
CHD7 and retinoic acid signaling cooperate to
regulate neural stem cell and inner ear development
in mouse models of CHARGE syndrome

Joseph A. Micucci1, Wanda S. Layman2, Elizabeth A. Hurd3, Ethan D. Sperry2, Sophia F. Frank3,

Mark A. Durham3, Donald L. Swiderski4, Jennifer M. Skidmore3, Peter C. Scacheri5,

Yehoash Raphael4 and Donna M. Martin2,3,∗

1Department of Biological Chemistry, 2Department of Human Genetics, 3Department of Pediatrics, and 4Department of

Otolaryngology, University of Michigan, Ann Arbor, MI 48109-5652, USA and 5Department of Genetics and Genome

Sciences, Case Western Reserve University, Cleveland, OH 44106, USA

Received July 10, 2013; Revised August 20, 2013; Accepted September 3, 2013

CHARGE syndrome is a multiple congenital anomaly disorder that leads to life-threatening birth defects, such as
choanal atresia and cardiac malformations as well as multiple sensory impairments, that affect hearing, vision,
olfaction and balance. CHARGE is caused by heterozygous mutations in CHD7, which encodes an ATP-depend-
ent chromatin remodeling enzyme. Identification of the mechanisms underlying neurological and sensory
defects in CHARGE is a first step toward developing treatments for CHARGE individuals. Here, we used
mouse models of Chd7 deficiency to explore the function of CHD7 in the development of the subventricular
zone (SVZ) neural stem cell niche and inner ear, structures that are important for olfactory bulb neurogenesis
and hearing and balance, respectively. We found that loss of Chd7 results in cell-autonomous proliferative,
neurogenic and self-renewal defects in the perinatal and mature mouse SVZ stem cell niche. Modulation of ret-
inoic acid (RA) signaling prevented in vivo inner ear and in vitro neural stem cell defects caused by Chd7 defi-
ciency. Our findings demonstrate critical, cooperative roles for RA and CHD7 in SVZ neural stem cell function
and inner ear development, suggesting that altered RA signaling may be an effective method for treating
Chd7 deficiency.

INTRODUCTION

CHARGE syndrome is a multiple anomaly disorder occurring in
1 : 10 000 live births and characterized by ear and heart defects,
choanal atresia, retardation of growth and/or development and
delayed puberty (1,2). In addition, olfactory bulb (OB) hypoplasia
and hyposmia/anosmia are highly penetrant in CHARGE indivi-
duals; strikingly, arrhinencephaly and ventriculomegaly have
been reported in CHARGE fetuses (3–6). Heterozygous muta-
tions in CHD7, which encodes an ATP-dependent chromatin
remodeling enzyme, account for over 90% of CHARGE syn-
drome cases, yet no clear genotype–phenotype correlations
have emerged (5,7,8). Beyond supportive treatments and surgical
intervention, there are no curative therapies for CHARGE-related
defects.

Mouse models of CHARGE syndrome recapitulate most phe-
notypes observed in humans, including inner ear defects (semicir-
cular canal and cochlear hypoplasia/dysplasia), OB hypoplasia
and hyposmia/anosmia (4,9–14). The underlying causes of
inner ear defects and OB hypoplasia in Chd7-deficiency states
are unknown, but there is evidence for disrupted neural stem
cell proliferation in the otocyst and olfactory epithelium (4,10).
In the olfactorysystem,OBinterneurons (granule andperiglomer-
ular cells) arise from neural stem cells in the subventricular zone
(SVZ) of the lateral ventricles (LVs), which give rise to neuro-
blasts that migrate through the rostral migratory stream (RMS)
over a 2- to 3-week period (15). SVZ-derived neuroblasts then ter-
minally differentiate and integrate into the granule cell (GCL) and
glomerular (GL) layers of the OB, where they mature into inhibi-
tory interneurons that modulate mitral and tufted cells, which
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relay olfactory sensory signals to the olfactory cortex (15). In
rodents, OB neurogenesis begins around embryonic day (E) 15
(E15) and continues throughout life (16,17). Thus, OB neurogen-
esis is an excellent system for studying CHD7 function in neural
development and maintenance.

The development and maintenance of the inner ear, SVZ,
RMS and OB are regulated in part by retinoic acid (RA) signaling
(18–20). Notably, the treatment of SVZ neural stem cell cultures
with RA promotes neurogenesis (21), whereas the reduction or
absence of RA signaling results in proliferative and neurogenic
defects in both the adult and developing SVZ (22). Interestingly,
deficiency in RA receptors or synthetic enzymes leads to pheno-
types similar to those observed in CHARGE syndrome, includ-
ing eye, heart and brain abnormalities (8,23). Despite having
highly similar developmental effects in mammalian tissues, po-
tential interactions between CHD7 and RA signaling pathways
have not been explored.

The highly penetrant OB hypoplasia/aplasia and olfaction
deficits in CHARGE individuals and Chd7-deficient mice
suggest that Chd7 may have a role in the maintenance and differ-
entiation of neural stem cells in the SVZ. Recently, CHD7 was
shown to be expressed in the adult SVZ and in the subgranular
zone (SGZ) of the dentate gyrus in the hippocampus (24). Add-
itionally, OB and hippocampal neurogenesis were impaired in
adult Tlx-CreERT2 Chd7 conditional knockout mice (24).
These findings demonstrate that CHD7 activity is required for
ongoing neurogenesis in the mature SVZ; however, it is not
known whether similar defects are present earlier in develop-
ment or with heterozygous Chd7 deletion. To investigate these
questions, we generated conditional Chd7-deficient adult and
neonatal mice and monitored changes in SVZ proliferation, self-
renewal and neuronal differentiation. We also examined poten-
tial links between CHD7 and RA signaling by modulating RA
levels in neurosphere assays and during inner ear development.
Our findings demonstrate that proper Chd7 dosage is required for
the optimal function of SVZ neural stem cells during develop-
ment and throughout adulthood, while modulation of RA signal-
ing can attenuate inner ear and neural stem cell defects that arise
from Chd7 deficiency.

RESULTS

Chd7-deficient mice display neuronal defects in the
adult OB and RMS

We sought to determine the cell type specificity of Chd7 in the
mature mouse OB and to clarify whether Chd7 is required for
proper formation and maintenance of OB interneurons. In the
adult OB, CHD7 co-localized with markers of immature (double-
cortin, DCX) and mature interneurons (calbindin, CALB; calreti-
nin, CALR and tyrosine hydroxylase, TH; Supplementary
Material, Fig. S1), consistent with recently published observations
(24). In the OB GL of Chd7Gt/+ mice, there were 35% fewer
CALB+ cells, 48% fewer TH+ cells and no change in the
number of CALR+ cells compared with wild type (Fig. 1C–K).
In the OB GCL of Chd7Gt/+ mice, there were 15% fewer
CALR+ cells compared with wild type (Fig. 1F–H). Our data
are consistent with a recent report showing reduced numbers of
olfactory interneurons in adult Tlx-CreERT2 Chd7 conditional

knockout mice (24) and suggest that haploinsufficiency of Chd7
also disrupts mature OB interneurons.

There are no reported cases of humans with homozygous
CHD7 mutations, and mice with complete loss of Chd7 die by
embryonic day 11 (E11), presumably from cardiovascular
defects (9,14). To study the postnatal effects of complete Chd7
deficiency, we used Chd7flox/flox and Ubc-CreERT2 mice,
which ubiquitously express a tamoxifen-inducible Cre (25).
Five-week-old control (Chd7flox/+ or Chd7flox/flox), Ubc condi-
tional heterozygous (Ubc-CreERT2; Chd7flox/+, Ubc Cond Het)
and Ubc conditional knockout (Ubc-CreERT2; Chd7flox/flox,
Ubc Cond KO) mice were treated with tamoxifen by daily intra-
peritoneal injection for5 days, then allowed to recover for14days
(Fig. 2A). Immunofluorescence and fluorescence intensity (FI)
quantification on coronal cryosections of the OB from control,
Ubc Cond Het and Ubc Cond KO adult mice were performed
to characterize DCX+ migrating neuroblasts and glial fibrillary
acidic protein+ (GFAP) glia in the RMS and OB. In the RMS,
there was a reduction in DCX-FI and a corresponding increase
in GFAP-FI in Ubc Cond Het and Ubc Cond KO mice compared
with controls (Fig. 2C–E, I and J). Interestingly, GFAP-FI was
also increased in the GL of the OB in Ubc Cond KO mice com-
pared to controls (Fig. 2F, H and K), whereas Ubc Cond Het
mice were unaffected (Fig.2F,G and K).Thus, adult-onset reduc-
tion in Chd7 dosage leads to fewer immature and mature OB
neurons and a visible expansion of glia, consistent with
ongoing postnatal requirements for Chd7.

Reduced Chd7 dosage leads to neurogenic and proliferative
defects in the adult mouse SVZ

Reduction of neurons in the OB could be due to abnormalities in
SVZ-derived neuronal production, migration, differentiation or
survival. In the SVZ, CHD7 was present in a subset of neural
stem and progenitor cells marked by GFAP and SRY-box2
(SOX2) (Supplementary Material, Fig. S2). In the RMS,
CHD7 co-localized with DCX+ neuroblasts (progeny of
SOX2+ SVZ cells) and was absent in GFAP+ glia (Supplemen-
tary Material, Fig. S2). Therefore, Chd7 is expressed in SVZ
neural stem and progenitor cells and continues to be expressed
in DCX+ neuroblasts as they migrate through the RMS into
the OB where they differentiate into mature interneurons.
These data are in agreement with co-localization studies by
Feng et al. (24), which showed CHD7 present in a subset of
GFAP+ neural stem cells as well as the majority of Mash1+
neural progenitors and DCX+ neuroblasts.

Next, we examined whether loss of Chd7 leads to abnormal-
ities in the SVZ and RMS of adult mice. Hematoxylin and
eosin (H&E) staining of SVZ tissue from Ubc Cond KO adult
mice revealed ventriculomegaly, consistent with hydrocephalus
(Fig. 3A and C), whereas Ubc Cond Het mice were unaffected
(Fig. 3B). Immunofluorescence with anti-CHD7 confirmed dele-
tion of CHD7+ cells in the SVZ of Ubc Cond Het and Ubc Cond
KO mice compared with controls (Fig. 3D–F). As observed in
the OB (Fig. 2J), there was decreased DCX-FI, disorganization
of the RMS and increased GFAP-FI in the RMS of Ubc Cond
Het and Ubc Cond KO adult mice when compared with controls
(Fig. 3G–I). The trend of decreased DCX-FI and increased
GFAP-FI were also observed in adult Ubc Cond KO SVZ com-
pared with controls (Supplementary Material, Fig. S3). These
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observations suggest that Chd7 is required for proper mainten-
ance of the SVZ stem cell niche and the RMS. The number of pro-
liferating Ki67+ cells was reduced by 11% in the SVZ of Ubc
Cond KO compared with controls and was unchanged in Ubc
Cond Het mice (Fig. 3J–M), consistent with a minor role for
Chd7 in the positive regulation of mature SVZ neural stem and
progenitor cell proliferation. Our results differ slightly from
Feng et al. (24), who showed no abnormalities in proliferating
cells in the SVZ of adult Tlx-CreERT2 Chd7 conditional knockout
mice. Thisdifference may reflect the timing of tamoxifen-induced
deletion, assay sensitivity or the specificity/efficiency of the Cre
line.

Considering that Ubc-CreERT2 deletes Chd7 in all cells, ven-
triculomegaly and SVZ deficits may be influenced by secondary,

non-cell-autonomous deletion of Chd7 in tissues or cells that
interact with the SVZ. To test this, we used Nestin-Cre mice
which express a neural stem cell-specific Cre that is active by
E11 in the central nervous system (26,27). Ki67+ cells in the
SVZ of adult Nestin Cond KO were reduced by 15% compared
with controls and were unchanged in Nestin Cond Het
(Fig. 3N–Q), consistent with mild, lineage-specific proliferative
defects.

Since E11–15 is a period of active cortical neurogenesis (28),
Nestin Cond KO mice were tested for defects in forebrain struc-
tures, including the cortex (Ctx), corpus callosum (CC) and LVs.
H&E staining of forebrains revealed no differences in thickness
of the Ctx or CC between adult control and Nestin Cond KO mice
(Supplementary Material, Fig. S4). Similar to adult Ubc Cond

Figure 1. Adult heterozygous Chd7 mice have fewer mature OB interneurons. (A) Schematic sagittal view of an adult mouse brain showing the location of coronal
sections through the OB in (C, D, F, G, I and J) (dotted line, OB). (B) Schematic of a DAPI-stained coronal section through the OB denoting the locationof panels (C, D,
F, G, I and J) in the GL and GCL (orangebox). Immunolabeling with anti-CALB(C and D), anti-CALR (F and G) and anti-TH(I and J) antibodies in wild-typeand Chd7
heterozygous null (Chd7Gt/+) mice shows 35 and 48% reductions in the number of CALB+ and TH+ interneurons in the GL, respectively, and 15% reduction in the
number of CALR+ interneurons in the GCL of Chd7Gt/+mice compared with wild type (E, H and K). Scale bars in (C and D), (F and G), (I and J): 75 mm. Error bars in
(E, H and K) indicate standard error of the mean (SEM) (n ¼ 3 per genotype). ∗P , 0.05, ∗∗∗P , 0.001 by unpaired Student’s t-test. EPL: external plexiform layer
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KO mice, Nestin Cond KO also displayed ventriculomegaly.
Thus, Nestin-Cre-mediated loss of Chd7 in the brain results in
ventriculomegaly without major abnormalities in the Ctx or CC.

SVZ neural stem and progenitor cells exhibit impaired
proliferation, self-renewal and neurogenesis
in Chd7-deficient adult mice

To test whether Chd7 is necessary for maintenance of prolifer-
ation, self-renewal and multipotency of SVZ neural stem and
progenitor cells, we generated and analyzed neurospheres
from the SVZ of adult mice (29,30). The neurosphere assay
can be used to determine the in vitro potential of a stem cell popu-
lation and to explore the regulatory mechanisms underlying self-
renewal and differentiation (Fig. 4A–C). Ubc Cond Het and Ubc
Cond KO primary neurospheres (18NSs) were smaller than

controls, but there were no differences in 18NS frequency
(Fig. 4D and E). To test the self-renewal potential of neural
stem and progenitor cells over time, we generated secondary
neurospheres (28NSs) by dissociating and re-plating 18NSs
under non-adherent conditions (Supplementary Material,
Fig. S5). Ubc Cond KO 28NSs were smaller than controls,
whereas Ubc Cond Het 28NS size was unchanged (Fig. 4G).
There were fewer Ubc Cond Het and Ubc Cond KO 28NSs com-
pared with controls (Fig. 4H). Both 18NS and 28NS from Nestin
Cond Het and Nestin Cond KO mice were reduced in size and fre-
quency in a Chd7 dosage-dependent and cell-autonomous
manner (Fig. 4J, K, M and N).

A hallmark of stem cells derived from neural tissue is their
ability to differentiate in vitro into the three major cell types
present in thecentralnervous system:glia (GFAP+), oligodendro-
cytes (O4+) and neuronal class III beta-tubulin (TUJ1+) (31).

Figure 2. Chd7 deficiency results in fewer immature neurons with glial expansion in the adult OB. (A) Schematic showing the tamoxifen dosing regimen for adult
mice. At 5 weeks of age, mice were treated with a single dose of tamoxifen (0.2 mg/gbw) by daily intraperitoneal injection for 5 days, allowed to recover for 14 days
then processed for frozen sectioning. (B) Schematic of a DAPI-stained coronal section through the OB denoting the location of panels (C–E) in the RMS (yellow box)
and panels (F–H) in the GL (orange box). (C–E) Immunofluorescence on coronal sections through the OB showing reduced DCX+ neuroblasts in the RMS of Ubc
Cond Het (D) and Ubc Cond KO (E) mice compared with control (C, quantified in I). Immunofluorescence on coronal sections through the OB showing increased glia
in the RMS (C–E) and GL (F–H) of Ubc Cond Het (D and G) and Ubc Cond KO (E and H) mice compared with control (C and F, quantified in J and K). Scale bars in
(C–E), (F–H): 75 mm. Error bars in (I–K) indicate SEM (n ¼ 3 per genotype). ∗P , 0.05, ∗∗P , 0.01 by unpaired Student’s t-test.
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Figure 3. Loss of Chd7 leads to ventriculomegaly and mild proliferative defects in the adult mouse SVZ. (A–I) H&E staining and immunofluorescence analysis of
adult SVZ in control, Ubc Cond Het and Ubc Cond KO mice. (A–C) Reduced Chd7 dosage results in ventriculomegaly in Ubc Cond KO (C) mice compared with
control and Ubc Cond Het (A and B). (D–F) CHD7 immunofluorescence is decreased in Ubc Cond Het (E) and Ubc Cond KO SVZ (F) compared with control
(D), confirming gene deletion. (G–I) DCX-positive neuroblasts are reduced in the RMS in Ubc Cond Het (H) and Ubc Cond KO (I) mice compared with control
(G). (J–L) and (N–P) Representative coronal sections through the SVZ of adult control (J and N), Ubc Cond Het (K), Ubc Cond KO (L), Nestin Cond Het (O)
and Nestin Cond KO (P) mice processed for immunofluorescence with anti-Ki67 antibody and counterstained with DAPI. (M and Q) Quantification showing the per-
centage of Ki67+ cells relative to the total number of DAPI-stained cells in control, Ubc Cond Het and Ubc Cond KO and control, Nestin Cond Het and Nestin Cond
KO. The percentage of Ki67+ cells in the SVZ of Ubc Cond KO and Nestin Cond KO adult mice is decreased by 11 and 15%, respectively, compared with controls.
Scale bars in (A–I), (J–L), (N–P): 75 mm. Error bars in (M and Q) indicate SEM (n ¼ 3 per genotype). ∗P , 0.05, ∗∗P , 0.01 by unpaired Student’s t-test.
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TUJ1+ colonies derived from Ubc Cond Het, Ubc Cond KO and
Nestin Cond KO adult 28NSs, and Nestin Cond KO 18NSs, were
significantly reduced compared with controls (Fig. 4I, L and O).
Alternatively, neuronal potentials of Ubc Cond Het, Ubc Cond

KO and Nestin Cond Het 18NSs were unaffected compared
with controls (Fig. 4F and L). Oligodendrocyte and glial poten-
tials were normal for all Ubc and Nestin Cond Het and Cond KO
neurospheres (data not shown). Due to the plating of whole,

Figure 4. Neural stem cells derived from adult Chd7 conditional knockout mice exhibit impaired proliferation, self-renewal and neuronal potential. (A–C) Repre-
sentative images of neurospheres derived from SVZ tissue of adult control (A), Ubc Cond Het (B) and Ubc Cond KO (C) mice. (D–O) show quantification of 18NS and
28NS size (mm), 18NS frequency, 28NS self-renewal (expressed as the number of 28NSs formed from a single 18NS) and percentage of neuronal lineage-positive
(TUJ1+) differentiated adherent neurospheres from control, Ubc Cond Het, Ubc Cond KO, Nestin Cond Het and Nestin Cond KO adult mice. Neurospheres
derived from Ubc Cond Het and Ubc Cond KO adult mice exhibit Chd7 dosage-dependent reductions in 18NS size (D), as well as 28NS size (G), and self-renewal
(H) compared with controls. Neurospheres generated from Nestin Cond Het and Nestin Cond KO adult mice show Chd7 dosage-dependent reductions in 18NS
size (J) and frequency (K), and 28NS size (M) and self-renewal (N), compared with controls. (E) There is no change in Ubc Cond Het or Ubc Cond KO 18NS frequency
compared with controls. (I, L and O) Neuronal potential is reduced by 61% in Ubc Cond KO 28NSs (I), 42% in Nestin Cond KO 18NSs (L) and 44% in Nestin Cond KO
28NSs (O) compared with controls. There is no change in neuronal potential of Ubc Cond Het or Ubc Cond KO 18NSs compared with controls (F). Scale bars in (A–C):
100 mm. Error bars in (D–O) indicate SEM (n ¼ 3 per genotype). ∗P , 0.05, ∗∗P , 0.01, ∗∗∗P , 0.001 by unpaired Student’s t-test. 18NS: primary neurosphere,
28NS: secondary neurosphere.
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undissociated neurospheres for differentiation, we were unable
to quantify specific lineages beyond the presence or absence in
the culture dish; thus, experimentally induced increases in
glial cells would not be detected in this assay. We conclude
that Chd7-deficient neurospheres exhibit cell-autonomous
reductions in neuronal potential, with preserved or potentially
enhanced differentiation into both oligodendrocytes and
astrocytes.

Perinatal mice with reduced Chd7 dosage have impaired
proliferation, self-renewal and neurogenesis of SVZ
neural stem and progenitor cells

In the rodent SVZ, OB neurogenesis is a lifelong process that
begins during late embryogenesis and continually populates
the OB with new interneurons (16,17). Considering that
Nestin-Cre is active in utero before E11, defects in SVZ neural
stem cell proliferation in Nestin-Cre Chd7 CKO mice could be
secondary to early Chd7 deletion. To determine whether late em-
bryonic Chd7 deletion impacts perinatal SVZ function, we
induced deletion of Chd7 with Ubc-CreERT2 and Nestin-
CreERT2 (32) at E15.5 (Fig. 5A), when mouse SVZ neural
stem cells begin the transition from cortical neurogenesis to
OB neurogenesis (33). In the SVZ of postnatal day 1 (P1) Ubc
Cond KO and Nestin-ERT2 Cond KO mice, there were 38 and
37% fewer Ki67+ cells than controls, whereas Ki67+ cells in
Ubc Cond Het and Nestin-ERT2 Cond Het mice were unchanged
(Fig. 5B–I), consistent with impaired proliferation. Additional-
ly, there was no change in apoptosis frequency in the SVZ of
Nestin-ERT2 Cond Het and Nestin-ERT2 Cond KO perinatal
mice compared with controls (Fig. 5K–N).

To explore potential mechanisms for the moderate decrease in
SVZ proliferation with loss of Chd7, we performed quantitative
real-time polymerase chain reaction (qRT-PCR) for genes
involved in proliferation and cell cycle regulation on RNA
derived from the SVZ of control and Ubc Cond KO perinatal
mice (Supplementary Material, Fig. S6). There were no signifi-
cant changes in expression of the positive cell cycle regulators
Ccnd1 (cyclinD1), Ccnd2 (cyclinD2) and Cdk4, or the negative
regulators Cdkn1a (p21Cip1) and Cdkn1b (p27Kip1) (34). Previ-
ous studies in mouse embryonic stem cells have demonstrated
that CHD7 directly binds to precursor ribosomal RNA (rRNA)
genes and regulates their transcription, resulting in global reduc-
tions in cell proliferation and protein levels upon loss of Chd7
(35). We observed a 26% reduction in 45S pre-rRNA transcripts
in RNA isolated from Ubc Cond KO SVZ compared with con-
trols (Fig. 5J). This is consistent with the 20–40% decrease in
rRNA in Chd7-deficient mouse embryonic stem cells, inner
ears and eyes reported by Zentner et al. (35). These data
suggest that CHD7 effects on SVZ cell proliferation may be
caused by global reductions in protein translation and rRNA. Im-
portantly, our studies do not rule out the possibility of smaller
effects of CHD7 on other downstream genes that, in combin-
ation, may exert robust effects on the cell cycle.

We then tested the in vitro proliferation, self-renewal and dif-
ferentiation capacity of neonatal Chd7-deficient SVZ neural
stem and progenitor cells by generating 18NSs from control,
Ubc Cond Het, Ubc Cond KO, Nestin-ERT2 Cond Het and
Nestin-ERT2 Cond KO P1 mice (Supplementary Material,
Figs S7 and S8). As in adult mice, 18NS and 28NSs from Ubc

Cond KO and Nestin-ERT2 Cond KO mice were reduced in
size, frequency, self-renewal and neuronal potential compared
with controls. Neurospheres from Ubc Cond Het and
Nestin-ERT2 Cond Het mice exhibited intermediate phenotypes,
with milder reductions compared with Cond KO mice. Taken to-
gether, the in vivo proliferation and in vitro neurosphere data
from neonatal mice indicate that Chd7 deficiency contributes
to altered SVZ neural stem and progenitor cell function as
early as P1.

Modulation of RA signaling attenuates defects in
Chd7-deficient neurospheres and semicircular canals

RAsignaling isnecessary for theproperdevelopmentandmainten-
ance of the forebrain and OBs (36). RA treatment of neurospheres
promotes self-renewal and neuronal differentiation (21), while in-
hibition of RA signaling leads to fewer, but larger neurospheres
(22). We hypothesized that alteration of RA signaling by addition
of RA or citral (inhibitor of RA synthesis) (37) in SVZ neurosphere
cultures may influence the size, self-renewal and/or neuronal dif-
ferentiation of Chd7-deficient neurospheres. The treatment of
28NSswithRAproducedsmaller andmoreabundantneurospheres
from control, Nestin-ERT2 Cond Het and Nestin-ERT2 Cond KO
mice (Fig. 6A and B). Interestingly, RA increased neuronal poten-
tial by 46% in Nestin-ERT2 Cond KO 28NSs, suggesting partial
rescue of the observed neuronal differentiation defect (Fig. 6E).

Nestin-ERT2 Cond Het and Nestin-ERT2 Cond KO 28NSs
increased in size by 19 and 39%, respectively, with 10 mM
citral treatment, whereas the control was unchanged (Fig. 6C).
Self-renewal of Nestin-ERT2 Cond Het and Nestin-ERT2 Cond
KO 28NSs were reduced by 15 and 27%, respectively, with
10 mM citral exposure, whereas those of control neurospheres
was decreased by 58% (Fig. 6D). These data indicate that
reduced Chd7 dosage may confer protection against the reduction
in self-renewal that occurs with citral treatment. Citral treatment
did not alter the neuronal potential of control, Nestin-ERT2
Cond Het and Nestin-ERT2 Cond KO 28NSs (Fig. 6F). We con-
clude that decreased RA signaling does not further inhibit neuron-
al differentiation in Chd7-deficient neurospheres. Interestingly,
glial and oligodendrocyte potential were unaffected for all geno-
types regardless of RA or citral exposure (data not shown). Our
results provide evidence that increased RA signaling partially
attenuates neuronal differentiation defects in Chd7-deficient neu-
rospheres, without affecting size or self-renewal. Conversely, in-
hibition of RA signaling with citral (i) moderately corrects size
deficits in Chd7 Cond Het and Cond KO neurospheres, (ii) partial-
ly protects against further reduction in self-renewal capacity and
(iii) has no effect on neuronal differentiation.

To test the in vivo effects of RA modulation in Chd7-deficient
mice, we chose to investigate the inner ear, an organ that displays
well characterized, highly penetrant defects with loss of Chd7
and is amenable to pharmacological manipulation (10,11).
Inner ears from Chd7Gt/+ mice displayed truncation or agenesis
of the E14.5 lateral semicircular canal (LC; Fig. 6G and J), and
worsened semicircular canal defects after in utero exposure
to RA (Fig. 6H and K). Interestingly, intrauterine citral treatment
had no effect on wild-type ears (18 of 18) and on most Chd7Gt/+

inner ears (20 of 28), whereas in roughly one-third of Chd7Gt/+

inner ears (8 of 28), citral fully prevented the semicircular
canal defects (Fig. 6L, Supplementary Material, Fig. S9). This
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Figure 5. P1 Chd7 conditional knockout mice display reduced SVZ proliferation. (A) Schematic showing the tamoxifen dosing regimen where pregnant females
received a single intraperitoneal injection of tamoxifen (0.2 mg/gbw) at E15.5. (B–D), (F–H) and (K–M) Representative coronal sections showing immunofluor-
escence for the proliferative marker Ki67 or apoptosis marker Casp3 with DAPI counterstain in the SVZ of P1 control (B, F and J), Ubc Cond Het (C), Ubc Cond KO
(D), Nestin-ERT2 Cond Het (G and K) and Nestin-ERT2 Cond KO (H and L) mice. (E and I) Quantification showing the percentage of Ki67+ cells relative to the total
number of DAPI-stained cells in control, Ubc Cond Het and Ubc Cond KO (E), and Nestin-ERT2 Cond Het and Nestin-ERT2 Cond KO (I) P1 SVZ. The percentage of
Ki67+ cells are reduced by 37 and 38% in the SVZ of Ubc Cond KO and Nestin-ERT2 Cond KO P1 mice, respectively, compared with controls. (J) Quantitative PCR
shows that 45S pre-rRNA is decreased by 26% in Ubc Cond KO SVZ compared with controls. (K–N) There is no change in the number of Casp3+ cells per section in
Nestin-ERT2 Cond Het (L) and Nestin-ERT2 Cond KO (M) P1 SVZ compared with control (K). Scale bars in (B–D), (F–H): 75 mm, (K–M): 50 mm. Error bars in
(E, I, J and N) indicate SEM (n ¼ 3 per genotype). ∗P , 0.05, ∗∗∗P , 0.001 by unpaired Student’s t-test.
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Figure 6. Modified RA signaling influences defects in Chd7-deficient neurospheres and semicircular canal development. (A–F) 28NSs were derived from P1 control,
Nestin-ERT2Cond Hetand Nestin-ERT2CondKO mice then treated withvarying concentrations of all-trans RA(A, B andE)or the RA signaling inhibitorcitral (C, D and
F), and assayed for changes in size, self-renewal and neuronal potential. (A and B) Treatment with RA (0.1 or 1 mM) results in smaller neurospheres (A) and increased
self-renewal (B) for all three genotypes. (C and D) Treatment with citral (1 mM or 10 mM) in non-adherent neurosphere cultures causes increased Nestin-ERT2 Cond Het
and Nestin-ERT2 Cond KO neurosphere size (C), and reduced self-renewal (D) for all three genotypes. (E) Treatment of differentiating, adherent Nestin-ERT2 Cond KO
neurospheres with 1 mM RA resulted in a 33% increase (from 39 to 72%) in the proportion of Nestin-ERT2 Cond KO TUJ1+ colonies compared with control TUJ1+
colonies. (F) Neuronal potentials of Nestin-ERT2 Cond KO differentiating neurospheres were unaffected by citral treatment. (G–L) Pregnant females were untreated or
treated with either RA by oral gavage or citral by intraperitoneal injection at E7.5, then embryos were extracted at E14.5 and processed for inner ear paint filling. (G–I)
Wild-type embryos are unaffected by treatment with either RA or citral. Chd7Gt/+ embryos consistently display LC truncation (denoted by white asterisk) in untreated
conditions (J) which worsen with RA treatment (K), while treatment with citral results in rescue of the LC truncation in 29% (8 of 28 ears) of mutant inner ears (denoted by
white arrowhead, L). Error bars in (A–F) indicate SEM (n ¼ 3 per genotype). ED: endolymphatic duct; AC: anterior semicircular canal; SAC: saccule; COC: cochlea.
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rescue or prevention of inner ear defects in Chd7-deficient ears
with modulation of RA levels suggests a mechanistic interaction
between CHD7 function and RA signaling.

Chd7 directly regulates RA receptor and neuronal
differentiation genes in neural stem and progenitor cells

Given that CHD7 regulates transcription through chromatin re-
modeling (10,38,39), we predicted that loss of Chd7 may
disrupt expression of genes coding for transcription factors and
RA signaling mediators involved in neuronal differentiation.
To test this, we selected three genes (Rarb, Rxrg and Neurod1)
known to be involved in either SVZ neurogenesis or neuronal
differentiation by qRT-PCR. Rarb and Rxrg encode receptors
that facilitate RA signaling (40) and Neurod1 encodes a basic
helix-loop-helix transcription factor that promotes neuronal dif-
ferentiation (41). In Ubc Cond KO P1 SVZ, expression of Rarb,
Rxrg and Neurod1 were reduced by 58, 57, and 55%, respective-
ly, relative to controls (Fig. 7A). Consistent with prior studies
showing that CHD7 and SOX2 interact in neural stem cells
(42), Sox2 expression was unchanged in the SVZ of P1 Ubc
Cond KO mice, relative to control. Therefore, loss of Chd7
results in down-regulation of key RA and neuronal differenti-
ation genes, but does not affect global expression of neural
stem cell-specific genes.

To determine whether CHD7 participates in a complex that
binds directly to Rarb, Rxrg and Neurod1 promoter regions,
we performed chromatin immunoprecipitation (ChIP) on chro-
matin isolated from P19 mouse embryonal carcinoma cells, fol-
lowed by qRT-PCR at evolutionarily conserved promoter
regions. P19 cells are known to form neural stem cell-like neuro-
spheres and differentiate in response to RA (43,44). We observed
enrichment for CHD7 at a subset of conserved promoter regions
for Rarb, Rxrg and Neurod1 (Fig. 7B–D). Additionally, CHD7
was not bound to non-conserved regions in these genes. Taken
together, our findings provide new insights into interactions
between RA signaling pathways and CHD7 in neural stem
cells and the inner ear.

DISCUSSION

Here, we show that Chd7 is expressed throughout the SVZ, RMS
and OB in adult mice. In both adult and neonatal mice, condition-
al loss of Chd7 leads to proliferative, self-renewal and neurogen-
ic deficits both in vivo and in vitro with preserved or enhanced
glial potential. Modulation of RA signaling by treatment with
RA increases neuronal potential of Chd7-deficient neuro-
spheres, whereas inhibition of RA signaling attenuates size
and self-renewal deficits. Additionally, inhibition of RA signal-
ing in vivo leads to the correction of semicircular canal defects in
the inner ears of Chd7-deficient mouse embryos. Expression of
key RA receptor genes (Rarb and Rxrg) and at least one neuro-
genic transcription factor gene (Neurod1) are significantly
reduced in the Chd7 knockout SVZ; moreover, these genes are
directly bound by CHD7-containing complexes in P19 neuro-
spheres. Taken together, these findings indicate that Chd7 and
RA signaling promote proliferation, self-renewal and neurogen-
esis during late embryogenesis and into adulthood, thereby sug-
gesting a therapeutic avenue for intervention during pregnancy.

We propose a model whereby CHD7 regulates RA signaling
and pro-neuronal genes to facilitate the transition from neural pro-
genitor cell to neuroblast (Fig. 7E). Chd7 deficiency also leads to
decreased progenitor cell differentiation into neuroblasts and a
shift in cell fate toward the glial lineage. Interestingly, in vitro
modification of RA signaling partially compensates for loss of
Chd7, but does not fully correct the observed deficits in size, self-
renewal and neuronal differentiation. Similar to RA, CHD7 has
been showntoparticipate inseveral signaling pathways, including
Wnt (45),BMP(12),fibroblastgrowth factor (FGF) (10,12,38) and
Notch (12). Loss of Chd7 in the SVZ and inner ear may cause
deficits in these pathways, potentially explaining the partial
rescue of neurosphere and inner ear defects by RA modulators.

Disrupted RA signaling leads to a variety of organ defects,
many of which also occur with Chd7 deficiency including abnor-
malities of the eye, heart, urogenital system, brain and skeleton
(8,23). The treatment of Nestin-lineage Chd7-deficient neuro-
sphereswithRAincreasedneuronalpotential,whereascitral treat-
ment restored neurosphere size to control levels. Two RAreceptor
genes, Rarb and Rxrg, were also down-regulated in the Ubc Cond
KO SVZ. Interestingly, CHD7 was present in a complex that was
directly bound to the highly conserved promoter regions of Rarb
and Rxrg in P19 neurospheres. In the SVZ, reduced or absent RA
signaling results in proliferative and neurogenic defects both in
vivo and in vitro during development and in the adult, whereas
increased RA leads to increased neurogenesis (21,22). Consistent
with these studies, our data imply a direct relationship between
CHD7 and RA signaling that may contribute to the defects asso-
ciated with CHARGE syndrome.

Our findings also imply that decreased numbers of OB inter-
neurons derived from the SVZ may contribute to OB hypoplasia
in Chd7-deficient mice, in addition to the influence of reduced
olfactory sensory neurons, as previously reported (4). This result
is in agreement with recently published data showing reduced
OB interneurons in adult mice with Tlx-CreERT2-mediated condi-
tional deletion of Chd7 (24). Interestingly, the magnitude of
OB interneuron reductions was similar (40–60%) in our study
and that of Feng et al., suggesting that reduction in Chd7 gene
function ,50% may not lead to further impairments in OB
development. Additionally, we observed ventriculomegaly in
Chd7-deficient adult mice, consistent with a recent study of 40
CHD7 mutation positive human fetuses that demonstrated a
variety of brain malformations including arrhinencephaly and
ventriculomegaly (6). Similar to our data, disruption of SVZ
neural stem cell function results in ventriculomegaly in mouse
models of Bardet-Biedl syndrome and Sox2 deficiency (46,47).
CHD7 has been shown to regulate neurogenesis in the adult
dentate gyrus of the hippocampus (24) and is also implicated
in autism spectrum disorder (48). Therefore, our findings add
to a growing body of work supporting a specific role for CHD7
function in SVZ, SGZ and olfactory neural stem cells, and
perhaps in other regions of the nervous system that are affected
in CHARGE. Notably, CHARGE individuals can also present
with hindbrain and cerebellar abnormalities (6,49–51), and
future studies should help clarify whether CHD7 also regulates
neural stem and progenitor cells in these regions. Our work
opens new avenues for investigation of CHD7 activity in stem
cell populations affected by CHARGE syndrome and should
help guide future work toward the development of diagnostic
and therapeutic treatments.
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Figure 7. CHD7 binds to the promoters of RA receptor and pro-neuronal transcription factor genes and regulates their expression. (A) qRT-PCR analysis of total RNA
from P1 control and Ubc Cond KO microdissected SVZ shows expression levels of Rarb, Rxrg, Neurod1 and Sox2. Threshold cycles are normalized to Gapdh. In Ubc
Cond KO P1 SVZ, expression levels of Rarb, Rxrg and Neurod1 are decreased by 55–58% compared with controls. Sox2 expression is unchanged in Ubc Cond KO
SVZ compared with controls. Black dashed line denotes control gene expression levels. (B–D) By ChIP-qPCR, CHD7 is enriched relative to IgG at conserved regions
1, 2, 4, 6 and 8 for Rarb (B), conserved regions 1, 3, 4 and 6 for Rxrg (C) and conserved regions 1–4 for Neurod1 (D). Non-conserved regions are not enriched for CHD7
relative to IgG. (E) Proposed model showing CHD7 function in neural progenitors, including regulation of Rarb, Rxrg and pro-neuronal gene transcription and pro-
motion of differentiation into neuroblasts. Chd7 deficiency results in decreased Rarb, Rxrg and pro-neuronal Neurod1 gene transcription leading to fewer neuroblasts
and a shift toward glial fates. Error bars in (A–D) indicate SEM. ∗P , 0.05.
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MATERIALS AND METHODS

Mouse strains, breeding and genotyping

Chd7Gt/1 and Chd7flox/flox mice were maintained as previously
described(9,10).Ubc-CreERT2,Nestin-CreandNestin-CreERT2
mice were maintained on a C57BL/6 background and mated with
Chd7flox/flox mice to generate Cre;Chd7flox/+ mice. Cre;Chd7flox/+

mice were crossed with Chd7flox/flox to produce control (Chd7flox/+

and Chd7flox/flox), Chd7 conditional heterozygous (Cre;Chd7flox/+)
and conditional knockout (Cre;Chd7flox/flox) mice. Genomic
DNA was isolated from tail and brain tissue and PCR genotyped
as previously described (10). All procedures were approved by
The University of Michigan University Committee on the Use
and Care of Animals (UCUCA).

Tamoxifen administration

Tamoxifen (Sigma-Aldritch, St Louis, MO, USA) was dissolved
in sterile corn oil at a concentration of 10 mg/ml. For adult
studies, tamoxifen (0.2 mg/gbw) was administered by intraperi-
toneal injection to 5-week-old littermate mice once daily for 5
days. Mice were allowed to recover for 14 days, then euthanized
and processed for further analysis. For perinatal studies, a single
dose of tamoxifen (0.2 mg/gbw) was administered by intraperi-
toneal injection to pregnant females at E15.5.

Histology and embedding

P1 mice were decapitated, skin was dissected away and heads
were placed in 4% paraformaldehyde for 4 h, then cryoprotected
in 30% sucrose, embedded in OCT (Tissue Tek, Torrance, CA,
USA), frozen and sectioned at 14 mm. Adult 7-week-old mice
underwent terminal cardiac perfusion with 4% paraformalde-
hyde, then heads were removed, post-fixed with 4% paraformal-
dehyde, cryoprotected in 30% sucrose and embedded in OCT
(Tissue Tek), then frozen and sectioned at 14 mm. For histologic-
al analyses, sections were stained with H&E (Sigma), imaged
with bright field microscopy on a Leica upright DMRB micro-
scope (Leica Camera AG, Solms, Germany) and processed in
Photoshop CS5.1 (Adobe, San Jose, CA, USA).

Immunofluorescence

Cryosections from 7-week-old and P1 mice (n ¼ 3 per genotype)
were processed for immunofluorescence with antibodies against
CHD7 (1 : 7500; Cell Signaling Technology, Beverly, MA,
USA), Ki67 (1 : 200; Vector Laboratories, Burlingame, CA,
USA), TH (1 : 150; Pel-Freeze, Rogers, AR, USA), cleaved
caspase 3 (Casp3; 1 : 800, Cell Signaling Technology), CALB
(1 : 5000; Sigma), CALR (1 : 250; EMD Millipore, Billerica,
MA, USA), GFAP (1 : 500; Sigma), O4 (1 : 800; Developmental
Studies Hybridoma Bank, University of Iowa, Iowa City, IA,
USA), Tuj1 (1 : 400; Covance, Princeton, NJ, USA), DCX (1 :
4000; a gift from Jack M. Parent) and SOX2 (1 : 250; EMD Milli-
pore). All secondary antibodies were used at 1 : 200 with Alexa
Fluor 488, Alexa Fluor 555 or biotinylated secondary antibodies
(Vector Laboratories) conjugated with streptavidin–horserad-
ish peroxidase and Alexa Fluor 488 Tyramide Signal Amplifica-
tion or Alexa Fluor 555 Tyramide Signal Amplification (Life

Technologies, Carlsbad, CA, USA). Nuclear staining was per-
formed with 4′,6-diamidino-2-phenylindole (DAPI, 1 : 100;
Life Technologies). Images were produced by single channel
fluorescence microscopy on a Leica upright DMRB microscope
and processed in Photoshop CS5.1.

OB interneuron quantification

Seven-week-old Chd7+/+ and Chd7Gt/+ littermate mice (n ¼ 3
per genotype) were processed for immunofluorescence with
antibodies against TH, CALR and CALB. Images were captured
by single channel fluorescence microscopy on a Leica upright
DMRB microscope and processed in Adobe Photoshop CS5.1.
For quantification of OB interneurons, 25 images using the
10× objective lens were taken of nine OB sections per genotype
and analyzed using the cell counter function of Image J (National
Institutes of Health, Bethesda, MD, USA) by sampling 10
squares (40 mm × 40 mm) in the GCL and GL.

FI measurements

Tamoxifen-treated 7-week-old mice (n ¼ 3 per genotype) were
processed for immunofluorescence with antibodies against
GFAP and DCX. Images were captured at the same exposure
for each antibody by single channel fluorescence microscopy on
a Leica upright DMRB microscope. FI was measured on 25–45
images using the 20× objective lens from nine OB, RMS and
SVZ sections per sample, then processed in ImageJ by using the
freehand selection and measurement tools. Experimental fluores-
cence intensities were reported as FI units per mm2.

SVZ proliferation and apoptosis studies

Seven-week-old and P1 mice (n ¼ 3 per genotype) were pro-
cessed for immunofluorescence with antibody against Ki67
and Casp3. Nuclei were stained with DAPI. Images were cap-
tured by single channel fluorescence microscopy on a Leica
upright DMRB microscope and processed in Adobe Photoshop
CS5.1. For quantification of Ki67+ cells, 36 images using the
20× objective lens were taken of nine SVZ sections per
sample, and the number of Ki67+ cells and total number of
cells present in the SVZ were counted using the cell counter func-
tion of Image J. For quantification of Casp3+ cells, 27 SVZ sec-
tions per genotype were scored for the total number of Casp3+
cells per section.

Cortex and corpus callosum measurements

Seven-week-old control, Nestin Cond Het and Nestin Cond KO
mice (n ¼ 3 per genotype) were perfusion fixed, and brains were
sectioned and processed for H&E staining as above. Cortical
thickness measurements were made on 27 SVZ sections per
genotype by drawing a line perpendicular to, and extending
from, the lateral ventricle to the outer edge of the Ctx. For CC
thickness, measurements were made on 27 SVZ sections per
genotype by drawing a line at the midline transversely through
the CC. Both measurements were performed using the Leica
Applications Suite—Advanced Fluorescence software (Leica
Camera AG) on 10× images.
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Neurosphere cultures

Seven-week-old adult and P1 mice (n¼ 3 per genotype) were
euthanized, whole brain was dissected and coronal sections were
cut between the pre-optic area and caudal OB. The lateral wall
of the lateral ventricle was microdissected, dissociated in
trypsin/EDTA (Life Technologies) and DNase1, filtered through
a 0.45-mm mesh (BD Biosciences, East Rutherford, NJ, USA)
and counted on a hemacytometer. For 18NS formation assays,
1000 cells were plated on ultra-low-binding six-well plates
(Corning, Corning, NY, USA) under self-renewal conditions
(media with epidermal growth factor [EGF] and FGF), incubated
at 378C with 6.5% CO2 for 8 days then measured and imaged
using an Olympus IX81 motorized inverted microscope
(Olympus, Tokyo, Japan). For 18NS differentiation, single neuro-
spheres were plated under adherent conditions with FGF and
without EGF [24-well tissue culture-treated plates (Corning)
with poly-D-lysine and human fibronectin (Biomedical Technolo-
gies, Stoughton, MA, USA)], then incubated at 378C with 6.5%
CO2 for 12 days. 28NSs were generated by dissociating single
18NSs and re-plating them under self-renewing conditions. Meas-
urement, counting, imaging and differentiation of 28NSs were per-
formed as described for 18NSs. Neurosphere diameter (n ¼ 150
per genotype) was measured using the arbitrary line tool in the
Olympus cellSens Dimension software package. Neurosphere fre-
quency was determined by counting the total number of neuro-
spheres .50 mm in diameter in each well of a six-well plate and
dividing by the total number of cells plated per well. Statistical sig-
nificance was determined by unpaired Student’s t-test.

Neurosphere differentiation, staining and scoring

18NS and 28NSs were differentiated as described above, then
treated with 1 : 800 anti-O4 antibody for 1 h and fixed with ice
cold 95% ethanol/5% glacial acetic acid at 2208C for 20 min.
Fixed neurospheres were blocked for 1 h at room temperature
with light rocking with blocking buffer [0.05% octylphenoxypo-
lyethoxyethanol (NP-40, Sigma), 2 mg/ml bovine serum
albumin (Sigma) in phosphate-buffered saline]. Alexa Fluor
647-conjugated goat anti-mouse IgM (1 : 500, Life Technolo-
gies) diluted in blocking buffer was added to each well and incu-
bated at room temperature for 1 h with light rocking. Each well
was washed three times with blocking buffer, then a cocktail of 1
: 500 anti-Tuj1 and 1 : 200 anti-GFAP primary antibodies was
added to each well and incubated at room temperature for 1 h
with light rocking. Each well was washed three times with block-
ing buffer, then incubated in a cocktail of 1 : 500 Alexa Fluor 555
goat anti-mouse IgG2a and 1 : 500 Alexa Fluor 488 goat anti-
mouse IgG1 at room temperature for 1 h with light rocking.
Each well was washed three times and nuclei were stained
with 1 : 1000 DAPI for 15 min. Stained colonies were imaged
with an Olympus IX81 motorized inverted microscope and
scored for the presence or absence of cell type-specific immuno-
fluorescence (n ¼ 36 neurospheres per genotype). Statistical
significance was determined by unpaired Student’s t-test.

RA and citral treatment of neurosphere cultures

Neurosphere assays were performed as above on control,
Nestin-ERT2 Cond Het and Nestin-ERT2 Cond KO P1 mice.

28NSs (n ¼ 3 per genotype) were plated in ultra-low-binding
six-well plates in self-renewal medium or medium supplemen-
ted with 0.1 mM RA (Sigma), 1 mM RA, 1 mM citral (Sigma)
or 10 mM citral (n ¼ 18 wells per genotype). For differentiation,
untreated 28NSs from each genotype were plated in 24-well
plates in differentiation medium or medium supplemented
with 1 mM RA, 1 mM citral or 10 mM citral (n ¼ 18 neuro-
spheres per condition), and scored for differentiation as above.

Embryonic RA and citral treatment and inner ear paint fills

Timed pregnancies were established between Chd7Gt/+males and
females with the morning of the plug scored as E0.5. At E7.5,
pregnant females were treated with either RA (Sigma; in corn
oil at 5 mg/kg by oral gavage), or citral (Sigma; in corn oil at
3 mM/g body weight by intraperitoneal injection). At E14.5,
Chd7+/+ (n ¼ 12 embryos; 24 ears) and Chd7Gt/+ (n ¼ 18
embryos; 36 ears) embryos were dissected and processed for
inner ear paint filling. Briefly, embryos were washed in PBS,
fixed in Bodian’s fixative, cleared in methyl salicylate, heads
were bisected and ears were injected with a solution with 3%
Wite-Out (BIC, Shelton, CT), diluted in methyl salicylate (9).

Gene expression analysis

Subventricular zones from littermate control and Ubc Cond KO
P1 mice (n ¼ 4 per genotype) were microdissected, and RNA
was isolated using the RNAqueous-Micro RNA Isolation Kit
(Ambion, Austin, TX, USA). cDNA was generated using the
Superscript First-Strand cDNA Synthesis system with random
hexamers (Life Technologies). Relative gene expression levels
were assayed using TaqMan Gene Expression Master Mix and
TaqMan probes (Applied Biosystems, Foster City, CA, USA)
for Gapdh, Ccnd1, Ccnd2, Cdk4, Cdkn1a, Cdkn1b, Rarb,
Rxrg, Neurod1 and Sox2 or SYBR Green Master Mix (Applied
Biosystems) for 45S pre-rRNA (35). Each sample was run in
triplicate using an Applied Biosystems StepOne Plus Real-Time
qPCR System. The gene expression level of Gapdh was used as
an internal positive control. The difference in threshold cycle
(CT) between the assayed gene and Gapdh for any given
sample was defined as the change in threshold cycle (DCT).
The difference in DCT between two samples was defined as
DDCT, which represents a relative difference in expression of
the assayed gene. The fold change of the assayed gene relative
to Gapdh was defined as 2−DDCT . Unpaired Student’s t-test was
performed on Gapdh-normalized DCT values for each sample
to determine statistical significance.

P19 neurosphere cultures

P19 embryonal carcinoma cells were passaged in minimum es-
sential medium alpha (MEMa) (Life Technologies) + 10%
fetal bovine serum (FBS) (Life Technologies) + 1× penicil-
lin/streptomycin (Life Technologies) and gently treated with
0.25% trypsin. Cells were plated on 0.7% agarose in bacterial
culture plates in MEMa + 7.5% calf serum + 2.5% FBS +
1 mM RA + 1× penicillin/streptomycin. Neurospheres were
confirmed to form 2 days after plating by bright field microscopy,
and medium was changed 2 and 4 days after initial plating.
Six days after plating, neurospheres were collected by gentle
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centrifugation, then fixed for 20 min with formaldehyde and pro-
cessed for ChIP.

Chromatin immunoprecipitation and quantitative
real-time PCR

ChIP with anti-CHD7 antibody (Cell Signaling) and normal
rabbit IgG (EMD Millipore) was performed using the EZ ChIP
Chromatin Immunoprecipitation Kit (EMD Millipore), follow-
ing the manufacturer’s instructions on crosslinked P19 neuro-
spheres. Conserved and non-conserved regions within 10 kb of
the transcription start site for each of Rarb, Rxrg and Neurod1
were identified using the 60 vertebrate PhastCons track in the
UCSC Genome Browser (build GRCm38/mm10) (52). A con-
served region was defined by a series of adjacent logarithm of
odds score hits conserved in ≥80% of the vertebrates. Primers
were designed against nine conserved regions and one non-
conserved region for each gene and assayed for a single
melting point by qRT-PCR melt curve analysis using SYBR
Green reagents (Applied Biosystems). Primer pairs that demon-
strated non-specific amplification were removed prior to further
analysis. Nine replicates of qRT-PCR were performed on the
input, IgG and anti-CHD7 samples for each primer pair.
Percent input was calculated for both the IgG and anti-Chd7
samples across each primer pair.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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