
 

 

 

 
 

Role of Genomic Imprinting in Cerebral Cortex Development 
 

by 
 

Susanne Laukoter 
 

16th October, 2018 
 
 

 

 

 

 

 

A thesis presented to the  

Graduate School 

of the  

Institute of Science and Technology Austria, Klosterneuburg, Austria  

in partial fulfillment of the requirements  

for the degree of  

Doctor of Philosophy 

  



 

  



 

The dissertation of Susanne Laukoter, titled Role of Genomic Imprinting in the Cerebral 

Cortex Development, is approved by: 

 

 

 

 

 

 Supervisor: Simon Hippenmeyer, IST Austria, Klosterneuburg, Austria 
 
 

 Signature:                                                             
 
 

Committee Member: Beatriz Vicoso, IST Austria, Klosterneuburg, Austria 

 

 

  Signature:                                                             
 
 
Committee Member: Oliver Bell, Institute of Molecular Biotechnology, Vienna, Austria 
 

 

  Signature:                                                             

                                 

 

 Exam Chair: Sylvia Cremer, IST Austria, Klosterneuburg, Austria 
 
 
 Signature:                                                             

 

 

 

 

  



 

  



 

© by Susanne Laukoter, [Month], [Year] 
 

All Rights Reserved 

 
 

I hereby declare that this dissertation is my own work and that it does not contain other 

people’s work without this being so stated; this thesis does not contain my previous work 

without this being stated, and the bibliography contains all the literature that I used in writing 

the dissertation. 
 

I declare that this is a true copy of my thesis, including any final revisions, as approved by my 

thesis committee, and that this thesis has not been submitted for a higher degree to any other 

university or institution. 

 

I certify that any republication of materials presented in this thesis has been approved by the 

relevant publishers and co-authors. 

 

 

 

 

 

 

 

 

 

 

 

Signature: _______________________ 

 

Susanne Laukoter 

 

October 16, 2018 

  



 

 

  



i 

 

Abstract 

 

Genomic imprinting is an epigenetic process that leads to parent of origin-specific gene 
expression in a subset of genes. Imprinted genes are essential for brain development, and 
deregulation of imprinting is associated with neurodevelopmental diseases and the 
pathogenesis of psychiatric disorders. However, the cell-type specificity of imprinting at 
single cell resolution, and how imprinting and thus gene dosage regulates neuronal circuit 
assembly is still largely unknown. Here, MADM (Mosaic Analysis with Double Markers) 
technology was employed to assess genomic imprinting at single cell level. By visualizing 
MADM-induced uniparental disomies (UPDs) in distinct colors at single cell level in genetic 
mosaic animals, this experimental paradigm provides a unique quantitative platform to 
systematically assay the UPD-mediated imbalances in imprinted gene expression at 
unprecedented resolution. An experimental pipeline based on FACS, RNA-seq and 
bioinformatics analysis was established and applied to systematically map cell-type-specific 
‘imprintomes’ in the mouse brain. The results revealed that parental-specific expression of 
imprinted genes per se is rarely cell-type-specific even at the individual cell level. 
Conversely, when we extended the comparison to downstream responses resulting from 
imbalanced imprinted gene expression, we discovered an unexpectedly high degree of cell-
type specificity. Furthermore, we determined a novel function of genomic imprinting in 
cortical astrocyte production and in olfactory bulb (OB) granule cell generation. These results 
suggest important functional implication of genomic imprinting for generating cell-type 
diversity in the brain. 
In addition, MADM provides a powerful tool to study candidate genes by concomitant 
genetic manipulation and fluorescent labelling of single cells. MADM-based candidate gene 
approach was utilized to identify potential imprinted genes involved in the generation of 
cortical astrocytes and OB granule cells. We investigated p57Kip2, a maternally expressed 
gene and known cell cycle regulator. Although we found that p57Kip2 does not play a role in 
these processes, we detected an unexpected function of the paternal allele previously thought 
to be silent.  
Finally, we took advantage of a key property of MADM which is to allow unambiguous 
investigation of environmental impact on single cells. The experimental pipeline based on 
FACS and RNA-seq analysis of MADM-labeled cells was established to probe the functional 
differences of single cell loss of gene function compared to global loss of function on a 
transcriptional level. With this method, both common and distinct responses were isolated 
due to cell-autonomous and non-autonomous effects acting on genotypically identical cells. 
As a result, transcriptional changes were identified which result solely from the surrounding 
environment. 
Using the MADM technology to study genomic imprinting at single cell resolution, we have 
identified cell-type-specific gene expression, novel gene function and the impact of 
environment on single cell transcriptomes. Together, these provide important insights to the 
understanding of mechanisms regulating cell-type specificity and thus diversity in the brain.  
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1 Thesis outline  

 

The mammalian neocortex is the seat of higher cognitive functions such as perception, 

consciousness and acquiring and processing information. The cortex is organized into six 

distinct laminae, each of which consists of a diverse array of cell-types which are highly 

interconnected and assemble into complex neuronal circuits. Major classes of cell-types 

establishing the neocortex are excitatory projection neurons, inhibitory interneurons and 

various glial cell-types such as astrocytes and oligodendrocytes (Bartolini et al., 2013; Beattie 

and Hippenmeyer, 2017; Lodato and Arlotta, 2015; Taverna et al., 2014). Traditionally, 

different cell-types were classified by their morphological and physiological properties as 

well as their spatial and temporal localization. Recent advances in single cell sequencing 

technology allow classification of cell-types upon their transcriptional states. Studies 

applying such techniques greatly improve our understanding of the substantial cell-type 

diversity in the brain (Poulin et al., 2016; Tasic et al., 2016; Zeisel and Linnarsson, 2014). 

The next level of research will be to assess how the highly diversified cortical cell-types 

allow higher brain functions. While unique cell type specific properties have been the focus 

of recent research, the functional relevance of such diversity is still largely underexplored. In 

particular, it is unclear how transcriptional control contributes to functional diversity. Some 

specific open questions include: how do the transcriptional differences at single cell level 

translate into function? How does variety of cell-types impact circuit formation? What are the 

precise cellular and molecular mechanisms that control the generation of cell-type diversity?  

Intricate control of gene expression is fundamental for cell-type diversity. Genomic 

imprinting, an epigenetic phenomenon that modulates gene expression, is a potential 

mechanism mediating this process. Genomic imprinting is known to regulate diverse 

functions during brain development, circuit formation and even behavior (Garfield et al., 

2011; Perez et al., 2016). Cell-type specific functions of genomic imprinting have been 

identified (Ferrón et al., 2011; Judson et al., 2016; Wallace et al., 2012). Main focus of the 

thesis was to understand the genetic contribution to functional diversities in the brain. 

Analysis of cell-type specific imprinted gene expression in the brain is the main topic of this 

thesis and presented in chapter 4. This study was largely based on the use of mosaic analysis 

with double markers (MADM) which allows unprecedented cell-type specific analysis at 

single cell resolution (Hippenmeyer, 2013; Zong et al., 2005). MADM employs Cre 

recombinase/loxP-dependent interchromosomal recombination to allow for visualization and 
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concomitant manipulation of genetically defined cells (Zong et al., 2005). For MADM, two 

reciprocally chimeric marker genes are targeted separately to identical loci on homologous 

chromosomes. The chimeric marker genes, GT and TG respectively, consist of partially 

coding sequences for green eGFP[G] and red tdT[T] fluorescent proteins separated by an 

intron containing the loxP site (Hippenmeyer, 2013). Following Cre recombinase-mediated 

interchromosomal recombination during mitosis, functional green and red fluorescent 

proteins are reconstituted. Upon G2-X events (recombination in G2 of the cell cycle followed 

by X-segregation) two daughter cells each expressing one of the two fluorescent proteins are 

generated. G2-Z, G1 and G0 (postmitotic) events lead to a simultaneous restoration of the red 

and green fluorescent protein and thus result in the presence of yellow labeled cells 

(Hippenmeyer, 2013). MADM concomitantly generates uniparental disomies (UPDs) marked 

by distinct fluorescent labeling and is as such a powerful tool to study genomic imprinting 

(Hippenmeyer et al., 2013). Another advantage of MADM is the application in mutant studies 

since cells with different genotypes are distinctly labeled e.g. green cells are mutant whereas 

red cells are wildtype (Beattie et al., 2017; Hippenmeyer et al., 2010). In this thesis MADM 

was also used to study candidate genes as described in chapters 5 and 6. Chapter 5 focuses on 

the analysis of p57Kip2, also known as Cdkn1c (Yan et al., 1997). p57Kip2 is an imprinted gene 

and known to be expressed from the maternal allele (Williamson et al.). Here, p57Kip2 

expression was analyzed in a cell-type specific manner. Furthermore, we assessed the role of 

p57Kip2 in cell-type specific MADM-based UPDs. Chapter 6 focuses on the investigation of 

single cell versus global knock-out effects in order to gain insight on cell-autonomous versus 

non-cell-autonomous effects of Lgl1. A previous report has shown that Lgl1 has distinct cell-

autonomous and non-cell-autonomous functions in controlling the generation of cortical 

neurons and astrocytes (Beattie et al., 2017). In order to obtain insight on the genetic profiles 

of Lgl1-/- cells we extracted cells either from mosaic-Lgl1-MADM or cKO-Lgl1-MADM and 

performed transcriptome analysis of mutant cells collected at different developmental time 

points. My contribution in each project is stated below. 

In chapter 4, I provided the results for the study of cell-type specificity of genomic imprinting 

in the cerebral cortex using MADM-based UPDs. The main approach targeting the cell-type 

specificity of imprinted gene expression is based on transcriptome mapping of cells 

containing either matUPD or patUPD. As a separate line of investigation we performed 

phenotypic characterization of the UPD containing cells. For the transcriptome analysis I 

successfully established an experimental platform based on FACS, RNA extraction and 
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preparation of sequencing-ready cDNA libraries. Setting up this experimental workflow 

required testing multiple protocols as well as heavy optimization. The experimental pipeline 

was effectively applied to analyze imprinted gene expression in a cell-type specific manner 

based on MADM. It was my responsibility to take care of mouse breedings, the subsequent 

generation of brain tissues for FACS studies as well as all experimental work essential in the 

FACS and RNA sequencing workflow. All follow-up bioinformatics was done in close 

collaboration with Florian M. Pauler. Phenotypic characterization at P0 was performed by me 

whereas analysis in adult stage was carried out together with Robert Beattie, Nicole Amberg 

and Andi H. Hansen. Initial characterization of the MADM-7 patUPD astrocyte phenotype 

and olfactory bulb patUPD granule cells was done by Nicole Amberg. Detailed 

characterization of the astrocyte phenotype at different developmental time points was 

performed by Robert Beattie. Carmen Streicher provided technical support in mouse 

perfusion and tissue collection throughout the project. Particular assistance from Carmen 

Streicher was provided with breeding CAST and B6 mouse lines. Simon Hippenmeyer 

conceived the project, supervised and acquired funding for the project. 

Chapter 5 focuses on the function of the imprinted gene p57Kip2 in neocortical development 

and adult neurogenesis. The study of p57Kip2 relies on MADM candidate gene analysis. This 

project was mainly driven by me and Robert Beattie. My responsibility was to take care of 

mouse breeding and tissue generation. Phenotypic analysis was coordinated between the two 

of us and carried out in close collaboration. Simon Hippenmeyer and Florian M. Pauler 

helped in conceiving experiments and data analysis.  

Chapter 6 emphasizes on the transcriptional differences obtained upon single cell versus 

global loss of function. MADM provides a powerful tool to dissect cell-autonomous and non-

cell-autonomous effects. In this project, transcriptome profiling based on FACS of MADM-

labeled cells, RNA sequencing and bioinformatics was applied to study mutant cells 

originating from diverse environments (sparse knock-out versus full knock-out background) 

and different embryonic time points. All mouse breeding, FACS experiments and RNA 

sequencing preparations were carried out by me. Bioinformatics was done by Florian M. 

Pauler with scientific input from Robert Beattie and Simon Hippenmeyer.  
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2 Introduction 

 

2.1 Epigenetic mechanisms controlling cell-type diversity in the cerebral 

cortex 

 Background 2.1.1

The human cerebral cortex is the seat of our cognitive abilities and composed of an 

extraordinary number of neurons and glial cells. A remarkable heterogeneity in the cortical 

projection neuron types has been described (Lein et al., 2017; Luo et al., 2017; Zeng and 

Sanes, 2017), yet the identity and development of the neuronal classes that constitute the 

cortical microcircuits appears to a large extent genetically hard-wired (Lodato and Arlotta, 

2015). During development, the mammalian cerebral cortex derives from the embryonic 

neuroectoderm. At the end of neurulation and neural tube closure the neuroepithelium is 

composed of neuroepithelial stem cells (NESCs) from which all subsequent neural progenitor 

cells and their neuron lineages derive. NESCs initially amplify their pool in fast cell cycle 

divisions before they transform into RGPs (Taverna et al., 2014). RGPs have been 

demonstrated to be the main source in the developing cortex for the vast majority of cortical 

excitatory neurons, transient amplifying progenitors such as intermediate progenitors (IPs) 

(Kowalczyk et al., 2009; Vasistha et al., 2015), outer SVZ radial glial progenitors (oRGs aka 

basal RGs or bRGs) (Beattie and Hippenmeyer, 2017), a subset of glial lineages and adult 

SVZ stem cells and their niche (Bayraktar et al., 2015). The apical processes of RGPs serve 

as a scaffold for nascent cortical neurons, which migrate from the ventricular and 

subventricular zones (VZ/SVZ) through the intermediate (IZ) zone, in order to reach the 

cortical plate (CP) (Evsyukova et al., 2013; Hippenmeyer, 2014). Cortical layering occurs in 

an ‘inside-out’ fashion whereby earlier born neurons populate deep layers and later born 

neurons progressively occupy upper layers (Angevine Jr. and Sidman, 1961). Thus, the 

sequential generation of discrete cell fates, and concerted migration to correct laminae, is 

critical for the assembly of the neocortex. 
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 Radial glia progenitors generate cell-type diversity in the cerebral 2.1.2

cortex 

The concerted production of the correct number and diversity of neurons and glia is essential 

for intricate cortical circuit assembly and an exquisite balance between RGP 

proliferation/differentiation must be reached in order to generate a neocortex of appropriate 

size. To elucidate the precise patterns of RGP division, neuron and glia production, MADM 

(Mosaic Analysis with Double Markers)-based quantitative clonal analysis has recently been 

performed (Gao et al., 2014; Hippenmeyer, 2013; Zong et al., 2005). This systematic clonal 

analysis suggests that the behavior of RGPs is remarkably coherent and predictable across all 

developmental stages. RGPs in the neurogenic phase do not undergo terminal differentiation 

in a stochastic manner but rather follow a defined program of cell cycle exit resulting in a 

unitary output of about 8-9 neurons per individual RGP. The size of asymmetric neurogenic 

clones is however similar across neocortical areas with distinct functions, providing evidence 

that the unitary neuronal output is a general property of cortical RGPs. Upon completion of 

neurogenesis, a defined fraction of individual RGPs proceed to gliogenesis whereby about 1 

in 6 neurogenic RGPs produce glia – astrocytes and/or oligodendrocytes – indicating a 

coupling between gliogenesis and neurogenesis at a predictable rate. While the MADM-based 

lineage analysis revealed definitive quantitative ontogeny of neocortical excitatory neurons 

and glia (Gao et al., 2014), the cellular and molecular mechanisms dictating neural progenitor 

cell lineage progression are not well understood (Beattie and Hippenmeyer, 2017). Major 

progress has been made in classifying cell-types based on single-cell transcriptome analysis 

(Lein et al., 2017; Luo et al., 2017; Zeng and Sanes, 2017), however it remains elusive which 

neuronal and glial cell-types arise from an individual progenitor cell. Furthermore, the 

regulatory modules and epigenetic mechanisms that furnish RGPs with their precise 

programs to generate cell-type projection neuron and glial cell diversity are poorly defined. In 

this review we discuss recent progress advancing our conceptual understanding with a 

particular focus on epigenetic regulation in vivo. Epigenetic signaling cues include specific 

chemical modifications which modulate chromatin structure and organization. The major 

biochemical signaling pathways organizing the chromatin architecture include DNA 

methylation, histone modifications, or expression of long non-coding RNAs (Di Croce and 

Helin, 2013; Yao et al., 2016). Cells combine these features, defining the epigenetic code, in 

a cell-type and temporally specific manner. The code determines whether the chromatin 

configuration at particular genomic loci exerts an active state, characterized by opening of 
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chromatin allowing access by the transcriptional machinery; or repression, defined by 

chromatin condensation (Karlic et al., 2010; Kouzarides, 2007; Portela and Esteller, 2010). 

Progressive modification of the epigenetic landscape in RGPs and subsequently in nascent 

cortical neurons controls transcriptional accessibility of specific target genes (Albert et al., 

2017). We hypothesize on three major concepts how the modulation of the epitranscriptome 

regulates RGP lineage progression, neuronal differentiation and the generation of cortical 

cell-type diversity: (1) Lineage instruction – an epigenetic factor acts during a specific 

developmental window to initiate the differentiation into a specific cell-type; (2) Lineage pre-

priming – an epigenetic factor is present throughout development but is only instructive at 

later stages to direct the development of a certain cell-type e.g. glial cells; (3) Lineage 

priming – an epigenetic mark affects the development of an entire lineage and has functional 

impact on all cell-types generated within this lineage (Figure 1). Considering these potential 

frameworks of epigenetic instruction we focus on specific key questions: How do epigenetic 

regulatory mechanisms control the quantitative and qualitative output of a single cortical 

stem cell? Which signaling pathways are transcriptionally regulated in order to modulate 

stem cell potential over time? And in a broader context, how do epigenetic mechanisms 

control lineage priming and/or instruction in the course of RGP-mediated generation of 

cortical cell-type diversity (Figure 1)? 
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Figure 1. Epigenetic regulation of RGP-mediated generation of cell-type diversity. 
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(A) Lineage Instruction: Epigenetic factors in RGPs together with local factors work in an orchestrated manner 
to instruct distinct neuronal/glial fate. These factors act only at a specific time window and during a distinct step 
of cell-type generation. (B) Lineage Pre-Priming: The entire RGP lineage is pre-primed by expressing a specific 
epigenetic factor in early neurogenic RGPs throughout the course of development. However, the functional 
impact is required only at a late stage of development as it specifically affects lineage progression at later 
timepoints (e.g. during glial differentiation or adult NSC proliferation). (C) Lineage Priming: The entire lineage 
is affected by the functional impact of an epigenetic factor that is uniformly present throughout all stages of 
development. Together with local factors the epigenetic mark exerts its function on both progenitor state/RGP 
proliferation and the entire successive lineage. 

 

 DNA methylation and hydroxymethylation during cortical projection 2.1.3

neuron development 

DNA methylation represents a critical epigenetic mark modifying DNA-protein interactions 

and thus controlling transcriptional states and cellular identity. Methylation of cytosine (5-

methylcytosine, 5mC), at CpG dinucleotides modulates core epigenomic processes including 

gene expression, imprinting, X-inactivation, silencing of repetitive elements and regulation of 

heterochromatin (Bergman and Cedar, 2013; Jaenisch and Bird, 2003; Robertson and Wolffe, 

2000). DNA methylation most often occurs at CpG dinucleotides, but also marks CpH (H 

being any other nucleotide than G), particularly in a CpA context (Lister et al., 2013). The 

methylation pattern during embryogenesis is highly dynamic and exhibits a remarkable 

degree of tissue and cell-type specificity. Postmitotic neuron maturation requires 

accumulation of methylation marks at both, CpG and CpH sites. Lineage specification was 

specifically shown to correlate with differences in CpA  methylation patterns (Sharma et al., 

2016). 

In mammals, DNA methylation is catalyzed by a family of DNA methyltransferases 

(DNMTs), including maintenance methyltransferase DNMT1, de novo methyltransferases 

DNMT3a and 3b, and the catalytically inactive DNMT3L (Lyko, 2018). Dnmt1 is expressed 

throughout cortical development, with increasing expression from progenitor cells to neurons 

(Hutnick et al., 2009). Dnmt1 controls both, quantitative and qualitative RGP neuron and glia 

output. Dnmt1–deficient RGPs display upregulation of genes involved in apoptosis and 

downregulation of genes required for neuronal differentiation and maturation. Consequently, 

Dnmt1 mutant mice display cortical degeneration, defective neuronal layering, absence of 

barrel fields and precocious astrocyte generation (Fan, 2005; Fan et al., 2001; Golshani et al., 

2005; Hutnick et al., 2009) The precise function of DNA methylation in RGP lineage control 

is currently not known but lineage instruction at the neurogenic to astrocytic transition was 
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analyzed in more detail. During early neurogenesis, CpG sites within promoters of genes 

regulating gliogenesis, e.g. Gfap, are methylated in a Dnmt1-dependent manner, thus 

preventing their expression (Takizawa et al., 2001). At progressively later neurogenic stages, 

Notch activation in RGPs induces the expression of nuclear factor I (NFI), which displaces 

DNMT1 at the Gfap promoter (Namihira et al., 2009). Therefore methylation of astrogenic 

gene promoters is selectively abolished (Takizawa et al., 2001), which in turn leads to 

binding of STAT1/3 heterodimers and the promotion of astrogenic gene expression (Fan, 

2005; Hatada et al., 2008). In the oligodendrocyte lineage, Dnmt1 regulates oligodendrocyte 

specification not only by silencing genes involved in oligodendrocyte precursor cell (OPC) 

proliferation and neuronal differentiation; but also by orchestrating alternative splicing events 

(Moyon et al., 2016). In mice, the ablation of Dnmt1 results in severe hypomyelination. At 

the cellular level OPC maturation is impaired due to misfolded proteins and subsequent 

activation of endoplasmic reticulum stress response (Moyon et al., 2016). Furthermore, 

Dnmt1 is required for lineage transition from neurogenic RGPs to postnatal V-SVZ NSCs 

and sustained (olfactory bulb-destined) neuroblast generation (Noguchi et al., 2016) albeit the 

precise mechanisms remain elusive and require further studies. 

The function of Dnmt3a/b in corticogenesis is even less clear. The expression patterns of 

Dnmt3a and Dnmt3b are distinct from each other, indicating non-redundant functions in 

cortical neurogenesis. Dnmt3b is highly expressed in early progenitors from E10.5 until 

E13.5 and in differentiated neurons from E17.5 onwards, whereas Dnmt3a is robustly 

expressed in immature neurons from E13.5 until E17.5, but shows low expression in mature 

neurons (Feng et al., 2005; Watanabe et al., 2006). Recent studies provide evidence for 

Dnmt3b-dependent methylation of the promoters of clustered protocadherin (cPcdh) 

isoforms, a family of adhesion molecules (Chen and Maniatis, 2013), at early stages of 

neurogenesis. Strikingly, the loss of Dnmt3b results in altered expression of cPcdh isoforms 

(Toyoda et al., 2014). These findings are intriguing in the context of the possible functional 

role of cell lineage in modulating the preferential connectivity of clonally related cortical 

projection neurons (Li et al., 2012; Yu et al., 2009). Indeed, a transient increase of reciprocal 

connections of clonally related neurons in the somatosensory barrel cortex depends on 

functional Dnmt3b regulating proper cPcdh isoform expression (Tarusawa et al., 2016). To 

which extent Dnmt3b activity is required in proliferating RGPs to prime the lineage and thus 

clonally related progeny remains a key question for future studies. 
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Hydroxymethylation and in particular 5-hydroxymethylcytosine (5hmC), which is 

preferentially detected in intragenic regions, is an abundant epigenetic chemical modification 

in the brain (Hahn et al., 2013). 5hmC is generated by ten-eleven translocation protein (TET)-

dependent 5mC oxidation. The TET family includes the three dioxygenases TET1-3 that 

convert 5mC to 5hmC in a Fe(II)- and α-ketoglutarate-dependent manner (Tahiliani et al., 

2009). In the mammalian brain 5hmC accounts for 1% of all cytosines in cortical DNA 

(which is equal to ~20-25% of total 5mC) and the relative levels of 5mC versus 5hmC are 

implicated in the regulation of cortical neurogenesis (Jin et al., 2011). TET2 and 3 are highly 

expressed during cortical neurogenesis, with increasing expression levels from progenitors to 

neurons. TET2 is most prevalent in outer cortical layers, whereas Tet3 is broadly expressed in 

all cortical layers (Diotel et al., 2017; Hahn et al., 2013). Accordingly, RGPs in the VZ and 

young neurons in the IZ contain lower concentration of 5hmC as compared to neurons in the 

CP. Intragenic 5hmC-enriched genes are associated with higher transcript levels than others 

and include many genes critical for neuronal differentiation, migration or axon guidance. 

Recent evidence suggests that increased TET activity and reduced levels of Polycomb-

mediated repressive histone methylation (discussed in more detail below) work in a 

synergistic manner to promote neuronal differentiation (Hahn et al., 2013). How TETs 

regulate lineage priming and qualitative RGP output remains an important unsolved question 

and requires the analysis of loss and gain-of TET function at single-cell resolution. 

5hmC is oxidized to generate 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). Both 

5fC and 5caC are recognized and excised by thymine DNA glycosylase (TDG). TDG coupled 

with base excision repair substitutes 5fC and 5caC by an unmodified cytosine, resulting in 

DNA demethylation (He et al., 2011; Nabel et al., 2012). During embryonic development, 

5hmC and 5caC levels are inversely correlated in different cell-types. While RGPs are almost 

completely devoid of 5caC, this mark accumulates during lineage specification at cell-type 

specific promotors and ultimately induces the progression of neuronal differentiation 

programs. Accumulation of 5caC at promoters of key glial markers correlates with high 

transcript levels and glial differentiation. However, it remains unclear whether increased 

5caC is a cause or consequence of glial differentiation, or whether a third mechanism could 

drive both potential responses independently. Experimental evidence suggests that 5caC 

guides RGP lineage progression towards gliogenesis, since TDG knock-down results in 5caC 

retention and enhanced glial differentiation (Wheldon et al., 2014). Future studies will be 
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required to mechanistically point out the causal link between 5caC levels and astroglial 

production in more detail. 

 

 Role of genomic imprinting in neural stem cell proliferation behavior 2.1.4

Besides global effects on gene expression, differential DNA methylation at imprinting control 

regions serves as fundamental regulator of genomic imprinting. Imprinting results in parent-

of-origin specific gene expression where certain genes are expressed solely from the 

paternally inherited allele and others only from the maternally inherited allele (Barlow and 

Bartolomei, 2014). A key characteristic of imprinted genes is reflected in their cardinal gene-

dosage sensitivity. A number of imprinted genes have been shown to play critical roles in 

neurogenesis and neuronal differentiation including Cdkn1c, Zac1, Dlk1 and Igf2.  

The Cdkn1c gene (aka p57KIP2) is a member of the CIP/KIP family of cyclin-dependent 

kinase inhibitors which regulate G1/S transition by inhibiting cyclin/CDK complexes (Sherr 

and Roberts, 1999). Cdkn1c is maternally expressed in the developing cortex from E11.5 

onwards, with highest expression at E14.5 in RGP and IP nuclei. Cdkn1c-/- mice exhibit 

macrocephaly with disrupted cortical lamination resulting from increased RGP proliferation 

due to decreased overall cell cycle length and shortening of G1 phase (Mairet-Coello et al., 

2012). Cdkn1c has been shown recently to mark slowly dividing prospective postnatal 

precursors which emerge from progenitors located in the ventricular zone of the lateral 

ganglionic eminence (Furutachi et al., 2015). Despite the fact that such slowly dividing stem 

cell precursors have been identified in the developing dorsal cortical VZ (Fuentealba et al., 

2015) it is not clear whether and how Cdkn1c instructs cortical RGP lineage progression. 

The gene encoding Zinc finger protein regulating apoptosis and cell cycle arrest (Zac1) is 

expressed from the paternal allele with particular high expression in neuroectodermal stem 

cells during early development (Valente, T., Junyent, F. and Auladell, 2005). Full knockout 

of Zac1 results in hydrocephaly and decreased brain size, whereas Zac1 overexpression in 

RGPs triggers premature cell cycle exit due to induction of Cdkn1c expression (Daniel et al., 

2015; Rraklli et al., 2016). It is an intriguing mechanistic concept that the expression level of 

one imprinted gene (Zac1) regulates the expression of a second dosage-sensitive imprinted 

gene (Cdkn1c) and thereby modulates unitary RGP output. Furthermore, independent of 

Cdkn1c, Zac1 negatively controls the neurogenic to astrogenic switch in proliferating RGPs 
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by inducing expression of the JAK/STAT3 signaling inhibitor Socs3 (Schmidt-Edelkraut et 

al., 2013).  

Delta-like homologue 1 (Dlk1) encodes a transmembrane protein of the Notch/Delta/Serine 

signaling family. Two different isoforms, a membrane-bound form and a secreted form have 

been identified (Smas et al., 1997; Wang and Sul, 2006). Dlk1 exhibits paternal specific 

expression throughout embryonic development (Wagatsuma et al., 2000), however allele-

specific expression of Dlk1 is specifically lost in adult NSCs. Biallelic Dlk1 expression is 

required for postnatal SVZ neurogenesis and OB neuron production (Ferrón et al., 2011) but 

the underlying mechanisms how Dlk1 gene dosage controls stem cell proliferation behavior 

remain to be determined. 

Insulin-like growth factor 2 (Igf2) encodes a potent growth factor promoting cell survival, 

proliferation, and differentiation upon binding to insulin-like growth factor receptors (Daniel 

et al., 2015; Nielsen, 1992). IGF2 binding to IGF1R positively stimulates growth signaling 

whereas IGF2 binding to IGF2R results in internalization and lysosomal degradation of IGF2, 

thereby reducing the growth signal (Stewart and Rotwein, 1996). In the embryonic brain, Igf2 

is expressed from the paternal allele but exhibits biallelic expression shortly after birth and 

switches to maternal expression in the postnatal brain (Andergassen et al., 2017). During 

corticogenesis, IGF2 is secreted from the choroid plexus into the ventricular CSF thereby 

stimulating the proliferation of RGPs via IGF1R. Igf2-/- mice display reduced brain size, 

decreased numbers of dividing progenitors and diminished numbers of upper layer neurons 

(Lehtinen et al., 2011). In future studies it will be important to decipher the precise functional 

role of Igf2 gene dosage in controlling embryonic RGP proliferation behavior and the 

generation of the correct number of distinct classes of upper layer neurons. Interestingly, 

during postnatal neurogenesis, biallelic Igf2 expression is required for adult NSC 

proliferation (Ferrón et al., 2015). 

In summary, specific imprinted genes have been shown to regulate RGP and adult NSC 

proliferation behavior and thus their quantitative and qualitative output. It appears to be a 

common theme that imprinted genes encoding for signaling molecules require biallelic 

expression in adult NSCs to maintain proper OB neuron generation. The dosage control of 

imprinted genes through epigenetic DNA modification represents an intriguing regulatory 

module with the potential to significantly contribute to the generation of cell-type diversity 

during cortical development. Future studies dissecting the mechanisms by which imprinted 



14 

 

genes and their dosage affect neural stem cell lineage progression will thus be of high interest 

to determine the effects of the concentration of particular molecules on stem cell behavior. 

 

 DNA topology controlling RGP lineage progression 2.1.5

The 4D DNA topology orchestrates the ultimate structure and organization of chromatin. 

Certain genomic regions contact each other in so-called topologically associated domains 

(TADs). Cohesin and CCCTC-binding factor (CTCF) are required for TAD formation and 

enhancer-promoter interactions. Association of CTCF to its consensus sequence (three 

regularly spaced CCCTC repeats) induces cohesin recruitment and formation of a ring-like 

structure around distinct sites of the chromosome, thereby inducing DNA looping (Ong and 

Corces, 2014). TAD formation and DNA looping are regulated via modulation of 

accessibility of CTCF association sites. DNA methylation at CTCF binding sites prevents the 

interaction of CTCF with DNA (Bell and Felsenfeld, 2000; Wang et al., 2012), thus 

excluding the formation of TAD boundaries at methylated DNA sequences. >77,000 CTCF 

binding sites widely distributed throughout the genome have been mapped so far (Chen et al., 

2012). CTCF is highly expressed during neocortical development (Sams et al., 2016) and 

controls quantitative RGP output by maintaining the progenitor state (Watson et al., 2014). 

Qualitatively, CTCF instructs cortical cell-type diversity by promoting fate-specification of 

postmitotic neurons through regulation of genes involved in cell adhesion, 58% of those 

being cPcdh genes. Almost all promoters of stochastically expressed cPcdh isoforms contain 

a CTCF-binding site and Ctcf deletion in postmitotic neurons leads to misexpression of 

cPcdh genes and concomitant absence of barrel structures despite Layer IV presence 

(Hirayama et al., 2012). Intriguingly, Dnmt3b deletion also leads to altered cPcdh expression 

(Toyoda et al., 2014), providing evidence that DNMT3B regulates accessibility of CTCF 

binding sites and thus cPcdh expression. 

 

 The role of histone modifications in RGP proliferation behavior 2.1.6

N-terminal histone tails are targets for a variety of posttranslational modifications including 

the reversible covalent attachment of methyl-, acetyl-, phospho- or ubiquitin groups to 

distinct lysine (K) or arginine (R) residues (Yao et al., 2016). Such histone modifications 

activate or repress gene expression (Karlic et al., 2010; Kouzarides, 2007; Portela and 

Esteller, 2010). 
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Histone methylation 

Methylation of histones is catalyzed by histone methyltransferases and reversed by histone 

demethylases. The most extensively studied histone methylation sites include histone H3 

lysine 4 (H3K4), H3K9, H3K27, H3K36, H3K79 and H4K20. Methylation of each of these 

distinct lysine residues influences the accessibility of chromatin in a different manner. 

Generally, H3K4me serves as an active mark, whereas H3K9me2/me3 and H3K27me3 are 

associated with transcriptional repression (Hyun et al., 2017).  

 

Repressive Histone marks: 

H3K27me3 is catalyzed by the multisubunit Polycomb repressive complex (PRC)2, which 

consists of three core subunits: enhancer of zeste 2 (EZH2) or its homolog EZH1, embryonic 

ectoderm development (EED), and suppressor of zeste 12 (SUZ12) (Di Croce and Helin, 

2013). Both, EZH2 and EZH1, contain a conserved SET domain catalyzing the mono-, di-, 

and tri-methylation of H3K27. PRC1 binds to H3K27me3 and catalyzes the mono-

ubiquitinylation of lysine 119 of histone H2A (H2AK119ub) through a homolog of 

Drosophila RING protein, thereby ultimately inducing transcriptional silencing. Methylation 

of H3K27 is reversible, with the two proteins JMJD3 and UTX acting as H3K27 

demethylases (Di Croce and Helin, 2013). 

Ezh2 and Ring1B show high expression in RGPs up to E14.5 and function in lineage priming 

by regulating RGP identity and proliferation behavior, as well as RGP-to-glia-progenitor 

transition (Hirabayashi et al., 2009; Pereira et al., 2010). Ablation of Ezh2 and thus 

H3K27me3 in RGPs results in premature RGP differentiation, increased generation of lower-

layer neurons, decreased upper-layer neuron production, and precocious astrocyte generation 

(Hahn et al., 2013; Pereira et al., 2010). Ezh2-mediated repression of gene expression in 

cortical RGPs is therefore essential in controlling lineage progression and appropriate neuron 

and glia output. In a complementary experiment with specific deletion of the SET domain of 

Ezh2 during mid neurogenesis, RGPs fail to downregulate proneurogenic Ngn1 signaling, 

which leads to the suppression of glia generation (Hirabayashi et al., 2009). Deletion of 

Ring1B during mid neurogenesis does not alter RGP maintenance, but results in alterations of 

timed production of specific projection neuron populations such as sustained production of 

CTIP2+ layer V neurons (Morimoto-Suzki et al., 2014) and BRN2+ upper layer neurons 

(Hirabayashi et al., 2009). Similar to deletion of the Ezh2 SET domain, Ring1B-deficient 
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cortices display defective RGP lineage progression from the neurogenic to the gliogenic state, 

presumably by failing to suppress proneurogenic genes (Hirabayashi et al., 2009). The 

precise mechanisms by which PRC instructs RGP proliferation behavior are unknown. It is 

however possible that PRC association with target genes is differentially regulated in 

progenitors at distinct stages and postmitotic cells, respectively. Key questions that require 

in-depth analysis in the future are: 1) how do PRC complexes recognize their target genes? 2) 

Which co-factors regulate PRC recruitment? 3) How is PRC activity modulated at distinct 

neurogenic and gliogenic stages? A functional relevant group of PRC co-factors in RGPs are 

chromodomain-helicase-DNA-binding proteins (CHDs) that will be discussed in more detail 

below. 

Repressive H3K9me2/me3 marks are established by the methyltransferases SETDB1, 

SUV39H1, G9a and G9a-like protein. H3K9me3 binds heterochromatin protein 1 for 

transcriptional repression leading to formation and maintenance of heterochromatin. Similar 

to H3K27me, H3K9me is a reversible mark (Hyun et al., 2017). Setdb1 is highly expressed in 

proliferating NESCs in the VZ at E9.5 but its expression declines at E15.5 and is not 

detectable at E17.5. While deletion of Setdb1 does not affect RGP numbers, it leads to 

increased upper layer neuron production at the expense of deep-layer neurons. Furthermore, 

ablation of Setdb1 causes accelerated astrogliogenesis, demonstrating that Setdb1 not only 

controls the timing of late neurogenic events, but also neurogenic RGP-to-astrogenic-

progenitor transition (Tan et al., 2012). Mechanistically, SETDB1 catalyzes H3K9 

methylation at promoters of glial differentiation genes (e.g. Sox9 and Gfap), resulting in their 

repression during neurogenic stages. Taken together, repressive H3K27me3 and H3K9me3 

marks are required to inhibit precocious neuronal differentiation and control the timing of 

gliogenesis. Future studies should aim at identifying functionally-relevant SETDB1 targets 

and how these regulate RGP proliferation behavior and lineage progression. 

 

Activating Histone marks: 

Transcriptionally active loci are associated with acetylation of histone lysines, e.g. H3K27ac, 

mediated by histone acetyl transferases (HATs) and reversed by histone deacetylases 

(HDACs) (Wang et al., 2009). Both types of enzymes are recruited to their target promoters 

through interaction with sequence-specific transcription factors. 

The gene encoding the histone acetylase CREB binding protein (Cbp) is expressed in 

proliferating RGPs and postmitotic neurons during corticogenesis and induces acetylation of 
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H3K9, H3K14 and H3K27 within target gene promoters, such as α1-tubulin (acetylation peak 

at E13-E16), Gfap (peaking at E16-P3) and Mbp (peaking at postnatal stages). Cbp 

knockdown or haploinsufficiency diminishes the acetylation levels at those promoters and 

inhibits the production of late-born upper layer neurons from RGPs, as well as transition from 

neurogenesis to gliogenesis (Wang et al., 2010). How CBP targeting specificity is achieved 

by temporally controlled expression of binding partners represents an important line of future 

research. A key candidate in this regard is NGN1 which prevents interaction of CBP with 

STAT proteins and subsequent activation of astrogenic gene expression (Sun et al., 2001). 

 

 Chromatin remodeling complexes controlling RGP lineage 2.1.7

progression 

Chromatin remodeling is mediated by multi-subunit protein complexes including the 

nucleosome remodeling deacetylase (NuRD) and the Brahma-associated factors (BAF) 

complex. The NuRD complex consists of lysine-specific histone demetylase 1A (LSD1), 

HDAC1/2, the histone binding proteins RBAP46 and 48, metastasis-associated protein, 

methyl-CpG-binding domain protein 3, and a CHD protein (Lai and Wade, 2011). The BAF 

complex consists of BRG1, BRM and several distinct BAF proteins (Kadoch et al., 2013). 

Both complexes exhibit alternative subunit composition with temporally regulated expression 

during development (Nitarska et al., 2016; Son and Crabtree, 2014). 

 

NuRD complex: 

The demethylase LSD1 is expressed in RGPs and postmitotic neurons populating the 

developing CP. Lsd1 promotes RGP lineage priming by coordinating the maintenance of the 

RGP stem cell state and orchestrating the induction of postmitotic neuron differentiation. 

LSD1 specifically removes activating H3K4me2 marks from promoters of either neurogenic 

differentiation-inducing genes (Zhang et al., 2014) or progenitor-maintaining genes (Wang et 

al., 2016). Targeting of specific promoters by LSD1 is mediated by co-factors, such as REST 

corepressor (RCoR)2 (Qureshi et al., 2010). The promoters of several RCoR2 target genes 

including dorso-ventral CNS specification genes such as Dlx2, Dlx5, Shh and Ascl1, are 

transcriptionally repressed by removal of activating H3K4me marks through LSD1. Thus 

genes maintaining RGP stem cell state, e.g. SHH pathway components are upregulated, 



18 

 

whereas genes positively involved in neurogenesis, such as Emx1, Tbr2, Trnp1, Foxg1 and 

Reln, are downregulated in Rcor2 knock-out mice (Wang et al., 2016). 

HDAC1 and 2 are both expressed in RGPs throughout embryonic development. Together 

LSD1 and HDACs interact with RCoR1/2 (Qureshi et al., 2010). Conditional HDAC1/2 

double knockout mice recapitulate the phenotype observed in RCoR1/2 double knockouts, 

characterized by microcephaly caused by a massive block of projection neuron and 

oligodendrocyte production (Monaghan et al., 2017), severe laminar disorganization, and 

accompanied by a global increase in histone acetylation marks (Hagelkruys et al., 2014; 

Montgomery et al., 2009). HDAC1/2 regulate lineage priming by orchestrating neurogenesis 

at the level of both, RGP cell fate maintenance and specification of distinct neuronal 

subtypes. Removal of histone acetylation promotes layer II/III callosal projection neuron 

development by inhibiting subcerebral projection neuron (SCPN) fate specification. HDACs 

are recruited by LHX2, SATB2 and SKI to mediate NuRD complex-dependent silencing of 

Fezf2, Ctip2 and Sox11 SCPN specification genes (Alcamo et al., 2008; Baranek et al., 2012; 

Britanova et al., 2008; Muralidharan et al., 2017). In OPCs HDACs compete with β-catenin 

for TCF7L2 interaction. While the β-catenin-TCF complex activates the negative 

oligodendrocyte differentiation regulator Id2, TCF-HDAC suppresses Id2 transcription and 

thus allows oligodendrocyte production (Ye et al., 2009a). In summary, the interaction of 

LSD1, HDAC1/2 and RCoR1/2 activates critical temporal gene expression programs and 

thereby coordinating both, lineage priming and lineage instruction in RGPs. 

 

The CHD family is characterized by tandem chromodomains and a SNF2-like ATPase 

domain (Murawska and Brehm, 2011). CHDs exhibit subunit-specific functions and display 

mutually exclusive occupancy within the NuRD complex at different stages of corticogenesis 

(Nitarska et al., 2016). Thus CHD proteins have been implicated in differentially controlling 

the overall output of proliferating RGPs. Indeed, CHD2 and CHD7 regulate self-

amplification of RGPs and prevent precocious cell cycle exit (Micucci et al., 2014; Ohta et 

al., 2016; Shen et al., 2006). In contrast, CHD3 controls the timing of upper layer neuron 

specification (Nitarska et al., 2016) and CHD4 maintains neurogenic RGP fate in an Ezh2-

dependent fashion (Sparmann et al., 2013). These findings indicate that CHDs interact with 

PRC and regulate H3K27me3 deposition at target promoters, a hypothesis further supported 

by recent studies on CHD5 and 8. Chd5 is expressed in neurons throughout cortical 

development and promotes SATB2+ upper layer projection neuron production. 
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Mechanistically, CHD5 is required to activate expression of genes essential in neuron 

production, migration and differentiation (such as Tubb3, NeuN and Ncam), but at the same 

time to also induce PRC-mediated silencing of a small cohort of genes involved in 

development of non-neuronal lineages (Egan et al., 2013). Chd8 is strongly expressed around 

the transition from symmetric proliferative to asymmetric neurogenic RGP division 

(Sugathan et al., 2014) and promotes the expression of PRC2 components EZH2 and SUZ12. 

Similar to Ezh2 deletion (Hahn et al., 2013; Pereira et al., 2010), knockdown of Chd8 results 

in premature depletion of RGPs and impaired neurogenesis (Durak et al., 2016). In contrast, 

twofold reduction of CHD8 protein by Chd8 haploinsufficiency (deletion of exon 5) or Chd8 

heterozygous loss-of-function mutations in humans result in macrocephaly by increasing 

proliferation of neural progenitors (Gompers et al., 2017; Katayama et al., 2016; Platt et al., 

2017). At first glance the results obtained by the knockdown and haploinsufficiency studies 

appear contradictory however one may hypothesize that differential gene dosage of CHD8 

results in distinct RGP proliferation dynamics. Whereas substantial depletion of CHD8 

drastically impairs RGP lineage progression, twofold protein reduction might just delay 

activation of neuronal differentiation programs. Thus, determining the precise function of 

CHD8 in controlling RGP proliferation behavior and unitary neuron output remains an 

important task for further studies.  

 

BAF complex: 

In the developing neocortex, distinct BAF subunits are expressed in a temporal and cell-type 

specific manner. Proliferating RGPs and postmitotic neurons contain BAF complexes with 

distinct subunit composition, with the RGP BAF complex containing BAF45a and BAF53a, 

and neuron BAF complex including BAF45b, BAF45c and BAF53b (Lessard et al., 2007). 

BAF45a promotes progenitor cell proliferation and transition from neurogenic to gliogenic 

RGP cell fate in a BRG-dependent manner. Knockdown of progenitor BAF components in 

RGPs results in slow-down of the cell cycle and overall decrease of proliferating RGPs, thus 

strongly reducing the numbers of IPs and upper layer neurons (Lessard et al., 2007; 

Matsumoto et al., 2016). While Brg1-deficiency in embryonic RGPs inhibits the neurogenic 

to gliogenic switch, E16.5 cortical cultures lacking Brg1 are not impaired in astrocyte 

generation (Lessard et al., 2007), suggesting that niche-derived signals determine the fate of 

Brg1-deficient RGPs in vivo. Progenitor BAF complex controls RGP proliferation and 

maintenance on different mechanistic levels: (1) by activating transcription of stem cell 
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differentiation inhibitor Mash1 (Matsumoto et al., 2006, 2016); (2) by stimulating expression 

of Notch-dependent proliferation-promoting signals and (3) by repressing SHH-dependent 

differentiation-promoting signals (Lessard et al., 2007). During RGP lineage progression, 

BRG1 also controls OPC specification and oligodendrocyte formation by suppressing 

precocious Olig2 transcription (Matsumoto et al., 2016). Intriguingly, progenitor BAF 

displays mutually exclusive incorporation of either BAF170 or BAF155 at distinct 

developmental stages. Conditional BAF155/170 double mutants display reduced numbers of 

proliferative RGPs, dramatic thinning of the cortical SVZ and extensive loss of projection 

neurons, emphasizing a crucial function of BAF complexes in corticogenesis (Narayanan et 

al., 2015). Mechanistically, conditional BAF155/170 deletion is accompanied by a global 

shift from activating H3K9ac to repressive H3K27me2/me3 marks (Nguyen et al., 2016). 

What are the exclusive functions of BAF170 and BAF155, respectively, during RGP-

mediated neurogenesis? Neural progenitor BAF complexes harbor BAF170 until E14.5 to 

repress IP generation by inhibiting the expression of many genes typically activated by PAX6 

during upper layer neuron development (e.g. Tbr2, Cux1 and Tle1) in a BRM-dependent 

manner. BAF170 and PAX6 recruit the REST repressor complex to the promoters of target 

genes, which induces transcriptional silencing of genes involved in late neurogenic events. 

Between E14.5 and E15.5, BAF170 is replaced by BAF155, which activates expression of 

IP-inducing PAX6 target genes in RGPs via association with the H3K27 demethylases 

JMJD3 and UTX (Min et al., 2007; Narayanan et al., 2015; Tuoc et al., 2013). Taken 

together, distinct BAF subunits contribute to the timed generation of cortical projection 

neuron subtypes. Interaction of PAX6 with progenitor BAF complexes is further important to 

maintain the neurogenic fate of adult NSC-derived neuroblasts. Upon deletion of either Pax6 

or Brg1 from adult NSCs, neuroblasts located outside of the neurogenic niche differentiate to 

glial lineages, especially OPCs (Ninkovic et al., 2013). Progenitor BAF complexes thus 

generally regulate cell-type diversity by promoting neurogenic fate.  

 

 Control of RGP proliferation behavior by long noncoding RNAs 2.1.8

Long noncoding RNAs (lncRNAs) are untranslated transcripts longer than 200 nucleotides 

modulating chromatin organization, gene transcription, pre-mRNA metabolism, and RNA 

turnover (Grammatikakis and Gorospe, 2016). The mammalian genome encodes for 

thousands of lncRNA, most of which are expressed in the brain (Aprea and Calegari, 2015). 
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Recent RNA-seq experiments using human samples at distinct developmental stages revealed 

that only a few lncRNAs are abundantly expressed in all cortical cell types (e.g. Norad and 

Brn1b), whereas the majority of lncRNAs display highly cell-type specific expression (e.g. 

Pnky and LOC646329 in RGPs) (Liu et al., 2016). Several lncRNAs have been shown to play 

important regulatory functions in cortical development in vivo. For instance the nuclear 

lncRNA Pinky (Pnky) promotes RGP stem cell maintenance by interacting with the RNA 

splicing factor PTBP1 but the precise mechanism how Pnky controls RGP lineage 

progression remains to be elucidated (Ramos et al., 2015). The long intergenic ncRNA 

(lincRNA) Brn1b (aka Dali in humans) is expressed in the developing brain from E13.5 until 

E18.5 and modulates RGP turnover by promoting expression of the neighboring Brn1 gene. 

Deletion of linc-Brn1b suppresses IP generation, leading to abnormal cortical lamination 

particularly affecting upper layer neurons and barrel cortex organization (Sauvageau et al., 

2013). Since the corresponding human gene product Dali interacts with DNMTs (Chalei et 

al., 2014), an appealing hypothesis may propose that linc-Brn1b regulates barrel cortex 

structures through DNA-methylation dependent cPcdh expression in upper layer neurons. 

Similar to linc-Brn1b and Brn1b, many lncRNAs share identical expression patterns with 

specific neurogenic genes, suggesting that distinct lncRNAs exert a general regulatory 

function in cell fate (Aprea and Calegari, 2015; Liu et al., 2016). The cytoplasmic non-coding 

RNA activated by DNA damage (Norad) is highly expressed in neuronal tissues (Tichon et al., 

2016) and antagonizes the activity of the RNA binding proteins PUMILIO (PUM)2 and 3, 

which are negative regulators of mRNA translation (Lee et al., 2016). Cortical RGPs are 

transcriptionally primed to generate diverse types of neurons by simultaneously expressing 

mRNA of transcriptional regulators of both deep and superficial layer neurons. As such, the 

Pum2/E4-T complex promotes translational repression of deep layer fate in upper layer 

neurons, thereby controlling correct temporal specification of newborn upper-layer neurons 

(Zahr et al., 2018). It will thus be important in future studies to further elaborate whether or 

how Norad contributes to Pum2 target recognition and which exact role Norad exerts in 

generating cortical cell-type diversity.  

 

 Conclusion and perspectives 2.1.9

The mammalian cerebral cortex consists of an extraordinary diversity of neurons and glial 

cells. However, the complete picture of cortical cell-type diversity is just emerging. While 
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cortical laminar position enables a rough classification, many other criteria ranging from 

morphological and physiological to transcriptomic and epigenetic fingerprinting have also 

been employed. In particular, single-cell RNA sequencing has greatly transformed our 

understanding of cell-type diversity in the developing and adult cerebral cortex (Lein et al., 

2017; Poulin et al., 2016; Zeng and Sanes, 2017). While single-cell transcriptomes and 

methylomes (Luo et al., 2017) represent a robust measure to classify cell types, the 

mechanistic principles controlling their generation by RGPs in vivo remain mostly unclear. In 

Figure 2, we summarize the most important epigenetic modulators and their function in 

distinct steps of RGP lineage progression. In general, RGPs display silencing of genes 

mediating postmitotic cell fates by maintaining repressive DNA methylation, H3K9me and 

H3K27me marks. Successive temporally controlled production of neuronal and glial subtypes 

requires selective removal of those repressive modifications and the addition of activating 

H3K4me or acetylation marks at specific target loci. At the same time, genes conferring 

alternative cell fates remain silenced. Target specificity is mediated by expression of 

mutually exclusive subunits of large epigenetic complexes or by distinct co-factors serving as 

recruitment hubs for specific epigenetic modulators. 

Recent single-cell lineage tracing approaches (Woodworth et al., 2017) including MADM-

based experimental paradigms (Beattie et al., 2017; Gao et al., 2014; Hippenmeyer, 2013; 

Hippenmeyer et al., 2010) have revealed a rough inaugural quantitative framework of RGP 

lineage progression. Over the last years, it became clear that the quantitative and qualitative 

levels of RGP lineage progression are tightly regulated by epigenetic components, which 

critically dictate the precise RGP-mediated neuron output. We propose three major 

conceptual epigenetic mechanisms controlling RGP-mediated generation of cortical cell-type 

diversity: 1) direct but progressive distinct RGP-mediated lineage instruction at the time of 

neuron/glia production; 2) epigenetic pre-priming of RGPs which functionally only 

precipitates at a later stage in the lineage and 3) priming of an entire successive RGP lineage 

at a defined developmental stage (Figure 1). Many past studies focused on the analysis of 

global knockdown or genetic loss of function of epigenetic regulators and therefore little is 

known about the functional epigenetic mechanisms at the single RGP level. In order to probe 

the function of genes encoding epigenetic regulators at single-cell level in vivo, MADM 

technology may offer a promising approach for future functional analysis. Despite epigenetic 

processes regulating the expression of downstream target genes it is currently not clear how 

the epigenetic state of a proliferating RGP correlates with its neuron/glia output. The 
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epigenetic landscape is highly dynamic and even during distinct phases in the RGP cell cycle 

crucial transcriptional changes associated with differences in the epigenetic marks may be 

required for correct lineage progression and/or priming. It remains a substantial challenge to 

rigorously analyze transcriptome and epigenome fingerprints in real time and at the single-

cell level to address the following questions in more detail: What are the precise cell-

autonomous mechanisms regulating RGP output and what are the essential non-autonomous 

signals elicited by the community? Which epigenetically controlled niche-derived molecules 

contribute to RGP lineage progression? How do epigenetic mechanisms contribute to the 

decision process defining whether RGPs progress into either astrocyte progenitors or OPCs? 

In light of the emerging evidence that DNA modification states can affect the methylation 

states on accompanying histones and vice versa (Rose and Klose, 2014) it will also be 

thrilling to determine whether diverse epigenetic regulators work in concert or in defined 

sequential steps at distinct decision points of RGP lineage progression and priming.  

It will be important in the future to comprehensively analyze the precise molecular and 

cellular function of the various epigenetic protein complexes, described in the above sections, 

in RGP lineage progression at single-cell and high temporal resolution. It will be revealing to 

more precisely categorize specific epigenetic modulators (Figure 2) with regard to functional 

requirement in lineage instruction, lineage pre-priming or lineage priming (Figure 1). Lastly, 

most functional analyses of epigenetic regulators that contributed to our current 

understanding of RGP lineage progression were reliant on mouse genetic approaches. How 

are the proliferative RGP potential and the generation of cell-type diversity regulated in 

different species? It will be particularly important to analyze cell-types solely present in 

higher mammalian brains e.g. oRG. Ferret and human oRG were recently shown to express 

the histone methyltransferase Prdm16  (Baizabal et al., 2018), however the functional role of 

Prdm16 in these cells remains elusive. Especially in humans experimental access to the 

embryonic brain is extremely limited. Yet, recent advances in pluripotent stem cell 

technology now enable the generation of cerebral organoids that at least recapitulate some 

aspects of early-to mid-fetal human cortical development (Lancaster and Knoblich, 2014; 

Quadrato and Arlotta, 2017; Suzuki and Vanderhaeghen, 2015). Therefore, future studies 

with the goal to contribute to our understanding of the epigenetic mechanisms controlling the 

generation of cortical neuron and glial cell diversity in distinct species and humans may also 

help to build a potential foundation for prospective reprogramming and/or stem cell-based 

approaches in regenerative medicine. 
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Figure 2 Epigenetic Factors and Modifications Regulating the Generation of Cell-type Diversity 

During RGP Lineage Progression. 
High content of repressive H3K9me2/me3 and H3K27me3 marks and presence of chromatin regulators such as 
BAF170, BRG1, CHD2, Pnky, TET1/3 and CTCF regulate stem cell maintenance and RGP self-renewal while 
suppressing genes involved in neuron differentiation. For neuron production, repressive marks are replaced by 
active marks such as H3K4me3 or histone acetylation to promote expression of proneural genes mediating 
neuronal differentiation and maturation. Transition from repressive to activating epigenetic regulation is 
mediated through BAF155, BRN1, CHD5/8 and CBP. PRC and histone acetylation are essential for mediating 
the neurogenic to gliogenic transition. Adult NSCs display high levels of H3K27me3 and require the 
accumulation of H3K4me3 and expression of DNMT1, HDAC3, and CDKN1C for the faithful generation of 
OB inhibitory neurons. 
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2.2 Genomic imprinting 

 Background 2.2.1

Genomic imprinting is a remarkable epigenetic process that leads to monoallelic parental-

origin-specific gene expression (Barlow and Bartolomei, 2014; Ferguson-Smith, 2011). The 

vast majority of genes in mammals show biallelic expression thus both parental alleles are 

active. However, a limited number of genes show parental-specific expression. Intriguingly, 

the mammalian brain composes many genes which are imprinted (Bartolomei and Ferguson-

Smith, 2011; Perez et al., 2016). As such, the preferential expression of the maternal or the 

paternal allele of certain genes has widespread implications for the development and function 

of the brain (Bartolomei and Ferguson-Smith, 2011; Perez et al., 2016). Imprinted genes are 

implicated in diverse processes including neural development, synaptic function and 

plasticity, energy balance, social behaviors, emotions and cognition (Perez et al., 2016). 

Human imprinting disorders, like Angelman syndrome (AS) and Prader-Willi syndrome 

(PWS), are associated with neurological deficits e.g. intellectual disabilities and behavioral 

abnormalities indicating an essential functional role for neurodevelopment, circuit formation 

and behavior in human (Perez et al., 2016).  

 

 Historical overview 2.2.2

Historically, chromosomal translocation experiments (“Robertsonian translocations”) were 

fundamental in the discovery and characterization of genomic imprinting (Cattanach and 

Kirk, 1985; Searle and Beechey, 1978). In these experiments, certain stretches of 

chromosomes were duplicated or deleted. Using phenotypic analysis, parental-specific 

phenotypes were observed if certain chromosomal regions were duplicated from one parent 

and absent from the other parent. It was concluded that parental origin has functional impact 

on certain genomic loci (Cattanach and Kirk, 1985; Searle and Beechey, 1978). The 

duplication of one parental allele with concomitant deletion of the other parental allele is 

known as uniparental disomy (UPD). Depending on the origin of the disomy, one can 

generate unimaternal disomies (matUPDs), carrying the double dose of maternally expressed 

genes and simultaneous loss of paternally inherited genes, or unipaternal disomies (patUPDs) 

carrying the double dose of paternally expressed genes and lack of maternally expressed 
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genes respectively. To date, the use of uniparental disomies still provides an essential 

technique to analyze genomic imprinting (Hippenmeyer et al., 2013).  

Evidence to strengthen the concept of genomic imprinting was provided in the 1980s by 

McGrath and Solter (McGrath and Solter, 1984; Surani et al., 1984). Nuclear transfer 

technology enabled selective removal of one of the two parental pronuclei within a newly 

fertilized egg and replacing it with a specific parental pronucleus. Embryos with either two 

maternal (gynogenetic) or two paternal (androgenetic) genomes were generated (McGrath 

and Solter, 1984; Surani et al., 1984). Based on pronuclear transfer experiments, fundamental 

differences between the maternal and the paternal genome became evident (McGrath and 

Solter, 1984; Surani et al., 1984). This demonstrated the functional requirement of both 

parental genomes in ensuring proper development since both gynogenetic and androgenetic 

embryos failed to survive. Both types of embryos died embryonically with gynogenetic 

embryos showing defects in extraembryonic tissue and androgenetic embryos lacking proper 

development of embryonic tissue. It was concluded that maternal and paternal genomes bear 

differences and propagate distinct functions (McGrath and Solter, 1984; Surani et al., 1984). 

Later studies identified two different chromosomal regions accountable for these 

developmental defects, one located on chromosome 7 (Igf2-H19 locus) and the other on 

chromosome 12 (Dlk1-Dio3) (Kawahara et al., 2007; Kono et al., 2004). Interestingly, 

concomitant modification of the expression resulting from the Igf2-H19 and Dlk1-Dio3 loci 

enabled proper development of unimaternal embryos into adulthood (Kawahara et al., 2007; 

Kono et al., 2004). 

The discovery of two disorders with significant developmental and neurological deficits, 

PWS and AS, further emphasized the relevance of genomic imprinting in the brain (Knoll et 

al., 1989; Nicholls and Knepper, 2001). Patients suffering from AS present with abnormally 

happy demeanor with inappropriate laughter and excitability, severe motor and intellectual 

disability to name some of the symptoms (Bird, 2014). PWS patients present with e.g. 

hyperphagia, food foraging behavior and lack of satiety leading to obesity and intellectual 

disabilities (Perez et al., 2016). The origin of these diseases was mapped to the identical 

chromosomal region, namely 15q11-13 in human (Knoll et al., 1989). Mutation transmission 

depends on the parental origin with maternal mutation transmission causing AS and paternal 

mutation transmission resulting in PWS (Nicholls et al., 1989). Later it was shown that 

mutations, either deletions or duplications, in maternally expressed Ube3a cause AS whereas 

mutations in paternally expressed snoRNAs, the SNORD116 cluster, result in PWS (Sahoo et 
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al., 2008). This also highlighted that imprinted genes are dosage-sensitive since both 

overexpression and deletion result in phenotypes. In the disease context, knowledge about the 

underlying mutation is fundamental since different symptoms and disease severities are 

described upon either loss of function or overexpression. Therefore, it is suggested that 

genomic imprinting is a sophisticated mechanism that allows gene dosage modulation.   

The essential role for genomic imprinting in brain development was reinforced by the 

discovery that chimeric mice carrying gynogenetic cells develop abnormally large brains and 

chimeras carrying androgenetic cells present with abnormally small brains (Keverne et al., 

1996). Moreover, gynogenetic cells were located exclusively in the cortex, striatum and 

hippocampus, whereas androgenetic cells were observed in hypothalamic regions. Distinct 

brain regions were occupied by gynogenetic and androgenetic cells indicating that there is a 

distinct requirement of maternally and paternally inherited information in certain brain 

regions (Perez et al., 2016). 

A major step forward in the field was the identification of the first endogenous imprinted 

genes (Barlow et al., 1991; Bartolomei et al., 1991; DeChiara et al., 1991; Ferguson-Smith et 

al., 1991). At approximately the same time, three imprinted genes were discovered 

independently. The first one was the gene encoding the insulin-like growth factor 2 receptor 

(Igf2r) located on mouse chromosome 17 (Barlow et al., 1991). Using positional cloning, 

Igf2r was identified to be solely expressed from the maternal allele and no expression from 

the paternal allele was observed (Barlow et al., 1991). IGF2R functions as mannose-6-

phosphate receptor as well as a receptor for insulin-like growth factor 2 (IGF2) (Ferguson-

Smith, 2011). Next, Igf2 which is located on mouse chromosome 7 was described to be 

imprinted by two independent studies (DeChiara et al., 1991; Ferguson-Smith et al., 1991). 

Mice carrying targeted deletions for Igf2 displayed distinct phenotypes upon maternal or 

paternal transmission. Mice inheriting the deletion from the father were identical to full 

knock-out animals whereas maternal inheritance yielded phenotypically normal animals 

(DeChiara et al., 1991). The second study described that chromosome 7 matUPD embryos 

showed no expression of Igf2 (Ferguson-Smith et al., 1991). Thus both studies revealed that 

Igf2 is expressed from the paternal allele albeit no maternal expression is prevalent. Finally 

H19, a long non-coding RNA, was shown to be maternally expressed (Bartolomei et al., 

1991). Based on single nucleotide polymorphisms (SNPs) it was determined that H19 is only 

prevalent from the maternal allele and not from the paternal allele (Bartolomei et al., 1991). 

H19 was mapped to be located on mouse chromosome 7, interestingly very close to Igf2. 
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Thus emphasizing the previously established hypothesis that imprinted genes might be 

clustered together within certain chromosomal regions. The identification of these three 

imprinted genes naturally prompted new questions, namely how many genes are under the 

control of genomic imprinting? What is the functional relevance of genomic imprinting 

especially in the brain? What role do imprinted genes play; do they all affect similar 

pathways? What molecular mechanisms regulate imprinted gene expression? Why did 

genomic imprinting evolve? 

Some of these questions have been addressed in recent years with the focus on the regulation 

of imprinted gene expression and on the total number of imprinted genes present in the 

genome. However, there are still unresolved questions that require more detailed analysis. In 

particular, it is not yet clear whether imprinted genes all have similar functions and if there is 

a unifying theme explaining why a certain gene shows imprinted gene expression. Further, it 

remains elusive why genomic imprinting evolved. It is difficult to target this question but 

nevertheless there are theoretical evolutionary theories existing trying to give an explanation 

why parental-specific gene expression is detected in mammals.  

 

 Kinship theory, an evolutionary hypothesis to explain genomic 2.2.3

imprinting 

From an evolutionary perspective, genomic imprinting is an intriguing phenomenon because 

the benefits of biallelic expression are lost at these loci. Recessive mutations/diseases might 

prevail in a monoallelic gene expression context whereas they have no effect in case of 

biallelic gene expression. Based on phenotypic characterization of patients suffering from 

imprinting disorders and mice carrying loss or gain of function mutations in imprinted genes, 

it is suggested that prenatal growth, placentation, brain development and behavior are main 

arenas for imprinted gene function (Bartolomei and Ferguson-Smith, 2011; Plasschaert and 

Bartolomei, 2014). The distinct modulation of imprinted gene expression dosage might 

provide a relevant mechanism to imprinted gene function. Based on currently known 

imprinted genes and their functions, hypothesis of its evolutionary relevance have been 

proposed. Currently, a highly cited theory is the kinship theory (Wilkins and Haig, 2003). In 

mammals, progeny often arises from multiple fathers and a single mother due to promiscuous 

mating systems. During early development, the offspring is highly dependent on the mother 

because they are their primary nurturers. The kinship theory claims that differential interests 
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arise from the maternal and the paternal genome over the distribution of maternal resources 

(Wilkins and Haig, 2003). Maternally expressed genes are mostly repressing growth and 

striving for an equal distribution of resources across pups. Paternally expressed genes 

promote growth in order to strengthen the individual and in fact their own kin. Two imprinted 

genes nicely supporting this hypothesis are Igf2 and Igf2r. Igf2 is a paternally expressed 

growth factor and Igf2r the maternally expressed receptor that restrains growth. Therefore, 

Igf2 and Igf2r constitute a ligand-receptor complex in which the paternal and maternal 

components conduct opposing interests (Ferguson-Smith, 2011; Perez et al., 2016). Although 

the kinship theory can be applied to some imprinted genes, it fails to give a comprehensive 

explanation for all of the known imprinted genes. In the brain imprinted genes fulfill 

biological functions related to brain development and circuit assembly that cannot be easily 

explained by the predictions of the kinship theory. For these genes no interest in resource 

distribution can be established. However, the kinship theory is applicable to imprinted genes 

regulating behavior. Some paternally expressed genes regulate suckling behavior whereas 

maternally expressed genes tend to reduce growth and increase metabolic rate (Perez et al., 

2016). 

Several other theories have also been proposed like the hypothalamus coadaptation theory, 

sexual antagonism theory and non-conflict theories (Keverne, 2011; Patten et al., 2014; 

Spencer and Clark, 2014). To date, the general application of a single theory that is offering a 

suitable explanation for all imprinted genes and their functions is not available. A better 

understanding of the role of imprinted genes in complex processes is required, in order to be 

able to provide an appropriate explanation.  

 

 Epigenetic mechanisms regulating genomic imprinting 2.2.4

The regulatory mechanism of genomic imprinting has to fulfill four important properties: (1) 

it must be able to control transcription, (2) it has to be heritable as a “mark” in somatic 

lineages such that memory of parental-origin is stably propagated into daughter cells during 

cell division, (3) the mark has to be set at a time when paternally and maternally inherited 

chromosomes are not in the same nucleus e.g. during gametogenesis or immediately after 

fertilization and (4) there has to be a mechanism that allows the removal of the “mark” in 

order to allow appropriate establishment of parental-origin identity in the germline 

(Bartolomei and Ferguson-Smith, 2011; Ferguson-Smith, 2011). DNA methylation is an 
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epigenetic modification that fulfills all these four criteria and is to date the best studied 

mechanism for the regulation of imprinted gene expression. DNA methylation is 

predominantly occurring at CpG dinucleotides, acts as a repressive mark and is capable to 

affect transcription. CpGs are unevenly distributed throughout the genome but often enriched 

on CG-rich sequences, so-called CpG islands. Many imprinted genes have CpG island 

promotors which are differentially methylated on the parental alleles, also known as 

differentially methylated regions (DMRs). The repressed allele carries a methylation mark 

whereas the actively transcribed allele is devoid of this mark (Barlow and Bartolomei, 2014; 

Bartolomei and Ferguson-Smith, 2011; Ferguson-Smith, 2011). Mice carrying a deletion for 

maintenance-methyltransferase DNMT1 experimentally revealed the requirement for DNA 

methylation in regulation of genomic imprinting (Li et al., 1993). Two types of DMR are 

known based on their temporal establishment: somatic DMRs and germline DMRs (Edwards 

and Ferguson-Smith, 2007; Ferguson-Smith, 2011). Somatic DMRs are established after 

fertilization and they depend on the presence of a germline DMR. Somatic DMRs unlike 

germline DMRs can sometimes be tissue-specific (Edwards and Ferguson-Smith, 2007). 

Targeted deletion studies of germline DMRs showed that these chromosomal regions 

function as the imprinting control regions (ICRs) essential for the regulation of mono-allelic 

expression within an imprinting cluster (Fitzpatrick et al., 2002; Lin et al., 2003; Thorvaldsen 

et al., 1998; Williamson et al., 2006; Wutz and P. Barlow, 1998; Yang et al., 1998). Germline 

DMRs acquired during oogenesis are found at promoters of protein-coding genes whereas 

methylation marks deposited in the paternal germline are rather located in intergenic regions 

(Barlow and Bartolomei, 2014; Ferguson-Smith, 2011). ICRs can be long-range cis-acting 

control sequences whose function is modulated by their epigenetic state. There are two 

imprinting clusters particularly well studied with regards to their ICR influencing monoallelic 

gene expression. These are the Igf2-H19 and the Igf2r locus (Barlow and Bartolomei, 2014).  

The Igf2-H19 cluster is regulated by a paternally methylated ICR which resides 2-4 kb 

upstream of the transcriptional start site of H19 (Tremblay et al., 1997). The ICR contains 

binding sites for CTCF, a zinc-finger insulator protein. CTCF exclusively binds unmethylated 

maternal DNA (Bell and Felsenfeld, 2000) thus insulating the Igf2 promoter on the maternal 

chromosome. Hence enhancers can target H19 and promote its transcription. On the 

methylated paternal allele CTCF binding is blocked and enhancers are free to interact with 

the Igf2 promoter leading to its transcription.  
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The Dlk1-Dio3 locus on mouse chromosome 12 is also regulated by a paternally methylated 

DMR but unlike the Igf2-H19 cluster CTCF is not involved in regulating monoallelic gene 

expression from this cluster (Rocha et al., 2008). These findings suggest that although there 

are common regulatory processes, diverse discrete mechanisms are in place to confer 

dynamic regulations of imprinted gene expression in cis. 

Maternally methylated ICRs are entirely confined to gene promoters. In the case of Igf2r 

locus the ICR is located at a CpG island within an intron of the Igf2r gene (Stöger et al., 

1993). Since the methylation mark on the maternal allele is set inside an intron of Igf2r, 

expression of Igf2r can naturally occur from the maternal allele. On the paternal 

chromosome, DNA methylation is absent and thus the intron acts as a promoter for a 

lncRNA, Airn which is transcribed in antisense direction to Igf2r (Lyle et al., 2000; Wutz and 

P. Barlow, 1998). The antisense transcription of Airn crosses the Igf2 promoter and in this 

way blocks Igf2 transcription from the paternal allele (Sleutels et al., 2002). For the Kcnq1 

cluster, the Snrpn cluster and the Gnas cluster, comparable mechanisms controlling imprinted 

gene expression based on lncRNA transcription have been shown (Chotalia et al., 2009; 

Fitzpatrick et al., 2002; Horsthemke and Wagstaff, 2008; Williamson et al., 2006). 

The basis of imprinted gene expression regulation depends largely on DNA methylation as 

shown for the Igf2-H19, Igf2r cluster and many other imprinting clusters. However, other 

epigenetic factors e.g. lncRNAs or insulator proteins also act in a concerted manner to control 

monoallelic gene expression. Another question of interest is whether there are other 

epigenetic mechanisms regulating genomic imprinting in a similar way as DNA methylation. 

Recently, there has been increasing appreciation for the contributions of post-translational 

histone modifications, in particular the polycomb proteins (PcG), polycomb repressor 

complex (PRC) 1 and 2, in the regulation of genomic imprinting. Both complexes modify 

histones covalently, PRC1 predominantly monoubiquitinates H2AK119 and PRC2 

methylates H3K27 (Sauvageau and Sauvageau, 2010). Both histone modifications are likely 

part of a mechanism leading to transcriptional repression (Weaver and Bartolomei, 2014). 

PCR2 and its methylation mark H3K27me3 have been observed at imprinting loci in ESCs 

and embryonic and extraembryonic tissues. In ESCs, at the Kcnq1 locus allele-specific 

H3K27me3 was detected on the silent maternal Kcnq1ot1 allele (Umlauf et al., 2004). 

Embryos lacking Eed, one of the three core components of PCR2 (Di Croce and Helin, 2013), 

fail to develop properly and presented with certain imprinted genes e.g. Ascl2, Grb10, 

Cdkn1c and Gtl2, being biallelically expressed. Interestingly, DNA methylation patterns were 
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largely unaffected indicating that loss of repression is independent of DNA methylation 

(Mager et al., 2003). Recently, a study based on mapping allele-specific DNase I 

hypersensitivity sites identified paternally expressed genes lacking DNA methylation but 

harboring maternal allele-specific H3K27me3 (Inoue et al., 2017). Expression of Kdm6b, an 

H3K27me3-specific demethylase, induced ectopic removal of maternal H3K27me3 leading 

to maternal expression. Furthermore, maternal H3K27me3 was enriched in zygotes 

suggesting that the modification is already present in oocytes and therefore stably transmitted 

from the maternal genome (Inoue et al., 2017). This suggests that histone modifications are 

capable of regulating imprinted gene expression however functional mechanisms remain 

elusive. Future studies are necessary to dissect the diverse roles of histone-modifying 

enzymes in these processes. It will be of interest to investigate whether H3K27me3 is the 

only histone modification regulating genomic imprinting or whether there are also other types 

of histone modifications that might be involved. 

 

 Indications for cell-type specific imprinted gene expression 2.2.5

One intriguing aspect of genomic imprinting is that some imprinted genes show tissue-

specific or cell-type specific regulation and could even have temporally regulated parent-of-

origin specific gene expression (Ferrón et al., 2011; Garfield et al., 2011; Wallace et al., 

2012). Grb10, encoding an intracellular adapter protein, is paternally expressed in the 

postnatal brain and predominantly expressed by neurons (Garfield et al., 2011). Paternal 

Grb10 expression is confined to dopaminergic, serotonergic and cholinergic neurons. In 

contrast, in peripheral organs and during embryonic development, Grb10 is primarily 

expressed from the maternal allele (Garfield et al., 2011). Lack of paternal Grb10 expression 

leads to aberrant social behavior like enhanced social dominance and increased allogrooming. 

Besides being the first imprinted gene to regulate social behavior, Grb10 was also the first 

imprinted gene to exhibit parental specific gene expression in a tissue-specific manner. 

Specifically, tissue-specific and parental allele-specific expression result in diverse functions 

with maternal Grb10 expression regulating physiological processes and fetal growth whereas 

paternal Grb10 modulates social behavior (Garfield et al., 2011).  

Dlk1, delta-like homologue 1 (a NOTCH ligand) is an example of an imprinted gene that 

displays temporal and cell-type specific expression. Dlk1 is expressed from the paternal allele 

during embryogenesis (Ferrón et al., 2011). At postnatal day 7, Dlk1 is expressed from both 
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parental alleles explicitly in NSCs and niche astrocytes. Importantly, the temporal loss of 

genomic imprinting in these cell-types induces adult neurogenesis indicating that expression 

from both parental alleles and thus higher dosage is required. Ablation of Dlk1 expression in 

fact results in depletion of mature olfactory bulb neurons (Ferrón et al., 2011). Thus, Dlk1 

expression is regulated in a temporal and tissue-specific manner. Dlk1 serves as a good 

example of diverse functions upon monoallelic versus biallelic expression dosage. 

Another gene which demonstrates cell-type specific imprinting is Ube3a. Ube3a, an E3 

ubiquitin ligase, is maternally expressed in neurons but biallelically expressed in other cell 

types (Judson et al., 2016; Wallace et al., 2012). Dysregulation of Ube3a has specific effects 

on the dendritic spine morphology (Dindot et al., 2008) and affects functional synaptic 

transmission (Wallace et al., 2012). General loss of maternal Ube3a in the brain results in 

severe decrease in inhibitory drive onto neocortical L2/3 pyramidal neurons due to defects in 

presynaptic vesicle cycling. However, excitatory and inhibitory inputs onto inhibitory 

neurons are not affected by loss of maternal Ube3a (Wallace et al., 2012). Ube3a thus confers 

differential functions in excitatory and inhibitory neurons. Dissection of the functional 

relevance of Ube3a between inhibitory GABAergic neurons and excitatory glutamatergic 

neurons revealed that GABAergic neuron specific loss of Ube3a is not causative for the 

diminished neurotransmission onto L2/3 pyramidal neurons (Judson et al., 2016). Instead, the 

lack of Ube3a within glutamatergic neurons cell-autonomously impairs the tonic GABAergic 

tone onto L2/3 pyramidal neurons (Judson et al., 2016). Major features of AS in human are 

the abnormal EEG activity and increased seizure susceptibility. While no functional relation 

of glutamatergic Ube3a deficiency and abnormal EEG activities could be established, 

GABAergic Ube3a loss is responsible for this AS specific phenotype due to alteration of the 

EEG delta power. Presynaptic accumulation of clathrin-coated vesicles was detected upon 

Ube3a deficiency in GABAergic neurons (Judson et al., 2016). These studies revealed 

essential intricate control of maternal Ube3a expression in excitatory and inhibitory neurons. 

Any deviation would result in diverse functional impairments affecting neocortical circuit 

function on multiple levels (Judson et al., 2016; Wallace et al., 2012). 

In summary, neuronal cell-type specific imprinting is critically involved in the assembly 

and/or function of distinct neuronal circuits thereby affecting behavior (Ferrón et al., 2011; 

Garfield et al., 2011; Wallace et al., 2012). Functional relevance is attributable to any 

modulation of imprinted gene expression with Grb10 providing diverse functional read-out 

upon the expression of maternal or paternal alleles (Garfield et al., 2011). Dlk1 exhibits 
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different functions upon distinct expression dosage (Ferrón et al., 2011) and Ube3a exhibits 

differential regulatory functions in diverse neuronal cell types (Judson et al., 2016; Wallace et 

al., 2012). Together, these illustrate the characteristic temporally, cell-type specific, as well as 

dosage-dependent regulation pattern in imprinted gene expression. In turn, such tight control 

of imprinted gene expression contributes to very specific neuronal functions. Thus, detailed 

understanding of imprinted gene expression and regulation will provide novel insight on the 

dissection of individual symptoms arising from imprinting disorders. 

 

 Mapping imprinted gene expression 2.2.6

A fundamental question in the field of genomic imprinting is on the number and identity of 

genes exhibiting imprinted expression. Based on phenotype-driven assays performed in mice 

carrying UPDs, ~90 imprinted genes have been identified (Morison et al., 2005). Despite the 

identification of these genes, the number of imprinted genes still remained a heavily studied 

question in the field and multiple studies have since been published (Babak et al., 2008; 

Gregg et al., 2010; Wang et al., 2008; Xie et al., 2012). In the early 1990s, SNPs were used to 

identify imprinted gene expression (Bartolomei et al., 1991) and were shown to provide a 

useful approach. Advances in RNA sequencing technology were particularly valuable. 

Combining SNP mapping and RNA sequencing provides a powerful, high-throughput 

strategy to target the question of the number of imprinted genes present in the mammalian 

genome. 

SNP mapping together with RNA sequencing provides an approach for whole-genome 

analysis (Andergassen et al., 2017; Babak et al., 2008, 2015; DeVeale et al., 2012; Gregg et 

al., 2010; Wang et al., 2008). It enables analysis of imprinted gene expression in defined 

tissues and cell-types (Andergassen et al., 2017; Babak et al., 2008, 2015; DeVeale et al., 

2012; Gregg et al., 2010; Wang et al., 2008). In order to perform SNP mapping, it is essential 

to use reciprocal crosses of distantly related inbred mouse-strains. Prior knowledge on strain-

specific SNPs is crucial in order to later discriminate between strain-specific biases and 

parent-of-origin specific biases. Distantly related mouse strains have little to at best no 

overlap in their SNPs and will enable to distinguish strain-specific bias from parental-origin 

specific gene expression. Intercrossing the distinct mouse strains will generate F1 offspring 

that carries distinct strain-specific SNPs at identical positions in the genome. Next, RNA is 

extracted from tissues of interest and then used to perform RNA sequencing. Followed by 
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adequate bioinformatics, parental-specific SNPs can be identified and their expression levels 

are determined. Based on this approach, imprinted gene expression can be detected. It is 

essential to validate the SNP mapping approach using an independent analysis (Wang and 

Clark, 2014). To date, SNP mapping has only been performed on entire tissues thus lacking 

single cell resolution. Babak and colleagues were the first to apply high-throughput 

transcriptome analysis with the major goal to describe genomic imprinting (Babak et al., 

2008). Embryos collected at E9.5 were analyzed based on a SNP mapping approach and six 

novel imprinted genes following an all-or-none expression pattern were described. Despite 

many of the detected SNPs following an imprinting pattern, almost none of them were found 

to overlap with previously described transcripts. Interestingly, most of these transcripts could 

be identified as novel noncoding RNAs located in known imprinting loci (Babak et al., 2008). 

The second study applying a similar approach investigated the neonatal brain at postnatal (P) 

day 2. Three novel imprinted genes were identified in the brain (Wang et al., 2008). In view 

of this low number of newly identified genes, the authors suggested that the brain might have 

already been extensively and exhaustively characterized. An interesting observation of this 

study is that three imprinting pairs, each consisting of one gene expressed from the paternal 

and the other from the maternal allele, present with an expression pattern where paternal 

expression is 100% monoallelic, whereas maternal expression is only partially imprinted 

(Wang et al., 2008). This suggested that there might be other mechanisms of imprinted gene 

expression rather than only a strict all-or-none mechanism (Wang et al., 2008). A study by 

Gregg and colleagues identified more than 1300 imprinted genes including noncoding RNAs 

to be prevalent in the embryonic (E15) brain and adult medial prefrontal cortex and preoptic 

area (Gregg et al., 2010). Despite the use of a similar approach to previous studies, this study 

resulted in a strikingly different outcome involving a detected number of imprinted gene 

candidates much higher than previously anticipated. The authors claimed that their increased 

sequencing depth plus the new establishment of parent strain SNP atlases accounts for 

increased sensitivity (Gregg et al., 2010). DeVeale and colleagues aimed to repeat the study 

but failed to obtain similar results (DeVeale et al., 2012). In fact, only six genes could be 

independently validated by the later study. The other 1300 genes found by Gregg and 

colleagues were thus declared as false-positives which likely result from technical and 

biological variation. This demonstrated the importance of using a stringent statistical model 

when detecting allele-specific gene expression. Currently, based on multiple published 

studies, the number of imprinted genes in the mouse genome ranges from 100-200 genes 
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(Andergassen et al., 2017; Babak et al., 2015; Crowley et al., 2015). For these genes 

imprinted gene expression has been well demonstrated in validation experiments.  

It is becoming increasingly evident that imprinted genes do not necessarily follow a stringent 

all-or-none expression but rather a parentally biased expression pattern (DeVeale et al., 2012; 

Wang et al., 2008). However, tissue-specific SNP mapping analysis is lacking cell-type 

specific resolution and therefore it is not possible to distinguish incomplete silencing of one 

of the two parental alleles from cell-type specific expression. Studies applying high 

sensitivity RNA sequencing approaches across multiple biological replicates and robust 

statistical analysis followed by independent validation described a large number of genes that 

are parental allele-specifically biased in their expression (Bonthuis et al., 2015; Crowley et 

al., 2015; Perez et al., 2015). Parentally biased expression was detected to be an imprinted 

gene expression pattern confined to brain. It was described to be absent in other tissues e.g. 

liver (Bonthuis et al., 2015). In order to distinguish all-or-non imprinted gene expression 

from biased allele-specific expression pattern the terms “canonical” and “non-canonical” 

imprinting have been suggested (Bonthuis et al., 2015). Three models have been proposed 

that try to explain why biased parental allelic expression is detected. The first one postulates 

that every cell within a tissue contains genes that are expressed in a parentally biased manner. 

This indicates that chromatin states within a cell are only partially capable to repress gene 

expression. Residual expression from the “silent” alleles is possible. The second model 

claims that coexisting cells within a given tissue exhibit biallelic as well as monoallelic 

expression of a certain gene. By performing bulk level analysis one targets a mixed 

population of cells. Due to lack of single cell resolution analysis the impression is created that 

biased parental allele expression is prevalent. The third model is based on the assumption that 

there is cell-type specific imprinted gene expression prevalent. In particular it is suggested 

that a gene is maternally expressed in one cell-type whereas it is paternally expressed in 

another cell-type. Tissue-specific analysis will reveal evidence for expression form both 

parental alleles with a potential bias for one of the parental alleles (Perez et al., 2016). 

Analysis at single cell resolution has not been performed so far. Therefore, whole tissue 

analysis suggests biased parental allele specific gene expression (Perez et al., 2016). To 

dissect the nature of imprinted and parentally biased gene expression it will be essential to 

perform analysis at higher resolution or even at single cell resolution. Investigation of known 

imprinted genes in diverse tissues and across multiple developmental stages revealed 

existence of tissue-specific genomic imprinting (Andergassen et al., 2017; Babak et al., 
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2015). Certain imprinted genes follow parental specific gene expression in distinct tissues 

whereas in other tissues they mostly retain biallelic expression or no expression at all. 

Extraembryonic (e.g. placenta), embryonic tissues as well as brain tissue are particularly 

enriched for tissue specific imprinted gene expression. Available data has focused on 

imprinted genes exhibiting a stringent monoallelic parental gene expression. For example, the 

study by Andergassen and colleagues defined a gene expression cutoff for imprinted gene 

expression at an allelic ratio of 30-70 (Andergassen et al., 2015). As a consequence, this 

study focused mostly on all-or-non imprinted genes. Nevertheless, they provide evidence that 

genomic imprinting is tissue-specific (Andergassen et al., 2017). To delineate whether the 

observed effects of biased parental gene expression are in fact prevalent, analysis at single 

cell resolution is required. High resolution analysis will reveal whether biased parental gene 

expression is a reoccurring phenomenon. If single cells truly differ in their imprinted gene 

expression pattern, the next question will be to identify the epigenetic mechanisms regulating 

these processes. Furthermore, it is important to determine the functional relevance of cell-

type specific imprinted gene expression. Finally, since imprinted or biased gene expression 

dramatically affects gene dosage, it is of great interest to identify the effects resulting from 

slight dosage changes and whether there is functional relevance to intricate dosage control.  
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3 Objectives  

 

Brain development, the assembly of neuronal circuits and the control of behavior have been 

shown to depend on imprinted genes (Dulac, 2010; Wilkinson et al., 2007). However, to date, 

very little is known about how imprinted genes could regulate these diverse processes. Thus, 

dissection of the function of imprinted genes in more detail is essential. Whether a gene is 

expressed uniformly or in a cell-type specific manner bears great differences. As such, the 

identification of cell-type specific imprinted gene expression patterns is indispensable and 

provides valuable information. There are reports for single genes to be imprinted in a cell-

type specific or at least tissue-specific manner (Ferrón et al., 2011; Garfield et al., 2011; 

Wallace et al., 2012). Whole genome analysis emphasized the prevalence of tissue-specific 

imprinted gene expression (Andergassen et al., 2017). High resolution analysis of imprinted 

gene expression across multiple cell-types shall provide essential information also with 

respect to better understand imprinting disorders. AS patients and PWS patients suffer from 

multiple neurological defects (Bird, 2014; Perez et al., 2016). Dissection of imprinted gene 

expression at single cell level is expected to reveal important information in order to identify 

the cellular origin of the defects observed in patients. Substantial information on the 

molecular origin of symptoms prevalent in AS and PWS might be discovered.  

The main objective of this thesis is to decipher the imprinted gene expression pattern in 

different cerebral cortex cell-types like excitatory and inhibitory neurons and glial cells. In 

order to examine cell-type specificity of genomic imprinting, the MADM technique will be 

applied (Hippenmeyer, 2013; Zong et al., 2005). The key property of MADM to study 

imprinting is the capability to generate matUPD and patUPD for individual mouse 

chromosomes and label them in distinct fluorescent colors (red; tdT: tandem dimer Tomato - 

and green; GFP: green fluorescent protein). As a consequence of MADM-induced UPD, gene 

expression levels at imprinted genomic loci are expected to show imbalance (due to 

homozygosing parental alleles). Assuming an all-or-non imprinting regulation, certain 

imprinted genes will be overexpressed by a factor of two whereas others will be knocked out 

(see also (Hippenmeyer et al., 2013)). In contrast, expression levels for biallelically and/or 

random monoallelically expressed genes (RME) are overall not expected to change in 

MADM-labeled matUPD and patUPD. MADM events also generate yellow cells which are 

not affected with regard to imprinted gene expression levels. Thus, yellow cells are used as 

an internal control. MADM is based on the use of split marker genes that are separated by 
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LoxP sites (Zong et al., 2005). The presence of a Cre-driver induces intrachromosomal 

recombination. This results in distinct fluorescent labeling of cell lineages. Depending on the 

Cre line that is applied different cell-types can be targeted. Here, we aimed to use different 

well-established Cre-drivers: Emx1-cre (Gorski et al., 2002) to investigate excitatory 

projection neurons and astrocytes (only in adult brain) and Nkx2.1-cre (Xu et al., 2008) to 

study inhibitory interneurons. The cortex is the seat of higher cognition. Therefore, the 

analysis mainly targets the neocortex but also hippocampus which is known to be implicated 

in memory formation. Olfactory bulb is analyzed because a specialized interneuron cell type 

(granule cells) descending from the otherwise excitatory Emx1-lineage is prevalent. 

We aimed to determine (1) cell-type specific imprinted gene expression and (2) its functional 

relevance for the brain. The first approach, mapping the transcriptome, is based upon FACS, 

RNA sequencing and bioinformatics. The unique property of MADM to fluorescently label 

cells in distinct colors and concomitantly generate UPDs is exploited to determine the cell-

type specific imprintomes prevalent in the brain. Bulk gene expression analysis within 

genetically defined cell-types will be performed along with true single cell analysis (single 

cell RNA sequencing). The second approach focuses on the functional importance of cell-

type specific imprinting in the brain. In order to gain insights in this respect, phenotypic 

analysis of imbalanced imprinted gene expression on whole chromosome level is performed 

at single cell resolution. Distinct neuron and glial types with MADM-induced UPD are 

assessed by phenotypic analysis.  

MADM-based candidate gene analysis allows analysis at single cell resolution and in a cell-

type specific manner (Beattie and Hippenmeyer, 2017; Hippenmeyer, 2013). P57Kip2 or 

Cdkn1c is a maternally expressed gene (Williamson et al.). P57Kip2 is highly expressed in the 

brain and throughout development (Andergassen et al., 2017; Babak et al., 2015). It has been 

shown that p57Kip2 functions as a growth repressor due to its capacity in regulating cell cycle 

dynamics (Furutachi et al., 2015; Mairet-Coello et al., 2012; Matsumoto et al., 2011). The 

aim of this project is to dissect the role of p57Kip2 in regulation of cell proliferation in cortical 

astrocytes and olfactory bulb granule cells by performing phenotypic analysis. Due to the 

capacities of p57Kip2 in affecting cell cycle it provides a good candidate to be implicated in 

the proliferation regulation. Furthermore, since p57Kip2 is an imprinted gene the cell-type 

specific analysis in the MADM-7 UPD background is expected to provide essential insight on 

the role of genomic imprinting in the brain.  
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MADM provides a powerful tool to study candidate genes in different surrounding 

environments. In mosaic-MADM green cells are depleted for the gene of interest whereas red 

labeled cells are wildtype and yellow cells as well as the unlabeled background are 

heterozygous. In a cKO-MADM setup all fluorescent labeled cells and the unlabeled 

surrounding background are mutant and therefore all cells carry the deletion for the gene of 

interest (Beattie and Hippenmeyer, 2017; Hippenmeyer, 2013). A previously published study 

showed that there are distinct results obtained upon single cell loss of Lgl1 as compared to 

global ablation of Lgl1 (Beattie et al., 2017). Distinct sequential non-cell-autonomous and 

intrinsic cell-autonomous Lgl1 functions were described to control cortical neurogenesis and 

gliogenesis (Beattie et al., 2017). The aim of this project is to determine the genetic 

fingerprints of Lgl1-/- mutant progenitor cells that are extracted from mosaic-Lgl1-MADM 

and cKO-Lgl1-MADM. The results are expected to provide insight on the intrinsic cellular 

signaling pathways which can be associated with the observed phenotypes. The findings will 

enhance our knowledge concerning the interplay of gene deletions with surrounding 

environmental factors. With regards to diseases it will be interesting to understand what 

impact results from sparse deletions versus global loss of gene function as the observed 

outcomes might differ.  
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Uniparental disomy reveals cell-type specificity of genomic imprinting in 

the cerebral cortex 

 

4.1 Summary 

In the developing mammalian cerebral cortex most genes are expressed from both parental 

chromosomes. However a subset of genes are regulated by genomic imprinting that leads to 

preferential silencing of either the maternal or paternal allele (Barlow and Bartolomei, 2014; 

Bartolomei and Ferguson-Smith, 2011; Chess, 2016; Perez et al., 2016). Expression of the 

correct imprinted gene dosage is essential for brain development and deregulation of 

imprinting is associated with the pathogenesis of neurodevelopmental diseases and behavioral 

abnormalities (Cleaton et al., 2014; Peters, 2014; Wilkinson et al., 2007). At the circuit level 

recent studies imply critical cell-type specific functions of imprinted gene expression (Ferrón 

et al., 2011; Garfield et al., 2011; Judson et al., 2016) However, the prevalence of imprinting 

and functional impact in individual cells is essentially unknown due to the lack of assays 

affording single cell resolution. Here we established a quantitative platform to map and 

functionally interrogate imprinted gene expression at unprecedented single cell level in the 

developing cerebral cortex. In our paradigm we created cells with uniparental disomy (UPD) 

containing either two copies of the maternal or paternal chromosome. Thus, imprinted genes 

located on such a chromosome will be homozygosed and either overexpressed by a factor of 

two or not expressed depending on their imprinting status (Bartolomei and Ferguson-Smith, 

2011; Yamazawa et al., 2010). We isolated UPDs in genetically defined cortical cell-types 

and at single cell resolution. By using RNA sequencing we systematically determined cell-

type specificity of single cell imprintomes in UPD and assessed the functional relevance in 

vivo. Our results reveal that parental-specific expression of imprinted genes per se is rarely 

cell-type-specific even at the individual cell level. Conversely we discovered an unexpected 

high degree of cell-type specificity in the downstream responses to imbalanced expression of 

imprinted genes in UPD; revealing a novel function of genomic imprinting in cortical 

astrocyte production. Our results demonstrate that parental expression bias of imprinted genes 

translates into biologically relevant downstream functions with high cell-type specificity. 

More generally, our findings indicate that the expression of imprinted genes and thus gene 

dosage impinges on non-imprinted genes culminating in cell-type specific polygenic modules 

controlling the generation of cellular diversity in the developing cerebral cortex. 
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4.2 Materials and Methods 

 Mouse Lines and Maintenance 4.2.1

All mouse colonies were maintained in accordance with protocols approved by institutional 

animal care and use committee and the preclinical core facility (PCF) at IST Austria. 

Experiments were performed under a license approved by the Austrian Federal Ministry of 

Science and Research in accordance with the Austrian and EU animal laws. Mouse lines with 

MADM cassettes inserted on Chr. 7, 11, and 12 (Hippenmeyer et al., 2010, 2013) (MADM-7-

GT JAX stock # 021457, MADM-7-TG JAX stock # 021458, MADM-11-GT JAX stock # 

013749, MADM-11-TG JAX stock # 013751, MADM-12-GT JAX stock # 021460, MADM-

12-TG JAX stock # 021461), Emx1-Cre (Gorski et al., 2002) (JAX stock # 005628), Nkx2.1-

Cre (Xu et al., 2008) (JAX stock # 008661), Z/EG (Estill and Garcia, 2000) (JAX stock # 

004178), Ai14 (Madisen et al., 2010) (JAX stock # 007914) have been described previously. 

MADM-induced UPD analyses were carried out in a mixed CD1-C57BL/6J genetic 

background. In all experiments biological replicates from both forward (matUPD in red; 

patUPD in green) (Figure 5) and reverse (matUPD in green and patUPD in red) (Figure 6) 

crossing schemes were used for analysis and data acquisition. FVB (JAX stock # 001800), 

CAST/EiJ (JAX stock # 000928) and C57BL/6J (JAX stock # 000664) were used for SNP 

mapping experiments. 

 

 Isolation of Tissue and Immunohistochemistry 4.2.2

Mice were deeply anesthetized through injection of a ketamine/xylazine/acepromazine 

solution (65 mg, 13 mg and 2 mg/kg body weight, respectively) and unresponsiveness was 

confirmed through pinching in the paw. The diaphragm of the mouse was opened from the 

abdominal side to expose the heart. Cardiac perfusion was performed with ice-cold PBS 

followed immediately by 4% PFA prepared in PB buffer (Sigma-Aldrich). Brains were 

removed and further fixed in 4% PFA O/N to ensure complete fixation. Brains were 

cryopreserved with 30% sucrose (Sigma-Aldrich) solution in PBS for approximately 48 

hours. Brains were then embedded in Tissue-Tek O.C.T. (Sakura). For adult time points, 

45µm coronal sections were collected in 24 multi-well dishes (Greiner Bio-one) and stored at 

−20°C in antifreeze solution (30% v/v ethyleneglycol, 30% v/v glycerol, 10% v/v 0.244M 
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PO4 buffer) until used. Adult brain sections were mounted onto superfrost glass-slides 

(Thermo Fisher Scientific), followed by 3 wash steps (5min) with PBS. Tissue sections were 

blocked for 30 minutes in a buffer solution containing 5% normal donkey serum (Thermo 

Fisher Scientific), 0.3% Trition X-100 in PBS. Primary antibodies were in blocking buffer 

and incubated overnight at 4°C. Sections were washed 3 times for 5 minutes each with PBT 

(0.3% Triton X-100 in PBS) and incubated with corresponding secondary antibody diluted in 

PBT for 1 hour. Sections were washed 2 times with PBT and once with PBS. Nuclear 

staining was done using 10min incubation with PBS containing 2.5% DAPI (Thermo Fisher 

Scientific). Sections were embedded in mounting medium containing 1,4-diazabicyclooctane 

(DABCO; Roth) and Mowiol 4-88 (Roth) and stored at 4°C. Tissue from postnatal day zero 

(P0) was directly transferred into ice-cold 4% PFA and kept O/N at 4°C. Cryopreservation 

and embedding was done as described for adult brains. Early postnatal brains were sectioned 

with 30µm and directly mounted onto superfrost glass-slides (Thermo Fisher Scientific) and 

immunohistochemistry was performed as described above for adult brains. 

 

 Imaging and Analysis of MADM-Labeled Brains 4.2.3

Sections were imaged using an inverted LSM800 confocal microscope (Zeiss) and processed 

using Zeiss Zen Blue software. Confocal images were imported into Photoshop software 

(Adobe) and MADM-labeled cells were manually counted based on respective marker 

expression as described previously (Beattie et al., 2017). Statistical analysis was performed in 

Graphpad Prism 7.0. All data used for quantification of MADM-labeled tissue is compiled in  

Table 2. 

 

 Preparation of Single Cell Suspension and FACS 4.2.4

P0 animals were sacrificed and brain areas of interest (neocortex, hippocampus and olfactory 

bulb) were dissected. Single cell suspensions were prepared by using Papain containing L-

cysteine and EDTA (vial 2, Worthington), DNase I (vial 3, Worthington), Ovomucoid 

protease inhibitor (vial 4, Worthington), EBSS (Thermo Fisher Scientific), DMEM/F12 

(Thermo Fisher Scientific), FBS and HS. All vials from Worthington kit were reconstituted 

according to the manufacturer’s instructions using EBSS. The dissected brain areas were 

directly placed into Papain-DNase solution (20units/ml papain and 1000 units DNase). Entire 

litters were pooled in order to obtain sufficient material for RNA extraction. Enzymatic 
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digestion was performed for 30min at 37°C in a shaking water bath. Next, solution 2 (EBSS 

containing 0.67mg Ovomucoid protease inhibitor and 166.7 U/ml DNase I) was added, the 

whole suspension was thoroughly mixed and centrifuged for 5min at 1000rpm at RT. 

Supernatant was removed and cell pellet was resuspended in solution 2. Trituration with 

p1000 pipette was performed to mechanically dissolve any remaining tissue parts. 

DMEM/F12 was added to the cell suspension as a washing solution, followed by a 

centrifugation step of 5min with 1500rpm at RT. Cells were resuspended in media 

(DMEM/F12 containing 10% FBS and 10% HS) and kept on ice until sorted. Right before 

sorting, cell suspension was filtered using a 40µm cell strainer. FACS was performed on a 

BD FACS Aria III using 100 nozzle and keeping sample and collection devices (1.5ml tubes 

or 96-well plate) at 4°C. Duplet exclusion was performed to ensure sorting of true single 

cells. For bulk cell analysis, cells were sorted directly into either Isolation Buffer (IB; 

Lexogen) if more than 2000 sorted cells/per color were expected or into custom made lysis 

buffer (30nM TRIS pH 8, 10nM EDTA pH 8, 1% SDS and 200 µg/µL Proteinase K) if 

samples yielded fewer labeled cells. Single cells were sorted into 96 well plates (Bio-Rad) 

containing 4µl lysis buffer (0.2% Triton X-100, 2U/µl RNase Inhibitor (Clonetech) per well. 

For bulk MADM samples, GFP+, tdT+, and GFP+/tdT+ cells were collected. For SNP 

mapping experiments Emx1-Cre+/GFP+ and Nkx2.1-Cre+/tdT+ cells were isolated. For single 

cell sequencing individual GFP+, tdT+ or GFP+/tdT+ were sorted in individual 96 well plates. 

After a plate was filled it was sealed (AlumaSeal, SIGMA) and quick-frozen on dry ice. 

Plates were kept at -80°C until further processing. 

 

 Histological Analysis of FACS Sorted Cells by Cytospin 4.2.5

For histological analysis of FACS sorted MADM-labeled cells, at least 10000 cells were 

sorted into DMEM/F12 containing 10% FBS and 10% HS. After sorting was completed cells 

were kept on ice for one hour to allow recovery. Cells were pelleted (3000rpm for 5min at 

RT) and resuspended in 100µl PBS. Cell suspension was transferred into the cytofunnel of 

the assembled cytospin holders. Using cytospin (Shandon) cells were spun onto slides with 

1000rpm for 6min at RT. Cells were dried (20min) and fixed using 4% PFA (Sigma-Aldrich). 

Two wash steps (each 5min) with PBS were performed before blocking solution (1% BSA, 

5% HS, 0.2% Triton X-100 in PBS) was added. Primary antibodies were diluted in blocking 

solution and incubated O/N at 4°C. Cells were washed 3 times with PBS (5min) before 
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secondary antibody solution including 2.5% DAPI (antibodies diluted in blocking solution) 

was applied for one hour. 3 wash steps were performed before cells were mounted with 

mounting media containing 1,4-diazabicyclooctane (DABCO and Mowiol 4-88 both from 

Carl Roth). 

 

 RNA Extraction and cDNA Library Preparation of MADM Samples 4.2.6

for RNA Sequencing 

Samples containing more than 2000 sorted cells were processed using the SPLIT kit 

(Lexogen) following the manufacturer’s instructions. Samples containing fewer cells were 

sorted into a custom made lysis buffer (described above). Directly after sorting, samples were 

incubated for 30min at 37°C. Total volume was filled to 250µl using RNase-free H2O 

(Thermo Fisher Scientific) followed by addition of 750µl Trizol LS (Thermo Fisher 

Scientific). Samples were mixed by 5 times inverting. After a 5min incubation step at RT, the 

entire solution was transferred into a MaXtract tube (Qiagen). 200µl chloroform (Sigma-

Aldrich) were added, followed by 3 times 5sec vortexing and 2min incubation at RT. 

Samples were centrifuged for 2min with 12000rpm at 18°C. Supernatant was transferred to a 

new tube and isopropanol (Sigma-Aldrich) was added in a 1:1 ratio. For better visibility of 

the RNA pellet 1µl GlycoBlue (Thermo Fisher Scientific) was added and entire solution was 

mixed by vortexing (3x 5sec). Samples were left for precipitation O/N at -20°C. After 

precipitation samples were centrifuged for 20min with 14000rpm at 4°C. Supernatant was 

removed and RNA pellet was washed with 70% ethanol, followed by a 5min centrifugation 

step (14000rpm at 4°C). RNA pellet was resuspended in 12,5µl RNase-free H2O. RNA 

quality was analyzed using Bioanalyzer RNA 6000 Nano (Agilent) and RNA 6000 Pico kit 

(Agilent) following the manufacturer’s instructions. RNA samples were stored at -80°C until 

further use. cDNA libraries were prepared using QuantSeq 3’mRNA library preparation kit 

(Lexogen) following the manufacturer’s instructions. In order to amplify libraries correctly 

RT-PCR was performed as indicated in the protocol using PCR Add-on kit (Lexogen). cDNA 

library size distribution was analyzed using Bioanalyzer DNA High Sensitivity kit (Agilent) 

according to the manufacturer’s instructions. cDNA library concentration was measured 

using Qubit. Libraries were pooled according to library length and concentration. RNA 

sequencing was performed by VBCF GmbH on Illumina platforms. 
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 RNA Extraction and cDNA Library Preparation of Allelome Samples 4.2.7

for RNA Sequencing 

For “whole tissue” analysis cortex, hippocampus and olfactory bulb were dissected from 

newborn P0 mice from FVB/Cast crosses. RNA extraction was performed as described 

above. After each purification step RNA quality and quantity was measured using Agilent 

Bioanalyzer. 500ng of total RNA were treated with DNase1 (Applied Biosystems) and 

purified using Ampure RNAClean XP beads. 200ng of the purified RNA was used for library 

preparation using the Illumina TruSeq Stranded Total RNA LT - (with Ribo-Zero TM Gold) - 

according to the manufacturer’s protocol. For cell-type specific allelome analysis, B6/CAST 

crosses were used. 7-40ng of total RNA from FACS sorted cells were used for library 

preparation with the SMARTer Stranded Total RNA Sample Prep Kit – Low Input 

Mammalian (Clonetech), according to the manufacturer’s protocol with 19 cycles of library 

amplification. If the concentration of the total RNA sample was too low, RNA was 

immobilized on Agencourt RNAclean XP beads according to the manufacturer’s protocol. 

After washing and drying of the beads the RNA was eluted in 5µl water and the whole 

volume (including beads) was used in the RiboGone reaction. All samples were sequenced on 

a HiSeqV4. FVB/CAST samples were sequenced as 125bp paired end (NOTE: only the 

reverse read was used for analysis). All other (B6/CAST) samples were sequenced 50bp 

single end. 

 

 cDNA Library Preparation and Sequencing of Single Cells 4.2.8

Single cell RNA sequencing was performed as described (Li et al., 2016; Picelli et al., 2014). 

In brief, single cell suspension was prepared and sorted into 96 well plates as described 

above. Double stranded full-length cDNA was prepared using Smart-seq2. Efficiency of 

cDNA production was tested by qPCR for fluorescent protein expression (not shown) and 96 

cells from each color were chosen to be converted to RNA-seq libraries using the Nextera 

DNA Library Prep Kit (Illumina). For sequencing, libraries were pooled, diluted and 

sequenced on a HiSeq 3000/4000 (Illumina) using 50bp single-read chemistry. 
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 Processing and Analysis of RNA Sequencing Data 4.2.9

Reads were aligned to the mouse genome sequence (GRCm38.p5) and Gencode M16 

annotation in gtf format which was downloaded from 

https://www.gencodegenes.org/mouse_releases/current.html on 21 Feb 2018. For optimal 

representation of the long non-coding RNA Meg3 the spliced ENSMUST00000143836.7 

transcript was modified to represent a single exon transcript. Only chromosomes 1-19, X, Y 

and M were used for the analysis (all other annotations were removed). STAR (Dobin et al 

2013) (version 2.5.0c) index was prepared with “--genomeSAsparseD 2” and “--

sjdbOverhang 37” parameters and the modified Gencode M16 gtf file (using the “--

sjdbGTFfile” parameter). Raw reads were delivered as bam files and converted to fastq 

format using “bamToFastq” from the bedtools suite (v2.26.0) (Quinlan and Hall, 2010) for all 

alignment steps. 

To limit batch effects introduced by optimization of the QuantSeq KIT by the Lexogen 

company as well as by optimizing sequencing parameters for technical replicates, reads 

aligning to genes were counted in a 2 step process. In the first step reads were aligned to 

transcriptome space using STAR with “ --clip5pNbases 12 --outFilterMultimapNmax 1 --

outSAMmode BAM --quantMode TranscriptomeSAM GeneCounts” parameters. The 

resulting BAM file was sorted by read name, using samtools (Li et al., 2009) v1.3.1 and the 

number of unique reads was counted using a custom script. This results in % aligned reads to 

the transcriptome, which was used to calculate the number of raw reads that is necessary to 

obtain 10 million reads aligning to the transcriptome. In the second step the number of reads 

was extracted randomly from the pool of raw reads using DownsampleSam from the picard 

toolkit (v.2.16.0) and “S=Chained R=2401” parameters. Note that this random read retrieval 

was necessary due to varying alignment efficiencies for technical sequencing replicates. 

Reads aligning to Gencode M16 genes were counted using STAR with “--

outFilterMultimapNmax 1 --outSAMtype None --outSAMmode None --quantMode 

GeneCounts --clip5pNbases 12” parameters. STAR reports the number of reads aligning to 

genes in “*.ReadsPerGene.out.tab” files and these files were used as “raw read counts” for 

downstream analyses. For quality control the sum of reads aligning to genes  and % uniquely 

aligned reads  were investigated. Two sample sets (MADM-12; Nkx2.1-Cre HC and MADM-

12; Emx1-Cre OB) consistently gave low numbers for both factors and were removed from 

the subsequent analysis, and one biological replicate of MADM-7; Nkx2.1-Cre CX was 

https://www.gencodegenes.org/mouse_releases/current.html
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removed since initial analyses indicated strong batch effects in the expression of known 

imprinted genes. 

 

 Bioinformatics Analyses of MADM-induced UPD Performed in 4.2.10

R(v3.4.3) 

For Figure 4d, e, f and Figure 9 the following analysis was performed: In total 53379 genes 

were annotated in Gencode M16. To further reduce noise, genes with a mean expression of 

<20 reads over all used samples, were removed, leaving 13779 genes for further analysis. For 

visualization, gene expression was calculated as batch corrected variance stabilized counts. 

Batch correction was performed on variance stabilized count data 

(“varianceStabilizingTransformation”, DESeq2 (Love et al., 2014) package (v1.16.1), 

parameters: “blind=T”) using “removeBatchEffect” (limma package (Ritchie et al., 2015) 

v3.32.2) with batch = “group_id”, model.matrix(~ tissue * cre * UPD) parameters. Top 500 

most variable genes (calculated by rowVars function, matrixStats (v0.53.1) were used to 

calculate t-Distributed Stochastic Neighbor Embedding using Rtsne (v.013) and 

miter=10000, eta=10 parameters. Different perplexities and seed values were tested to 

confirm robust clustering (not shown) - Figure 4d shows tSNE analysis with: perplexity=5, 

seed=10. For hierarchical clustering all pairwise correlations of batch corrected variance 

stabilized counts were calculated (R function “cor”,  parameter: method="spearman") and 

converted to a distance matrix by subtracting the values from 1. Clustering was performed 

using R function “hclust” using “method=ward.D2” parameter. The branches of the resulting 

tree were ordered using the “rotate” function (package dendextend  v1.5.2) to group samples 

with similar origin and the dendrogram was plotted using the package dendextend. 

Expression of selected genes was plotted as batch corrected variance stabilized counts. For 

box-plots, gene expression calculated in individual samples was plotted. P-values in Figure 4f 

are adjusted p-values rounded to 3 digits. For heatmaps the mean expression of all biological 

replicates of matUPD, patUPD and control in one cell-type (MADM/tissue/cell) was 

calculated for each gene and normalized to the highest expressing cell-type. The heatmap was 

prepared using the “pheatmap” package (v1.0.9) with scale=”none”, cluster_rows = T, 

cluster_cols = F parameters. 

Markers for projection neurons were selected from (Greig et al., 2013; Molyneaux et al., 

2007), markers for interneurons were selected from (Taniguchi, 2014). 
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Differential gene expression in Figure 10, Figure 11 was analyzed using DESeq2 package. 

Count tables obtained by STAR were used for the analysis (3rd column, 

*.ReadsPerGene.out.tab files). For each MADM/Cell/Tissue set (maternal UPD, paternal 

UPD, control), a DESeqDataSet was created using the “DESeqDataSetFromMatrix” function 

and “design= ~ group_id + UPD”. “DESeq” function was called with fitType=”local” and 

parallel=T parameters. Results were obtained with the “results” function using a common 

“altHypothesis="greaterAbs" and different “contrast”, “alpha” and “lfcThreshold” 

parameters: 

 

contrast lfcThreshold alpha 

UPD, matUPD, patUPD 0.5 0.05 

UPD, matUPD, wt 0 0.1 

UPD, patUPD, wt 0 0.1 

 

Results were stored as *.xlsx tables for downstream analyses. 

 

To determine a stringent list of genes that show significant differential expression upon 

MADM-induced single chromosome UPD, all 3 possible comparisons of matUPD, patUPD 

and control samples were used. Genes significantly upregulated in matUPD (matUPD 

follower) or patUPD (patUPD follower) samples were defined as being significantly 

deregulated in the matUPD/patUPD comparison and in one or both of the matUPD/control 

and patUPD/control comparisons. Cutoff used in matUPD/patUPD comparisons: log2 fold 

change >0.5 (matUPD follower) or < -0.5 (patUPD follower) and padj/FDR < 0.05. Cutoffs 

used in matUPD/control and patUPD/control comparisons for matUPD follower:  

matUPD/control: log fold change >0, padj/FDR < 0.1, patUPD/control: log fold change <0, 

padj/FDR < 0.1 . Cutoffs used for patUPD follower: matUPD/control: log fold change <0, 

padj/FDR < 0.1, patUPD/wt: log fold change >0, padj/FDR < 0.1. One list was prepared for 

each cell-type under investigation. 

DESeq2 reports differential expression for each gene, which is identified as a unique 

ENSMUSG* ID in the gtf file. For all further analyses the ENSMUSG* IDs were converted 

to gene symbol. The link ENSMUSG to SYMBOL was taken from the gtf file. Only genes 

with a unique ENSMUSG - SYMBOL link were used for further analyses. 
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For the heatmap in Figure 10a p-values were calculated as the log10 of uncorrected p-values 

of the matUPD/patUPD comparison. Note that only genes with significant deregulation in 

single cell types (No. cell types 1, see below) were used for this analysis. Values were cut at 

4/-4. The prefix of this value was set to indicate the parental direction of expression (positive: 

matUPD follower, negative: patUPD follower). Genes were arbitrarily ordered by cell-type 

that shows differential expression and direction bias of expression. The heatmap was plotted 

using “pheatmap” package and  cluster_rows = F, cluster_cols = F, scale=”none” parameters. 

For Figure 10b, lists of deregulated genes in each cell type were compared in order to identify 

the number of genes that are specifically deregulated in only one cell-type (No. cell types 1), 

deregulated in 2 cell types (No. cell types 2) and so on.  

Chromosomal positions of genes in Figure 11c, d were extracted from the Gencode M16 gtf 

file. To plot followers on chromosomes, the mid-point of the gene was calculated based on 

the chromosomal position. Positions of differentially methylated regions (DMRs, between 

parental alleles) were assembled from (Xie et al., 2012). Positions were converted to mm10 

using liftOver from UCSC tools (v287). The start and end of each region were extended by 

7Mbp, as this was the largest reported distance of a gene with imprinted expression to its 

controlling DMR (Andergassen et al., 2017). 

 

 Bioinformatic Allelome Analysis 4.2.11

Twenty million reads (counting from the start of each BAM file) were aligned with STAR 

using the following parameters: --clip5pNbases 3, --outFilterMultimapNmax 1, --runThreadN 

2, --outSAMtype BAM, SortedByCoordinate, --limitBAMsortRAM 3000000000, --

quantMode GeneCounts. The resulting BAM files were separated by strand using the 

“separate_BAM_strand.pl” from the Allelome.PRO package (Andergassen et al., 2015) using 

the “++,--” strand rule. The resulting BAM files were analyzed using Allelome.PRO with 

standard parameters. SNP data was obtained from ftp://ftp-mouse.sanger.ac.uk 

(mgp.v3.snps.rsIDdbSNPv137.vcf.bz2). As an annotation two bed6 files (for the genes on 

“+” and “-” strand) were prepared using the “gene” annotations from the Gencode M16 gtf 

file. 

For Figure 13h, i, count tables obtained by STAR were used for the analysis (3rd column, 

*.ReadsPerGene.out.tab files). For whole tissue allelome analysis, batch corrected, variance 

stabilized counts were calculated as described above (parameters: batch = cross, design = 

ftp://ftp-mouse.sanger.ac.uk/
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model.matrix(~tissue)). For cell-type specific allelome analysis the variance stabilized counts 

were used directly. Principal component analysis was performed using the “prcomp” function 

(package stats v3.4.3) with standard parameters on the top 500 most variable genes 

(identified as described above). For marker heatmap the median expression of biological 

replicates was determined from normalized counts as determined by the function “counts” 

(from DESeq2 package) with normalize=T parameter. The heatmap was prepared using 

“pheatmap” with cluster_rows = T, cluster_cols = F, scale="row” parameters. 

For heat maps in Figure 11e and Figure 18, the allelic expression bias derived from 

AllelomePRO was identified by investigating *locus_full.txt files. For the comparison of 

cell-type-specific imprinted expression and whole tissue, all genes found to show imprinted 

expression in embryonic or neonatal mouse brain (Andergassen et al., 2017; Babak et al., 

2015) (marked with asterisk) as well as all genes with monoallelic expression found in this 

study (“MAT” or “PAT” tag in *locus_full.txt files) were used. Heat maps were produced 

using “geom_tile” from ggplot2 package and colors reflect allelic expression (red: maternal, 

blue: paternal, biallelic: green, grey: any other tag). For the comparison of MADM RNA-Seq 

with SNP-based allelic expression the Allelome.PRO output was merged with the expression 

(normalised counts, same as for marker heatmap) of the gene in the given cell-type and 

normalised to the highest expressing tissue (thus expression values range from 0-1). Then the 

adjusted p-value (padj/FDR) from the MADM matUPD/patUPD comparison (see above) was 

added to the Allelome.PRO output. The p-values were binned into 10 equally sized bins and 

an allelic tag of “MAT”/”PAT” was given if the log2 fold-change was >0.5/ < -0.5. If the 

log2 fold-change was <0.5 and > -0.5 the gene was given a “BAE” tag. Note that the 

expression information from the B6/CAST cell-type analysis and the adjusted p-values from 

the MADM UPD analysis are now on the same scale (ranging from 0-1). A heat map was 

prepared using the data as described above with the strength of the color reflecting padj/FDR 

(MADM analysis, bin 0-0.1 strongest color) or expression strength (B6/CAST cell type 

analysis, relative expression 1 strongest color). Asterisks in the boxes indicate significant 

differential expression in the MADM analysis (padj/FDR < 0.1). 

For Figure 14a and Figure 15b some annotations were removed to reduce complexity of the 

heatmap as they likely represent intronic fragments (Gm44863, Gm16044, Gm38393, 

Gm44559, Gm44584, Gm44862, Gm44863, Gm26945, Gm37899), are minor splice forms of 

mono-allelically expressed transcripts (Snurf, B830012L14Rik), have known issues where 

highly expressed genes with imprinted expression cause false identification of antisense 
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overlapping transcripts due to imperfect strand specific sequencing (Kcnq1, Trappc9) 

(Andergassen et al., 2017) or were not informative in both MADM and SNP analysis (Rtl1, 

AC013548.1, Igf2). The gene list was further reduced to mainly include protein coding genes 

and the functional lncRNAs H19, Kcnq1ot1 and Meg3. If more than one gene of a multi gene 

locus was present only one representative gene was kept. Transcripts removed and reasoning 

(“long non-coding RNAs” represents the tag: transcript_type: "lincRNA", “unknown” 

represents the “TEX” tag in the gencode M16 gtf file): 

 

Gm32061: long non-coding RNA 

Gm9801: long non-coding RNA 

 Mirg, Rian: representative transcript: Meg3 

A330076H08Rik: long non-coding RNA 

B230209E15Rik: long non-coding RNA 

A230006K03Rik: unknown 

9330162G02Rik: unknown 

Snurf, Snhg14: representative transcript: Snrpn 

Gm44643: long non-coding RNA 

Gm44644: long non-coding RNA 

9330162G02Rik: unknown 

DQ267100: snoRNA 

 

For the overlap of the allelic expression information between the MADM analysis and the 

B6/CAST cell-type analysis as depicted in Figure 15b, only “MAT” and “PAT” tags were 

used. Therefore a gene was counted as “MADM only” if it got a “MAT”/”PAT” tag in the 

MADM analysis but not in the Allelome analysis or as “SNP only” in the opposite case. In 

case both analyses identified allelic expression the gene was counted as “same direction” if 

the analyses agreed on the parental expression or “opposite direction” if they did not. 

For Figure 11e, all genes identified were used for this analysis. From these genes only those 

located on the respective MADM cassette carrying chromosome were used for further 

analyses (“all_on_M”, Table 1). This list was matched with the allelic expression information 

from Allelome.PRO. Varying numbers of genes were informative in both analyses 

(“informative”, Table 1) and were grouped into three groups: “nmat”/”npat” if Allelome.PRO 

analyses identified maternal/paternal specific expression or “nother” if any other allelic tag 
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was assigned by Allelome.PRO. Genes in the “nmat” and “npat” category were then 

compared to a list of genes with known imprinted expression and the resulting overlaps 

reported in “MAT” and “PAT” columns (Table 1). The percentage of genes that were 

identified in both analyses is given as “perc_inform” and the percentage of these genes that 

also shows significant allelic expression is given as “perc_inform_MatPat” (Table 1). For 

Figure 11e the columns “all_on_M”, “nother” as well as “nmat”+”npat” were summed up and 

plotted. NOTE: no genes were filtered in this analysis and no novel gene with imprinted 

expression was identified with both UPD and SNP analysis. 

 

# 
informative 

genes 

# 
MAT 
genes 

# PAT 
genes 

# BAE 
genes 

# genes 
on 

MADM 
chr. 

Cell_type Perc_ 
inform 

Perc_ 
informMatPat 

9 0 3 6 19 M7_Nkx_Cx 47,37 33,33 
53 0 0 53 93 M11_Emx_OB 56,99 0 
63 0 0 63 114 M11_Nkx_Hi 55,26 0 
10 2 0 8 22 M12_Emx_Hi 45,45 20 
4 1 0 3 9 M11_Emx_Hi 44,44 25 

20 0 0 20 28 M11_Nkx_Cx 71,43 0 
19 0 3 16 35 M7_Nkx_Hi 54,29 15,79 
43 0 5 38 80 M7_Emx_OB 53,75 11,63 
7 4 0 3 19 M12_Emx_Cx 36,84 57,14 
8 0 3 5 22 M7_Emx_Cx 36,36 37,5 

19 2 0 17 21 M12_Nkx_Cx 90,48 10,53 
7 0 5 2 7 M7_Emx_Hi 100 71,43 
1 1 0 0 2 M11_Emx_Cx 50 100 

 

Table 1. Summary of genes following allelic expression and used in Figure 11e 

 

 Data Processing and Analysis from Single Cell RNA Sequencing 4.2.12

For bioinformatics analysis, reads were pseudo-aligned to the transcriptome using kallisto 

v0.43.1 (Bray et al 2016). Kallisto index was prepared from Gencode M16 transcripts in fasta 

format (gencode.vM16.transcripts.fa downloaded from http://www.gencodegenes.org/ on 

Mar 13th 2018) using standard parameters. Transcript abundance was analysed using 

“kallisto quant” using -t2 --single -l 200 -s 20 parameters. Transcripts per million (tpm) 

counts were further analysed using monocle v2.4.0. (Trapnell et al., 2014) and (Qiu et al., 

2017). The “CellDataSet” was prepared using the “newCellDataSet” function with 



57 

 

parameters: lowerDetectionLimit = 0.1, expressionFamily = negbinomial.size(). Absolute 

transcript counts were determined using the “relative2abs” function with parameter: 

method="num_genes". The final “CellDataSet” from absolute transcript counts was prepared 

in the same way as before. No cell was removed from the analysis due to similar total number 

of sequenced reads per cell (median: 3224653, min: 1783218, max: 6116781) and similar 

numbers of detected mRNAs per cell (median: 51064, min: 30788, max: 78884). For further 

analyses the global expression detection threshold was set to 1 (min_expr = 1) using 

“detectGenes function. Clustering of cells was performed on all genes expressed in more than 

10 cells (num_cells_expressed > 10) by first reducing dimension with the “reduceDimension” 

function and parameters: max_components=2, num_dim = 10, reduction_method = 'tSNE', 

residualModelFormulaStr = "~DIR * num_genes_expressed". Clusters were then defined 

with the “clusterCells” function and parameters: “num_clusters = 8”, 

“method=’densityPeak’”.  

For plotting the identified clusters in Figure 16a and Figure 18, t-SNE coordinates were 

identified using the “reducedDimA” function. To plot expression of marker genes transcripts 

were grouped into genes using the gene symbol annotation given in the kallisto output file. 

The transcript with the highest mean expression over all cells was used as representative for 

the respective gene. Plots were prepared using ggplot2 with a gradient fill based on the log2 

(expression value + 1). 

For differential gene expression analysis in Figure 16c, Figure 17d all cells of a given cluster 

were used to prepare a new CellDataSet using the same approach and the same parameters as 

described above. For this analysis upper layer projection neurons clusters pnUL I–III were 

combined. The global expression detection threshold was set to 1.5 and only transcripts 

expressed in >5 cells were used in the analysis. Differential expression of transcripts was 

tested with the “differentialGeneTest” function and parameters: fullModelFormulaStr="~ 

DIR + UPD", “cores=7”. The log2 fold-change of a transcript was determined by dividing the 

mean expression of this transcript in all matUPD cells by the mean expression of this 

transcript in all patUPD. In case mean expression was 0 in patUPD/matUPD cells and >0 in 

the other UPD, the largest/lowest value of all transcripts in this cluster was used. Transcripts 

were grouped into genes based on the gene symbol, given in the kallisto output file. Only 

genes where all transcripts showed a fold-change in the same direction were used and 

transcripts were collapsed into genes by selecting the transcript with the smallest corrected p-

value (qval). Genes with a qval < 0.1 were used for further analysis. The overlap of 
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differentially expressed genes in different clusters was analyzed using Vennerable package 

(v3.1.0.9000). 

 

 Gene Ontology Enrichment Analysis 4.2.13

GO-term enrichment analysis was performed using the package topGO (v2.28.0). All genes 

expressed in at least one cell (all cells, min_expr = 1, num_cells_expressed > 0) were used for 

“background”. Differentially expressed genes were separated into 2 sets: matUPD (log2 fold 

change > 0) and patUPD (log2 fold-change < 0). The analysis was done separately for each 

cluster or combination of clusters as described above. Only gene groups with >5 differentially 

expressed genes were analysed further. Gene symbols were converted to ENTREZID using 

“AnnotationDbi::select” function. A topGO objet was created using “new( "topGOdata", 

nodeSize=5, ontology=”BP”, annot=annFUN.org, mapping="org.Mm.eg.db", ID = "entrez")” 

(org.Mm.eg.db was v3.4.1). Statistics were calculated using “runTest(tgd, algorithm = 

"classic", statistic = "Fisher" )”. GO terms with a p-value < 0.05 were combined, the negative 

log10 p-value was calculated and all GO terms were ranked by this value. Note that in Figure 

17d, the prefix was adjusted to reflect the parental origin of over-expression (higher in 

matUPD: +, higher in patUPD: - ).  
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4.3 Results 

The cerebral cortex is composed of a diverse array of cell types assembling into cortical 

circuits that account for higher cognitive functions. Genomic imprinting is essential for 

cortical development and circuit assembly (Cleaton et al., 2014; Peters, 2014; Wilkinson et 

al., 2007) but the function of genomic imprinting at the individual cell level is poorly 

understood. The dissection of the functional relevance of genomic imprinting at the 

organismal level has vastly benefitted from the analysis of mice carrying uniparental 

chromosome disomy (UPD) (Cattanach and Kirk, 1985; Ferguson-Smith et al., 1991; Schulz 

et al., 2006). Here we exploit the potential of UPD and establish a quantitative assay to probe 

genomic imprinting at single cell resolution in the developing cortex by using MADM 

(Mosaic Analysis with Double Markers) technology (Hippenmeyer et al., 2010, 2013; Zong 

et al., 2005) (Figure 3a, b,c and Figure 5, Figure 6). MADM can generate UPD via Cre/LoxP-

dependent mitotic recombination at G2 phase in dividing stem cells, followed by X-

segregation of recombined chromosomes. Such ‘G2-X events’ produce near complete UPD 

of particular chromosomes which carry the MADM cassettes in genetically-defined cell-types 

(Hippenmeyer et al., 2013). As a consequence, imprinted genes located on such 

chromosomes will be homozygosed, and show either a two-fold increase in expression or no 

expression at all (Schulz et al., 2006). MADM-induced UPDs are visualized in distinct 

fluorescent colors, e.g. maternal UPD (matUPD) in red tdTomato, paternal UPD (patUPD) in 

green GFP, and compared to control cells labeled in yellow in genetic mosaic animals. Thus, 

our experimental paradigm provides a unique platform to systematically isolate cell-type 

specific imprintomes, decipher UPD-mediated imbalances in imprinted gene expression, and 

analyze ensuing phenotypes at unprecedented transcriptomic and cellular resolution (Figure 4 

a,b, Figure 5, Figure 6). 
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Figure 3. MADM-induced UPD to map and interrogate cell-type specificity of genomic imprinting 

at single cell resolution (part 1). 
a, MADM recombination events result in uniparental chromosomal disomy (UPD) labeled in green (patUPD) 
and red (matUPD) fluorescent colors, respectively; and yellow control cells. b, Predicted gene expression levels 
of maternally (Mat, magenta) and paternally (Pat, blue) expressed imprinted genes in MADM-labeled cells 
based on all-or-none imprinted expression and compared to biallelically expressed gene (Bae, black). c, Cell-
type specific imprintome mapping: isolation of distinct classes of genetically-defined MADM-labeled cells from 
developing cerebral cortex (CX, neocortex; HC, hippocampus; OB, olfactory bulb) by FACS, followed by 
RNA-seq and differential gene expression analysis (matUPD/patUPD). 
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Figure 4. MADM-induced UPD to map and interrogate cell-type specificity of genomic imprinting 

at single cell resolution (part 2). 
d, Visualization of MADM-labeled Emx1+ and Nkx2.1+ cell-types with matUPD (dot), patUPD (triangle) or 
control (square) in neocortex, hippocampus and olfactory bulb using t-SNE. Data points reflect individual 
biological samples. MADM-7, 11, and 12 indicate UPD of Chr. 7, 11, and 12, respectively. e, Heat map 
depicting the expression of select marker genes for excitatory projection neurons (Pax6, Tbr1), inhibitory 
interneurons (Erbb4, Dlx1) and olfactory granule cells (Dlx1). Colored bars on the right indicate genotype (G, 
matUPD in red, patUPD in blue and control in light grey), MADM (M, MADM-7 in black, MADM-11 in grey 
and MADM-12 in light grey), and tissue (T, CX in blue, HC in light green and OB in dark green). f, Expression 
of imprinted genes (Ndn, paternally expressed on Chr. 7; Grb10, maternally expressed on Chr. 11; and Meg3, 
maternally expressed on Chr. 12) in distinct cell-types upon MADM-induced UPD. Significance (p-value) of 
differential expression in matUPD/patUPD is indicated. 
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Figure 5. Experimental MADM paradigm for generating UPD with single cell resolution (part 1). 
 a, MADM utilizes Cre/LoxP-mediated interchromosomal recombination to reconstitute two reciprocal chimeric 
marker genes (GT/TG). Recombination in postmitotic cells or in G1 phase during cell division cycle results in 
the reconstitution of both (i.e. tdT, red; GFP, green) marker genes in the same cell, thus labeling the cell in 
yellow color but without altering the genotype (not indicated, see Hippenmeyer et al., 2013 for details). 
Recombination in G2 phase of the cell cycle with segregation of recombinant chromosomes (including fully 
reconstituted tdT and GFP marker genes) to the same daughter cell (Z-Segregation, lower branch) also does not 
alter the genotype and results in one yellow cell which serves as control. In contrast, recombination in G2 
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followed by X-Segregation (the two recombinant chromosomes end up in distinct daughter cells, upper branch) 
leads to green (GFP+) and red (tdT+) labeled cells, respectively, with near complete uniparental chromosome 
disomy (UPD). If the TG MADM cassette is inherited from the father and the GT MADM cassette from the 
mother as indicated, cells labeled in red show unimaternal chromosome disomy (MM; matUPD) and green cells 
unipaternal chromosome disomy (PP, patUPD).  

 
Figure 6. Experimental MADM paradigm for generating UPD with single cell resolution (part 2). 
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b, MADM paradigm to generate UPD using reverse crossing scheme. Here, the TG MADM cassette is inherited 
from the mother and the GT MADM cassette from the father. Thus, matUPD are labeled in green (GFP+) and 
patUPD are labeled in red (tdT+). Symbols are detailed in the key. 

 

We focused our analysis of UPD on chromosomes 7, 11, and 12 which all harbor well-

studied clusters of imprinted genes (Williamson et al., 2013). By using Emx1- and Nkx2.1-

Cre drivers, we genetically targeted MADM-induced UPD to excitatory projection neurons 

and inhibitory interneurons in developing neocortex, hippocampus, and olfactory bulb 

granule cells (Figure 4c, Figure 7, Figure 6).  

 
Figure 7. Generation of UPD at single cell resolution in distinct cortical cell-types. 
a-l, MADM-induced UPD of Chr. 7 (a, b, g, h), Chr. 11 (c, d, I, j), and Chr. 12 (e, f, k, l) at P0 in Emx1+ (a-f) 
and Nkx2.1+ (g-l) lineage in neocortex (CX), hippocampus (HC) and olfactory bulb (OB; insets in a, c, e). 
MatUPD is labeled in red (tdT+), patUPD in green (GFP+). Nuclei were stained using DAPI (blue). Scale bar, 
500µm (a, c, e, g, I, k), 60µm (b, d, f, h, j, l) and 600µm (OB insets in a, c, e). Cortical layers are indicated 
(roman numerals). 

To isolate the transcriptomes of fluorescently-labeled cells carrying distinct UPDs and 

control cells we prepared single cell suspensions, performed FACS followed by RNA 

extraction, and library preparation for RNA sequencing. For all cell classes and brain regions 

indicated above we first isolated between 1K-10K cells (Figure 8), depending on MADM 

recombination efficiency.  
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Figure 8. Isolation of fluorescently-labeled UPD by FACS. 
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a, Gating strategy for isolating MADM-labeled cells by FACS. b, Representative FACS plots for isolating 
fluorescently-labeled Emx1+ and Nkx2.1+ cells from MADM-7, 11, and 12 in cortex, hippocampus and olfactory 
bulb. c, Analysis of tdT and GFP marker expression in Emx1+ cells from MADM-7GT/TG; Emx1-Cre+/- isolated by 
FACS. The GT MADM cassette was inherited from the mother and the TG MADM cassette from the father. 
Note that matUPD (red) express tdT but not GFP, patUPD (green) express GFP but not tdT, control cells 
(yellow) are GFP+/tdT+ double positive, and unlabeled cells express no MADM marker gene. All cells express 
EMX1, and DAPI was used to visualize individual nuclei. Scale bar, 10µm. 

 

For bulk sequencing we processed 2-4 individual biological replicates, including ‘forward’ 

replicates with matUPD in red and patUPD in green, and ‘reverse’ replicates with matUPD in 

green and patUPD in red, respectively. A total of 153 samples were used for analysis. To 

reduce the dimensionality of our data and to identify differences and similarities in global 

gene expression between individual samples, we performed t-distributed stochastic neighbor 

embedding (t-SNE) analysis. We found that the tissue and genetic identity but not the state of 

parental disomy for specific chromosomes dictated the clustering. Biological replicate 

samples were evenly distributed within individual clusters on the t-SNE plot (Figure 4d). 

Hierarchical clustering analysis of all sequenced samples confirmed the above finding 

(Figure 9a). Next we determined the expression status of groups of select marker genes which 

are characteristic of excitatory projection neurons (e.g. Pax6 and Tbr1) and inhibitory 

interneurons (e.g. Erbb4 and Dlx1) in neocortex and hippocampus, and granule cells in 

olfactory bulb (e.g. Dlx1) (Figure 4e, Figure 9b).  
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Figure 9. UPD does not affect cell fate specification of cortical cell-types. 
a, Hierarchical clustering of all biological replicate samples analyzed upon RNA sequencing. Note that the tree 
structure indicates large differences between cell-types but small differences of control and samples with 
distinct UPD within a cell type. b, The heat map illustrates the expression of a representative set of marker 
genes best characterizing individual cell-types. Note that cell-types (columns) were ordered arbitrarily and genes 
(rows) were clustered in an unbiased way. Colored bars above the heat map indicate genotype (G, matUPD in 
red, patUPD in blue and control in light grey), MADM (M, MADM-7 in black, MADM-11 in grey and MADM-
12 in light grey), and tissue (T, CX in blue, HC in light green and OB in dark green) 
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We did not find any bias in the expression state of the tested marker genes that correlated 

with the disomy status. In contrast, the expression of specific imprinted genes such as 

paternally expressed Ndn located on Chr. 7, maternally expressed Grb10 on Chr. 11 or 

maternally expressed Meg3 on Chr. 12 displayed largely skewed expression in patUPD and 

matUPD, respectively. In summary, UPD does not affect cell fate specification of cortical 

excitatory and inhibitory neurons based on marker gene expression. In contrast, UPD results 

in highly imbalanced expression of imprinted genes located on the mouse chromosomes 

analyzed here as predicted from previous reports (Williamson et al., 2013). Thus, MADM-

induced UPD constitute an unprecedented assay at single cell resolution to monitor and probe 

genomic imprinting in genetically defined cell-types. 

 

We next analyzed tissue and cell-type specificity of imprinted gene expression and the global 

transcriptomic differences in matUPD when compared to patUPD. Surprisingly, the total 

number of significantly differentially expressed genes on the whole genome level in matUPD 

when compared to patUPD was unexpectedly high. Strikingly, the bulk of deregulated genes 

showed extensive cell-type specificity (Figure 10a, b). While the majority of genes were 

deregulated in just one cell-type, some transcripts were deregulated in up to 5 distinct cell-

types. Thus, the imbalance of imprinted gene expression results in large global downstream 

transcriptional responses featuring vast cell-type specificity. Although only ~9.6% (on 

average) of deregulated transcripts were located on the chromosomes exhibiting UPD (Figure 

11c, d), the above results raise the possibility that deregulated genes may include novel 

imprinted genes exhibiting tissue and/or cell-type specificity.  
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Figure 10. UPD results in highly cell-type specific global transcriptional responses (part 1). 
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a, Heat map shows differentially expressed genes specific for distinct cell-types arranged in 13 clusters. Parental 
expression bias is indicated (MAT, red, maternal; PAT, blue, paternal; BAE, white, biallelic). Note the varying 
numbers of deregulated genes in distinct MADM-induced UPD and different cell-types, respectively. b, Number 
of genes that are deregulated upon MADM-induced UPD in just one (black bar) or multiple cell-types (2, green; 
3, blue; 4, red; 5, orange). 

 
Figure 11. UPD results in highly cell-type specific global transcriptional responses (part 2). 
c, Fraction (%) of deregulated genes upon UPD located on distinct chromosomes with MADM cassettes (dark 
blue, Chr. 7; green, Chr. 11; light blue, Chr. 12) or elsewhere in the genome. Red dashed line indicates average 
(9.6%). d, Genomic location of deregulated genes upon UPD on distinct chromosomes with MADM cassettes. 
Black dots are individual genes and putative imprinted domains (PID) are indicated in grey. e, Numbers of 
deregulated genes upon MADM-induced UPD (blue, all deregulated genes pooled from Chr. 7, 11, and 12) and 
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showing biallelic expression (green), known imprinted genes (red), novel imprinted genes (orange) based on the 
analysis of allelic SNP expression using Allelome.PRO. Note that the vast majority if not all genes deregulated 
in MADM-induced UPD either consist of known imprinted genes and downstream followers with biallelic 
rather than novel imprinted genes. 

Previous studies have established imprinting maps by using allelic expression (allelome) of 

single nucleotide polymorphism (SNP) in a variety of tissues (Andergassen et al., 2017; 

Babak et al., 2015; Perez et al., 2015). Although these efforts revealed a number of imprinted 

genes, which show expression in the mouse brain, the limited cellular resolution precluded 

the determination of cell-type specific allelic expression and thus the identification of genes 

exhibiting cell-type specific imprinting. Therefore we next analyzed allelomes of genetically-

defined cell-types (in comparison to whole tissue) complementing the MADM-induced UPD 

approach. These experiments shall provide definite insights and confirm or refute allelic 

expression of potential novel imprinted genes located on Chr. 7, 11 and 12. To this end we 

crossed Emx1- and Nkx2.1-Cre drivers to fluorescent Z/EG and Ai14 reporter lines, 

respectively, in C57BL/6J (B6) genetic background (Figure 12a, b, c, d). Next we collected 

F1 samples (cortex, hippocampus and olfactory bulb) resulting from two reciprocal crosses 

with CAST/EiJ (CAST) (Figure 12e, f, g).  
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Figure 12. Isolation of cell-type-specific allelome (part 1). 
a-d, Representative images of neocortex (CX), hippocampus (HC) and olfactory bulb (OB, insets in a and c) in 
overview (a, c) and at higher magnification (CX) of boxed areas (b, d); in Z/EG; Emx1-Cre+/- (a, b) and Ai14; 
Nkx2.1-Cre+/- (c, d) reporter mice in C57BL/6J genetic background at P0. GFP (green) and tdT (red) expression 
is indicated. Nuclei were stained using DAPI (blue). Cortical layers are indicated (roman numerals). Scale bar, 
500µm (a, c), 60µm (b, d) and 600µm (OB insets in a, c). e-g, Strategy for cell-type specific allelome analysis. 
e and f, parental C57BL/6J (B6) and CAST/EiJ (CAST) strains (e) and breeding scheme (f) for generating F1 
B6xCAST hybrids. g, predicted allele expression in F1 B6xCAST hybrids based on all-or-none imprinted 
expression with biallelic (BAE) expression, and maternal (MAT) or paternal (PAT) expression bias. 
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Figure 13. Isolation of cell-type-specific allelome (part 2). 



74 

 

h, Visualization of Emx1+ and Nkx2.1+ cell-types in neocortex (CX), hippocampus (HC) and olfactory bulb 
(OB) in B6xCAST F1 hybrids using principal component (PC) analysis. Data points reflect individual biological 
samples from initial and reverse crosses. i, The heat map illustrates the expression of a representative set of 
marker genes best characterizing individual cell types. Note that cell types (columns) were ordered arbitrarily 
and genes (rows) were clustered in an unbiased way. Colored bar above the heat map indicate cell-types from 
distinct tissues (T, CX in blue, HC in light green and OB in dark green). 

 

 
Figure 14. Minimal cell-type specificity of allelic expression and genomic imprinting (part 1). 
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a, Heatmap shows the allelic expression pattern of all known (expressed) imprinted genes in distinct Emx1+ and 
Nkx2.1+ cell-types in neocortex (CX), hippocampus (HC) and olfactory bulb (OB). For every tissue (i.e. CX, 
HC, and OB) we also isolated the whole tissue allelome indicated in separate columns (whole). 

 

 
Figure 15. Minimal cell-type specificity of allelic expression and genomic imprinting (part 2). 
b, Comparison of imprinted gene expression bias in distinct cell-types as revealed by MADM (MADM) and 
allelome (SNP) analysis, respectively. Imprinted genes located on Chr. 7, 11, and 12 are listed. Maternally 
expressed genes (MAT) are marked in red, paternally expressed genes (PAT) in blue, biallelic expressed genes 
(BAE) in green. NI/B6 marks genes that were not informative regarding expression bias or showed expression 
bias towards B6 genetic background. ND, not determined. Different shading of colors indicates level of skewed 
expression bias. Data points with white asterisks show significant expression bias while the other data points 
indicate a trend in MADM samples. Genes marked with asterisks indicate previously identified and validated 
imprinted genes. Genes without asterisks represent putative novel imprinted genes (Rgs10 on Chr. 7, Wdr5b on 
Chr. 16, Zbtb24 on Chr. 10, Fdx1l on Chr.9, Gm9801 on Chr, 7, Cptp on Chr. 4, Enpep on Chr. 3, Gulp1 on Chr. 
1) or overlap known imprinted genes (DQ267100 within Rian on Chr. 12; AC013548.1 splice variant of Igf2 on 
Chr. 7; Gm32061 overlaps with Ndn, Magel2, Mkrn3 on Chr. 7; Gm44831 overlaps with Ipw on Chr. 7; 
A230103L15Rik overlaps with Ube3a-ATS on Chr. 7; and 9330162G02Rik overlaps with Ube3a on Chr. 7). 
Three transcripts (A230006K03Rik, Gm44643, Gm44644) overlap or map close to the putative imprinted non-
coding RNA DOKist4 (DeVeale et al., 2012). c, Known imprinted genes detected by differential gene 
expression analysis of MADM-induced UPD only (blue bar) allelome (SNP) analysis (green bar, none present), 
by MADM and SNP analysis where the direction in allelic expression bias matches (purple bar), and by MADM 
and SNP analysis where the direction in allelic expression opposes (red bar, none present). 

  

http://genome.ucsc.edu/cgi-bin/hgTracks?position=chr7:59223847-59254788&hgsid=667892115_WNvXYaD4hcTEuYAOlri8UQcuEXW8&wgEncodeGencodeBasicVM16=pack&wgEncodeGencodeBasicVM16_sel=1&wgEncodeGencodeVM16ViewGenes_sel=1&hgFind.matches=9330162G02Rik,
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Upon FACS and RNA sequencing we confirmed cell-type specificity based upon marker 

gene expression (Figure 13h, i) and determined allelic expression bias using Allelome.PRO 

(Andergassen et al., 2015) (Figure 14a). The extent of tissue and cell-type specific allelic 

expression bias was minimal, corroborating the results obtained from MADM-induced UPD 

(Figure 15b, c) and complementing earlier studies (Andergassen et al., 2017; Babak et al., 

2015).  

 

Furthermore deregulated genes on chromosomes with UPD did not include any novel 

imprinted genes based on allelic expression (Figure 11e;  

Table 1). Altogether, our results demonstrate very little if any cell-type specificity of genomic 

imprinting with allelic expression as readout. In contrast, the global transcriptional 

downstream response due to imbalanced imprinted gene expression in UPD is extensive and 

highly cell-type specific, regardless of the number of expressed imprinted genes. Thus, the 

functional relevance of genomic imprinting and/or dosage of a subset of genes precipitate 

with extensive cell-type specificity. 

 

To increase the resolution of our analysis to the individual cell level we focused on MADM-

induced UPD of Chr. 7 in neocortical Emx1+ lineage including distinct excitatory neocortical 

upper and deep layer projection neuron classes (pnUL, pnDL), oligodendrocyte intermediate 

progenitors (oIPCs), astrocyte intermediate progenitors (aIPCs) and olfactory bulb 

neuroblasts (obNBs) (Kriegstein and Alvarez-Buylla, 2009). To perform single cell RNA 

sequencing we isolated individual fluorescently-labeled cells carrying distinct UPDs and 

control cells by FACS into 96-well plates, followed by library preparation using Smart-seq2 

(Li et al., 2016; Picelli et al., 2014). In total we sequenced close to 300 single cells to a 

median depth of ~3.2 million reads. We detected all cell-types of the neocortical Emx1+ 

lineage which were represented in 8 distinct clusters on t-SNE plot (Figure 16a, Figure 18).  
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Figure 16. Single cell UPD transcriptional profiles predict cell-type specific cellular phenotype 

(part1). 
a, Visualization of major classes of Emx1+ cortical cell-types with MADM-induced Chr. 7 UPD (pnUL, 
projection neuron upper layer I-III; pnDL, projection neuron deep layer; obNB, olfactory bulb neuroblast I-II; 
oIPC, oligodendrocyte intermediate progenitor; aIPC, astrocyte intermediate progenitor) using t-SNE. Dots 
mark individual cells, n=288. b, Expression of paternally expressed Ndn1 in single cell UPD (M, matUPD; P, 
patUPD) and control cells (C) in distinct cortical cell-type classes. c, Venn diagrams depicting numbers of 
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deregulated genes upon MADM-induced UPD in distinct cell-type clusters. Note the highly variable number of 
deregulated genes in individual cell-types. 

 

 
Figure 17. Single cell UPD transcriptional profiles predict cell-type specific cellular phenotype 

(part2). 
d, Chart depicts the top 20 of enriched gene ontology terms in distinct Emx1+ cell-types with Chr. 7 matUPD or 
patUPD, respectively. 
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Figure 18. Visualization of Emx1+ lineage and marker gene expression by t-SNE. 
a-l, Visualization of Emx1+ MADM-labeled single cells using t-SNE as in Fig. 3a showing expression levels of 
markers genes characteristic for projection neuron (pn, a-c), Satb2, Mef2c, Pcp4; olfactory bulb neuroblast 
(obNB, d-f), Dlx5, Dlx2, Dlx1; oligodendrocyte intermediate progenitor (oIPCs, g-i), Olig2, Pdgfra, Sox10; and 
astrocyte intermediate progenitor (aIPC, j-l), Slc1a3, Aldh1l1, Gfap. Grey to darker red color tones indicates 
progressive expression strength. 
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Next we assayed the expression of the paternally expressed imprinted gene Ndn located on 

Chr. 7 (Williamson et al., 2013). Strikingly, the expression of Ndn in individual cells with 

patUPD (two expressed copies) was consistently higher than in control cells (one expressed 

copy) and nearly absent in matUPD (Figure 16b). These data indicate that even at the single 

cell level imprinted gene expression has the same paternal bias in all individual cells of the 

entire lineage reinforcing our finding of little cell-type specificity of genomic imprinting. 

Conversely, the transcriptional responses to imbalanced imprinted gene expression 

significantly differ in all distinct cell-types of the Emx1+ lineage (Figure 16c). We next 

performed gene-ontology (GO) enrichment analysis of the differentially expressed genes in 

the distinct clusters to determine the probability of potential cellular phenotypes associated 

with UPD. For most Emx1+ cell-types we could not find high confidence GO enrichment in 

either matUDP or patUPD except for obNB where we observed a significant enrichment of 

terms related to cell division and mitosis in the patUPD (Figure 17d). Furthermore we noticed 

an increasing trend of GO classes related to glial differentiation. These findings indicate a 

potential but highly cell-type specific functional role of dosage sensitivity of imprinted gene 

expression in developing cortical Emx1+ lineage.  

 

All quantification analysis was done on tissue collected from both the initial and the reverse 

crossings in order to confirm that the fluorescent color itself has no effect on the phenotype. 

We first quantified the number of matUPD granule cells and patUPD granule cells located in 

the olfactory bulb. We observed an increased relative number of patUPD cells in comparison 

to matUPD cells which is represented as an increased ratio of patUPD granule cells/matUPD 

granule cells to 1,37 in the initial experimental setup and 1,46 in the reverse experimental 

setup (Figure 19a, b, c). Thus the GO enrichment analysis of single cell transcriptomes can 

predict cellular phenotypes in response to imbalanced imprinted gene expression in UPD. 

Next we analyzed the number of neocortical glial cells as well as cortical projection neurons 

containing either the double dose of maternally or paternally expressed genes. For neurons 

we observed equal numbers of matUPD and patUPD containg cells which is reflected in the 

patUPD/matUPD ratio of 1 (Figure 19d, e, f, Table 2). In the analysis of cortical astrocytes in 

brains of three week old mice we detected a significant overrepresentation of parenchymal 

astrocytes resulting in a patUPD/matUPD ratio of 2,19 (Figure 19d, e, f, Table 2). The 

relative increase in patUPD already manifests in BLBP+ aIPCs (Beattie et al., 2017) at birth 

(Figure 20, Table 2). Therefore, the increase of patUPD containing cells is already detected 
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on the progenitor level. Analysis of different postnatal time points, P7, P14 and 3Mo, 

revealed that the increase in number of patUPD containing astrocytes is prevalent early 

postnatally and remains stable at least up to three months with no signs of astrocytoma 

formation (Figure 19g, Figure 21, Table 2). Altogether the disruption of dosage sensitive 

imprinted gene expression reveals a highly cell-type specific functional requirement for 

olfactory bulb granule cell and cortical astrocyte production. 
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Figure 19. Single cell UPD reveals highly cell-type specific function of dosage sensitive imprinted 

gene expression during cerebral cortex development. 
a, b, c, Analysis of MADM-labeling pattern (a, b) and relative abundance (c) of matUPD (red, tdT) and patUPD 
(green, GFP) in olfactory bulb in P21 MADM-7GT/TG; Emx1-Cre+/- mice with Chr. 7 UPD in Emx1+ lineage. d, e, 
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f, Analysis of MADM-labeling pattern (d, e) and relative abundance (f) of matUPD (red, tdT) and patUPD 
(green, GFP) in neocortex in P21 MADM-7GT/TG; Emx1-Cre+/- mice with Chr. 7 UPD in Emx1+ lineage. g, 
Quantification of fraction (%) of MADM-labeled astrocytes of total number of MADM-labeled cells with 
matUPD (magenta) and patUPD (blue), in time course analysis at P7, P14, P21 and 3Mo (n=6 animals total 
[3xforward cross and 3xreverse cross] per time point). Values represent mean ±SEM. *p<0.05; **p<0.01; 
***p<0.001. G, glomerular layer; M, mitral cell layer; GCL, granule cell layer; CX, neocortex; HC, 
hippocampus. Cortical layers (e) are indicated (roman numerals). Scale bar, 200 (a), 40 (b), 500 (d) and 60µm 
(e). 

 

Figure 19C. Olfactory bulb analysis. Ratio of patUPD/matUPD neurons at P21. 
    

Ratio 
oINs Mean +/- 

SEM 

# 
Cell

s 

# 
Section

s 

# 
Mic

e        

Initial 1,37 0,06 2787 37 4 
       Reverse 1,46 0,04 2313 43 4 
       

             Figure 19F. Neocortex analysis. Ratio of patUPD/matUPD neurons and astrocytes at P21. 
   

Cell Type Mean +/- 
SEM 

# 
Cell

s 

# 
Section

s 

# 
Mic

e        

Neurons 1,03 0,07 5989 64 8 
       Astrocyte

s 2,19 0,28 1574 64 8 
       

             Figure 19G. %MADM+ astrocytes/total MADM+ cells. 
       

Time 
Point 

matUPD % Astrocytes patUPD % Astrocytes T-Test 

Mean +/- 
SEM 

# 
Cell

s 

# 
Section

s 

# 
Mic

e 
Mean +/- 

SEM 

# 
Cell

s 

# 
Section

s 

# 
Mic

e 
P-

Value 
Sig

. 

P7 
15,03

% 
0,74
% 3262 84 6 20,15

% 
1,10
% 3882 84 6 1,2E-

03 ** 

P14 
18,11

% 
2,03
% 3230 77 6 

26,11
% 

1,37
% 4025 77 6 

2,2E-
02 * 

P21 
18,55

% 
1,85
% 3525 64 8 

25,96
% 

1,06
% 4038 64 8 

1,0E-
04 *** 

3Mo 
16,20

% 
0,76
% 3299 62 6 

27,99
% 

1,33
% 4087 62 6 

9,0E-
04 *** 

 
 

            Figure 20K. %BLBP+,MADM+/total MADM+ at P0. 
       

Time 
Point 

matUPD % Astrocytes patUPD % Astrocytes T-Test 

Mean +/- 
SEM 

# 
Cell

s 

# 
Section

s 

# 
Mic

e 
Mean +/- 

SEM 

# 
Cell

s 

# 
Section

s 

# 
Mic

e 
P-

Value 
Sig

. 

P0 1,48% 
0,46
% 2901 77 6 2,79% 

0,56
% 3400 77 6 

5,2E-
03 ** 

 

Table 2. Summary of quantifications performed at P21. 
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Figure 20. Increased numbers of cortical astrocyte progenitors with patUPD precede 

overproduction of postnatal astrocytes. 
a-j, Analysis of BLPB (white) expression in developing cortical plate in MADM-7GT/TG; Emx1-Cre+/- at P0. 
Images are from reciprocal parental crosses - forward with GT MADM cassette from mother (a-e), and reverse 
with GT cassette from father (f-j) - generating matUPD (red tdT+ in a-e; green GFP+ in f-j) and patUPD (green 
GFP+ in a-e; red tdT+ in f-j), respectively. Scale bar, 50µm (a, b, f, g) and 25 µm (c-e and h-i). k, Quantification 
of fraction (%) of BLBP+/MADM+ double-positive cells of total number of MADM-labeled cells with matUPD 
(pink) and patUPD (blue), respectively. Data derived from n=6 animals (3x forward cross and 3x reverse cross). 
Values represent mean ± SEM. **p<0.01. 
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Figure 21. Time course analysis of cortical astrocyte production with UPD. 
a-p, Analysis of MADM-labeling pattern in MADM-7GT/TG; Emx1-Cre+/- in neocortex (CX) and hippocampus 
(HC) at P7 (a-d), P14 (e-h), P21 (i-l), and 3Mo (m-p) in overview (a, c, e, g, i, k, m, o); and at higher 
magnification (CX) of boxed areas (b, d, f, h, j, l, n, p). Representative images (red, tdT; green, GFP) are shown 
from forward (matUPD in red, patUPD in green) and reverse (matUPD in green, patUPD in red) MADM 
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crosses. Nuclei were stained using DAPI (blue). Cortical layers are indicated (roman numerals). Scale bar, 
800µm (a, c); 850µm (e, g); 900µm (i, k); 1mm (m, o); 120µm (b, d); 140µm (f, h) 160µm (j, l); 200µm (n, p). 

 

4.4 Discussion 

In conclusion, our quantitative single cell analysis of MADM-induced UPD reveals to our 

knowledge for the first time the single cell imprintomes of distinct cell-types in the 

developing cerebral cortex. Based on allelic expression, genomic imprinting exhibits minimal 

cell-type specificity. In contrast, the global transcriptional responses to imbalanced imprinted 

gene expression in UPD is highly cell-type specific and in the case of Chr. 7 modulate neural 

stem cell behavior and cortical astrocyte production. These results demonstrate that parental 

expression bias of imprinted genes and resulting downstream responses translate into 

biologically relevant functions featuring vast cell-type specificity. Our study also reveals that 

genomic imprinting is a key mechanism to regulate transcriptional states controlling the 

generation of cortical cellular diversity. In a broader context, disruptions of imprinted gene 

expression in UPD and ensuing narrow cell-type-specific phenotypes may constitute the 

underlying pathology and mechanistic basis for neurological disorders such as Angelman 

Syndrome (Mabb et al., 2011) and imprinting diseases in general (Peters, 2014). Future 

systematic analysis of UPD across all tissues and cell-types promises unprecedented insights 

into the general principles and functions of genomic imprinting at the individual cell level. 
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Unexpected role of the repressed paternal p57Kip2 allele in cortical 

development 

 

5.1 Background 

P57Kip2, also known as Cdkn1c, acts as a cyclin-dependent kinase (CDK) inhibitor (CKI). In 

brain development, it is a key regulator in timing the exit from cell-cycle (Sherr and Roberts, 

1999). Global loss of p57Kip2 results in severe developmental deficits and mutant mice die 

immediately after birth (Takahashi et al., 2000; Yan et al., 1997; Zhang et al., 1997). Neural 

progenitor cell cycle exit corresponds to initiation of neuronal differentiation. p57Kip2 is an 

important mediator of the transition from neuronal proliferation to differentiation (Ye et al., 

2009b). Upon the interaction of p57Kip2 with basic helix-loop-helix (bHLH) transcription 

factors, neuronal as well as astroglial differentiation are regulated (Joseph et al., 2009; Pfurr 

et al., 2017). P57Kip2 is a maternally expressed gene located on mouse chromosome 7 

(Williamson et al.). Previous studies mapping imprinted gene expression showed that p57Kip2 

is expressed from the maternal allele throughout brain development until adulthood 

(Andergassen et al., 2017; Babak et al., 2015). 

In order to study p57Kip2 function in more detail, both conventional and conditional knock-out 

mouse models have been employed (Furutachi et al., 2015; Mairet-Coello et al., 2012; 

Matsumoto et al., 2011; Zhang et al., 1997). Conditional neuronal ablation of p57Kip2 was 

performed by using Nestin-cre (Matsumoto et al., 2011). Since p57Kip2 is maternally 

expressed, the loss of function was induced from females and subsequent analysis was done 

in heterozygous p57Kip2-flox animals. P57Kip2 deficiency manifests in nonobstructive 

hydrocephaly as well as cerebellar malformation (Matsumoto et al., 2011). Importantly, 

mutant mice barely survive until three weeks of age. Extensive apoptosis of precursor cells 

was shown to account for the severe malformations observed upon p57Kip2 loss (Matsumoto 

et al., 2011). Interestingly, ablation of p53 together with p57Kip2 could rescue the cell death of 

precursors and double mutant brains appear normal. In order to understand the mechanistic 

pathway regulating the precursor apoptosis in more detail, the analysis was focused on target 

genes upstream of p53. Neural specific loss of p57Kip2 results in increased phosphorylation of 

E2F1 target genes. Concomitant loss of E2F1 and p57Kip2 in Nestin+ neurons induced 

recovery from hydrocephaly and resolved the cerebellar phenotype. Upon p57Kip2 neuronal 
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deficiency, p53-dependent apoptosis is induced due to hyperactivity of E2F1 (Matsumoto et 

al., 2011).  

Loss of p57Kip2 with specific focus on neural development was analyzed in the study 

published by Mairet-Coello and colleagues (Mairet-Coello et al., 2012). Mutant animals 

lacking maternal p57Kip2 expression were investigated at E18.5 since p57Kip2-/- mice die 

perinatally (Mairet-Coello et al., 2012; Zhang et al., 1997). At E18.5, mutant embryos exhibit 

macrocephaly and increased cell density in the IZ. Detailed analysis revealed a significant 

increase of lower layer neurons (layer 5-6) upon loss of p57Kip2. P57Kip2 ablation in particular 

affects cell cycle dynamics within RGPs and IPCs which results in progenitor proliferation 

defects that ultimately affect layer composition (Mairet-Coello et al., 2012). 

Adult NSC proliferation is regulated by p57Kip2 (Furutachi et al., 2015). A slowly 

proliferating subpopulation of neural progenitors in embryonic development is transiting into 

adult NSC in the subependymal zone (SEZ). It was suggested that these cells are progenitors 

for adult NSCs. Interestingly, these slowly dividing NPCs express high levels of p57Kip2 

suggesting that p57Kip2 might be a key regulator of cell cycle dynamics in these cells. 

Conditional neuronal progenitor ablation of p57Kip2 using Emx1-cre during development 

resulted in impaired emergence of adult NSCs (Furutachi et al., 2015). Adult NSC reduction 

seems to result from increased proliferation of precursor cells during early development. The 

proliferative capacity of these cells is exhausted and therefore they are not capable to divide 

during later stages of development. P57Kip2 seems to be required to slow down the cell cycle 

dynamics within the embryonic precursor cells. Both adult NSCs as well as adult NSC 

progeny were lost upon maternal p57Kip2 defects indicating that the entire lineage is affected 

by p57Kip2 loss (Furutachi et al., 2015). 

Different results were obtained upon p57Kip2 loss versus neuronal specific loss of p57Kip2. 

P57Kip2 ablation lead to macrocephaly (Mairet-Coello et al., 2012) whereas neuron specific 

p57Kip2 loss of function caused cell death and hydrocephaly (Matsumoto et al., 2011). 

Nevertheless, currently available data suggests that p57Kip2 functions as a potent cell cycle 

regulator in neural development with functional implications in cortical layer development 

(Mairet-Coello et al., 2012; Matsumoto et al., 2011). Furthermore, p57Kip2 is fundamental to 

the regulation of cell cycle dynamics in neural stem cells by inducing quiescence (Furutachi 

et al., 2015). Dissection of the underlying molecular pathways is of great importance in order 

to understand how p57Kip2 fulfills its regulatory functions. These findings may also help 

explain the conflicting findings in the field.  
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5.2 Hypothesis 

Cell-type specific deregulation of imprinted gene dosage in MADM-7 results in a paternal 

overgrowth phenotype specifically in astrocytes and OB granule cells in the adult brain at 

P21 (Laukoter, Pauler et al. unpublished; see chapter 4). Importantly, in patUPD cells all 

paternally expressed genes are predicted to be overexpressed by a dose of two whereas 

maternally expressed genes are generally expected to lack expression. Thus, patUPD 

astrocytes and OB granule cells are expected to lack expression of p57Kip2 since p57Kip2 is 

generally assumed to be a maternally expressed imprinted gene (Williamson et al.). 

Expression from the paternal allele has so far not been reported. Since p57Kip2 is described as 

a growth repressor affecting the cell cycle (Mairet-Coello et al., 2012; Matsumoto et al., 

2011), p57Kip2 loss might induce a growth advantage in patUPD astrocytes and patUPD OB 

granule cells over matUPD containing cells.  

We aimed to test our hypothesis using mutant analysis based on MADM. Application of 

MADM for mutant studies enables us to investigate single knock-out cells among 

heterozygous cells. In order to test our hypothesis, that p57Kip2 is relevant for the MADM-7 

patUPD phenotypes, we performed p57Kip2 deletion in the Emx1 lineage and within MADM-

induced UPDs. To this end, the p57Kip2-flox allele was genetically linked via meiotic 

recombination to the MADM-TG cassette on Chr. 7. In parallel, the MADM-GT cassette is 

linked to the wildtype allele. Emx1-Cre expression induces interchromosomal recombination 

between the LoxP sites located on the MADM cassettes and simultaneously generates the 

deletion for p57Kip2. Thus, MADM mosaic experiments are setup in a way that green cells are 

mutant lacking the p57Kip2 gene whereas red cells carry the wildtype allele. Yellow cells are 

heterozygotes for the p57Kip2 mutation. In case the MADM-TG cassette is transmitted from 

the male and the MADM-GT cassette from the female green cells contain patUPDs whereas 

red cells carry matUPDs. Exchanging the parental origin of the MADM cassettes allows a 

color swap of UPDs (Figure 22a).  

Generation of full knock-out MADM experimental animals requires that both the MADM-7 

TG as well as the MADM-7 GT cassette are genetically linked to the p57Kip2-flox allele. In 

full knock-out MADM experiments, all fluorescently labeled cells plus the unlabeled 

environment lack p57Kip2. Green, red and yellow cells contain identical genotypes.  

The intrinsic property of MADM to generate UPD in combination with imprinted gene 

deletion provides a very sensitive, high resolution setup. In the combined application of UPD 

and imprinted gene deletion our expected experimental outcome is that upon the paternal 
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inheritance of p57Kip2 deletion (also called paternal deletion) we obtain mutant cells in green 

lacking p57Kip2 expression (Figure 22a). In this context red cells carry the wildtype allele, 

corresponding to the maternal allele. Since red cells also contain matUPD it is expected that 

these cells express the double dose of p57Kip2 expression. Our prediction is that there is no 

UPD phenotype detected since we remove the silent allele of p57Kip2 . 

If the p57Kip2 mutant allele is inherited from the mother (so-called maternal deletion) it is 

anticipated that green cells are mutant cells and carry matUPDs. No expression of p57Kip2 is 

expected since maternal expression is abolished. Red patUPD cells contain the wildtype 

allele which is the silent paternal allele. Consequently, there should not be any p57Kip2 

expression. The maternal deletion setup should reflect a complete loss of gene expression 

(Figure 23a). As such, the prediction would be that in case p57Kip2 is involved in the 

generation of the patUPD phenotypes, we restore equal numbers of red and green astrocytes 

as well as equal numbers of red and green OB granule cells. 
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Figure 22. Experimental paradigm to study paternal loss of p57Kip2 on top of MADM-induced 

UPDs. 
a, Paternal deletion of p57Kip2: The p57Kip2-/- allele was introduced distal to the MADM-7 TG cassette via 
meiotic recombination (for details see Hippenmeyer et al. 2010). Males carrying the floxed allele were 
intercrossed with MADM-7 GT females which in addition also contained Emx1-cre. Upon the presence of Cre 
recombinase cis-recombination of conditional p57Kip2 alleles (resulting in null alleles) as well as 
interchromosomal trans-recombination of MADM cassettes is induced. Depending on the chromosomal 
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segregation, either red cells which are WT (p57Kip2+/+) and carry matUPDs and green cells being p57Kip2-/- and 
contain patUPDs are generated or yellow and unlabeled cells are generated (p57Kip2+/-).  

 

 
Figure 23. Experimental paradigm to study maternal loss of p57Kip2 on top of MADM-induced 

UPDs. 
a, Maternal deletion of p57Kip2: Females are used to transmit the floxed allele. In this scenario red cells are 
p57Kip2+/+ on top of patUPD containing cells and green cells are deficient for p57Kip2 (p57Kip2-/-) in addition 
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carrying matUPDs. Genotypes for yellow and unlabeled cells are not changed as compared to paternal p57Kip2-/- 
transmission. 

 

5.3 Material and Methods  

 Mouse Lines and Maintenance 5.3.1

Mouse protocols were reviewed by institutional preclinical core facility (PCF) at IST Austria 

and all breeding and experimentation was performed under a license approved by the 

Austrian Federal Ministry of Science and Research in accordance with the Austrian and EU 

animal laws. Mice were maintained and housed in animal facilities with a 12-hour day/night 

cycle and adequate food and water under conditions according to IST Austria institutional 

regulations. Mouse lines with chromosome 7 MADM cassettes, (Hippenmeyer et al., 2013) 

(MADM-7-GT JAX stock # 021457, MADM-7-TG JAX stock # 021458), p57Kip2 flox allele 

(Matsumoto et al., 2011) and Emx1-Cre (Gorski et al., 2002) (JAX stock # 005628) have 

been described previously. All MADM-based analyses were carried out in a mixed C57/Bl6, 

CD1 genetic background. Based on genotype experimental groups were randomly assigned. 

In all experiments biological replicates were used for analysis and data acquisition. 

 

 Isolation of Tissue and Immunohistochemistry  5.3.2

Same protocol was applied as described in Chapter 4.2.2 Isolation of Tissue and 

Immunohistochemistry. 

 

 Imaging and Analysis of MADM-labeled Brains 5.3.3

Sections were imaged using an inverted LSM800 confocal microscope (Zeiss) and processed 

using Zeiss Zen Blue software. Confocal images were analyzed in Photoshop software 

(Adobe) by manually counting MADM-labeled cells based on respective marker expression 

as described previously (Beattie et al., 2017). Statistical analysis was performed in Graphpad 

Prism 7.0. For the test of statistical significance, two-tailed t-test was applied.  

For cortical thickness DAPI images were used. Images were opened in Zen Blue software 

and measurements were performed using the built-in “line”-tool. Analysis was done in three 

different regions of interest in the somatosensory cortex which were averaged per image. Six 
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cortical sections were measured per brain. Three different individuals were analyzed per 

genotype. Significance was calculated using two-tailed t-test in Graphpad Prism 7.0. 
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Figure 25. Neocortex analysis. Ratio of G/R neurons and astrocytes at P21. 
 Cell Type Mean +/- SD # Cells # Sections # Mice 

Control Neurons 0,96 0,16 1404 17 3 

Control Astrocytes 0,65 0,32 306 17 3 

Mat deletion Neurons 0,12 0,01 2388 24 3 

Mat deletion Astrocytes 0,08 0,03 1218 24 3 

Control Neurons 1,27 0,29 1584 23 3 

Control Astrocytes 1,97 0,78 416 23 3 

Pat deletion Neurons 0,21 0,04 1353 24 3 

Pat deletion Astrocytes 0,21 0,16 569 24 3 

            

Figure 27i-l. Olfactory bulb analysis. Ratio of R/G neurons at P21. 
 Ratio oNBs Mean +/- SD # Cells # Sections # Mice 

Control 0,73 0,21 1613 24 3 

Mat deletion  0,05 0,01 2405 27 3 

Control  1,71 0,34 1298 29 3 

Pat deletion  0,23 0,07 1302 30 3 

      Figure 28c&d. RMS analysis. Ratio of G/R neuroblasts at P21. 
  Ratio oNBs Mean +/- SD # Cells # Sections # Mice 

Control 1,98 0,81 83 32 3 

Pat deletion 0,19 0,14 53 29 3 

            

Figure 28g&h. Olfactory bulb analysis. Ratio of G/R neurons at P0. 
 Ratio OB N Mean +/- SD # Cells # Sections # Mice 

Control 0,91 0,27 184 33 3 

Pat deletion 0,37 0,23 468 32 3 
 

Table 3. Quantification data used for plots shown in Figures 25,27i-l, 28c&d and 28g&h. 

 

Figure 26. Cortical thickness analysis 
   

Sample Mean 
[µm] +/- SEM # Images # Mice 

P0 WT 389,54 25,45 6 3 

P0 Mat deletion  268,66 12,51 6 3 

P0 WT 392,23 14,04 6 3 

P0 Pat deletion  261,34 2,80 6 3 

P21 WT 904,19 31,27 6 3 

P21 Mat deletion  463,13 6,72 6 3 

P21 WT 873,74 11,10 6 3 

P21 Pat deletion  567,29 6,17 6 3 
 

Table 4. Cortical thickness data used for plots shown in Figure 26.  
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5.4 Results 

 P57Kip2 paternal deletion results in cortical malformation 5.4.1

Experimental MADM animals were generated by genetically linking the MADM-7 TG 

cassette to the p57Kip2-flox allele. MADM-7 GT cassette is linked to the wildtype allele. 

MADM mosaic animals lack p57Kip2 expression in green cells and red cells are wildtype 

(Figure 22, Figure 23). P57Kip2 is a maternally expressed gene thus no expression from the 

paternal allele is expected (Williamson et al.). MADM concomitantly generates matUPD and 

patUPD which highly influences imprinted gene expression. It is essential to know which 

parent transmits the mutated allele. Depending on the parental transmission we generated 

either paternal (Figure 22) or maternal (Figure 23) deletion animals. In paternal deletion 

animals, green cells are both mutant and contain patUPDs whereas red cells are wildtype and 

carry matUPDs (double dose of p57Kip2) (Figure 24a). In maternal deletion animals we 

change the UPD origin in the colored cells. This means that in the maternal deletion animals 

green cells lack p57Kip2 but this time contain matUPDs. Red cells however carry the wildtype 

allele which is in this case also the silent paternal allele (Figure 24b).  

 

Figure 24. Experimental MADM paradigm to study p57Kip2. 
(a,b) Schematic illustration of experimental MADM paradigm upon paternal p57Kip2 - (a) and maternal p57Kip2 
loss of function (b). (a) Paternal deletion of p57Kip2: Red cells are wildtype and carry matUPD, green cells are 
p57Kip2-/- and carry patUPD, yellow and unlabeled cells are p57Kip2+/- (b) Maternal deletion of p57Kip2 : Red cells 
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are wildtype and carry patUPD, green cells are p57Kip2-/- and carry matUPD, yellow and unlabeled cells are 
p57Kip2+/-  

We first focused on the analysis of adult cortex in order to determine the effect of p57Kip2 loss 

of function on cortical astrocytes (Figure 25a-h). Quantification analysis of mutant versus 

wildtype cells demonstrated a severe loss of green mutant cells in both maternal as well as 

paternal deletion models. A large increase in red matUPD astrocytes and astrogliosis were 

observed when the deletion was transmitted from the maternal compared to the paternal 

allele. This implies a more severe effect upon maternal loss of p57Kip2 compared to paternal 

loss of p57Kip2. Green-to-red ratios in mice lacking p57Kip2 highly deviate from 1:1 reflecting 

the dramatic effects upon loss of function. G/R ratios further illustrate the observation that 

p57Kip2 loss is resulting in a more severe effect upon maternal loss rather than paternal loss of 

function (Figure 25i-l). Since there is a severe loss of mutant p57Kip2-/- neurons and 

astrocytes observed and in addition no effect upon changing the UPD background detected, 

we cannot interpret the data with regards to the MADM-7 patUPD astrocyte phenotype. It 

remains unclear what role p57Kip2 plays in cortical astrocyte generation. Previous reports 

suggested that p57Kip2 is expressed from the maternal allele only (Andergassen et al., 2017; 

Babak et al., 2015). Therefore, it was a striking finding that loss of the paternal allele results 

in such a severe cortical malformation. We expected that the paternal allele is silent and that 

loss of the paternal allele is not causing any effect. 

 
Figure 25. Maternal and paternal deletion of p57Kip2 result in severe cortical impairment 
a-h, Overview of MADM-labeling pattern in P21 somatosensory cortex in control-MADM (a,e), maternal 
p57Kip2 deletion (c) and paternal p57Kip2 deletion (g). Higher magnification of boxed areas in b,d,f and h. i-l, 
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Quantification of red and green neurons and astrocytes is shown as fold change (G/R) in control-MADM (i,k) 
and maternal p57Kip2 deletion (j) and paternal p57Kip2 deletion (l). Three individuals were used for all conditions. 

In addition to impairment in the production of neurons and astrocytes, we have also observed 

a dramatic defect in gross cortical formation. In particular, analysis of maternal and paternal 

p57Kip2 deletion at P0 and P21 revealed a severe microcephaly. Interestingly, this was found 

in mice carrying either maternal or paternal p57Kip2 loss of function mutations. Cortical 

thickness measurements showed a significant decrease in cortical thickness in paternal as 

well as maternal deletion animals compared to wildtype littermates. At P0 cortical thickness 

of mice lacking p57Kip2 was diminished by a third compared to wildtype littermates (Figure 

26a). In adult brain paternal p57Kip2 deletion and maternal p57Kip2 deletion mice presented 

with a cortical thickness of 570µm +/- 8,7µm and 460µm +/- 9,5µm, respectively (Figure 

26b).  

These findings revealed an unexpected role of paternal p57Kip2 which was previously believed 

to be silent. Indeed, we observed severe malformation in the cortex upon paternal p57Kip2 

deficiency which is almost as strong as in maternal p57Kip2 deletion.  
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Figure 26. Severe microcephaly upon loss of p57Kip2 
a,b, WT, maternal p57Kip2 deletion and WT and paternal p57Kip2 deletion brains at P0 and P21. For both time 
points cortical thickness was measured in all four genotypes. Cortical thickness is shown in µm. Three different 
mice were analyzed per genotype. Significance was determined by two-tailed t-test. 

 

 p57Kip2 paternal loss results in adult neurogenesis defects 5.4.2

In order to investigate whether p57Kip2 plays a functional role in adult neurogenesis, we 

analyzed OB granule cells in a MADM p57Kip2 mosaic background (Figure 27). Furthermore, 

we wanted to determine whether p57Kip2 is involved as a key regulator of MADM-7 patUPD 

OB granule cell overgrowth. We detected a general loss of green mutant cells upon paternal 

and maternal deletion (Figure 27a-h). The severity of the phenotype is comparable. G/R 

ratios reflect significant loss of cells upon p57Kip2 deletion in mutant animals compared to 

wildtype animals (Figure 27i-l). The observed effects were more severe than expected and 

more dramatic compared to the MADM-7 UPD phenotypes (chapter 4). We observed a 

general loss of green p57Kip2-/- cells no matter which parental disomy the green cells 
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contained. This means that p57Kip2 is more critical for cell survival or cell proliferation than 

previously anticipated. With regards to the increased proliferation potential that we detect in 

MADM-7 patUPD OB granule cells we cannot draw any conclusions at this point.  

 
Figure 27. Loss of p57Kip2 results in adult neurogenesis defects 
a-h, Overview of MADM-labeling pattern in P21 olfactory bulb in control-MADM (a,e), maternal p57Kip2 
deletion (c) and paternal p57Kip2 deletion (g). Higher magnification of boxed areas in b,d,f and h. i-l, 
Quantification of red and green granule cells is shown as fold change (G/R) in control-MADM (i,k) and 
maternal p57Kip2 deletion (j) and paternal p57Kip2 deletion (l). Three individuals were used for all three 
conditions. 

In adult neurogenesis neuroblasts migrate along the rostral migratory stream (RMS) from the 

dorsal wall of the lateral ventricle into the olfactory bulbs where they terminally differentiate 

and develop into OB granule cells (Lim and Alvarez-Buylla, 2016). Lack of mutant cells in 

the OB could therefore also result from a migratory defect of cells. To rule out an aberrant 

accumulation of cells within the RMS we quantified mutant and wildtype cells in paternal 

p57Kip2 ablation animals (Figure 28a-d). Similar to the OB a significant loss of p57Kip2-/- cells 

was also found in the RMS. This suggests that the lack of cells observed was due to defects in 

neurogenesis (Figure 28a-d). We found an even stronger indication that neurogenesis is 

affected from the analysis of OB at P0 (Figure 28e-h). Paternal loss of p57Kip2 resulted in 

decreased presence of green mutant cells already at birth. Therefore, it is indicated that we 

detect a severe neurogenesis defect early in development which leads to decreased cell 

progenitor populations and decreased numbers of OB granule cells. It is shown here that an 

allele previously found to be silent on the paternal chromosome in fact has significant roles in 

adult neurogenesis. 
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Figure 28. P21 RMS and P0 OB are severely affected by paternal p57Kip2 ablation 
a-b, Overview of MADM-labeling in P21 RMS of control-MADM (a) and paternal p57Kip2 deletion (b). c-d, 
Quantification of red and green cells is shown as fold change (G/R) in control-MADM (c) and paternal p57Kip2 
deletion (d). e-f, Overview of MADM-labeling in P0 Olfactory bulbs in control-MADM (e) and paternal p57Kip2 
deletion (f). g-h, Quantification of red and green labeled cells is shown as G/R ratio for control-MADM (g) and 
paternal p57Kip2 deletion (h) 
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5.5 Discussion 

The aim of this study was to determine if p57Kip2 was required for the patUPD phenotypes 

detected in MADM-7. P57Kip2 seemed a probable candidate as it has reported roles in 

regulating radial glia proliferation and neurogenesis in the developing cerebral cortex and is 

maternally expressed (Furutachi et al., 2015; Mairet-Coello et al., 2012; Matsumoto et al., 

2011; Williamson et al.). We initially hypothesized that due to its known role as a growth 

repressor, ablating p57Kip2 in the cortex might rescue the overgrowth of MADM-7 patUPD 

cortical astrocytes as well as MADM-7 patUPD OB granule cells. Deletion of p57Kip2 resulted 

in more severe phenotypes than previously anticipated. P57Kip2 ablation results in severe loss 

of mutant cells no matter which parental disomy is present within the mutant cell. 

Accordingly, we cannot draw any conclusion on p57Kip2 in the MADM-7 patUPD 

phenotypes. Nevertheless, the study provided an interesting but unexpected finding. Paternal 

loss of p57Kip2 resulted in severe microcephaly with dramatic cortical malformation as well as 

defects in adult neurogenesis. These findings are surprising since it indicates p57Kip2 

expression from the paternal allele. Imprinting studies mapping the expression of p57Kip2 

focused on the allelic expression of this gene in neurons and during multiple embryonic 

stages. All currently available reports describe p57Kip2 as a maternally expressed gene with no 

expression from the paternal allele (Andergassen et al., 2017; Babak et al., 2015). 

Interestingly, analysis of p57Kip2 expression based on the use of MADM-7 UPDs showed that 

p57Kip2 is a maternally expressed gene but there is always expression detected from both 

parental alleles (Laukoter, Pauler et al, unpublished). In all cell-types we observed high 

expression from the maternal allele but the paternal allele was never completely silent and 

there was always measurable expression from the paternal allele (Laukoter, Pauler et al. 

unpublished, data not shown). Using allelic SNP quantification for imprinted gene expression 

we only detected maternal p57Kip2 expression and no expression from the paternal allele. 

Therefore, it is suggested that the background of MADM-7 UPD leads to a detectable 

expression of p57Kip2 from the paternal allele. In accordance with our expression data and the 

detected phenotypes we hypothesize that in RGPs there might be expression from the 

paternal allele. Loss of paternal p57Kip2 dose results in significant deregulation of neuronal 

development which is comparable to the phenotypes that we detect upon loss of maternal 

expression. In the future, we aim to test this hypothesis by performing allelic expression 

analysis specifically in RGPs. The obtained data will provide further insight on the 

contribution of each parental allele to the expression of p57Kip2. 
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Single cell and global loss of gene function results in distinct transcriptional 

responses 

 

6.1 Background 

MADM provides a powerful tool to study gene function because it enables analysis at single 

cell resolution with concomitant fluorescent labeling (Zong et al., 2005). Sparse labeling of 

mutant cells in one color and wild-type cells in the other color in an otherwise unlabeled 

background are the fundamental features of MADM (Hippenmeyer, 2013). Introduction of 

mutations distal to the MADM cassette generates genetic mosaics with mutant cells labeled 

in green and wild-type cells colored in red or vice versa. Importantly, recombination and 

segregation events that alter the genotype (G2-X) can be unambiguously distinguished from 

other recombination events which do not alter the genotype. Genetic manipulation and 

fluorescent labeling correlate 100%. The sparse mosaicism of MADM further entails the 

possibility to assess cell-autonomous gene function. In order to obtain information on the 

relative contribution of non-cell-autonomous gene function conditional knock-out mice can 

be generated. These mice carry gene deletions in all cells and thus the genotype of red, green 

and yellow labeled cells is identical. The comparison of the green mutant cells in the 

MADM-mosaic background to those in a MADM-cKO background is particularly interesting 

as these cells are genotypically identical but influenced by different surrounding environment 

(Beattie et al., 2017). Using this paradigm it is possible to target single versus global loss of 

function effects.  

Differential fluorescent labelling using MADM allows immediate qualitative or quantitative 

phenotypic analysis. However, a major component shaping the cell is the transcriptome. Gene 

expression dictates cell fate hence what cell-type it becomes and in turn the subsequent 

function. Understanding the gene expression profile provides critical knowledge. Here, we 

used an experimental paradigm that is based on sorting fluorescently labeled cells into 

distinct populations of red, green and yellow labeled cells by FACS, followed by RNA 

sequencing and bioinformatics. Performing transcriptome mapping of MADM labeled cells 

we analyzed genetically defined cell-types. Major advantage in applying transcriptome 

analysis on MADM mosaic tissue and MADM cKO tissue rather than using conventional 

cKO models is that we can extract potential environmental effects. Although mutant cells 

have identical genotypes environmental changes influence the phenotype. Using the MADM-
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based genetic strategy we can determine cell-autonomous function as well as the relative 

contribution of non-cell-autonomous effects (Figure 29). Here, Lgl1 function was assessed in 

different developmental stages. 

 
Figure 29 MADM allows investigation of cell-autonomous and non-cell-autonomous Lgl1 

function. 
(a–c) Schematic illustration of experimental paradigm in control-MADM (a, wild-type), Lgl1-MADM (b, 
genetic mosaic), and cKO-Lgl1-MADM (c, conditional/full knockout). In control-MADM, GFP+ (green), tdT+ 

https://www.sciencedirect.com/topics/neuroscience/green-fluorescent-protein
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(red), and GFP+/tdT+ (yellow) and unlabeled (vast majority) cells are all WT. In mosaic-Lgl1-MADM, GFP+ 
(green) cells are Lgl1−/−, tdT+ (red) cells are Lgl1+/+, and GFP+/tdT+ and unlabeled cells are Lgl1+/−. In cKO-
Lgl1-MADM, GFP+ (green), tdT+ (red), and GFP+/tdT+ (yellow) and the vast majority of unlabeled cortical 
projection neurons are all Lgl1−/−. (Figure adapted from (Beattie et al., 2017)) 

During neurogenesis, the switch from symmetric to asymmetric divisions of RGPs has 

functional relevance for the entire lineage. Correct timing is fundamental to ensure proper 

cortex development. However, molecular mechanisms regulating the switch from 

proliferative to neurogenic division are not well understood. One key regulator of the mode 

of cell division is the signaling protein LGL1 (lethal giant larvae homolog 1 (Drosophila)). It 

regulates intracellular polarity in a variety of cellular contexts (Betschinger et al., 2003; 

Klezovitch et al., 2004; Yamanaka et al., 2003). MADM-based clonal analysis showed that 

loss of Lgl1 does not change the unitary neuron output of 8-9 neurons per progenitor but 

leads to a massive increase in clonally related parenchymal astrocytes. MADM mosaic 

animals had a large increase in mutant Lgl1-KO astrocytes whereas numbers of mutant 

neurons remained essentially the same when compared to wildtype cells (Beattie et al., 2017). 

The increased astrocyte production from RGPs lacking Lgl1 was shown to depend on EGFR 

signaling suggesting a functional relationship. Interestingly, in the cKO-MADM background 

where all cells display a lack of Lgl1, formation of heterotopic masses or subcortical band 

heterotopias was observed. These structures arise due to a downregulation of basolateral 

adherence junctions. As the Lgl1-cKO phenocopies Numb/Numbl double mutants, it was 

concluded that Lgl1 plays a critical role in adherence junction formation by regulating 

junctional CDH2 integrity presumably by regulating its internalization and/or intracellular 

trafficking (Beattie and Hippenmeyer, 2017; Beattie et al., 2017). It was shown that distinct 

sequential non-autonomous and intrinsic cell-autonomous Lgl1 functions control cortical 

neuron and glia genesis. Sparse knock-out specifically altered the generation of cortical 

astrocytes whereas global loss of Lgl1 triggered a dynamic community effect that enforced 

structural changes leading to subcortical band heterotopia formation (Beattie et al., 2017). We 

aimed to determine the genetic fingerprints of Lgl1-/- mutant progenitors in mosaic-MADM 

and cKO-MADM to identify the intrinsic signaling pathways resulting in the observed 

phenotypes.  

  

https://www.sciencedirect.com/topics/neuroscience/interneuron
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6.2 Materials and Methods 

 Mouse Lines and Maintenance 6.2.1

Generation of WT-MADM and mosaic-MADM experimental animals was performed as 

previously reported in Beattie et al. 2017 (Beattie et al., 2017). The generation of cKO (full)-

MADM experimental animals was done with two strategies. cKO-MADM experimental 

animals analyzed at P0 were generated by crossing a male and a female carrying a Lgl1-

floxed allele. Thus, these animals are devoid of Lgl1 in the Emx1-lineage. Experimental 

animals analyzed at E13 and E16 were generated by crossing a male and a female carrying an 

Lgl1-delta allele. Therefore, all cells within these cKO-MADM animals are devoid of Lgl1.  

 

 Preparation of Single cell suspension and FACS 6.2.2

The same protocol was used as described in Chapter 4.2.4 Preparation of Single Cell 

Suspension and FACS. 

 

 RNA Extraction and cDNA Library Preparation of MADM Samples 6.2.3

for RNA Sequencing 

These experimental steps were performed as previously described in Chapter 4.2.6 RNA 

Extraction and cDNA Library Preparation of MADM Samples for RNA Sequencing.  

 

 Processing and Analysis of RNA Sequencing Data 6.2.4

The same analysis pipeline was used as in Chapter 4.2.9 Processing and Analysis of RNA 

Sequencing Data. For every time point (E13, E16 and P0) and the different genotypes (WT-

MADM, mosaic-MADM and cKO-MADM) we analyzed a minimum of two and a maximum 

of three biological replicas. All analysis was done on the green GFP labeled cells. 6-10 

million reads aligning to the transcriptome per sample were used in the sequencing analysis. 

 

 Principal component analysis 6.2.5

For principal component analysis (PCA) (Figure 31b) all genes with a mean read value >0 

across all samples (30700 genes) were used to calculate variance stabilized counts (DESeq2 
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package). From this data the top 500 most variable genes were identified and used to prepare 

the PCA plot. 

 

 Differential gene expression analysis 6.2.6

For differential gene (DE) analysis, data from each developmental time point was treated 

independently. Again only genes with a mean read value >0 across all relevant samples were 

used for the analysis. Statistics for DE were calculated using DESeq2 using “contrast” to 

obtain all 3 possible pairwise comparisons of genotypes used (WT-MADM to mosaic-

MADM, WT-MADM to cKO-MADM and mosaic-MADM to cKO-MADM).  

For heatmaps the library size factor corrected read counts were used and the maximum read 

count of all biological replicates was used as the representative value for each gene. Only 

genes with significant differential expression (adjusted p-value < 0.01, abs(log2 fold change) 

> 0.6) in WT-MADM to mosaic-MADM and WT-MADM to cKO-MADM were used for 

further analysis. Note that only genes that were informative in both comparisons were used 

for this analysis. For each heatmap the gene expression is shown relative to the highest 

expressing sample (thus the color scale indicates % of highest expression). Unbiased 

hierarchical clustering of genes was performed by the package “pheatmap” and the “cutree” 

function from the package “dendextend” was used to separate genes into 6 clusters based on 

gene expression pattern. These clusters (but not the gene order within the clusters) were 

manually re-arranged and plotted using the package “pheatmap”.  
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6.3 Results: 

 Transcriptome analysis of single cell and global loss of function using 6.3.1

MADM-based experimental paradigm 

In order to ablate gene function in single cells we applied the mosaic-MADM (gene-MADM) 

strategy (Figure 29b). This experimental setup labels cells in distinct fluorescent colors which 

in addition correlate with their genotype. Green MADM-labeled cells carry the gene deletion, 

red cells contain the wildtype allele and yellow cells are heterozygous for the gene ablation. 

Based on this, we can investigate cell-autonomous effects upon loss of gene function. The 

MADM-cKO (cKO-gene-MADM) mice hold global genetic ablation with all MADM-labeled 

cells being genetically identical (Figure 29c). Analysis of combined effects of cell-

autonomous and cell non-autonomous function is therefore possible.  

Here, specific focus was put on the analysis of Lgl1 using Lgl1-MADM and cKO-Lgl1-

MADM experimental paradigm (Beattie et al., 2017). In order to generate experimental 

animals for Lgl1-MADM the Lgl1-flox allele was genetically linked to the MADM-11 TG 

cassette via meiotic recombination whereas the MADM-11 GT is linked to the wildtype allele 

(Figure 30a). Cre recombinase expressed from the Emx1 locus allows to study dorsal 

telencephalic RGPs (Gorski et al., 2002). Emx1-Cre was used to mediate interchromosomal 

recombination of the MADM-alleles and to induce cis-recombination of the LoxP sites of the 

Lgl1-flox allele rendering this a null-allele. Thus, MADM-labeled green cells are mutant 

lacking Lgl1 (Lgl1-/-), red cells are wildtype (Lgl1+/+) and yellow labeled cells as well as 

unlabeled background cells are Lgl1 heterozygous (Lgl1+/-). Sparse deletion of Lgl1 is 

induced with green cells residing in an environment mainly containing wildtype and Lgl1 

heterozygous cells. To generate cKO-Lgl1-MADM experimental animals both MADM-11 

cassettes, the TG and GT cassette, were genetically linked to the Lgl1-flox allele (Figure 

30b). Upon the use of Emx1-Cre, interchromosomal recombination and excision of the Lgl1-

flox allele are induced. Accordingly, all MADM-labeled cells are Lgl1 ablated and the 

unlabeled background is also depleted of Lgl1.  
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Figure 30 Experimental MADM conditions for single cell and global gene knockout 
a,b Schematic representation of MADM components to generate sparse genetic knockout (mosaic-Lgl1-
MADM) (a) and global gene knockout (cKO-Lgl1-MADM) (b). a, Lgl1-flox allele was introduced distal to the 
MADM-TG cassette via meiotic recombination. Upon progression of cell cycle and the presence of a Cre 
recombinase we induced MADM-events as well as cis-recombination between LoxP sites flanking the Lgl1 
allele. Cells are generated that are labeled in distinct fluorescent colors and with distinct genotypes for Lgl1. 
Unlabeled and yellow cells are Lgl1+/-, red cells are Lgl1+/+ and green cells are Lgl1-/-. b, Lgl1-flox allele was 
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introduced distal to both, the TG- and the GT-MADM cassettes. Using this setup we generated labeled cell 
which are all Lgl1-/- and located in an environment that is entirely devoid of Lgl1 expression. Thus, green, red, 
yellow and unlabeled cells have the same genotype.  

 

Phenotypic analysis of Lgl1-MADM and cKO-Lgl1-MADM has been previously reported 

(Beattie et al., 2017). Thus, the focus in this project was to assess cell-autonomous and cell-

non-autonomous effects using transcriptome mapping at different developmental time points 

(Figure 31a). We established an experimental platform based on FACS. Distinct fluorescently 

labeled cells were sorted into pure populations of cells of each color. These cells were further 

treated, by extracting their RNA which in turn was processed into sequencing ready libraries 

(Figure 31a). The transcriptome of green or GFP+ cells was assessed based on this 

experimental workflow. At minimum we analyzed two biological replicates. GFP+ cells 

originated from three different experimental backgrounds, namely wildtype-MADM-, 

mosaic-MADM and cKO-MADM. GFP+ cells obtained from wildtype-MADM are Lgl1+/+, 

green cells collected from mosaic MADM and cKO-MADM are both Lgl1-/-. However, 

between the last two conditions, environmental factors from surrounding cells differ with 

Lgl1+/- mosaic and Lgl1-/- cKO environments. GFP+ cells were collected from three different 

developmental time points namely E13, E16 and P0 in order to assess timely changes as well 

as the developmental origin of the observed phenotypes.  
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Figure 31. Single cell knock-out and global knock-out results in distinct transcriptional profiles 
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a, MADM-based transcriptional profiling: isolation of genetically-defined MADM-labeled cells from 
developing cerebral cortex at E13, E16 and P0 by FACS, followed by RNA-seq and differential gene expression 
analysis (mosaic / cKO / WT). b, Visualization of MADM-labeled Emx1+ cells extracted at different time points 
(E13 – dot; E16 – triangle; P0 – square) and from distinct environments using PCA. Data points reflect 
individual biological samples. c, Heat map shows differentially expressed genes specific for each GPF+ cell 
extracted from either mosaic-MADM, cKO-MADM or WT-MADM. Upregulation of gene expression is shown 
in red and downregulation is shown in blue. Note the specific and common responders upon the changing 
environment. Venn diagrams show the number of deregulated genes as well as number of overlapping genes 
within mosaic-MADM and cKO-MADM compared to WT. 

 

 Transcriptional changes result upon cell-autonomous and cell-non-6.3.2

autonomous effects 

As a first step in the bioinformatics analysis we focused on the similarities and global gene 

expression differences between individual samples (Figure 31b). Relative distribution of 

samples was assessed in a tSNE plot. Importantly, all samples analyzed cluster according to 

their developmental time point rather than genotype or environmental effects (Figure 31b). 

Loss of Lgl1 does not change the overall gene expression profiles which are prevalent at 

different time points.  

Next we investigated the gene expression profile of Lgl1-/- cells from mosaic and Lgl1-/- cells 

from cKO background collected at E13, E16 and P0 (Figure 31c). Interestingly, the number 

of significantly deregulated genes changed over time with 486 genes responding at E13, 720 

genes changing at E16 and 558 genes showing altered expression at P0 (Figure 31c). At all 

analyzed time points genes are detected that show up- or downregulation upon loss of Lgl1. 

Surprisingly, at all three time points we can detect genes responding specifically to the 

environment as well as genes that are commonly deregulated in mosaic-Lgl1-MADM as well 

as cKO-Lgl1-MADM. At E13 most differentially expressed genes are specific to either 

mosaic-Lgl1-MADM (209 genes) or cKO-Lgl1-MADM (205 genes) and certain genes are 

shared upon loss of Lgl1 (72 genes). At E16 we can detect most dysregulated genes (434 

genes) in the mosaic-Lgl1-MADM and fewer genes (85 genes) that solely respond to the cKO 

environment. However, increasing numbers of common responders are shared between 

mosaic-Lgl1-MADM and cKO-Lgl1-MADM. At P0 fewer genes, 116 genes, react 

specifically to the heterozygous environment compared to the numbers of deregulated genes 

obtained in earlier time points. Most significant deregulation at P0 is resulting in the cKO-

Lgl1-MADM with 334 genes having altered expression. Out of 558 genes being deregulated 

at P0 108 genes are commonly deregulated in the heterozygous Lgl1 mutant background and 



116 

 

the complete Lgl1 depleted background. Therefore, it can be concluded that both common 

and specific transcriptional changes occur upon environmental differences. Although Lgl1-/- 

cells are genotypically identical, transcriptional changes result upon cell-autonomous and cell 

non-autonomous effects. A certain set of genes is deregulated no matter whether Lgl1 is lost 

on the single cell level or at the global level. However, there is a significant number of genes 

that shows distinct changes upon the loss of Lgl1 in sparse mosaic versus global loss 

especially in the embryonic time points.  

 

 Discussion  6.3.3

Phenotypic analysis of Lgl1 sparse knock-out and full knock-out has been described 

previously (Beattie and Hippenmeyer, 2017). Importantly, cell-autonomous Lgl1 function 

was identified to be essential in the generation of cortical astrocytes. Global loss of Lgl1 in 

contrast leads to structural alterations resulting in subcortical band heterotopia formation. 

Collectively, these data defined non-cell-autonomous and intrinsic cell-autonomous Lgl1 

functions which are required for neurogenesis as well as gliogenesis. Due to these diverse 

consequences upon loss of Lgl1, we aimed to investigate whether we can detect significant 

differences on the transcriptional level. We obtained distinct transcriptional profiles upon 

RNA sequencing within genotypically identical cells. Many genes are deregulated in the 

mosaic-Lgl1-MADM at E13 and E16. Sparse Lgl1 ablation induces a transcriptional response 

which is however not directed. We could not define any enrichment for specific terms using 

GO term analysis (data not shown). At P0 fewer genes are deregulated in the heterozygous 

background as compared to earlier time points. However, we detected upregulation of 

gliogenesis terms as well as enrichment for signaling pathways affecting gliogenesis like 

MAPK and RAS signaling pathways (data not shown). Mutant cells originating from a cKO-

Lgl1-MADM background contain numerous genes which are deregulated at E13 and fewer 

genes at E16. At P0 the highest number of deregulated genes is detected within the cells 

extracted from mutant background. We aimed to understand the functional relevance of these 

transcriptional changes at E13 and E16. Only at P0 we detected enrichment for terms that 

were already observed in the mutant cells extracted from heterozygous environment. Cell-

autonomous and cell-non-autonomous effects thus result in diverse transcriptional responses 

which likely contribute to related cellular pathways over the course of development.  
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7 Conclusions and future directions 

7.1 Uniparental disomy reveals cell-type specificity of genomic imprinting 

in the cerebral cortex 

While imprinted genes have been shown to be expressed in a tissue-specific manner 

(Andergassen et al., 2017; Babak et al., 2015), details of imprinted gene expression within 

distinct cell-types have been of great interest in the field. Furthermore, since biased parental 

gene expression within distinct tissues was reported (Bonthuis et al., 2015; Perez et al., 

2015), the need for analysis of imprinted gene expression at high resolution reaching single 

cell level became apparent. In the present study, we assessed cell-type specific imprinted 

gene expression in defined lineages. Using the MADM-technology that concomitantly 

generates matUPD and patUPD within distinct labeled cells, combined with different Cre-

drivers, cell-type specific imprinted gene expression was investigated. With this, we detected 

a significant cell-type specific response. In particular, the number of genes deregulated upon 

UPD varies drastically between different cell-types. Surprisingly, responses to UPD result in 

phenotypes affecting cortical astrocyte generation as well as OB granule cell development. 

Balanced imprinted gene expression is essential for proper generation of cell-type diversity. 

Importantly, distinct imprinted gene expression levels convey specific functions within cell-

types (Ferrón et al., 2011; Lehtinen et al., 2011). These evidence suggest that genomic 

imprinting is a relevant mechanism in regulating gene expression dosage. If imprinted genes 

act as central hubs within gene networks their expression dosage might have widespread 

effect on cellular function. Genomic imprinting and imprinted gene expression modulation 

are suggested to provide mechanisms that allow fine tuning of gene expression on a 

systematic level. Accordingly, the appearance of imprinting disorders as syndromes is not 

surprising since instead of a specific loss of a certain gene, an entire network of genes and 

their expression levels is deregulated. Neurological syndromes, such as AS and PWS, often 

present with a wide range of different symptoms and varying degrees of severity. For future 

studies it will be interesting to investigate transcriptional changes resulting upon imbalance of 

single imprinted gene expression in order to dissect the interconnections within networks and 

the involvement in molecular pathways. 

The brain is a highly complex organ containing many different cell-types which act in an 

orchestrated manner. Single cell sequencing studies perform classification of cell-type upon 

transcriptional profiles. High level of cell-type diversity within the brain is revealed 
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according to this classification (Poulin et al., 2016; Tasic et al., 2016; Zeisel and Linnarsson, 

2014). A fundamental question is what mechanisms control the generation of such high 

number of different cell-types. If genomic imprinting is considered a fine tuning mechanism 

for gene expression, it would make intuitive sense that it is active in the brain. Enrichment of 

imprinted gene expression within the brain is thus not surprising but rather in support of this 

hypothesis. In a larger scale, modulation of imprinted gene expression could substantially 

influence the establishment of complex neuronal circuits which ultimately affect behavior. 

Close interplay of different cell-types is fundamental. An essential question for future studies 

will be to assess the link between imprinted gene expression and their effect within gene 

networks. This will greatly enhance our understanding of the function of genomic imprinting 

in the brain. 

 

7.2 Unexpected role of the imprinted paternal p57Kip2 allele in cortical 

development 

Our study revealed that not only maternal allele specific p57Kip2 deletion but also paternal 

specific deletion leads to severe developmental defects in neocortical development and adult 

neurogenesis. In fact, the loss of either parental allele induces severe developmental 

abnormalities and the severity of the phenotypes is comparable. This was a surprising finding 

as the paternal p57Kip2 is thus far thought to have no functional relevance. Previous studies 

described p57Kip2 as an imprinted gene only expressed from the maternal allele (Andergassen 

et al., 2017; Babak et al., 2015). Our phenotypic data clearly indicates that paternal p57Kip2 

loss of function results in a significant phenotype. The fact that paternal expression was not 

detectable in existing reports but became apparent in cell-type specific analysis suggests that 

increased resolution is essential. Perhaps paternal p57Kip2 expression is present at only low 

level or early in embryonic development and within progenitor cell-types which have not 

been investigated so far. Maternal p57Kip2 ablation induces apoptosis via p53 (Matsumoto et 

al., 2011). It will be interesting to test whether maternal and paternal p57Kip2 ablations share 

the same molecular pathway. 

In a larger context this finding is even more intriguing. Are there other imprinted genes apart 

from p57Kip2 which show residual expression from the “silent” allele? What if “silent” alleles 

of imprinted genes are in fact not equally silent across all cell-types? These are interesting 

questions especially when considering that imbalance of imprinted gene expression results in 
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detectable phenotypes. Low levels of gene expression may be enough to convey important 

cellular functions and expression at marginal levels might already be sufficient to fulfill key 

functions. The tight control of gene expression is therefore highly relevant. Since cell-type 

classification is currently mostly done based on transcriptional profiles, a valuable question is 

what role genes with low expression play in shaping transcriptional profiles. What is their 

contribution to cell-type diversity? On a mechanistic level, one may raise the question on 

how marginal gene expression levels are achieved. Future studies should aim to investigate 

the exact gene expression levels and the involvement of posttranslational factors in order to 

gain a better understanding of the molecular basis underlying the regulatory mechanisms. 

 

7.3 Single cell and global loss of gene function result in distinct 

transcriptional responses 

Detailed dissection of the effects of surrounding environment on a cell and its transcriptional 

profile is substantial for the general understanding of cellular mechanisms leading to different 

phenotypes. In order to isolate the differential influence, MADM technology was used to 

assess such cell-autonomous and non-autonomous effects (Hippenmeyer, 2013). In particular, 

comparative transcriptional analysis of genetically identical cells extracted from mosaic-

Lgl1-MADM and cKO-Lgl1-MADM addresses this question. Previous phenotypic analysis 

has already demonstrated differences in cell-autonomous and cell-non-autonomous function 

of Lgl1 (Beattie et al., 2017). Here, transcriptional profiling of mutant cells at E13, E16 and 

P0 further revealed that while certain genes are commonly deregulated, others have 

differential deregulation within either the mosaic-Lgl1-MADM or the cKO-Lgl1-MADM 

background. This suggests that a certain proportion in the deregulated genes results solely 

from community effects from surrounding environment. Interestingly, the transcriptional 

profile is indicative for the phenotypes that are prevalent at later stages.  

In the future, it is important to determine the autonomous and non-autonomous effects in 

more details by increasing the resolution and perform analysis at single cell level. So far the 

analysis has been performed collectively on a genetically defined lineage. However, cell-type 

diversity is high even within distinct lineages and differential expression could be masked. In 

order to overcome this, application of single cell sequencing on mutant cells from different 

environments will allow assessment of the transcriptional response at unprecedented 

resolution. Distinct cell-types can be identified which are potentially more strongly affected 
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by the loss of a certain gene. Furthermore, underlying gene networks can be analyzed. In the 

case of Lgl1, this shall provide insight on the intrinsic molecular pathways associated with 

either “rescue” of mutant progenitors in mosaic-Lgl1-MADM or aberrant proliferation 

leading to SHB formation in cKO-Lgl1-MADM. Obtaining detailed understanding of 

community effects bears significant advance with regards to diseases. The current data 

reveals the impact surrounding environment has on a distinct cell and the respective 

phenotype. Application of this mapping strategy to disease genes would facilitate the 

dissection of cell-autonomous effects from non-cell-autonomous effects. This would provide 

better understanding of distinct symptoms arising in diseases and their underlying molecular 

defects.  

 

7.4 Summary 

These studies made use of MADM technology in the investigations of several distinct 

biological procedures at single cell resolution. First, genomic imprinting was analyzed using 

UPD in distinctly labeled cells. An unexpected degree of cell-type specificity was detected 

upon the imbalance of imprinted gene expression. Consequently, we detected an interesting 

overgrowth of cortical patUPD astrocytes and patUPD granule cells located within the OB. 

Secondly, MADM was used to perform candidate-gene analysis in order to identify specific 

imprinted genes involved in the cell-type specific imprinted gene expression imbalance. In 

doing so, we uncovered unforeseen evidence that p57Kip2, a known maternally expressed 

gene, also has paternal expression. In fact, paternal loss of function resulted in a comparable 

phenotype to maternal p57Kip2 loss. Finally, MADM was applied to dissect the impact of the 

environment onto single cells. For this purpose, Lgl1 was depleted in single cells only or on a 

global level. This allowed us to isolate common and distinct transcriptional changes in 

genetically identical cells existing in different environments. Thus, we showed for the first 

time that the environment alone could significantly influences transcriptional states of cells. 

Overall, these studies based on cell-type specific analysis of distinct biological processes 

using MADM provide new insights and offer great potentials in enhancing our understanding 

of the generation of cell-type diversity in the cerebral cortex. 
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A. Appendix 1 

 Reagents or Resource 7.4.1

 Mouse lines: 7.4.1.1
MADM-7-GT  The Jackson Laboratory  IMSR_JAX: 021457 

MADM-7-TG  The Jackson Laboratory  IMSR_JAX: 021458 

MADM-11-GT  The Jackson Laboratory  IMSR_JAX: 013749 

MADM-11-TG  The Jackson Laboratory  IMSR_JAX: 013751 

MADM-12-GT  The Jackson Laboratory  IMSR_JAX: 021460 

MADM-12-TG  The Jackson Laboratory  IMSR_JAX: 021461 

Emx1-Cre  The Jackson Laboratory  IMSR_JAX: 005628 

Nkx2.1-Cre  The Jackson Laboratory  IMSR_JAX: 008661 

Z/EG   The Jackson Laboratory  IMSR_JAX: 004178 

Ai14   The Jackson Laboratory  IMSR_JAX: 007914 

FVB/NJ  The Jackson Laboratory  IMSR_JAX: 001800 

CAST/EiJ  The Jackson Laboratory  IMSR_JAX: 000928 
 

 Molecular biology: 7.4.1.2
EBSS      Thermo Fisher Scientific 24010043 

DMEM/F12 (1X)    Thermo Fisher Scientific 21041025 

Distilled Water (DNase/RNase free)  Thermo Fisher Scientific 10977035 

Papain L-cysteine containing EDTA  Worthington   PAP2 

DNase I     Worthington   D2 

Ovomucoid protease inhibitor  Worthington   OI-BSA 

HI Fetal bovine serum    Thermo Fisher Scientific 10082147 

HI Horse serum    Thermo Fisher Scientific 26050088 

Donkey Serum    Sigma-Aldrich   D9663 

Albumin Fraction V    Roth    8076.4 

TRIS pH 8     Thermo Fisher Scientific AM9856 

EDTA pH 8     Thermo Fisher Scientific AM9260G 

10% SDS     Thermo Fisher Scientific AM9822 

Proteinase K     Thermo Fisher Scientific AM2546 

Triton X-100     Sigma-Aldrich   T878 
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RNase Inhibitor    Takara    2311A 

Absolute Ethanol (200 proof)   Fisher Scientific  10517694 

Chloroform     Sigma-Aldrich   C2432 

Isopropanol     Sigma-Aldrich   I9516 

Trizol LS     Thermo Fisher Scientific 10296028 

GlycoBlue     Thermo Fisher Scientific AM9516 

RNase Away     Thermo Fisher Scientific 10328011 

DNase Away     Thermo Fisher Scientific 7010 

Tween20     Thermo Fisher Scientific P7949 

Sucrose     Sigma-Aldrich   S8501 

Paraformaldehyde    Sigma-Aldrich   441244 

Ethyleneglycol    Sigma-Aldrich   324558 

Glycerol     Sigma-Aldrich   G5516 

NaH2PO4     Sigma-Aldrich   S9638 

DAPI      Thermo Fisher Scientific 62248 

1,4-diazabicyclooctane (DABCO)  Carl Roth   0718 

Mowiol     Carl Roth   0713.2 

Tissue-Tek O.C.T. Sakura   A.Hartenstein   TTEK 

Split RNA Extraction Kit   Lexogen   008.48 

QuantSeq Library Prep Kit FWD (Illumina) Lexogen   015.96 

PCR Add-on Kit for Illumina   Lexogen   020.96 

RNA 6000 Nano Kit    Agilent   5076-1511 

RNA 6000 Pico Kit    Agilent   5067-1513 

Qubit dsDNA HS Assay Kit   Thermo Fisher Scientific Q32854 

High Sensitivity DNA Kit   Agilent   5067-4626 

MaXract High Density (2ml)   Quiagen   129056 

Superfrost Plus (glass slides)   Fisher Scientific  J1800AMNZ 

Covers slips (24x60mm) #1   Fisher Scientific  15747592 

Microfuge Tubes, 1,5ml   Thermo Fisher Scientific AM12450 

Microfuge Tubes, 2ml    Thermo Fisher Scientific AM12425 

Hard-Shell PCR Plates (96 well)  BioRad   HSP9631 
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 Antibodies: 7.4.1.3

Chicken anti-GFP 1:500   Aves Labs   GFP-1020 

Rabbit anti-RFP 1:500   MBL    PM005 

Goat anti-tdTomato 1:500   Sicgen Antibodies  AB8181-200 

Rabbit anti-Emx1 1:70   Sigma-Aldrich   HPA006421 

Rabbit anti-BLBP 1:500   Millipore   AB9558 

Mouse anti-SatB2 1:500   Abcam    AB51502 

Rat anti-Ctip2 1:500    Abcam    AB18465 

Rabbit anti-Pax6 1:500   BioLegend   901301 

Rabbit anti-Tbr1 1:500   Abcam    AB31940 

Donkey Anti-Chicken Alexa Fluor 488 1:400 Jackson Immuno Research 715-475-150 

Donkey Anti-Goat Alexa Fluor 594 1:400 Jackson Immuno Research 705-586-147 

Donkey Anti-Rabbit Cy3 1:400  Jackson Immuno Research 711-165-152 

Donkey Anti-Goat Alexa Fluor 647 1:400 Jackson Immuno Research 705-605-147 

Donkey Anti-Rabbit Alexa Fluor 647 1:400 Jackson Immuno Research 711-605-152 

 

 

 Instruments: 7.4.1.4
FACS Aria III     BD Biosciences  N/A 

Bioanalyzer     Agilent   N/A 

Qubit Fluorometer    Thermo Fisher Scientific N/A 

Cytospin 3     Shandon   N/A 

RT PCR C1000    Bio-Rad   N/A 

LSM 800 Confocal Microscope  Zeiss    N/A 

Cryostat Cryostar NX70   Thermo Fisher Scientific N/A 
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