Washington University in St. Louis

Washington University Open Scholarship
Arts & Sciences Electronic Theses and
Dissertations

Arts & Sciences

Spring 5-15-2020

Transcriptional and Epigenetic Regulation of Cerebellar
Development and Function
Naveen C. Reddy
Washington University in St. Louis

Follow this and additional works at: https://openscholarship.wustl.edu/art_sci_etds
Part of the Developmental Biology Commons, Genetics Commons, and the Neuroscience and
Neurobiology Commons

Recommended Citation
Reddy, Naveen C., "Transcriptional and Epigenetic Regulation of Cerebellar Development and Function"
(2020). Arts & Sciences Electronic Theses and Dissertations. 2236.
https://openscholarship.wustl.edu/art_sci_etds/2236

This Dissertation is brought to you for free and open access by the Arts & Sciences at Washington University Open
Scholarship. It has been accepted for inclusion in Arts & Sciences Electronic Theses and Dissertations by an
authorized administrator of Washington University Open Scholarship. For more information, please contact
digital@wumail.wustl.edu.

WASHINGTON UNIVERSITY IN ST. LOUIS
Division of Biology and Biomedical Sciences
Neurosciences

Dissertation Examination Committee:
Azad Bonni, Chair
Harrison Gabel
Kristen Kroll
Robi Mitra
David Ornitz

Transcriptional and Epigenetic Regulation of Cerebellar Development and Function
by
Naveen Cherukupalli Reddy

A dissertation presented to
The Graduate School
of Washington University in
partial fulfillment of the
requirements for the degree
of Doctor of Philosophy

May 2020
St. Louis, Missouri

© 2020, Naveen Cherukupalli Reddy

Table of Contents
List of Figures ............................................................................................................................... iv
Acknowledgments ......................................................................................................................... v
Abstract ........................................................................................................................................ vii
Chapter 1: Epigenetic and transcriptional regulation of gene expression .............................. 1
1.1

Introduction to gene regulation ........................................................................................ 2

1.1.1

Gene expression ........................................................................................................ 2

1.1.2

Chromatin remodelers ............................................................................................... 3

1.1.3

Transcription factors ................................................................................................. 4

1.2

Cerebellar development and organization ........................................................................ 5

1.2.1

Cerebellar development ............................................................................................ 5

1.2.2

Cerebellar organization ............................................................................................. 6

1.3

Introduction to CHD7....................................................................................................... 6

1.3.1

CHD7 ........................................................................................................................ 6

1.3.2

CHARGE Syndrome ................................................................................................. 8

1.3.3

Cerebellar foliation ................................................................................................... 9

Chapter 2: Conditional knockout of CHARGE Syndrome protein CHD7 leads to cerebellar
polymicrogyria ............................................................................................................................ 12
2.1

Summary ........................................................................................................................ 13

2.2

Introduction .................................................................................................................... 14

2.3

Results ............................................................................................................................ 17

2.4

Discussion ...................................................................................................................... 24

2.6

Future Directions ............................................................................................................ 32

2.7

Figures ............................................................................................................................ 34

Chapter 3: Chromatin accessibility and cellular state specify compensatory activity by
paralogous MEF2 transcription factors.................................................................................... 42
3.1

Summary ........................................................................................................................ 43

3.2

Introduction .................................................................................................................... 44

3.3

Results ............................................................................................................................ 48
ii

3.4

Discussion ...................................................................................................................... 59

3.5

Conclusions .................................................................................................................... 65

3.6

Future Directions ............................................................................................................ 66

3.7

Materials and Methods ................................................................................................... 68

3.8

Declarations .................................................................................................................... 76

3.8

Figure ............................................................................................................................. 78

References .................................................................................................................................... 98

iii

List of Figures
Figure 2.1: Conditional knockout of CHARGE syndrome protein CHD7 results in stereotyped
cerebellar microgyria………………………………………………………………………….....34
Figure 2.2: CHD7 regulates preferred axis of granule cell precursor division from the anterior
posterior to the mediolateral direction...........................................................................................36
Figure 2.3: CHD7 regulates gene pathways implicated in polymicrogyria……………..…….....38
Figure 2.4: CHD7 activates gene expression via regulation of enhancer activity…… ...…….....40
Figure 3.1: Conditional knockout of MEF2A and/or MEF2D in cerebellar granule neurons…...78
Figure 3.2: MEF2A and MEF2D regulate cerebellar-dependent motor learning in a compensatory
manner, but are not required for gross motor coordination……………………………………...81
Figure 3.3: Conditional knockout of MEF2A and MEF2D does not result in granule neuron
apoptosis or deficits of pre- or post-synaptic differentiation…………………………………….83
Figure 3.4: MEF2A and MEF2D exhibit complex patterns of gene regulation…………...…….85
Figure 3.5: Genomic distribution and enriched motifs of MEF2A and MEF2D-bound sites…...87
Figure 3.6: MEF2A displays functionally compensatory binding at a distinct subset of MEF2Dbound genomic sites………………………………………………………………………….…..89
Figure 3.7: Compensatory binding by MEF2A at a subset of MEF2-activated target genes
confers genetic robustness to MEF2D depletion………………………………………………...91
Figure 3.8: Relative chromatin accessibility, rather than binding site affinity, distinguish
compensatory and non-compensatory MEF2-regulated sites…………………………………....93
Figure 3.9: Motor-activity induced changes in neuronal state result in a dynamic switch to
compensatory regulation by MEF2A………….…………………………………………………96

iv

Acknowledgments
I am grateful to have had the opportunity to attend Washington University. The rigorous
scientific community and investment in training future scientists has prepared me for a bright
future.
I am thankful to have had the opportunity to be mentored by Dr. Azad Bonni. While I am
certainly proud of the research projects that we have completed, my time in the Bonni lab has
meant more than that. Azad and the Bonni lab have created an amazing environment for
scientific, personal and future growth. I am extremely lucky to have worked with such wonderful
people.
I would also like to thank Dr. David Ornitz, Dr. Kristen Kroll, Dr. Rob Mitra and Dr.
Harrison Gabel for their support and advice as thesis committee members throughout my
training. I want to additionally thank Harrison for his co-mentorship in the final stages of my
training.
I would also like to thank each of the funding institutions and groups that have allowed
me to achieve my dissertation research aims, including the National Institutes of Health grants
(1RF1MH11707001, 5R01NS08439305) and the Washington University Center for Cellular
Imaging.

Naveen C Reddy

Washington University in St. Louis
May 2020
v

Dedicated to my loving family.

vi

ABSTRACT OF THE DISSERTATION
Transcriptional and Epigenetic Regulation of Cerebellar Development and Function
by
Naveen Cherukupalli Reddy
Doctor of Philosophy in Biology and Biomedical Sciences
Neurosciences
Washington University in St. Louis, 2020
Professor Azad Bonni, Chair

Precise control of gene expression is essential for neural development and function. This
control is regulated by the interplay of chromatin remodelers and transcription factors (TFs). To
better understand these mechanisms involved in gene regulation, we pursue two questions: 1)
what are the roles of the chromatin remodeler CHD7 in cerebellar development and 2) what are
the roles of the MEF2 TF family in cerebellar function.
CHD7 mutations are causative for CHARGE syndrome, a heterogeneous disorder
affecting many organ systems, occurring in 1:10,000 newborns. Recent MRI studies have
identified cerebellar hypoplasia and foliation defects in a large portion of CHARGE syndrome
patients. To identify the how a decrease in CHD7 activity leads to cerebellar defects seen in
patients, we conditionally knockout CHD7 in granule cell precursors of mouse cerebellum.
Surprisingly, we see a stereotyped folding pattern along the typically smooth mediolateral axis.
We then characterize cellular processes and identify a switch in the preferred axis of granule cell
precursor division prior to onset of irregular folding. Upon assessing transcriptomic and
epigenomic functions of CHD7, we find CHD7 to regulate gene programs implicated in human
vii

disorders of brain folding. Additionally, we show that CHD7 reduces accessibility of enhancers
with corresponding reduction in enhancer activity and proximal gene expression.
The recruitment of chromatin remodelers to specific regions is accomplished by multiple
factors including transcription factors. Thus, TFs also play a vital role in proper gene regulation.
Furthermore, transcription factors can bind accessible regions and recruit other factors important
for transcription to occur. The latter part of this dissertation will address the roles of paralogous
transcription factors, MEF2A and MEF2D, and their roles in cerebellar function.
MEF2A and MEF2D are highly expressed in cerebellar granule cells, the most abundant
neuron in the brain. Using single and double conditional knockout of MEF2 family TFs, we find that
MEF2A and MEF2D play functionally redundant roles in cerebellar-dependent motor learning.
Although both TFs are highly expressed in granule neurons, transcriptomic analyses show MEF2D is
the predominant genomic regulator of gene expression in vivo. Strikingly, genome-wide occupancy
analyses reveal upon depletion of MEF2D, MEF2A occupancy robustly increases at a subset of sites
normally bound to MEF2D. Importantly, sites experiencing compensatory MEF2A occupancy are
concentrated within open chromatin and undergo functional compensation for genomic activation
and gene expression. Finally, motor activity induces a switch from non-compensatory to
compensatory MEF2-dependent gene regulation. These studies uncover genome-wide functional
interdependency between paralogous TFs in the brain.

Collectively, our studies on CHD7 and MEF2 provide further understanding of the roles
of two critical classes of gene regulators in cerebellar development and function. These studies
have set the basis for understanding how TFs and chromatin remodelers control gene expression.
Future studies will address how knockout of chromatin remodelers affect TF occupancy, and
conversely, how TF depletion prevents chromatin remodeler recruitment.
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Chapter 1:
Epigenetic and transcriptional regulation of gene expression

1

1.1 Introduction to gene regulation
1.1.1 Gene expression
It is widely known that genetic material is conserved and not lost during proper
development (Gurdon et al., 1975; Wilmut et al., 1997). Consequently, the trillions of cells found
in complex multicellular organisms such as humans are comprised of the same genome (Reik,
2007). Simply stated, skin cells have the same genome as brain cells and liver cells. How, then,
have these cells developed to have such vastly different morphologies and functions?
Cell-type specification and function rely on the ability of cells to interpret molecular and
environmental signals and to precisely and temporally control gene transcription. Transcription
typically begins when RNA polymerase binds a gene promoter, a DNA sequence usually located
just upstream of a gene. However, distal regulatory elements, known as enhancers, are primarily
responsible for spatiotemporal control of gene expression (Kim and Shiekhattar, 2015). These
regulatory elements can function over long distances to modify promoter activity. Throughout
evolution, cells have developed complex mechanisms to aid in regulating gene expression.
Cellular mechanisms that control gene expression can be largely divided into proteins
that modify the chromatin state, chromatin remodelers, and those that recruit cofactors in order to
dynamically regulate transcription, such as transcription factors. Additionally, the intricate
combinatorial expression of and interplay between transcription factors and chromatin
remodelers adds yet another layer of complexity to gene regulation that is vital for essentially all
developmental and functional processes.
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1.1.2 Chromatin remodelers
One copy of the human genome stretches over two meters when fully extended.
However, it must be packaged into a cell nucleus that averages less than 10um in diameter. In
order to achieve this feat, cells have developed chromatin, a complex made up of DNA and
histone proteins. 147 base pairs wrapped around an octomer of histone proteins H2A, H2B, H3,
and H4 create the fundamental unit of chromatin, the nucleosome (Zhou et al., 2019).
As described previously, gene expression is vastly dynamic and dependent on many
factors. Similarly, the chromatin state is also highly plastic and sets the stage for transcriptional
control of gene expression by facilitating or preventing access to nucleosomal DNA by
remodeling the structure, composition and positioning of nucleosomes. This process is known as
chromatin remodeling (Lai and Pugh, 2017).
Chromatin remodeling occurs primarily through two mechanisms 1) covalent histonemodifying complexes such as histone acetyltransferases, deacetylases and 2) methyltransferases,
and adenosine triphosphate (ATP)-dependent chromatin remodeling complexes (Clapier et al.,
2017). ATP-dependent chromatin remodelers share a common ATPase domain belonging to the
SNF2 family of DNA helicases (Hota and Bruneau, 2016). ATP-dependent chromatin
remodelers hydrolyze ATP, producing energy that is utilized to evict histones from DNA, slide
nucleosomes along DNA and exchange histone variants. These functions lead to a change in the
accessibility of the DNA, either promoting or inhibiting the ability of other nuclear factors, such
as transcription factors, to bind and further regulate transcription (Manning and Yusufzai, 2017,
Reiter et al., 2017).

3

1.1.3 Transcription factors
The action of chromatin remodelers to define chromatin state and accessibility sets the
stage for proceeding steps in gene expression regulation, which are largely controlled by the
coordinated action of DNA binding proteins called transcription factors (TFs) (Takahashi and
Yamanaka, 2006, Farley et al., 2015, Siersbaek et al., 2014). TFs bind 6-12 bp DNA sequences,
known as a consensus motif, which tend to be evolutionarily conserved (Jolma et al., 2013).
Often, the simultaneous binding of a diverse combination of TFs at an enhancer and/or promoter
is required for accurate regulation of gene expression (Long et al., 2016). Once bound, TFs
recruit cofactors, such as the Mediator complex or the acetyltransferase CBP/p300, which
mediate assembly of the basal transcriptional complex at core promoters (Spitz and Furlong,
2012). This coordinated action of TFs on distinct regulatory elements drives gene expression
outcomes.
Additionally, TFs can aid in altering and maintaining the chromatin state, further
affecting gene regulation. Certain TFs known as pioneer factors bind exposed nucleosomal DNA
and recruit chromatin remodelers to create a more accessible chromatin environment (Zaret and
Carroll, 2011). Additional TFs can then bind accessible regions and maintain chromatin state by
outcompeting nucleosomes (Lambert et al., 2018, Grossman et al., 2018). Although the number
of chromatin remodelers and TFs are limited, the combinatorial expression of these regulators is
exceedingly vast, allowing for a multitude of different gene expression programs and
developmental outcomes.
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1.2 Cerebellar development and organization
1.2.1 Cerebellar development
The gross structural complexity of the cerebellum hides a relatively simple, stereotyped
cellular organization comprised of a limited number of morphological cell types. Cerebellar cells
can be divided into two broad categories: 1) GABAergic cells that include Purkinje, Basket,
Stellate, Golgi and Lugaro cells and 2) glutamatergic cell that include unipolar brush cells and
granule neurons. Bergmann glia and GABAergic cells originate from the ventricular zone,
distinguished by Ptf1a expression. Whereas glutamatergic neurons originate from the rhombic
lip. The deep cerebellar nuclei contain both GABAergic interneurons and glutamatergic
projection neurons, and thus, originate from the ventricular zone and rhombic lip (Martinez et al.,
2013).
Granule neurons, account for over 70% of all cell in the mature cerebellum. These cells
are born between E12.5 and E17 in mice. Granule cell precursors (GCps) migrate from the
rhombic lip and deposit in an anterior to posterior manner in the cerebellar anlage. This new
germinal layer is known as the external granule layer (EGL) and is identified by Atho1
expression. GCps continue to proliferate postnatally in the outer portion of the EGL, accounting
for more than 90% of all granule neurons. This rapid postnatal proliferative phase of GCps,
initiated by molecular signals such as Shh, begins around P3 and lasts until P16, leading to rapid
expansion and foliation of the cerebellum (Chang et al., 2019). As GCps become post-mitotic,
they move into the inner EGL where they begin to migrate tangentially along the medial-lateral
axis. Granule neurons then extend two fibers parallel to the pia mater as they begin migrating
radially to their final resting point, the internal granule layer (IGL). These parallel fibers reside in
the molecular layer and become granule neuron axons that form synapses with Purkinje cells, the
5

major output of the cerebellum. Once granule neurons pass the Purkinje cell layer and reach the
IGL, they extend dendrites that form synaptic connections following a period of pruning and
maturation (de la Torre-Ubieta and Bonni, 2011).

1.2.2 Cerebellar organization
As mentioned before, a relatively simple, stereotyped cellular organization underlies the
complex structure of the cerebellum. Sensory information from pre-cerebellar nuclei is
transmitted form mossy fibers to granule neurons and Golgi cells. Inhibitory action of Golgi cells
can directly regulate granule neuron excitatory function. Granule neurons then relay information
to Purkinje cells through parallel fibers. This can occur through direct excitatory inputs onto
Purkinje cell dendritic spines or indirect inhibitory inputs through molecular layer interneurons,
Basket and Stellate cells (White et al., 2014). Purkinje cells also receive input from the inferior
olivary nucleus through climbing fibers. Climbing fiber inputs are critical for cerebellar forms of
associative learning.

1.3 Introduction to CHD7
1.3.1 CHD7
The human chromodomain helicase DNA binding protein 7 (CHD7) gene spans 189kb on
chromosome 8 and consists of 38 exons. This gene produces a 336 kDa chromatin remodeling
protein. CHD7 contains two N-terminal chromodomains that may facilitate binding to
methylated histones, a SANT domain allowing for histone tail binding, two BRK domains that
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are characteristic of group III CHDs, an ATP-helicase domain and less well-defined C-terminal
domains (de Dieuleveult et al., 2016, Bajpai et al., 2010).
These domains are vital for proper chromatin remodeling necessary for development.
Complete loss of CHD7 in mice is embryonically lethal. Similarly, complete loss of CHD7
specifically in neuronal progenitors is lethal shortly after birth (Yu et al., 2013). Thus, CHD7 is
crucial for early development of many systems. Neuronal expression of CHD7 begins as early as
E8.5 in cerebral cortex where it regulates proliferation and migration of cells within germinal
zones (Jiang et al., 2012). At E12.5 CHD7 expression can be found in other cortical areas as well
as the EGL of the cerebellum (Bosman et al., 2005, Feng et al., 2017a).
Although CHD7 homozygous mutations are lethal, heterozygous mutations leading to
haploinsufficiency are not. In humans, heterozygous mutations of CHD7 are causative for
CHARGE syndrome (Jongmans et al., 2006). Heterozygous mutations in mice lead to
phenotypes that mimic multiple aspects of CHARGE syndrome (Yu et al., 2013).
As mentioned previously, chromatin remodelers regulate development by acting on
chromatin to modify many regulatory elements. Accordingly, CHD7 seems to primarily function
at distal regulatory elements that are enriched for the poised and active markers, H3K4me1 and
H3K17ac, respectively. This suggests that CHD7 works at active and poised enhancers. Further
supporting this notion is the de-enrichment of repressive marks, H3K27me3 and H3K9me3, at
CHD7 bound regions. Recent studies have shown that CHD7 acts at cell-type specific enhancers
and super-enhancers, both thought to regulate tissues and cell-type specific developmental
processes. Interestingly, Chd7 depletion in neuroepithelial cells resulted in redistribution of
H3K27ac from cell-type specific enhancers to other enhancers, causing a fate switch from
neuroepithelial to neural crest-like cells (Chai et al., 2018). Additionally, CHD7 has been shown
7

affect gene expression by regulating the accessibility of chromatin in granule neurons of genes
essential for granule neuron differentiation (Feng et al., 2017a). These finding demonstrate the
importance of CHD7 in enhancer activation leading to proper gene regulation and neuronal
differentiation.

1.3.2 CHARGE Syndrome
CHARGE syndrome is a rare disorder that arises in early fetal development and occurs in
roughly 1:10,000 newborns (van Ravenswaaij-Arts and Martin, 2017). Thus, children with
CHARGE syndrome have multiple organ defects and developmental issues at birth, requiring
immediate surgical intervention.
CHARGE was first identified as a cluster of anomalies occurring together in 17 patients
by Dr. Bryan Hall. Soon after, Hittner and colleagues publish 10 case reports on patients with
similar abnormalities. Two years later, in 1981, Pagon and colleagues published a series of work
and coined the term CHARGE association. CHARGE is an acronym for common features
present in patients: coloboma of the eye, heart defects, atresia of the choanae, retardation of
growth or development, genital or urinary defects, and ear anomalies or deafness (Martin, 2010).
Although CHARGE was first identified in 1971, it wasn’t until 2004 that CHD7 was
shown to be responsible for CHARGE, officially classifying CHARGE as a syndrome (Vissers et
al., 2004). Nearly 500 pathogenic mutations have been identified, of which, 38% are nonsense,
32% are frameshift, 13% are missense and 17% are splice site mutations. These mutations span
37 of 38 coding exons and most intronic sequences. De novo mutations account for 97% of
CHD7 mutations causative for CHARGE syndrome (Janssen et al., 2012).
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Although hundreds of mutations have been identified, no connection have been made
linking disease severity to a subset or type of mutations. This is partially due to the extreme
heterogeneity and severity of features present in CHARGE syndrome patients. Due to
heterogeneity of features seen in CHARGE patients, Blake proposed diagnostic criteria in 1998.
However, these criteria are constantly changing as we better understand CHARGE syndrome.
Blake’s criteria have been updated by Verloes and more recently by other groups (Legendre et
al., 2017). All diagnostic criteria created have grouped features into two categories, major and
minor. Some criteria changes have included adding new features or even replacing “major”
features with more prevalent “minor” features.
Interestingly, brain structural defects are now one of the minor criteria used for diagnosis
of CHARGE syndrome (Legendre et al., 2017). Specifically, recent MRI studies have revealed
cerebellar abnormalities in approximately 50% of CHARGE syndrome patients. These
abnormalities include hypoplasia of the cerebellar vermis, found in 35% of patients scanned, and
foliation defects, found in 25% of patients (Yu et al., 2013). The prevalence of these
abnormalities is similar to other clinical features of CHARGE syndrome, supporting the addition
of cerebellar abnormalities to the features seen in CHARGE syndrome. Although the role of
CHD7 in cerebellar hypoplasia has been characterized, little is known about how CHD7
regulates cerebellar folding.

1.3.3 Cerebellar foliation
A defining feature of the cerebellum is its unique folding pattern, made up of a distinct
number of folia separated by fissures. In most species, fissures run perpendicular to the anteriorposterior (AP) axis, creating a symmetrical pattern of foliation across the cerebellar midline. This
9

commonality among most species suggests genetic determination of folia (Altman and Bayer,
1997 – Dev Cb System). These folia, subdivided into lobules, are thought to not only be a means
of accommodating more cells by increasing surface area but also a means of facilitating and
organizing more complex functional circuits (Welker, 1990 – foliation; Sudarov and Joyner,
2007 – cerebellar morphogenesis). Interestingly, specific folia have been shown to regulate
distinct sensory-motor tasks (Sillitoe and Joyner, 2007). Similarly, spinocerebellar mossy fibers
project to subset of lobules in the cerebellar vermis (Sotelo, 2004 – cellular genetic).
Folding of the mouse cerebellum begins in late embryogenesis begins with formation of
four primary fissures, and consequently, five cardinal lobes. These cardinal lobes are shared
between all mammals. As the cerebellum continues to develop postnatally, secondary fissures
form leading to creation of the ten canonical lobules seen across the anterior-posterior axis.
These ten lobules are conserved in humans; however, they show increased levels of foliation
(Legue et al., 2016, Sudarov and Joyner, 2007).
In stark contrast to the highly lobulated AP-axis is the relatively smooth medial-lateral
(ML) axis of the cerebellar vermis. This striking preference of the cerebellum to fold in the APaxis is thought to occur due to a preferred axis of cerebellar expansion. Studies aimed at
understanding this preference have focused primarily on granule cell precursors, as GCp
proliferation accounts for the majority of cerebellar expansion. Remarkably, these studies have
identified a preference for GCps to preferentially divide along the AP-axis (Legue et al., 2015).
The ability of GCps to regulate folding through divisional preference is further supported by
computational modeling (Lejeune et al., 2019).
Although the preference of GCps to divide along the AP-axis provides a cellular
mechanism for the preference of cerebellar lobulation along the AP-axis, it does not explain the
10

stereotypy of fissures. The stereotypy of fissures is thought to occur due to the creation of
anchoring centers, through concerted action of granule neurons, Purkinje cells, and Bergmann
glia (Sudarov and Joyner, 2007). While multiple lines of evidence suggest that cerebellar folding
is under strict genetic control of cellular processes, the molecular and cellular processes that
occur during folding have not yet been elucidated.

11

Chapter 2:
Conditional knockout of CHARGE Syndrome protein CHD7
leads to cerebellar polymicrogyria

12

2.1 Summary
A wide spectrum of brain folding anomalies are associated with cognitive and neurological
deficits. Recently, defects in cerebellar foliation were identified in patients with CHARGE
syndrome, a multi-system disorder predominantly caused by mutations in chromatin remodeler
CHD7. To investigate the cellular and molecular basis of cerebellar folding abnormalities in the
context of CHARGE syndrome, we conditionally knockout CHD7 in granule cell precursors of
mouse cerebellum. This results in a strikingly consistent pattern of folding along the normally
smooth mediolateral axis of the cerebellum. We characterize the spatiotemporal onset of folding
and identify a switch in the preferred axis of granule cell precursor division as a potential cellular
basis for ectopic cerebellar folding. We also identify connections between CHD7-dependent
gene programs and molecular pathways implicated in human disorders of brain folding. We then
assess the epigenetic role of CHD7 and identify CHD7 to bind to and specifically reduce the
accessibility of enhancers. This reduction in accessibility correlates with a reduction in enhancer
activity and corresponding proximal gene expression.
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2.2 Introduction
Epigenetic factors are critical regulators of gene expression in neurons (Gallegos et al.,
2018). Among these factors, the chromodomain helicase DNA-binding (CHD) family of ATPdependent chromatin remodelers have been implicated in neural development and neurological
disease (Son and Crabtree, 2014, Sokpor et al., 2017). CHD7 haploinsufficiency is the major
cause of CHARGE, presenting in 1:10,000 newborns as a heterogeneous constellation of signs,
including coloboma of the eye, heart defects, atresia of the choanae, retardation of growth or
development, genital or urinary defects, and ear anomalies or deafness (Zentner et al., 2010).
Neurodevelopmental defects and neurological signs suggest dysregulation of nervous system
development occurs in CHARGE syndrome (Whittaker et al., 2017). Recent studies have
identified cerebellar hypoplasia and/or foliation defects as relatively prominent neuroanatomical
abnormalities in CHARGE patients (Whittaker et al., 2017, Feng et al., 2017). Thus, disrupted
CHD7 activity in CHARGE patients may affect developmental processes critical for the
expansion and proper folding of the cerebellum.
The association of brain folding anomalies with a diverse array of neurodevelopmental
disorders demands a thorough assessment of the mechanisms underlying the folding process and
factors contributing to its dysregulation (Kroenke and Bayly, 2018). In addition to extreme
examples of folding defects associated with neurological deficits, such as lissencephaly,
polymicrogyria and pachygyria, subtler folding abnormalities have been detected in individuals
with autism spectrum disorder, and schizophrenia (Piao et al., 2005, Miterko et al., 2018).
Despite a potential connection between folding abnormalities and neurological deficits, the
molecular and cellular mechanisms governing the folding process have remained elusive for
scientists.
14

Recent work to elucidate mechanisms of brain folding has primarily focused on the human
cerebral cortex (Lawton et al., 2019). Due to the lissencephalic cortex of mice, the gyrencephalic
ferret has served as an alternative model to study mechanisms of cerebral folding. However,
technological limitations are significant in gyrencephalic animal models due to lack of genetic
tools, among other issues. In response, scientists have recently identified several mouse models
that closely recapitulate cortical folding (Borrell, 2018). Although these models achieve folding,
they show low penetrance and inconsistent patterns of folding between animals. Whereas the
location of primary sulci and gyri within a given gyrencephalic species, including humans, is
robustly conserved, the cortical folding thus far achieved in mouse models is of a highly variable
pattern, in addition to its low penetrance (Kroenke and Bayly, 2018). Evidence that the gyral and
sulcal pattern observed in human brains is heritable supports the existence of genetic
mechanisms that define the patterns of cortical folding (de Juan Romero and Borrell, 2017).
Studies suggest that the lack of consistent folding patterns in mouse models of cortical folding
may be due to the lack of genetic domains normally present in ferrets and other gyrencephalic
species (Del Toro et al., 2017).
In contrast to the mouse cerebral cortex, mouse cerebellum is densely folded and
partitioned into zones, each with its own distinct gene expression patterns that likely delineate
physiologically meaningful subdivisions. As in humans, the mouse cerebellum is densely folded
with a simple alignment of 8-10 stereotypical folds along the anterior-posterior axis (Lawton et
al., 2019). Thus, combined with the genetic tools available in mouse, this allows for precise
developmental interrogation to identify and analyze the in vivo molecular, cellular and tissue
level behaviors driving growth and folding (Sudarov and Joyner, 2007). Although multiple lines
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of evidence suggest that cerebellar folding is under strict genetic control, the molecular and
cellular processes that occur during folding have not yet been elucidated.
Here, we report our discovery of strikingly penetrant and stereotyped sulcal formation
along the normally smooth mediolateral axis of mouse cerebellum, following genetic ablation of
CHARGE syndrome protein CHD7 (CHD7 cKO) in granule cell precursors. The full penetrance
and consistency of this ectopic folding phenomenon allowed us to identify cellular and molecular
processes that spatiotemporally coincide with the onset of folding, which occurs between p3 and
p4. We demonstrate that CHD7 cKO granule cell precursors undergo a shift in axis of division
from normally dividing along the anterior-posterior axis to dividing along the mediolateral axis.
The consequent mediolateral expansion of the proliferating outer zone of the cerebellum
compared to the hypoplastic inner core supports the prevailing theory that increased rate of
expansion of the outer relative to the inner zone mechanically induces cortical folding. In
addition, integrative genome-wide analysis at the onset of folding in mouse cerebellum reveals
that CHD7-regulated genes are convergent with molecular pathways affected in polymicrogyria,
a disorder of excessive folding. In accordance with these findings, we identify excessive
cerebellar folding in the context of clinically-diagnosed CHARGE syndrome. Furthermore,
epigenetic profiling reveals that CHD7 regulates gene expression through enhancer activity.
These findings offer novel molecular and cellular mechanisms that contribute to folding in the
mammalian brain that will not only be relevant to our understanding of folding during
neurodevelopment, but also during disease.
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2.3 Results
Conditional knockout of CHARGE syndrome protein CHD7 results in stereotyped
cerebellar microgyria
Cerebellar foliation defects are one of the more prevalent neuroanatomic abnormalities
thus far detected in CHARGE patients (Yu et al., 2013). Mutations leading to haploinsufficiency
of CHD7 contribute to approximately 90% of CHARGE syndrome cases (Legendre et al., 2017).
In the developing mouse cerebellum, CHD7 is strongly enriched in granule cell precursors
(GCps), whose expansion primarily along the anterior-posterior axis is thought to give rise to
cerebellar foliation (Legue et al., 2016, Sudarov and Joyner, 2007, Feng et al., 2017).
Therefore, to elucidate the interrelationship of CHD7 and cerebellar foliation, we
employed an Atoh1-promoter-driven Cre-recombinase transgene to conditionally knockout
CHD7 (CHD7 cKO) selectively in the granule cell lineage during its specification in the rhombic
lip (Whittaker et al., 2017). Recombination of the CHD7 conditional allele occurred during the
early stages of EGL formation at E14.5 (Whittaker et al., 2017). Postnatally, efficient CHD7
deletion was evident in GCps of the anterior and central cerebellar vermis, whereas the most
posterior (IX and X) lobules were spared of CHD7 deletion, in agreement with previous reports
on the activity of the Atoh1-Cre transgene. CHD7 deletion was also evident in the cerebellar
hemispheres.
Remarkably, knockout of CHD7 resulted in a striking pattern of cerebellar folds along the
normally smooth mediolateral axis of the cerebellum (Fig. 2.1A). Histological analyses and nano
X-ray computed tomography of adult cerebellum both revealed that the spatial organization of
the additional folds was highly consistent between mice, with 8 folds detected in CHD7 cKO
mice compared to one smooth surface in control mice (Fig. 2.1A, B, C). Intact molecular and
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granule cell layers were detected, indicating the maintenance of distinct cerebellar cortex layers
(Fig. 2.1A). In accordance with these findings, pathologic analysis of human cerebellum from a
clinically-diagnosed CHARGE syndrome patient revealed multifocal cerebellar polymicrogyria.
In addition, CHD7 cKO resulted in a significant increase in the length of the adult cerebellum
compared to control mice (Fig. 2.1D). To our knowledge, this is the first genomic knockout
leading to highly stereotyped and fully penetrant folding of the brain. Fortuitously, this offers an
advantageous model to study the genetic and cellular processes underlying brain folding.
To determine whether CHD7 is required for the proper function of granule neurons, we
first subjected CHD7 cKO mice to the cerebellar-dependent eyeblink conditioning learning
paradigm (supplemental figure) (Heiney et al., 2014, Valnegri et al., 2017). During this
associative task, mice learn to blink in response to an initially neutral conditioned stimulus (blue
light) after repeated pairing with an eyeblink-eliciting unconditioned stimulus (periocular air
puff). As expected, the learned eyelid blink conditioned response (CR) gradually increased each
session day in control littermate mice. Strikingly, the rate of CRs was significantly reduced in
CHD7cKO mice, indicating a deficit in cerebellar-dependent motor learning (supplemental
figure). In other analyses, general motor coordination assessed by the DigiGait assay and
ambulatory activity assessed by the open field test were not affected following knockout of
CHD7 (supplemental figure). Thus, it appears that CHD7 is required for the performance of fine
associative motor tasks, rather than gross motor coordination.
Next, we investigated the spatiotemporal onset of folding in CHD7 cKO mice. Temporal
analysis of cerebellar folding by nano X-ray computed tomography allowed us to identify the
developmental time point at which the first sulcus became visually apparent, postnatal day 3 (P3)
in the anterior basal lobules (Fig. 2.1E). By P3.5, folding advanced from the initial midline
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sulcus to two symmetrical folds. By P4, we could detect four pronounced folds symmetrically
surrounding the midline of the cerebellum (Fig 2.1F).

CHD7 regulates preferred axis of granule cell precursor division
The highly consistent spatiotemporal onset of abnormal cerebellar folding in CHD7 cKO
mice led us to evaluate cellular processes occurring during the emergence of ectopic folds.
Around P3, the cerebellum undergoes extensive granule cell precursor proliferation in the EGL,
thought to be important for foliation of the cerebellum. To assess the effect of CHD7 depletion
on GCp proliferation, we subjected control and CHD7 cKO mice to immunohistochemistry
analysis with antibodies recognizing phosphorylated histone H3 (pH3), a marker of dividing
cells. This revealed no significant change in mitotic index of GCps between CHD7 cKO and
control mice (Fig. 2.2A). At P3, some GCps are also becoming post-mitotic and radially migrate
towards the internal granule layer. In vivo electroporation of granule cell precursors in CHD7
cKO and control mice revealed no significant difference in granule cell radial migration 48 hours
later (Fig. 2.2B).
During normal cerebellar development, granule cell precursors have their preferred axis
of division along the anterior-posterior axis of the cerebellum. This leads to increased anteriorposterior expansion of the cerebellum, which is thought to give rise to the uniaxial foliation that
occurs in this direction. Axis of division is assessed by measuring the angle of axis around which
a cell is dividing relative to the pia mater (Fig. 2.2D, E). In a given 2D section of the cerebellum,
a vertical division represents cells dividing parallel to the pia mater and thus expanding along the
length of the given section. By contrast, a horizontal division represents a cell undergoing
division perpendicular to the pia mater, which is not preferentially expanding the brain along the
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length of that plane, as a horizontal division can be detected in all planes. We did not see a
difference in the number of horizontal divisions between CHD7 cKO and control mice (Fig.
2.2F), as expected given the lack of proliferation defect. Immunohistochemical analysis of the
axis of division in the anterior-posterior and medio-lateral sections of the cerebellum revealed
that in control mice there was a higher ratio of vertical to horizontal divisions in the anteriorposterior plane, whereas the number of vertical compared to horizontal divisions in the mediolateral plane was similar (Fig. 2.2F, G). This indicated that preferential expansion occurs along
the anterior-posterior axis in control mice, which corroborates previous findings on axis of
division in normal cerebellar development.
By contrast, CHD7 cKO granule cell precursors showed a significant decrease in the ratio
of vertical to horizontal divisions in the anterior-posterior direction and a significant increase in
the medio-lateral direction (Fig. 2.2G). This indicated that granule cell precursors in CHD7 cKO
mice undergo a shift in axis of division from normally dividing along the anterior-posterior axis
to dividing along the mediolateral axis. The consequent mediolateral expansion of the
proliferating outer zone of the cerebellum compared to the hypoplastic inner core supports the
prevailing theory that increased rate of expansion of the outer relative to the inner zone
mechanically induces folding of the brain.

CHD7 regulates gene pathways implicated in polymicrogyria
As CHD7 is a chromatin remodeler, we next characterized the effect of conditional
CHD7 knockout on granule cell precursor gene expression at p4, during the folding process. To
isolate granule cell precursors from the EGL of the anterior basal cerebellum – the region
displaying pronounced folding – we performed laser microdissection of the EGL from lobules I –
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V, followed by RNA-sequencing of five biological replicates from control and CHD7 cKO mice,
each (Fig 2.3A). We identified 2,145 CHD7-repressed genes which were upregulated following
CHD7 conditional knockout, and 2,095 CHD7-activated genes which were downregulated
following CHD7 conditional knockout (Fig 2.3B). ChIP-sequencing for CHD7 in the anterior
basal cerebellum of p4 mice revealed 22,515 CHD7 genomic binding sites. These sites were
reduced in CHD7 cKO mice, indicating specificity of called peaks (Fig. 2.3C). CHD7 was found
to occupy transcription start sites, active and poised enhancers, as well as a small number of
other regions (Fig. 2.4D). Direct target genes were identified based on association of
significantly CHD7-dysregulated genes with a CHD7 peak within 100kb on the genome. This
analysis yielded 1,106 CHD7-bound repressed genes and 1,236 CHD7-bound activated genes.
We next evaluated whether CHD7-direct target genes were enriched in molecular pathways
implicated in dysregulated folding. Gene ontology analysis of genes associated with
polymicrogyria in humans revealed three major pathways: Integrin signaling, cytoskeletal
regulation by RhoGTPase, and gonadotropin releasing hormone receptor pathway. Interestingly,
the first two of these pathways were also discovered as enriched molecular pathways for CHD7
direct target genes (Fig. 2.3E). In accordance with these findings, we identify excessive
cerebellar folding in the context of clinically-diagnosed CHARGE syndrome (Fig. 2.3F).

CHD7 activates gene expression via regulation of enhancer activity
Next, we were interested in understanding how CHD7 regulates such vast gene programs
affecting many biological processes. As CHD7 has been shown to govern nucleosome sliding in
vitro and suggested to play a role in chromatin accessibility in vivo, we began by performing
ATAC-seq of P4 control and cKO granule cells. We first began by assessing the effect of CHD7
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cKO on the chromatin accessibility. Aggregate analysis of ATAC-seq data of all sites occupied
by CHD7 revealed a decrease in chromatin accessibility (Fig 2.4A). Additionally, 96% of CHD7
binding sites overlap significantly called accessible regions and 82% of accessible regions with
CHD7 occupancy show a reduction in accessibility upon CHD7 depletion (Fig. 2.4B).
As previously stated, CHD7 primarily binds to promoters, active enhancers and poised
enhancers. Promoters were defined by adding 500bp flanking regions to all UCSC genome
browser identified TSS. Active enhancers were defined as H3K27ac positive non promoters;
while, poised enhancers are those that lack H3K27ac but are positive for H3K4me1. When
comparing CHD7 occupied versus non-occupied regions, these distinct types of regulatory
elements all showed a reduction in accessibility upon CHD7 depletion (Fig. 2.4C). Interestingly,
we identified a similar robust reduction in accessibility at both active and poised enhancers, and
a more modest effect at promoter regions (Fig. 2.4C).
Next, we were interested in assessing whether the observed changes in genomic
accessibility by CHD7 influence enhancer activity, using H3K27ac and RNA Pol II levels as
surrogates for enhancer activity. We first binned CHD7 bound enhancers that showed significant
reduction in accessibility (CHD7 activated enhancers) into three similarly sized groups based on
fold change (1= low, 2 = medium, and 3 = high). The same was done for CHD7 bound enhancers
that show an increase in accessibility upon CHD7 depletion (CHD7 repressed enhancers).
Quantitative assessment revealed that changes in enhancers activity correlated with accessibility
changes of CHD7 activated enhancers but not CHD7 repressed enhancers (Fig. 2.4D).
As cooperative binding of transcription factors, co-factors, chromatin remodeling
enzymes, and ultimately RNA Pol II complex at enhancers mediate the activation of target gene
expression, we subsequently measured the change in proximal gene expression (Franco et al.,
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2019). Interestingly, changes in proximal gene expression correlated with changes seen at CHD7
activated but not repressed enhancers. These data suggest that CHD7 activates gene expression
programs by modulating enhancer activity.
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2.4 Discussion
Cerebellar foliation defects identified in CHARGE patients led us to perform conditional
knockout of CHARGE syndrome protein CHD7 in granule cell precursors of the developing
mouse cerebellum. Fortuitously, we identify the first genetic mouse model in which a consistent
folding pattern is achieved in the brain, an integral feature of physiological folding in human and
other gyrencephalic species. We isolate the temporal onset of folding as p3 to p4 and
characterize events that spatiotemporally coincide with this developmental window. We
demonstrate increased mediolateral expansion of granule cell precursors due to a switch in their
axis of division from the anterior-posterior to the mediolateral axis of the cerebellum. At the
molecular level, we identify a role for CHD7 in regulating cytoskeletal and integrin-signaling
pathways, which converge with gene programs dysregulated in polymicrogyria. Accordingly, we
identify excessive cerebellar folding in the context of clinically-diagnosed CHARGE syndrome.
Unlike the folds of the cerebrum, the folds of the cerebellum are aligned such that the
external surface appears to be covered in parallel grooves. As studies of folding have primarily
focused on the cerebral cortex, the cerebellum offers an alternative system from which we may
gain novel insights into the genetic and cellular mechanisms involved in brain folding. The
developing cerebellum is distinct from the cerebral cortex, as it has a temporary external granule
cell layer of proliferating granule cell precursors that cover the surface and generate growth by
dividing primarily in the anterior-posterior direction. The process of foliation is initiated by the
formation of specific multicellular anchor points at the position of prospective fissures, identified
by indentations on the surface of the developing cerebellum. Recent work has suggested that
anchoring center initiation is driven by tissue-scale mechanical forces that arise due to
differential growth. Recent cellular and tissue scale mechanical modeling support that the
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anterior-posterior oriented granule cell division leads to the formation of anchoring centers and
the characteristic oriented parallel grooves of the cerebellum. Here, we provide experimental
evidence in support of the role of axis of division in folding of the cerebellum. Genetic
manipulation of CHD7 leads to a shift in granule cell precursor axis of division to the
mediolateral axis and the emergence of folding perpendicular to normal cerebellar folia. The
potential causality of mediolateral folding due to a switch in axis of division is supported by
computational modeling showing that a uniaxial mode with wrinkles perpendicular to the
dominant direction of granule cell expansion will arise. As cerebellum is also densely folded into
parallel grooves in humans, this could represent a conserved cellular mechanism of folding
regulated by CHD7 in higher order species.
Increased mediolateral expansion due to a switch in oriented cell division supports the
prevailing “buckling due to differential expansion” theory, in which compressive forces arise in
the outer layer of the brain because of its tangential expansion relative to the inner zone. Prior to
our study, differential expansion of the outer zone of the brain primarily focused on the fact that
gyrencephalic species have a greater abundance of proliferating basal radial glial cells of the
outer subventricular zone of the cerebral cortex. These basal radial glial cells extend basal fibers
which creates a dramatic divergence of the radial fiber scaffold, leading to tangential dispersion
of radially migrating neurons and hence to the tangential expansion and folding of the cortical
surface. Here, we have newly implicated axis of division as a proliferative mechanism of
tangential expansion that leads to folding. Thus, although brain regions are composed of distinct
networks and morphologies, folding in both the cerebral cortex and cerebellum appear to result
from variations of the same principle, in which an outer grey matter zone tangentially expands at
a higher rate than the underlying core. Furthermore, the temporal period in which folding occurs
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in CHD7 cKO mice is prior to extensive parallel fiber extension and perpendicular to the
direction of predicted tension from parallel fibers, which provides further evidence that counters
the once popular axon-tension hypothesis, which posited that tension along parallel fibers, the
axons of granule cells, could explain why the cerebellar cortex is highly elongated but also
folded like an accordion into lobules.
While we focus on the perinatal role of CHD7 in regulating axis of division of granule
cells on the surface of the cerebellar anlage, CHD7 also plays a temporally distinct role during
embryonic cerebellar development. Although perinatal proliferation levels of the external
granule layer are unaffected in CHD7 cKO, during embryonic development CHD7 regulates the
expansion of granule cell precursors by maintaining high levels of Fgf8 in the mid-hindbrain
organizer. Diminished FGF signaling contributes specifically to hypoplasia of the cerebellar
vermis. Thus, CHD7 cKO affects cerebellar development in two distinct phases: 1)
embryonically, reduces granule cell precursor proliferation leading to a hypoplastic cerebellum;
2) perinatally, reorients granule cell precursor axis of division in the external granule layer.
Perhaps the perinatal role of CHD7 cKO in enhanced mediolateral expansion of the external
granule layer compounds with its embryonic role in proliferation. These consecutive insults may
synergize to increase differential expansion of the outer and inner zone of the cerebellum,
leading to folding in the mediolateral axis. This hypothesis aligns with increasing evidence that
relevant cellular and molecular mechanisms occur days to weeks before actual tissue folding, and
the effect of mechanical factors depends on specific initial conditions that must be set in advance
by early developmental processes.
The highly stereotyped gyral and sulcal patterns in gyrencephalic species suggests the
influence of a deeply imprinted deterministic program, possibly genetic. Strikingly, the similarity
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of folding patterns between monozygotic twins is statistically above the general population,
including higher-order fissures. Prior to our study, no mouse models of brain folding had
recapitulated the consistent patterns of folding that occur between individuals in a gyrencephalic
species. In response, scientists suggested that this may be due to a noticeable lack of genetic
domains in the lissencephalic mouse cortex, when compared to gyrencephalic species such as
ferret.
In our study, we provide the first genetic manipulation that leads to fully penetrant and
consistent patterns of ectopic folding in mouse cerebellum. Our ability to recapitulate consistent
folding patterns seen in gyrencephalic species may result from the fact that the mouse
cerebellum, unlike the cerebrum, is divided into well-defined genetic compartments. Although
the cerebellar cortex is often described as having a uniform cellular composition, it is in fact
heterogeneous in its molecular properties. The cerebellar cortex is divided into an array of
lobules and parasagittal patterns that segment all of its cell classes, creating an almost grid-like
pattern of genetic organization across the cerebellum. Interestingly, gene expression patterns
delineate functionally and anatomically distinct entities in the cerebellum. One of the beststudied examples of brain organization is the parasagittal Purkinje cell zonal map. The
topographic inputs and outputs of the Purkinje cell zones form functional modules. Gene
expression reveals patterns of Purkinje cell stripes that demarcate the parasagittal modules.
Modules are derived from lineage patterning mechanisms that instruct specific classes of sensory
afferents to target particular regions of the cerebellum, and to some extent particular folds. Thus,
the mouse cerebellum offers the opportunity to determine the role of genetic compartmentation
on the folding process.
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Although not yet shown experimentally, the new folds of the CHD7cKO cerebellum
appear as though they may respect the boundaries of functionally distinct parasagittal module.
With further evaluation, this may shed light on a long-standing debate as to how folding is
accomplished, and how it might relate to brain function. Perhaps in folding of the cerebellum and
other brain regions, form follows function. In the case of CHD7 cKO folding may have arisen to
accommodate the increased number of neurons within each parasagittal module due to
mediolateral expansion, which aligns with the theory that folds occur in higher order species due
to the need to accommodate increased neuronal number.
The spatiotemporal predictability of folding in CHD7 cKO mouse cerebellum allows us
to pinpoint developmental events that intersect this developmental window. Interestingly, the
folding patterns in CHD7 cKO mice seem to spatiotemporally coincide with the highly transient
appearance of a category of parasagittal Purkinje cell stripes. Whether Purkinje cell stripes create
regional environmental variability for developing granule cells that leads to folding should be
possible to test in future studies using genetic manipulation of Purkinje cell distribution. One
possibility is that Purkinje cell stripes represent compartments of the cerebellum that
differentially responds to mechanical force from the mediolateral expansion of CHD7 cKO
granule cell precursors. Previous studies have shown that Purkinje cell stripes also border cell
dense ribbons of migratory granule cells, called granule cell raphe that transiently connect the
external granule layer and internal granule layer. The highly transient presence of granule cell
raphe between p0 and p6, seems to spatiotemporally coincide with the onset of folding in CHD7
cKO mice. Perhaps, in the context of increased mediolateral expansion in the CHD7 cKO, the
granule cell raphe represents sites of decreased resistance for radial migration of granule cells
into the internal granule layer. An additional possibility is that another feature that correlates
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with the parasagittal modules of the cerebellum, such as variability of Bergmann glia , could play
a role in the location and onset of sulcal formation.
The highly defined perinatal period during which we see mediolateral folding in CHD7
cKO may represent a highly transient and critical developmental window in which the
cerebellum has the potential to undergo folding in this axis. In addition to the convergence of
multiple developmental events that spatiotemporally coincide with folding onset in CHD7 cKO,
other experimental evidence exists indicating this may be a window of susceptibility to
deregulated folding. X-ray irradiation of rats during the prenatal period, GD-21, resulted in
remarkably abnormal cerebellar foliation, in which the number of lobules was larger and the
direction of the fissures was almost vertical, whereas the direction of most fissures was
horizontal in the control. In contrast, no apparent foliar abnormalities were found in the
cerebellum exposed to radiation on p4. Thus, the last day of gestation until p4 represents a
critical window in which perturbation of granule neuron precursors results in excessive folding
in the mediolateral axis.
Numerous genetic tools are available in mice that are not available in gyrencephalic
mammalian models. In addition to the spatiotemporal predictability and high penetrance of
folding in CHD7 cKO, the ability to genetically manipulate CHD7 at different timepoints during
granule precursor development will allow for further interrogation into the critical period during
which CHD7 activity can affect folding. As chromatin regulators like CHD7 regulate numerous
developmental processes, finer spatiotemporal genetic manipulation of CHD7 in mouse
cerebellum will allow us to more accurately hone in on the mechanisms sufficient for induction
of folding in the cerebellum. Additionally, genetic manipulation of molecular and cellular
processes in granule cell precursors can inform us further on their roles in folding. Moreover,
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genetic manipulation of the compartmentation of the cerebellum may allow us to understand
whether and how folds are formed in relation to the underlying genetic and functional
architecture of the brain.
Beyond elucidating general principles for folding that can be applicable to the cerebral
cortex, studying folding of the cerebellum, in and of itself, is critical due to the association of
cerebellar structural abnormalities with human neurodevelopmental disorders of cognition. The
cerebellum has been traditionally considered to be primarily involved in sustaining or supporting
motor control. A preponderance of empirical evidence, however, which we detail below,
suggests a crucial role for the cerebellum in many domains of human cognition and perception
(including implicit learning and predictive processing). Further, alterations in cerebellar structure
and function may contribute to atypical development. In addition to foliation defects present in
CHARGE patients, the relationship between cerebellar anomalies and autism is well established
and in contrast to other brain regions, gross and microscopic changes in the cerebellum are most
frequently associated with autism (Becker & Stoodley, 2013). In particular, neonatal cerebellar
damage confers a large non-heritable risk (up to 40%) for developing Autism Spectrum
Disorders (ASD) later in life, revealing the cerebellum’s vulnerability during sensitive periods in
neurodevelopment (as the cerebellum undergoes continued post-natal development relative to
other brain structures. This background provides an important motivation to more fully
characterize the architecture of cerebellum in typical and atypical development. As in human,
mouse cerebellum is densely folded, making this a relevant model to understand mechanisms
that could shape the cerebellum in humans. Additionally, we provide evidence that the genomic
distribution and direct targets of CHD7 in mice are relevant to humans at a similar
developmental age. Furthermore, our finding of excessive folding in human cerebellum of a
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patient with CHARGE syndrome lend further support that dysregulation of CHD7-dependent
mechanisms in the cerebellum may lead to pathological folding in human disease. Additionally,
our finding that CHD7 regulates gene targets mutated in polymicrogyria raises awareness of the
potential role of chromatin regulators in folding disorders of the brain, adding this category of
transcriptional regulators to what has primarily included downstream effectors of cytoskeleton
and cell-adhesion. Collectively, our study presents an advantageous genetic model to interrogate
the molecular, cellular, and mechanical aspects of the folding process.
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2.6 Future Directions
Here we demonstrate that cKO of CHD7 using the Math1-Cre line leads to fully
penetrant, stereotyped abnormal folding of the mammalian brain. However, it is difficult to
precisely determine which cellular process led to the observed folding defect as both Math1 and
CHD7 express early in granule neuron development. In order to get a better understanding of
how the multiple stages of granule neuron development lead to the observed folding phenotype,
we need to further deconstruct the temporal role of CHD7 in these cells. Thus, tamoxifeninducible Math1-CreERT2 mice can be used to knockout CHD7 in GCps at various stages of
embryonic and postnatal development. This allows us to determine whether folding defects arise
due to a single or a combination of CHD7 dependent developmental processes.
Additionally, due to the highly spatiotemporal consistency in folding, we can use our
current model to explore genetic programs important for stages of folding such as fissure
formations and anchoring center composition. Initial study will be focused on comparing
genomic similarities of normal AP-axis to abnormal ML-axis folds and fissures. Such analyses
may yield insight into the evolving transcriptome and epigenome during various stages of the
folding process.
Furthermore, the cerebellum is characterized by many genetic and functional domains.
For instance, genetically distinct populations of Purkinje cells separate the cerebellum in genetic
compartments known as parasagittal stripes. Knockout of the transcription factor En1 leads to a
change in spatial profiling of these parasagittal stripes (Sillitoe et al., 2008, White et al., 2014).
Interestingly, the abnormal folding of the cerebellum due to depletion of CHD7 seems to
coincide spatially and temporally with parasagittal Purkinje cell stripes. It will be interesting to
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see whether cerebellar compartmentation is altered in CHD7 cKO mice. For example, we may
see a switch in certain parasagittal stripes from ML-axis to AP-axis or vice.
Similarly, redistribution of granule neurons due to reorientation of cell division may lead
to functional reorganization of the cerebellum. Not only are granule neurons important for fine
tuning cerebellar function, but granule cell proliferation and migration are also vital for proper
Purkinje cell distribution. Furthermore, relatively small, sub lobular cerebellar regions have been
shown to be important for specific cerebellar tasks.
These studies will aid in better understanding how cerebellar defects could underly
CHARGE syndrome symptoms such as motor and learning delays. Furthermore, these studies
could help us identify downstream players that could be modulated in order to rescue cerebellar
folding in CHD7 cKO mice. As many gene programs are shared among cerebellar and cortical
development, future studies could also aid in understanding cortical folding.
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2.7 Figures

Fig. 2.1 Conditional knockout of CHARGE syndrome protein CHD7 results in stereotyped
cerebellar microgyria

A. Hematoxylin and eosin staining of Ctrl (left) and CHD7 cKO (right) p56 sections of
mouse cerebellum. Scale bar: 2mm
B. Zeiss Xradia Versa 520 XRM was used to perform a nano computerized tomography
(nano CT) scan of Ctrl (left) and cKO (right) p56 mouse cerebella. The cerebellar vermis
is highlighted blue and corresponding hemisphere regions highlighted green and yellow.
C. Graph showing number of gyri in the cerebellar vermis of the anterior basal lobe of Ctrl
and cKO mice. (n=3 for each condition).
34

D. Bar graphs showing % change in total cerebellar (Cb) and anterior lobules (Ant. Cb)
lengths upon CHD7 cKO (n = 3 for each condition). Length is shown as mean

s.e.m

for each measurement. *p<0.05, **p<0.01.
E. Nano CT scans were taken of P3, P3.5, and P4 mice cerebella. Digital 2D sections were
taken through anterior basal lobe lobules. Insets show entire cerebellar section. Yellow
dashed squares define region of focus.
F. Dot plot showing relative distance of fissure formation in P4 CHD7 cKO mice (n=4).
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Fig. 2.2 CHD7 regulates preferred axis of granule cell precursor division from the anterior
posterior to the mediolateral direction

A. Immunohistochemistry analysis of Ctrl and cKO mice with antibodies recognizing
phosphorylated histone H3 (pH3), a marker of dividing cells. A representative image of
the external granule layer is shown (left). Bar graphs (right) show mean pH3 positive
cells per 100um2 +/- s.e.m. ns = non-significant. Paired t- test. Scale bar: 25um
B. P6 mouse pups were electroporated with the GFP expression plasmid and killed 48 hours
later. Cerebella were removed, sectioned, and subjected to immunohistochemistry with
antibodies recognizing GFP. Bar graphs show mean distance from EGL +/- s.e.m. ns =
non-significant. Paired t- test. Scale bar: 25um
C. Image of P56 cerebellum obtained via nano CT scan (left) showing anterior-posterior axis
(A-P) in green and medial-lateral axis (M-L) in yellow.
D. Immunohistochemistry analysis of axis of division of granule cell precursors, identified
via pH3 staining in green. Dashed red line indicates the plane of division; dashed white
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line indicates the pial surface. Example of a granule cell precursor undergoing a vertical
division (top) and horizontal division (bottom) are shown.
E. Rose plot showing the distribution of axis of division angles (angle between pial surface
and plane of division) for P3 Ctrl and cKO mice in A-P (top, blue) and M-L (bottom,
green) axes. 180 cells were analyzed for each rose plot.
F. Bar graph showing mean number of horizontal division per 100um2 +/- s.e.m. ns = nonsignificant. Paired t-test.
G. Bar graph showing mean ratio of vertical to horizontal division for Ctrl and cKO mice in
both A-P and M-L axes. *p<0.05, **p<0.01 Paired t-test
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Fig. 2.3 CHD7 regulates gene pathways implicated in polymicrogyria

A. Schematic depicting laser microdissection RNA-seq of cerebellum
B. Hierarchical clustering of gene expression for Ctrl and cKO p4 mouse cerebella for genes
detected as significantly dysregulated (False Discovery Rate, FDR < 0.05) in analysis of
RNA-seq from Ctrl and cKO cerebella (n=5 biological replicates per genotype). Heat
represents z-score of log2 cpm for a given gene.
C. Aggregate plot and heat map of ChIP-seq signal for CHD7 genomic binding sites
(n=22,515) in Ctrl and cKO p4 mouse cerebella. Each CHD7 binding site is represented
as a single horizontal line centered at the midpoint of each ChIP peak with flanking 2kb.
D. Pie charts displaying regulatory element distribution of CHD7 peaks. TSS, transcription
start site; Enh, Enhancer.
E. Panther pathway analysis of CHD7 directly regulated genes and PMG associated genes.
Significant pathways are represented as panther terms (left and bottom) while associated
significance levels are shown as -log10(p-values) (right and top).
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F. Hematoxylin and eosin staining of CHARGE syndrome patient cerebellum showing an
unaffected region (left) and a region with multifocal cerebellar microgyria (right) with
zoomed in views of insets below. Scale bar: 500mm and 100mm.
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Fig. 2.4 CHD7 activates gene expression via regulation of enhancer activity
A. Aggregate plot and heatmap for ChIP-seq and ATAC-seq signal for CHD7 (n = 22,515)
genomic binding sites. ChIP-seq signal for CHD7 (purple) in Ctrl and ATAC-seq signal
(grey) in Ctrl and cKO from P4 mouse cerebellum centered on CHD7 binding sites.
B. Pie charts representing proportion of CHD7 sites at significantly called ATAC-seq peaks
(top) and portion of CHD7 site that showed decreased or increased accessibility upon
CHD7 depletion.
C. Boxplots for CHD7 non-bound and bound sites at TSS (left), active enhancers (middle)
and poised enhancers (right). Box-whisker plots show median and distribution of log240

transformed fold change of ATAC-seq signal conditional knockout mice over respective
control mice. ****p < 10−4, two-sided unpaired t-test.
D. Box plots for CHD7 sites displaying significantly decreased (CHD7 activated; top, blue)
and increased (CHD7 repressed; bottom, red) ATAC-seq signal upon CHD7 conditional
knockout. Increased and decreased sites have been separated into three groups with low
(1), medium (2) and high (3) levels of ATAC-seq signal change. Boxplots showing log2transformed fold change of ATAC, H3K27ac, RNApolII and RNA (from left to right) for
each group. ****p < 10−4, *p < 0.05, ANOVA followed by Tukey’s multiple
comparison test.
E. Box plots for CHD7 sites displaying significantly decreased (top, blue) and increased
(bottom, red) ATAC-seq signal upon CHD7 conditional knockout. Increased and
decreased sites have been separated into three groups with low (1), medium (2) and high
(3) levels of ATAC-seq signal change. Boxplots showing log2-transformed fold change
of ATAC, H3K27ac, RNApolII and RNA (from left to right) for each group.
F. WashU Epigenome Browser view of a CHD7 bound enhancer site (highlighted) of a
direct target gene, showing CHD7, ATAC, H3K27ac, RNApolII and RNA levels in
CHD7 Ctrl and cKO mice.
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Chapter 3:
Chromatin accessibility and cellular state specify compensatory
activity by paralogous MEF2 transcription factors

This chapter is adapted from a submitted manuscript:
Majidi SP*, Reddy NC*, Moore MJ, Chen H, Yamada T, Andzelm MM, Cherry TJ, Hu LS,
Greenberg ME, Bonni A. 2019. Chromatin accessibility and cellular state specify
compensatory activity by paralogous MEF2 transcription factors. Submitted.

S.P.M., N.C.R., and A.B. designed the study and wrote the manuscript. S.P.M. performed all
experiments. N.C.R. performed bioinformatics analyses. M.J.M. and H.C. assisted with qPCR
and immunohistochemistry. T.Y. contributed to biochemical experiments. M.M.A., T.J.C.,
L.S.H., and M.E.G. provided mice and purified reagents.
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3.1

Summary
Compensation among paralogous TFs confers genetic robustness of cellular processes.

Despite the prevalence of this phenotypic phenomenon, an in vivo genome-scale understanding of
how TFs dynamically respond within the chromatin context to paralog depletion is still lacking. We
explore this question in the mammalian brain by studying the highly conserved MEF2 family of TFs
in granule neurons of mouse cerebellum. We combine genetic manipulation of MEF2 family
members with in vivo genome-wide analyses to investigate the functional consequences of
compensatory activity between MEF2 family members. We uncover significant differences in
functional compensation by MEF2 family members across the genome and identify genomic features
that distinguish sites experiencing varying levels of compensatory activity. Furthermore, we reveal
that cellular state modulates compensatory regulation of gene expression by MEF2 family members.
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3.2

Introduction
The development and function of the mammalian brain requires precise control of gene

expression (Cholewa-Waclaw et al., 2016, de la Torre-Ubieta and Bonni, 2011, Ziats et al.,
2015). Combinatorial interactions of DNA-binding transcription factors (TFs) regulate diverse
gene programs that specify neuronal sub-types, develop and refine circuits, and link sensory
experience to adaptive responses of the brain (Mazzoni et al., 2013, Molyneaux et al., 2007,
Kawashima et al., 2013, Pulimood et al., 2017, Sharma et al., 2019). Additionally, deregulation
of TFs contributes to the pathogenesis of neurological diseases (Porter et al., 2018, Ebert and
Greenberg, 2013, Li et al., 2018). Although genome-wide patterns of TF cooperation are just
beginning to be revealed in the nervous system, how TF family members cooperate to
orchestrate gene expression in the mammalian brain remains poorly understood.
The majority of mammalianTFs are members of multigene families that have evolved via
duplication events of a single TF (Teichmann and Babu, 2004, Levine and Tjian, 2003).
Members of a multigene TF family, known as paralogous TFs, typically have highly conserved
DNA-binding domains. Because paralogous TFs often bind virtually identical short DNA
sequences, they are thought to participate in cooperative mechanisms distinct from their nonparalogous counterparts (Weirauch et al., 2014, Wei et al., 2010, Luna-Zurita et al., 2016).
However, despite the prevalence of paralogous TFs, the nature and importance of the
coordinated function of paralogous TFs at a genome-wide level remains unexplored.
Importantly, paralogous TFs are thought to confer genetic robustness to cellular processes
through evolutionary retention of functionally redundant activities (Macneil and Walhout, 2011).
Despite the prevalence of phenotypic redundancy, the underlying molecular mechanisms by
which paralogous TFs regulate this widespread phenomenon are relatively unexplored.
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Individual overexpression studies of paralogous TFs in Saccharomyces Cerevisiae have revealed
similar DNA-binding specificities to exogenous DNA sequences (Fuxman Bass et al., 2015).
Recently, individual transfection of Hox proteins followed by chromatin profiling yielded
insights into their binding distribution in insect cells (Porcelli et al., 2019). Although similar
studies have advanced our understanding of paralogous TF binding, how endogenous TFs
dynamically respond within the chromatin context to paralog depletion remains unknown and
will require the integrative study of co-expressed paralogous TFs. Regional and single cell
analyses of gene expression in the developing and adult brain have revealed diverse expression
patterns of paralogous TFs, suggesting that they may act in concert to impart genetic robustness
during brain development and function (Lyons et al., 1995, Saunders et al., 2018). However, in
vivo mechanisms of paralogous TF interplay and their roles in neuronal gene expression and
function are as of yet unknown.
The MEF2 (myocyte enhancer factor 2) proteins play fundamental roles in the
development and function of the brain, and deregulation of MEF2 activity contributes to the
pathogenesis of neurological diseases (Shalizi and Bonni, 2005, Yap and Greenberg, 2018,
Lipton et al., 2009). However, the interdependency and functional output of paralogous MEF2
proteins on a genome-wide scale have not yet been explored. The four vertebrate MEF2 family
members, MEF2A-D, share a highly conserved MADS domain that mediates DNA binding to
the consensus MEF2 response element (MRE) YTAWWWWTAR (Flavell et al., 2008, Potthoff
and Olson, 2007). Expression studies show different but overlapping patterns of MEF2A-D
expression in the brain (Lyons et al., 1995, Potthoff and Olson, 2007), suggesting that distinct
combinations of MEF2 family members coordinate gene expression (Estrella et al., 2015). MEF2
family members play key roles in neuronal survival, differentiation, and maturation (Gaudilliere
45

et al., 2002, Flavell et al., 2006, Yamada et al., 2013), as well as neural plasticity (Rashid et al.,
2014, Chang et al., 2017, Chen et al., 2012, Pulipparacharuvil et al., 2008). Importantly, MEF2
factors are thought to confer phenotypic robustness to these neuronal processes across multiple
brain regions. Despite the significant and diverse roles of MEF2 proteins in the nervous system,
mechanisms of combinatorial gene regulation by these factors remain to be elucidated.
Here, we reveal an in vivo interdependent mechanism of gene regulation mediated by the
paralogous TFs MEF2A and MEF2D in granule neurons of mouse cerebellum. Granule neuronspecific single- and double-conditional knockouts of MEF2A and MEF2D demonstrate that
cerebellar-dependent motor learning is impaired following depletion of both, but not individual,
paralogous TFs. Despite strong co-expression of MEF2A and MEF2D and high amino acid
identity of their respective DNA-binding domains, genome wide profiling shows that MEF2D
appears to be the predominant genomic regulator of gene expression in granule neurons in the
mouse cerebellum. Strikingly, upon MEF2D depletion, the genomic occupancy of MEF2A
robustly increases at a distinct subpopulation of formerly bound MEF2D sites, revealing
differential compensation by MEF2A on a genome-wide level. Based on the presence or absence
of MEF2A compensatory occupancy, we respectively define MEF2 target sites as compensatory
or non-compensatory. Epigenome and transcriptome analyses reveal that sites experiencing
compensatory MEF2A occupancy undergo functional compensation for genomic activation and gene
expression. In contrast, a distinct population of sites without compensatory MEF2A activity undergo
significant dysregulation upon loss of MEF2D. The two populations of MEF2 target sites are

further stratified by relative chromatin accessibility, with compensatory MEF2A activity
concentrated within more open chromatin. Cellular context also plays a key role in specifying
MEF2A compensatory activity, as revealed by a dynamic switch from non-compensatory to
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compensatory MEF2-dependent gene regulation in the context of motor activity. Collectively,
our study defines a novel compensatory transcriptional regulatory scheme for MEF2A and
MEF2D that imparts genetic robustness during mammalian brain development and function,
providing to our knowledge the first in vivo genome-wide characterization of functional
interdependency between paralogous TFs.
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3.3

Results

MEF2A and MEF2D regulate cerebellar-dependent motor learning in a compensatory
manner
Granule neurons of the mouse cerebellum provide a uniquely robust model to study the
interplay of MEF2 family members in the mammalian brain. Whereas other neuronal subtypes
express solely one MEF2 or variable levels of three or four MEF2 family members, cerebellar
granule neurons strongly co-express MEF2A and MEF2D (Lyons et al., 1995). Importantly,
granule neurons vastly outnumber all other cells in the cerebellum, making these neurons a
suitably homogeneous cell type for in vivo studies of the neuronal epigenome (Yamada et al.,
2014, Yang et al., 2016, Frank et al., 2015).
In granule neurons of mouse cerebellum, the temporal expression of MEF2A and
MEF2D coincides with the expression of the granule neuron-enriched protein GABA(A)a6
receptor (G6R) (Lin and Bulleit, 1996). Therefore, to characterize the roles of MEF2A and
MEF2D in granule neurons, we employed a G6R promoter-driven Cre transgenic line to
conditionally knockout Mef2a (AcKO), Mef2d (DcKO), or both Mef2a and Mef2d (ADcKO)
selectively in granule neurons (Fig. 2.1A) (Funfschilling and Reichardt, 2002, Andzelm et al.,
2015, Andzelm et al., 2019). The expression of MEF2A and MEF2D proteins concurrently
increased in the mouse cerebellum as granule neurons differentiate and mature (Roussel and
Hatten, 2011, de la Torre-Ubieta and Bonni, 2011), reaching peak levels at postnatal day 15
(P15) and continuing into adulthood (Fig. 2.1B). MEF2A and MEF2D proteins were
downregulated specifically in the internal granule layer of the cerebellar cortex during the third
postnatal week in AcKO and DcKO mice, respectively (Fig. 2.1B, C). Importantly, conditional
knockout of MEF2A failed to effectively alter the levels of MEF2D RNA or protein, and
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conversely conditional knockout of MEF2D failed to effectively alter the levels of MEF2A RNA
or protein in the cerebellum (Fig. 2.1B, D).
In immunohistochemical analyses, whereas MEF2D expression was predominantly
restricted to granule neurons and Purkinje cells, MEF2A was expressed in granule neurons and
other neurons of the molecular and internal granule layers (Figure 2.1C). MEF2B was
undetectable, and MEF2C was expressed predominantly in Purkinje cells (Fig. 2.1C, E; (Mellen
et al., 2012)). These data show that MEF2A and MEF2D are robustly expressed in granule
neurons of the developing mouse cerebellum.
To determine whether MEF2A and MEF2D are required for the proper function of
granule neurons, we first subjected AcKO, DcKO, and ADcKO mice to the cerebellar-dependent
eyeblink conditioning learning paradigm (Fig. 2.2A) (Heiney et al., 2014, Valnegri et al., 2017).
During this associative task, mice learn to blink in response to an initially neutral conditioned
stimulus (blue light) after repeated pairing with an eyeblink-eliciting unconditioned stimulus
(periocular air puff). As expected, the learned eyelid blink conditioned response (CR) gradually
increased each session day in control littermate mice. Strikingly, the rate of CRs was
significantly reduced in ADcKO mice by day three of conditioning, which persisted for the
remaining session days (Fig. 2.2A). However, neither AcKO nor DcKO mice had significant
learning deficits (Fig. 2.2A). In other analyses, general motor coordination assessed by the
accelerating rotarod and DigiGait assays (Puram et al., 2011, Hurlock et al., 2009) was not
affected upon knockout of MEF2A, MEF2D, or both proteins (Supplemental Fig. 2.2B, C).
Taken together, these data reveal that MEF2A and MEF2D are required redundantly in
cerebellar-dependent learning, suggesting a potential compensatory mechanism of MEF2A and
MEF2D in granule neurons.
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Because MEF2 family members regulate neuronal survival and synapse formation and
refinement in diverse brain regions (Shalizi et al., 2006, Flavell et al., 2006, Gaudilliere et al.,
2002), we next characterized the effect of combined knockout of MEF2A and MEF2D on these
fundamental developmental events. The architecture of the cerebellar cortex was not altered in
ADcKO mice, nor was there a detectable change in neuronal survival (Fig. 2.3A). In electron
microscopy analyses, the density of granule neuron parallel fiber boutons synapses onto Purkinje
neuron dendritic spines was not significantly altered in ADcKO mice (Supplemental Fig. 2.3B).
Evaluation of granule neuron dendrites upon in vivo electroporation of granule neurons in
ADcKO mice revealed no differences in dendrite length (Fig. 2.3C).

MEF2A and MEF2D exhibit complex patterns of gene regulation in the cerebellum
Because of the redundant contribution of MEF2A and MEF2D to cerebellar dependent
motor learning, we reasoned that the two paralogous TFs may exert compensatory mechanisms
of gene regulation. To test this possibility, we first characterized the relative effects of individual
and combined conditional knockouts of MEF2A and MEF2D on gene expression in granule
neurons in vivo. We, therefore, performed RNA-sequencing (RNA-seq) in the cerebellum from
P22 mice in four biological replicates each of AcKO, DcKO, ADcKO, and respective sexmatched control littermates.
We next characterized how genetic depletion of MEF2A or MEF2D individually
contributes to gene dysregulation in the combined MEF2A and MEF2D knockout. Differential
mRNA expression analysis of ADcKO and control littermates led to identification of 130
“MEF2-repressed genes” that were significantly upregulated and 175 “MEF2-activated” genes
that were significantly downregulated in the ADcKO mouse cerebellum. Principal component
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analysis of MEF2-regulated genes showed smaller variation between control littermates for each
condition, with the majority caused by differences between the three conditional knockout
conditions (Fig. 2.4A). The MEF2-regulated genes were then organized into distinct clusters
based on their expression in AcKO, DcKO, ADcKO, and respective control littermates by
subjecting them to hierarchical clustering using the dynamic tree cut algorithm (Fig. 2.4B). This
analysis yielded two major clusters each for MEF2-repressed (C1, C2) and activated genes (C3,
C4), which respectively represent ~14.8, 27.9, 20.7, and 36.7% of MEF2-regulated genes.
Quantitative assessment of the relative behavior of single- and double-conditional knockouts on
gene expression in each cluster revealed stronger effects in DcKO and ADcKO mice relative to
AcKO and control mice (Fig. 2.4B).
Two major patterns emerged upon closer examination of clusters of significantly altered
genes between DcKO and ADcKO mice. First, the C1 and C3 clusters of differentially regulated
genes in the mouse cerebellum displayed no significant differences between DcKO and ADcKO
mice, suggesting that these groups of genes are primarily affected by depletion of MEF2D in
granule neurons of the mouse cerebellum. In contrast, the C2 and C4 clusters showed
significantly stronger dysregulation in ADcKO relative to DcKO mice (Fig. 2.4C, D), suggesting
compensatory regulation of C2 and C4 cluster genes by MEF2A and MEF2D in granule neurons.

MEF2A displays functionally compensatory binding activity at a distinct subset of MEF2Dbound genomic sites
The gene expression patterns in single- and double-conditional knockout mice suggested
shared as well as distinct roles for MEF2A and MEF2D. To better understand the underlying
basis of the relationships between these two paralogous TFs, we performed ChIP-seq of MEF2A
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and MEF2D in the cerebellum in control, AcKO, and DcKO mice. Among these three
conditions, we identified 203 MEF2A-binding sites and 1388 MEF2D-binding sites (Fig. 2.5A).
Due to the strong conservation between paralogous TFs, we validated the specificity of MEF2A
and MEF2D ChIP-seq signal in the cerebellum of AcKO and DcKO mice, respectively. De novo
motif discovery demonstrated the canonical MEF2 response element (MRE), YTAWWWTAR,
as the most significantly enriched motif at >95% of peaks (Fig. 2.5B), further strengthening the
conclusion that the identified MEF2A and MEF2D ChIP-seq sites represent high confidence
MEF2-binding sites. Analyses of promoters and enhancers, identified based on histone
modifications in ChIP-seq of the mouse cerebellum in P22 mice (Fig. 2.5A, C; (Yamada et al.,
2014)), revealed that MEF2A and MEF2D bound active intergenic enhancers at a frequency
higher than the normal genomic distribution. However, MEF2A proportionally bound promoters
to a greater extent when compared to MEF2D (Fig. 2.5C).
Strikingly, the vast majority of MEF2A peaks exclusively appeared in DcKO mice, in
which 199 sites were statistically enriched above background (Fig. 2.5A). The dynamic
upregulation of MEF2A binding activity upon depletion of MEF2D was highly consistent,
appearing in each of the four biological ChIP-seq replicates (Fig. 2.5A, D). In contrast, MEF2D
was stably present at the majority of MEF2-bound sites in the control condition, with its
occupancy mostly unaffected by conditional knockout of MEF2A. These data suggest MEF2D
may play the predominant role in regulating gene expression in granule neurons.
Because MEF2A and MEF2D both bind to the canonical MRE, we next determined the
extent of overlap between DcKO-induced MEF2A peaks and sites normally occupied by
MEF2D. Intersectional peak analysis revealed that conditional knockout of MEF2D induced a
robust increase of MEF2A mainly at sites previously bound by MEF2D (Fig. 2.6A). Specifically,
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80% of MEF2A peaks that appeared in DcKO mice were occupied by MEF2D in control
littermate mice. Heretofore, we refer to sites at which MEF2A increased in DcKO mice as
compensatory (Fig. 2.6A), whereas the subset of MEF2D sites that did not experience MEF2A
binding statistically enriched above background are termed non-compensatory (Fig. 2.6B). As an
example of a compensatory MEF2 binding site, the Inpp4b intragenic enhancer showed binding
to MEF2D in control mice, whereas MEF2A occupancy was statistically undetectable (Fig.
2.6F). However, the absence of MEF2D in DcKO mice led to significantly increased MEF2A
occupancy at the Inpp4b intragenic enhancer. In contrast, an example of a non-compensatory
binding site is a normally MEF2D-bound proximal enhancer for Gng7, at which no MEF2A
occupancy was observed in DcKO mice (Fig. 2.6G).
The finding that MEF2A displays compensatory binding at a subset of MEF2D sites
raises the question of whether the strength of MEF2D occupancy at a given site dictates the
extent of MEF2A compensatory binding. We found no correlation between MEF2A and MEF2D
signal intensity at compensatory sites, suggesting that the strength of MEF2D occupancy is not
predictive of the degree to which MEF2A binds a given site (Fig. 2.6C).
To determine whether regulation of compensatory sites depends on MEF2A and MEF2D,
we analyzed the levels of histone H3 lysine 27 acetylation (H3K27ac) at these sites upon singleor double-conditional knockout of the two TFs (Fig. 2.6D, E). As expected, because
compensatory sites were predominantly bound to MEF2D in control mice, conditional knockout
of MEF2A minimally affected H3K27ac levels at these sites (Fig. 2.6D). Conditional knockout
of MEF2D also failed to significantly alter H3K27ac levels at these sites (Fig. 2.6D, F). By
contrast, H3K27ac levels were significantly reduced at compensatory sites upon conditional
knockout of both MEF2A and MEF2D (Fig. 2.6D, F), suggesting that either MEF2A or MEF2D
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is sufficient for activation of these regulatory sites. Just as for compensatory sites, conditional
knockout of MEF2A had minimal effects on H3K27ac levels at non-compensatory sites. In
contrast, however, conditional knockout of MEF2D significantly reduced H3K27ac levels at
non-compensatory sites (Fig. 2.6E, G), suggesting that MEF2D is selectively required for
activation of non-compensatory sites. Taken together, our data suggest that the dynamically
increased occupancy of MEF2A at compensatory sites may confer on these targets a uniquely
robust ability to maintain normal activation in the presence of a single MEF2 factor.

Compensatory binding by MEF2A at a subset of MEF2-activated target genes confers
genetic robustness to MEF2D depletion
To understand how MEF2A and MEF2D occupancy regulates gene expression, we first
identified MEF2 target genes by performing an intersectional analysis of all MEF2 ChIP-seq and
MEF2 activated/repressed genes. These analyses revealed that MEF2A and MEF2D bound in the
vicinity of 49.1% of MEF2-activated genes. In contrast, only 9.2% of MEF2-repressed genes
were associated with MEF2-binding sites (Fig. 2.7A). Next, we analyzed patterns of MEF2
occupancy for each of the RNA-seq clusters, C1-C4. Remarkably, the two MEF2-activated
clusters, C3 and C4, exhibited distinct patterns of MEF2A and MEF2D target gene occupancy.
The C3 cluster was solely enriched for MEF2D-occupied non-compensatory sites, consistent
with the finding that these MEF2D-bound genes are primarily dysregulated upon depletion of
MEF2D (Fig. 2.7B). In contrast, C4 was the only cluster of genes with significant enrichment of
compensatory MEF2A and MEF2D occupancy (Fig. 2.7B). In other analyses, H3K27ac levels at
compensatory direct target gene regulatory elements were most significantly reduced in ADcKO
mice (Fig. 2.7C). At non-compensatory direct target genes, DcKO and ADcKO mice showed
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similarly reduced levels of H3K27ac (Fig 2.7C), suggesting relatively stronger sensitivity to
genetic perturbation of MEF2D. As an example of a compensatory MEF2 binding site, the
stimulus-responsive gene Tll1 also exhibited compensatory MEF2A occupancy at an intragenic
enhancer, at which H3K27ac levels were reduced most strongly in ADcKO mice. RNA-seq
coverage at Tll1 showed substantial reduction in ADcKO mice (Fig. 2.7D). In contrast, loss of
MEF2D at the intragenic enhancer of the Blc9l gene did not lead to compensatory MEF2A
binding, which was associated with significant reduction of H3K27ac levels at this regulatory
element and reduced gene expression in both DcKO and ADcKO mice (Fig. 2.7E). In summary,
compensatory binding by MEF2A at a subset of MEF2-activated target genes diminishes the
influence of MEF2D depletion on gene expression and associated regulatory element activation.

Chromatin accessibility and cellular state specify compensatory action of MEF2A
To investigate the basis for distinct MEF2A compensatory activities, we next compared
genomic features at compensatory and non-compensatory MEF2-regulated sites. Because the
MEF2 response element (MRE) directly binds both MEF2A and MEF2D, we first characterized
whether MREs at compensatory versus non-compensatory sites exhibit different levels of
degeneracy. These analyses revealed no significant difference in the distribution of MRE
degeneracy scores between compensatory and non-compensatory sites (Fig. 2.8A), suggesting
factors beyond the MRE sequence direct compensatory action of MEF2A.
In addition to binding site affinity, the chromatin environment plays a critical role in
regulating permissibility of TF binding (Spitz and Furlong, 2012). To assess the relationship of
chromatin accessibility and compensatory MEF2A activity, we compared DNaseI-sequencing
levels between compensatory and non-compensatory sites in P22 mouse cerebellum (Yamada et
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al., 2019). We found that compensatory sites displayed significantly higher chromatin
accessibility than non-compensatory sites, as measured by DNaseI-sequencing read density (Fig.
2.8B). Further examination revealed that chromatin accessibility showed a graded relationship to
compensatory occupancy by MEF2A. Sites of highest compensatory occupancy by MEF2A were
concentrated in more accessible chromatin, whereas sites in relatively less accessible chromatin
were selective for MEF2D (Fig. 2.8C, D). These data indicate that chromatin accessibility rather
than MRE affinity may restrict target selection by MEF2A to a distinct subset of formerly bound
MEF2D sites in conditional MEF2D knockout mice.
Because combinatorial TF occupancy serves as an energetically favorable mechanism to
outcompete nucleosomes for a genomic binding site (Lambert et al., 2018; Grossman et al.,
2017), we next characterized the presence of other TF binding sites that may distinguish
compensatory and non-compensatory sites. Compensatory MEF2 sites in the cerebellum showed
differential motif enrichment for AP-1 complex components compared to non-compensatory
MEF2 sites (Fig. 2.8E, F). The AP-1 motif is the binding site for the early response proteins FOS
and JUN (Eferl and Wagner, 2003, Sheng and Greenberg, 1990). Our interrogation of ChIP-seq
datasets of MEF2A and MEF2C binding in cortical neurons (Telese et al., 2015) revealed that
sites co-regulated by MEF2A and MEF2C were also significantly enriched for the AP-1 motif
when compared to sites solely regulated by MEF2C (Fig. 2.8E, F). In accordance with higher
accessibility at compensatory compared to non-compensatory sites, AP-1 is thought to increase
chromatin accessibility at enhancers via recruitment of the BAF complex (Vierbuchen et al.,
2017).
Neuronal stimuli significantly modify the chromatin landscape by increasing accessibility
at stimulus-responsive enhancers (Su et al., 2017). Importantly, MEF2 TFs play key roles in
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neuronal stimulus-dependent gene expression (Assali et al., 2019, Flavell et al., 2008, Lyons et
al., 2012). Furthermore, MEF2A and MEF2D display functional redundancy for cerebellardependent motor learning (Fig. 2.2A), a process that likely requires stimulus-dependent gene
expression to link sensory experiences to adaptive responses of the brain (Yamada et al., 2019).
We asked whether neuronal state might influence the compensatory action of MEF2A (Assali et
al., 2019, Malik et al., 2014, Ataman et al., 2016, Flavell et al., 2008). Analysis of MEF2A and
MEF2D ChIP-seq peaks at stimulus-responsive genes revealed strongly increased MEF2A
occupancy at MEF2D-bound sites upon depletion of MEF2D (Fig. 2.9A). Although expression
of stimulus responsive genes is often relatively low in the mouse cerebellum, exposure of mice to
forced locomotion in an accelerating rotarod paradigm triggers significant upregulation of
canonical immediate early genes and other stimulus-responsive genes in the cerebellum (Fig.
2.9B; (Yang et al., 2016)). Thus, we performed the accelerating rotarod paradigm followed by
qRT-PCR in ADcKO mice on several of the 113 MEF2-bound rotarod-activated genes, including
the canonical immediate early genes Fosb, Nr4a2, and Nr4a3. The expression of MEF2-bound
rotarod-activated genes was significantly reduced in the cerebellum in ADcKO mice (Fig. 2.9C),
suggesting a role for MEF2 TFs in rotarod-activated gene expression.
We next employed an unbiased characterization of MEF2A and MEF2D-dependent
changes in rotarod-activated gene expression by performing the rotarod paradigm followed by
RNA-seq in the cerebellum of AcKO, DcKO, or ADcKO mice and their respective control
littermates. Under baseline conditions, MEF2-bound rotarod-activated genes manifested similar
dysregulation in both DcKO and ADcKO mice (Fig. 2.9D), suggesting that the MEF2-target
genes were regulated in a non-compensatory manner. In contrast, following rotarod stimulation,
MEF2-bound rotarod-activated genes were robustly dysregulated in ADcKO mice compared to
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single-cKO mice (Fig. 2.9D), revealing that rotarod activity induced a switch to compensatory
MEF2-dependent regulation. As expected, control rotarod-activated genes with no MEF2
binding were minimally altered in the cerebellum in AcKO, DcKO, or ADcKO mice (Fig. 2.9D).
Together, these results reveal that motor activity-induced changes in neuronal state induce a
dynamic switch from non-compensatory to compensatory MEF2-dependent gene regulation,
demonstrating the context-dependent nature of paralogous TF interdependency.
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3.4

Discussion
In this study, using the combination of genetic manipulation and genome-wide profiling,

we unveil an interdependent mechanism of gene regulation mediated by the paralogous TFs
MEF2A and MEF2D in granule neurons of mouse cerebellum in vivo. We find that MEF2D is
the predominant genomic regulator of gene expression in granule neurons during brain
development. Strikingly, upon depletion of MEF2D, the occupancy of MEF2A is robustly
increased at a subset of sites normally bound to MEF2D, revealing differing levels of
compensation by MEF2A on a genome-wide level. Based on the presence or absence of MEF2A
occupancy upon MEF2D deletion, we define MEF2 target sites as compensatory or noncompensatory. Epigenome and transcriptome analyses reveal highly dissimilar responses to
MEF2D depletion between compensatory and non-compensatory sites. The two populations of
MEF2 target sites are further stratified by relative chromatin accessibility, with compensatory
MEF2A activity concentrated within more open chromatin. In addition, motor activity induces a
dynamic switch from non-compensatory to compensatory MEF2-dependent gene regulation,
revealing that cellular context also plays a key role in specifying MEF2A compensatory activity.
Accordingly, MEF2A and MEF2D exhibit functional redundancy for cerebellar-dependent motor
learning. Collectively, our study defines a compensatory transcriptional regulatory scheme for
paralogous MEF2 TFs that imparts robustness to genetic perturbation during mammalian brain
development and function, providing to our knowledge the first in vivo genome-wide
characterization of functional interdependency between TF family members.
Redundancy is an inherently dynamic process that involves substitution of one paralog
upon loss of the other (Macneil and Walhout, 2011). However, prior to our study, how paralogs
respond to the absence of a family member at a genome-wide level remained unknown. Our
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study unveils robust compensatory binding activity of MEF2A at sites normally bound to the
predominant genomic occupant, MEF2D. This finding suggests competitive binding may operate
among MEF2 family members, which may be a widespread phenomenon extending to some of
the >20 other TF families comprised of paralogs with highly similar DNA binding domains
(Messina et al., 2004).
In view of the high amino acid identity in the DNA-binding domains of TF paralogs,
what features may allow MEF2D to dominate occupancy at sites co-regulated by both MEF2D
and MEF2A? Paralogs may exhibit differential DNA-binding specificities (Shen et al., 2018).
Although the DNA-binding domains of MEF2A and MEF2D share >95% amino acid identity,
the few non-consensus amino acids may contribute to differential binding (Potthoff and Olson,
2007). Sampling frequency and target site occupancy is also sensitive to the local concentrations
of available TFs, as recently demonstrated for the cooperative TFs Sox2 and Oct4 in embryonic
stem cells (Chen et al., 2014). Although MEF2 proteins are expressed at variable concentrations
in neuronal cell types, these differences probably do not apply to granule neurons, which
fortuitously co-express high levels of both MEF2A and MEF2D (Lyons et al., 1995). The
disparity between MEF2A and MEF2D occupancies may arise from their highly divergent
transactivation domains. Crystal structure of a MEF2A homodimer demonstrates that the highly
divergent region beyond the DNA-binding domain may interact with the genome, possibly
conferring distinct binding activities to different MEF2 family members (Wu et al., 2010).
Beyond its potential interaction with DNA, the transactivation domain of each MEF2 family
member may undergo unique post-translational modifications or bind distinct co-factors that
stabilize binding of one paralog over the other (Shalizi et al., 2006, Shalizi and Bonni, 2005).
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Importantly, true redundancy is defined as little or no change in output following
perturbation of one factor because another one masks the effect (Macneil and Walhout, 2011,
Conant and Wagner, 2004). Surprisingly, however, the molecular consequences of paralog
occupancy have not yet been adequately explored. Integration of unbiased epigenome and
transcriptome analyses in our study reveals that increased MEF2A occupancy upon loss of
MEF2D is functionally compensatory. These findings provide a tangible explanation for a
common observation in which TF binding sites detected by ChIP appear to be nonfunctional due
to the unchanged mRNA levels of target genes following depletion of the assayed TF (Li et al.,
2008, Cao et al., 2010, Andzelm et al., 2015).
Although we have discovered the compensatory genomic features of MEF2A and
MEF2D, we also find a large number of non-compensatory MEF2D-bound sites. Following gene
duplication, TF paralogs are thought to maintain a degree of ancestral function, while also
gaining new specificities termed “neo-functionalization” (Badis et al., 2009, Macneil and
Walhout, 2011). The identification of both compensatory and non-compensatory MEF2 sites
supports the occurrence of these dual evolutionary processes for MEF2A and MEF2D. Global
analyses of paralog evolution suggest that non-compensatory sites arising from neofunctionalization of MEF2D may have emerged via evolution of co-factor interactions. TF
paralogs arising from local duplication events undergo rapid divergence of protein-protein
interactions, with older paralogs acquiring relatively more protein interactions (Guan et al., 2007,
Reece-Hoyes et al., 2013, Grove et al., 2009). As phylogenetic analysis indicates that MEF2D
arose from an earlier local duplication event, it may have developed more co-factor interactions
than MEF2A, thereby acquiring non-compensatory binding sites in granule neurons (Wu et al.,
2011).
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The chromatin environment plays a critical role in regulating permissibility of TF binding
(Spitz and Furlong, 2012). Concentration of MEF2A compensatory activity within more open
chromatin suggests that chromatin accessibility may play a key role in directing the
compensatory activity of paralogous TFs. Therefore, compensatory activity by MEF2A may be
influenced by competition with nucleosomes at formerly bound MEF2D sites. Neuronal activity
dynamically increases accessibility at enhancers of stimulus-responsive genes (Su et al., 2017).
State-dependent alterations in the chromatin environment may explain how motor activity
increases MEF2A compensatory activity at formerly non-compensatory sites. Combinatorial TF
occupancy serves as an energetically favorable mechanism to outcompete nucleosomes for a
genomic binding site (Lambert et al., 2018; Grossman et al., 2017). We show compensatory sites
are differentially enriched for AP-1 motifs. Recent evidence reveals the importance of AP-1 for
increasing chromatin accessibility via recruitment of the BAF complex (Vierbuchen et al., 2017).
Upon depletion of MEF2D, AP-1 may be sufficient to maintain adequate chromatin accessibility
for incoming MEF2A. Collectively, these data suggest a model whereby collaborative TFs
increase chromatin accessibility via recruitment of chromatin remodelers, thus allowing for
compensatory regulation by multiple MEF2 family members.
Redundant mechanisms are thought to mediate robustness for genes that are essential,
such as ETS family co-occupancy at housekeeping genes and HOX factors at developmental
patterning genes (Macneil and Walhout, 2011, Hollenhorst et al., 2007, Slattery et al., 2011).
Because stimulus-responsive genes experience compensatory redundancy by MEF2A and
MEF2D, this gene program may represent a shared feature of the MEF2 family. Interestingly,
stimulus responsive genes are common targets of MEF2 family members in multiple cell types
including cardiac myocytes, T-cells, fibroblasts and neurons (Andzelm et al., 2015, Black and
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Olson, 1998). Furthermore, as stimulus-dependent gene expression links sensory experience to
adaptive responses of the brain (West and Greenberg, 2011, Alberini and Kandel, 2014, Zovkic
et al., 2014), the identification of compensatory regulation of motor activity-induced gene
expression may explain the redundancy of MEF2A and MEF2D in cerebellar-dependent
learning.
Non-compensatory MEF2D sites may represent more specialized gene targets in granule
neurons. Consistently, in photoreceptors, MEF2D is recruited away from stimulus responsive
genes to retinal-specific genes via cooperativity with CRX, a photoreceptor-specific TF
(Andzelm et al., 2015). Thus, it will be interesting to determine whether MEF2D plays a more
specialized biological role in granule neurons.
Although we have focused on compensatory functions for MEF2A and MEF2D as well
as MEF2D-predominant roles in the regulation of transcriptional activation, MEF2 proteins also
play critical roles in transcriptional repression as revealed by studies of sumoylated MEF2
(Gregoire and Yang, 2005, Shalizi et al., 2006, Yamada et al., 2013, Shalizi et al., 2007). In
addition, in vivo knockdown and structure-function studies in rat pups during the first two
postnatal weeks suggest that sumoylated MEF2A drives the formation of postsynaptic dendritic
claw differentiation and the maturation of presynaptic sites in the rat cerebellum (Shalizi et al.,
2006, Yamada et al., 2013). The absence of major changes in transcriptomic analyses of the
cerebellum in P22 AcKO mice raises the question of whether sumoylated MEF2A operates at a
distinct developmental temporal window to repress transcription and trigger consequent
developmental effects.
Due to the diverse states a neuron undergoes during development and plasticity, the
context-dependent nature of compensation by TF family members should advance our
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understanding of brain development and function. As we learn more about the interdependency
of paralogous TFs, we should gain further insight into how paralogs respond to TF loss-offunction mutations in the context of disease (Ebert and Greenberg, 2013, Sudhof, 2017, Li et al.,
2018). Furthermore, identifying the genomic signatures of non-compensatory sites may allow us
to predict regulatory elements that might be more susceptible to gene dysregulation upon
perturbation of different TF paralogs in disease states.
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3.5

Conclusions
In this study, we define an in vivo compensatory transcriptional regulatory scheme for the

paralogous TFs MEF2A and MEF2D that imparts robustness to genetic perturbation during
mammalian brain development and function. Prior to our study, how paralogous TFs respond to
the absence of a family member at a genome-wide level had not been explored. We present the
first in vivo genome-wide assessment of functional interdependency between TF paralogs. Here,
we discover distinct populations of MEF2 target sites that experience highly disparate levels of
compensatory activity by MEF2A upon depletion of the predominant genomic regulator,
MEF2D. Our analyses reveal a graded relationship between chromatin accessibility and
compensatory occupancy by MEF2A. Sites of highest compensatory MEF2A occupancy are
concentrated in more accessible chromatin, whereas sites selective for MEF2D are in relatively
less accessible chromatin. This suggests that the chromatin accessibility landscape specifies the
extent of compensation performed by paralogous TFs. Finally, we reveal a significant influence
of neuronal state on compensatory activity at MEF2 target genes, thus providing a molecular
basis for the functionally redundant regulation of cerebellar-dependent motor learning by MEF2
TFs. In summary, our study provides a genome-scale perspective on compensatory activity
mediated by paralogous TFs, which are stratified by chromatin accessibility and dynamically
altered by cellular state. We suggest that insights gained by this assessment will be relevant to
some of the >20 other TF families comprised of paralogs with highly similar DNA binding
domains.
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3.6

Future Directions
MEF2A and MEF2D share high amino acid identity in their DNA-binding domains.

Therefore it is unexpected that one factor can be the predominant genomic occupant, MEF2D in
granule neurons and MEF2A in C2C12 (Estrella et al., 2015). As TF family member dominance
in gene regulation is seen in different cells, it is important to understand which cellular and
genetic features determine this dominance. One feature that could determine which factor is the
dominant regulator of gene expression is the level of TF expression. Here we show that both
MEF2A and MEF2D are highly expressed but a more quantitative assessment is needed. To best
understand the importance of the level of TF expression, we would start by overexpressing both
factors in varying ratios. We would then perform ChIP-seq experiments of MEF2A and MEF2D
and analyze the changes in genomic occupancy of these factors.
Another feature that could determine TF family member dominance is DNA sequence.
Paralogs have highly conserved DNA binding domains; however, subtly differences in sequence
specificity have been shown to favor binding of one family member over another (Shen et al.,
2018). However, these studies do not consider co-expression of multiple factors in the same
cells. The co-expression of MEF2A and MEFD in granule neurons offers an opportunity to
assess for subtle differences in DNA-binding specificity between highly related proteins. In order
to pursue this question, we could use CRISPR technologies to change specific amino acids
withing the MEF2A and MEF2D DNA-binding domains and assess how these changes alter the
genomic occupancy of these factors.
Similarly, differences in other protein domains could also confer specificity of genomic
occupancy. For example, MEF2A and MEF2D binding could be regulated through their highly
divergent transactivation domains. These domains may undergo unique post-translational
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modifications or bind co-factors that stabilize binding of one paralog over the other (Shalizi and
Bonni, 2005). To clarify the role of the transactivation domain in genomic occupancy, we could
swap the entire transactivation domain of one factor for the other and then assess genomic
occupancy. Furthermore, we could identify distinct interacting co-factors of MEF2A and
MEF2D by conducting comparative mass spectrometry analysis. This could be done in the
presence and absence of each factor. If unique factors were found to interact with MEF2 family
members, we could profile the genomic occupancy of those factors and assess the proximity of
co-factor binding to MEF2 TFs binding.
Additionally, further investigating interaction between and among MEF2A and MEF2D
molecules would provide a better understanding of how these factors control gene expression. A
recent study showed that non-paralogous factors Nkx2.5 and Tbx5 form heterotypic interactions
that mediate co-binding of these factors to their respective motifs or a composite motif at the
same cis-regulatory elements (Luna-Zurita et al., 2016). However, knockout of either factor
results in redistribution of the remaining partner to ectopic binding sites that also contain its
consensus motif. This scenario is likely irrelevant for paralogous TFs, as they recognize the same
consensus motif; however, homotypic hetero- and homo-dimerization may still provide
additional specification to MEF2 TF function. Therefore, it will be interesting to study the homoand hetero-dimerization of MEF2 paralog. This can be done initially by conducting ChIP-reChIP experiments to identify genomic regions that are occupied MEF2 homodimers,
heterodimers or both. Additionally, mouse models with tagged MEF2A and MEF2D proteins
could allow us to more accurately assess hetero and homo dimer binding by eliminating issues of
antibody specificity and efficiency.

67

3.7

Materials and Methods

Mice
Mice were maintained in a pathogen-free environment. All procedures involving animals were
performed according to protocols approved by the Animal Studies Committee of Washington
University School of Medicine and in accordance with both the National Institute of Health
Standings Committee on Animals as well as the National Institutes of Health guidelines. MEF2A
fl/fl, MEF2D fl/fl and GABAa(6)R-Cre have been described (Andzelm et al 2019; Andzelm et al
2015; Funfschilling and Reichardt, 2002). For all experiments, control mice are sex-matched
double floxed littermate mice without the G6R-Cre transgene.

Antibodies
Antibodies to Calbindin (Abcam ab1778), Mef2a (Santa Cruz sc-313x), Mef2c (Protein-Tech
18290-1-AP), 14-3-3 (Santa Cruz sc1675), Cre (Millipore 69050-3), histone H3K27ac (Abcam
ab4729), cleaved caspase 3 (Cell Signaling, 9661S), GFP (Abcam ab13970) were purchased.
Antibodies to Mef2a and Mef2d have been described (Flavell et al., 2008, Andzelm et al., 2015).

Immunohistochemistry
The cerebellum from mice was fixed with 4% PFA and 4% sucrose and subjected to cryosectioning on the Leica CM3050S Cryostat. Sections were blocked with blocking buffer (10%
goat serum, 3% BSA, and 0.4% Triton X in PBS). Subsequently, sections were incubated
overnight with relevant primary antibodies followed by a two-hour incubation with Alexa Fluor
conjugated secondary antibodies. Confocal images were acquired with a Zeiss LSM 880 II
Airyscan FAST Confocal Microscope or an Olympus FV1200 Confocal Microscope.
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Delay eye-blink conditioning
Delay eye-blink conditioning assay was adapted from the procedure used by Heiney et al., 2014.
Sex-matched littermate conditional MEF2A, MEF2D, MEF2A/D cKO or control mice at five to
eight weeks of age were used. Surgical procedures were performed as described (Yang et al.,
2016). Head plates were implanted and stabilized with screws using Metabond cement (Parkell)
over the Bregma skull landmark in mice anesthetized with ketamine/xylazine (100mg/kg;
10mg/kg). After five days of post-surgical recovery, head-fixed mice underwent two consecutive
days of one hour habituation sessions on a cylindrical treadmill. After training, mice underwent
experimental testing in the head-fixed eyeblink conditioning apparatus. In the paradigm, mice
gradually associate a conditioned stimulus (CS; blue LED) with an eye-blink-eliciting
unconditioned stimulus (US, 20psi periocular air puff through a 25-gauge needle; CS-US interstimulus interval, 150 msec). 100 trials of CS-US pairings were performed each day over six
consecutive days. The learned eyelid conditioned response was recorded using a high-speed
monochrome camera (Allied Vision). Fraction of eyelid closure, ranging from 0 (fully open) to 1
(fully closed), was calculated on each frame as described previously (Heiney et al., 2014).
During the inter-stimulus period, eyelid closure >0.1 was designated as a conditioned eyelid
response (CR). Our measure for motor learning was the percentage of CR-positive trials on each
session day (Percent CR).

DigiGait analysis
The DigiGait imaging platform (Mouse Specifics Inc, Quincy, MA, USA) was employed to
assess gait dynamics in sex-matched littermate five-week-old conditional knockout and control
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mice as described (Valnegri et al., 2017, Puram et al., 2011, Amende et al., 2005). During mouse
ambulation on a transparent treadmill ( 20 cm/s), digital paw prints were captured by high-speed
camera. Subsequently, gait-related variables were quantified and analyzed by software
specialized for the DigiGait imaging system.
Accelerating rotarod behavior assay
The accelerating rotarod assay was performed using sex-matched littermate five-week-old
MEF2A/D cKO and control mice. On the first day, mice underwent habituation on the rotarod
apparatus (IITC) at a constant 5 rotations per minute (rpm) for 10 min. Following habituation,
mice underwent three consecutive days of testing, with each session day consisting of 5 trials of
forced ambulation at 5 to 40 rpm over a period of 3 minutes, with a 1 minute inter-trial interval
(15 trials total). Latency to falling (sec) from the rod onto the platform below was recorded.

In vivo electroporation
In vivo electroporation of postnatal mouse pups was performed as described (Yamada et al.,
2014, Konishi et al., 2004, Kim et al., 2009, Yang et al., 2009, Chen et al., 2019). P12-P14
littermate conditional MEF2A/D knockout and control mouse pups were injected with pCAGGFP, and subjected to four electric pulses of 135mV with 950ms intervals. Electroporated pups
were returned to moms and examined in a blinded manner by immunofluorescence confocal
microscopy eight days later.

Electron microscopy
P24-P28 mice were perfusion fixed with warmed (37˚C) mammalian Ringer’s solution for 2
minutes followed by a mixture of 2.5% glutaraldehyde and 2% paraformaldehyde in 0.15 M
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cacodylate buffer containing 2mM CaCl2, pH 7.4 for 5 minutes. Mouse brains were carefully
dissected and placed into excess fixative overnight. The following day, 100 µm vibratome
sections were taken of the cerebellum. Tissue slices were then stained according the methods
described by Deerinck et. al 2010. In brief, coverslips were rinsed in cacodylate buffer 3 times
for 10 minutes each, and subjected to a secondary fixation for one hour in 2% osmium
tetroxide/1.5% potassium ferrocyanide in cacodylate buffer for one hour, rinsed in ultrapure
water 3 times for 10 minutes each, and stained in an aqueous solution of 1% thiocarbohydrazide
for one hour. After this, the coverslips were once again stained in aqueous 2% osmium tetroxide
for one hour, rinsed in ultrapure water 3 times for 10 minutes each, and stained overnight in 1%
uranyl acetate at 4˚C. The samples were then again washed in ultrapure water 3 times for 10
minutes each and en bloc stained for 30 minutes with 20 mM lead aspartate at 60˚C. After
staining was complete, coverslips were briefly washed in ultrapure water, dehydrated in a graded
acetone series (50%, 70%, 90%, 100% x2) for 10 minutes in each step, and infiltrated with
microwave assistance (Pelco BioWave Pro, Redding, CA) into Durcupan resin, and flat
embedded between two slides that had previously been coated with PTFE release agent (MillerStephenson #MS-143XD, Danbury, CT) and clamped with binder clips. Samples were cured in
an oven at 60˚C for 48 hours. Post resin curing, the slides were separated and regions containing
central vermal lobules of the cerebellum were cut out by saw and mounted onto blank resin stubs
before 70 nm thick sections were cut and placed onto silicon wafer chips. These chips were then
adhered to SEM pins with carbon adhesive tabs and large areas (~ 200 x 200 µm) were then
imaged at high resolution in a FE-SEM (Zeiss Merlin, Oberkochen, Germany) using the ATLAS
(Fibics, Ottowa, Canada) scan engine to tile large regions of interest. High-resolution tiles were
captured at 20,480 x 20,480 pixels at 10 nm/pixel with a 8 µs dwell time and line average of 2.
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The SEM was operated at 8 KeV and 900 pA using the solid-state backscatter detector. Tiles
were aligned and exported using ATLAS 5.

qRT-PCR
Reverse transcription reactions were performed with Superscript III (Invitrogen) according to
manufacturer’s protocol. Real-time PCR reactions using iTaq Universal SYBR Green Supermix
(BioRad) were performed on the LightCycler 480 II (Roche).

RNA-sequencing
For RNA-seq, total RNA was extracted from the cerebellum of sex-matched littermate mice
using Trizol (ThermoFisher) according to the manufacturer’s instructions. RNA was reversetranscribed with oligo-dT priming and the cDNA was sequenced on an Illumina HiSeq 2500
(Genome Technology Access Center at Washington University). Four biological replicates were
sequenced in all experiments.

Chromatin immunoprecipitation
ChIP-seq assays were performed with P22 mouse cerebella as described with modifications
(Andzelm et al., 2015). For MEF2A and MEF2D ChIP-seq, prior to immunoprecipitation, the
respective antibody was coupled with Dynabeads protein A (ThermoFisher). For histone
H3K27ac ChIP-seq, prior to immunoprecipitation, the antibody was coupled to Dynabeads
protein G (ThermoFisher). Following immunoprecipitation, MEF2 ChIP library prep and
sequencing was performed at the Genome Technology Access Center at Washington University
as described (Yang et al., 2016). H3K27ac ChIP libraries were prepared with Accel-NGS 2S
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Plus DNA Library Kit (Swift Biosciences) and sequenced on the Illumina NextSeq 500 platform
at the Center for Genomic Sciences (Washington University in St. Louis School of Medicine).
Three to four biological ChIP replicates were sequenced in all experiments.

Rotarod activation paradigm
Five- to eight-week-old sex-matched littermate AcKO, DcKO, ADcKO and control mice were
trained on an accelerating rotarod on the first day for 30 min (6 trials for each of the following
speeds: 5-10rpm, 5-15rpm, 5-20rpm; trial duration: 90s; inter-trial interval: 10s; ramp speed:
90s). On the second day, mice were placed on the rotarod for 1 hour (36 trials of 5-20rpm; trial
duration: 90s; inter-trial interval 10s; ramp speed: 90s), immediately followed by extraction of
total RNA from cerebellum using Trizol (Thermo Fisher Scientific) according to the
manufacturer’s instructions. ~100 ng of RNA was treated with NEBNext rRNA Depletion Kit
and libraries prepared with NEBNext Ultra II Directional RNA Library Prep Kit for Illumina
(New England Biolabs) and sequenced on the Illumina NextSeq 500 platform at the Center for
Genomic Sciences (Washington University in St. Louis School of Medicine) to obtain 75bp
single-end reads. Four biological replicates were performed in all experiments.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis
Statistical analysis for each experiment is detailed in the figure legends. For analysis of genomic
distribution, the distribution of enhancers and promoters bound by MEF2A and MEF2D were
compared to the genomic distribution of all enhancers and promoters. Statistical significance was
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evaluated using a two-tailed Chi-squared test. Box-whisker plots display median value with
whiskers representing the 5th and 95th percentile. Significance testing for box-whisker plots were
performed using two-tailed unpaired t-test or ANOVA with Tukey multiple comparison test,
when appropriate. MEF2-bound genes were defined as the single nearest gene based on distance
to a MEF2 ChIP-seq peak. Significance for overlap of RNA-seq clusters with MEF2A and
MEF2D peaks identified in various ChIP-seq conditions was evaluated by hypergeometric test
followed by Bonferroni multiple comparison. For behavioral experiments, independent t-test and
repeated measures ANOVA followed by Sidak’s multiple comparison correction were used
when appropriate. Threshold for calling statistical significance for all analyses mentioned above
was p < 0.05. Statistical analyses were performed using Graphpad PRISM 6.0.

ChIP-seq alignment and peak calling
Single-end reads of 50 or 75 base pairs were obtained for all datasets. Samples were sequenced
to a minimum depth of 18.5 million reads and aligned to the mm10 genome using Bowtie2 with
default parameters for Galaxy platform. Reads were then filtered for a map quality score greater
than 10 (mapQuality >10). Peaks were called using MACS2 on pooled data. Blacklist regions
were subsequently removed prior to downstream analysis and visualization of ChIP-seq data.

Motif Analysis
MEME suite was used to perform de novo motif discovery for MEF2A and MEF2D peaks, with
similarly sized flanking regions of MEF2A and MEF2D peaks serving as genomic background.
MRE degeneracy was determined by scanning MEF2A and MEF2D peaks for a consensus MRE
using FIMO software. Identification of motifs relatively enriched in compensatory sites
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compared to non-compensatory sites was performed using AME software, in which
compensatory sites served as the experimental dataset and non-compensatory sites as the control
dataset.

RNA-seq analysis
Differential mRNA-seq analysis was performed for RNA extracted from the cerebellum of P22
AcKO, DcKO, ADcKO, and control mice. Reduction of potential line-specific differences
between conditional knockout lines was performed by overlapping genes identified by two types
of differential mRNA analyses, one in which conditional knockout mice were compared to
respective control littermates and another in which they were compared to controls from all
conditional lines.

DNaseI-seq analysis
DNaseI-seq peaks were called using MACS2 at a q-value of less than 0.01 (-q 0.01) without
model building (--nomodel), an extension of 200bp (--extsize 200), and a shift of -100bp (--shift
-100). DNaseI-hypersensitivity performed in two biological replicates of cerebellum harvested
from p22 mouse in Yamada et al 2019 (Yamada et al., 2019).

75

3.8

Declarations

Ethics approval
Mice were maintained in a pathogen-free environment. All procedures involving animals were
performed according to protocols approved by the Animal Studies Committee of Washington
University School of Medicine and in accordance with both the National Institute of Health
Standings Committee on Animals as well as the National Institutes of Health guidelines.

Availability of data and materials
The datasets generated and/or analyzed during the current study are available in the Box
repository, https://wustl.box.com/s/lyzp9e7rxoz23zysw8mfhg4todm4xnm3.

Publicly available data on which conclusions of the paper rely are included below:

Telese F, Ma Q, Perez PM, Notani D et al. LRP8-Reelin-Regulated Neuronal Enhancer
Signature Underlying Learning and Memory Formation. Gene Expression Omnibus (GEO).
2015. https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE66710

Yamada T, Yang Y, Hemberg M, Yoshida T, Cho HY, Murphy JP, Fioravante D, Regehr WG,
Gygi SP, Georgopoulos K, Bonni A. Promoter decommissioning by the NuRD chromatin
remodeling complex triggers synaptic connectivity in the mammalian brain. Gene Expression
Omnibus (GEO). 2014. https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE57758
Yamada T, Yang Y, Valnegri P, Juric I, Abnousi A, Markwalter KH, Guthrie AN, Godec A,
Oldenborg A, Hu M, Holy TE, Bonni A. Sensory experience remodels genome architecture in
76

neural circuit to drive motor learning. Gene Expression Omnibus (GEO). 2019.
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE127995

Acknowledgements
We thank members of the Bonni and Gabel laboratories for helpful discussions and critical
reading of the manuscript, James Fitzpatrick and Matthew Joens of the Washington University
Center for Cellular Imaging (WUCCI) and Krikor Dikranian for their insights in imaging
analyses, and the Genome Technology Access Center (GTAC) and Center for Genomic Sciences
(CGS) at Washington University in St. Louis for sequencing analyses. This work was supported
by NIH grant NS041021 (A.B), the Mathers Foundations (A.B.), and NIH grant R37 NS028829
(M.E.G).

77

3.8

Figure

Fig. 3.1 Conditional knockout of MEF2A and/or MEF2D in cerebellar granule neurons.
A. Schematic depiction of single- and double-conditional knockouts of MEF2A and MEF2D in
cerebellar granule neurons in mice. Transgenic mice expressing the recombinase Cre
downstream of the granule neuron-enriched GABA(A)a6-receptor (G6R) gene promoter are
crossed to mice harboring conditional alleles for Mef2a, Mef2d, or both Mef2a and Mef2d to
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generate Mef2afl/fl;G6RCre+/- (AcKO); Mef2dfl/fl;G6RCre+/- (DcKO); Mef2a/dfl/fl;G6RCre+/(ADcKO), respectively. For all experiments, control mice are double floxed sex-matched
littermates without the G6R-Cre transgene.
B. Immunoblot analysis with antibodies recognizing MEF2A, MEF2D, Cre, and 14-3-3, the
latter as loading control. Postnatal developmental expression and conditional knockout of
MEF2A (top left) and MEF2D (bottom left) in lysates of the cerebellum harvested from
postnatal day 3 through 56 (P3-P56) AcKO (top) and DcKO (bottom) mice, respectively.
MEF2A and MEF2D proteins showed similar temporal profiles of expression in the
developing and adult mouse cerebellum. Downregulation of MEF2A and MEF2D peaked by
P22 in AcKO and DcKO mice, respectively. Immunoblotting analysis was also performed for
MEF2D in P22 AcKO mice (top right) and MEF2A in P22 DcKO mice (bottom right).
Conditional knockout of MEF2A failed to effectively alter the levels of MEF2D protein, and
conversely conditional knockout of MEF2D failed to effectively alter the levels of MEF2A
protein in the cerebellum.
C. Sagittal sections of P22 cerebellum from different MEF2 conditional knockout mouse lines
were subjected to immunohistochemistry using antibodies recognizing Calbindin (first
column), which labels Purkinje cells that outline the internal granule layer, and brainenriched MEF2 family members (second column), as well as the DNA dye Bisbenzimide
(Hoechst) (third column). Immunohistochemical analyses using the MEF2A antibody was
performed on control (top row) and AcKO (second row) mouse cerebellum, the MEF2D
antibody on control (third row) and DcKO (fourth row) mouse cerebellum, and the MEF2C
antibody on control (fifth row) mouse cerebellum. MEF2A and MEF2D protein expression
was co-localized in the internal granule layer of control cerebellum and selectively depleted
in granule neurons of AcKO and DcKO mice, respectively. MEF2C expression was restricted
to Purkinje cells. Scale bar: 100m, 20X magnification.
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D. qRT-PCR of Mef2a and Mef2d in AcKO, DcKO, and respective control P22 mouse
cerebellum. For each mRNA species, each cKO condition is normalized to Gapdh and its
respective control.
E. Analysis of cell type-specific Mef2 mRNA expression obtained from TRAP-seq (Mellen et
al., 2012) on granule cells, Purkinje cells, and Bergmann glia from the cerebellar cortex. Heat
represents z-score of log2 cpm.
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Figure 3.2 MEF2A and MEF2D regulate cerebellar-dependent motor learning in a
compensatory manner, but are not required for gross motor coordination.
A. Cerebellar-dependent eyeblink conditioning learning paradigm was performed on AcKO and
control (n=6 per genotype), DcKO and control (n=7 and n=8, respectively), and ADcKO and
control (n=11 and n=9, respectively) mice. Percent conditioned response (CR) is shown as
mean  s.e.m. for each session day. ADcKO mice displayed impaired learning, exhibiting
significantly reduced rate of CR by day three of conditioning that persisted for the remaining
session days. However, neither AcKO nor DcKO mice had significant learning deficits.
****p<10-4, **p<10-2 repeated measures ANOVA, Sidak’s multiple comparison test.
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B. Accelerating rotarod of ADcKO (n= 9) and respective control (n=10) mice performed over
three consecutive days for five trials each. Latency to fall in seconds was recorded.
C.

Analysis of gait dynamics by Digigait Assay did not reveal deficits in sex-matched ADcKO
(n=4) relative to control (n=5) littermates on stride-related variables for both the forelimbs
and hindlimbs. Two-way ANOVA with Sidak’s multiple comparison test.
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Fig. 3.3 Conditional knockout of MEF2A and MEF2D does not result in granule neuron
apoptosis or deficits of pre- or post-synaptic differentiation
A. Representative images of immunohistochemistical analyses performed with antibodies for
cleaved caspase 3 (CC3) and the DNA dye Bisbenzimide (Hoechst) in the cerebellar cortex
from control and ADcKO sex-matched littermates. Because few cerebellar cells are normally
CC3-positive, for positive control we induced apoptosis in the mouse frontal cortex using
two consecutive subcutaneous injections, two hours apart, of 20% ethanol 2.5g/kg into P7
mice and saline as negative control. Magnification 10X (left) and 20X (right).
B. Electron Microscopy analysis of synapses between cerebellar granule neuron parallel fibers
with Purkinje cell dendritic spines in the cerebellar cortex of ADcKO (n=5 mice) and control
(n=6 mice) sex-matched littermates.
C. In vivo electroporation of GFP expression plasmid into the cerebellar cortex of ADcKO
(n=4) and control (5) sex-matched littermate mice labels developing granule neurons. Eight
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days post-electroporation, immunohistochemical analyses were performed using a GFP
antibody (top). Number (No.) of primary dendrites (middle) and dendrite length (bottom)
analyzed in GFP-positive granule neurons. * p<10-1, Mann Whitney test. n.s., not significant.
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Fig. 3.4 MEF2A and MEF2D exhibit complex patterns of gene regulation in cerebellum.
A. Principal component (PC) analysis of RNA-seq samples, including four replicates each of
AcKO (red), DcKO (green), ADcKO (blue), and respective sex-match littermate control mice
(black).
B. Hierarchical clustering of gene expression of AcKO, DcKO, ADcKO, and respective control
(Ctrl) P22 mouse cerebellum for genes detected as significantly dysregulated (false discovery
rate, FDR < 0.05) in analysis of RNA-seq from Ctrl and ADcKO cerebellum (n=4 biological
replicates per genotype). Four clusters are indicated on the left side of the heat map. Heat
represents z-score of log2 cpm for a given gene.
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C. Box-whisker plots representing median and distribution of the z-score of log2 cpm for
control, AcKO, DcKO, and ADcKO mice show distinct trends in gene expression for each of
the four clusters (C1-C4) of genes identified in Figure 2.4B, providing quantitative
assessment of the relative effects of single- and double-conditional knockouts on gene
expression for each cluster. C1 and C2 represent MEF2-repressed genes, while C3 and C4
represent MEF2-activated genes. One major trend, represented by C1 and C3, showed no
significant difference in gene expression between DcKO and ADcKO mice. In contrast, C2
and C4 followed a different trend, in which gene expression in ADcKO mice was more
significantly altered compared to DcKO mice. Horizontal line inside box represents the
median. Whiskers represent the 5th and 95th percentile; ****p<10-4, ***p<10-3, one-way
ANOVA, Tukey’s multiple comparison test; n.s., not significant.
D. WashU Epigenome browser view of RNA-seq coverage from AcKO, DcKO, ADcKO, and
respective control (Ctrl) mice, illustrating changes in gene expression for each of the four
clusters (C1-C4).
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Fig. 3.5 Genomic distribution and enriched motifs of MEF2A and MEF2D-bound sites.
A. Aggregate plot and heat map of ChIP-seq signal for MEF2A (red, n=203) and MEF2D
(green, n = 1388) genomic binding sites in Ctrl, AcKO, and DcKO P22 mouse cerebellum.
Each MEF2 binding site is represented as a single horizontal line centered at the midpoint of
each ChIP peak with flanking 2kb. ChIP-seq signal for H3K27ac and H3K4me3 (purple)
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from P22 mouse cerebellum centered on each MEF2 genomic binding site with flanking 2.5
kb. ChIP-seq antibody specificity was validated by performing MEF2A and MEF2D ChIPseq in AcKO and DcKO mice, respectively. Upon depletion of MEF2D in DcKO mice,
MEF2A showed a striking increase in genomic occupancy. In contrast, MEF2D occupancy
appeared relatively unchanged in AcKO mice.
B. Significantly enriched de novo binding motifs at MEF2A and MEF2D peaks. To the right of
each position weighted matrix is the E-value followed by the most significant match to a TF
motif in a database (see Methods). Canonical MEF2 response element (MRE),
YTAWWWTAR, was the most significantly enriched motif at >95% of peaks.
C. Pie charts displaying regulatory element distribution of peak regions for MEF2A (left) and
MEF2D (middle) as well as genomic background (right). Pro = promoter; Enh = enhancer.
MEF2A and MEF2D both bind active intergenic enhancers at a frequency higher than the
normal genomic distribution.
D. Aggregate plot and heatmap of ChIP-seq signal for four pairs of biological replicates for
MEF2A in control (Ctrl) and DcKO (red, top) and three biological replicates of MEF2D in
control (Ctrl) and AcKO (green, bottom) P22 mouse cerebellum.
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Fig. 3.6 MEF2A displays functionally compensatory binding at a distinct subset of MEF2Dbound genomic sites.
A. Conditional knockout of MEF2D robustly increased MEF2A mainly at a subset of sites
previously bound by MEF2D. MEF2D sites experiencing increased MEF2A occupancy in
DcKO mouse cerebellum are termed “compensatory.” Aggregate plots are shown for
MEF2A and MEF2D ChIP-seq performed in different control (Ctrl) or cKO mice. A
schematic depicts outcome based on the ChIP-seq peak signal detected in each condition.
B. “Non-compensatory” sites, defined as control MEF2D sites without increased MEF2A
binding in DcKO mouse cerebellum, are shown. Aggregate plots are shown for MEF2A and
MEF2D ChIP-seq performed in different control (Ctrl) or cKO mice. A schematic depicts
outcome based on the ChIP-seq peak signal detected in each condition.
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C. Heat map of ChIP-seq signal for MEF2A (left) and MEF2D (right) at compensatory sites.
Sites are the same in both heat maps and sorted in descending order based on MEF2A ChIPseq signal. Scatterplot of MEF2A and MEF2D ChIP-seq signal (RPKM) at compensatory
sites. Coefficient of determination using Pearson correlation. Within compensatory sites,
there is no correlation between MEF2A and MEF2D signal intensity.
D. For compensatory genomic-binding sites, box-whisker plots show median and distribution
for log2 transformed fold-change of H3K27ac in AcKO, DcKO, and ADcKO over respective
control mice. H3K27ac levels were significantly reduced at compensatory sites in ADcKO
mice, whereas they were not altered significantly in AcKO or DcKO mice. Horizontal line
inside box represents the median. Whiskers represent the 5th and 95th percentile; **** p<10-4,
ANOVA followed by Tukey’s multiple comparison test. n.s., not significant.
E. For non-compensatory genomic-binding sites: box-whisker plots of log2 transformed foldchange of H3K27ac in AcKO, DcKO, and ADcKO over respective controls. Horizontal line
inside box represents the median. Whiskers represent the 5th and 95th percentile; **** p<10-4,
ANOVA followed by Tukey’s multiple comparison test.
F. WashU Epigenome Browser view of a compensatory site (highlighted), showing MEF2A,
MEF2D, and H3K27ac ChIP-seq coverage from AcKO, DcKO, ADcKO and respective
control (Ctrl) mice, illustrates that ADcKO has the strongest effects on H3K27ac at genomic
site experiencing compensatory MEF2A occupancy in DcKO.
G. Same format as Figure 2.6F for non-compensatory sites, illustrating that DcKO and ADcKO
have similar effects on H3K27ac at genomic sites without compensatory occupancy by
MEF2A in DcKO, in contrast to example in Figure 3I.
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Fig. 3.7 Compensatory binding by MEF2A at a subset of MEF2-activated target genes
confers genetic robustness to MEF2D depletion
A. Pie chart representing proportion of MEF2-repressed (top) and MEF2-activated (bottom)
genes associated with MEF2A and/or MEF2D genomic binding sites.
B. Table represents significance of overlap of RNA-seq clusters with MEF2A and MEF2D
peaks identified in various ChIP-seq conditions. Columns from left to right: MEF2A ChIP in
control mice; MEF2A ChIP in DcKO mice (compensatory sites); MEF2D ChIP in control
mice; MEF2D ChIP in AcKO mice. Rows from top to bottom represent RNA-seq Clusters 1,
2, 3, and 4 (C1, C2, C3, C4), as depicted by a schematic of the trends in gene expression
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(schematization of Fig. 2.4C): control (Black circle), AcKO (Red circle), DcKO (Green
circle) and AD cKO (Blue circle) mice. Heat represents –log10 p-value significance of
overlap determined by hypergeometric test, with significant values displayed.
C. For compensatory direct target genes (defined as genes from compensatory C4 Cluster
associated with MEF2-bound sites): Box-whisker plots show median and distribution of log2
transformed fold-change of H3K27ac in different conditional knockout mice over respective
control mice. Horizontal line inside box represents the median. Whiskers represent the 5th
and 95th percentile; ***p<10-3, ANOVA followed by Tukey’s multiple comparison test. For
non-compensatory direct target MEF2-activated genes (defined as genes from noncompensatory C3 Cluster associated with MEF2-bound sites): Box-whisker plots of log2
transformed fold-change of H3K27ac in different cKO conditions over respective controls.
Horizontal line inside box represents the median. Whiskers represent the 5th and 95th
percentile; **p<10-2, ANOVA followed by Tukey’s multiple comparison test. n.s. not
significant.
D. WashU Epigenome Browser view of an intragenic enhancer site (highlighted) of a
compensatory direct target gene, showing MEF2A, MEF2D, and H3K27ac ChIP-seq and
RNA-seq coverage from AcKO, DcKO, ADcKO and respective control (Ctrl) mice. ADcKO
has the strongest effects on H3K27ac and RNA levels at this gene.
E. Same format as Figure 2.7D for intragenic enhancer site (highlighted) at non-compensatory
direct target gene, illustrating that DcKO and ADcKO have similar effects on H3K27ac and
RNA levels at genes without compensatory occupancy by MEF2A in DcKO, in contrast to
example in Figure 2.7D.
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Fig. 3.8 Relative chromatin accessibility, rather than binding site affinity, distinguish
compensatory and non-compensatory MEF2-regulated sites
A. Box-whisker plots show no significant difference between compensatory and noncompensatory sites in MRE degeneracy scores relative to a consensus MRE. Horizontal line
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inside box represents the median. Whiskers represent the 5th and 95th percentile. n.s., not
significant (see Methods for details).
B. Box-whisker plots show significant difference in chromatin accessibility between
compensatory and non-compensatory MEF2-bound sites, as measured by DNaseI-sequencing
at MEF2 peak regions. Horizontal line inside box represents the median. Whiskers represent
the 5th and 95th percentile. Two-sided unpaired t-test, **** p<10-4.
C. Plots represent bins of MEF2 sites sorted by increasing MEF2A peak read density in DcKO
mice. Relative distribution of compensatory (light gray) and non-compensatory (black)
MEF2 sites are shown as percentage (%) of regions comprising each bin. Bins of higher
MEF2A density in DcKO mice are comprised primarily of compensatory sites.
D. Box-whisker plots of DNaseI-sequencing read density for bins of increasing MEF2A density
in DcKO mice (classified in Figure 2.8C). Chromatin accessibility increases with higher
levels of compensatory MEF2A read density. ANOVA followed by Tukey’s multiple
comparison test. **p<10-2, n.s., not significant.
E. (Top) Relative motif enrichment for compensatory sites relative to non-compensatory sites
primarily identifies binding sites for multiple components of the TF AP-1, which alongside
the composite motif, are individually listed as predicted binding factor, followed in
parentheses by number of significant motif occurrences and the top q-value representing
significance of relative enrichment. (Bottom) Cortical neuron MEF2A and MEF2C genomicbinding (Telese et al., 2015) analyzed with similar strategy. Relative motif enrichment for
MEF2A genomic binding sites, some of which co-bound by MEF2C, compared to MEF2Conly sites was performed and also yielded motifs for AP-1 components (see Methods for
details).
F. All significant motifs identified by AME analysis for compensatory sites relative to noncompensatory sites shown as position weight matrix (left). Same number of top significant
motifs shown for MEF2A and MEF2C co-regulated sites (right) (Telese et al., 2015).
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Following position weight matrix is the predicted binding factor(s), followed by q-value
representing significance of relative enrichment (see Methods for details). The vast majority
of identified motifs for both analyses are AP-1 components.
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Fig. 3.9 Motor-activity induced changes in neuronal state result in a dynamic switch to
compensatory regulation by MEF2A
A. ChIP-seq signal of MEF2A (red, left) and MEF2D (green, right) at stimulus responsive genes
listed in the “Response to Stimulus” Gene Ontology term (GO 0050896), shows an increase
in MEF2A occupancy at MEF2D-bound sites upon depletion of MEF2D.
B. Schematic depicting accelerating rotarod paradigm, in which mice undergo forced
locomotion on a rotating cylinder to significantly induce expression of stimulus-responsive
genes (Yang et al., 2016, Yamada et al., 2019), here termed “rotarod-activated” genes.
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C. Rotarod paradigm performed for control and ADcKO mice followed by quantitative reverse
transcription PCR (qRT-PCR) on cerebellar RNA for select rotarod-activated genes
experiencing compensatory MEF2A binding. ****p<10-4, ***p<10-3, **p<10-2, *p<10-4,
Two-way repeated measures ANOVA, Sidak’s multiple comparison test.
D. Total RNA-seq analysis of rotarod-activated gene expression in the cerebellum of AcKO,
DcKO, ADcKO, and respective control mice subjected to the rotarod paradigm. Box-whisker
plots of log2-transformed fold-change (FC) of gene expression in AcKO, DcKO, and ADcKO
over respective control mice for MEF2-occupied rotarod activated genes at baseline (left) and
after rotarod stimulation (middle), as well as unoccupied rotarod-activated genes after rotarod
stimulation (right). Under baseline conditions, rotarod-activated MEF2-bound genes
appeared to be regulated in a non-compensatory manner; however, after rotarod stimulation,
they switched to being regulated in a compensatory manner. As expected, conditional
knockout of MEF2A, MEF2D, or both TFs failed to alter expression of rotarod-activated
genes that were not direct targets of MEF2. Horizontal line inside box represents the median.
Whiskers represent the 5th and 95th percentile; **** p<10-4, ANOVA followed by Tukey’s
multiple comparison test. n.s., not significant.
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