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Abstract

Epigenetic regulation of gene expression orchestrates dynamic cellular processes that become
perturbed in human disease. An understanding of how subversion of chromatin-mediated events
leads to pathologies such as cancer and neurodevelopmental syndromes may offer better treatment
options for these pathological conditions. Chromodomain Helicase DNA-binding protein 5
(CHD?5) is a dosage-sensitive tumor suppressor that is inactivated in human cancers, including
neural-associated malignancies such as neuroblastoma and glioma. Here we report a detailed
analysis of the temporal and cell type-specific expression pattern of Chd5 in the mammalian brain.
By analyzing endogenous Chd5 protein expression during mouse embryogenesis, in the neonate,
and in the adult, we found that Chd5 is expressed broadly in multiple brain regions, that Chd5 sub-
cellular localization undergoes a switch from the cytoplasm to the nucleus during mid-gestation,
and that Chd5 expression is retained at high levels in differentiated neurons of the adult. These
findings may have important implications for defining the role of CHD5-mediated chromatin
dynamics in the brain and for elucidating how perturbation of these epigenetic processes leads to
neuronal malignancies, neurodegenerative diseases, and neurodevelopmental syndromes.

1. Introduction

Chromodomain Helicase DNA-binding protein 5 (CHD5) is a predicted chromatin
remodeling protein implicated in human cancer (Bagchi and Mills, 2008b; Bagchi et al.,
2007; Fujita et al., 2008; Thompson et al., 2003). As a member of the CHD class of ATP-
dependent chromatin remodelers, CHD5 contains functional motifs including chromo, ATP-
dependent helicase, and DNA binding domains (Thompson et al., 2003). CHD proteins have
been shown to modulate transcriptional activation, repression, and elongation (Murawska
and Brehm, 2011). Like its closest family members CHD3 and CHD4, CHD?5 has dual plant
homeodomains (PHDs) that mediate binding to unmodified histone 3 (H3) (Oliver et al.,
2012; Paul et al., 2013), an interaction we showed essential for tumor suppression (Paul et
al., 2013). CHD5 maps to 1p36, a region of the genome frequently deleted in diverse human
cancers (Aarts et al., 2006; Barbashina et al., 2005; Bello et al., 1994; Bello et al., 1995;
Bieche et al., 1993; Bieche et al., 1999; Brodeur et al., 1977; Caron et al., 2001; Cheung et
al., 2005; Dong et al., 2004; Dracopoli et al., 1989; Ezaki et al., 1996; Felsberg et al., 2004;
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Godfried et al., 2002; Hoggard et al., 1995; Kleer et al., 2000; Leister et al., 1990; Melendez
et al., 2003; Moley et al., 1992; Mori et al., 2003; Mori et al., 1998; Mulligan et al., 1993;
Nagai et al., 1995; Piaskowski et al., 2005; Poetsch et al., 2003; Praml et al., 1995; Wada et
al., 1988; White et al., 1995; White et al., 2005; Zhou et al., 2004). In addition to being
commonly deleted, CHD?5 is silenced by methylation in neuroblastoma (Koyama et al.,
2012), lung cancer (Zhao et al., 2011), and colorectal cancer (Mokarram et al., 2009;
Mulero-Navarro and Esteller, 2008; Wang et al., 2009); CHD5 is mutated in cancers of the
breast (Sjoblom et al., 2006), ovary (Bell D, 2011; Gorringe et al., 2008; Jones et al., 2010),
prostate (Berger et al., 2011; Robbins et al., 2011), liver (Li et al., 2011) as well as in
squamous cell carcinoma (Agrawal et al., 2011), neuroblastoma (Okawa et al., 2008),
glioma (McLendon, 2008), and melanoma (Lang et al., 2011); and CHDS5 levels correlate
directly with survival following anti-cancer therapy (Garcia et al., 2010b; Koyama et al.,
2012; Wong et al., 2011).

While a cursory view of Chd5 expression has been reported in brain (Egan et al., 2013;
Garcia et al., 2010a; Potts et al., 2011; Thompson et al., 2003), a detailed characterization of
the pattern of Chd5 expression in the brain during development, in the neonate, and in the
adult has not, to our knowledge, been reported thus far. Our interest in the function of Chd5
in the brain is three-fold. First, CHD5 is frequently inactivated in neuronal malignancies
such as neuroblastoma and glioma. Second, we have defined Chd5 as a regulator of Cdkn2a/
b, a locus encoding components of pathways that regulate renewal of neural stem cells
(Bagchi et al., 2007; Bruggeman et al., 2005). Third, recent exome sequencing efforts
implicate CHD proteins in autism (O’Roak et al., 2012). As a step to define the role that
Chd5 plays in brain homeostasis and in neuronal malignancies, we assessed precisely when
and where it is expressed in the developing brain.

We used immunohistochemistry (IHC) to detect Chd5 protein expression in the brain
throughout development, including embryonic, neonatal, and adult stages. After
demonstrating that the available antibody was specific for Chd5 (Supplemental Figure 1),
we analyzed an extensive developmental series starting at E8.5, throughout gestation, and
into postnatal and adult stages of development. We performed co-immunostaining with a
panel of neuronal, glial, and progenitor markers in order to define the cell type in which
Chd5 was expressed.

2.1 Chd5 expression during embryogenesis and post-natal stages

Chd5 expression was first detectable at embryonic day 10.5 (E10.5) of development (Figure
1A). At this developmental stage, Chd5 was detected in the cytoplasm of cells of the ventral
rhombencephalon and the posterior mesencephalon, where it was expressed in Nestin-
positive neuronal progenitors (Figure 1B; Supplemental Figure 2). Chd5 was also detected
in dorsal root ganglia, a non-CNS neuronal tissue, where it co-localized with NeuN-
expressing differentiating neurons (Figure 1B).

In brains of E13.5 embryos, the pattern of Chd5 expression changed significantly; at this
stage it was expressed in the mesencephalon, rhombencephalon, and telencephalon (Figure
2A). Chd5 expression in the mesencephalon and rhombencephalon was localized to the
nucleus (Figure 2B; Supplemental Figure 3). In these regions Chd5 expression overlapped
predominantly with NeuN, a marker of neurons. However, a portion of Chd5-expressing
regions also expressed Nestin, a marker of neuronal progenitor cells. In the telencephalon,
Chd5 was detected in the cytoplasm in the upper layers of the developing cortex, where
newly formed differentiating neurons reside, as seen by the presence of Chd5-positive/
NeuN-positive neurons. Whereas Nestin-positive progenitor cells of the telencephalon were
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located in the lower layers, the majority of Chd5-positive cells were located in the upper
layers.

At late stages of gestation (E18.5), Chd5 expression was detected in the nucleus in all brain
regions analyzed, and appeared to be specific to NeuN-positive differentiated neurons
(Figure 3A). This nuclear and neuronal-specific expression pattern of Chd5 observed in
brains of E18.5 embryos persisted throughout post-natal stages of development (Figure 3B).
To determine whether Chd5 was expressed earlier stages of neurogenesis, we analyzed the
pattern of Tuj1 expression, a marker of less differentiated neurons (Figure 3B). This
demonstrated that Chd5 is expressed at early stages of neuronal differentiation.

2.2 Chd5 expression in adult mouse brain

In adult mice, Chd5 was detected in NeuN-positive neurons throughout the brain (Figure
4A, B). In the cortex, Chd5 expression was observed in all cortical layers, being more highly
expressed in cortical layers 2 and 3. In the hippocampus, Chd5 was detected robustly in
CA1-3 regions, and was detected at lower levels in the dentate gyrus. Chd5 was detected in
the caudate-putamen, thalamus, and olfactory bulb, albeit not as strongly as in cortex and
hippocampus. In the cerebellum, Chd5 was detected most robustly in Purkinje neurons, as
determined by co-localization of Chd5 with Calbl. In addition, Chd5 was detected at
relatively lower levels in molecular layer and granule layer neurons of the cerebellum.

Chd5 expression did not co-localize with S100b or Olig?2 in either postnatal or adult stages,
indicating that Chd5 expression is not detectable in astrocytes or oligodendrocytes (Figure
5). gPCR analyses indicated that Chd5 transcript is induced as neurogenesis proceeds during
development, and that Chd5 is expressed robustly in many regions of the brain (Figure 6).

3. Discussion

Up to the present, only a very limited characterization of Chd5 expression in the mammalian
brain existed (Egan et al., 2013; Garcia et al., 2010a; Thompson et al., 2003). A more
extensive view of the dynamics of Chd5 expression during brain development and
maturation is crucial for understanding the role that Chd5 plays in neurogenesis and in brain
homeostasis. Moreover, a better understanding of the pattern of Chd5 expression might help
to shed light on Chd5’s previously characterized role as a tumor suppressor, and more
specifically its involvement in tumorigenesis in the brain.

Our characterization of Chd5 is the first in-depth spatiotemporal report of a member of the
Chd family of chromatin remodelers. Although other Chd family members, such as Chd3,
Chd4, Chd7, and Chd8 have been reported to be expressed in brain (Batsukh et al., 2010;
Feng et al., 2013; Potts et al., 2011), a detailed spatiotemporal characterization such as the
one performed here for Chd5 is still lacking. Given the involvement of CHD8 mutations in
autism (O’Roak et al., 2012), it is essential to define the dynamics and pattern of CHD
expression in the brain to determine how different members of the CHD family interact with
one another. These expression data will set the stage for assessing how CHD proteins
regulate chromatin-mediated events vital for brain function and for determining how
perturbation of these epigenetic events cause brain connectivity to go awry in the disease
state.

Our findings presented here show that Chd>5 is a neuronal marker in newborn and adult
mouse brain, as it is detected throughout the brain in neurons but is not detectable in
astrocytes or oligodendrocytes. Chd5’s presence in progenitor cells of the brain during
embryogenesis at a stage when neuronal progenitors initiate differentiation and shift from a
proliferative into a post-mitotic state is in agreement with Chd5’s functional role as a tumor
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suppressor and its ability to inhibit cellular proliferation (Bagchi and Mills, 2008a; Bagchi et
al., 2007). During neuronal differentiation, anti-proliferative mechanisms are put into action
and Chd5 plays a major part in this process, due to its ability to activate the p16/Rb and p19/
p53-mediated pathways. Interestingly, it is at this same phase of differentiation that Chd5
expression shifts its localization from the cytoplasm to the nucleus, which is the expected
sub-cellular location for this putative chromatin remodeler. Whether this shift is the result of
cytoplasmic retention of the protein until a proper developmental cue or the expression of a
different isoform remains to be explored.

Chd5 expression is induced in differentiating neuronal progenitors and is sustained in
neuronal progeny, indicating a role for Chd5 in neuronal differentiation and/or maturation.
We suggest a role for Chd5 in the process of neurogenesis based on the pattern of its
expression in differentiating neurons as they shift from a progenitor state into a mature
neuron. Presumably such function, when impaired, could set the stage for malignancies of
the brain. While we previously implicated CHDS5 loss in human glioma, our findings here
indicate that Chd5 is not expressed in glial cells, suggesting the possibility that Chd5-
mediated chromatin dynamics controls cell fate decisions. Whether compromised Chd5 has
a functional consequence in the brain remains to be determined. Interestingly, CHD family
members have recently been implicated in neurodevelopmental disorders, such as CHD8 in
autism (O’Roak et al., 2011). Taken together, these findings suggest a new role for
chromatin remodelers and Chd5 in particular, as key players in the brain.

4. Experimental procedures

4.1. Immunohistochemistry and microscopy

Brains were dissected from euthanized animals, fixed in 4% formaldehyde in PBS (Gibco)
for 15 minutes at room temperature, followed by three 5 minutes washes in PBS. Fixed
brains were sectioned at 10pm and embedded in paraffin. Sections were deparaffinized,
rehydrated, processed in a pressure cooker in Tris-EDTA buffer (pH=9), and blocked in goat
serum (Gibco, Life Technologies, USA) at RT for 30 minutes. Sections were incubated with
rabbit anti-Chd5 (1:250, Santa Cruz sc-68389), mouse anti-NeuN (1:500, Millipore
MAB377), mouse anti-Nestin (1:1000 Abcam ab6142), rabbit anti-Olig2 (1:500, Millipore
AB9610), mouse anti-s100b (1:200, Abcam ab4066), mouse anti-Calb1 (1:500 Sigma
Aldrich C9848). The secondary antibodies used were goat anti-rabbit Alexa Fluor 594
(1:2000, Molecular Probes A11037), goat anti-mouse Alexa Fluor 488 (1:2000, Molecular
Probes A10680). Sections were mounted using Vectashield (Vector, H1000). Slides were
visualized and imaged using the Zeiss LSM 710 confocal microscope. Quantification of co-
localization coefficients was performed using Velocity 6.3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chd5 expression in brain of E10.5 embryos

A) Left panel: Schematic of E10.5 brain. Right panels: At embryonic stage E10.5
cytoplasmic Chd5 is detected in a cytoplasmic pattern in the ventral rhombencephalon and
posterior mesencephalon. Scale bar, 100p.M. Co-localization coefficient for merged panel =
-0.277. B) Upper panel: Chd5 is detected in the cytoplasm of Nestin-positive progenitors in
the ventral rhombencephalon. Middle panel: Chd5 is detected in the posterior
mesencephalon. Lower panel: Chd5 is localized in the cytoplasm of NeuN-positive
differentiating neurons in the dorsal root ganglia. Scale bar, 50pM. Rho, rhombencephalon;
Mes, mesencephalon; Tel, telencephalon; Lv, lateral ventricle. Co-localization coefficient
for merged panels = 0.160 (upper panel), 0.174 (middle panel), 0.441 (lower panel).
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Figure 2. Chd5 expression in brain of E13.5 embryos

A) Left panel: schematic of E13.5 brain. Right panels: Chd5 is detected in the nucleus
throughout the in the rhombencephalon and mesencephalon. Scale bar, 200,.M. Co-
localization coefficient for merged panel = 0.66. B) Upper panels: Chd5 co-localizes
predominantly with NeuN in neurons in the rhombencephalon. Second row panels: In some
brain regions, Chd5 is expressed in Nestin-positive progenitors. Third row panels: Chd5 is
detected in the cytoplasm of differentiating NeuN-positive neurons located in the dorsal
region of the telencephalon. Fourth row panels: Chd5 expression does not co-localize with
Nestin-positive progenitors in the ventral region of the telencephalon. Scale bar, 50p.M. Rho,
rhombencephalon; Mes, mesencephalon; Tel, telencephalon; Lv, lateral ventricle; Ob,
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olfactory bulb. Co-localization coefficients for merged panels = 0.614 (upper panel), —0.222
(upper middle panel), 0.259 (lower middle panel), 0.263 (lower panel).
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Figure 3. Chd5 expression in brain of E18.5 embryos and P7 neonates

A) Starting at embryonic stage E18.5, Chd5 is expressed in NeuN-positive neurons
throughout the brain. Upper row panels: thalamus. Middle row panels: cortex. Lower row
panels: hippocampus. Scale bar, 50p.M. Co-localization coefficients for merged panels =
0.641 (upper panel), 0.336 (middle panel), 0.655 (lower panel). B) In P7 neonatal brains,
Chds is expressed in NeuN-positive neurons. Two upper row panels: Chd5 is expressed in
all cortical layers; Chd5 is expressed in the CA1-3 regions of the hippocampus but is not
detected in the P7 dentate gyrus. Two lower panels: Chd5 is expressed in Tujl-positive
differentiating neurons. Scale bar, 100uM (two upper rows), 50uM (third row), 10pM
(fourth row). Thal, thalamus; Ctx, cortex; Hip, hippocampus. Co-localization coefficients for
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merged panels = 0.66 (upper panel), 0.62 (upper middle panel), —0.1 (lower middle panel),
-0.143 (lower panel).
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Figure 4. Chd5 expression in adult brain

A) Left panel: schematic of adult P45 brain. Right panel: Chd5 is expressed throughout the
adult brain. Scale bar, 400pM. B) Upper row panels: Chd5 is expressed in NeuN-positive
neurons of the cortex. Second row panels: Chd5 is expressed in NeuN-positive neurons in
the CA1 region of the hippocampus. Third row panels: Chd5 is expressed in NeuN-positive
cells of the olfactory bulb. Fourth row panels: Chd5 is expressed robustly in Calbl-positive
Purkinje neurons of the cerebellum, and is expressed at lower levels in molecular layer and
granule neurons of the cerebellum. Scale bar, 50pM. Thal, thalamus; Ctx, cortex; Hip,
hippocampus; Lv, lateral ventricle; Ob, olfactory bulb; Cb, cerebellum. Co-localization
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(lower middle panel), 0.063 (lower panel).
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Figure 5. Chd5 expression isnot detectable in astrocytes or oligodendrocytes

Chds is not detected in S100b-positive astrocytes of the cortex (upper panels) or
hippocampus (upper middle panels). Chd5 is not detected in Olig2-positive
oligodendrocytes of the cortex (two lower panels). Scale bar, 50uM (upper three rows), 5uM
(bottom row). Ctx, cortex; Hip, hippocampus. Co-localization coefficients for merged panels
= 0.074 (upper panel), 0.081 (upper middle panel), —0.057 (lower middle panel), -0.067
(lower panel).
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Figure 6. Developmental and regional expression of Chd5in thebrain

A) gPCR analysis of Chd5 expression during embryogenesis and after birth. B) gPCR
analysis of Chd5 expression in different regions of the brain. Ctx, cortex; Hip, hippocampus,
Sub-Ctx, sub-cortex; BSt, brain stem; Ob, olfactory bulb; Cb, cerebellum.
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