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1. Introduction

Brain tumors are the leading cause of cancer-related death in children, and
medulloblastoma is the most common malignant pediatric brain tumor. Although overall
survival rates have improved in recent years, the mortality rate remains significant.
Hence, new insights into the molecular mechanisms controlling medulloblastoma
development are essential for improving clinical trial design, and developing molecularly
targeted therapies. Shh signaling pathway plays important roles in many development
processes and adult homeostasis. Elevation of Shh target gene expression has been
associated with the initiation and /or maintenance of a large spectrum of cancer types,
among which medulloblastoma is one of the most well-known Shh-dependent cancer
type. During early postnatal cerebellum development, Shh is required for CGNP
proliferation. However, overactive Shh pathway causes CGNP over-proliferation and
medulloblastoma. Among all the genetic defects, mutations resulting in an overactive
Shh signaling in cerebellum granule neuron precursors (CGNPs) are the leading cause
of the childhood medulloblastoma and are responsible for ~25% of occurrences (Shh-
subtype). Shh signaling pathway mediated by Patched (Ptchl) and Smoothened (Smo)
controls target gene expression by differentially regulating activity of Gli family of
transcription factors. The regulation of mitogenic target genes by Shh/Gli in cerebellum
is critical for CGNP proliferation and medulloblastoma formation.

Mammalian SWI/SNF like BAF (Brgl/Brm associated factors) chromatin
remodeling complexes regulate transcription by modulating chromatin structures. It has
been shown that depending on the tissue contexts, BAF complexes can either promote
or suppress tumor development by regulating different sets of target gene transcription
in a context-dependent manner. Recently, we have shown that Brgl, the core subunit of
BAF complexes, interacts with Gli transcription factors and is required for activating
Shh-induced target gene transcription. Brgl-deletion resulted in reduced proliferation of
CGNPs in developing cerebellum due to impaired Shh-activated target gene
expression, indicating that Brgl is required for Shh-dependent CGNP proliferation.
Thus | hypothesize that Brgl is required for Shh-subtype medulloblastoma growth and
progression. In the study | use SmoM2-mouse model and breed with Brgl conditional
knockout allele to test the hypothesis. Those studies for molecular mechanism of
medulloblastoma growth at chromatin level will provide insights for drug development
and therapy of pediatric brain tumor and other Shh-dependent tumor.
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3. Accomplishments

3.1 Major goal of the study

The major goal of the study is to investigate the role of a chromatin remodeler Brgl in
medulloblastoma initiation and maintenance.

3.2 Accomplishments under the goals

3.2 .1 Major activities

|. Design and perform research experiments to determine the role of Brgl in
medulloblastoma initiation and maintenance.

Il. Analyze experiment results and publish the result in peer-review journals

[ll. Communicate with the peers in the same field for career development.

3.2 .2 Specific objectives

Aim1. Determine the function of Brgl in SmoM2-induced medulloblastoma formation.
Using a CreER-LoxP system, | will induce Brgl deletion before tumor formation in a
mouse model of Shh-subtype medulloblastoma to determine the function of Brgl in
medulloblastoma formation. Cerebellar medulloblastoma formation rate, tumor size, grade
and Shh target gene expression will be compared between the mice with or without Brgl.
Aim2. Determine the function of Brgl in SmoM2-dependent tumor progression and
maintenance.

To determine Brgl function in Shh-subtype medulloblastoma progression and
maintenance, | will delete Brgl after tumor formation in cultures or in transplanted
environment to determine the effects on tumor cell proliferation, cell survival, clonogenic
growth abilities and the allograft tumor formation in nude mice.

Aim3. Identify Brg1/BAF interacting co-activators of Shh signaling in medulloblastoma.

To understand the mechanisms underlying Brgl function in Shh target gene activation and
Shh-dependent medulloblastoma, | will use a state-of-the-art proteomic approach
developed by Dr. Wu and others from Dr. Crabtree’s lab in Stanford University to identify
BAF-interacting proteins in Shh-activated medulloblastoma. These co-factors are
candidate regulators of Shh signaling in cancers.

3.2 .3 Significant results or key outcomes
Task 1. Determine the function of Brgl in SmoM2-induced Medulloblastoma
formation (Month 1-36)
1A. Determine the function of Brgl Smo-M2 dependent CGNP over-proliferation in vitro.
(Month 1-18)

Using an inducible mouse model of medulloblastoma with a SmoM2-YFP mutant
gene (a point mutation in Smoothened) knocked-in at the Rosa26 locus downstream of a
LoxP-flanked stop signal (1) , and an inducible Actin-CreER transgene, as well as a
conditional Brgl null allele, we bred different genotypes: wt, Brgl'KO, Smo, and Smo Brg
% to determine Brgl function in CGNPs. We showed that cultured SmoM2 CGNPs



display increased expression of Glil (the most faithful and sensitive Shh target gene)
compared to wild-type cultures (Figure 1B). Conditional knockout of Brgl decreased Glil
protein level, and CGNP proliferation indicated by BrdU staining. We found Brgl deletion
reduced the SmoM2-dependent mitogenic target gene expression (Figure 1C). In contrast,
b-tubulin and GFAP were not changed (Figure 1B). These experiments suggested that
Brgl is required for SmoM2-induced Shh target gene expression and CGNP proliferation.
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Figure 1. Brgl is required for SmoM2 CGNP proliferation and the expression of key
regulatory genes.
A-C. Deletion of Brgl from CAG-CreER SmoM2 CGNP cultures (after 3 day 4-hydroxytamoxifen
treatment) led to decreased proliferation as shown (A) by staining of incorporated BrdU (n=3)
and by decreased expression of known medulloblastoma genes as shown by (B) western blot
and (C) RT-qPCR.

1B. Determine the function of Brgl in SmoM2-dependent medulloblastoma formation.
(Month 6-36)
To determine the function of Brgl in SmoM2-dependent medulloblastoma



formation, we bred above-mentioned mice using Nestin-creER. One injection of tamoxifen
is expected to induce the expression of SmoM2 and deletion of Brgl. However, since
activity of CreER system depends on the Cre expression level and tamoxifen delivery
efficiency, deletion of Brgl and expression of SmoM2 may occur in a mosaic pattern. The
resulting tumor formation rate and survive curve from Brgl ** and Brgl ™" mice tended to
be different but not significant (data not shown). Interestingly our preliminary data showed
Brgl - heterozygote may have a different phenotype comparing to Brgl **in SmoM2-
dependent target gene expression and tumor growth.

As an alternated plan, we bred SmoM2 Math1-Cre, Brgl ™, F/+ or +/+ mice to
analyze the function of Brgl in SmoM2-dependent medulloblastoma initiation and
formation. Mathl1-cre is expressed in CGNP cells. It induces SmoM2 expression and Brgl
deletion in the same cells. The data showed so far 66% Brgl wild type mice died from
medulloblastoma, the percentage of dead Brgl F/+, F/F mice was down to 27%, 9%
respectively. The survival curve of Brgl F/F mice was significantly different from that of
Brgl +/+ mice (Appendices-1 Figure 2B). These data suggested that Brgl deletion can
efficiently inhibit growth of medulloblastoma in vivo.

FIF

Task 2. Determine function of Brgl in SmoM2-dependent tumor progression and
maintenance (Month13-36).

2A. Determine the requirement of Brgl for SmoM2 medulloblastoma primary culture
cancer phenotypes.(Month 13-30)

In this part we have determined the roles of Brgl in primary cultured medulloblastoma and
in tumor progression by allograft transplantation.

Development of Shh-dependent medulloblastoma requires an active Shh pathway
for maintenance and progression. It has been reported that 40% of SmoM2, Actin-CreER
mice develop medulloblastoma due to leakage of the CreER activity (1). Indeed we have
observed the occurrence of similar tumors in the Brgl O SmoM2 Actin-CreER mice
without tamoxifen induction. However, the weak Cre activity without tamoxifen is not
sufficient for Brgl deletion (data not shown).

To determine the role of Brgl in medulloblastoma g(rowth, we first in vitro cultured
medulloblastoma cells formed due to Cre leakage in Brgl"™° SmoM2 Actin-CreER mice at
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Figure 1 Brgl-deletion in cultured SmoM2-MB decreased mitogenic target gene expression
and tumor growth A) Glil protein level decreased by knockout of Brgl in cultured MB cells
showed by Western blot. B) gRT-PCR analysis showed the decrease of mitogenic target
genes at the mRNA in cultured MB cells. C) ATP viability assay of MB cultures treated with
tamoxifen for 3 days. Student’s t-test: *, P<0.05; **, P<0.01.



P60. 4-hydroxy tamoxifen (4OHT) was added to the culture to induce Brgl deletion (Figure
2A). After 3 days in culture, Brgl was effectively deleted in 40OHT-treated cultures.
Deletion of Brgl led to significant reduction of Glil, Ptchl expression (Figure 2A, B), and
the mitogenic target gene CcnD1 in medulloblastoma cultures (Figure 2B). Deletion of
Brgl also inhibited medulloblastoma growth as shown by an ATP viability assay in the
cultured cells (Figure 2C).

2B. Determine Brgl function in allograft tumor formation by SmoM2 medulloblastoma
after transplantation. (Month 20-36)

To determine the requirement of Brgl for SmoM2 medulloblastoma allograft tumor
formation ability, freshly prepared small tumor pieces of Brg F* SmoM2 Actin-CreER was
injected/transplanted subcutaneously into the flank regions of immunodeficient SCID-NOD
mice. Three days after transplantation, the recipient SCID-NOD mice were injected with
tamoxifen every other day for 10 times to induce Brgl deletion in allograft tumors. The Brg
* tumor size after injection of tamoxifen (Tam, (Figure 3A)) was significant smaller than
the control in which oil was injected. In contrast, no such changes were found in Brg ™"
tumor transplantation (Figure 3A). The genotyping of these tumors further confirmed the
transplanted tumor type and deletion of one allele Brgl after injection of tamoxifen (Figure
3B). These data together indicated Brgl reduction inhibited medulloblastoma progression
and maintenance.
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Figure 3 Brgl is required for tumor progression by subcutaneously transplantation in SCID-
NOD mice. Tumor A) and the genotyping B) dissected from transplanted mice injected with
tamoxifen 3 days after transplantation.

The Brg F tumor size after injection of tamoxifen was statistically significant smaller than
the control in which oil was injected (Appendices-1 Figure 2D). Biochemistry analyses
showed Brgl was deleted by tamoxifen treatment, and Shh target genes Ptchl, CcnD1
and N-myc Glil were dramatically decreased by deletion of Brgl (Appendices-1 Figure
3A,B). We found the important transcription factor Gli2 and Atohl decreased by Brgl
deletion (Appendices-1 Figure 3A,B), suggesting transcription circuits was greatly changed
after Brgl deletion.



These data together indicated Brgl reduction inhibits medulloblastoma progression and
maintenance. We then investigated whether the proliferation was decreased by Brgl
deletion. The transplanted tumor tissue was stained with proliferation marker H3P and
BrdU. All these markers were significantly decreased in Brgl deleted tumors induced by
tamoxifen treatment (Appendices-1 Figure 2E).

Task 3. Identify Brg1/BAF interacting co-activators of Shh signaling in
medulloblastoma (Month 13-36).

Our previous studies have suggested that BAF complex activates Shh-induced
transcription by recruiting other unidentified co-activators to Shh target genes, and our
previous aim was to investigate the Brgl/BAF complex interacting protein in
medulloblastoma development. However, based on the current data, Brg1l deletion already
made systematic changes to limit medulloblastoma growth. To understand the
mechanisms underlying Brgl function in Shh target gene activation and Shh-dependent
medulloblastoma, we have modified subaims to use RNA-seq to determine know the
global changes of all genes and to use a proteomic approach (2) to identify BAF-
interacting proteins in Shh-activated medulloblastoma. Meanwhile, using ChlP-seq we
analyze the regulatory mechanism of Brgl in medulloblastoma development. Regarding
protemic analysis, the BAF-interacting co-activators will be good candidates for mediating
Shh-induced gene activation and for Shh-dependent tumor formation. We confirmed
interaction between Brgl and Glil, Rest and Atohl in the medulloblastoma tissue (Figure
4A), indicating the tissue is a feasible resource to probe the interaction proteins important
in medulloblastoma development.
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Figure 4. Endogenous Brgl interacts with Glil, Atohl and REST in SmoM2
medulloblastoma.

A. SmoM2 medulloblastoma lysates were immunoprecipitated with antibodies against Brgl
followed by western blot using antibodies against Brgl, Glil, Atohl and REST. B. ChIP-gPCR
indicates a reduction of REST binding to the NeuroD2 regulatory region upon Brgl deletion in
tamoxifen treated Brg1™" primary SmoM2 medulloblastoma.

As to RNA-seq, we injected the mice Brgl+/+ and Brgl F/F suffering



medulloblastoma with tamoxifen every another days for 20 days. The primary tumor tissue
was confirmed with the Brgl deletion and the decrease of mitogenic genes. Then, total
RNA was extracted from the tissue and ran for RNA-seq. Results showed that 1517 genes
were changed by deleting Brgl. Almost half of the genes overlapped with SmoM2-
regulated genes in medulloblastoma formation (1). Among these 1517 changed genes,
the down-regulated genes by Brgl deletion matched well with the upregulated genes by
SmoM2 transgene, and vice versa (Appendices-1 Figure 3D). GO analysis clearly showed
those downregulated genes by Brgl deletion consisted of proliferation genes, such as cell
cycle, DNA binding, hedgehog, Wnt and Notch signaling (Appendices-1 Figure 3E). The
up-regulated genes are most neuronal associated genes. Hence, Brgl deletion efficiently
inhibits the SmoM2 effects in medulloblastoma formation.

To identify direct Brgl target genes, we performed Brgl ChiP-seq in SmoM2
medulloblastoma. Approximately 37 million reads were obtained, and more than 20
million reads were uniquely mapped to the genome. We analyzed the data using the
SICER program that is specifically designed for analysis of ChlP-seq data of chromatin
regulators(3). We identified 5727 significant Brgl-binding regions with an average size
of 2.4 kb; this number of binding regions is similar to those obtained in Brgl ChlP-seq
studies performed in other tissues (4, 5). Most Brgl-binding regions (70%) are in gene
bodies or within 5 kb upstream or downstream; 30% are in the intergenic regions
(Appendices-1 Figure 4A). The analysis of the distribution of Brg1-binding regions in
gene units showed enrichment close to the transcription start sites (Appendices-1
Figure 4B). From the 5727 Brgl-binding regions, we identified 3841 genes with a Brgl-
binding region overlapping with the gene body or 5-kb surrounding regions (data not
shown). The intersection of the gene set bound by Brgl with the Brgl-regulated genes
identified from primary medulloblastoma yielded 399 genes that are likely direct targets
of Brgl (Appendices-1 Figure 4C, and excel data not shown).

The analyses of Brgl targetome provide insights into the mechanisms underlying
the essential function of Brgl in Shh-type medulloblastoma. We found that Brgl
regulates important transcriptional regulatory pathways in medulloblastoma including
the targetomes of Glil, Atohl, and REST. Gli binding sites have been identified in
another mouse model of Shh-type medulloblastoma (6). Despite using the different
tumor models, we observed a high overlap between Glil binding genes and Brgl
binding genes. Within 1169 Gli binding genes, 557 contain Brg1-binding regions (48%,
p=1.2e-206, Appendices-1 Figure 4C). In many target genes, putative Brgl and Glil
binding regions are in close proximity (Appendices-1 Figure 4G), suggesting that Glil
recruits the Brgl co-activator complex to the Gli regulatory regions. Consistently, we
observed an interaction between endogenous Glil and Brgl in medulloblastoma cells
(Figure 4A). These data indicate that the essential co-activator function of Brgl is not
limited to a few known Glil target genes, but can be applied to the Glil targetome in
medulloblastoma.

Of the 557 genes co-occupied by Brgl and Glil, 82 genes were regulated by
Brgl. Brgl deletion led to decreases in expression of Glil-activated known oncogenic
genes Glil, N-myc, and Ccndl (Appendices-1 Figure 3B, excel data not shown) and
potential oncogenic genes such as Akna, Foxo6, and Sox18 (6) (Appendices-1 Figure
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4H, excel data not shown). In addition, expression levels of Notch and Hippo pathway
genes such as Hes5, Heyl (also Glil targets), Jagl, and Teadl as well as Wnt
pathway inhibitors Wifl and SFRP1 (also Glil targets) decreased after Brgl deletion
(Appendices-1 Figure 4H). It has been shown that active Notch and Hippo signaling
pathways positively regulate Shh-type medulloblastoma (7), whereas the Wnt pathway
inhibits it. Therefore, these data suggest that Brg1l coordinates the crosstalk between
signaling pathways to facilitate Shh-activated medulloblastoma development.

In CGNPs and Shh-type medulloblastoma, Atohl is necessary for cell-type
specification and cell identity maintenance. It also regulates CGNP and
medulloblastoma proliferation, mainly by activating Gli2 expression. The Atohl
targetome has been identified in early postnatal CGNPs, where Shh signaling is active
29 Many Atoh1 target genes in CGNPs likely also play important roles in maintaining
medulloblastoma cell identity and proliferation. Within the 582 high stringency Atohl
targets, 251 genes (43%) were also bound by Brgl (Appendices-1 Figure 4D). Of these,
48 were regulated by Brgl including potent medulloblastoma oncogenes Gli2, Atohl,
CXCR4, Tqifl, and Aurkb (Appendices-1 Figure 3B, 4D, 4G, 4H), which are likely direct
targets of Brgl. The targeting of Brgl to Atohl binding genes is likely mediated through
the interaction between Atohl and Brgl. We observed that endogenous Atohl co-
immunoprecipitated with Brgl in SmoM2 medulloblastoma (Appendices-1 Figure 4).
We next analyzed the specificity of Brgl in regulating target genes and non-target
genes of Glil and Atohl. Of the genes containing neither Glil nor Atoh1 binding sites
(Gli1-/Atoh1-), less than 15% were occupied by Brgl. In contrast, 38% of the Glil-
/Atoh1+ genes, 46% of the Glil+/Atohl- genes, and 66% of the Glil+/Atohl+ (73/110)
genes were co-occupied by Brgl (Appendices-1 Figure 4E). The highly enriched Brgl
occupancy in the target genes of Glil and/or Atohl indicates that Brg1l specifically
controls the transcriptional circuitry involved in medulloblastoma identity and
proliferation.

Inhibition of several known tumor suppressors significantly enhances the
formation and growth of mouse models of Shh-type medulloblastoma. Notably, Brgl
deletion led to an increase in expression of specific tumor suppressor genes and genes
known to be involved in neuronal function and synaptogenesis (Appendices-1 Figure
3E). In medulloblastoma, tumor cells maintain a progenitor state and inhibit neuronal
gene expression. It is thought that REST functions as an oncogene by repressing
expression of neuronal genes and inhibiting differentiation. Many REST target genes
(e.g., Nrxn2, Nrxn3, and NeuroD2) were derepressed upon Brgl deletion (Appendices-
1 Figure 4F, 4H). Although the target genes of REST in CGNPs and medulloblastomas
are not known, the REST targetome identified in embryonic stem cells, where most of
the neuronal genes are repressed, may encompass many REST target genes in
cerebellum. A comparison between Brgl-repressed genes (1077) with REST binding
genes (1775) in embryonic stem cells yielded 198 (p=1.8e-32) commonly repressed
genes. Of these, 62 are also bound by Brgl (p=4.9e-18) (Appendices-1 Figure 4F).
This indicates that Brgl positively regulates the repression function of REST to inhibit
neuronal gene expression and to allow medulloblastoma to grow. We observed the
interaction between endogenous Brgl and REST in smoM2 medulloblastoma (Figure
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4A). Deletion of Brgl led to reduced REST binding to one target gene NeuroD2 (Figure
4B). These results confirmed a previous report that REST recruits BAF complexes to
target genes whereas BAF complexes further facilitates REST binding . In addition,
Brgl repressed potential tumor suppressors with mutations identified in Shh-type
medulloblastoma such as LRP1B, Synel, and Pde4D *°. In contrast, potential tumor
suppressor genes such as DDX3x, TCF4, and NcoR found in multiple types of
medulloblastomas (8-10) were not significantly changed upon Brgl deletion
(Appendices-1 Figure 4H). Therefore, by a coordinated regulation of specific oncogenic
and tumor suppressing transcription circuits, Brgl supports SmoM2 medulloblastoma
development.

In addition, recently we found that an H3K27me3 demethylase Jmjd3 is required for
Shh signaling pathway in development and medulloblastoma growth through modulating
histone modification (11). We hypothesized that Brgl may coordinate with Jmjd3 to
maintain the H3K27me3 around Shh target gene regulatory regions. Indeed, we found that
the H3K27me3 levels at global and the Glil, Atohl promoter regions were significantly
upregulated (Appendices-1 Figure 5A, C, D). It was reported that Brgl interacts with Jmjd3
to regulate target gene expression (12). To determine whether Jmjd3 recruitment was
affected by BAF complex through Brgl, we carried out ChlP-Jmjd3 experiment in primary
CGNP cultures treated with 40HT to delete Brgl. Results indicated that Jmjd3 binding at
Glil regulatory region was significantly decreased when Brgl was deleted (Appendices-1
Figure 5F). These data taken together showed Brgl cooperates with histone modifiers,
such as Jmjd3, to regulate Shh target genes in medulloblastoma development.

In summary, our study reveals an epigenetic mechanism that controls specific
transcription programs essential for Shh-type medulloblastoma development. Future
functional epigenome studies will elucidate the specific epigenetic regulations of each
tumor subtypes and will provide targets for development of the much needed subtype-

specific treatments for medulloblastoma patients.
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3.2 .4 Other achievements

Promote from Postdoctoral researcher to Instructor.

3.3 Opportunities for training and professional development provided by the project
Nothing to report

3.4 How were the results disseminated to communities of interest?

l. Present in international meeting

Il Publish high impact papers in peer-reviewed journal

3.5 Plan to do during next reporting period

Nothing to report
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4. Impact

Epigenetic regulation of gene expression provides new mechanisms and therapeutic
targets for cancer researches. My proposal focuses on the role of an epigenetic
regulator Brgl in Shh signaling-dependent medulloblastoma, which is the most
common brain tumor of childhood. Successfully, my proposal provided significant
insights into the epigenetic regulation mechanism of medulloblastoma and also another
layer of treatment option by targeting Brg1l. Besides medulloblastoma, many other
cancers require elevated Shh activity for initiation and/or maintenance. The
mechanisms and potential treatments identified in this proposal could readily have a
much broader application and profound impact. Thus the findings gained from the
project are highly relevant to the health of the military families and their children as well
as general public.
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5. Changes/Problems

Aim1: To determine the function of Brgl in SmoM2-dependent medulloblastoma
formation, we previously bred above-mentioned mice but using Nestin-creER. One
injection of tamoxifen is expected to induce the expression of SmoM2 and deletion of
Brgl. However, since activity of CreER system depends on the Cre expression level
and tamoxifen delivery efficiency, deletion of Brgl and expression of SmoM2 occured in
a mosaic pattern The resulting tumor formation rate and survival curve from Brgl

and Brgl " mice has a trend to be different but the dlfference is not significant. As an
alternated plan, we bred SmoM2 Math1-Cre, Brgl ™", F/+ or +/+ mice to analyze the
function of Brgl in SmoM2-dependent medulloblastoma initiation and formation. Math1-
cre is expressed in CGNP cells. It induces SmoM2 expression and Brgl deletion in the
same cells. The data showed so far 66% Brgl wild type mice died from
medulloblastoma, the percentage of dead Brgl F/+, F/F mice was down to 27%, 9%
respectively. The survival curve of Brgl F/F mice was significantly different from that of
Brgl +/+ mice. These data suggested that Brgl deletion can efficiently inhibit growth of
medulloblastoma in vivo.

Aim 3: Our previous studies have suggested that BAF complex activates Shh-induced
transcription by recruiting other unidentified co-activators to Shh target genes, and our
previous aim was to investigate the Brg1l/BAF complex interacting protein in
medulloblastoma development. However, based on the current data, Brgl deletion
already made systematic changes to limit medulloblastoma growth. To understand the
mechanisms underlying Brgl function in Shh target gene activation and Shh-dependent
medulloblastoma, we have modified subaims to use RNA-seq to determine know the
global changes of all genes and to use a proteomic approach to identify BAF-interacting
proteins in Shh-activated medulloblastoma. Regarding proteomic analysis, the BAF-
interacting co-activators will be good candidates for mediating Shh-induced gene
activation and for Shh-dependent tumor formation. We confirmed interaction between
Brgl and Gli1, REST and Atohl in the medulloblastoma tissue, indicating the tissue is a
feasible resource to probe the interaction proteins important in medulloblastoma
development.

As to RNA-seq, we injected the mice Brgl+/+ and Brgl F/F suffering
medulloblastoma with tamoxifen every another days for 20 days. The primary tumor
tissue was confirmed with the Brgl deletion and the decrease of mitogenic genes.
Then, total RNA was extracted from the tissue and ran for RNA-seq. Results showed
that 1517 genes were changed by deleting Brgl. Almost half of the genes overlapped
with SmoM2-regulated genes in medulloblastoma formation. Among these 1517
changed genes, the downregulated genes by Brgl deletion matched well with the
upregulated genes by SmoM2 transgene, and vice versa. GO analysis clearly showed
those downregulated genes by Brgl deletion consisted of proliferation genes, such as
cell cycle, DNA binding, hedgehog, Wnt and Notch signaling. The upregulated genes
are most neuronal associated genes. Hence, Brgl deletion efficiently inhibits the
SmoMz2 effects in medulloblastoma formation.
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In addition, recently we found that an H3K27me3 demethylase Jmjd3 is required for
Shh signaling pathway in development and medulloblastoma growth through
modulating histone modification (Shi et al., Nature communications 2014). We
hypothesized that Brgl may coordinate with Jmjd3 to maintain the H3K27me3 around
Shh target gene regulatory regions. Indeed, we found that the H3K27me3 levels at
global and the Gli1 and Atohl promoter regions were significantly upregulated. It was
reported that Brgl interacts with Jmjd3 to regulate target gene expression. To
determine whether Jmjd3 recruitment was affected by BAF complex through Brgl, we
carried out ChIP-Jmjd3 experiment in primary CGNP cultures treated with 40HT to
delete Brgl. Results indicated that Jmjd3 binding at Glil regulatory region was
significantly decreased when Brgl was deleted. These data taken together showed
Brgl cooperates with histone modifiers, such as Jmjd3, to regulate Shh target genes in
medulloblastoma development.

In summary, with small modifications of the original proposal, | successfully
accomplished the major goal of the proposal determined the function of Brgl in Shh-
type medulloblastoma and revealed molecular mechanisms underlying its function. This
study will also shed light on Brgl function in many other tumors.
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Abstract

Recent large-scale genomic studies have classified medulloblastoma into four subtypes:
Wnt, Shh, Group 3, and Group 4. Each is characterized by specific mutations and distinct
epigenetic states. Previously we showed that a chromatin regulator SMARCA4/Brgl is
required for Gli-mediated transcription activation in Sonic hedgehog (Shh) signaling. We
report here that Brgl controls a transcriptional program that specifically regulates Shh-type
medulloblastoma growth. Using a mouse model of Shh-type medulloblastoma, we deleted
Brgl in pre-cancerous progenitors and primary or transplanted tumors. Brgl deletion
significantly inhibited tumor formation and progression. Genome-wide expression analyses
and binding experiments indicate that Brgl specifically coordinates with key transcription
factors including Gli1, Atohl, and REST to regulate the expression of both oncogenes and
tumor suppressors that are required for medulloblastoma identity and proliferation. Shh-
type medulloblastoma displays distinct H3K27me3 properties. We demonstrate that Brgl
modulates activities of H3K27me3 modifiers to regulate expression of medulloblastoma
genes. Brgl-regulated pathways are conserved in human Shh-type medulloblastoma, and
Brg1l is important for the growth of a human medulloblastoma cell line. Thus, Brgl
coordinates a genetic and epigenetic network that regulates the transcriptional program

underlying Shh-type medulloblastoma development.



Introduction

Medulloblastoma is the most common malignant childhood brain tumor. Although the
survival rate of medulloblastoma patients is relatively high, current treatments have
serious side effects ****°. Several large-scale genomic studies have provided rich
information about specific transcription profiles and mutations associated with
medulloblastoma. Based on these analyses, medulloblastomas are classified into four
subgroups: Wnt, Shh, Group 3, and Group 4 2% 444 %49 guptypes are characterized by
specific mutations, rely on distinct signaling pathways, and possibly have different cell
origins. Interestingly, each also displays distinct epigenetic properties, which are likely
important for generating and maintaining the transcription program characteristic of each
subtype. Functional epigenome studies to identify the molecular mechanisms that regulate
the growth of each tumor subtype are required to accelerate the pace of development of
much needed, subtype-specific treatment plans for medulloblastoma patients.

Shh-type medulloblastoma accounts for 25% of all medulloblastoma. Mutations that result
in constitutively active Sonic hedgehog (Shh) signaling in cerebellum granule neuron
precursors (CGNPs) are the essential genetic causes of Shh-type medulloblastoma % *°.
During early postnatal development, Shh expressed from Purkinje neurons induces the
rapid expansion of CGNPs in the external granule layer (EGL). CGNPs differentiate into
granule neurons that migrate to and reside in the internal granule layer (IGL). Active Shh
signaling is required for normal CGNP proliferation and for maintenance of CGNPs in an
undifferentiated state ® * ° % however, elevated or constitutively active Shh signaling

leads to CGNP over-proliferation and medulloblastoma.

Although various mutations cause Shh-type medulloblastoma and Shh-type
medulloblastoma occurs in infants, children and adults, these tumors share certain
subtype-specific gene expression patterns that are likely required for tumor proliferation
and identity 2 3% 44.46.48.499 Thege include high levels of expression of Shh signaling target
genes such as Glil and CGNP specification genes such as Atohl, and relatively low levels
of expression of neuronal differentiation genes. Shh signaling mediated by Patched
(Ptchl) and Smoothened (Smo) regulates development and cancer by modulating the
activities of Gli family transcription factors **>?%24_Shh activation releases inhibition of
Smo by Ptchl to activate Glil/2 transcription activators (GliA) and downstream target

genes. Shh-induced GIiA activities provide a driving force for tumor proliferation by



activating mitogenic genes such as Gli1, CcnD1, and N-myc ??*. The acquisition of CGNP
identity is a critical determinant of progenitor cell competence to form Shh-induced
medulloblastoma °3; therefore, Atoh1, an essential transcription factor in CGNP
specification, plays an important role in medulloblastoma development ***. Atoh1 also
regulates medulloblastoma proliferation by controlling Gli2 expression **. Compare to
Group 3 and Group 4 medulloblastoma, Shh subtype expresses low levels of neuronal
genes. The master repressor NRSF/REST is expressed at high levels in Shh-type
medulloblastoma and may function as an oncogene to repress expression of certain
neuronal genes leading to inhibition of differentiation " ** 2, Thus, GIiA, Atoh1, and REST
form a core transcriptional regulatory circuitry to control the identity and proliferation of
medulloblastoma. The targetome of this transcription circuitry likely produces
medulloblastoma phenotypes, and its coordinated regulation is critical to tumor
development.

Previously, we and others have identified several GliA-interacting epigenetic regulators to
activate target genes in response to Shh signaling > %* . We have reported that a
SWI2/SNF2 like chromatin remodeler SMARCA4/Brg1l functions as a GliA co-activator and
is required for Shh-induced target gene activation °. As a core subunit of the SWI/SNF-
like chromatin remodeling BAF complexes, Brgl contains an ATPase domain that
provides the enzymatic activity to remodel chromatin structures to regulate transcription *”
2 In addition, BAF complexes interact with many proteins, including other chromatin
regulators and histone modifiers, that might mediate ATPase-independent activities of
Brgl and BAF complexes. BAF complexes have been shown to function as transcription
activators or as repressors and play diverse roles during development 2. In cancers, BAF
complexes also play important but context-dependent roles 2" 2. Recent genomic
studies indicated that BAF complexes are mutated in ~20% of all cancer types and
represent the most highly mutated chromatin regulator in human cancer 2" **. Brg1 biallelic
inactivating mutations have been identified in many cancers such as atypical
teratoid/rhabdoid tumors (AT/RT) and ovarian cancers ** °. Heterozygous missense
mutations of Brgl have been identified in the Wnt and Group 3 medulloblastomas " *,
suggesting a tumor suppressor function of Brgl in these cancers. In other cancers,
however, BAF complexes are required for cancer development and excluded from
mutations. Brgl has been shown to be required for leukemia and small cell lung cancer

maintenance by regulating Myc expression or Myc activities > *®. The requirement of Brg1l



for Shh/GIiA activation suggests that Brgl may be required for Shh-type medulloblastoma
growth.

Recently we discovered that under basal conditions Shh/Gli target genes poised for
activation are marked by a bivalent chromatin domain containing H3K27me3/H3K4me3.
The H3K27me3 demethylase Jmjd3/Kdm6b plays a crucial role in removing H3K27me3,
recruiting other co-activators, and activating Gli target genes in response to Shh signaling
> It has been shown that Brg1 functions together with Jmjd3 to activate transcription of
certain genes > *. Notably, the non-enzymatic activities of both Brg1l and Jmjd3 are
required for their co-activator functions in Shh signaling > ’*; these two proteins may
interact with each other or recruit other co-factors to activate Shh target genes
coordinately. Consistent with their co-activator functions in Shh signaling, few mutations in
Brgl and Jmjd3 have been identified from pediatric Shh-type medulloblastomas despite a
potential tumor suppressor function for both proteins in other medulloblastoma subtypes

and other types of cancer 27447,

In this report, using a mouse model of Shh-type medulloblastoma that closely resembles
the human tumor, we demonstrate that the chromatin remodeler Brgl coordinates the core
transcriptional circuitry that controls Shh-type medulloblastoma identity and proliferation.
Deletion of Brgl in CGNPs impaired normal cerebellum development, but considerably
extended the survival time of tumor-bearing animals. Brgl deletion after medulloblastoma
formation significantly inhibited tumor proliferation and growth. Using genome-wide
expression and binding experiments, we discovered that Brgl coordinates with Glil,
Atohl, and REST to regulate expression of both oncogenes and tumor suppressors
specifically required for tumor growth. Brgl-regulated pathways are conserved in human
Shh-type medulloblastomas, and Brgl was also important for the growth of a human
medulloblastoma cell line. In addition, we showed that Brgl modulates activities of
H3K27me3 modifiers in regulating medulloblastoma genes. Thus, Brgl regulates genetic
and epigenetic networks that control the transcription program underlying Shh-type

medulloblastoma development.



Results

Brglis required for cerebellum development and the proliferation of precancerous
CGNPs.

To determine whether the GIiA co-activator Brgl is required for Shh-dependent CGNP
proliferation in vivo, we deleted Brgl using the CGNP-specific Atoh1-Cre transgene *°.
Atoh1-Cre-induced Brgl deletion in CGNPs led to significantly smaller cerebellums at
postnatal day 12 (P12) compared to those in wild-type mice despite an overall similar
foliation pattern (Figure 1A-B, 1A’-B’). Brgl protein was deleted in most CGNPs in the
EGL and subsequently in granule neurons in the IGL (Figure 1C, 1C’). Brgl-deleted
CGNPs also displayed abnormal morphologies such as larger nuclei (Figure 1C, 1C’). The
EGL was thinner in Brgl-deleted cerebellum, due to impaired CGNP proliferation as
indicated by reduced BrdU incorporation (Figure 1D, 1D’). This result indicates an
essential function of Brgl in Shh/Gli-dependent normal cerebellum development.
Recently, another genetic study also demonstrated that Brgl and
SMARCB1/BAF47/INI1/SNF5 are required for cerebellum development “°.

The expression of a Cre-inducible SmoM2 (an activating mutation in Smo) transgene in
CGNPs results in constitutively active Shh signaling, over-proliferative CGNPs, and
medulloblastoma development * 3. In precancerous SmoM2 CGNPs, Brgl was required
for proliferation (Figure S1A). Cultured CGNPs were obtained from P4 CAG-CreER

+/+

SmoM2 pups with Brg1™" or Brg1**. In both genotypes, tamoxifen treatment induced
expression of SmoM2, and, in the BrglF’F cells, deletion of Brgl was induced
simultaneously, which significantly reduced CGNP proliferation as indicated by reduced
BrdU incorporation (Figure S1A). Consistently, Brgl deletion in SmoM2 CGNPs
significantly inhibited the expression of Shh target genes that are induced by the SmoM2

mutant protein (Figure S1B, S1C).

Brgl is required for SmoM2 medulloblastoma formation and progression.

To determine how Brgl functions in Shh-induced medulloblastoma formation, Brgl was
deleted in CGNPs in the SmoM2 mouse model of Shh-type medulloblastoma using Atoh1-
Cre at the same time that SmoM2 was induced. Induction of SmoM2 expression led to
abnormal cerebellum development and medulloblastoma growth. At P28, the cerebellum
in Atoh1-Cre SmoM2 mice had no foliation, indicating the requirement of proper Shh

signaling for CGNP proliferation and differentiation. Multiple foci of Ki67 positive cells



indicated the initiation of medulloblastoma growth (Figure 2A). In Atoh1-Cre SmoM2

FIF
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Brg mice, the cerebellum is smaller and also lack of foliation. However, no Ki67

positive foci were observed (Figure 2A). In survival studies, all Atoh1-Cre SmoM2 Brg1**
mice developed medulloblastoma and died within 3 to 4 months of age (Figure 2B).
Deletion of Brgl in CGNPs significantly extended survival time of Atoh1-Cre SmoM2 mice
(Figure 2B). In those few Atoh1-Cre SmoM2 Brg1™ mice that did suffer from
medulloblastoma growth, the Brgl allele was not completed deleted in the tumor cells
(Figure S2). Deletion of one Brg1l allele also significantly reduced the lethality rate

compared to the mice with wild-type Brgl (Figure 2B).

To determine whether Brgl is required for medulloblastoma maintenance and progression,
we deleted Brgl after tumor formation by taking advantage of the leaky CAG-CreER
activities (Figure 2C). CAG-CreER SmoM2 medulloblastomas with Brg1**, Brg1™*, or
Brg1™" alleles were induced by weak Cre activities without tamoxifen treatment. These
tumors contain intact Brgl alleles (Figures 2C, 2D). When transplanted into SCID-NOD
immunodeficient mice subcutaneously, deletion of one or both Brgl alleles induced by
tamoxifen injection significantly inhibited the growth of tumor allografts (Figures 2D). Brgl
deletion significantly inhibited tumor cell proliferation as indicated by reduced staining of
proliferation markers such as phosphorylated histone H3 (H3P) and by BrdU incorporation
(Figure 2E). Deletion of Brgl in primary medulloblastomas using the same strategy also
significantly inhibited tumor proliferation (Figure S3). Thus, Brgl is required for both the

formation and progression of SmoM2 medulloblastoma.

Brgl is required for the expression of a transcription program specific to SmoM2
medulloblastoma.

In medulloblastoma transplantation, as expected, deletion of Brgl significantly inhibited
the expression of Shh/Gli target genes Glil, Ptchl, Ccndl1, and N-myc (Figures 3A, 3B),
which is consistent with the function of Brgl as a co-activator of Gli1/2. Interestingly, Brgl
deletion also inhibited other genes known to be important for medulloblastoma identity and
proliferation such as Atohl and Gli2 (Figure 3B). We next performed RNA-seq to compare
the transcription profiles from primary medulloblastomas with or without Brgl deletion.
Mice with CAG-CreER SmoM2 medulloblastomas with Brg1™ or Brg1** were injected
with tamoxifen to induce Brgl deletion or to serve as controls. Differential expression

analyses showed that levels of expression from 1517 genes were significantly changed



upon Brgl deletion (Table S1). These Brgl-regulated genes significantly overlapped with
the genes differentially expressed in SmoM2 medulloblastoma versus normal cerebellum
37 (47%, p=2.3e-161, Figure 3C). Of the 1517 Brgl-regulated genes, levels of expression
of 440 genes were decreased upon Brgl deletion (these are Brgl activated genes), and
levels of expression of 1077 genes were increased (these are Brgl repressed genes).
Ranked fold change analyses showed an almost perfect correlation between Brgl-
regulated genes and the SmoM2-specific gene set (Figure 3D) indicating that Brgl
activates genes specifically expressed in SmoM2 medulloblastoma and inhibits genes
repressed in tumors. These include genes important for cell proliferation and differentiation
as shown by the gene ontology analyses (Figure 3E). Thus, the inhibition of tumor growth
that resulted from Brgl deletion is due to the destruction of the specific transcription
program controlling SmoM2 medulloblastoma.

Brgl regulates key transcriptional regulatory circuits in SmoM2 medulloblastoma.
To identify direct Brgl target genes, we performed Brgl ChIP-seq in SmoM2
medulloblastoma. Approximately 37 million reads were obtained, and more than 20 million
reads were uniquely mapped to the genome. We analyzed the data using the SICER
program that is specifically designed for analysis of ChlP-seq data of chromatin regulators
>, We identified 5727 significant Brg1-binding regions with an average size of 2.4 kb; this
number of binding regions is similar to those obtained in Brgl ChlP-seq studies performed
in other tissues %> . Most Brg1-binding regions (70%) are in gene bodies or within 5 kb
upstream or downstream; 30% are in the intergenic regions (Figure 4A). The analysis of
the distribution of Brgl-binding regions in gene units showed enrichment close to the
transcription start sites (Figure 4B). From the 5727 Brg1-binding regions, we identified
3841 genes with a Brgl-binding region overlapping with the gene body or 5-kb
surrounding regions (Table S2). The intersection of the gene set bound by Brgl with the
Brgl-regulated genes identified from primary medulloblastoma yielded 399 genes that are
likely direct targets of Brgl (Figure 4C, Table S3).

The analyses of Brgl targetome provide insights into the mechanisms underlying the
essential function of Brgl in Shh-type medulloblastoma. We found that Brgl regulates
important transcriptional regulatory pathways in medulloblastoma including the targetomes
of Gli1, Atohl, and REST. Gli binding sites have been identified in another mouse model

of Shh-type medulloblastoma *. Despite using the different tumor models, we observed a



high overlap between Glil binding genes and Brgl binding genes. Within 1169 Gli binding
genes, 557 contain Brgl-binding regions (48%, p=1.2e-206, Figure 4C). In many target
genes, putative Brgl and Glil binding regions are in close proximity (Figure 4G),
suggesting that Glil recruits the Brgl co-activator complex to the Gli regulatory regions.
Consistently, we observed an interaction between endogenous Glil and Brgl in
medulloblastoma cells (Figure S4A). These data indicate that the essential co-activator
function of Brg1l is not limited to a few known Glil target genes, but can be applied to the
Glil targetome in medulloblastoma.

Of the 557 genes co-occupied by Brgl and Glil, 82 genes were regulated by Brgl. Brgl
deletion led to decreases in expression of Glil-activated known oncogenic genes Glil, N-
myc, and Ccnd1 (Figure 3B, Table S1) and potential oncogenic genes such as Akna,
Foxo6, and Sox18 ** (Figure 4H, Table S1). In addition, expression levels of Notch and
Hippo pathway genes such as Hesb5, Hey1 (also Glil targets), Jagl, and Teadl as well as
Wnt pathway inhibitors Wifl and SFRP1 (also Glil targets) decreased after Brgl deletion
(Figure 4H). It has been shown that active Notch and Hippo signaling pathways positively

10.13.41 ' \whereas the Wnt pathway inhibits it *.

regulate Shh-type medulloblastoma
Therefore, these data suggest that Brgl coordinates the crosstalk between signaling

pathways to facilitate Shh-activated medulloblastoma development.

In CGNPs and Shh-type medulloblastoma, Atohl is necessary for cell-type specification
and cell identity maintenance . It also regulates CGNP and medulloblastoma
proliferation, mainly by activating Gli2 expression **. The Atoh1 targetome has been
identified in early postnatal CGNPs, where Shh signaling is active . Many Atoh1 target
genes in CGNPs likely also play important roles in maintaining medulloblastoma cell
identity and proliferation. Within the 582 high stringency Atohl targets, 251 genes (43%)
were also bound by Brgl (Figure 4D). Of these, 48 were regulated by Brgl including
potent medulloblastoma oncogenes Gli2, Atohl, CXCR4, Tgifl, and Aurkb (Figure 3B, 4D,
4G, 4H) ** 3% which are likely direct targets of Brgl. The targeting of Brg1 to Atohl
binding genes is likely mediated through the interaction between Atohl and Brgl. We
observed that endogenous Atohl co-immunoprecipitated with Brgl in SmoM2
medulloblastoma (Figure S4A). We next analyzed the specificity of Brgl in regulating
target genes and non-target genes of Glil and Atohl1. Of the genes containing neither Glil

nor Atoh1l binding sites (Gli1-/Atoh1-), less than 15% were occupied by Brgl. In contrast,



38% of the Glil-/Atohl+ genes, 46% of the Glil+/Atohl- genes, and 66% of the
Glil+/Atohl+ (73/110) genes were co-occupied by Brgl (Figure 4E). The highly enriched
Brgl occupancy in the target genes of Glil and/or Atohl indicates that Brg1l specifically

controls the transcriptional circuitry involved in medulloblastoma identity and proliferation.

Inhibition of several known tumor suppressors significantly enhances the formation and
growth of mouse models of Shh-type medulloblastoma °® %, Notably, Brg1l deletion led
to an increase in expression of specific tumor suppressor genes and genes known to be
involved in neuronal function and synaptogenesis (Figure 3E). In medulloblastoma, tumor
cells maintain a progenitor state and inhibit neuronal gene expression. It is thought that
REST functions as an oncogene by repressing expression of neuronal genes and

inhibiting differentiation " **%

. Many REST target genes (e.g., Nrxn2, Nrxn3, and
NeuroD2) were derepressed upon Brgl deletion (Figure 4F, 4H). Although the target
genes of REST in CGNPs and medulloblastomas are not known, the REST targetome
identified in embryonic stem cells, where most of the neuronal genes are repressed, may
encompass many REST target genes in cerebellum ?°. A comparison between Brg1-
repressed genes (1077) with REST binding genes (1775) in embryonic stem cells yielded
198 (p=1.8e-32) commonly repressed genes. Of these, 62 are also bound by Brgl
(p=4.9e-18) (Figure 4F, Table S3). This indicates that Brgl positively regulates the
repression function of REST to inhibit neuronal gene expression and to allow
medulloblastoma to grow. We observed the interaction between endogenous Brgl and
REST in smoM2 medulloblastoma (Figure S4A). Deletion of Brgl led to reduced REST
binding to one target gene NeuroD2 (Figure S4B). These results confirmed a previous
report that REST recruits BAF complexes to target genes whereas BAF complexes further
facilitates REST binding *°. In addition, Brg1 repressed potential tumor suppressors with
mutations identified in Shh-type medulloblastoma such as LRP1B, Synel, and Pde4D *°.
In contrast, potential tumor suppressor genes such as DDX3x, TCF4, and NcoR found in

multiple types of medulloblastomas 2 #* 464849

were not significantly changed upon Brgl
deletion (Figure 4H). Therefore, by a coordinated regulation of specific oncogenic and
tumor suppressing transcription circuits, Brgl supports SmoM2 medulloblastoma

development.

Brgl regulates the activities of H3K27me3 modifiers in medulloblastoma.
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Human Shh-type medulloblastoma is characterized by low global H3K27me3 levels *°,
which may allow the expression of many H3K27me3-regulated oncogenic genes.
Similarly, we observed low global H3K27me3 levels in CGNPs and in SmoM2
medulloblastoma (Figure 5A) *’. Interestingly, human medulloblastoma and SmoM2
tumors contain relatively high levels of SUZ12, a component of the H3K27
methyltransferase complex PRC2 (Figure 5A) *°. This paradox indicates that high
H3K27me3 demethylase activities such as those of Jmjd3 must be present in Shh-type
medulloblastoma to remove H3K27me3 and to keep H3K27me3 levels low. Interestingly,
we observed a global increase of H3K27me3 levels but decreased PRC2 levels (as
indicated by decreased levels of an essential subunit Suz12) when tumor growth was
inhibited by Brgl deletion (Figure 5A). RT-gPCR analyses showed that Brgl deletion in
SmoM2 tumors led to reduced PRC2 subunits mRNA levels (Figure 5B). Thus, Brgl may
facilitate Jmjd3-mediated removal of H3K27me3 to activate oncogenic genes, whereas
Brgl may also help maintain the H3K27me3 levels at the repressed gene regulatory
regions by positively support PRC2 expression in Shh-type medulloblastoma. In support
target gene specific functions of Brgl in H3K27me3 regulation, ChIP-gPCR showed
increased H3K27me3 levels at Brgl activated genes such as Glil and Atohl and
decreased H3K27me3 levels at Brgl repressed genes such as NeuroD2 upon Brgl
deletion (Figure 5C-E). We have previously shown that Jmjd3 directly binds to Glil
regulatory regions in Shh-activated CGNPs and is required for maintaining the low local
H3K27me3 level and activating Glil expression >’. Our data indicate that Brg1l is required
for Jmjd3 binding to Glil regulatory regions since Jmjd3 binding in Shh-activated CGNPs
was significantly impaired when Brgl was deleted (Figure 5F). This reduction of Jmjd3
binding was not due to a decrease of Jmjd3 expression level, since Jmjd3 mRNA level
was even slightly increased in Brg1l deleted medulloblastoma (Figure 5B). By regulating
Jmjd3 activities and PRC2 expression levels, Brgl may control expression of certain target
genes through modulation of H3K27me3 levels.

Conserved functions of Brgl in human Shh-type medulloblastoma.

To determine whether Brgl-regulated transcriptional pathways in SmoM2 tumors are also
specifically expressed in human Shh-type medulloblastoma, we compared the expression
levels of human homologs of Brg1l targets in different medulloblastoma subtypes. Using a
publicly available microarray dataset of 76 pediatric medulloblastoma samples

(GSE37418) *°, we ranked the average expression levels of the human homologs of each
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Brgl-activated Glil or Atohl targets as well as Brgl-repressed REST targets in four types
of human medulloblastoma (Table S4). Both Brgl-activated Glil and Atohl targets have
significantly more #1 ranked genes in Shh-type medulloblastoma than other subgroups,
whereas significantly more Brgl-repressed REST targets have lowest expression in Shh
type tumors compared to other subgroups (Figure 6A, 6B). Brgl was expressed at
relatively high levels in all four subgroups (Figure 6B). These results indicate that in Shh-
type medulloblastoma, Brgl-regulated Glil and Atohl target genes are specifically
activated and many REST targets are specifically repressed. Thus, the gene programs
coordinately regulated by Brgl and these transcription factors in SmoM2 tumors are also
specifically associated with human Shh-type medulloblastoma and are likely to be

important for human tumor growth.

To further determine the function of Brg1 in human medulloblastoma growth, we
performed RNAi-mediated Brgl inhibition in human medulloblastoma cell lines and
examined the effects on target gene expression and cell growth. The DaoY human cell line
resembles Shh-type medulloblastoma cells ®2. Although DaoY cells express low levels of
Glil and Atohl, exogenous Glil significantly activated Glil and Atohl targets and
accelerated growth of these cells (Figure 6C, 6D). RNAi-mediated inhibition of Brgl
expression in DaoY cells significantly decreased the expression of these oncogenes and
impaired the cell growth in the absence or presence of exogenous Glil (Figure 6C-G). In
contrast, reduction of Brgl levels in a Group 3/4-like medulloblastoma cell line D283 °° did
not affect the cell growth (Figure 6E, 6F). Notably, similar to in SmoM2 tumors, inhibition of
Brgl in DaoY cells but not in D283 cells also increased global H3K27me3 levels (Figure
6H), suggesting that Brgl may also regulate human medulloblastoma through modulating
H3K27me3 modifier activities. These results indicate that Brgl plays a conserved and
specific role in coordinating the genetic and epigenetic regulatory programs in Shh-type

medulloblastoma.
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Discussion

In this report, we demonstrated that Brgl is essential for both normal cerebellum
development and Shh-type medulloblastoma growth. In both mouse and human Shh-type
medulloblastoma, Brgl regulates expression of GliA and Atohl target genes to maintain
tumor identity and proliferation. Brgl also inhibits expression of genes with potential tumor
suppressor functions as well as REST-repressed neuronal genes. Furthermore, Brgl may
regulate the activities of H3K27me3 modifiers to maintain the distinct chromatin
environment specific to Shh-type medulloblastoma. Therefore, Brgl is part of a genetic
and epigenetic network that controls the specific transcriptional program underlying Shh-
type medulloblastoma (Figure 7). Our study demonstrates that a novel epigenetic
mechanism controls subtype-specific medulloblastoma development.

BAF complexes are known to target many developmentally important loci, mainly by
interacting with transcription factors through its diverse subunits *” 2. Our studies provide
genetic and genomic evidence indicating an essential function of Brgl in regulating
Shh/Gli signaling and Atoh1 pathway in cancer. The interactions between Brgl and Glil or
Atohl and the significant enrichment of Brgl occupancy in genes targeted by Atohl and/or
Glil relative to non-target genes suggests that in medulloblastoma Brgl could be recruited
by Glil or Atohl1 and functions specifically to co-regulate Glil and Atohl target genes.
Brgl also represses a large number of REST target genes in medulloblastoma and
prevents tumor cell differentiation. Brgl interacts with REST and is also required for
maximum binding of REST to certain target genes. This is consistent with a previous
report that REST recruits BAF complexes whereas BAF complexes further facilitate REST
binding *°. Gli1 and Atoh1 as well as their target genes are over-represented in human
Shh-type medulloblastoma than other subtypes, whereas REST target genes are
underrepresented, indicating that Brgl regulated transcription network is also conserved in
human cancers. The mechanisms identified in mouse models are likely applicable to
human cancers. A direct test in human cancer xenograft model would be very useful to

directly test Brgl function in human medulloblastoma.

The activities of BAF complexes in tumor development appear to be tumor-type
dependent, consistent with its diverse subunit compositions and functions in different
tissues "*. Using the ATPase dependent chromatin remodeling activities or ATPase

independent functions by interacting with other epigenetic cofactors, BAF complexes could
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activate or repress specific target genes in a context-dependent manner 2. Therefore,
depending on the specific roles of BAF subunits in regulating different oncogenes or tumor
suppressors that are associated with each type of tumors, BAF subunits may function
either to suppress or to support tumor growth. The tumor suppressor functions of BAF
subunits have been extensively studied in AT/RT, where biallelic mutations of
SMARCB1/BAF47 as well as SMARCA4/Brgl cause cancer development ** %, In AT/RT
with Brgl or BAF47 mutated, increased Shh target gene expression was observed, which
may contribute to the AT/RT growth . This notion is consistent with our previous finding
that Brg1/BAF complex plays a dual role in Shh signaling by repressing the basal
expression and activating signaling-induced target gene expression "°. In cancers that
require active Shh signaling such as Shh-type medulloblastoma, Brgl is then required for
tumor growth. Therefore depending on the Shh signaling activities in different cell types,
BAF deletion may cause different effects on Shh target genes and cancer growth 2. In
medulloblastoma, the potential tumor suppressor functions of Brgl in Wnt and Group 3

subtypes remain unknown.

Transcription profiles classify medulloblastomas into four groups. Interestingly, mutations
in a significant number of epigenetic regulators have been identified. Mutations in
H3K4me3 methyltransferase MLL2/3 occur in multiple medulloblastoma subgroups **
whereas mutations in other epigenetic regulators occur with strong subgroup bias. For
example, the mutations in H3K27me3 demethylase UTX/Kdm6A are highly enriched in
Group 4 tumors, but are largely absent from Shh-type medulloblastoma 2% #°.
SMARCAA4/Brgl mutations have been identified in Wnt and Group 3 subgroups but are
rare in Shh-type medulloblastoma, likely because of the essential functions that Brgl plays
in the regulation of the Shh-type medulloblastoma transcriptional program. Although
mutations in other BAF subunits are rare in pediatric Shh-type medulloblastoma, they are
present in adult Shh-type medulloblastoma . It is not clear how these mutations regulate
adult tumor progression; they may contribute to the tumor heterogeneity between pediatric
and adult medulloblastoma. In Shh-type medulloblastoma with BAF subunit mutations, the
function of Brgl remains to be explored. Interestingly, it has been shown that Brgl is
required for the oncogenesis caused by loss of the SMARCB1/SNF5 tumor suppressor .
Therefore, the aberrant BAF complexes formed with mutated BAF subunits may

misregulate oncogenic genes and further deleting Brg1l would inhibit tumor growth.
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The extensive and subgroup specific mutations in epigenetic regulators in
medulloblastoma implicate the importance of epigenetic regulation in medulloblastoma
development and epigenetic therapy holds great promise for the future treatment of
medulloblastoma. In our study, we also showed an important function of Brgl in
coordinating the activities of H3K27me3 regulators. Brgl deletion caused decreased
Jmjd3 binding to the regulatory regions of Glil and Atohl and possibly other oncogenes,
which may lead to decreased expression of these genes. Brgl deletion also led to a
significant decrease of PRC2 levels. PRC2 has been shown to repress tumor suppressors
and is oncogenic in other cancers. In addition, PRC2 can function as a co-repressor for
REST . It is possible that the decreased PRC2 levels contribute to the de-repression of
certain tumor suppressor genes and REST target genes such as NeuroD2 in Brgl-
deleted tumors. Thus, Brgl regulates local H3K27me3 levels in a target gene specific
manner. The coordinated regulation H3K27me3 by Brgl is likely one of the key
mechanisms underlying Brgl function in medulloblastoma transcription regulation. The
availability of the chemical inhibitors to Jmjd3 and PRC2 may provide new treatment

options for medulloblastoma.

In summary, our study reveals an epigenetic mechanism that controls specific transcription
programs essential for Shh-type medulloblastoma development. Future functional
epigenome studies will elucidate the specific epigenetic regulations of each tumor
subtypes and will provide targets for development of the much needed subtype-specific

treatments for medulloblastoma patients.
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Materials and Methods:

Mice
SmoM2 mice * and CAG-CreER * mice were purchased from Jackson Laboratory. Due
to the CreER leakage, the CAG-CreER SmoM2 mice have a high rate of spontaneous

medulloblastoma development before 2 months of age (~40%) even without tamoxifen

++ 60, 76

induction. These mice were crossed to Brg1*™*, Brg1™*, or Brg1™ mice and are

maintained on a mixed genetic background at UT Southwestern Medical Center Animal
Facility. Atoh1-Cre mice were generated by knocking-in the Cre gene at the Atoh1 locus "
and were provided by Dr. Lin Gan (Rochester University) and Dr. Jane Johnson (UT
Southwestern). SCID-NOD mice were purchased from UT Southwestern Mouse Breeding

Core Facility.

Cell cultures and lentiviral infection

Primary CGNP cultures were performed as previously described "°. Briefly, CGNPs were
derived from dissociated P4-7 mouse cerebella and cultured in DMEM/F12 media
containing 25 mM KCI, N2, and 10% FBS. For Shh stimulation, Shh conditioned medium
produced from Shh-CM 293T cells ° was added at a 1:20 dilution to CGNP cultures.
CGNP cells were treated with Shh in high serum media for 2-3 days. The induction of the
Brgl conditional deletion was performed by treating the cultures with 1 M 4-
hydroxytamoxifen for three days. Medulloblastoma cell lines DaoY and D283 were
purchased from ATCC and cultured as suggested by the supplier. Lentiviral constructs
pGIPZ shBrgl and shCtrl *° were generously provided by Dr. Chin-ping Chang (Indiana
University) and packaged as described in “®. Polyjet (Sighagen) was used for plasmid
transfection in cultured cells. DaoY and D283 cells were infected with viruses at a
multiplicity of infection (MOI) of 5 for 24 h in media with 8 pg ml™* polybrene. The CellTiter-
Glo Luminescent Cell Viability Assay (ATP viability assay) kit (Promega) was used to

measure the tumor cell survival signals.

Tumor transplantation

+H+ 1 Fl+ 1 FIF

Medulloblastoma grown in CAG-CreER SmoM2 mice with Brg1™", Brg1™", or Brg
alleles were dissected and dissociated. Tumor cells (10°) were mixed with Matrigel (BD
Biosciences) and injected subcutaneously in the flank region of SCID-NOD

immunodeficient mice. Recipient mice were monitored daily for tumor growth. Tamoxifen
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(75 mg/kg) or oil solvent were injected intraperitoneally when tumor was visible at ~ 20
days post transplantation. Tamoxifen was injected every other day during a 20 day period

before sacrificing the recipient mice for tumor analyses.

Immunoblotting

For immunoblotting, cells or ground tissues were lysed in RIPA buffer (50 mM Tris, pH 8,
250 mM NacCl, 0.05% SDS, 0.5% DOC, 1% NP-40). Histone fractions were prepared with
standard acid extraction (0.2 N HCI). Cell lysates or histone fractions were separated on
SDS-PAGE gels. Antibodies used were against Glil (Cell Signaling), GAPDH (Sigma),
H3K27me3 (Active Motif), histone H3 (ab1791, Abcam), Brgl (G7, Santa Cruz), beta-tub3
(Tujl, Covance), Nestin (Rat-401, BD Pharmingen), GFAP (BD Pharmingen), HSP90
(Pierce), HA tag (ab9110, Abcam), beta-catenin (Santa Cruz), Atohl (Gift from Dr. Jane
Johnson) and Rest (07-579, Millipore). HRP-conjugated secondary antibodies were
purchased from Jackson Immunology.

Immunohistology

Hematoxylin and eosin (H&E) staining and immunostaining were performed on paraffin
sections of tumor or brain tissues. Antibodies used were against H3K27me3 (Millipore),
H3P (Millipore), Ki67 (eBioscience), BrdU (BD Pharmingen), SUZ12 (Cell Signaling), and
Brgl (G7, Santa Cruz). The images were visualized using an Olympus BX50 microscope.
H3P, Ki67 or BrdU positive cells were counted from four sections (>2000 nuclei counted
for each stain) and data are given as percentage of total cells (n=3). The semi-quantitative
immunohistochemistry densities of H3K27me3 staining were measured using ImageJ

program (NIH).

Co-immunoprecipitation experiments

SmoM2 medulloblastoma samples were lysed with Buffer A (25 mM Tris, pH 7.5, 25 mM
KCI, 5 mM MgCl,, 10% glycerol, 0.1% NP-40, with protease inhibitor freshly added).
Nuclear extracts were prepared in RIPA buffer (150 mM NacCl, 1.0% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, and 50 mM Tris, pH 8.0) with rotation at 4 °C for 1 hour. After

centrifugation, rabbit polyclonal antibodies against Brg1/Brm (J1) %* %

were added to pre-
cleared nuclear extracts and incubated at 4 °C overnight. Samples were incubated with

protein A beads (GE Healthcare) for 1 hour; beads were washed with RIPA buffer four
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times. Precipitated proteins were eluted by boiling in 2X Sample Buffer before SDS-PAGE

and western blot analysis.

RT-PCR and g-PCR

RNA from cells or ground tissues was extracted with TRIZOL (Invitrogen). cDNAs were
synthesized by reverse transcription using Iscript (Bio-Rad), followed by PCR or
guantitative PCR analysis. A Bio-Rad real-time PCR system (C1000 Thermal Cycler) was
used for quantitative PCR. Levels of GAPDH mRNA were used to normalize input RNA.
Graphics shown are representative of experiments performed in triplicate. The
experiments were repeated for at least three times. Standard errors were calculated
according to a previously described method °.

RNA-seq analyses

1F/F +/+

CAG-CreER SmoM2 mice harboring spontaneous medulloblastoma with Brg1™ or Brgl
alleles were injected with tamoxifen. The Brg1** and Brgl-deleted (Brg1*®) SmoM2
medulloblastomas were used for RNA-seq analyses. Total RNAs were extracted, and
RNA-seq libraries were prepared using the lllumina RNA-Seq Preparation Kit and were
sequenced on a HiSeq 2000 sequencer at UT Southwestern Sequencing Core Facility.
RNA-seq reads were mapped using TopHat with default settings
(http://tophat.cbcb.umd.edu). The mapped reads with the Phred quality score < 20 were
filtered out, whereas the duplicates were marked but not removed using SAMTOOLS **

and PICARD (http://picard.sourceforge.net). Transcript assembly and transcript

abundance quantification were carried out using CUFFLINKS, and then differential
expression analysis between Brg1** and Brg1*® SmoM2 medulloblastomas was
performed using CUFFDIFF ®'. The differentially expressed genes with fold change larger
than 2 and p<0.05 were selected as Brgl-regulated genes (Table S1). Gene ontology
analysis was performed using DAVID tools (http://david.abcc.ncifcrf.gov/).

Chromatin immunoprecipitation and ChlP-seq analyses

ChIP experiments were performed as described previously "°. Dounced tissue or
dissociated cells were crosslinked with PFA or double crosslinked with DSG (Pierce), and
sonicated to fragments (200-500 bp). Antibodies used were against H3K27me3 (Millipore),
Jmjd3 (Abcam) and Brg1/Brm (J1) %. J1 antibody has been used previously for Brg1l

ChlIP-seq analyses *> . Precipitated DNA was purified and subjected to either real-time
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PCR or next generation sequencing. NEBNext ChIP-Seq Sample Prep Master Mix Set 1
was used for library generation and a Hiseq 2500 sequencer was used for sequencing at

UT Southwestern Medical Center Sequencing Core Facility.

Short reads were mapped to UCSC reference mouse genome with bowtie 3! and then
SICER was used to detect the Brg1-binding regions ". SICER uses clustering approach to
pool together the enrichment signals of ChiP-seq reads from neighboring nucleosomes to
increase the power for detecting broad binding domains. Thus it is suitable for analyzing
the ChIP-seq data of histone modifications and chromatin regulators, which are usually
noisy and contain broad domains. SICER has been successfully used for detecting Brgl
binding regions in hematopoietic cell lineages **. Default parameter settings with three 200
bp windows were used to calculate the enrichment of Brgl binding regions. The
corresponding input sample was used as control. Duplicate reads were removed before
peak calling by SICER. Statistically significant peaks (FDR<0.05) enriched in the Brg1-
ChIP sample relative to its corresponding input sample were annotated for genomic

location.

In order to calculate the distribution of binding regions in reference to nearby genes, we
used the mouse gene annotation obtained from iGenomes

(http://support.illumina.com/sequencing/sequencing software/igenome.ilmn). The mid-

point of each Brgl-binding region was compared with the location of genes to identify
either the overlapping gene or the closest non-overlapped gene. The distance from the
mid-point of each Brgl-binding region to the 5’ end of the overlapped or the nearest gene
was calculated. The promoter region was defined as 5 kb upstream of the gene, and the

downstream was defined as 5 kb downstream of the gene.

Bioinformatics analyses

Ranked fold change analysis was performed to determine the association between Brg1-
regulated genes and genes differentially expressed in SmoM2 MB. The differentially
expressed genes (DEGSs) detected from either Brgl RNA-seq or SmoM2 expression array
3" were ranked based on fold changes. Twenty bins with equal range of fold change were
used to count the number of DEGs shared in both gene sets. In order to identify genes
regulated by multiple proteins, including Brg1l, Glil1, and Atohl, we used the UCSC mouse

genome build mm10 and mouse gene annotation from iGenomes as references to
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associate locations of binding regions of each protein with nearby genes. All the reported
peak locations were converted to mm210 coordinates with UCSC liftOver tool
(http://genome.ucsc.edu/cgi-bin/hgLiftOver). We consider that a gene is bound by a
protein if there is a binding region or peak overlapping its gene body or within the 5-kb
flanking regions. Few previously reported target genes of these proteins were missed due
to coordinate conversion of binding regions. Glil binding sites were identified using a
FLAG-tagged Glil transgene in another similar mouse model of Shh-type
medulloblastoma arising from Ptch1*" mice *. From 1059 Gli1 binding regions, we
identified 1169 potential Gli1 binding genes. Atohl binding gene sets in P5 CGNPs were
determined in a previous analysis ?°. REST target genes in embryonic stem cells were
determined by ChIP-PET and directly obtained from a previous report 2°. To test the
significance of the overlapping between gene sets bound by two proteins, we use Fisher-
exact test to calculate p-value. The microarray dataset GSE37418 with 76 subtype-
characterized pediatric medulloblastoma samples “*° was analyzed for expression levels of
human homologs of Brgl-regulated medulloblastoma genes in different medulloblastoma
subtypes. All the human homologs of Brgl-activated Glil targets (42 total) and Atohl
targets (29 total) and Brgl-repressed REST targets (177 total) were analyzed for their
average expression in each subgroup. The #1 ranked subgroup for each Brgl-activated
gene or the #4 ranked subgroup for each Brgl-repressed genes were identified, counted,
and compared (Table S4, Figure 6A). The binominal test was used for calculating p-value.
The RNA-seq and ChIP-seq data generated in this study have been deposited in NCBI
GEO repository with accession number GSE69674 (GSE69672 for RNA-seq and
GSE69673 for ChlP-seq).

Statistical analysis

Data are expressed as means * s.d. (n=3 unless specifically indicated). Statistical analysis
was performed by either analysis of variance with ANOVA post hoc t-test for multiple
comparisons or a two-tailed unpaired Student’s t-test. A p value of <0.05 was considered

significant.
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Figure Legends

Figure 1. Brglis required for CGNP proliferation and cerebellum development.

A, A’. Conditional deletion of Brgl in CGNPs using Atoh1-Cre led to reduced cerebellum
size at postnatal day 12 (P12) compared to wild-type mice. B, B’. H&E staining of sagittal
sections of P12 wild-type and Brgl-mutant cerebellum. The Brgl-mutant cerebella are
significantly smaller than the wild type. C.C’. Immunostaining of P12 wild-type and Brgl
mutant cerebellum demonstrates the deletion of Brgl from many CGNPs and granule
neuron progenies in the mutant. The extra granule layer (EGL) is thinner in Brgl-mutant
cerebellum. The higher magnification images of the EGL regions in the boxes are shown
at the bottom. D. D’. BrdU labeling in P8 Brgl-mutant cerebellum EGL is decreased
relative to that in wild-type EGL. BrdU was injected 2 hours before sacrifice. The
guantification of BrdU-positive cells in EGL is plotted.

Figure 2. Brgl is required for SmoM2 medulloblastoma formation and progression.

A. H&E and Ki67 staining of sagittal sections of cerebella from P28 Atoh1-Cre SmoM2
Brgl™* or Atohl-Cre SmoM2 Brgl™ mice. Arrows indicate a few Ki67 positive tumor
initiation areas. B. Deletion of Brgl significantly extended survival time for mice harboring
SmoM2 medulloblastoma. Shown are survival curves of Atohl-Cre SmoM2 mice with
Brgl™, Brgl™, or Brgl™  alleles (n=15, 19, and 13, respectively). Log-rank test was used
to determine the significance. C. The genetic strategy for deletion of Brgl in SmoM2
medulloblastoma. LoxP sites flanking the stop signal and Brgl exons are shown as empty
triangles. Leaky CAG-CreER activity induces SmoM2 expression and medulloblastoma
formation with an intact Brgl floxed allele. Treatment with tamoxifen activates CreER to
induce Brgl deletion in tumors. Tamoxifen applied before tumor formation will induce the
expression of SmoM2 and deletion of Brgl simultaneously. D. CAG-CreER SmoM2

17F medulloblastomas grown in the absence of tamoxifen induction were transplanted

Brg
subcutaneously into SCID-NOD mice. Mice were injected with tamoxifen (Tam) or oil
control after tumors became visible at 20 days after transplantation. Examples of tumors
after oil or tamoxifen treatment are shown in top panels. Genotyping results indicate the
presence of the recombined BrglAa allele only in tamoxifen-treated samples. The
remaining Brgl© allele results from partial recombination of Brgl allele. The Brgl® alleles

17F tumor

are from the host tissues. Shown right is the quantifications of transplanted Brg
sizes after tamoxifen or oil treatment. n=6 for oil treatment and n=5 for tamoxifen

treatment. E. Tamoxifen induced Brgl deletion from transplanted CAG-CreER SmoM2
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Brg1™"

medulloblastoma led to decreased tumor proliferation as indicated by decreased
staining of proliferation markers H3P and BrdU (n=3). Student’s t-test. *: p<0.05; **:

p<0.01.

Figure 3. Brgl deletion inhibits the transcription program specifically expressed in
SmoM2 medulloblastoma. A-B. Tamoxifen (Tam) treatment of SCID-NOD recipient mice
with CAG-CreER SmoM2 Brg1™ medulloblastoma transplantation led to (A) decreased
Glil expression as indicated by western blot and (B) decreased expression of Shh target
genes and other known medulloblastoma oncogenes as shown by RT-qPCR. Controls
were treated with vehicle (Oil). C. Significant overlap between Brgl-regulated genes and
genes differentially expressed in SmoM2 tumors versus normal cerebellum tissues. Brgl-
regulated genes were identified by comparing gene profiles between SmoM2
medulloblastoma with or without Brgl deletion. D. Brgl activates and represses gene sets
specifically activated or repressed in SmoM2 tumors. Genes regulated by Brgl and
SmoM2 were placed in a 20x20 matrix with ranked fold changes on both axes. The color
key indicates the number of genes falling into each unit. E. Gene ontology analysis of the
Brgl-regulated genes indicates the main categories of genes activated or repressed by
Brgl in SmoM2 medulloblastoma. Significance was determined by Student’'s t-test. **:
p<0.01.

Figure 4. Brgl is required for the specific transcriptional regulatory circuitry
controlling SmoM2 medulloblastoma. A. Genomic distribution of Brgl ChIP-seq binding
regions identified in SmoM2 medulloblastoma using SICER program. B. Distribution of
Brg1-binding regions in a gene unit. The center of the Brgl-binding regions was used for
the analyses. C. Venn diagram indicating the overlap between Brgl-binding genes and
Brgl-regulated genes in medulloblastoma. Also indicated are genes containing both Brgl
and Glil binding regions. D. Significant overlap between Brgl-binding genes and Atohl-
binding genes. The number in parentheses indicates the number of genes regulated by
Brgl in medulloblastoma. E. Comparison of the percentages of target genes of Glil,
Atohl, and Glil/Atoh1 that are bound by Brgl. A significant enrichment of Brgl occupancy
was observed in the genes with Glil and/or Atohl binding sites. F. A significant number of
potential REST target genes are bound and repressed by Brgl in medulloblastoma. G.
Snapshots of Brgl occupancy on representative Glil and Atohl target oncogenes. The

genomic structures of the genes are shown below graphs with 5’ on the left. Brg1-binding
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regions identified using SICER are shown as black bars under the ChIP-seq signals. The
Glil and Atohl binding sites close to the Brgl-binding regions are shown as red and green
bars, respectively. H. Confirmation of the differential expression of Brgl target genes by
RT-gPCR in SmoM2 medulloblastoma with or without Brgl deletion. The classification of
the selected genes is listed below the gene names. TS: tumor suppressors. Significance

was determined by Student’s t-test. *: p<0.05; **: p<0.01.

Figure 5. Brgl regulates the activities of H3K27me3 modifiers in medulloblastoma.
A. Brgl deletion in primary SmoM2 medulloblastoma led to increased global H3K27me3
and decreased levels of PRC2 subunits as shown by immunostaining. The quantifications

+/+

of immunohistochemistry densities normalized to Brgl™" tumors are shown on the right. B.
RT-gPCR analyses of expression levels of PRC2 subunits and H3K27me3 demethylase in
SmoM2 medulloblastoma with or without Brgl deletion. C-E. ChIP-qPCR experiments
indicate increased or decreased H3K27me3 levels at the regulatory regions of Brgl target
genes in SmoM2 medulloblastoma upon Brgl deletion. F. Decreased Jmjd3 binding to the
Glil gene regulatory region in Shh-treated, Brgl-deleted CGNPs as shown by ChIP-
gPCR. A region upstream of Glil gene was used as a negative control for Jmjd3 binding.

Significance was determined by Student’s t-test. *; p<0.05, **: p<0.01.

Figure 6. Brgl function is conserved in human Shh-type medulloblastoma.

A. The transcription pathways regulated by Brgl in SmoM2 mouse medulloblastoma are
also specific to human Shh-type medulloblastoma. Using a microarray dataset of 76
human pediatric medulloblastoma samples with known subtypes (GSE37418), the
average expression levels of human homologs of Brgl-activated Glil or Atohl targets as
well as Brgl-repressed REST targets in each of the four types of medulloblastoma were
compared. The subgroup with the highest expression level for each Brgl-activated genes
and the subgroup with the lowest expression for each Brgl repressed genes were
identified and counted. The distributions of #1 or #4 ranked genes in each subgroup for
the three Brgl-regulated gene lists are shown. The dash line indicates the expected 25%
for each subgroup if there are no specificities. B. The average expression levels of
example genes in each medulloblastoma subtype in the human microarray dataset.
SMARCAA4/Brg1l is highly expressed in all tumor samples. Expression levels of human
GLI1 and ATOHZ1 were significantly higher, whereas that of a REST target CACAN1G was

significantly lower, in Shh-type medulloblastoma than in other subgroups. The numbers in
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parentheses indicate the number of tumor samples in each subgroup. C-D. RNAI-
mediated Brgl inhibition in Glil-activated human medulloblastoma cell line DaoY led to
(C) reduced Glil/Atohl target gene expression as shown by RT-gPCR and (D) decreased
cell growth as analyzed by ATP cell viability assays. E. RNAi-mediated Brg1l inhibition did
not affect the growth of D283 human medulloblastoma cell line. F. RT-qgPCR analyses of
MRNA levels of Brgl in DaoY and D283 cells with or without Brgl RNAi inhibition. G.
Western blot assays show the endogenous Brgl and exogenous HA-GIil protein levels in
DaoY cells with or without inhibition of Brgl expression. H. Western blot assays show
global H3K27me3 levels in DaoY and D283 cells with or without inhibition of Brgl
expression. Significance was determined using t-test or ANOVA with post hoc t-test. **
indicates p<0.01 and * indicates p<0.05.

Figure 7. Chromatin regulator Brgl controls the transcriptional regulatory circuits
underlying Shh-type medulloblastoma growth.

A model representing specific functions of Brgl in regulating the transcriptional regulatory
circuits that control Shh-type medulloblastoma. Brgl activates target genes of two key
regulators of Shh-type medulloblastoma, Glil and Atohl. Brgl represses the expression of
Shh-type medulloblastoma specific tumor suppressors and REST-targeted neuronal
genes. Brgl deletion led to the inhibition of Shh-type medulloblastoma growth by

deregulation of the essential transcription program.
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Figure 1. Brg1 is required for CGNP proliferation and cerebellum development.
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Figure 2. Brg1 is required for SmoM2 medulloblastoma formation and progression.
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Figure 3. Brg1 deletion inhibits the transcription program specifically expressed in
SmoM2 medulloblastoma.
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Figure 4. Brg1 is required for the specific transcriptional regulatory circuitry controlling
SmoM2 medulloblastoma.
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Figure 5. Brg1 regulates the activities of H3K27me3 modifiers in medulloblastoma.
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Figure 6. Brg1 function is conserved in human Shh-type medulloblastoma.
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Figure 7. chromatin regulator Brg1 controls the transcriptional regulatory
circuits underlying Shh-type medulloblastoma growth.
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A positive feedback loop between Glil and tyrosine kinase
Hck amplifies shh signaling activities in medulloblastoma

X Shi, X Zhan and J Wu

Sonic hedgehog (Shh) signaling is critical during normal development, and the abnormal activation of the Shh pathway is involved
in many human cancers. As a target gene of the Shh pathway and as a transcription activator downstream of Shh signaling,
Gli1 autoregulates and increases Shh signaling output. Gli1 is one of the key oncogenic factors in Shh-induced tumors such as
medulloblastoma. Gli1 is posttranslationally modified, but the nature of the active form of Gli1 was unclear. Here we identified a Src
family kinase Hck as a novel activator of Gli1. In Shh-responsive NIH3T3 cells, Hck interacts with Gli1 and phosphorylates multiple
tyrosine residues in Gli1. Glil-mediated target gene activation was significantly enhanced by Hck with both kinase activity-
dependent and -independent mechanisms. We provide evidence showing that Hck disrupts the interaction between Gli1 and its
inhibitor Sufu. In both NIH3T3 cells and cerebellum granule neuron precursors, the Hck gene is also a direct target of Gli1. Therefore,
Gli1 and Hck form a positive feedback loop that amplifies Shh signaling transcription outcomes. In Shh-induced medulloblastoma,
Hck is highly expressed and Gli1 is tyrosine phosphorylated, which may enhance the tumorigenic effects of the Gli7 oncogene.
RNAi-mediated inhibition of Hck expression significantly repressed medulloblastoma cell growth. In summary, a novel positive
feedback loop contributes to maximal Gli1 oncogenic activities in Shh-induced tumors such as medulloblastoma.

Oncogenesis (2015) 4, e176; doi:10.1038/oncsis.2015.38; published online 30 November 2015

INTRODUCTION

Sonic hedgehog (Shh) signaling has critical roles in many
development processes, and dysregulation of Shh signaling has
been implicated in diseases and cancers such as those in
cerebellum, skin, pancreas, prostate and lung."® In cerebellum
during early postnatal development, Shh secreted from Purkinje
neurons functions as a mitogen to stimulate the proliferation of
cerebellum granular neuron precursor (CGNP) cells.””'® Mutations
leading to constitutively active Shh signaling in CGNPs cause
CGNP over-proliferation and Shh-type medulloblastoma, which
accounts for 25% of all medulloblastoma cases and is the most
frequent malignant childhood brain tumor.''""* Shh signaling
transduced by Patched (Ptch1l) and Smoothened (Smo)
induces target gene expression by activating Gli transcription
activators."*'®'7 Gli1 is a sensitive Shh target gene and functions
solely as a transcription activator in response to Shh signaling.
Thus it forms an auto-positive feedback loop that enhances Shh
signaling outcomes.>'® Although Gli1 is not essential for devel-
opment, it is a potent oncogene and is required for Shh-induced
tumor growth.'”2! Gli1 expression is elevated in many cancer
types with elevated Shh signaling.? Inhibiting Gli1 activity would
likely be an effective approach for treating these cancers. Thus,
understanding the largely unknown mechanisms of Gli1 activation
will provide insights into the mechanism of cancer growth and will
guide development of treatments.?%23

An important regulator of Gli1 activities is the inhibitor Sufu,
which sequesters Gli1 in the cytoplasm and also inhibits Gli1
activities in the nucleus.*>**® In addition, Gli1 activities are
regulated by posttranslational modification events such as
Ser/Thr phosphorylation. It can also be acetylated, ubiquitinated
and sumoylated.®?°?® Several posttranslational modifications

potentially interrupt the Gli1-Sufu interactions and release Gli1
from the inhibition by Sufu.?>?® Gli1 modification enzymes such as
histone deacetylases and atypical protein kinase C (aPKC) family
members 1 and A\ are promising targets for the treatment of
Shh-related cancers.?®%

Several Tyr residues in Gli1 are conserved, but until our study, it
was not known whether Gli1 was Tyr phosphorylated or whether
tyrosine kinases function in regulating Gli1 activities. In mammals,
there are 10 families of nonreceptor tyrosine kinases.>>' The Src
family, consisting of Src, Hck, Lyn, Fyn, Fgr, Blk, Lck, Yes and Yik,
play essential roles in malignant transformation and tumor
progression.3*3* Besides the kinase activities, Src family kinases
also display kinase activity-independent functions,®**> mostly
through protein-protein interactions. The Src family kinase Hck has
a known function in hematopoiesis.>**” Interestingly, Hck was
identified in a genome-wide study of potential Gli1 binding genes
in CGNPs and in Shh-type medulloblastoma.>® As Shh/Gli target
genes such as Gli1, Ptchl, Hhip and aPKC-i/A are Shh pathway
regulators, it is possible that Hck also regulates Shh signaling.

In this report, we show that Hck is a direct target gene of Shh
signaling and can be activated by Gli1 in both NIH3T3 cells and in
CGNPs. Hck interacts with Gli1 and phosphorylates it at multiple
Tyr residues. Hck enhances Glil-mediated target gene activation
through both kinase activity-dependent and -independent
mechanisms. We provide evidences showing that Hck releases
Gli1 from Sufu inhibition by disrupting the Gli1-Sufu interaction.
Therefore, Gli1 and Hck form a positive feedback loop to amplify
Shh signaling outcomes. In Shh-induced medulloblastoma, both
Gli1 and Hck are expressed at high levels and Gli1 is Tyr
phosphorylated. RNAi-mediated inhibition of Hck expression
significantly inhibited tumor cell growth. Thus, Gli1-Hck positive

Department of Physiology, University of Texas Southwestern Medical Center, Dallas, TX, USA. Correspondence: Dr J Wu, Department of Physiology, University of Texas

Southwestern Medical Center, 5323 Harry Hines Boulevard, Dallas, TX 75390-9040, USA.

E-mail: jiang9.wu@utsouthwestern.edu
Received 29 September 2015; revised 26 October 2015; accepted 27 October 2015


http://dx.doi.org/10.1038/oncsis.2015.38
mailto:jiang9.wu@utsouthwestern.edu
http://dx.doi.org/10.1038/oncsis.2015.38
http://www.nature.com/oncsis

Gli1 activation by Tyr kinase Hck
X Shi et al

feedback loop enhances Gli1 oncogenic effects and contribute to
the growth of medulloblastoma.

RESULTS

Hck is a direct target of Gli1 in response to Shh signaling

In an experiment using RNA-seq designed to identify
Shh-responsive genes in mouse embryonic fibroblasts (MEFs),
we observed that Hck expression was induced by Shh treatment.*®
In a previous study, Hck was identified as a Gli1 binding gene
in both CGNPs and medulloblastoma.>® To validate that Hck is a
Shh/Gli target gene, we treated Shh-responsive NIH3T3 cells with
Shh-conditioned medium. The Hck mRNA (messenger RNA) level
was significantly upregulated after Shh treatment. GIiT was also
upregulated indicating that NIH3T3 cells were activated by Shh
(Figure 1a). In CGNP cultures, Shh treatment significantly induced
the expression of Gli1 and Hck (Figure 1b). In addition, when we
expressed exogenous Gli proteins in NIH3T3 cells, the levels of
both Hck and another Gli target gene Ptchl were significantly
increased by Gli1 (Figure 1c). Three Gli transcription factors were
evaluated, and Hck expression was most sensitive to Glil
(Figure 1d).

Previous chromatin immunoprecipitation (ChIP)-on-Chip experi-
ments in CGNP and medulloblastoma identified a potential Gli1
binding site ~ 1.1 kb upstream of the transcription start site of Hck;
the region harbors a Gli binding motif (Figure 1e, Supplementary
Figure 51).3® To determine whether Gli1 regulates Hck through
direct binding, we performed ChIP experiments using antibodies
against HA-GIliT in NIH3T3 cells. ChIP quantitative PCR analyses
indicate that Gli1 bound to the upstream enhancer region but not
the region surrounding the transcription start site (Figure 1f).
To further understand the regulation of the Hck gene by Gli1, we
cloned 1.7 kb of genomic DNA, including the Hck transcription
start site and the putative Gli1 binding region, into a luciferase
reporter vector. The Hck reporter was significantly upregulated
upon co-transfection of Gli1 (Figure 1g). Truncation or internal
deletion of the Gli1 binding region significantly impaired
Glil-induced reporter activities. Mutation of the 9-bp Gli binding
motif resulted in a similar loss of the responsiveness to Gli1
activation (Figure 1g). Taken together, our data indicate that
Shh-induced Hck expression is mediated by direct binding of Gli1
to the regulatory region upstream of the Hck promoter.

Acute depletion of Hck leads to impaired Shh signaling gene
expression

To determine whether Hck regulates Shh signaling, we inhibited
Hck expression using lentivirus-mediated expression of an RNAi
agent in NIH3T3 cells. Although Hck inhibition did not affect the
basal expression of Shh target genes Gli7 and Ptch1, Shh-induced
expression of these genes was significantly impaired, indicating
that Hck functions in Shh-induced Gli target gene activation
(Figures 2a and c). Importantly, the defective gene activation in
response to Shh was rescued by an RNAi-resistant human wild-
type Hck (Figure 2d). Significantly higher Gli1 expression was
observed in the presence of exogenous wild-type Hck than in
control cells; this is likely owing to overexpression of Hck. Notably,
a kinase-inactive form of Hck (Hck-K269E)*° did not rescue the
defective Gli1 activation that resulted from Hck inhibition despite
the high levels of expression of the mutant protein (Figure 2d).
Thus, Hck is required for Shh signaling in NIH3T3 cells, and its
kinase activity is required.

Hck enhances Glil-mediated target gene activation to form a
positive feedback loop

To delineate how Hck regulates Gli-mediated gene transcription in
response to Shh signaling, we co-expressed Gli1 and Hck in
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NIH3T3 cells. Exogenous Gli1 activated the expression of
endogenous Shh target genes Ptchl, Gli1 and Hck as expected,
whereas Hck alone had a moderate or no effect on the target gene
expression. Expression levels of exogenous human Hck and
endogenous Hck were distinguished by using specific PCR primers
in human and mouse Hck genes, respectively. Interestingly,
co-expression of Hck and Gli1 significantly enhanced Gli1 activator
activities. All Shh target genes tested were expressed at higher
levels in the presence of exogenous Hck than in the presence
of Gli1 alone (Figures 3a and c). Interestingly, the kinase-dead
Hck-K269E mutant protein also enhanced Gli1-mediated target
gene induction albeit with less fold change than wild-type
Hck (Figure 3d), suggesting that besides the kinase activities,
kinase-independent mechanisms also exist to activate Gli1. Thus,
as Hck is a target gene of Gli1 and it encodes an activator of Gli1,
Hck and Gli1 form a positive feedback loop that amplifies Shh
signaling outcomes.

Hck phosphorylates multiple residues in Gli1 through direct
binding

Hck is a Src family tyrosine kinase; Hck phosphorylates itself
and other substrate proteins.*’ To examine whether Hck can
phosphorylate Glil, we expressed HA-tagged Glil and Hck
individually or simultaneously in NIH3T3 cells, then immuno-
precipitated proteins phosphorylated at Tyr using the antibody
4G10 specific for phosphorylated Tyr residues. Consistent with
the previously reported auto-phosphorylation function of Hck,*'
HA-Hck migrated at ~59kD was detected in the proteins
precipitated with 4G10 from cells expressing exogenous Hck.
Without exogenously expressed Hck, Glil was not precipitated
with 4G10. With co-expressed Hck, HA-Gli1 migrated at ~ 150 kD
was detected in the 4G10 precipitations (Figure 4a), suggesting
that Gli1 is phosphorylated by Hck. To determine whether
Hck interacts with Gli1, we performed co-immunoprecipitation
experiments. NIH3T3 cells were transfected with vectors for
expression of Gli1-GFP and/or HA-Hck. Cell lysates were immuno-
precipitated with antibodies against the GFP tag. HA-Hck
was co-immunoprecipitated with Gli1-GFP. Gli1-GFP was Tyr
phosphorylated in the presence of HA-Hck as it reacted with the
4G10 antibody (Figure 4b).

In the Gli1 protein, there are 32 Tyr residues that are conserved
between mouse and human (Supplementary Figure S2). To
determine which residues can be phosphorylated by Hck, we
evaluated phosphorylation of the full-length Gli1 protein, the
N-terminal region, the zinc-finger domain and the C-terminal
fragment expressed in NIH3T3 cells. Using a western blot analysis,
we observed that the full-length Gli1 and the C-terminal fragment
were phosphorylated as indicated by multiple slow-migrating
bands (Figure 4c, indicated by asterisks). The tyrosine phosphor-
ylation in both the N- and C-terminal regions of Gli1 was also
detected with 4G10 antibody western blot following immuno-
precipitation with anti-HA antibodies (Figure 4d). These results
indicate that multiple Tyr residues in the N- and C-terminal
domains of Gli1 are likely phosphorylated by Hck. This is
consistent with previous findings that Gli proteins are relatively
unstructured and interact with other proteins through both N- and
C-terminal domains.?’*? Therefore, Hck likely regulates Shh
signaling output by interacting and phosphorylating Gli1.

To identify the potential Hck-targeted Tyr phosphorylation sites
in Gli1, HA-Gli1 co-expressed with Hck in NIH3T3 cells were
immunoprecipitated with anti-HA antibodies and separated on
SDS-PAGE (SDS polyacrylamide gel electrophoresis) gels. Gli1
proteins in gel slices were digested, extracted and subjected for
LC/MS/MS. Within 23 Gli1 peptides recovered (26.3% coverage),
we identified Y800 as a phosphorylated residue with high
confidence (Figure 4e). Y800 is a potential Hck target site
in Gli1l. However, deleting Y800 did not diminish the Gli1 Tyr
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Figure 1.

Hck is a direct Shh/Gli1 target gene. (a) NIH3T3 cells were treated with or without Shh-conditioned media. Levels of Hck and Gli1

mRNAs were determined by RT-qPCR. (b) Hck and GliT mRNA levels were determined by RT-gPCR in CGNP cells treated with or without
Shh-conditioned media. (c) NIH3T3 cells were infected with empty vector or lentiviruses for expression of Gli1 proteins. Levels of Hck and Shh
target gene Ptch1 were determined. (d) Levels of Hck were determined by RT-qPCR in NIH3T3 cells infected with lentiviruses expressing
different Gli proteins. (e) A schematic map of the 1.7 kb Hck regulatory region used for ChIP and reporter assays. The Gli binding site (indicated
by the arrow) and the transcription start site (TSS) are shown. Small bars indicate the location of ChIP PCR products. (f) NIH3T3 cells were
infected with empty vector control or HA-GIi1 expressing lentiviruses. ChIP-qPCR analyses were performed with anti-HA antibody. A region in
CD4 was used as a negative control. (g) The 1.7 kb wild-type full-length Hck enhancer region (-1575; E: EcoRl site. X: Xhol site) and mutants
including a truncated construct (=701), a construct with the putative Gli1 binding site deleted (—1575D) or mutated (—1575 m) were cloned
upstream of a luciferase reporter gene. Plasmids expressing control (empty vector) or Gli1 proteins were co-transfected with reporters into
NIH3T3 cells. Relative luciferase activities are shown on the right. Presented are means plus s.d. Statistical analyses were performed using the
Student’s t-test; **P < 0.01. gPCR, quantitative PCR.

phosphorylation (Supplementary Figure S3). This observation
confirmed that Gli1 is Tyr phosphorylated at multiple sites
including Y800.

Hck disrupts Gli-Sufu interactions

Gli1 activities can be regulated at several different steps. Two
critical steps are the activation in cilia and the inhibition by Sufu.
Kif3a is required for the formation and function of primary cilia in
transducing the Shh signal.*>** Interestingly, in Kif3a~’~ MEF cells,
Gli1 transcriptional activation was still enhanced by exogenous
Hck (Figures 5a and b), indicating that Hck functions downstream

of Kif3a. On the contrary, in Sufu™’~ MEF cells,** Hck failed to
enhance Gli1 activities in inducing endogenous GliT expression
(Figure 5c). This result indicates that Hck functions at the same
level or downstream of Sufu.

Sufu interacts tightly with Gli activators and inhibits their
activities at several levels.?*?*2%42 We next examined whether
Hck affects the interaction between Gli1 and Sufu. In NIH3T3 cells
expressing tagged Gli1 and Sufu, in the absence of exogenous
Hck, ~30% of Gli1 co-immunoprecipitated with Sufu. However,
in the presence of Hck, only ~5% of the Gli1 co-precipitated
with Sufu (Figure 5d). In a gel with better resolution, it appeared
that only unphosphorylated Gli1 co-precipitated with Sufu
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Figure 2. Acute knockdown of Hck leads to impaired Shh signaling-
induced gene expression. (a-c) NIH3T3 cells were infected with
lentiviruses expressing scrambled shRNA (shCtrl) or shRNA designed
to target Hck (shHck). The cells were treated with or without
Shh-conditioned medium. mRNA levels of Shh target genes (a) Gli1,
(b) Ptch1 and (c) Hck were determined by RT-gPCR. (d) NIH3T3 cells
infected with lentiviruses expressing scrambled shRNA or shHck
were co-infected with viruses for expression of Hck, Hck-K269E or
GFP control. Upper panel: Endogenous GliT mRNA levels under basal
or Shh-stimulated conditions were measured by RT-gPCR. Only
wild-type Hck, but not the kinase-inactive Hck mutant (KE), rescued
defective Shh-induced GliT expression that resulted from expression
of shHck. Lower panel: western blot analyses of endogenous and
exogenous Hck in samples analyzed by RT-PCR. An arrow points to
the endogenous Hck band and a star indicates HA-Hck. Presented
are means plus s.d.; n=3. Statistical analyses were performed using
the Student’s t-test; **P < 0.01 and *P < 0.05. gPCR, quantitative PCR.

(Supplementary Figure S4). These results suggest that the
interaction between Gli1 and Hck or the phosphorylation of Gli1
by Hck disrupts Sufu-Gli1 interaction. To determine whether the
kinase activity of Hck is required, we performed the experiments
with the kinase-inactive Hck-K269E. Interestingly, co-expressing
Hck-KE also significantly reduced the co-immunoprecipitation
efficiency of Gli1 with Sufu (Figure 5e). Thus, kinase activity-
independent mechanisms could be largely responsible for Hck
function in disrupting Gli1-Sufu interaction, possibly through
Hck-Gli1 interactions. Similar to Gli1, Gli2 is also inhibited by Sufu.
In NIH3T3 cells, both Hck and Hck-KE mutant proteins significantly
reduced Gli2 co-immunoprecipitation with Sufu (Figure 5e). Thus,
Hck could also disrupt Gli2-Sufu interactions. These results
indicate that one mechanism that Hck uses to activate Gli1 and
possibly Gli2 is to release Gli proteins from Sufu inhibition.

Hck is highly expressed in Shh-type medulloblastoma and
required for tumor cell growth

During early postnatal cerebellum development (postnatal day 0
(P0O) to P14 for mouse), Shh signaling induces rapid proliferation of
CGNPs, which then differentiate into granule neurons. Mutations
such as Ptch1 loss-of-function or Smo gain-of-function lead to
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Figure 3. Hck enhances Gli1-mediated target gene activation.

(@ b, ) NIH3T3 cells were infected with lentiviruses expressing
Gli1 alone, Hck alone or the two together. Levels of Shh target genes
(@) Gli1, (b) Hck and (c) Ptchl were determined by RT-qPCR.
Endogenous GliT levels were measured using primers in the 5-UTR
to distinguish this message from that of the exogenous Gli1.
Exogenous human Hck levels were measured using primers specific
to human genes. (d) Hck kinase activity is required for maximum
activation of Gli1. As in a, Glil-induced expression of endogenous
Gli1 was measured in the presence of wild-type Hck or Hck-K269E
kinase-dead mutant (Hck-KE). Presented are means plus s.d.; n=3.
Statistical analyses were performed using the Student’s t-test;
**P < 0.01. gPCR, quantitative PCR.

constitutively active Shh signaling, which results in CGNP over-
proliferation and medulloblastoma.'®> A mouse model of medullo-
blastoma with an activating SmoM2 mutant transgene closely
resembles human Shh-type medulloblastomas.*> The high Gli1
levels that we observed in P4 cerebellum and in medulloblastoma
samples indicate active Shh signaling during cerebellum devel-
opment and in Shh-type medulloblastoma formation (Figure 6a).
High levels of Sufu were also found in developing cerebellum and
in medulloblastoma (Figure 6b), indicating inhibition of Shh/Gli1
activities despite activation of Shh signaling. Interestingly, both
mRNA and protein levels of Hck were significantly higher in
medulloblastoma compared with normal cerebellum and NIH3T3
cells (Figures 6¢c and d, Supplementary Figure S5), which may
contribute to the abnormally high Shh/Gli1 activities in Shh-type
medulloblastoma and the uncontrolled proliferation of these cells.
Indeed, we found that endogenous Gli1 is Tyr phosphorylated
in medulloblastoma as indicated by 4G10 antibody immuno-
precipitation (Figure 6e). Importantly, inhibition of Hck expression
mediated by RNAi in cultured SmoM2 medulloblastoma cells
significantly decreased the survival and growth of cancer cells as
indicated by cell viability assays (Figure 6f). Key Shh target genes
such as Gli1 and Ptch1 were significantly decreased upon Hck
inhibition (Figure 6g). Our data indicate that high level of Hck is
required for maximum Gli1 activities and oncogenic functions in
medulloblastoma. Disrupting Gli1-Hck feedback loop would be a
promising treatment strategy for Shh-type medulloblastoma.

DISCUSSION

In the past two decades, significant progress has been made
in understanding how Shh signaling contributes to normal
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Hck phosphorylates multiple residues in Gli1 through direct binding. (a) Gli1 is Tyr phosphorylated in the presence of exogenous

Hck. NIH3T3 cells were transiently transfected with constructs expressing HA-tagged Gli1 alone, Hck alone or the two together. Cell lysates
were immunoprecipitated using 4G10 antibody, followed by western blot using antibody against HA tag. (b) Gli1 co-precipitates with Hck.
NIH3T3 cells were transfected with constructs for expression of GFP-GIi1, HA-Hck or the two together. Antibodies against GFP were used for
the immunoprecipitation and antibodies against Gli1, HA and phospho-Tyr (4G10) were used for western blot. HA-Hck was co-precipitated
with GFP-Gli1. Gli1 was Tyr phosphorylated in the presence of Hck as shown by the 4G10-positive band. GAPDH was used as a loading control.
(c) Western blot analyses of Hck phosphorylated human Gli1 fragments (FL, full-length; N-, N-terminal fragment (1-231 aa); ZF, zinc-finger
domain (232-410 aa); C-, C-terminal fragment (411-1106 aa)) separated on an SDS-PAGE gel. NIH3T3 cells were co-transfected with constructs
for expression of Gli1 fragments and HA-Hck. Asterisks indicate the phosphorylated bands; arrows point to the corresponding non-
phosphorylated protein bands. (d) Both the N- and C-terminal fragments of Gli1 were Tyr phosphorylated in the presence of Hck. NIH3T3 cells
were transfected with constructs for expression of HA-tagged Gli1 fragments and HA-Hck or the kinase-inactive Hck-K269E. Antibodies against
HA were used for the immunoprecipitation and antibodies against HA, and phospho-Tyr (4G10) were used for western blot. (e) HPLC-MS/MS
spectrum of phosphopeptide ALGGTY(p)SQCPR that contains Y800. The ion peak labeled with minus 79.97 (H3PO,4 mass) serves to confirm the

Y800 phosphorylation.

development and cancer progression. Recent genomic studies on
the basis of the transcription profiles have shown that ~25% of
medulloblastoma cases are characterized by active Shh signaling.
In this study, we demonstrate that a tyrosine kinase Hck forms a
positive feedback loop with the transcription activator Gli1 to

amplify Shh signaling outputs; this feedback loop contributes to
the tumorigenic function of Shh signaling (Figure 7). We found
that Hck is a direct Shh target gene that is sensitive to Gli1
activation. We provide evidence that Hck enhances Gli1 activities
and that this function of Hck is mediated by both phosphorylation

Oncogenesis (2015), 1-9
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gPCR, quantitative PCR.

of Gli1 and kinase-independent activities. High level of Hck
disrupts the interaction between Gli1 and its inhibitor Sufu with
kinase activity-independent mechanisms. Importantly, Hck is
highly expressed in Shh-type medulloblastoma and required for
tumor cell growth. Thus, disrupting the Gli1-Hck feedback loop
may inhibit progression of Shh-type medulloblastoma.

In this study, we demonstrate that Gli1 is activated by novel
mechanisms through tyrosine phosphorylation and interaction
with a tyrosine kinase. We showed that tyrosine kinase Hck
activates Gli1 and the kinase activity is required for its maximum
effect. In medulloblastoma in which Gli1 is highly expressed and
activated, we observed Tyr phosphorylation of endogenous Gli1.
There are 32 conserved Tyr residues throughout the Gli protein.
Our truncation analyses indicated that multiple residues are likely
phosphorylated by Hck. We identified Y800 in human Gli1 as a
potential Hck target site. This is consistent with a report from the
PhosphoSitePlus database that the conserved Y798 in rat was
phosphorylated in ischemic esophagus. In Gli1, Y800 is located in
the proline-rich region that may be important in both the active
Gli1 conformation and its interactions with other regulators.
However, it is likely that additional functional Tyr residues are
phosphorylated by Hck. Notably, Y121 in the SYGH Sufu binding
motif is important for maintaining the hydrophobic interacting
surface between Gli1 and Sufu.***” Although we confirmed the
importance of Y121 in Gli1-Sufu interaction by mutagenesis
analyses (data not shown), we did not observe the phosphoryla-
tion of the Tyr by mass spectrometry. Thus, analyses of
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combinations of Tyr mutations or more targeted mass spectro-
metry studies may reveal the entire Gli1 phosphorylation pattern
that activates Gli1 function. In addition, our data do not
definitively exclude the possibility that Hck phosphorylates other
Gli1 regulators and activates Gli1 indirectly.

In the study, we observed that Hck could activate Gli1 through
kinase-independent activities as both wild-type and kinase-
inactive Hck could activate Glil-mediated target gene activation
and disrupt the interaction between Gli1 and its inhibitor Sufu. As
Hck interacts with Gli1, it is possible that high levels of Hck could
compete with Sufu for interaction. Similarly, Hck could also
interrupt Gli2-Sufu interactions, which may contribute to Hck
functions in amplifying Shh signaling outputs. Although Sufu is a
major Gli1 inhibitor, Hck may further activate Gli1 through
phosphorylation as the kinase activity is required for maximum
Gli1 activation by Hck. Hck may phosphorylate Gli1 to promote its
transcription activities or to affect its interaction with other
regulators or co-factors.

Although both Gli1 and Hck are important for Shh target gene
activation, they are not required for normal development.'9374849
During normal development, Gli2 is sufficient for Shh-induced
gene activation.'® Gli1 is required for medulloblastoma formation
and is more potent than Gli2 at inducing cell transformation.>
Thus Gli1 activity is important for the abnormally high transcrip-
tion output of Shh signaling that are required for tumorigenesis.
We speculate that Hck is induced by high levels of Gli1 and that
the positive feedback loop with Gli1 operates only in the presence
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Hck is highly expressed in SmoM2-induced medulloblastoma cells and required for its growth. (a-c) Expression levels of (a) Gli1,

shCtrl shHck

(b) Sufu and (c) Hck in cerebellum (CB) during different developmental stages and in SmoM2-induced medulloblastoma (MB) are shown.
(d) The levels of Hck protein in NIH3T3 cells and in SmoM2 medulloblastoma were determined by western blot. (e) Endogenous Gli1 protein in
medulloblastoma is Tyr phosphorylated. SmoM2 medulloblastoma lysates were precipitated with 4G10 antibody against phospho-Tyr and
probed by western blot using antibodies against Gli1. (f) Cultured SmoM2 medulloblastoma cells were infected with lentiviruses expressing
control (scrambled shRNA) or shHck. The survival rates of Hck-deficient tumor cells relative to the control cultures were measured using an
ATP cell viability assay. (g) RT-PCR analyses of the expression levels of Gli1, Ptch1 and Hck in cultured SmoM2 medulloblastoma cells with Hck
RNAi knockdown. Presented are means plus s.d.; n=3. Significance was determined by Student’s t-test; **P < 0.01.
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Figure 7. A model representing the positive feedback loop formed
by Hck and Gli1 in activating Shh target genes. Active Gli1 in
response to Shh signaling induces the expression of Shh target
genes including Hck, which encodes a tyrosine kinase that could
enhance Gli1 transcription activator functions. Hck disrupts the
interaction between Gli1 and its inhibitor Sufu, possibly through
Hck-Gli1 interactions. Hck could phosphorylate Gli1 and the Tyr
phosphorylation of Gli1 further enhances the Gli1 activities. Thus
the positive feedback loop formed by Hck and Gli1 amplifies Shh
signaling outputs.

of highly active Shh signaling such as that observed in
medulloblastoma. Our data support this hypothesis: (1) Hck
transcriptional activation was much more sensitive to exogenous
Gli1 than to Gli2 or Shh stimulation (Figure 1, 500-fold by Gli1
versus 50-fold by Gli2 and 5-fold by Shh). (2) Hck was highly
expressed in Shh-type medulloblastoma where Gli1 was highly
expressed and tyrosine phosphorylated. Hck levels in normal
cerebellum and Shh-independent medulloblastoma were rela-
tively low (Figures 6¢, Supplementary Figure S5). (3) High levels of
Hck interrupt Gli1-Sufu interactions and activate Glil-mediated
target gene activation. (4) Inhibition of Hck expression significantly
inhibited Shh target gene expression and medulloblastoma
growth (Figures 6f and g). Taken together, our results indicate
that increased Hck expression in medulloblastoma induced by
abnormally active Shh signaling enhances Glil oncogenic
activities and contributes to tumor growth. As some of our
experiments only examined the Hck RNA levels, an investigation of
the Hck protein levels in medulloblastoma may further strengthen
our conclusions.

As Hck is a novel enhancer for Gli1 oncogenic activities in
medulloblastoma, Hck is a potential treatment target. A kinome
study in medulloblastoma indicated high levels of Src family
kinase (SFK) activities.>' SFK inhibitors effectively inhibit medullo-
blastoma cell growth;>®> however, it is not clear whether these
medulloblastoma cells are of the Shh subtype and little is known
about how other SFKs regulate Shh signaling. Src has been shown
to inhibit primary cilia growth>® and is expressed at low levels in
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Shh-type medulloblastoma (Supplementary Figure S5A), and
thus may be an inhibitor of Shh signaling and Shh-type
medulloblastoma growth. Thus SFKs may have opposing functions
in Shh-induced tumors. As Hck may also enhance Gli1 activities
with kinase-independent activities, specific inhibitors disrupting
the Hck-Gli1 feedback loop would be more effective in inhibiting
Shh-type medulloblastoma cancer progression than general
kinase inhibitors.

In summary, our study identified the tyrosine kinase Hck as both
a target of Gli1 and a regulator of Gli1 activation. The positive
feedback loop formed by Gli1 and Hck amplifies Shh signaling
output and contributes to medulloblastoma cell growth. Inhibiting
Hck activities or disrupting the Hck-Gli1 feedback loop may be
effective approaches for the treatment of Shh-type medullo-
blastoma and possibly other cancers with elevated Shh/Gli1
activities.

MATERIALS AND METHODS

Mice

The SmoM2*® and CAG-CreER** transgenic mice were purchased from
Jackson Laboratory. SmoM2 CAG-CreER mice develop medullo-
blastoma spontaneously at a frequency of 40%.*> The mice were
maintained on a mixed genetic background at UT Southwestern Medical
Center Animal Facility.

Cell line, primary CGNP and medulloblastoma cell cultures

NIH3T3 cells (an immortalized MEF cell line), immortalized Kif3a”~ MEF
cells and Sufu™~ MEF cells were maintained in DMEM (Dulbecco’s Modified
Eagle’s medium) containing 10% fetal bovine serum. The Kif3a™~ cells
were provided by Dr PT Chuang.?® Sufu™~ MEFs were kindly provided by
Dr R Toftgard.** Primary CGNP cultures were derived from dissociated P4
mouse cerebella and cultured in DMEM/F12 media containing 25 mm KCl,
N, and 10% fetal bovine serum, as previously described.?” For Shh
stimulation, Shh-conditioned medium produced from Shh-CM 293 T cells>®
was added at a 1:20 dilution to MEF and CGNP cultures. NIH3T3 cells were
treated with Shh in low-serum media 24 h before harvesting. Primary
tumor cells were derived from dissociated SmoM2 medulloblastoma and
cultured in the media containing DMEM/F12, B27, N,, EGF and FGF2. The
ATP assay for cell viability analysis was carried out as described.*

Luciferase reporter assay

Transient transfection and luciferase assays were done in NIH3T3 cells
essentially as described.®® Co-transfection of the vector phRL-TK Renilla
(Promega, Fitchburg, WI, USA) allowed normalization of transfection
efficiencies. The normalized data were expressed as multiples of the
activity of the 1.7 kb Hck promoter reporter in pGL3basic.

Plasmid construction, virus preparation and transfection/infection

The shRNA sequence targeting mouse Hck (5-TACCATTGTGGTCGCAC
TGTA-3’) was cloned into the PLKO lentiviral vector. The PLKO construct
with a scrambled shRNA sequence was used as a negative control.
Lentiviral vector pSin4-EF2-IRES-Puro was used to generate expression
constructs for 3 x HA- or GFP-tagged human Gli1/2/3 and Hck. Lentiviruses
were prepared according to a previously described procedure.”” PolyJet
(Signagen, Gaithersburg, MD, USA) was used for plasmid transfection of
cultured cells. Attached cultured cells were infected at a multiplicity of
infection of 5 for 24 h in media with 8 pg/ml polybrene.

Immunoblotting

For immunoblotting, cells or tissues were lysed in RIPA buffer (50 mm Tris,
pH 8, 150 mm NaCl, 0.05% SDS, 0.5% DOC, 1% NP-40), and cell lysates were
separated on SDS-PAGE gels. Antibodies used for western blot recognized
Hck (#06-833, Millipore, Billerica, MA, USA), HA (HA-7, Sigma-Aldrich,
St Louis, MO, USA), anti-phospho-tyrosine (4G10, Millipore), Gli1 (#2643,
Cell Signaling, Danvers, MA, USA), GFP (A11122, Life Technologies,
Carlsbad, CA, USA) and GAPDH (G9545, Sigma-Aldrich). HRP-conjugated
secondary antibodies were purchased from Jackson ImmunoResearch
(West Grove, PA, USA). GAPDH was detected as a loading control.
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Mass spectrophotometry analyses of Gli1 Tyr phosphorylation

HA-GIi1 co-expressed with Hck in NIH3T3 cells were immunoprecipitated
with anti-HA antibody and separated on SDS-PAGE gels. Coomassie Blue-
stained Gli1 band was isolated and subjected for mass spectrophotometry
analyses. Proteins from the gel slice were digested, extracted and analyzed
by LC/MS/MS (UT Southwestern Medical Center Proteomic Core Facility,
Dallas, TX, USA). Peptide identification was performed using the X!Tandem>”
and open MS search algorithm (OMSSA)°® search engines against the mouse
protein database from Uniprot, 23 Gli1 peptides were identified, which
covers 26.3% of the Gli1 protein. Phosphorylation sites were localized using
ModLS PTM Localization and confirmed by manual interpretation.

Co-immunoprecipitation experiments

Experiments were performed essentially as described previously.?” Anti-
bodies were against the HA tag (ab9110, Abcam, Cambridge, UK), Flag-tag
(F1802, Sigma), anti-phospho-tyrosine (4G10, Millipore) and GFP (A11122, Life
Technologies). Shh-responsive NIH3T3 cells were transiently transfected with
plasmids expressing HA- or GFP-tagged proteins using Polylet (Signagen).
Mock transfection was used as the negative control. Cells were collected 24—
48 h after transfection and were lysed with co-IP Lysis Buffer (50 mm Tris, pH
8.0, 150 mm NaCl, 1 mm EDTA, 1% Triton X-100, with protease inhibitor freshly
added). Cell lysates were snap-frozen in liquid nitrogen and then thawed on
ice followed by sonication to facilitate cell lysis. After centrifugation,
appropriate antibodies were added to pre-cleared cell lysate and incubated
at 4°C overnight. Samples were incubated with protein A beads (GE
Healthcare, Dallas, TX, USA) for 1 h; beads were washed with co-IP buffer four
times. Precipitated proteins were eluted by boiling in 2x Sample Buffer
before SDS-PAGE and western blot analysis.

ChlP assay

ChIP experiments were performed as described previously.”” Dissociated
cells were crosslinked with PFA, and DNA was sonicated to fragments
(200-1000 bp). Antibody against HA (ab9110, Abcam) was used in the
precipitation step. Rabbit IgG was used as a negative control. Precipitated
DNA was purified and subjected to real-time PCR.

Real-time quantitative PCR

RNA from cells or tissues was extracted with TRIZOL (Invitrogen, Carlsbad, CA,
USA). Complementary DNAs were synthesized by reverse transcription using
Iscript (Bio-Rad, Hercules, CA, USA), followed by PCR or quantitative PCR
analysis. A Bio-Rad real-time PCR system (C1000 Thermal Cycler) was used for
quantitative PCR. Levels of GAPDH mRNA were used to normalize input RNA.
Graphics shown are representative of experiments performed in triplicate.
Sequences of PCR-primers used are listed in Supplementary Table S1.

Statistical analysis

Data are expressed as means plus s.d. The error bars are standard
deviations of three analyses of one representative experiment. Each
experiment was repeated at least three times. Statistical analyses were
performed using a two-tailed, unpaired Student’s t-test.
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ABSTRACT

Synapse development requires normal neuronal activities and the precise expression of
synapse-related genes. Dysregulation of synaptic genes results in neurological diseases such
as autism spectrum disorders (ASD). Mutations in genes encoding chromatin remodeling factor
Brg1/SmarcA4 and its associated proteins are the genetic causes of several developmental
diseases with neurological defects and autistic symptoms. Recent large-scale genomic studies
predicted Brgl/SmarcA4 as one of the key nodes of the ASD gene network. We report that
Brgl deletion in early postnatal hippocampal neurons led to reduced dendritic spine density and
maturation and impaired synapse activities. In developing mice, neuronal Brgl deletion caused
severe neurological defects. Gene expression analyses indicated that Brg1 regulates a
significant number of genes known to be involved in synapse function and implicated in ASD.
We found that Brg1 is required for dendritic spine/synapse elimination mediated by the ASD-
associated transcription factor MEF2 and that Brg1 regulates the activity-induced expression of
a specific subset of genes that overlap significantly with the targets of MEF2. Our analyses
showed that Brg1 interacts with MEF2 and that MEF2 is required for Brg1 recruitment to target
genes in response to neuron activation. Thus, Brg1 plays important roles both in synapse
development/maturation and in MEF2-mediated synapse remodeling. Our study reveals
specific functions of the epigenetic regulator Brg1 in synapse development and provides

insights into its role in neurological diseases such as ASD.

KEYWORDS: Brg1/SmarcA4, chromatin remodeling, autism spectrum disorders, synapse
development, synapse elimination, MEF2
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INTRODUCTION

Synapses formed between axons and dendrites connect neurons and generate neural circuits
that control brain functions (1). The dysregulation of synapse formation, maturation, or plasticity
causes many neurodevelopmental diseases such as autism (2). Autism spectrum disorders
(ASDs) are complex diseases characterized by a range of behavior abnormalities and regulated
by genetic and epigenetic factors (3-5). In ASDs with various genetic or environmental causes,

synaptic dysfunction is a central defect.

Many autism risk genes encode transcription factors and epigenetic regulators, which likely
function to regulate the expression of synaptic genes (4, 6, 7). A gene network analysis
predicted the core subunit of a SWI/SNF-like BAF ATP-dependent chromatin remodeling
complex, Brg1/SmarcA4, as one of the key nodes in autism pathogenesis (7). BAF complexes
containing the ATPase Brg1 or Brm use energy derived from ATP hydrolysis to modulate
chromatin structures and regulate transcription (8-10). Mutations in several BAF subunits are
the genetic causes of Coffin-Siris syndrome and Nicolaides-Baraitser syndrome with autistic
symptoms such as intellectual disability and delayed speech (11-15). In addition, de novo
functional mutations of genes encoding several BAF subunits are identified repeatedly in autism
patients (7, 16-18). Mutations in a gene encoding BAF-associated protein ADNP have been
identified in 1.3% of autism patients, the most frequent of all autism risk-associated mutations
identified so far (18). These data suggest that BAF complexes function in normal neural
development and mutations cause autistic disorders. Previously we identified a neuron-specific
BAF complex (nBAF) that regulates neuronal gene expression and is required for neural
development (19-21). The BAF53b subunit of nBAF complexes is required for activity-
dependent dendrite growth and learning and memory (19, 22). However, the functions of nBAF

complexes in synapse development and in ASD remain unknown.

Neuronal activity regulates the expression of many ASD-associated genes and is critical in
synapse maturation and plasticity (23, 24). Neuronal activity, which triggers Ca?" influx, initiates
multiple signaling pathways that transduce the signals into the nucleus to affect gene
transcription. MEF2 family activity-responsive transcription factors are known to regulate ASD-
associated genes important for neural development and synaptogenesis (25-27). Deletion of the

key family member MEF2C in mouse brains increases synapse numbers and dendritic spines in
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both cortical and hippocampal neurons, which may account for the learning and memory defects
and autistic phenotypes observed (25, 28). Conversely, expression of a MEF2-VP16 super-
active protein causes synapse elimination (25, 29). At the molecular level, MEF2 interacts with
several transcription co-factors, and Ca?* signaling-induced exchange from the co-repressor
complex to co-activator complex is important for MEF2 transcription activities (30, 31). However,
it is unclear how these cofactors coordinate with MEF2 to activate gene expression in response

to neuronal activities.

In this report, we specifically deleted Brgl in developing neurons and revealed essential
functions of Brg1 in synapse formation, maturation, and remodeling. Brg1 specifically regulates
a significant number of genes encoding synaptic proteins and proteins implicated in ASD. We
found that Brg1 is required for dendritic spine/synapse elimination mediated by MEF2C and that
Brg1 regulates the activity-induced expression of a number of MEF2 target genes. Our analysis
showed that MEF2C is required for Brg1 recruitment to MEF2 targets upon neuronal activation.
Thus, Brg1 regulates synapse formation, maturation and MEF2-mediated synapse remodeling.
Our study revealed the specific mechanisms through which the epigenetic factor Brg1 regulates

synapse development and provides insights into its role in neurological diseases.
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MATERIALS AND METHODS

Mice

Brg1™* mice (32), Syn1-Cre mice (33) and MEF2C™" mice (34) were kindly provided by Drs.
Pierre Chambon (IGBMC, France), Luis Parada (UTSW), and Eric Olson (UTSW), respectively.
BAF53b-Cre mice were generated by transgenic injection of a BAC construct containing a Cre
gene under the control of the neuron-specific BAF53b promoter and regulatory elements (35).
These mice are maintained on a mixed genetic background at UT Southwestern Medical Center
Animal Facility. All procedures were performed in accordance with the IACUC-approved
protocols. In all animal experiments, both males and females were used and there is no

significant difference found between genders.

Plasmid and constructs

The construct for expression of Cre is PMC-CreN (36). The MEF2 reporter construct MRE-Luc
contains three MRE sequences upstream of the luciferase reporter. The MEF2C, MEF2-VP16,
and MEF2A-VP16 expression constructs in the pCDNAS3 vector and the GFP construct
containing an expressing cassette for both GFP and myristoylated GFP were described
previously (29) and were provided by Dr. Chris Cowan (Harvard). pSin-Brg1 (37) was used for

expression of Brg1 in cultured cells.

Behavior tests

All experiments in this study were performed in the Behavior Core Facility and approved by the
IACUC at UT Southwestern Medical Center. Mice were housed with food and water available ad
libitum with a 12-h light/dark cycle, and all behavior testing occurring during the light cycle. For
the Open Field Activity test, mice were placed in the periphery of a novel open field environment
(44 cm x 44 cm, walls 30-cm high) in a dimly lit room and allowed to explore for 15 min. The
animals were monitored from above by a video camera connected to a computer running video
tracking software (Ethovision 3.0, Noldus) to determine the time, distance moved, and number
of entries into two areas: the periphery (5 cm from the walls) and the center (14 cm x 14 cm).

The open field arenas were wiped and allowed to dry between mice.

Immunofluorescent staining
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Immunostaining experiments were performed on paraffin sections (7 um) or vibratome thick
sections (50 um) of brain tissues and on cultured hippocampal slices and neurons cultured on
cover glasses. Antibodies used were against Brg1 (G7 or H88, Santa Cruz Biotechnology),
NeuN (Abcam), GFP (Molecular Probes), and HuC/D (Molecular Probes). The images were

visualized using an Olympus BX50 microscope.

Dendritic spine analyses of dentate gyrus granule neurons with lucifer yellow injection

1FIF 1FIF

Brgl™ or Syn1-Cre Brgl™ mice at P21 were intracardially perfused with 1.5%
paraformaldehyde (PFA) solution, and brains were post-fixed in 1.5% PFA solutions for 6 h and
then sectioned into 300-um thick slices. Lucifer yellow injection into single DG neurons was
performed with a microelectrode amplifier (Multiclamp 700B, Molecular Devices). Neurons in the
DG granule cell layer were selected visually under the microscope and patched with the
electrodes filled with lucifer yellow solution (L-12926, Invitrogen). Secondary dendrites (50-200
um from the cell body) were imaged using a Zeiss LSM780 two-photon microscope (40x water
immersion lens). Spine density was measured with the NeuronStudio software package with
default settings (38). Z-stack confocal images of dendrite segments were reconstructed and
analyzed in Neuronstudio for dendritic spine identification and classification as mushroom-,
stubby-, or thin-shaped spines. In classification of spine shapes we used the following cutoff
values: aspect ratio for thin spines, 2.5; head to neck ratio, 1.3; and head diameter, 0.45 pm.
Two segments (50-100 um) per neuron (n=16-22 neurons in each condition) were chosen for

quantitative analysis. Dendritic spine volume was further analyzed with the Imaris software (39).

Hippocampal slice culture, biolistic transfection, and dendritic spine analyses
Organotypic hippocampal slice cultures were prepared from P6 Brg1™" mice (29). Hippocampi
were dissected and sliced to 300 um with a tissue slicer. Hippocampal slices were cultured on a
membrane at the interface between the medium and the air. The culture media include MEM
with horse serum, L-glutamine, CaCl,, MgSQO,, dextrose, NaHCO3;, HEPES (pH 7.2), and insulin.
Gold bullet preparation and biolistic DNA transfection to 1 div hippocampal slices was
performed with the Helios Gene Gun system (Bio-Rad) according to the manufacturer’s
protocols. Five days after transfection, dendritic spines were imaged and analyzed as described

above.
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Electrophysiological measurement of synapse activities

1% mice.

Organotypic hippocampal slice cultures were prepared from P6 wild-type or Brg
Cultures were biolistically transfected with plasmids for expression of GFP and Cre or control
plasmids at 3 div. Ten days later, simultaneous whole-cell recordings were obtained from CA1
pyramidal neurons in slice cultures visualized using IR-DIC and GFP fluorescence to identify
transfected and non-transfected neurons. Recordings were made at 32 °C in a submersion
chamber perfused with artificial cerebrospinal fluid (ACSF) containing 119 mM NaCl, 2.5 mM
KCI, 26 mM NaHCO3;, 1 mM NaH,PO,4, 11 mM D-glucose, 3 mM CaCl,, 2 mM MgCl,, 0.1 mM
picrotoxin, 0.002 mM 2-chloro-adenosine, 0.1% DMSO at pH 7.28 at 305 mOsm and saturated
with 95% 0,/5% CO,. Neurons were voltage clamped at -60 mV through whole cell recording
pipettes (~4-6 MQ) filled with an intracellular solution containing 0.2 mM EGTA, 130 mM K-
gluconate, 6 mM KCI, 3 mM NaCl, 10 mM HEPES, 2 mM QX-314, 4 mM ATP-Mg, 0.4 mM GTP-

Na, 14 mM phosphocreatine-Tris, pH 7.2, adjusted using KOH; 285 mOsm.

For mEPSC measurements, the ACSF was supplemented with 1 yM TTX. Series and input
resistance were measured in voltage clamp with a 400-ms, 10-mV step from a =60 mV holding
potential (filtered at 30 kHz, sampled at 50 kHz). Cells were only used for analysis if the starting
series resistance was less than 30 MQ and was stable throughout the experiment. Input
resistance ranged from 50-900 MQ. Data were not corrected for junction potential. No significant
difference was observed between transfected and untransfected neurons in resting membrane
potential, indicating that overall neuronal health was unaffected by expression of Cre. Synaptic
currents were filtered at 3 kHz, acquired and digitized at 10 kHz using custom software
(Labview; National Instruments). mEPSCs were filtered at 1 kHz and detected off-line using an
automatic detection program (MiniAnalysis; Synaptosoft Inc.) with a detection threshold set at a
value greater than at least 5 fold of the root mean square noise levels, followed by a subsequent
round of visual confirmation. Significance of differences between transfected and untransfected

neurons was determined using a paired t-test.

Cortical and hippocampal neuron culture and transfection
E18.5 hippocampal and E16.5-E18.5 cortical cells were cultured as previously described (Wu et
al., 2007). Dissociated cells were plated on poly-L-ornithine- and fibronectin-coated coverslips.

Culture media contained DMEM/F12 with putrescine, 2-mercaptoethanol, transferrin, insulin,
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selenium, progesterone, MEM vitamin additive, and 5% FBS. At 7 div, hippocampal cultures
were transfected with GFP and MEF2 expression constructs using Lipofectamine 2000.
Cultures were fixed and imaged on 14 div for dendritic spine analyses as described above.
Cortical cultures were transfected with reporter and MEF2 constructs on 5 div and analyzed at 6
div. For depolarization, 50 mM KCI was added to the cultures for 1 to 6 h as described (25).
Luciferase reporter assays were performed using the Dual-Luciferase Assay kit (Promega). The
1FF

mating to produce BAF53b-Cre Brg
between BAF53b-Cre Brg1™* and Brg1™". Neurons from Brg1™, Brg1™, or BAF53b-Cre

mutant embryos for primary neuron cultures was

1F/+

Brgl™" heterozygous littermates displayed no significant differences from each other in all

experiments and were used as controls.

RT-PCR and g-PCR

RNA from cells or ground tissues was extracted with TRIZOL (Invitrogen). cDNAs were
synthesized by reverse transcription using Iscript (Bio-Rad), followed by PCR or quantitative
PCR analysis. A Bio-Rad real-time PCR system (C1000 Thermal Cycler) was used for
quantitative PCR. Levels of GAPDH mRNA were used to normalize input RNA. Graphics shown
are representative of experiments performed in triplicate. The experiments were repeated at
least three times. Standard errors were calculated according to a previously described method

(37). The sequences of all the primers are listed in Table S3.

RNA-seq and data analyses

DG of P13 or P21 Brg1™* and Syn1-Cre Brg1™" mice were used for RNA-seq analyses. One
pair of P13 and P21 control and mutant samples were used; each sample was pooled from two
mice. In addition, cultured BAF53b-Cre BrglF’F and control cortical neurons with or without KCI
stimulation (each sample was pooled from three mice) were subjected to RNA-seq analyses.
Total RNAs were extracted, and RNA-seq libraries prepared using the lllumina RNA-Seq
Preparation Kit were sequenced on a HiSeq 2500 sequencer at UT Southwestern Sequencing
Core Facility. RNA-seq reads were mapped using TopHat with default settings
(http://tophat.cbcb.umd.edu). The mapped reads with the Phred quality score < 20 were filtered
out, whereas the duplicates were marked but not removed using SAMTOOLS (40) and PICARD

(http://picard.sourceforge.net). Transcript assembly and transcript abundance quantification

were carried out using CUFFLINKS, and then differential expression analysis between control
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and Brgl mutants was performed using CUFFDIFF (41). The differentially expressed genes with
fold change larger than 1.5 and p<0.05 were selected as Brg1-regulated genes. Gene ontology

analysis was performed using DAVID (http://david.abcc.ncifcrf.gov/). Fisher's exact test was

used to determine the significance of overlapping datasets.

ChIP experiments

ChIP experiments were performed as described previously (37, 42). Dounced tissue or
dissociated cells were crosslinked with PFA and sonicated to fragments (200-500 bp).
Antibodies used were against Brg1/Brm (J1) (43) or rabbit IgG control. J1 antibody has been
used previously for Brg1 ChlP-seq analyses (44, 45). Precipitated DNA was purified and
subjected to real-time PCR. Percentage of input or fold of enrichment over IgG ChIP was

measured.

Immunoprecipitation and western blot

Cultured cortical neurons were treated with or without KCI at 7 div for 1 hour. Cells were
harvested and lysed with Co-IP buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, with protease inhibitor freshly added). After centrifugation, rabbit polyclonal
antibodies against Brg1/Brm (J1) were added to pre-cleared cell extracts, and samples were
incubated at 4 °C overnight. Samples were incubated with protein A beads (GE Healthcare) for
1 h; beads were washed with Co-IP buffer four times. Precipitated proteins were eluted by
boiling in 2X Sample Buffer (Bio-Rad) before SDS-PAGE and western blot analysis. For
immunoblotting, cell lysates or immunoprecipitation were separated on SDS-PAGE gels.
Antibodies used were against Brg1 (G7, Santa Cruz Biotechnology), MEF2C (Cell Signaling)
and MEF2D (BD Biosciences). HRP-conjugated secondary antibodies were purchased from
Jackson Immunology.
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RESULTS

Deleting Brgl in hippocampal neurons impairs synapse formation and maturation.

The association of Brg1 with ASD prompted us to evaluate synapse development in Brgl
mutant neurons. To determine the cell-autonomous functions of Brg1 in synapse formation, we
deleted Brgl in individual hippocampal neurons and determined the effects on excitatory
synapse activities. Using a Gene Gun biolistic particle delivery system, we introduced plasmids
expressing Cre or control empty vector into cultured postnatal day 6 (P6) Brg1™" (32)
hippocampal slices. The co-transfection efficiency using this method is more than 95% and we
observed Cre-mediated Brg1 deletion in GFP* neurons (Figure 1A). Since very few neurons can
be transfected with this method, any effects of Brg1 deletion on postsynaptic development
should be cell-autonomous. We focused on CA1 pyramidal neurons as their stereotypical
position and morphology make them easily identifiable in the hippocampal cultures. Ten days
after transfection, miniature excitatory postsynaptic currents (NEPSCs) were measured from
simultaneous recordings of transfected GFP* and neighboring untransfected CA1 neurons.
Brgl-deleted neurons displayed decreased mEPSC frequency relative to untransfected
neurons, whereas mEPSC amplitudes were unchanged (Figure 1B, 1C). The reduction of
mEPSC frequency was not caused by Cre expression, but by Brgl deletion, because
transfection of CA1 neurons from wild-type hippocampal slice cultures with the vector for
expression of Cre had no effect on mEPSCs (Figure 1D). mEPSC frequency is correlated with
synapse number (Pfeiffer et al., 2010), whereas mEPSC amplitude represents the strength of
individual synapses. These data indicate that Brg1 is required for the development of functional

excitatory synapse.

Most excitatory synapses are built on dendritic spines that contain the postsynaptic signaling
machinery and receive synaptic inputs. Spine densities and morphologies faithfully reflect
synapse numbers and levels of maturations (46-48). Mushroom-shaped and stubby spines with
larger volume usually indicate mature synapses, whereas long and thin spines with small
volume indicate no or immature synapses. To assess the role of Brg1 in development of
dendritic spine, we measured spine densities, volumes and shapes from CA1 neurons of
cultured P6 Brg1l™ hippocampal slices biolistically transfected with constructs for expression of

Cre or control and membrane-targeted GFP. Six days after transfection, two photon confocal

10
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microscopy images of GFP* dendritic spines were taken and analyzed with Neuronstudio
software for quantification and spine classification (38, 49). We observed a significant decrease

of dendritic spine densities in Brg1™*

CA1 neurons expressing Cre relative to neurons
transfected with empty vectors (Figure 1E, 1F), indicating impaired synapse formation in the
absence of Brg1. Analyses of the spine shapes showed a significant reduction in mushroom-
shaped spines and an increase in thin spines in Brgl-deleted neurons compared to control
neurons (Figure 1G). Consistently, there was a significant decrease in spine volumes in Brg1-
deleted neurons compared to control neurons (Figure 1H). These data demonstrate that Brg1 is
required for dendritic spine/synapse formation and maturation in postsynaptic neurons and

indicate that Brg1 promotes synapse formation and maturation in a cell-autonomous manner.

Brg1 deletion in neurons led to neurological defects in mouse.

To determine the function of Brg1 in synapse development in vivo, we crossed Brgl conditional
knockout mice (32) with several neuron-specific Cre transgenes. A widely used Camk2a-Cre
line (50) mediated Brg1 deletion in forebrain neurons led to hydrocephalus, mainly due to non-
cell autonomous effects (51). A newly developed BAF53b-Cre line (35) deleted Brg1 in all
developing neurons, which caused lethality at birth due to respiratory defects (data not shown).
Therefore these mice cannot be used to study postnatal synaptogenesis. Synapsinl-Cre (Synl-
Cre) transgene (33) is expressed exclusively in neurons beginning in the late embryonic stage,

17" mice survive, which

but its expression pattern is mosaic in most brain areas. Syn1-Cre Brg
enable us to study Brg1 function in synapse development in vivo. In hippocampus, Synl1-Cre is
not expressed in the CA1 region, but has a strong expression in the dentate gyrus (DG) and
CA3 regions (Figure 2A and (33)). In Syn1-Cre Brg1™ mice, Brgl deletion from the NeuN* DG
granule neurons was detected at P7; at P14 and P21, Brgl deletion was clearly observed in
neurons in the DG and CAS3 regions (Figure 2A). Control and Brg1-deleted dentate gyrus
showed similar morphology (Figure 2A). The gross examination of Syn1-Cre Brg1™" brain at
different ages did not reveal obvious structural defects (Figure 2B). The brain weights of these

mice were also normal (Figure 2C).
Although born with normal weight, Syn1-Cre BrglF’F mutant mice were smaller during

development than control mice (Figure 2D). Brgl-mutants displayed locomotor and behavior

abnormalities beginning in the early postnatal stage. They exhibited significantly increased

11
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hindlimb clasp frequency compared to Brg1™* controls that was more severe prior to weaning
than after (Figure 2E). At young age, Brgl-mutant pups were overactive and unbalanced. At P7,
in the righting reflex test none of the Brg1-mutant pups righted after one minute, whereas all
control mice righted within 30 seconds (Figure 2F and data not shown). These severe
behavioral abnormalities at young age suggest that Brg1l deletion affects neuronal and synapse

development. Adult Syn1-Cre Brg1™*

mice had significantly increased hindlimb clasp (Figure
2E) but had largely recovered from locomotor abnormalities and displayed normal
activity/anxiety levels in the open field activity test in the first 5 minutes (data not shown) or in
the full 15 minutes (Figure 2G). During a foot shock test, we observed that adult Brgl-mutant
mice had significantly increased sensitivity to the foot shock stimulation as indicated by the

significantly decreased jump threshold compared to that of control Brg1™*

mice (Figure 2H).
These neurological defects indicate that Brgl deletion in developing neurons impairs neuronal

development and function.

Neuronal Brgl deletion impairs synapse maturation in vivo.

To evaluate the dendritic spine morphology in Brgl-mutant neurons in vivo, we injected a
fluorescent dye, lucifer yellow, into individual DG granule neurons in fixed hippocampal slices
from P21 Brg1™" control and Syn1-Cre Brg1™" mice to visualize the dendritic spines. We chose
P21 DG because in Syn1-Cre Brg1™" hippocampus, Brgl was not deleted in CA1 neurons but
was completely deleted in DG granule neurons at this development stage (Figure 2A). Analyses
of two photon confocal microscopy images of dendritic spines showed that although Brg1-
mutant granule neurons displayed similar spine densities (Figure 3A, 3B), there was a
significant increase of thin spines in Brgl-mutant neurons (Figure 3C), which indicates impaired
synapse maturation. Similar to the individual Brg1l-deleted CA1 neurons, these Brgl-deleted DG
granule neurons also displayed significantly reduced dendritic spine volumes (Figure 3D). Since
spine volume correlates well with synapse maturation and activities, the synapse defects in both
Brg1 deleted CA1 pyramidal neurons in hippocampal slice cultures and in DG granule neurons

in vivo indicate that Brg1 is likely required for synapse development and maturation in general.
Brg1 regulates synaptic genes in developing hippocampus.

The identification of many transcription factors and epigenetic regulators as autism risk genes

suggest that the regulation of synaptic gene network is a key step to control synaptogenesis in

12
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normal development and in diseases. To determine how Brg1 regulates synapse development,
we performed RNA-seq to compare the gene expression profiles in control and Syn1-Cre
Brg1™* neurons (Figure 4, Table S1). We analyzed P13 and P21 DG because Brg1 is
completely deleted in the Syn1-Cre Brg1™*

P13 DG, we identified 1383 differentially expressed genes (DEGs) with 868 downregulated and

granule neurons at these stages (Figure 2A). From

515 upregulated in Brgl mutants compared to controls (fold change >1.5, p<0.05). From P21
DG, we identified 1623 DEGs: 1187 were upregulated and 446 were downregulated in Brgl-
deleted DG compared to controls. The intersection of P13 and P21 DEGs identified 120
commonly downregulated and 148 commonly upregulated genes, which are high confidence
Brg1 regulated genes (Figure 4A). These common Brg1-regulated genes include many genes
known to encode proteins that function in neuron-specific features such as neuron projections
and channels and in neurotransmitter release and synaptogenesis (Figure 4B). Brg1 likely
directly activates or represses a significant number of these genes since the ChIP-qPCR
experiments indicate that Brg1 occupancy was enriched in the regulatory regions of these
neuronal genes in P13 and P21 DG compared to IgG controls and a negative Brg1 binding
region (Figure 4C). Thus, Brg1 may coordinate the expression of a transcription program that is

important for synapse formation and maturation.

Gene ontology analysis of the Brg1-regulated genes in both P13 and P21 DG revealed that the
most enriched group of genes encode extracellular matrix-associated proteins (p=5.9x10%)
(Figure 4D). High enrichment was also observed in genes encoding growth factor binding
proteins, cell adhesion proteins, cytoskeleton regulators, plasma membrane proteins, and
calcium signaling pathway components (Figure 4D), which are all closely related to synapse
development. The enrichment of the target genes in these synapse-associated pathways
indicate that neuronal Brg1 and nBAF complexes specifically regulate genes involved in
synapse formation, maturation, and plasticity. To further understand the molecular functions of
Brg1 in synaptic gene regulation, we compared the Brg1-regulated genes in developing DG with
known synaptic genes (52) and with human genes linked to autism as shown in the SFARI
Gene Database (www.sfari.org). P13 DEG dataset was also used for comparison, as this is a
stage when synaptic and neurological defects are apparent in Brgl-mutant mice. There are

significant overlaps between Brg1-regulated genes and synaptic and autism genes (Figure 4E).

13
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Thus Brg1 specifically regulates synaptic genes in developing neurons; the abnormal

expression of these genes may contribute to autism pathogenesis.

BAF53b-Cre-mediated pan-neuronal Brg1l deletion in cultures.

Many synaptic genes are regulated by neuronal activities that help convert transient stimuli into
long-term changes in neuronal morphology and synapse activities. Neuronal BAF complexes
regulate activity-dependent dendrite growth, suggesting a signaling pathway from Ca?* influx to
chromatin regulation (19). Brg1 was found to repress the basal expression of the c-fos gene
(57). However, activity-induced nBAF target genes are not known, and it is not clear how nBAF
complexes regulate gene activation in response to neuronal activities. To understand the
function of Brg1 and nBAF complexes in activity-dependent gene regulation, we deleted Brgl in
cultured neurons. The mosaic expression pattern of Syn1-Cre in the cortex and hippocampus
prevented us to use this line for neuronal culture studies. Therefore, we took advantage of the
newly generated pan-neuron-specific BAF53b-Cre transgene (35) to delete Brgl in all neurons
in the culture (Figure 5). The BAF53b subunit of the nBAF complexes is expressed exclusively
in neurons and in all neurons examined (19). BAF53b-Cre BAC transgene activities were
detected in all neurons by E18.5. BAF53b-Cre Brg1™" mice die at birth due to respiratory failure.
However, Brg1 proteins were not completely deleted from cortical and hippocampal neurons at
birth (Figure 5, 1div). We cultured mixed cortical/hippocampal neurons from E18.5 control or
BAF53b-Cre Brg1™ mice. Using a Rosa-YFP Cre reporter (58), we observed a complete
overlap between YFP" cells and the neuronal marker HuC/D staining in BAF53b-Cre Rosa-YFP
cultures (Figure 5, bottom panel), confirming that BAF53b-Cre is pan-neuron-specific. In
BAF53b-Cre Brg1™" Rosa-YFP cultures, Brg1 proteins became undetectable in YFP* neurons
after 5 to 7 days in culture (Figure 5, 7div and 14 div). Brg1 was detected in all non-neuronal
cells. Brgl-mutant (BAF53b-Cre Brg1™) and control neurons had similar viability and cell
numbers, indicating that Brg1 is not required for neuron survival in general. We therefore used
this culture system to study Brg1 function in neuronal activity-dependent gene regulation and

synapse plasticity.
Brg1 is required for MEF2-mediated gene activation.

To determine the function of Brg1 in neuronal activity-induced gene activation, we measured

gene expression profiles in the cultured control and Brgl-mutant neurons under the basal and

14
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depolarized conditions. Cultured cortical neurons were used to identify Brg1 regulated neuronal
activity-induced genes because these cultures have a high content of neurons (>80%) and are
suitable for molecular and biochemical experiments. Many previous studies and publicly
available data of activity-induced gene regulation were performed using the similar culture
conditions (19, 26, 57). The target genes and regulatory mechanisms identified here could be

applied to many other experimental systems.

BAF53b-Cre Brg1™ mutant or control cortical cultures at 7 div were treated with KCI for 6 hours
to trigger depolarization-induced gene expression. RNA-seq experiments were performed to
determine the effect of Brgl deletion on activity-induced gene transcription. By comparing
transcription profiles under basal and depolarized conditions in control neurons, we identified
1943 DEGs (fold change>1.5, p<0.05), of which 1254 were increased by neuron depolarization
(Table S2). By comparing the RNA signals from depolarized control and Brgl-mutant neuron
cultures, we found that 219 genes were downregulated after Brgl deletion. The intersection with
the activity-induced genes yielded 76 Brg1-regulated activity-induced genes (Figure 6A). Of
these 76 genes, 74 were not regulated by Brg1 under basal conditions but only at the activity-
induced level. Interestingly, 15 of the 74 Brg1-regulated activity-induced genes are also target
genes of MEF2 family of transcription factors (Figure 6A). Previously, MEF2 target genes were
identified from neurons cultured in the similar conditions (26). By comparing the MEF2 target
genes with our activity-induced neuronal gene list, we obtained 57 activity-induced MEF2
targets; of these 15 are also regulated by Brg1 (Figure 6A). The overlap rate is significantly
higher than the overlap between two groups of 74 and 57 genes randomly selected from the
1254 activity-induced gene pool (p=2.5x10"). The common Brg1/MEF2 target genes include
genes known to be important for synapse structure and plasticity such as BDNF, Kcnal,
Homer1, Nrdal (Nur77), and PCDH17 (24). We confirmed the impaired induction of several
Brg1/MEF2 target genes by neuronal depolarization in Brgl-mutant cortical neuron cultures
(Figure 6B). Junb, a gene that is not a MEF2 target, was used as a control. Brg1l deletion did not
significantly change the activity-induced Junb expression. Moreover, the fact that Brg1 only
regulated the activity-dependent expression of 74 genes (<10% of all activity-induced genes)
(Figure 6A) indicates that Brg1 is required for neither the activation of the upstream Ca*"
signaling nor the activity-induced gene expression in general. Brg1 deletion in neurons did not

impair the protein levels or activation of MEF2 proteins by dephosphorylation as indicated by
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western blot of MEF2C and MEF2D (Figure 6C). Thus Brg1 is specifically required for gene

activation mediated by certain transcription factors such as MEF2.

The MEF2 family of transcription factors contains four members that have high homology in
their DNA binding domains. MEF2C is the major form expressed in the cortex and has been
shown to play a predominant role in neuronal synapse development and function (59). A fusion
of the MEF2C DNA-binding and dimerization domain with the VP16 activation domain serves as
an activator of MEF2 target genes and bypasses the need for MEF2-specific co-activators (25).
To determine whether Brg1 is required for MEF2-mediated transcription activation, we
examined the effect of Brgl deletion on the expression of a MEF2-activated reporter gene.
Although the reporters are different from endogenous genes, plasmids could incorporate
nucleosomes and have been used successfully to test the transcription regulator functions of
Brg1 (57). A luciferase reporter with three MEF2 response elements (MRE-Luc) (25) was co-
transfected with plasmids for expression of MEF2C or MEF2-VP16 or a control plasmid into
cultured BAF53b-Cre BrglF’F or control neurons. As expected, in control neurons, MRE-Luc was
minimally expressed in the resting stage but was induced by either depolarization or co-
expression of MEF2C or MEF-VP16 (Figure 6D). In Brgl-mutant neurons, both depolarization-
induced and MEF2C-induced reporter expression was significantly impaired. Interestingly
MEF2-VP16 activated MRE-Luc to the same degree in the presence and absence of Brg1
(Figure 6D). The different requirements for Brg1 in activation of MRE-Luc by exogenous MEF2C
and MEF2-VP16 suggest that Brg1 functions as a co-activator of MEF2C and that this
requirement is bypassed by MEF2-VP16. Importantly, defective depolarization-induced
expression of endogenous MEF2 targets such as Kcnal caused by Brg1-deletion could be
rescued by expression of MEF2-VP16 (Figure 6E). Therefore, Brg1 is required for MEF2-

mediated gene activation.

MEF2C is required for the activity-dependent recruitment of Brg1 to target genes.

MEF2 regulates activity-dependent target genes by exchanging co-factors from co-repressors to
co-activators upon neuron activation. Since Brg1 is a potential co-activator for MEF2-activated
gene expression, we examined the dynamic binding of Brg1 to MEF2 targets. Cultured cortical
neurons at 7 div were depolarized by a 1-hour KCI treatment. Brg1 ChIP was performed, and

the signals in the regulatory regions of activity-dependent MEF2 target genes in resting and

16



(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514

depolarized neurons were compared. Depolarization of the neurons significantly induced the
binding of Brg1 to these genes (Figure 7A). GAP43 is a neuronal Brg1-target gene that is not
induced by neuronal activities and is not a MEF2 target; Brg1 was not further recruited to the
GAP43 promoter upon depolarization. Since Brg1 is required for the depolarization-induced
activation of these MEF2 target genes, the activity-dependent recruitment of Brg1 likely
coordinates with MEF2 to direct the activation of these genes in response to neuronal

depolarization.

To determine whether MEF2 is required for the activity-dependent recruitment of Brg1 to the
target genes, we performed Brg1 ChIP in control (MEF2C™¥) (34) and MEF2C mutant (Emx1-
Cre MEF2CFF) cortical neuron cultures in resting and depolarized conditions. Loss of MEF2C
significantly diminished the activity-induced Brg1 binding to the regulatory regions of the target
genes examined (Figure 7A). Thus, MEF2C is required for the activity-induced Brg1 binding to
target genes. In cultured cortical neurons, endogenous MEF2C co-immunoprecipitated with
Brg1 in basal and KCI-depolarized conditions; depolarization led to an increase in the MEF2C-
Brg1 co-immunoprecipitation efficiency (Figure 7B). This suggests that MEF2C interacts with
Brg1 or other tightly associated BAF subunits to facilitate the recruitment of nBAF complexes to

target genes in response to neuronal activities; nBAF then directs the activation of these genes.

Brg1 is required for MEF2-mediated dendritic spine elimination.

The function of MEF2 in synapse remodeling and plasticity is most clearly demonstrated by data
indicating that MEF2 activator overexpression in neurons reduces synapse and dendritic spine
densities (25, 29). To determine whether Brg1 is required for MEF2-mediated dendritic
spine/synapse elimination, we transfected plasmids for expression of MEF2C, MEF2-VP16, or a
control MEF2-VP16 mutant without DNA-binding ability (MEF2A-VP16) together with GFP into
BAF53b-Cre Brg1™" or control hippocampal neuron cultures. In control neurons, both MEF2-
VP16 and MEF2C significantly reduced dendritic spine densities compared to MEF2A-VP16
(Figure 8A, 8B). In Brgl-mutant neurons, MEF2-VP16 reduced the dendritic spine densities, but
the ability of MEF2C to eliminate dendritic spines was impaired (Figure 8A, 8B), indicating that

Brg1 is required for MEF2C-mediated synapse elimination in dissociated neuron cultures.
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To exclude the potential for non-cell-autonomous effects of Brgl deletion, we overexpressed
MEF2C in individual Brg1 deleted CA1 neurons in cultured hippocampal slices. In cultured

BrglF/F

hippocampal slices, plasmids for expression of GFP and MEF2C and/or Cre and
corresponding controls were co-transfected using the biolistic delivery system. GFP-labeled
CA1 pyramidal neurons were imaged after 5 days for dendritic spine analyses. In control
neurons, MEF2C expression significantly reduced dendritic spine densities. In CA1 neurons
where Brgl was deleted by Cre-induction, dendritic spine densities were significantly lower than
in control neurons; moreover, MEF2C failed to further reduce spine densities in the Brgl-mutant
neurons (Figure 8C, 8D). The expression of MEF2C did not significantly change the ratio
between the thin and mushroom-shaped or stubby spines in either control or Brgl-deleted
neurons (Figure 8E). These experiments indicate that Brg1 is required for MEF2C-mediated
dendritic spine/synapse elimination in hippocampal neurons in both dissociated and slice

cultures.
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DISCUSSION

In this study, using different Cre systems that are most suitable for the required studies, we
found that the ASD-associated chromatin remodeler Brg1 regulates expression of genes
involved in synapse development and plasticity during development and in response to neuronal
activities. During neuronal development, Brg1 is required for synapse formation and maturation
in several types of neurons. In response to neuronal activities, Brg1 is recruited to MEF2 target
genes to control synapse elimination (Figure 8F). Brgl deletion in neurons of mice led to severe
behavioral defects especially during development. Our studies thus identified potential
molecular and cellular mechanisms underlying Brg1 functions in neurological diseases such as

autism.

Brg1 is critical for synaptic gene regulation and synapse development.

Brg1 and BAF complexes regulate gene activation or repression by modulating chromatin
structures either directly by ATP-dependent chromatin remodeling or indirectly by recruiting
other epigenetic regulators (8-10). The recruitment of BAF complexes to target genes mostly
requires sequence-specific transcription factors. Functional studies of BAF subunits in different
developmental tissues at different stages revealed distinct cell-type-specific functions of BAF
complexes. The diverse subunit compositions of BAF complex in different cell types may
provide interactions with tissue specific transcription factors to target the complex to loci that are
required for specific developmental programs. Previous studies have shown that BAF
complexes in embryonic stem cells, neural progenitors, and neurons have distinct functions in
each cell type (19, 20, 60). There are few overlapping target loci of Brg1/BAF in different tissues
(44, 61).

In this study, we showed that synaptic genes are specific Brg1 targets in developing neurons. A
large number of Brg1 regulated genes have known functions in neuronal and synapse
development. We speculate that Brg1 support a transcription program that coordinates synapse
formation and maturation. However, it is not clear which transcription factors are involved in
activating or repressing these genes. Our observation that Brg1 is a MEF2 co-activator enables
us to speculate that MEF2 is one of the transcription factors that mediate Brg1 functions in
synaptic gene regulation and in synapse maturation during development. Interestingly, We

observed that Brg1 regulates both synapse formation and MEF2C mediated synapse
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elimination. Although it seems that Brg1 regulates synapse number in two directions, it reflects
the diverse functions of Brg1 in neuron development and the dynamic synapse developmental
processes. At early postnatal stage, synapse/dendritic spines are actively formed and
eliminated. Synapse formation peaks around the second week postnatally in mouse brain,
whereas synapse elimination peaks as neurons mature in the third week after birth, partially due
to the increased activities of MEF2 family transcription factors (62-65). Therefore proteins that
play diverse functions during synapse development may appear to cause opposite effects on
synapse numbers depending on the developmental stages when the genes are altered and
MEF2 activities at the specific time point. For example, it has been reported that the autism-
associated FMRP protein bidirectionally regulates synaptogenesis as a function of
developmental age and MEF2 activity(64). Therefore, we propose that Brg1 is required for
synapse formation and maturation by regulating synaptic structural genes. In addition, it also
regulates MEF2C mediated activity-induced gene expression and synapse elimination. The two
scenarios described in the proposed model about nBAF functions during development and in
activated neurons are not mutually exclusive and reflect diverse functions of Brg1 during

different synapse developmental stages (Figure 8F).

In addition to synaptic genes, Brg1 deletion in dentate gyrus also led to the increased
expression of several growth factors such as Igfl and Igf2 (data not shown), which may
compensate for the impaired synapse formation. Therefore, the relative subtle defects in
synaptic spine densities in Syn1-Cre Brg1™ DG neuron in vivo (Figure 3) than in Cre
expressing individual CA1 neurons in hippocampal cultures (Figure 1) could be due to the non-
cell autonomous compensatory mechanisms. Alternatively, it could be caused by the different
developmental stages of the neurons examined. However, we could not exclude the possibility
that it is due to the regional differences between dentate gyrus granule neurons and CA1
neurons. Nevertheless, our experiments clearly demonstrated that Brg1 is required for synapse
maturation for both neuron types and it is required cell autonomously for synapse formation in

CA1 neurons.
nBAF complexes function in activity-dependent gene activation.

The ability of neurons to convert transient stimuli into long-term changes in brain function

underlies long-lasting neural plasticity; activity-dependent gene expression plays a central role
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in this process. Much evidence suggests that the cooperation between transcription factors and
chromatin regulators controls the rapid response of neurons to stimuli as well as long-lasting
changes in neuron function (24, 66, 67). Despite the understanding that chromatin regulation is
important in neuronal plasticity, the biochemical and molecular mechanisms remain largely

unclear.

Analyses of BAF53b-knockout neurons demonstrated that nBAF complexes regulate activity-
dependent dendrite growth, suggesting that signaling resulting from Ca?" influx leads to
chromatin regulation (19). In this study, by deleting Brgl specifically in neurons and by
comparing the Brg1-regulated genes under basal and depolarized conditions, we identified a
specific group of genes that are regulated by Brg1 during activation of neurons. These genes
significantly overlap with activity-dependent MEF2 targets. We demonstrated the requirement of
Brg1 for the expression of MEF2C targets and the requirement of MEF2C for Brg1 recruitment
in response to neuronal depolarization. These results indicate that Brg1 functions as an
essential co-activator of MEF2C-mediated transcription. This regulation is consistent with our
observation that Brg1 is essential for MEF2C-mediated synapse elimination, which may also
contribute to nBAF complex functions in neurodevelopmental diseases. However, in addition to
MEF2, Brg1 may regulate additional transcription factors or pathways that are important for
synapse development. Brgl mutant mice display early defects in synapse formation and
maturation whereas MEF2C mutant neurons have defects in synapse elimination, which is a
relatively late stage in synapse development. Deleting Brg1 using inducible Cre lines in
neurons at later developmental stages after synapse formation may reveal its requirement for

synapse elimination in vivo and additional functions in mature neurons.

One remaining question is how nBAF complexes, including Brg1 and its 10 tightly associated
subunits, are recruited to MEF2 targets in response to Ca?* signaling activation. Several
modifications to MEF2 lead to exchange of co-repressors for co-activators (30, 31). One
possibility is that Ca* signaling induces MEF2 modification changes that facilitate the
recruitment of Brg1. This is supported by our observation of an increase of MEF2C-Brg1 co-
immunoprecipitation efficiency in neurons in response to KCI treatment. However, the
interaction between MEF2C and Brg1 is moderate. Therefore, additional mechanisms may also

contribute to the recruitment of Brg1 in response to neuronal activation. It is possible that
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changes of local chromatin environment induced by MEF2 activation could help recruit nBAF
complexes by interacting with several histone modification binding domains existed in various

BAF subunits (8).

In this study we found that the core BAF subunit Brg1 is critical for synapse development,
maturation, and plasticity. The close functional connections of Brg1 to the ASD-associated
MEF2 proteins discovered here provide molecular and cellular mechanisms for the role of BAF
complexes in neurodevelopmental diseases. In Brgl-mutant mice, the mutant phenotypes are
most severe during development and become less severe in adults. It is possible that mice
develop compensating mechanisms that enable recovery from the defects. Interestingly, in adult
neurons, Brg1 homolog Brm is highly expressed, and this might compensate for Brgl deletion.
Mutations in Brm, but not in Brgl, have been linked to schizophrenia (68). Thus during different
developmental stages, specific BAF complexes may be required for different aspects of
neuronal development and function. The understanding of the functions and mechanisms of
epigenetic regulators in ASD and other neurological disorders may provide new treatment

strategies for these diseases.
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FIGURE LEGENDS

Figure 1. Deleting Brgl in hippocampal neurons impairs synapse/dendritic spine
formation and maturation.

A. Organotypic hippocampal slice cultures from P6 wild-type or Brg1™"

mice were biolistically
transfected with Cre expressing plasmids or empty vector controls together with GFP.
Immunostaining showed Brg1 deletion in Cre expressing GFP labeled cells but not in the control
cells 5 days after transfection (arrows). B-D. In the organotypic hippocampal slice culture
system, synaptic function was measured using whole-cell patch clamp recordings of Cre-
transfected CA1 pyramidal neurons or neighboring untransfected neurons. (B) Representative
traces of mMEPSCs. (C) Average mEPSC frequency and mEPSC amplitude from Cre-expressing

1FIF

(n=21) or untransfected (n=21) Brg CA1 neurons and (D) Cre-expressing (n=18) or

untransfected (n=18) wild-type neurons. E-H. Organotypic hippocampal slice cultures from P6

Brgl™*

mice were biolistically transfected with GFP and Cre expressing plasmids or with vector
control. (E) Representative pictures of dendritic spines of CA1 pyramidal neurons. Scale bar: 5
um. (F) Average dendritic spine densities, (G) classifications, and (H) spine volumes of control

(n=16) and Brgl-deleted (n=20) CA1 neurons. The graphs are shown as Avg+SE. ** p< 0.01, *

p< 0.05, Student’s t-test.

Figure 2. Synl1-Cre-mediated Brgl deletion in neurons led to neurological defects in
mouse.
A. Syn1-Cre-mediated Brgl deletion occurs in hippocampal neurons as indicated by co-staining

1FIF

of Brg1 and neuronal marker NeuN. Brg1 was present in all cells in Brg sections, whereas

images from representative Syn1-Cre Brg1™"

mice show that Brg1 is not observed in NeuN+
DG granule neurons at P7 or in DG and CA3 regions at P14 and P21. Brg1 was intact in CA1
neurons. Scale bars: 100 um. B. H&E staining of coronal sections of Brg1™" and Syn1-Cre
Brg1™" brains at different ages. Scale bars: 500 um. C. Brain weights of Brg1™" and Syn1-Cre
Brg1™ mice during development (n=3 in each group). D. Body weights of Brg1™" and Syn1-Cre
Brg1™ mice during development (n=6, with matching number of male and females). E. Hindlimb
clasp scores of Brg1™" and Syn1-Cre Brg1™" mice during development (n=6). Scoring: 0, both
hindlimbs consistently splayed outward; 1, one hindlimb partially retracted; 2, both hindlimbs

partially retracted; 3, both hindlimbs entirely retracted. The graphs in D and E are shown as
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Avg+SE. Student’s t-test, *p<0.01. F. Representative photograph of Brg1™" and Syn1-Cre

Brg1™*

pups at P7. The Brgl mutant mouse displays a posture typical of the mutant pups
indicative of difficulties righting to the face-down position. G. Open field activity tests were
performed on adult Brg1™" (n=13) and Syn1-Cre Brg1™" (n=11) mice. No significant differences
were found in either the distance moved or the preference for the open field areas in the full 15
minutes tested. H. Foot shock test to determine the response threshold of Brg1™" (n=13) and
Syn1-Cre Brg1™ (n=11) adult mice. The graphs in G and H are shown as Avg+SE. Student’s t-

test, **p<0.01.

Figure 3. Syn1-Cre mediated Brg1 deletion in neurons impairs synapse maturation in
vivo.

17F and Syn1-Cre Brg1™" hippocampal

A-D. Individual DG granule neurons in fixed P21 Brg
slices were injected with Lucifer yellow to enable visualization. (A) Representative two-photon
confocal microscopy images of dendritic spines. Scale bar: 5 um. (B) Average spine densities,
(C) classifications of spines and (D) Average spine volumes from Brg1™" (n=18) and Syn1-Cre

Brg1™"

(n=20) neurons. The graphs are shown as Avg+SE. * p< 0.05, Student’s t-test.

Figure 4. Brg1 regulates synaptic genes in developing neurons.

A. Brg1-regulated genes in P13 and P21 DG identified with RNA-seq were compared. The Venn
diagrams show the number of common genes activated or repressed by Brg1 in each
developmental stage. B. Examples of neuronal genes activated and repressed by Brg1 in both
P13 and P21 DG. C. Brg1 ChIP-qPCR experiments were performed using P13 and P21 DG.
Enrichment of Brg1 binding to the regulatory regions of the indicated target genes compared to
IgG ChIP was observed. A region in the CD4 gene was used as a Brg1 binding negative control.
The graph is shown as Avg+SE (n=3). D. List of the most enriched Brg1-regulated biological
processes identified by DAVID gene ontology analysis of the RNA-seq dataset obtained from
both P13 and P21 DG. E. Significant overlap between Brg1-regulated genes in developing DG
and synaptic genes (52) and autism genes (SFARI Gene database). Fisher’s exact test was

used to calculate p values.

Figure 5. BAF53b-Cre-mediated Brgl deletion in cultured cortical/hippocampal neurons.
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A. BAF53b-Cre was used to mediate Brgl deletion in cultured neurons. Mixed cortical and
hippocampal neurons cultured from E18.5 embryos with the indicated genotypes at 1 div, 7 div
and 14 div were stained with antibodies against Brg1, YFP reporter, and neuronal marker
HuC/D. Note that at 1 div, Brg1 was not completely deleted in YFP-labeled neurons in Brgl-
mutant culture, whereas at 7 div and 14 div, Brg1 was completely deleted in YFP+ Brgl-mutant
neurons. At 14 div, the YFP reporter completely co-stained with all HuC/D positive cells,

confirming the pan-neuron specific feature of BAF53b-Cre transgene.

Figure 6. Brg1 is required for MEF2-mediated gene activation.

A. Analyses of Brg1-regulated activity-dependent gene expression using RNA-seq datasets
obtained from BAF53b-Cre Brg1™ Brgl-mutant and control cultured cortical neurons at 7 div
were treated with or without KCI for 6 hours. The Venn diagrams show the intersections of Brg1-
activated genes and activity-induced genes (left panel) and the significant overlap between
Brg1-regulated and MEF2-regulated activity-induced genes (right panel). B. Impaired
expression of activity-induced MEF2 target genes in Brgl-mutant neuronal cultures as indicated
by RT-gPCR analyses. Junb was used as a non-MEF2 target gene control. C. Western blot
showing MEF2 proteins in control and Brgl-mutant neuron cultures in the absence and
presence of KCI treatment for 1 hour. D. Brg1 is required for MEF2C-mediated reporter gene
activation. MRE-Luc and plasmids expressing MEF2C, MEF2-VP16, or vector control were co-
transfected into cultured cortical neurons at 5 div. Luciferase assays were performed 24 hour
later. KCl was added to a group of cells 6 hours before harvesting. E. MEF2-VP16 or vector
control were transfected into cultured control or Brgl-mutant cortical neurons at 5 div. KCl was
added at 7 div for 6 hours. MEF2-VP16 rescued impaired MEF2 target gene Kcnal expression
in Brgl-mutant cultures in response to KCI depolarization as indicated by RT-gPCR
measurement. The graphs are shown as Avg+SE. Significance was determined using t-test or
ANOVA with post hoc t-test. n=3, ** p< 0.01.

Figure 7. MEF2 is required for the activity-induced recruitment of Brg1 to target genes.
A. Brg1 ChIP-gPCR experiments were performed using cultured MEF2C™F control and Emx1-
Cre MEF2C™F cortical neurons treated with or without KCI for 1 hour. Significant increases in

Brg1 binding to the regulatory regions of all the activity-induced MEF2 target genes were
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observed. Gap43 was used as a non-activity-dependent gene control. Induction was
significantly diminished in MEF2C mutant cortical cultures. ** p< 0.01, ANOVA post hoc t-test.
B. Interactions between endogenous MEF2C and Brg1 were evaluated in cell lysates from
cultured cortical neurons treated with or without KCI for 1 hour. Samples were
immunoprecipitated with Brg1 antibody or IgG control. MEF2C and Brg1 were detected by

western blot.

Figure 8. Brg1 is required for MEF2C-induced dendritic spine elimination.

A-B. Brg1 is required for MEF2C-mediated dendritic spine elimination in cultured hippocampal
neurons. BAF53b-Cre Brg1™ mutant and control hippocampal neuron cultures were transfected
with plasmids expressing GFP and MEF2C, MEF2-VP16, or control MEF2A-VP16 at 7 div. (A)
GFP-labeled neurons were imaged at 14 div and (B) dendritic spine densities were measured

1" mice were

and compared. C-E. Organotypic hippocampal slice cultures from P6 Brg
biolistically transfected with plasmids for expression of Cre, GFP, and MEF2C or control at 1
div. (C) GFP-labeled CA1 neurons were imaged after 5 days and (D) the dendritic spine
densities and (E) classifications were analyzed. Scale bar: 5 um. The graphs are shown as
Avg+SE. ANOVA post hoc t-test, ** p< 0.01, * p< 0.05. The numbers of neurons examined in
each group are shown in the bar graph. F. A model illustrating the function of Brg1 in synapse
development and plasticity. During synaptic development, nBAF complexes are recruited by
specific transcription factors to regulate expression of a significant number of genes required for
synapse formation and maturation (left panel). In response to neuronal activity-triggered Ca®*
signaling, activated MEF2 proteins recruit nBAF complexes to MEF2 targets and regulate the
activity-induced genes required for synapse elimination and plasticity (right panel). These two
scenarios are not mutually exclusive and may reflect the different developmental stages of

neurons.
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Figure 1. Deleting Brg1 in hippocampal neurons impairs synapse/dendritic spine formation and maturation.
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Figure 2. Syn1-Cre-mediated Brg1 deletion in neurons led to neurological defects in mouse.
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Figure 3. Synl-Cre-mediated Brg1 deletion in neurons impairs synapse maturation in vivo.
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Figure 4. Brg1 Regulates synatic genes in developing neurons.

(19)
=
6
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

A B
Brg1 repressed Brg1 activated
P13 DG VGIuT2 Cacng3
Brg1 repressed .
genes (515) genes (1187) Kcnj8 Arr3
Unc13c Sntb2
Sh3kbp1 Sypl
Dbi Digap1
P13 DG P21 DG stmn2 Ppfial
Brg1 activated Brg1 activated
genes (868) genes (446) Camk4 Cntn5
Gap43 Secl

c 5
-— 4-
C
)
a E 3 W P13 DG
5 cé [ P21 DG
— w 2t
O o
m (o]
o 1}
(o)
L
O 0 Q —
: 22 % 8 28 %283 3§ 3 8
5 S 8§ 5 § 5 g5 ¢ B OZ s & °
) 8 ] % s s 2 S ©
2 %)
Q
2 D
= Top Brgl-Regulated Biological Processes
Extracellular matrix
Growth factor binding
Cell adhesion
Cytoskeleton
Plasma membrane
Calcium signaling
0 1 2 3 4 5 6 7 8
-Log,,(p-value)
E
Synaptic genes (1028) Autism genes (631)
Numbers
Overlap p value Overlap p value
Brgl targets (P13) 1383 137 3.2x10°18 76 1.2x10°8
Brgl targets (P13 & P21) 268 27 1.5x10* 15 0.01




@
(1)
——
U2)
(0)
o
——
o
g
\9)
2]
>
(=
=

Figure 5. BAF53b-Cre-mediated Brg1 deletion in cultured cortical/hippocampal neurons.
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Figure 6. Brg1 is required for MEF2-mediated gene activation.
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Figure 7. MEF2 is required for the activity-dependent recuitment of Brg1 to taget genes.
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Figure 8. Brg1 is required for MEF2C-induced dendritic spine elimination.
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An epigenetic switch induced by Shh signalling
regulates gene activation during development
and medulloblastoma growth

Xuanming Shil, Zilai Zhang1, Xiaoming Zhan!, Mou Cao!, Takashi Satoh?, Shizuo Akira?,
Karl Shpargel3, Terry Magnuson3, Qingtian Li%, Rongfu Wang?, Chaochen Wang?®, Kai Ge> & Jiang Wu'

The Sonic hedgehog (Shh) signalling pathway plays important roles during development and
in cancer. Here we report a Shh-induced epigenetic switch that cooperates with Gli to control
transcription outcomes. Before induction, poised Shh target genes are marked by a bivalent
chromatin domain containing a repressive histone H3K27me3 mark and an active H3K4me3
mark. Shh activation induces a local switch of epigenetic cofactors from the H3K27
methyltransferase polycomb repressive complex 2 (PRC2) to an H3K27me3 demethylase
Jmjd3/Kdméb-centred coactivator complex. We also find that non-enzymatic activities
of Jmjd3 are important and that Jmjd3 recruits the Setl/MLL H3K4 methyltransferase
complexes in a Shh-dependent manner to resolve the bivalent domain. In vivo, changes of the
bivalent domain accompanied Shh-activated cerebellar progenitor proliferation. Overall, our
results reveal a regulatory mechanism that underlies the activation of Shh target genes
and provides insight into the causes of various diseases and cancers exhibiting altered Shh
signalling.
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onic hedgehog (Shh) signalling, mediated by Patched and

Smoothened, functions as a morphogen or a mitogen

during many developmental processes!™. Mutations in the
Shh pathway components lead to developmental diseases and
cancers®®. Shh signalling produces specific transcriptional
outcomes by differentially regulating the activities of Gli family
transcription factors’2. Under basal conditions, Gli3, and to a
lesser extent Gli2, is processed to generate a truncated Gli
repressor (GliR) that represses basal expression of Shh target
genes. Shh signalling de-represses and activates target genes by
inhibiting Gli3 processing, inducing Gli3 degradation and
activating  Gli2/Glil transcription activators (GliA). The
morphogen activity of Shh (for example, in neural tube
patterning) is largely dependent on its role as an antagonist of
GliR function. GliA-mediated transcription activation in response
to Shh is critical for neural tube progenitor specification in the

most ventral areas®’. The mitogenic effects of Shh in man

normal and cancer cell types also require the GliA activities!?.
For example, Shh/GliA signalling plays a predominant role in the
proliferation of early postnatal cerebellum granule neuron
precursors (CGNPs)®11. Mutations that result in constitutively
active Shh signalling cause CGNP overproliferation and are the
leading genetic causes of the childhood brain tumour
medulloblastoma®>. Recent studies suggest a link between
active Shh pathways and other cancers, and it appears that the
oncogenic functions of the Shh pathway require GliA-mediated
transcription activation,

Despite extensive studies of Hedgehog signalling in multiple
organisms, one fundamental question remains to be answered:
how do Gli proteins de-repress and activate target gene
expression in response to Shh? Epigenetic factors play critical
roles in determining transcription outcomes by regulating
chromatin structures and accessibilities of DNA to trans-
cription machineries. Recently, we identified a Brgl-containing
chromatin remodelling complex that represses basal expression
and activates Shh signalling-induced target gene expression!?,
Interestingly, our results suggest that Brgl mainly functions
as a docking site for other chromatin regulators. Brgl deletion
leads to changes in histone modifications in the regulatory
regions of Shh target genes. Thus, additional histone modifiers
may regulate Shh signalling, and it is likely that Shh signalling-
induced transcription factor exchange from GIliR to GliA is
accompanied by changes of associated epigenetic cofactor
complexes to produce specific chromatin environments and
transcription outcomes.

Bivalent chromatin domains containing both a repressive
H3K27me3 and an active H3K4me3 mark are found in the
regulatory regions of many developmental genes in stem cells;
these bivalent domains keep gene expression repressed but poised
for induction!3-1®, During development, the resolution of the
bivalent domain accompanies the activation or silencing of the
poised genes. The PRC2 complex catalyses the addition of
H3K27me3 ref. 17, whereas the H3K27me3-specific demethylases
UTX/Kdmé6a and Jmjd3/Kdméb remove it!3-22. UTX is also a
subunit of H3K4 methyltransferase MLL2/3 complexes®®??,
which may coordinately activate bivalent genes by removing
H3K27me3 and increasing levels of H3K4me3. The Jmjd3
catalytic domain shares homology with UTX; however, genetic
analyses indicate that they play distinct roles during
development?*~27. Although Jmjd3 does not appear to be a
subunit of Setl/MLL complexes, it is able to interact with Setl/
MLL complexes?!. The interaction is not strong, and it is not clear
whether this interaction plays a role in resolving bivalent domains
during bivalent gene activation. How bivalent domains are
regulated coordinately by epigenetic factors in response to specific
developing signals has not been well understood.

2

In this study, we identified a bivalent domain at the regulatory
regions of poised Shh target genes. Shh signalling induces an
epigenetic switch to resolve bivalent domains and activates
gene expression. PRC2 complexes repress Shh target genes by
maintaining the repressive H3K27me3 levels, whereas Shh-
induced recruitment of Jmjd3 activates target genes by displacing
PRC2, enzymatically removing H3K27me3 and recruiting Setl/
MLL complex. The central role of Jmjd3 in regulating Shh-
activated gene expression was demonstrated in vivo in Shh
activation-dependent development and medulloblastoma growth.
Our study reveals an important epigenetic mechanism underlying
the gene activation in response to Shh and identifies a potential
target to disrupt the mitogenic effect of Shh signalling during
tumour progression.

Results

Poised Shh-responsive genes are marked by a bivalent domain.
To understand the chromatin environment of poised Shh target
genes, we analysed the publicly available histone modification
data obtained from Shh-responsive mouse embryonic fibroblast
(MEF) cells (Geo data sets GSE21271 (ref. 28)). MEFs as well as
NIH3T3 mouse fibroblasts express both Gli repressors and
activators and are widely used in studies of Shh signalling®’.
Several universal Gli target genes, such as Glil, Ptchl and Hhip,
are relatively restricted to the Shh pathway, and their expression
reflects Shh/Gli signalling activities. In this screen, we identified
an H3K27me3/H3K4me3 bivalent domain in the regulatory
regions of these Shh target genes (Fig. 1a). The H3K27me3 marks
are close to the previously identified Gli-binding regions®®3!.
These regions are close to the promoters and may represent
proximal enhancers. In contrast, the Shh-independent Gli3 gene
was only marked with H3K4me3, whereas a silenced neural-
specific target gene Olig2 was only marked with H3K27me3
(Fig. la). We performed an RNA-seq analysis to compare
expression profiles in wild-type MEFs cultured with or without
Shh; expression of 25 genes was significantly induced by Shh
treatment (P<0.05). Eighteen of these contain the bivalent
chromatin domain (Supplementary Table 1). Other typical
repressive marks, such as H3K9me3 and the PRCl-mediated
ubiquitinated H2AK119 (refs 32,33), were not present. Thus, the
poised Shh target genes may be specifically marked by the
bivalent chromatin domain.

Using GIlil as a representative Shh target gene, we examined
whether the marks in the bivalent domain changed with Shh
induction. Using chromatin immunoprecipitation (ChIP), we
found that H3K27me3 was present in the regulatory region of
Glil gene, and levels were significantly reduced on Shh treatment
(Fig. 1b). H3K4me3 levels in the Glil promoter were significantly
increased in Shh-treated MEFs (Fig. 1b). Similar changes were
observed when GIlil and other Shh target genes were de-repressed
in Gli3~/~ MEFs or further activated in Shh-treated Gli3~/~
MEFs (Supplementary Figs 1 and 2). Thus, Gli-mediated Shh
target gene de-repression and activation are accompanied with
the removal of H3K27me3 and increase in levels of H3K4me3.

PRC2 and Jmjd3 are important for Shh target gene expression.
To determine whether H3K27me3 reduction is a causal factor
in the Shh-mediated gene activation, we manipulated the
enzymes that add or erase H3K27me3 marks. The PRC2 complex,
which methylates H3K27, contains three essential subunits,
EZH2, SUZ12 and EED'3. RNAi inhibition of SUZI2 expression
led to decreased local H3K27me3 levels and increased Glil basal
expression (Fig. 1¢). In EZH2~/~ MEFs**3°, global H3K27me3
levels were decreased and basal expression of Shh target genes
such as Glil and Ptchl was increased compared with those in
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Figure 1| PRC2 and Jmjd3 regulate Shh target gene expression by modulating the bivalent domains. (a) Analyses of ChIP-seq data (Geo datasets
GSE21271) showed bivalent domains close to transcription start sites of Shh target genes in MEFs. Red and green bars represent the chromatin

regions enriched for H3K27me3 and H3K4me3, respectively. The 5 regions of the genes are shown as blue lines. Gli3 is not a Shh target gene; Olig2 is a
neural-specific Shh target gene not expressed in MEFs. (b) Activation of GliT by addition of Shh to MEF cultures was associated with decreased H3K27me3
and increased H3K4me3 levels in the GIiT regulatory region. The mRNA levels were measured by RT-gPCR, and the ChlIP results were analysed by
ChIP-gPCR. Histone H3 and IgG ChIP were used as histone and antibody controls, respectively (means * s.d., n=3). (¢) Reducing SUZ12 levels in MEFs by
shRNA treatment led to decreased local H3K27me3 levels and increased GliT expression as shown by RT-gPCR. Histone H3 ChIP was used for ChIP
normalization (means £s.d., n=3). (d) Deletion of EZH2 led to increased basal expression of Glil and Ptchl, but not Gli2/3, as shown by RT-gPCR
(means *s.d., n=3). (e) Upper panel: exogenous wild-type EZH2, but not the F6671 mutant, rescued Glil expression defects in EZH2 =/~ MEFs as
analysed by RT-gPCR. Lower panel: western blots show the expression of EZH2 and global H3K27me3 in wild-type and EZH2 =/~ MEFs (means * s.d.,
n=13). (f) Wild-type and Jmjd3 =/~ MEFs were treated with Shh. RT-qPCR analyses of Gli1, Ptch and other Shh-responsive genes are shown (means * s.d.,
n=3). (g) Jmjd3 deletion led to higher H3K27me3 levels in the Gli1 regulatory region in Shh-treated MEFs as shown by ChIP-gPCR. A region upstream of
GliT and the CD4 gene were negative controls. Significance was determined using t-test or ANOVA with post hoc t-test (means £ s.d., n=3).

** indicates P<0.01 and * indicates P<0.05.

wild-type cells (Fig. 1d). Neither Gli2 nor Gli3 expression was represses basal Shh target gene expression by maintaining the
affected and Olig2 was not de-repressed by EZH2 deletion H3K27me3 mark. This mechanism also provides a possible
(Fig. 1d). Only the wild type but not an enzymatically inactive explanation for the recent findings that EZH2 deletion leads to a
mutant EZH2 (F6671)>° rescued the Glil expression defect de-repression of Shh target genes in developing limbs and dorsal
(Fig. le). These experiments suggest that the PRC2 complex hindbrains3®%7.
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In MEFs lacking Jmjd3 ref. 25, an H3K27me3 demethylase, we
observed defects in Shh-induced gene activation. The activation
of several bivalent Shh-responsive genes identified in RNA-seq
experiments (Supplementary Table 1) was significantly impaired
in Jmjd3 '~ MEFs (Fig. 1f). Jmjd3 deletion resulted in higher
local H3K27me3 levels in the Glil gene in the presence of Shh
(Fig. 1g) but not in higher global H3K27me3 levels
(Supplementary Fig. 3), suggesting that Jmjd3 plays a specific
role in Shh target gene activation. RNAI inhibition of Jmjd3
expression in MEFs phenocopied the Jmjd3 ~/~ defects in Shh-
induced GIil expression and local H3K27me3 reduction
(Supplementary Fig. 4). Notably, lack of another H3K27me3
demethylase, UTX?’, did not produce significant effects on Shh-
induced target gene expression in MEFs (Supplementary Fig. 5).
These results indicate that H3K27me3 and PRC2 are required for
the repression of Shh target gene basal expression and that
erasure of the mark by Jmjd3 in response to Shh is required for
gene activation.

Shh induces a local epigenetic switch from PRC2 to Jmjd3. We
next monitored the dynamic binding of PRC2 and Jmjd3 in
response to Shh signalling. In the GIlil gene, a cluster of Gli-
binding sites’®*! overlaps the H3K27me3-enriched region
(Supplementary Fig. 6A). Using ChIP, we demonstrated that
endogenous SUZ12 and, by inference, PRC2, binds to Glil;
binding decreased on Shh treatment (Fig. 2a). Conversely, ChIP
with a Jmjd3 antibody indicated increased binding of Jmjd3 to the

Jmjd3 or HA-tagged EZH2 confirmed the binding dynamics: Shh
treatment reduced EZH2 binding and increased Jmjd3 binding to
Glil (Supplementary Fig. S6). In MEFs, levels of EZH2, SUZ12
and Jmjd3 were similar with or without Shh treatment (Fig. 2c,d).
Thus, the Shh-induced switch from PRC2 to Jmjd3 in these
regulatory regions was not due to changes in the global levels of
these factors but was likely caused by an active recruitment of
Jmjd3 to replace PRC2 on Shh stimulation. Indeed, in the absence
of Jmjd3, a significant amount of SUZ12 remained bound to Glil
in Shh-treated cells (Fig. 2a), suggesting that Jmjd3 is required for
removal of PRC2 from Shh target genes.

Shh-induced Glil/2 activation and binding to target genes may
mediate Jmjd3 recruitment. Gli2 and Shh-induced Glil both can
co-immunoprecipitate with Jmjd3 (Fig. 2ef, Supplementary
Fig. 7). The exogenous tagged Jmjd3 proteins are expressed in
NIH3TS3 cells at relatively low levels, as it is difficult to detect the
full-length Jmjd3 proteins with standard western blot. Impor-
tantly, RNAI inhibition of GIi1/2 in Shh-treated MEF cultures
(Fig. 2g) reduced Jmjd3 binding to the Glil regulatory region
(Fig. 2h) and increased local H3K27me3 levels (Fig. 2i),
suggesting that Glil/2 are required for Jmjd3 binding to Shh
target genes. In contrast, Glil/2 binding to Shh target genes
was not affected by Jmjd3 deletion (Supplementary Fig. 8). Thus,
Glil/2 activators are required for the recruitment of Jmjd3 and
possibly other coactivators to displace PRC2 and activate target
gene expression. To further confirm that Jmjd3 directly regulates
Gli-mediated transcription, we expressed HA-Glil in MEFs and
observed that the activation of endogenous Gli target genes by

Glil regulatory region on Shh induction (Fig. 2b). A ChIP HA-GIlil was significantly impaired in Jmjd3~/~ MEFs com-
experiment performed in NIH3T3 cells expressing FLAG-tagged  pared with that in wild-type cells (Fig. 2j).
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Figure 2 | Shh induces a Gli-dependent local epigenetic switch from PRC2 to Jmjd3. (a) ChIP-gPCR indicates the dynamic binding of endogenous SUZ12
to the Glil regulatory region in wild-type and Jmjd3 =/~ MEF cells on Shh induction. (means * s.d., n=3). (b) Increased Jmjd3 binding to Glil gene on Shh
treatment was shown by ChIP-gPCR (means  s.d., n=3). (¢) Shh treatment did not reduce levels of PRC2 subunits as shown by EZH2 and SUZ12 western
blot. (d) Jmjd3 expression level was not significantly changed in MEFs by Shh treatment as analysed by RT-gPCR (means £s.d., n=3). (e) Jmjd3
co-immunoprecipitates with Gli2. Lysates of NIH3T3 cells transiently transfected with plasmids expressing HA-Jmjd3 and Myc-Gli2 were immuno-
precipitated with anti-HA antibodies and blotted with antibodies against HA and Myc. (f) Jmjd3 co-immunoprecipitates with endogenous Glil. Cell lysates
of Shh-treated NIH3T3 cells expressing HA-Jmjd3 were immunoprecipitated with anti-HA antibodies and blotted with antibodies against HA and Glil.
(g) RNAi-induced inhibition of GliT and Gli2 in Shh-treated MEFs led to (h) decreased Jmjd3 binding and (i) increased H3K27me3 levels in the GliT
regulatory region (means * s.d., n=3). (j) Deletion of Jmjd3 in MEFs led to impaired endogenous Shh target gene (Glil, Ptchl, Hhip) expression induced by
lentiviral expressed HA-GIiT as shown by RT-gqPCR. Expressions of endogenous Glil and exogenous HA-GIi1 were measured using primers specific for
the 5’-UTR and the HA tag region, respectively. Significance was determined using t-test or ANOVA with post hoc t-test (means £ s.d., n=3). ** indicates
P<0.01 and * indicates P<0.05.
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Shh-induced switch is essential for target gene expression. To  GliDBD-Jmjd3 expressed in NIH3T3 cells (Fig. 3f) bound to the
determine whether the Shh-induced, Gli-mediated PRC2 to Shh target gene regulatory regions under basal conditions
Jmjd3 switch is required for proper target gene expression, we (Fig. 3g) and decreased local H3K27me3 (Fig. 3h). GliDBD-
manipulated local PRC2 and Jmjd3 levels to perturb the epige- Jmjd3 activated Shh target genes even in the absence of Shh
netic switch, either by increasing local PRC2 levels after Shh  stimulation (Fig. 3i). Thus, recruitment of Jmjd3 is sufficient to
treatment or introducing Jmjd3 onto the Glil gene before Shh increase Gli target gene expression before Shh stimulation. These
stimulation. All three Gli proteins contain five conserved zinc- data indicate that the presence of PRC2 represses the expression
fingers that are sufficient to bind specifically to the Gli consensus  of Shh target genes, whereas the removal of PRC2 and the
sequence’®. We fused the Gli3 DNA binding domain (GliDBD) to  recruitment of Jmjd3 on Shh stimulation activate gene expression.
HA-tagged EZH2 and expressed this fusion in either NIH3T3  Thus, the Shh-induced epigenetic switch from PRC2 to Jmjd3 is
cells or MEF cells (Fig. 3a, Supplementary Fig. 9A). GiDBD- essential for target gene activation.

EZH2 interacted with endogenous SUZ12 as the two proteins

were co-immunoprecipitated (Fig. 3b), suggesting that these

proteins form a functional PRC2 complex. In the presence of Shh, Coordinated target gene activation by Jmjd3 and Setl/MLL.
GliDBD-EZH2 can bind GIiI and increase local H3K27me3 levels ~ Our results indicate that Jmjd3 is required for the removal of
as shown by ChIP (Fig. 3c,d, Supplementary Fig. 9B,C). Both H3K27me3 and activation of Shh target genes. It is not clear
GliDBD-EZH2 and exogenous EZH2 reduced Shh-activated Glil =~ whether its demethylase activity is essential and/or sufficient for
expression (Fig. 3e, Supplementary Fig. 9D). GliDBD-EZH2  this function. The C-terminal fragment of Jmjd3, encompassing
repressed Glil more effectively and specifically than EZH2; EZH2  the JmjC domain, is sufficient to catalyse H3K27me3 demethy-
also repressed another Shh-independent target gene HoxAI0 lation and rescues several Jmjd3-deficient phenotypes®?®. The
(Fig. 3e, Supplementary Fig. 9D). Thus, increasing the local PRC2  expression of the C-terminal fragment (aa 1,141-1,641) fused
concentration in Shh-stimulated conditions effectively repressed ~with GliDBD (GliDBD-JmjC) was sufficient to reduce local
Glil expression, indicating that PRC2 must be removed to H3K27me3 levels at GliI locus (Fig. 3g,h), but it did not activate
activate gene expression. Using similar approaches, we found that ~ Shh target gene basal expression (Fig. 3i). Thus, the Jmjd3
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Figure 3 | The Shh-induced local PRC2 to Jmjd3 switch is essential for proper target gene expression. (a) Total EZH2 levels in NIH3T3 cells expressing
the indicated exogenous proteins as shown by western blot with anti-EZH2 antibodies. (b) Exogenous EZH2 and GIiDBD-EZH2, but not GIliDBD,
expressed in NIH3T3 cells interact with endogenous SUZ12 as indicated by IP with an HA antibody and western blot with SUZ12 antibody. All exogenous
proteins contain an HA tag. (¢) GIiDBD-EZH2 proteins are recruited to Glil regulatory region as indicated by ChlIP-gPCR with anti-HA antibodies
(means £ s.d., n=3). (d) Local H3K27me3 levels at GliT regulatory region as measured by ChIP-gPCR in Shh-treated NIH3T3 cells expressing exogenous
proteins (means £ s.d., n=23). (e) RT-gPCR analyses of GliT and HoxAT0 in Shh-treated NIH3T3 cells expressing the indicated exogenous proteins
(means £ s.d., n=3). (f) Expression of fused Jmjd3 proteins in transfected NIH3T3 cells detected by western blot using anti-HA antibodies. The full-length
GIliDBD-Jmjd3 protein band is marked with a star. (g) Binding of HA-tagged GIiDBD fusion Jmjd3 proteins and (h) local H3K27me3 levels

at GliT and PtchT loci as shown by ChIP-gPCR. Histone H3 ChIP was used for normalization (means *s.d., n=23). (i) RT-qPCR analyses of Glil, Ptchl and
HoxAT0 in NIH3T3 cells expressing the indicated exogenous Jmjd3 proteins in basal conditions (means + s.d., n=3). Significance was determined

using t-test or ANOVA with post hoc t-test; ** indicates P<0.01 and * indicates P<0.05. The comparisons are all against the control samples.
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enzymatic activity alone is not sufficient to activate Shh target
genes. We performed rescue experiments in NIH3T3 cells co-
expressing an shRNA targeting Jmjd3 and exogenous RNAi-
resistant genes encoding Jmjd3, the JmjC domain, or the Jmjd3-
H1388A enzymatically inactive proteins?!. The cultures were co-
transfected with plasmids expressing GFP-Glil to activate the
endogenous Shh target genes (Fig. 4a,b). Although each of these
Jmjd3 proteins bound to the Glil regulatory region (Fig. 4c), only
wild-type full-length Jmjd3 rescued the defective Glil-induced
gene expression in Jmjd3-knockdown cells (Fig. 4a), indicating
that the demethylase activity is necessary but not sufficient for
activation of Gli target genes. The non-enzymatic activity of
Jmjd3 may serve to recruit other epigenetic regulators.

Activation of bivalent genes is accompanied by coordinated
changes in levels of both H3K27me3 and H3K4me3. Thus, it is
likely that Jmjd3 and the Setl/MLL family of H3K4me3
methyltransferase complexes function cooperatively to regulate
Shh-induced gene activation. Ash2L, RbBP5, DPY30 and WDR5
are essential subunits for all Setl/MLL family complexes®. RNAi
inhibition of expression of individual subunits significantly
impaired Glil expression in Shh-treated NIH3T3 cells (Fig. 4d).
To determine whether Shh signalling regulates Setl/MLL
complex binding to Shh target genes, we performed ChIP with
WDRS5 antibodies. Consistent with the Shh-induced increase of
local H3K4me3, the binding of endogenous WDR5 to Glil and
Ptchl regulatory regions was significantly increased on Shh
treatment (Fig. 4e). Importantly, in cells deficient in Jmjd3, Shh-
induced WDR5 binding to target genes and local H3K4me3
increases were significantly impaired (Fig. 4e). Consistent with
this result, local levels of H3K4me3 in the Glil gene in the
presence of Shh were significantly lower in Jmjd3 ~/~ MEFs than
in wild-type cells (Supplementary Fig. 10). Thus, Jmjd3 is
required for Setl/MLL complexes recruitment to target genes in
response to Shh stimulation.

It is not clear whether the interaction between Jmjd3 and Set1/
MLL complexes?! plays a role in resolving bivalent domains;
however, our co-immunoprecipitation analyses showed that
interactions between Jmjd3 and Setl/MLL subunits, WDR5 and
ASH2L, were significantly enhanced by Shh stimulation (Fig. 4f,
Supplementary Fig. 11). The Shh-induced JmjD3-MLL
interaction is potentially phosphorylation-dependent, as treating
the lysate with A-phosphatase reduced the interaction to the basal
level (Supplementary Fig. 11). This result suggests that Shh
signalling directly modulates epigenetic complexes required for
target gene activation. Thus, in addition to the PRC2 to Jmjd3
switch, Shh signalling also induces the formation of an epigenetic
coactivator complex containing at least Jmjd3 and Setl/MLL,
which regulates target gene activation coordinately by modulating
the bivalent domains.

Jmjd3~/~ mice display Shh-dependent developmental defects.
As Jmjd3 is a key factor in Shh-induced epigenetic switch and
gene activation, we examined its function in Shh-activation-
dependent developmental processes. As shown by analysis of
Gli2='~ mice, Gli2-mediated Shh activation is required for
multiple developmental processes such as hair follicle develop-
ment, ventral neural tube patterning and cerebellum progenitor
proliferation8’40'42. Like Gli2~/~ mice, ]mjd3’/ ~ mice die at
birth due to respiratory failure?*?>3, Interestingly, Jmjd3 ~/~
mice display multiple defects similar to Gli2~/~ mice in Shh/
Gli2-dependent developmental processes.

As a morphogen, Shh is important for neural tube patterning
and neural progenitor specification. During neural tube develop-
ment, Shh mainly functions to antagonize GliR activity, whereas
GliA is only required for the formation of the floor plate and

6

specification of the most ventral neural progenitors®’. Gli2 =/~
neural tubes display reduced expression of markers for floor plate
and V3 interneuron progenitors*®*!. Jmjd3 is expressed in
the ventral neural tube but not in the floor plate**. In E10.5

Jmjd3 =/~ neural tubes, V3 interneuron progenitor marker
Nkx2.2 levels were significantly reduced (Supplementary
Fig. 12A,A’,C,C’,F) and Olig2-expressing motor neuron
progenitor  regions  were  expanded  (Supplementary

Fig. 12B,B',C,C",F). These defects are similar to those observed
in Gli2=/~ embryos*®’. We also observed a reduction of FoxA2
expression in Jmjd3 ~/~ neural tubes but not in the floor plate
(Supplementary Fig. 12D,D’), possibly due to the absence of
Jmjd3 in the floor plate or the usage of alternative activation
mechanisms. The enriched expression of Ptchl in the most
ventral neural tubes was also reduced in Jmjd3~/~ embryos
(Supplementary Fig. 12E,E’). Thus, these results are consistent
with a function of Jmjd3 in GliA-dependent target gene
expression and ventral neural tube development.

Shh-dependent Gli2 activation is essential for embryonic hair
follicle development. Gli2~/~ embryos exhibit an arrest in
hair follicle development with reduced cell proliferation*2. When
hair follicles in the sections of E18.5 Jmjd3~/~ skin were
analysed, we observed similarly delayed development of hair
follicles. Although both control (wild type and Jmjd3*/~)
and Jmjd3 ~/~ skins contain hair follicles from all stages*” (stage
1 to 5, Supplementary Fig. 13A-D), Jmjd3 ~/~ hair follicles were
arrested at earlier developmental stages with a peak at stage 2
(Supplementary Fig. 13E). Control hair follicles grew deeper and
had more mature morphologies with a peak at stage 3
(Supplementary Fig. 13E). This defect in Shh/GliA-dependent
hair follicle development further corroborates the importance of
Jmjd3 in Shh signalling activation.

Jmjd3 is required for Shh-dependent CGNP proliferation.
During cerebellum development from late embryonic to the early
postnatal stage (E18.5-P14), CGNPs in the external granule layer
(EGL) undergo significant expansion and differentiation into
granule neurons, the most abundant neuron type in the nervous
system. Multiple signalling pathways and transcription factors
coordinate to regulate this process, and Shh-mediated Gli acti-
vation is necessary for CGNP proliferation®!!. Interestingly,
during the period from E16.5 to P5, there is a global decrease of
H3K27me3 and increase of H3K4me3 and H3K27Ac in the
cerebellum (Fig. 5a). The decrease of global H3K27me3 levels was
apparent in EGL CGNPs (Fig. 5b) and correlated with the
expression of a large amount of genes required for rapid
expansion and differentiation of CGNPs at P5. Specifically, at
Shh target genes, the activation of Glil expression at P5 was
accompanied by a decrease of H3K27me3 and an increase of
H3K4me3 (Fig. 5¢), which is similar to the signalling-induced
resolution of the bivalent domain in MEFs. These data suggest
that the Shh-induced epigenetic switch also occurs in the
developing cerebellum to modulate the bivalent domain and
activate target genes, which contributes to the global change of
H3K27me3 levels.

Despite the low global level of H3K27me3, EZH2 protein levels
remained high in P5 CGNPs (Fig. 5b), suggesting that a high level
of H3K27me3 demethylase activity is present. We observed that
Jmjd3 expression was increased during cerebellar development
from E16.5 to P4 (Fig. 5d). In P5 cerebellum, Jmjd3 was enriched
in EGL (Fig. 5e). Interestingly, at E18.5, Jmjd3~/~ mice
displayed decreased cerebellum size and lack of foliation
(Fig. 5f), which are similar to the defects observed in the
Gli2=/~ cerebellum® and are likely caused by impaired CGNP
proliferation. To directly determine the function of Jmjd3 in
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Figure 4 | Coordinated functions of Jmjd3 and Set1/MLL regulate Shh-activated gene transcription. (a) Both the enzymatic and non-enzymatic
activities of Jmjd3 are required for its function in Shh-induced gene activation. NIH3T3 cells infected with Jmjd3 shRNA or vector control were transfected
with plasmids co-expressing GFP-GIil and indicated Jmjd3 proteins or vector controls. Levels of endogenous GliT and Ptchl were determined by RT-gPCR
(means * s.d., n=3). (b) Expression of HA-tagged Jmjd3 proteins and exogenous GFP-GlIi1 levels in transfected cells as detected by western blot.

(¢) Binding of Jmjd3 and mutants to GliT regulatory region was determined by HA ChIP-gPCR. ‘NS’ indicates not significant (means £ s.d., n=23). (d) Set1/
MLL complexes are important for Shh-induced target gene activation. RNAi-mediated inhibition of expression of individual Setl/MLL subunits Ash2L,
DPY30, RbBP5 and WDRS5 significantly impaired Gli1 expression in the presence of Shh as measured by RT-qPCR (means % s.d., n=3). (e) Shh-induced
binding of WDR5 to Shh target genes requires the presence of Jmjd3. Shown are ChIP-gPCR analyses with antibodies against endogenous WDR5 and
H3K4me3 in NIH3T3 cells expressing shRNA targeting Jmjd3 or scrambled shRNA in the basal or Shh-treated conditions. CD4 was the negative
control (means = s.d., n=23). (f) Shh enhances the interactions between Jmjd3 and Set1l/MLL subunits. NIH3T3 cells co-transfected with plasmids
expressing FLAG-Jmjd3 and HA-Ash2L were treated with or without Shh. An anti-FLAG antibody was used for immunoprecipitation, and antibodies against
FLAG or HA were used for western blot. Significance was determined using t-test or ANOVA with post hoc t-test; ** indicates P<0.01 and * indicates
P<0.05. The comparisons are all against the control samples.

CGNP proliferation, we inactivated Jmjd3 using RNAi in Shh-
treated P4 CGNP cultures. Reduction of Jmjd3 levels in CGNPs
significantly impaired the expression of Shh-induced genes such
as Glil and mitogenic Ccndl but not other genes such as Brgl and
the CGNP marker Mathl (Fig. 5g). The proliferation of CGNPs
in which Jmjd3 expression was inhibited was significantly
impaired as shown by the lower BrdU incorporation rates
compared with control cultures (Fig. 5h). Although neither Shh
treatment nor Jmjd3 inhibition in CGNPs led to global changes
of histone modifications, we observed altered H3K27me3
as well as H3K4me3 and H3K27Ac levels at Glil regulatory

regions in Shh-treated Jmjd3-deficient cultures compared with
the controls (Fig. 5i-k). A Cre-induced Jmjd3 conditional
deletion® in CGNP cultures displayed similar defects in Shh
target gene expression and altered histone modifications
(Supplementary Fig. 14). Thus, Jmjd3 regulates Shh-activated
gene expression and CGNP proliferation by modulating the
chromatin environment.

Inhibition of Jmjd3 impairs medulloblastoma cell growth.
Mutations leading to constitutively active Shh signalling cause
Shh-subtype medulloblastoma, the progression of which also

NATURE COMMUNICATIONS | 5:5425 | DOI: 10.1038/ncomms6425 | www.nature.com/naturecommunications 7

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms6425

a b c
E16.5 P5
E16.5 P5 g 254 mE165 o
Glit [ - g 3 20 ®PS
(2] £ 15
GAPDH DD T &
2 a 1.0
H3K27me3 ™ = £ £ 05
¥ EGL o i % %
H3K27AC e W ] 0
o ) o
HaK4mes = @& W @
bl EGL ey, SSRGS
H3 |- N RO
d e f
54 Antisense Sense £ 1o
o) 21
2g 41 g 549
g2 o .
S e = o
= 34 - G 0.8
g <Z( = 11} *k
ZZ 2 = 0 06
% £ ) = 04
. 2 02
oA 1) b 0.0
£ESES & 3 $ ¢
LS &S 5 > S
S o 2 { S &
& SR
g W Ctrl h !

1.0 . EshJmjd3 47mcl Ctrl shJmjd3
® . e —
3 107 2 3_IZIsthJdS Shh - + - 4
< 4 =
< o8 z x H3K27me3 -‘.
E 061 * 8 27
| = . S Hakames | M D 8
§ 0.2 - @ H3k27Ac D D

-shh  +Shh H: - an

&
3@6 0\\0‘\ o \W’

] k
Wild-type Jmjd3~~ [ Ctrl  [[] shdmjd3

3 EGL 0.06 P10 4

S ER

a 2T 0.8 3

¥ £ 004

£ B = 0.6

T o @ ** 2 *k
& 2 0.4

2 EGL EGL o § 002 : 1

£ =) 0.2

M o

3 0.00 0.0 0

T H3K27me3 H3K4me3 H3K27Ac

Figure 5 | Jmjd3 is required for Shh-dependent CGNP proliferation. (a) Global changes of modified histone levels during cerebellum development
evaluated by western blot. (b) Immunostaining of sections of E16.5 and P5 cerebella with antibodies against modified histones and EZH2. The EGL is the
dense cell layer outlining the cerebellum. (¢) Local changes of H3H27me3 and H3K4me3 at Glil regulatory region in E16.5 and P5 cerebella (means £ s.d.,
n=3). (d) RT-gPCR analysis of Jmjd3 in NIH3T3 and MEF cells and in cerebellum (CB) and medulloblastoma (MB) samples (means *s.d., n=3).

(e) In situ hybridization of P5 CB with Jmjd3 antisense or sense probes. Note the enriched Jmjd3 expression in EGL. (f) H&E staining of cerebella from E18.5
wild-type and Jmjd3~/~ mice. The average length of EGL per cerebellum section is shown on the right (means *s.d., n=4). (g) Inhibition of Jmjd3
expression in cultured CGNPs results in defective Shh-induced gene expression as shown by RT-gPCR. (h) Jmjd3 knockdown in cultured CGNPs decreases
proliferation (as shown by BrdU incorporation) (means * s.d., n=3). (i) Western blots indicating global histone modification levels in CGNP cultures

in the absence and presence of Shh treatment with or without Jmjd3 shRNA treatment. (j) Immunostaining of sections of E18.5 wild-type and Jmjd3 =/~
cerebella with antibodies against modified histones. (k) Decrease in Jmjd3 levels in Shh-treated CGNP cultures by lentiviral-expressed shRNA resulted in
significant changes of histone modifications at the GliT regulatory region as shown by ChlIP-gPCR. Histone H3 ChIP was used for normalization
(means * s.d., n=23). Significance was determined by Student’s t-test; ** indicates P<0.01 and * indicates P<0.05.

requires the active signalling pathway®¥”. Thus, as a key SmoM2-induced medulloblastoma cells contain much lower
epigenetic coactivator of Shh target genes, Jmjd3 might be H3K27me3 levels than normal cerebellar tissues (Fig. 6b,c).
targeted to inhibit medulloblastoma growth. We used a mouse As a significant amount of EZH2 was expressed in SmoM2-
model with a Cre-inducible SmoM2 gene (a point mutation in induced medulloblastoma (Fig. 6b-d), the low H3K27me3 levels
Smo) to generate Shh-subtype medulloblastoma®® (Fig. 6a). suggest that H3K27me3 demethylase is active in these tumour
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cells. Notably, although Jmjd3 is mutated in some cancers and
even in non-Shh-type medulloblastoma®”4%, it has not been
found mutated in Shh-type medulloblastoma in several genome-
wide exome-sequencing pro;ects47 50-33, indicating a potential
requirement of Jmjd3 for these tumours.

To determine the function of Jmjd3 in medulloblastoma, we
first confirmed that in SmoM2 medulloblastoma the Glil
regulatory regions contain lower H3K27me3 levels and higher
H3K4me3 and H3K27Ac levels than normal cerebellum (Fig. 6e).
Reducing Jmjd3 expression using virally expressed shRNA
significantly impaired the expression of Shh target genes such as
Glil, Ptchl, Ccendl and N-myc in cultured SmoM2 tumour cells
(Fig. 6f). This defect was not due to the differentiation of tumour
cells because the tumour progenitor marker Mathl was not
significantly reduced (Fig. 6f). Local H3K27me3 levels on the Glil
gene were significantly increased on inhibition of Jmjd3 expression
(Fig. 6g). The impaired Shh target gene expression in Jmjd3-
deficient tumour cells led to a growth inhibition similar to that
observed in Glil/2-deficient tumour cultures as indicated by a cell
survival assay (Fig. 6h). Therefore, as Jmjd3 is required for Shh-
subtype medulloblastoma growth, Shh-induced epigenetic switch-
ing events may be targeted to inhibit medulloblastoma growth.

Discussion
In this report, we have identified a bivalent chromatin domain
tightly associated with the poised states of Shh target genes. We
have shown that Shh signalling induces a local epigenetic switch
as well as the formation of a Jmjd3-centred epigenetic coactivator
complex, which functions coordinately with GliA to resolve the
bivalent domain and to activate transcription. We have
also demonstrated the essential role of Jmjd3 in regulating
Shh-dependent developmental processes and tumour prolifera-
tion. The epigenetic mechanisms elucidated here significantly
advance our understanding of Shh signalling and provide insights
into the mechanisms of Shh-related cancers and diseases.
Activation of Shh signalling induces a local epigenetic switch
from PRC2 to Jmjd3 at Shh target genes to facilitate the
resolution of bivalent chromatin domains. The removal of
H3K27me3 in response to Shh likely resulted from both the
recruitment of Jmjd3 and the release of PRC2. We propose that,
on Shh signalling stimulation, the activation and binding of Glil/
2 mediate the recruitment of Jmjd3 and subsequently the
coactivator complex, which displaces PRC2 at the regulatory
regions, resolves bivalent domains and activates target genes
(Supplementary Fig. 16). In the absence of Jmjd3, GliA binding
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Figure 6 | Jmjd3 is required for Shh-subtype medulloblastoma cell growth. (a) H&E staining of sections of a P90 normal cerebellum and one with a
SmoM2-induced MB. (b) Levels of histone modifications and EZH2 in normal cerebellum (CB) and SmoM2-induced medulloblastoma (MB) were analysed
by immunostaining. IGL =internal granule layers. (¢) Western blots indicating global levels of histone modifications and EZH2 in normal CB and SmoM?2
MB. (d) RT-gPCR analysis of EZH2 in NIH3T3 and MEF cells and in CB and MB samples (means +s.d., n=3). (&) ChIP-gPCR analysis of histone
modification levels in the GliT regulatory region in MB and normal CB. Histone H3 ChIP was used for ChIP normalization. (means * s.d., n=3). (f) Cultured
SmoM2 medulloblastoma tumour cells were infected with lentiviruses expressing either Jmjd3 shRNA or scrambled control. Levels of Shh target genes and
medulloblastoma progenitor marker Mathl were measured with RT-gPCR (means £ s.d., n=3). (g) The H3K27me3 level in the GliT gene regulatory
region was increased after inhibition of Jmjd3 expression (means £s.d., n=3). (h) Cultured SmoM2 tumour cells were infected with viruses expressing
control or shRNA targeting Jmjd3 or Glil/2. The survival rates of cells relative to the control culture were measured using the ATP cell viability assay

(means £ s.d., n=23). Significance was determined by Student’s t-test or ANOVA with post hoc t-test; ** indicates P<0.01 and *
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was not affected, but PRC2 release was impaired and Setl/MLL
was not recruited. Although Jmjd3 also functions in other
pathways, in tissues that are predominantly dependent on GliA
function, such as embryonic hair follicle, ventral neural tube,
cerebellum, and Shh-type medulloblastoma, inhibition of Jmjd3
expression and Gli2 deletion led to similar phenotypes. Thus,
Jmjd3 plays an essential role in Shh-induced gene activation by
coordinating the changes of chromatin environments. Shh
signalling also significantly enhances the interactions between
Jmjd3 and Setl/MLL complexes. Although the biochemical bases
for this Shh-induced interaction remain unclear, the possibility
that Shh signalling directly modifies epigenetic cofactors and
regulate their activities is intriguing.

Although the experiments were performed in populations of
cells and we could not exclude the possibility that a fraction of the
histone marks may exist in separate cells, our data strongly
support the coexistence of H3K27me3 and H3K4me3 at the same
loci and cooperative regulation of both marks by Shh signalling.
The Shh-induced interaction between Jmjd3 and MLL suggests
that they function together to regulate both histone marks.
Importantly, loss of Jmjd3 not only affected the H3K27me3 levels
at Gli target genes, but also impaired Shh-induced recruitment of
Setl/MLL complexes and increase of H3K4me3 levels (Fig. 4f). In
CGNPs, loss of Jmjd3 also affected the levels of both histone
marks at Shh target genes (Fig. 5k). These results could unlikely
be explained if the two histone marks are in separate cells and
regulated independently.

We propose that Shh-induced transcription factor exchange
from GliR to GliA triggers the switch of the associated epigenetic
complexes. Previous work and this report demonstrate that a
complex epigenetic environment controls Shh target gene
expression. It has been shown that Shh signalling also functions
as switches for several epigenetic regulators that may coordinate
with PRC2/Jmjd3 to regulate transcription outcomes. We have
previously reported that Shh activation enables Brgl-containing
BAF chromatin remodelling complexes to switch from a repressor
to an activator state, a switch likely mediated by interacting with
different Gli transcription factors and other epigenetic regula-
tors'2. Brgl may either antagonize or facilitate PRC2 function in a
context—de?endent manner in embryonic stem cell gene
expression®*. Brgl has also been shown to interact with Jmjd3
to induce specific target gene expression®. Thus, the Brgl
complex may coordinate with these histone modifiers to regulate
Shh signalling. Indeed, deletion of BrgI resulted in altered histone
modifications (ref. 12 and our unpublished data).

In addition, histone deacetylases (HDACs) and histone acetyl
transferases (HAT's) have been directly or indirectly linked to Shh
signalling transcription regulation!>°6=38,  Interestingly, Shh
signalling activities also alter HDAC function. In basal
conditions, HDACs are likely involved in repressing the
expression of Shh target genes by deacetylating histones!?.
However, on signal activation, HDACI1/2 function as activators
of Shh target genes possibly by deacetylating and activating
Gli1/2 (refs 12,56). HDACs have been shown to tightly interact
with Brgl as well as PRC2 complexes!>*. Deletion of the gene
encoding PRC2 subunit EZH2 led to global increase of
H3K27Ac3>%0 (Supplementary Fig. 15). On Shh stimulation, the
resolution of the bivalent domain is also accompanied with an
increase of H3K27Ac at the regulatory regions (Supplementary
Fig. 2,). It is not clear whether the increased H3K27Ac is a
byproduct of H3K27me3 loss or due to active recruitment of the
H3K27 acetyltransferase p300/CBP®*S!. In addition, Jmjd3 has
been shown to interact with proteins involved in transcription
elongation®?, which may also function to regulate Shh signalling.

During development, Shh can function as a mitogen or a
morphogen. For the mitogenic function, Shh-induced GliA-
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mediated transcription activation is required. In this study, we
demonstrated that during cerebellum development, when active
Shh signalling plays an essential role in CGNP proliferation, Shh
activation is accompanied by a decrease of H3K27me3 and an
increase of H3K4me3 levels. Shh-subtype medulloblastomas are
characterized by low levels of H3K27me3. We have shown that a
key epigenetic factor Jmjd3 is required for the histone modifica-
tion changes and Shh target gene activation in CGNPs and
medulloblastoma cells. Deletion of Jmjd3 affects cerebellum
growth and CGNP proliferation. Inhibiting enzymatic and/or
non-enzymatic activities of Jmjd3 may effectively inhibit
medulloblastoma growth.

In addition to the mitogenic function, Shh also functions as a
morphogen to induce dosage-dependent expression of target
genes?. The diverse outputs of Shh signalling are thought to be
determined by the combination of activities of GliA and
GliR®7%%, Thus, the mechanisms that underlie basal versus
signalling-induced conditions identified here might also function
in more complicated Shh-responsive systems. The morphogenic
activities of Shh signalling are largely mediated by antagonizing
GliR function®®%>. We identified PRC2 as a corepressor of Shh
target genes. However, we believe that PRC2 is only part of a
complex corepressor network associated with GliR. GliA activities
are required in the areas receiving highest Shh signalling. We also
showed modest but significant defects in Jmjd3 ~/~ neural tubes
in the most ventral area. Recent studies have revealed that the
dosage-dependent transcription response to Shh results from
different affinities for Gli-binding sites, other tissue-specific
transcription factors, and functional interactions between
different target genes®”%%. It is likely that chromatin
environment and epigenetic regulators also play important roles
in determining the transcription outcomes of target genes in
response to Shh. Additional genetic tools as well as more sensitive
ChIP techniques will be needed to directly analyse the epigenetic
regulation of the complex Shh-responsive systems.

In summary, our study revealed a novel epigenetic mechanism
that regulates Shh-induced gene activation. We identified Jmjd3
as a key regulator of Shh-activated gene expression and Shh-
dependent developmental processes and tumour growth. In the
future, the characterization of the components and analysis of the
dynamics of epigenetic complexes downstream of Shh signalling
will reveal the mechanisms underlying the diverse transcription
activities of the signalling during development and in diseases.

Methods

Mice. Jmjd3 '~ MEFs were produced from E15.5 Jmjd3 ~/~ embryos®®. This
allele deletes exons 14-21, which encode a region that includes the JmjC
demethylase domain. RT-PCR primers Jmjd3_koF1 and Jmjd3_koR1
(Supplementary Information) were used to detect the deletion of the Jmjd3 mRNA.
E10.5 and E18.5 ]Vrvnjd3 ~/~ embryos were produced from mice containing a Jmjd3/
KdmebmI(KOMP)Wisi ]jele (Shpargel and Magnuson, unpublished data). This allele
with exons 11-20 replaced by a Neo cassette was targeted by Knockout Mouse
Project (KOMP) in JM8 embryonic stem cells of C57BL/6N origin. Embryonic
stem cells were injected into C57BL/6]-Tyr"?/] blastocysts. Following germline
transmission, mice were maintained on the C57BL/6] background. Homozygotes
were generated by heterozygous intercrosses. Both Jmjd3 alleles delete a large
portion of the protein, and these mice die at birth due to respiratory defects, which
is similar to the phenotype of another Jmjd3 knockout allele?*. Both alleles also
result in similar skin and cerebellum defects at E18.5 and are likely null alleles.
Jmjd3 conditional knockout allele was generated as previously described with exons
15 to 21 flanked by two LoxP sites*0. SmoM2 mice*® and CAG-CreER® mice were
purchased from Jackson Laboratory. The SmoM2 CAG-CreER mice have a high
rate of spontaneous medulloblastoma development before 2 months of age
(~40%). These mice were maintained on a mixed genetic background at UT
Southwestern Medical Center Animal Facility.

Primary MEF, CGNP and medulloblastoma cell cultures. Primary MEFs were
cultured from E13.5 to E15.5 embryos as described previously'2. In brief, embryo
trunks were dissected, trypsinized, dissociated to single cells and cultured in DMEM
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media with 10% fetal bovine serum. Primary CGNP cultures were derived from
dissociated P4 mouse cerebella and cultured in DMEM/F12 media containing 25 mM
KCl, N, and 10% FBS. For Shh stimulation, Shh-conditioned medium produced from
Shh-CM 293T cells®’ was added at a 1:20 dilution to MEF and CGNP cultures. MEF
cells were treated with Shh in low-serum media 24 h before harvesting. CGNP cells
were treated with Shh in high-serum media for 2-3 days. BrdU was added 2 h before
analyses. Tumour cells were derived from dissociated SmoM2 medulloblastoma and
cultured in the media containing DMEM/F12, B27, N2, EGF and FGF2.

Plasmid construction, virus preparation and transfection/infection. The
shRNA sequences targeting Jmjd3 (5'-AGCACTCGATGCCTCATTCATA)-3'
(ref. 21), Ash2L (5'-CGAGTCTTGTTAGCCCTACAT-3'), DPY30 (5'-GCGTTGA
GAGAATAGTCGAAA-3'), RbBP5 (5'-GCTCTATTGTATTTACCCATT-3'),
WDR5 (5'-GCCGTTCATTTCAACCGTGAT-3'), Glil (5-GCTCAGCTGGTGTG
TAATTAC-3') and Gli2 (5'-CCAACCAGAACAAGCAGAACA-3') were cloned
into the PLKO lentiviral vector. The PLKO construct with a scrambled shRNA
sequence was used as a negative control. Lentiviral vector pSin4-EF2-IRES-Puro
was used to generate expression constructs for tagged Gli, Jmjd3, Ash2L, WDR5
and EZH2. GliDBD fusion proteins were generated by fusing the Gli3 Zinc-finger
domains (aa 477-636) with EZH2, Jmjd3 full-length protein or the C-terminal
fragment including JmjC domain (aa 1,141-1,641). Lentiviruses were prepared
according to a previously described procedure!?. PolyJet (Signagen) was used for
plasmid transfection of cultured cells. Attached cultured cells were infected at a
multiplicity of infection (MOI) of 5 for 24h in media with 8 pgml ~! polybrene.

RNA-seq. Cultured primary MEFs (second passage) were treated with or without
Shh-conditioned media for 24 h before harvesting. Total RNAs were extracted,
and RNA-seq libraries were prepared using Illumina RNA-Seq Preparation

Kit and sequenced by an HiSeq 2000 sequencer. RNA-seq reads were mapped using
TopHat with default settings (http://tophat.cbcb.umd.edu). The mapped reads
with the Phred quality score <20 were filtered out, whereas the duplicates

were marked but not removed using SAMTOOLS®® and PICARD (http://picard.
sourceforge.net). Transcript assembly and transcript abundance quantification
were carried out using CUFFLINKS, and then differential expression analysis
between Shh-treated and untreated MEFs was performed using CUFFDIFF®
The differentially expressed genes with P<0.05 were selected for histone
modification analyses (Supplementary Table 1).

Immunoblotting. For immunoblotting, cells or tissues were lysed in RIPA buffer
(50 mM Tris, pH 8, 250 mM NaCl, 0.05% SDS, 0.5% DOC, 1% NP-40). Histone
fractions were prepared with standard acid extraction (0.2N HCI). Cell lysates or
histone fractions were separated on SDS-PAGE (SDS-polyacrylamide gel elec-
trophoresis) gels. Antibodies used were mouse monoclonal antibodies against Glil
(#2643, Cell Signalling), HA (HA-7, Sigma), GAPDH (G9545, Sigma), H3K27me3
(#39536, Active Motif), H3H4me3 (ab8580, Abcam), H3K27Ac (ab4729, Abcam),
histone H3 (ab1791, Abcam), Myc (9E10, Bishop), EZH2 (612667, BD Bios-
ciences), SUZ12 (#3737, Cell Signalling) and FLAG (F1804, M2, Sigma). HRP-
conjugated secondary antibodies were purchased from Jackson Immunology.
Uncropped immunoblots are shown in Supplementary Fig. 17.

Immunohistology and in situ hybridization. Timed mouse pregnancies were
determined by plugging date as day 0.5. Haematoxylin and eosin (H&E) staining
and immunostaining were performed on paraffin sections. Antibodies used were
against Olig2 (AB9610, Chemicon), NKX2.2 (74.5A5-s, DSHB, University of Iowa),
FoxA2 (4C7-s, DSHB, University of Iowa), EZH2 (#3737, BD Bioscience),
H3K4me3 (C42D8, Cell Signaling) and H3K27me3 (07-449, Millipore). The images
were visualized using an Olympus BX50 microscope. In situ hybridization analyses
were performed as described previously'? on cryosections (P5 cerebellum) or
paraffin sections (E10.5 neural tubes). The Ptchl and Jmjd3 probes correspond to
nucleotides (nts) 850-1,637 and nts 925-1,720 of their cDNAs, respectively.

Co-immunoprecipitation experiments. Antibodies were against the HA-tag
(ab9110, rabbit, Abcam) or FLAG-tag (F2426, M2 beads, Sigma). Shh-responsive
NIH3T3 cells were transiently transfected with plasmids expressing HA- or FLAG-
tagged proteins using Poly]Jet (Signagen). Mock transfection was used as the
negative control. Cells were harvested 24-48 h after transfection and were lysed
with co-IP Lysis Buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, with protease inhibitor freshly added). Cell lysates were snap-frozen
in liquid nitrogen and then thawed on ice followed by sonication to facilitate cell
lysis. After centrifugation, appropriate antibodies were added to pre-cleared cell
lysate and incubated at 4 °C overnight. Samples were incubated with protein A
beads (GE Healthcare) for 1h; beads were washed with co-IP buffer four times.
Precipitated proteins were eluted by boiling in 2 x Sample Buffer before SDS-
PAGE and western blot analysis. For A-phosphatase treatment, 400 U of enzyme
(Sigma) was added to cell lysates followed by 30 min incubation at 37 °C.

Chromatin immunoprecipitation. ChIP experiments were performed as described
previously!2. Dissociated cells were crosslinked with PFA or double crosslinked
with DSG (Pierce) and PFA, and sonicated to fragments (200-1,000 bp).
Antibodies used were against H3K27me3 (07-449, Millipore), H3K4me3 (ab8580,
Abcam), H3K27Ac (ab4729, Abcam), histone H3 (ab1791, Abcam), SUZ12 (#3737,
Cell Signaling), EZH2 (612667, BD Bioscience), Jmjd3 (ab85392, Abcam)’?, WDR5
(A302-429A, Bethyl Laboratories), HA (ab9110, Abcam) and FLAG (F1804, M2,
Sigma). Rabbit IgG was used as a negative control. Precipitated DNA was purified
and subjected to real-time PCR.

RT-PCR and q-PCR. RNAs from cells or tissues were extracted with TRIZOL
(Invitrogen) or the RNeasy kit (Qiagen). cDNAs were synthesized by reverse
transcription using Superscript III (Invitrogen), followed by PCR or quantitative
PCR analysis. An ABI-7500 real-time PCR system was used for quantitative PCR.
Levels of GAPDH mRNA were used to normalize input RNA. Graphics shown are
representative of experiments performed in triplicate. Experiments were repeated
for at least three times. Standard errors were calculated according to a previously
described method!?. The primer sequences are listed in the Supplementary
Information.

Statistical analysis. Data are expressed as means + s.d. Statistical analysis was
performed by either analysis of variance with ANOVA post hoc t-test for multiple
comparisons or a two-tailed unpaired Student’s t-test. A P value of <0.05 was
considered significant.
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Medulloblastoma is the most common malignant pediatric brain tumor. Overactive Shh signaling in cerebellum granule neuron precursors (CGNPs) is the
leading cause of the childhood medulloblastoma (Shh-subtype). Previously we have shown that chromatin remodeler Brgl is required for Shh target gene
expression, and Brgl deletion reduced CGNP proliferation in developing cerebellum. Current study focuses on the function of Brgl in mouse model of
Shh-subtype medulloblastoma. In CGNP cultured from SmoM2 transgenic mice where Shh pathway is constitutively active, we found Brgl is required for
CGNP mitogenic target gene expression and proliferation. In SmoM2 medulloblastoma cultures, we observed that tumor cell growth was inhibited by
conditional knockout of Brgl. In subcutaneous transplantation, we found that tumors were significantly shrunk upon induction of Brgl deletion. Detailed
analysis indicated that Shh-dependent mitogenic target genes decreased by loss of Brgl. Further evidences showed that medulloblastoma cell proliferation was
significant inhibited by conditional knockout of Brgl. Effect of Brgl on the chromatin environment of target genes during medulloblastoma development will
be discussed. Our study will provide insights to the epigenetic mechanism of Shh-dependent tumor development and new therapeutic targets.
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