this author in
                        PubMed Google Scholar



	Daniela T PilzView author publications
You can also search for this author in
                        PubMed Google Scholar



	M Elizabeth RossView author publications
You can also search for this author in
                        PubMed Google Scholar



	William B DobynsView author publications
You can also search for this author in
                        PubMed Google Scholar



	Eamonn G SheridanView author publications
You can also search for this author in
                        PubMed Google Scholar





Consortia
FORGE Canada Consortium

Contributions
E.G.S., W.B.D., D.T.P., M.E.R., K.M.B., G.M.M., D.A.P., A.E.F. and K.A.G. designed the study and experiments. G.M.M., A.E.F., C.A., D.T.B., K.P.J.B., L.F., K.W.G., G.M.S.M., K.P., E.S., H.v.E., N.V., D.W., D.T.P., W.B.D. and E.G.S. identified, consented and recruited the study subjects and provided clinical information. J.-B.R., J.S-O. and M.S. recruited patients. G.M.M., A.E.F., D.T.P. and W.B.D. evaluated the magnetic resonance imaging. G.M.M., D.A.P., C.A.J., J.S., M.V., C.V.L. and N.R. developed the bioinformatics scripts and performed genetic data analysis and confirmation studies. R.D.H. and R.F.H. provided the AKT3 mouse mutant brain samples. D.A.P. and C.V.L. performed the protein stability experiments. K.A.G., S.S., S.S.K. and M.E.R. performed and analyzed the IUEP experiments and quantitative western blot analyses of p.Asp219Val AKT3. J.M. analyzed data. G.M.M., D.A.P., A.E.F., K.A.G., D.T.P., M.E.R., W.B.D. and E.G.S. wrote the manuscript.
Corresponding authors
Correspondence to
                M Elizabeth Ross or Eamonn G Sheridan.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Additional information
Membership of the Steering Committee for the Consortium is provided in the Acknowledgments section.


Integrated supplementary information

Supplementary Figure 1 Conservation of the cyclin D protein family C terminus.
Cyclin D family members were identified using Homologene and aligned using ClustalX15. The C-terminal sequence again starting from p.Ser269 of human CCND2 is shown. Proteins are identified by the corresponding human protein ortholog, species name, and NCBI protein accession identifier. Note the perfect conservation of residues corresponding to human CCND2 positions 280-284 (asterisks).


Supplementary Figure 2 Demonstration of CCND2 protein expression off the IRES-eGFP plasmid constructs.
(a-c) Cortical embryonic tissue harvested 48 hours after IUEP with either plasmid expressing only GFP (a) or plasmid expressing GFP and p.Thr280Ala CCND2 (b,c). Monoclonal anti-cyclin D2 antibody (anti-CCND2) is best localized in paraffin-embedded tissue. Therefore, tissues were processed and embedded in paraffin, sectioned at 4 μm and immunostained with anti-CCND2 and anti-GFP antibodies as described in the Methods and previously detailed2. (a) Two days after IUEP, nearly all of the GFP+ cells are postmitotic and do not co-label with anti-CCND2. (b,c) However, 48 hours post-IUEP with plasmid containing mutant CCND2, the majority of cells expressing GFP in the cytoplasm also label for CCND2 in the nucleus, including cells that have migrated into the cortical plate. Panel c shows a lower magnification that illustrates the difference between endogenous and introduced CCND2. Note that mutant CCND2 persists in cells that have migrated to the cortical plate. The Ki67 labeling in Figure 4 indicates that most of these cortical plate cells are non-dividing, implying that CDK inhibitor levels have been induced to push cells into G0. Scale bar = 50 μm. (d) Western blot of HEK293 cells transfected with the constructs demonstrating CCND2 expression off the IRES-eGFP plasmid. HEK293 cells do not express CCND2 endogenously, and therefore the GFP only transfection shows no CCND2, while all other constructs used in these experiments successfully expressed the exogenous protein.


Supplementary Figure 3 Effect of introduced mutant CCND2 on proliferation of PAX6- compared with TBR2-expressing progenitors.
(a) Expression of the phosphodeficient form of CCND2 resulted in an increase in the proportion of electroporated cells that were immunopositive for Pax6 (GFP+Pax6+/GFP+ total cells), relative to the GFP control, wild-type CCND2 and phosphomimetic groups. (b) Transfection of progenitors with the phosphodeficient form of CCND2 caused a significant increase in the proportion of electroporated cells that expressed Tbr2 compared to the three other groups (GFP, wild-type CCND2 and the phosphomimetic CCND2). Transfection with the phosphomimetic CCND2 generated results statistically similar to the wild-type CCND2 sequence. GFP/Pax6 experiment: n = 6 GFP, n = 8 wild-type CCND2, n = 5 p.Thr280Ala and n = 5 p.Thr280Asp. GFP/Tbr2 experiment: n = 6 GFP, n = 6 wild-type CCND2, n = 5 p.Thr280Ala and n = 5 p.Thr280Asp. n = embryos, each value average of 5 sections/embryo. Data are presented as mean ± standard error of measurement. Significance is tabulated below each graph.


Supplementary Figure 4 Proposed pathway for megalencephaly syndromes.
Accumulation of cyclin D2 (CCND2) may occur either through CCND2 mutations impairing phosphorylation at Thr280 or via mutations in the phosphatidylinositide 3-kinase (PI3K) pathway converging on glycogen synthase kinase 3β (GSK-3β). Under normal circumstances, GSK-3β phosphorylates CCND2 to target it for ubiquitin-mediated degradation. Constitutively activating mutations of AKT3 result in an increase in phosphorylation of its target GSK-3β, rendering GSK-3β inactive and leading to an accumulation of degradation resistant CCND2. Similarly, mutations in the regulatory (PIK3R2) or catalytic (PIK3CA) subunits of PI3K lead to over-activation of PI3K, resulting in increased phosphorylation of phosphatidylinositol-4,5-biphosphate (PIP2) to phosphatidylinositol-3,4,5-triphosphate (PIP3), activating AKT3 and in turn inactivating GSK-3β. Somatic overgrowth in syndromes such as Cowden syndrome, resulting from loss of function mutations in the phosphatase PTEN, may also result in over-activation of AKT3 and decreased GSK-3β-mediated phosphorylation of CCND2 due to increased PIP3 levels in the absence of dephosphorylation of PIP3 to PIP2 by PTEN. Arrows highlighted in red show the 'direction' of over-activated pathways in somatic overgrowth syndromes. Phosphate groups are represented by red Ps in yellow circles. The types of mutations resulting in megalencephaly syndromes via apparent accumulation of degradation-resistant CCND2 are marked on the relevant proteins.
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