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Role of Tetl/3 Genes and Chromatin Remodeling Genes in
Cerebellar Circuit Formation

Xiaodong Zhul, David Girardo?, Eve-Ellen Govek?!, Keisha John!, Marian Mellén3, Pablo
Tamayo?, Jill P. Mesirov2, and Mary E Hattenl."
1L aboratory of Developmental Neurobiology, The Rockefeller University, New York, NY 10065

2Broad Institute of MIT and Harvard, Cambridge, MA 02142
3Laboratory of Molecular Biology, The Rockefeller University, New York, NY 10065

Summary

Although mechanisms underlying early steps in cerebellar development are known, evidence is
lacking on genetic and epigenetic changes during the establishment of the synaptic circuitry.
Using metagene analysis, we report pivotal changes in multiple reactomes of epigenetic pathway
genes in cerebellar granule cells (GCs) during circuit formation. During this stage, Tet genes are
up-regulated and vitamin C activation of Tet enzymes increases the levels of 5-
hydroxymethylcytosine (5hmC) at exon start sites of up-regulated genes, notably axon guidance
genes and ion channel genes. Knockdown of Tetl and Tet3 by RNA interference in ex vivo
cerebellar slice cultures inhibits dendritic arborization of developing GCs, a critical step in circuit
formation. These findings demonstrate a role for Tet genes and chromatin remodeling genes in the
formation of cerebellar circuitry.

Introduction

The cerebellar cortex is a key model for cortical histogenesis as it consists of only two
principle neurons, the granule cell (GC) and Purkinje cell (PC), and as the development and
physiology of the cerebellar circuitry are well established (Ito, 1984; Palay SL, 1974;
Sillitoe and Joyner, 2007) (Figure S1A). While classical studies have revealed critical roles
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for morphogens (Alder et al., 1999; Chi et al., 2003; Lee and Jessell, 1999; McMahon and
Bradley, 1990) and transcription factors (TFs) (Ben-Arie et al., 1997; Liu et al., 1999;
Sillitoe and Joyner, 2007; Wang and Zoghbi, 2001) in establishing the cerebellar territory
and specifying cerebellar neurons during development, evidence is lacking on the genetic
and epigenetic mechanisms that control formation of the cerebellar circuitry.

The translating ribosome affinity purification (TRAP) method (Doyle et al., 2008; Heiman
et al., 2008), which profiles mRNAs in specific cell types that are transcriptionally active,
provides a powerful approach for analyzing global gene expression patterns in CNS neurons.
In addition to revealing genome-wide features of the transcriptome of identified CNS cell
types, this approach has also offered insight into epigenetic regulatory mechanisms. The
critical importance of epigenetic, chromatin remodeling through processes that include
histone modifications and DNA methylation and demethylation is underscored by recent
studies showing a linkage between disruption of these processes and human disease,
including cancers of the CNS (Robertson, 2005; Wang et al., 2007a). Epigenetic
modifications to DNA, especially 5-methylcytosine (5mC) by DNA methyltransferases has
been studied extensively (Smith and Meissner, 2013). The recent discovery that 5mC can be
converted to 5hmC by the ten-eleven translocation (Tet) family of dioxygenases (lto et al.,
2010; Tahiliani et al., 2009) and that 5hmC is relatively abundant in mammalian brain
(Kriaucionis and Heintz, 2009; Szulwach et al., 2011; Tahiliani et al., 2009) as well as that
5hmC distribution correlates with cell-type specific gene expression in CNS neurons
(Mellen et al., 2012), suggests that the Tet-mediated generation of 5hmC has an important
role in the epigenetic control of CNS neuronal differentiation.

In the present study, we used TRAP methodology to analyze global gene expression
patterns, including the expression of genes involved in epigenetic regulatory pathways of
developing cerebellar GCs. To assess the similarities and differences between global
transcription profiles over a series of developmental stages and to compare them with
differentiated ES cells, we used a metagene projection methodology (Brunet et al., 2004;
Tamayo et al., 2007). This approach allows us to find the most salient patterns of gene
expression over time and identify the corresponding key biological features in an unbiased
manner. Using this methodology, we show that there are pivotal changes in a broad range of
chromatin remodeling genes during the developmental stage when the cerebellar circuitry
forms. To analyze DNA cytosine modification in developing GCs, we quantitated genome-
wide 5ShmC distribution. To test the function of Tet genes in cerebellar GC development, we
then used an ES cell model and functional assays in developing cerebellar cortex. Activation
of Tet enzymes in GCs treated with vitamin C resulted in elevated 5hmC levels at exon start
sites of up-regulated genes, notably axon guidance genes and ion channel genes; knockdown
of Tetl and Tet3 resulted in a failure of granule cell dendritic arborization, which is a critical
step in circuit formation. These studies suggest a role for Tet genes and chromatin
remodeling genes during the formation of CNS synaptic circuitry.
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Profiling Granule Cell Gene Expression Using TRAP Methodology and Metagene Analysis

To provide a comparative analysis of genome-wide gene expression at key developmental
stages, we used TRAP methodology (Doyle et al., 2008; Heiman et al., 2008), which
combines CNS cell type-specific transgene expression of affinity-tagged enhanced GFP
(EGFP) fused to the large ribosomal subunit protein L10a to purify ribosomes and the
MRNAs they are translating. As NeuroD1 is a specific marker for postmitotic GCs, we
purified mRNA from postmitotic GCs from Tg(NeuroD1-Egfp-L10a) mouse cerebellar
tissue at PO, when NeuroD1+ GCs begin to exit the cell cycle; at P7, the peak of GC glial-
guided migration from the external granule cell layer (EGL) to the internal granule cell layer
(IGL); at P12-P21, the period when the cerebellar circuitry forms (Hansel et al., 2001;
Kalinovsky et al., 2011; Sotelo, 2004) and coordinated motor behavior develops (Ito, 1972);
and at P56, when the cerebellum is mature in the adult mouse (Figure 1A, B).

To generate a time series model of gene expression for developing cerebellar GCs, we used
metagene projection to identify the most salient features of transcriptional behavior of
cerebellar GCs at key developmental stages. This was done by factoring the matrix of
Affymetrix microarray profiles of GC samples (genes by time points) (Figure S1B-D) into
the product of two matrices, (genes by metagenes) times (metagenes by time points), which
approximates the input data array (Brunet et al., 2004; Tamayo et al., 2007). Biological
annotations for each metagene were derived by first projecting the original expression data
set into a space of pathways and biological processes from the Molecular Signatures
Database (MSigDB, www.broadinstitute.org/gsea/msigdb) (Subramanian et al., 2005), using
a single sample version of Gene Set Enrichment Analysis (Barbie et al., 2009) and finding
those that are most similar to the metagene's profile (See Supplemental Experimental
Procedures). For additional annotation, we formed a set of the genes that most highly
contribute to each metagene (i.e., with highest values in the corresponding column of the
first matrix) and computed the significance of their overlap with gene sets in curated
databases such as MSigDB and DAVID (Huang da et al., 2009). Seven metagenes (C1_7-
C7_7, Figure 1C) were identified. Metagene 7 was of special interest, because it revealed
genes that were up regulated during the time when the cerebellar circuitry forms (P12-P21).

Temporal Regulation of Epigenetic Pathway Genes during the Formation of Cerebellar

Circuitry

Pivotal changes occurred in reactomes for the major classes of epigenetic pathway genes,
represented in multiple metagenes, during the period of circuit formation (Figure 1D). These
reactomes included genes that encode proteins that regulate chromatin remodeling (Figure
2A, S2A), histone modification (Figure 2B-D, S2B), and DNA methylation and
demethylation (Figure 1D, S2C) (Robertson, 2005; Wang et al., 20073, b). Especially
dramatic, was the discovery of serial changes in groups representing ATP-dependent
chromatin remodeling genes, histone methylation and acetylation genes, and DNA
methylation and demethylation genes, including the Tet genes, which generate 5hmC
epigenetic marks (Ito et al., 2010; Tahiliani et al., 2009) (Figure 1D, S2D). The expression
of genes related to DNA methylation (DNA methyltransferases) and histone
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acetyltransferases (HATS) peaked first, preceding that of Tet enzymes and histone
deacetylases (HDACs) (Figure 1D, 2A-D, S2D). We examined these in more detail (see
below). During the same time window, axon guidance genes and ion channel genes, as well
as genes that are required for axon and dendrite outgrowth and synapse formation, were also
up-regulated (Figure 1E, S3).

Among chromatin remodeling reactomes, pivotal changes occurred in the expression levels
of ATP-dependent chromatin remodeling complexes, genes that function in the balance
between proliferation and differentiation (de la Serna et al., 2006) when GCs undergo
terminal differentiation, and centromere proteins (Figure 2A). Among these were Smarc
genes, which belong to the SWI/SNF and ISWI family (Wang et al., 2007b) and Cenp genes,
which assemble on centromeric DNA to epigenetically control chromosome segregation
during mitosis (Westhorpe and Straight, 2013). All of these genes were down regulated after
P12, when post-migratory GCs form connections with ingrowing afferent axons. These
findings are consistent with recent studies showing an important role for Smarca5 (Shf2h) in
the early development of the cerebellum (Alvarez-Saavedra et al., 2014), where a
conditional ablation of Smarca5 affected PC dendritic arborization during cerebellar
development, and with the finding that a conditional loss of Smarca4 or Smarcbl in GCs
impairs neurogenesis and cerebellar development, resulting in mice with severe ataxia
(Moreno et al., 2014).

Among histone methyltransferases (HMTSs), the levels of a number of genes increased after
neurogenesis, while others decreased in postmitotic cells (Figure 2D). Importantly, HMTs
that increased when the circuitry forms (P12 onward), mediate the formation of epigenetic
marks that activate gene expression. Among these were HMTSs that generate H3K4mel, 2 or
3, including Setdla, Setd7, Smyd3, Mll1, MII2, MII3 and MII5. At this developmental stage,
the level of most of the genes that mediate formation of repressive epigenetic marks went
down. These included Ezh2, the HMT responsible for the formation of H3K27me3, as well
as Setdbl, Setdb2, Suv39hl, Suv39h2, which generate H3K9me3, and Suv420h1 and
Suv420h2, which generate H4K20me3. The changes in gene levels were confirmed by qRT-
PCR analysis (Figure 2E-H, S2E) and the histone modifications in developing cerebella
were examined by immunohistochemistry (Figure S4A).

Increase in Tet Gene Expression and 5hmC Levels During the Period of Circuit Formation
in Developing GCs

We focused on the Tet genes because of studies showing 10-fold higher levels of 5hmC in
brain than in other tissues (Kriaucionis and Heintz, 2009; Szulwach et al., 2011; Tahiliani et
al., 2009), because of evidence that the distribution of ShmC differs among CNS cell types
(Mellen et al., 2012) and that these differences suggest a possible role in neuronal
differentiation and/or synaptic function. Our gene expression assays, as well as qRT-PCR
measurements, on cerebellar GCs revealed up-regulation of all three Tet genes in GCs
between P12 and P21 (Figure 3A), with higher levels of Tetl and Tet3 and lower levels of
Tet2 (Figure 3B-C). As recent studies demonstrate that vitamin C activates Tet enzymes and
induces Tet-dependent DNA demethylation (Blaschke et al., 2013; Yin et al., 2013), we also
analyzed the expression of vitamin C transporters in developing GCs. The levels of vitamin
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C transporters Sc2al, 9c2a3, 9c23al and 9c23a2 in developing GCs peaked at P18
(Figure 3A), after which levels remained fairly constant. These findings were confirmed by
gRT-PCR measurements (Figure 3D). Thus the levels of both Tet genes and vitamin C
transporter genes increase in post-migratory GCs.

We then examined the localization of 5hmC during cerebellar development. By liquid
chromatography/mass spectrometry (LC-MS) (Figure 3E), 5ShmC levels were lowest at PO
and P7, the peak of GC neurogenesis, increasing dramatically between P12 and P18, when
the cerebellar circuitry forms. 5hmC levels rose further at P56, when the circuitry is mature.
A small increase in 5mC levels occurred over these stages of cerebellar development, with
higher levels seen at P56. Similar results were seen with dot-blot analysis, which revealed a
three-fold increase in cerebellar 5hmC levels over development (Figure S4B-C). By
immunocytochemistry, highly proliferating GC progenitors (GCPs) in the EGL of PO-P7
mouse cerebellar cortex had undetectable levels of 5hmC, with much higher levels in
NeuroD1-EGFP-positive, post-migratory, differentiated GCs in the IGL where there was
broad double labeling with antibodies against 5ShmC and GFP (Figure S4D). In contrast,
staining for 5mC was high in proliferating GCPs in the EGL (prior to NeuroD1 expression),
postmitotic NeuroD1-EGFP-positive GCs migrating across the molecular layer (ML) and
differentiated GCs in the IGL (Figure S4E). These findings extend previous studies on
5hmC during cortical development (Lister et al., 2013) by demonstrating a dramatic increase
in 5hmC levels during the stage when the circuitry forms in the developing cerebellar cortex.

Treatment of ES Cell-derived GCs with Vitamin C Up-regulates the Expression of Axon
Guidance/Dendrite Outgrowth and lon Channel Genes

To analyze the function of Tet genes and changes in 5hmC marks in GC development, we
used two approaches. First, we used a stem cell model of GCs, inducing GC differentiation
by treating embryonic stem (ES) cells generated from Tg(NeuroD1-Egfp-L10a) transgenic
mice with factors that induce GC differentiation in vivo (Salero and Hatten, 2007) to assay
changes in gene expression after Tet enzyme activation. Prior experiments on ES cells
lacking Tet1 and Tet2 demonstrated that vitamin C treatment selectively activates Tet
enzymes (Blaschke et al., 2013; Yin et al., 2013). After vitamin C treatment, the percentage
of NeuroD1-EGFP+ ES cell-derived GCs in the culture increased two fold, suggesting that
vitamin C promoted the differentiation of ES cells into GCs (Figure S5A-B). Gene
expression assays using TRAP methodology showed dramatic increases in the expression of
axon guidance genes (Figure 4A). This was the case for most of the genes in the axon
guidance reactome, including axon guidance ligands and receptors, much like the concurrent
up-regulation of the Tet gene cluster and the axon guidance gene cluster between P12-P21 in
endogenous GCs (Figure 4B-C, 1D-E, S3). In addition, the level of expression of all of the
19 genes encoding ion channels and synaptic proteins that we assayed by gRT-PCR,
increased after vitamin C treatment (Figure 4D, S5C-E). Similar results were obtained for
native P7 GCs treated with vitamin C (data not shown). The relative level of 5hmC
increased approximately five fold in vitamin C-treated ES cell-derived GCs compared with
control, untreated cells (Figure 4E-F). No significant change in the relative level of 5mC
occurred after vitamin C treatment. These findings demonstrate that vitamin C activation of
Tet enzymes, which increased levels of 5hmC, result in up-regulation of genes involved in
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axon guidance, as well as ion channel genes involved in neuronal conductance and activity.
Importantly a large number of studies demonstrate that axon guidance genes, including
many of those found in our analyses, also function in dendrite outgrowth (Clifford et al.,
2014; Polleux et al., 2000; Whitford et al., 2002), thus playing critical roles in the
establishment of neuronal circuitry.

Increased Expression Levels of Axon Guidance and lon Channel Genes Correlate with
Higher Levels of 5hmC at Exon Start Sites

To examine changes in 5hmC distribution and levels of expression of genes in regions with
5hmC marks, we labeled 5hmC with a selective labeling strategy known as hMe-Seal
(Mellen et al., 2012; Song et al., 2011), purified 5ShmC-enriched genomic DNA fragments
and carried out DNA deep sequencing (Table S3). Genome-wide analysis of 5hmC
distribution in both native cerebellar GCs and ES cell-derived GCs showed that 5hmC marks
were present in exons, and secondary in introns and other regulatory elements (Figure 5A,
S6, S7B). Taken together with our microarray results and analyses, these experiments
further indicate that the highest levels of 5hmC map to the exon start sites of genes with the
highest expression levels (Figure 5B). Across all axon guidance genes, 5hmC levels
increased an average of 1.7 fold in ES cell-derived GCs upon vitamin C treatment (Figure
S7A, C). Elevated levels of 5hmC signal mapped to many axon guidance genes that also
function in dendrite extension during circuit formation, including Sema5a, Sema6a, Plxna2,
Sit2 and Robol, as well as ion channel genes, such as Scn8a (Figure 5C-H). Thus, increased
5hmC levels correlated with up regulation of axon guidance/dendrite formation genes and of
ion channel genes (Figure 4B-D, S7C). These findings suggest that 5hmC levels regulate
gene expression, and that in GCs, 5hmC regulates the expression of genes involved in axon/
dendrite formation and of ion channel/synaptic genes during the formation of the cerebellar
circuitry.

Tet RNAi Knockdown Decreases 5hmC Levels and Down-regulates the Expression of Axon
Guidance and lon Channel Genes in Cerebellar GCs

To determine whether Tet enzymes regulate 5ShmC levels in native cerebellar GCs, we
purified GCs from mouse cerebellum at P7, transfected them with equal amounts of Tetl
and Tet3 shRNA plasmids that co-expressed the fluorophore Venus, or a control scrambled
SshRNA that co-expressed Venus (Figure 6A). After 3DIV, qRT-PCR assays revealed a 69%
reduction in Tetl mRNA and a 71% reduction in Tet3 mRNA; no change in cell viability
occurred (Figure 6B-C). By dot blot analysis, 5hmC levels decreased dramatically in
transfected GCs, while 5mC levels increased slightly (Figure 6D). In control experiments,
5hmC levels in NeuroD1-Egfp-L10a ES cells increased dramatically after treatment with
vitamin C; no change in 5ShmC levels was observed in Tetl/Tet3 double knockdown
NeuroD1-Egfp-L10a ES cells treated with vitamin C (Figure S7D-E). We then used qRT-
PCR to determine whether the level of expression of axon guidance and ion channel genes,
which were up-regulated by vitamin C treatment, decreased after Tet RNAi knockdown.
Those experiments showed a large decrease in the expression levels of axon guidance and
ion channel genes (Figure 6E). These experiments suggest that Tetl and Tet3 increase 5ShmC
levels in GCs and specifically up-regulate the expression of selected axon guidance and ion
channel genes that are important for GC development.

Neuron. Author manuscript; available in PMC 2017 January 06.
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Knockdown of Tetl and Tet3 Impairs GC Dendritic Arborization

To test the function of Tet genes in GC development, we used RNAi methodology to knock
down Tetl and Tet3 in cerebellar GCs in brain slices. P7-P8 cerebella were electroporated
with equal amounts of Tetl and Tet3 shRNA plasmids that co-express the fluorophore
Venus to visualize the cells. Tetl and Tet3 knockdown dramatically impaired dendritic
arborization of post-migratory GCs in the IGL (Figure 7A-B). While approximately 75-80%
of control cells electroporated with scrambled shRNA extended multiple dendritic processes
in the IGL, only 10-15% of GCs electroporated with Tetl and Tet3 shRNAs did so (Figure
7C). Instead, the majority of Tetl and Tet3 deficient GCs extended a single process, similar
to the leading process of migrating GCs. Interestingly, Tet knockdown did not impair earlier
developmental steps, including parallel fiber outgrowth or glial-guided migration of
postmitotic GCs from the EGL into the IGL (Figure 7D). These findings suggest that Tet1
and Tet3 are required for dendritic arborization, a critical step in the formation of cerebellar
circuitry, in post-migratory GCs during cerebellar development.

Discussion

The present study demonstrates pivotal changes in multiple chromatin remodeling reactomes
in cerebellar neurons during the developmental stage when the cerebellar circuitry forms.
Using a combination of TRAP methodology and metagene analysis, we found a previously
unreported temporal regulation of multiple classes of chromatin remodeling genes after
immature neurons migrate into the neuronal layer where they form synaptic connections
with ingrowing afferent axons. We found that among chromatin remodeling genes,
expression of Tet genes, which generate 5hmC epigenetic marks, showed a sharp increase in
levels during this stage of GC development. Significantly, genome-wide analysis of 5hmC
distribution in both native GCs and ES cell-derived GCs showed that 5hmC marks were
highest at the exon start sites of the most highly expressed genes. Importantly, treatment of
ES cell-derived GCs with vitamin C, which activates Tet enzymes, up regulated 5hmC
levels and expression of axon guidance and ion channel genes, and higher 5hmC levels were
tightly correlated with increased expression of axon guidance/dendrite outgrowth genes and
many ion channel genes. Furthermore, functional assays in developing mouse cerebellum
showed that Tet1/3 knockdown by RNA interference severely impaired dendritic
arborization, a critical step in circuit formation in post-migratory GCs. Taken together, these
findings suggest that vitamin C activates Tet enzymes to generate 5hmC epigenetic marks at
exon start sites, leading to the increased expression of genes critical to circuit formation and
function during GC development.

Importantly, the rise in levels of Tet gene expression and 5hmC marks in post-migratory
GCs in the developing cerebellum persists through adulthood. The recent discovery that
5hmC is present in the mammalian genome and that it is particularly enriched in neurons
(Kriaucionis and Heintz, 2009; Szulwach et al., 2011; Tahiliani et al., 2009) has stimulated a
great deal of interest in its role in differentiation and the stabilization of neuronal
phenotypes. Indeed, 5hmC is approximately 10-fold more abundant in neurons than in some
peripheral tissues or ES cells (Kriaucionis and Heintz, 2009; Szulwach et al., 2011), and
recent studies show differences in 5hmC distribution among brain regions, including the
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hippocampus, cerebellum and frontal cortex (Lister et al., 2013; Szulwach et al., 2011), with
5hmC preferentially abundant in genes with synapse-related functions in both human and
mouse brain (Khare et al., 2012). Heintz and colleagues further demonstrated the critical
contribution of 5ShmC accumulation within actively expressed gene bodies to cell-specific
gene expression and CNS neuron function (Mellen et al., 2012). Our findings significantly
extend previous bulk measurements of 5hmC during postnatal cortical development (Lister
et al., 2013) by showing an increase in 5hmC in an identified cerebellar neuron during the
formation of the cerebellar circuitry. Our studies also extend the studies of Mellen et al.,
who showed that 5ShmC maps to gene bodies of genes in adult cerebellar neurons (Mellen et
al., 2012), by providing developmental data and showing that 5hmC maps to the start sites
of exons of genes with up-regulated expression after activation of Tet enzymes. Moreover,
our findings show that increased 5ShmC levels correlate with up-regulated expression of axon
guidance and ion channel genes during the developmental stages when cerebellar neurons
integrate into the neuronal layer where they form synaptic connections with ingrowing
afferent axons. These findings suggest that 5ShmC levels regulate gene expression, and that
in GCs, 5hmC regulates the expression of genes involved in axon/dendrite formation and of
ion channel/synaptic genes during the formation of the cerebellar circuitry.

The present study also highlights the critical role of Tet enzymes in the generation of 5hmC
in developing neurons. Since the demonstration that Tet enzymes oxidize 5mC to 5hmC in
mammalian cells (Guo et al., 2011; Ito et al., 2010; Tahiliani et al., 2009), several studies
have shown that Tet enzymes are important transcriptional regulators in neuronal
development, including Xenopus eye development (Xu et al., 2012) and olfactory system
development (Colquitt et al., 2013). Our studies strongly support the conclusion that vitamin
C activates Tet generation of 5hmC in CNS neurons, since treatment of ES cell-derived GCs
with vitamin C increased 5ShmC levels by 5 fold and up regulated axon guidance genes and
ion channel protein genes. Importantly, the present study also shows a tight coupling
between the increase in vitamin C transporter genes and Tet gene levels in developing GCs.
Both vitamin C transporter genes and Tet gene levels rise in the second postnatal week, after
neurogenesis and migration are complete. Given the role of vitamin C as an agonist of Tet
dioxygenases, it will be interesting to investigate whether vitamin C transporters are
required for 5hmC generation and function in CNS neurons.

Our finding that Tet1/3 knockdown by RNA interference impaired dendrite formation in
developing GCs in an ex vivo system is the first demonstration of a functional role for Tet
genes in terminal steps of GC differentiation. These findings are consistent with other recent
studies showing that Tet3 gene overexpression disrupts axon targeting in the developing
olfactory system (Colquitt et al., 2013) and that Tet1 has important functions in memory
formation (Kaas et al., 2013) and neuronal activity-related gene expression in memory
extinction (Rudenko et al., 2013). In addition, a large number of studies demonstrate that
axon guidance genes, including many of those found in our analyses, also function in
dendrite outgrowth (Clifford et al., 2014; Polleux et al., 2000; Whitford et al., 2002), thus
playing critical roles in the establishment of neuronal circuitry. Taken together, these studies
underscore the importance of Tet genes to CNS circuit formation and function.
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The present findings extend the classical paradigm for CNS development in which
morphogens and TFs establish the rostrocaudal axis of the CNS and specify different classes
of neurons within emerging brain regions. Our findings underscore the importance of
chromatin remodeling to CNS neuronal development and the critical role of Tet-5hmC
signaling in circuit formation during brain development. Metagene analysis identified salient
changes in gene expression during cerebellar development and revealed a previously
unreported temporal regulation of multiple classes of chromatin remodeling genes after
immature neurons migrate into the neuronal layer where they form synaptic connections
with ingrowing afferent axons. Among chromatin remodeling genes, Tet genes function in
the generation of 5hmC, which regulates the expression of axon guidance/dendrite formation
genes and ion channel genes that underlie the development of the cerebellar circuitry. Our
finding that 5ShmC maps to the exon start sites of the exons of highly expressed genes
suggests that 5ShmC levels regulate gene expression during this pivotal stage of cortical
development. In the future, it will be important to examine the role of chromatin remodeling
gene regulation in neuronal activity (Greer and Greenberg, 2008; Qiu and Ghosh, 2008;
Wheeler et al., 2012). Understanding the role of epigenetic regulation in the emergence of
CNS circuitry will be important for understanding behavior and developmental disorders
such as autism (Gabel et al., 2015; Loke et al., 2015).

Experimental Procedures

Es Cell Differentiation

The NeuroD1-TRAP mouse ES cell lines were isolated from heterozygous Tg(NeuroD1-
Egfp-L10a) TRAP mice (Doyle et al., 2008; Heiman et al., 2008) and maintained using
standard conditions. We refined our previous mouse ES cell differentiation protocol and
differentiated NeuroD1-TRAP mouse ES cells into cerebellar GCs (See Supplemental
Experimental Procedures) (Salero and Hatten, 2007). All protocols involving animals were
approved by the Rockefeller University Institutional Animal Care and Use Committee.

Purification of mMRNA from Mouse Cerebella and Differentiated Mouse ES Cells

TRAP RNA from translating polysomes was extracted from differentiated NeuroD1-TRAP
mouse ES cells at differentiation day 15 with and without vitamin C treatment, or mouse
cerebella at progressively developmental periods (Tg(NeuroD1-Egfp-L10a) mice at PO, P7,
P12, P18, P21 and P56), as previously described (Heiman et al., 2008). Each cell population
was assayed in triplicate. For each sample, 500 ng of TRAP RNA was used for the in vitro
synthesis of the biotin-labeled cRNA which was hybridized to Affymetrix GeneChip Mouse
Gene 1.0 ST Array according to the manufacturer's instructions (See Supplemental
Experimental Procedures).

Genomic DNA Purification, Enzymatic Digestion and Liquid Chromatography—Mass
Spectrometry (LC-MS) Analysis

Genomic DNA was purified from mouse cerebellar cortex at different developmental stages
(PO, P7, P12, P18, P21 and P56) using DNeasy Blood & Tissue Kit (Qiagen) following the
manufacturer's instructions. The extracted genomic DNA was digested to individual
nucleosides with DNA Degradase Plus (Zymo Research). Three 897bp DNA standards, each
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homogenous for either unmodified C, 5mC, or 5hmC (Zymo Research), were used to
generate a calibration curve. The 5-Methyl-2’-deoxycytidine (5mC, Cayman Chemical) and
5-(Hydroxymethyl)-2’-deoxycytidine (5hmC, Cayman Chemical), were used as the internal
standard for the MS quantitation of 5mC and 5hmC, respectively. The digested DNA
solutions were subjected to LC-MS (Agilent Technologies, Palo Alto, CA) analysis for
detection of C, 5mC and 5ShmC. The mass spectrometer was operated in the positive ion
mode. The multiple reaction monitoring (MRM) mode was adopted: m/z 242.200—126.005
for 5mC, m/z 258.200—142.105 for 5hmC, and m/z 228.200—112.105 for C. The measured
percentage of 5mC and 5hmC in each experimental sample was calculated from the MRM
peak area divided by the combined peak areas for 5mC plus 5hmC plus C (total cytosine
pool) (See Supplemental Experimental Procedures).

Dot-blot Assay

Genomic DNA was isolated from ES cell-derived GCs with and without vitamin C
treatment, purified GCs or cerebellar cortex. Purified DNA was denatured in 0.1M NaOH,
neutralized with 1M NH4OAc on ice, and then serially diluted twofold. Denatured DNA
samples were spotted on nitrocellulose membrane (PROTRAN, Schleicher&Schuell). The
blotted membrane was dried at 80 °C for 5 min, then DNA was fixed to the membrane by
Stratagene UV Stratalinker 1800. The blotted membrane was washed in 2x SSC buffer for
10 min, and then blocked with Odyssey buffer (Li-Cor) diluted 1:1 in PBS (Odyssey:PBS)
overnight at 4°C. Mouse anti-5mC antibody (1:1,000, Eurogentec) or rabbit anti-5-hmC
antibody (1:10,000, Active Motif) in Odyssey:PBS was added for 2 h at room temperature.
The membrane was washed three times for 10 min in PBST, and then incubated with either
HRP-conjugated sheep anti-mouse immunoglobulin-G (IgG) or HRP-conjugated sheep anti-
rabbit 1gG (GE Healthcare) secondary antibodies in Odyssey:PBS for 2 h at room
temperature. The membrane was then washed three times for 10 min in PBST and visualized
by chemiluminescence with GE ECL (See Supplemental Experimental Procedures).

5hmC Pull-Down, Library Preparation and DNA Sequencing

Sorted cells (ES cell-derived GCs (GFP+), with and without vitamin C treatment) and
purified GCs from P7 cerebella of Tg(NeuroD1-Egfp-L10a) mice, as described (Hatten,
1985), were manipulated in parallel during the procedure. Genomic DNA was purified from
the above-mentioned cells. Sonicated DNA was end-repaired followed by ligation to
adapters for HiSeq 2500 (Illumina Inc., San Diego, CA, USA) technology using TruSeq
DNA HT Sample Prep Kit (Illumina) and following manufacturer’s instructions. The 5hmC-
enriched genomic DNA collection was performed as described (Mellen et al., 2012; Song et
al., 2011). After purification, DNA was amplified as described in TruSeq DNA Sample
preparation kit. The 5ShmC-enriched DNA was then sequenced using Illumina platform
obtaining more than 30x106, 50 bp single-end reads per sample (Table S3) (See
Supplemental Experimental Procedures).

Ex Vivo Cerebellar Electroporation, Organotypic Slice Culture and Imaging

shRNA oligos against mouse Tetl and Tet3 were characterized previously (Guo et al., 2011,
Ito et al., 2010) (Table S4) and the efficacy of ShARNAs were further tested in cell culture
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after electroporation. After P7-8 mouse cerebella were electroporated, coronal cerebellar
slices were prepared and cultured for the times indicated in the figures. The fixed slices were
incubated with primary antibodies, rabbit anti-GFP (Invitrogen) and mouse anti-Calbindin
(Swant), washed and then incubated with Alexa Fluor conjugated-secondary antibodies for
immunofluorescence (See Supplemental Experimental Procedures).

Microarray Pre-processing and Non-negative Matrix Factorization

The Affymetrix microarray profiles of GC samples (Mouse Gene 1.0 ST Array) (Figure
S1B-D) were processed using the ExpressionFileCreator tool in GenePattern to map gene
probes into gene symbols (www.genepattern.org). The resulting expression dataset A, was
decomposed using Non-negative Matrix Factorization into two matrices: A ~ W x H, using
the methodology from Brunet et al. 2004 and Tamayo et al. 2007, including a procedure to
determine the number of metagenes.

Metagene Gene Sets and Single-sample GSEA

For each metagene, a corresponding gene set was generated by considering the subset of
genes with the highest amplitude (W matrix). These genes are chosen by sorting each
column of W from largest to smallest, and then selecting only genes before the values reach
a linear decay. These gene sets were then used to project the expression profile of the ES
cell-derived GC samples into the same transcriptional landscape using single-sample GSEA
(ssGSEA)(Barbie et al., 2009). For every metagene gene set and sample, sSSGSEA provides
estimates of the degree of enrichment for the metagene member genes. The metagene and
gene set sSSGSEA profiles were visualized using heat maps and multidimensional scaling
biplot projections.

Matching Pathways to Metagenes

To identify biological processes and pathways that were associated with the metagenes, we
matched each metagene profile (row of H) against the samples' ssGSEA profiles
corresponding to a large compendium of gene sets from the Molecular Signatures Database
(MSigDB, www.broadinstitute.org/gsea/msigdb). To estimate the degree of association we
used the Information Coefficient (IC).

Analysis of 5hmC Data

The 5hmC data were analyzed following the methods as described (Song et al., 2011). The
5hmC filtered and unfiltered reads were mapped to the mm10 mus musculus genome using
the program Bowtie2, and the 5ShmC summits were calculated using Model-based Analysis
of ChlP-Seq (MACS). To explore the enhancer region activity for each exon, the 5hmC
summit landscape +/- 5000bp relative to exon start sites were considered. These summit
landscapes, centered at the exon start site for each exon, were averaged together to obtain a
condensed view for each gene. Similarly, the mean of the condensed 5hmC summit
landscape for each gene in relevant gene sets were calculated and used to analyze
concordant 5ShmC across pathways. The 5hmC profiles for genes and gene sets were
compared with metagene profiles described above, and between developmental types, to
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verify epigenetic-expression correlations, and identify major epigenetic developmental
changes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Metagene Analysis of Cerebellar GC Gene Expression Using TRAP Methodology
(A) NeuroD1-EGFP expression in cerebellar GCs of Tg(NeuroD1-Egfp-L10a) TRAP mice

at postnatal days 0, 7, 12, 18, 21 and 56 (PO, P7, P12, P18, P21 and P56). Scale bars indicate
80 pm (P56, 125 pm). At PO, most postmitotic, NeuroD1-EGFP+ cells are located in the
EGL with only a few positive cells in the IGL. The number of NeuroD1-EGFP+ cells
increases between P7 and P12 until P15, when all postmitotic NeuroD1-EGFP+ GCs have
migrated into the IGL as shown in (B).

(B) Progressive developmental stages of cerebellar GCs. By P12, although some GCs are
still migrating, the vast majority are post-migratory and are forming synaptic connections.
After GCs migrate by the PCs (P18-P21), they become multi-polar, after which they extend
dendrites which form connections with ingrowing mossy fiber afferents (P21).

(C) Transcriptional profiles of cerebellar GCs at PO, P7, P12, P18, P21 and P56, are
decomposed into two matrices and projected into 7 time-dependent metagenes (C1_7-C7_7).
“Metagenes” refer to aggregate patterns of gene expression (see text).

(D) Expression profiles of epigenetic pathways, including DNA methyltransferases (Dnmts),
histone acetyltransferases (HATs), Chromodomain helicase DNA binding proteins (Chds),
histone methyltransferases (HMTSs), Tet enzymes (Tets) and histone deacetylases (HDACS).
The metagene that includes a given set of genes is listed on the right.
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(E) Expression profiles of gene categories with the most significant difference between
immature (P0O-P7) and mature cerebellar GCs, including transcription factors and genes
highly expressed in adult GCs (Adult cerebellum), ion channels, synaptic genes and axon
guidance genes, all of which fall in different metagenes. In the study, expression levels of
metagenes, pathways and individual genes are shown as heatmaps which are row normalized
((X - mean(X))/standard_deviation(X)) and cut off at +/- 2. Color bar indicates color
intensity for gene expression changes between +/- 2 fold change.

See also Figure S1 and S3.
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Figure 2. Sequential Timing of the Expression of Epigenetic Pathway Genes during Cerebellar
GC Development

(A-D) Expression patterns of epigenetic genes encoding ATP-dependent chromatin
remodeling complexes and centromere proteins (Smarcs and Cenps, C1_7, A), HATs (C1_7,
B), histone demethylases (HDMs, C), and HMTs (C1_7 and C2_7, D). The heatmaps for
different categories of epigenetic genes are organized from A-D according to their
sequential timing during GC development. Schematic summary of temporal expression of
epigenetic genes during cerebellar GC development (P0-P56) is shown in Figure S2D.
Genes with known roles in cerebellar GC development (Smarca5 and Smarcbl) and
encoding centromere proteins (Cenpa and Cenph), along with those selected for gRT-PCR
analysis (Figure 2A-D), are marked with arrows.

(E-H) Expression changes of selected genes were verified by qRT-PCR, including four
histone methyltransferases involved in forming the methylation of histone H3 on lysine 4, 9
or 27 (K4, K9 or K27) (Suv39h2 for H3K9me3, Ezh2 for H3K27me3, Setd7 for H3K4mel
and MI12 for H3K4me3). In qRT-PCR curve diagrams, Y-axis indicates relative mRNA
level normalized to Beta-2-Microglobulin and HPRT1. Data represent the mean. Error bars
indicate SD. Each data point represents nine replicates from three independent biological
samples.

See also Figure S2.
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Figure 3. Increase in Tet Gene Expression and 5hmC Levels During the Period of Circuit
Formation in Developing GCs

(A) Expression profiles of Tet genes (Tetl, Tet2 and Tet3), which generates 5hmC, and
vitamin C transporter genes (Sc2al, 9c2a3, 9c23al and 9c23a2), which regulate vitamin
C levels, in developing cerebellar GCs (P0-P56).

(B-D) gRT-PCR analysis of the expression of Tet genes (B-C), and vitamin C transporter
genes (D). In gRT-PCR curve diagrams, Y-axis indicates relative mRNA level with the data
normalized to Beta-2-Microglobulin and HPRT1. Data represent the mean. Error bars
indicate SD. Each data point represents nine replicates from three independent biological
samples.

(E) Percentage of 5hmC and 5mC in genomic DNA purified from mouse cerebellar cortex at
different developmental stages (PO, P7, P12, P18, P21 and P56), determined by liquid
chromatography-mass spectrometry (LC-MS) analysis. 5mC and 5hmC contents are
expressed as the percentage of 5hmC or 5mC in the total pool of cytosine. Data are the mean
+ SD from triplicate analyses.

See also Figure S4.
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Figure 4. Vitamin C Treatment Enhances the Expression of Axon Guidance and lon Channel
Genes and 5hmC Levels

(A) Expression profiles of genes involved in signaling pathways (SHH, WNT, FGF, TGF-p
and BMP), focal adhesion genes, genes highly expressed in adult GCs (Adult cerebellum),
ion channels, synaptic genes and axon guidance genes are shown as a heatmap. A dramatic
change in the expression of axon guidance genes (red text) is evident in ES cell-derived GCs
treated with vitamin C (vit C, green text and delimited by yellow rectangles).

(B-D) Expression profiles of axon guidance ligands (B), axon guidance receptors (C) and
ion channels (D) in ES cell-derived GCs treated with vitamin C. Axon guidance genes that
function in cerebellar development are marked with arrows.

(E-F) Global 5hmC and 5mC levels in ES cell-derived GCs assayed by dot blot analysis (E),
quantified in (F). Data represent the mean, n=3 independent experiments. Error bars indicate
SD. ***p<0.001; t-test.

See also Figure S5.
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Figure 5. Increased Expression Levels of Axon Guidance and lon Channel Genes Correlate with
Higher Levels of 5hmC at Exon Start Sites

(A) The relative enrichment of 5hmC (dark color) and input (light color) at genomic
elements in ES cell-derived GCs without treatment (Control, blue) and with vitamin C
treatment (vit C, red), and cerebellar GCs at P7 (P7, green) and P56 (P56, purple). In the
diagram, Y-axis indicates the percentage of 5hmC peaks distributed into each genomic
element over all called peaks in each cell type (Figure S6A). The enrichment ratio (5hmC/
Input) is highest for exons (red text) and is indicated at the top of the exon columns.

(B) Highest 5hmC levels map to the exon start sites of the most highly expressed genes.
Aligned profiles of 5hmC enrichment over exons are categorized by gene expression levels
(High, Medium, Low and Input) (see Supplemental Experimental Procedures). “Exon start
site” refers to all exons. The X axis is the distance from the exon start site, which is set as
“0” in kilobases (kb).

(C-E) Increased 5hmC levels in Robol and Sit2, a representative axon guidance receptor
and ligand gene, respectively, and Scn8a, an ion channel important for cerebellar
development, in control and vitamin C treated ES cell-derived GCs. The 5hmC line plots
(C-E, marked in red) are indicated with normalized average 5hmC summits (Y axis). The X
axis is the distance from the exon start site, which is set as “0” in kilobases (kb). The
maximal 5hmC level is seen at exon start sites (green arrow). Input line plots are marked in
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black at the bottom. The increase in Robol and Sit2 expression in ES cell-derived GCs
treated with vitamin C is seen in Figure 4B-C.

(F-H) Intragenic 5hmC peaks in Robol, Jit2 and Scn8a in ES cell-derived GCs without
(control, blue) and with vitamin C treatment (vit C, red), are shown using Integrative
Genomics Viewer (IGV). The last row in black represents the gene bodies located in this
particular region of the genome. (The scale of the peaks is indicated in the upper right side
of the control panel.)

See also Figure S6 and S7.
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Figure 6. Tet RNAi Knockdown Decreases 5ShmC Levels and Down-regulates the Expression of
Axon Guidance and lon Channel Genes

(A) Schematic diagrams of Venus-shRNA constructs. The human U6 promoter (U6) drives
RNA Polymerase 111 transcription for generation of ShRNA transcripts, and the human
phosphoglycerate kinase promoter (hPGK) drives expression of Venus.

(B) Purified P7 cerebellar GCs transfected with Tetl/3 shRNA plasmids that co-express the
fluorophore Venus and stained for Venus and Tujl (red) are viable after 3DIV. Scale bar: 25
pm.

(C and E) The expression levels of selected genes in purified P7 cerebellar GCs when Tetl
and Tet3 were knocked down were determined by gRT-PCR. Purified GCs at P7 were
infected with lentiviral particles of ShRNA plasmids targeting Tet1 or Tet3 and co-
expressing the fluorophore Venus. Scrambled shRNA was used as a control and the
expression level of selected genes in the control cells was set as 1. In the gRT-PCR
histogram, Y-axis indicates relative mRNA level normalized to Beta-2-Microglobulin and
HPRT1. Data represent mean. Error bars indicate SD. Each data point represents nine
technical replicates from three independent biological samples. *p<0.05; t-test.

(D) RNAI knockdown of Tet1/3 in purified P7 cerebellar GCs. By dot blot analysis, 5hmC
levels decrease and 5mC levels increase slightly.

See also Figure S7.
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Figure 7. Tet Knockdown Impairs Dendritic Arborization of Cerebellar GCs
(A) Coronal slices of P7 mouse cerebella electroporated with equal amounts of Tet1 and

Tet3 shRNA plasmids or scrambled control shRNA plasmid that co-express the fluorophore
Venus were cultured for 3 days and immunostained for Venus (green) to visualize the
transfected GCs and for Calbindin (red) to visualize PCs. Major developmental layers are
indicated. EGL, external granule layer; PCL, Purkinje cell layer; IGL, internal granular
layer. Scale bar: 1 mm.

(B) Higher magnification images showing dendritic growth of labeled GCs in cerebellar
slices transfected with the scrambled or Tet ShRNA constructs. Multipolar GCs extending
dendrites are seen throughout the IGL deep to the PCs.

(C-D) Tet knockdown impairs dendritic arborization of cerebellar GCs without affecting GC
migration. Quantification of the effect of Tetl and Tet3 gene knockdown on dendritic
growth (C) and GC migration (D) observed at 3 DIV. Data depicts average percentage
(Error bars, SD) from four different cultures (approximately 30-40 cells counted in each
selected region) for each condition. (***p < 0.001; t-test). See Figure 1B for a schema of GC
developmental stages.

See also Figure S7.
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