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Abstract Several neurodevelopmental disorders (NDDs)
are caused by mutations in genes expressed in fetal brain,
but little is known about these same genes in adult human
brain. Here, we test the hypothesis that genes associated
with NDDs continue to have a role in adult human brain
to explore the idea that NDD symptoms may be partially a
result of their adult function rather than just their neurode-
velopmental function. To demonstrate adult brain function,
we performed expression analyses and ChIPseq in human
neural stem cell(NSC) lines at different developmental
stages and adult human brain, targeting two genes associ-
ated with NDDs, SATB2 and EHMTI, and the WNT sign-
aling gene TCF7L2, which has not been associated with
NDDs. Analysis of DNA interaction sites in neural stem
cells reveals high (40-50 %) overlap between proliferating
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and differentiating cells for each gene in temporal space.
Studies in adult brain demonstrate that consensus sites
are similar to NSCs but occur at different genomic loca-
tions. We also performed expression analyses using Brain-
Span data for NDD-associated genes SATB2, EHMTI,
FMRI1, MECP2, MBD5, CTNND?2, RAIl, CHDS, GRIN2A,
GRIN2B, TCF4, SCN2A, and DYRKIA and find high
expression of these genes in adult brain, at least compara-
ble to developing human brain, confirming that genes asso-
ciated with NDDs likely have a role in adult tissue. Adult
function of genes associated with NDDs might be impor-
tant in clinical disease presentation and may be suitable tar-
gets for therapeutic intervention.

Abbreviations

NSC Neural stem cells

FBC Fetal brain cells

iPSC-NPC Induced pluripotent stem cell-neural progeni-
tor cells

Background

Neurodevelopmental disorders (NDDs) are a heterogene-
ous spectrum of features that present as any disorder of
early childhood that affects the brain and include seizure
disorders, intellectual disability, autism spectrum disorders,
and many others. Current classification of NDDs is based
on presenting symptoms and clinical judgement, though
major advances in genetics have identified mutations in
several genes in individuals with NDDs, at once compli-
cating and clarifying diagnoses. Genetic data suggest that
both variable expressivity (individuals with mutations in
the same gene but presenting different clinical symptoms)
and locus heterogeneity (individuals with similar clinical
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symptoms but with genetic lesions at different locations in
the genome) are common, blurring diagnostic boundaries.

Because NDDs are diagnosed during early life periods,
an intense focus has been placed on understanding the role
of genetic variation known to cause disease in fetal or early
brain development in animal and cell models. While this
is unquestionably a reasonable study avenue, it does not
occlude the idea that these same genes may have a role in
adult brain. The function of genes implicated in neurode-
velopmental disorders have thus not undergone the kind
of investigation that one might normally expect for genes
with such a high relevance to human health. Most impor-
tantly, it may be that patient phenotypes are not solely
due to potential genetic deficits during brain development,
but rather because of the ongoing function of these same
genes in adult brain. This could have implications for the
development of treatment for NDDs because it implies a
component of the disease may be due in part to dysfunc-
tion of the adult activities of these genes. Undoubtedly, any
genetically driven treatment regime must mount the hurdle
of treatment delivery, but the angle proposed here may pro-
vide some hope that NDD phenotypes are not simply fixed
after neural circuitry formation. The hope with the current
study is to explore the adult function of some genes that are
well known to cause a neurodevelopmental disease pheno-
type and to begin to assess their spatiotemporal expression
and DNA association patterns. Our goal is to eventually
provide treatment for some NDDs and we believe that stud-
ying the effects of genes associated with NDDs will help
to dissect the critical periods of their activity that are caus-
ing disease. For some genes, it may be that a function in
the adolescent period is critically important to solidifying a
disease progression begun during early brain development.
If so, targeting these specific functions may become par-
ticular therapeutic avenues. Given that there is almost no
treatment available beyond symptom management for any
NDD, we believe the current investigation to be an impor-
tant first step.

Several neurodevelopmental disorders are caused by
mutations in DNA association factors implicated in brain
development (Krumm et al. 2014), two of which will
be investigated here because we have experience work-
ing with them and wanted to test our hypothesis in genes
with which we have worked previously. SATB2 is a nuclear
matrix association protein thought to associate with AT-rich
regions of the genome, where mutations cause craniofacial
anomalies, severe speech delay, feeding difficulties, and
autism spectrum disorders (Docker et al. 2014; Talkowski
et al. 2012). SATB2 is also a molecular marker of corti-
cal neurons (Alcamo et al. 2008; Britanova et al. 2008).
EHMT] is a histone methyltransferase, capable of adding
methyl groups to amino acid residues such as lysine 9 on
Histone 3 to affect gene transcription. Mutations in EHMT]
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cause severe intellectual disability and behavioral disor-
ders (Kleefstra et al. 2012). Throughout this study, we also
included the transcription factor TCF7L2, a high-mobility
group-box protein (Grosschedl et al. 1994; Roose and Cle-
vers 1999). Diseases associated with variation in TCF7L2
include type 2 diabetes (Florez et al. 2006) though it has
not been implicated in NDDs despite its role in WNT sign-
aling, a pathway strongly suspected of being involved in
NDDs (Kalkman 2012). We included TCF7L2 because
it is a well-studied transcription factor, is thought to be
expressed ubiquitously in all tissues across developmental
stages, has excellent ChIP antibodies available, and known
DNA consensus binding regions. In this sense, TCF7L2
serves as a form of technical control across experiments.

Methods

This work was reviewed and approved by the ethical review
board of the Douglas Hospital Research Institute of McGill
University.

Neural stem cell (NSC) lines

Two neural stem cell lines are used in the current study; the
FBC line is derived from human fetal brain (ReNCellVM,
Millipore SCCO008), while the iPSC-NPC (induced pluri-
potent stem cell-derived neural progenitor cells) line was
derived from skin cells of a healthy human subject. Both
NSC lines were stored as stocks in liquid nitrogen and can
be grown indefinitely. Both lines were grown under iden-
tical conditions: cells were grown on poly-L-ornithine/
laminin (Sigma, St. Louis, MO, USA) coated 6-well plates
and maintained in 70 % DMEM, 2 % B27, 1 % Penicillin/
Streptomycin (Life Technologies Foster City, CA, USA),
30 % Ham’s F12 (Mediatech Herndon, VA, USA), with
20 ng/mL bFGF (R&D Systems, Minneapolis, MN, USA),
20 ng/mL EGF, and 5 pg/mL heparin (Sigma). To differ-
entiate cells, we removed growth factors and let cells dif-
ferentiate for 30 days. Media were changed every 3 days,
whether cells were proliferating or differentiating.

Whole-cell recordings

Primary cell cultures were prepared as described above
then transferred to a solution for whole-cell patch clamp
recordings. The extracellular HEPES-based saline con-
tained, in mM: 140 NaCl, 5.4 KCl, 2 CaCl,, 1 MgCl,, 15
Hepes, and 10 glucose (pH 7.3-7.4; 295-305 mOsmol).
Cells were identified based on their morphology using an
inverted microscope (Nikon Eclipse, E6GO0FN), and record-
ings were performed at room temperature. Whole-cell
patch clamp recordings were obtained using borosilicate
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pipettes (3—6 M), filled with intracellular solution that
contained, in mM: 154 potassium gluconate, 2 EGTA, 1
MgClI2, 10 phosphocreatine, 10 HEPES, 2 Mg-ATP, (pH
7.2-17.3; 275-285 mOsmol). The resistance of the pipettes
was determined using Ohm’s law (V = IR), by injecting a
small current in the circuit, to drop the voltage 5 mV from
holding. This was done when the pipette was in the bath
position before patching. Where indicated, TTX (200 nM)
and TEA (50 uM) were added to the saline solution. Data
were acquired using a Multiclamp 700B amplifier (Axon
Instruments, Foster City, CA). Currents were filtered at
2 kHz and digitized at 20 kHz. Responses were analyzed
offline using Clampfit (Molecular Devices) and GraphPad
(Prism). Data were expressed as mean =+ s.e.m.

ChIP quality control experiments and neural stem cell
(NSC) characterization

Chromatin immunoprecipitation is dependent on excellent
antibodies that accurately interact with proteins of interest
(Landt et al. 2012). While all three proteins assessed in this
study have several antibodies available, including ChIP-
grade antibodies, we performed in-house assays to ensure
quality (Supplemental Fig. 1A-C).

We selected two neural stem cell lines with which to
assess proliferating and differentiating cell stages. We
purposefully chose two cell lines from different donors
and derived through different methods [FBCs: extracted
from fetal brain; iPSC-NPC: derived from human skin,
reprogrammed with Yamanaka factors (Takahashi et al.
2007) and differentiated into NSCs] with the conservative
rationale that fundamental DNA association binding prop-
erties should be independent of cell source, genetic back-
ground, and cell fate. Though neural stem cell lines are
well known to form heterogeneous cell types (Aradi et al.
2004), we reasoned that identifying targets common across
diverse cell types would provide extremely high confidence
calls. Supplemental Fig. 1D-E shows relative expression
of well-known markers across cell lines, fetal brain, and
adult frontal cortex. Markers for proliferating cells include
OCT4 (negative), NANOG (negative), NESTIN (positive),
MUSASHI (positive) and PAX6 (positive). We used a bat-
tery of markers including GFAP, OLIG2, VGAT, and TH in
differentiating cells. Finally, we characterized the cell lines
electrophysiologically (Supplemental Fig. 1F-L).

Adult human brain tissue

All frozen human brain tissue (n = 6) was supplied by the
Bell-Douglas Hospital Brain Bank (https://www.douglas.
gc.ca/section/brain-bank-131) and was derived from infe-
rior orbital-frontal cortex (Brodmann Area 10) from psy-
chiatrically screened (Dumais et al. 2005) subjects who

died in a motor vehicle accident (n = 5) or a heart attack
(n = 1). The mean age was 36 (range 19-61 years), mean
brain pH was 6.45 (range 6.3-6.75), and a mean postmor-
tem interval was less than 24 h for all cases. All subjects
were screened for 50 different toxicological substances,
including most street drugs and common medications. All
subjects were negative for all toxicological screens.

RNA Quantitative PCR

RNA from cells was extracted using RNeasy MinElute
Cleanup Kit (Qiagen) and commercially available RNA
from eight different tissues (Ambion Total RNA: liver, kid-
ney, spinal cord, adult frontal lobe, fetal brain, lung and tes-
tis) was used for cross-tissue analyses. Induced pluripotent
stem cells and fibroblasts were from control subjects and
provided by the Harvard Stem Cell Institute and Coriell,
respectively. cDNA was synthetized using M-MLV Reverse
Transcriptase (Invitrogen) and Tagman probes were used
for all genes assessed. Real-time PCR reactions were run in
triplicate using the ABI 7900HT Fast Real-Time PCR Sys-
tem and data was collected using the Sequence Detection
System (SDS) software (Life Technologies). We checked
the expression of four housekeeping genes (TBP, NONO,
GAPDH and ACTB, Supplemental Fig. 2). We performed
an assessment of stability across all cell lines and tissues.
All RNA gPCR are normalized to GAPDH and ACTB. Cell
numbers and RNA concentrations were identical across
experiments.

Chromatin immunoprecipitation (ChIP)

For ChIP, 107 cells were dissociated by trypsin, cross-
linked with 1 % formaldehyde (Tousimis NC9611804)
for 10 min, pelleted and re-suspended in lysis buffer with
protease inhibitors. Samples were sonicated with Labsonic
M Ultrasonic Homogenizer (Labsonic Sartorius Stedim,
EUA) for 7 x 30 s cycles at 30 % power. Chromatin was
sheared at 15 1-s pulses followed by 2-min rest periods
at 50 % power using the same ultrasonic homogenizer
(200-1000 bp). Brain tissue underwent a similar proce-
dure though 100 mg of tissue from frontal cortex was used,
and where ChIP was performed in a single pooled reaction
from all six brain samples. We followed the exact proce-
dure laid out here (Matevossian and Akbarian 2008) for
cell separation. One hundred pg/uL of DNA from either
cell lines or pooled brain samples was incubated with anti-
bodies (5 ug/uL) overnight at 4 °C overnight in dilution
buffer. Several antibodies were tested in brain tissue prior
to ChIP (SATB2: Epitomics:2819-1, Abcam: Ab51502;
TCF7L2: Millipore 17-10109; EHMT1: Abcam: ab41969).
We used genes reported to be bound by each factor as posi-
tive control tests prior to ChIPseq (SATB2 target: CTIP2A4
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(Chen et al. 2008); TCF7L2 target: AXIN2 (Valenta et al.
2003); EHMT]1 target: MAGEBI6 (Link et al. 2009). IP
washes, elution and crosslink reversal were performed with
the Magna ChIP A—Chromatin Immunoprecipitation Kit
(Millipore), according to manufacturer’s instructions. IP
and input DNA were purified by phenol chloroform extrac-
tion, precipitated in ethanol, and re-suspended in sterile
water. We used the Illumina ChIP-Seq DNA sample prep
kit (IP-102-1001) for all experiments and followed instruc-
tions from the manufacturer. All ChIP experiments were
performed independently for each individual.

ChIP sequencing and analysis

Libraries were sequenced in indexed pools of 4-6 using
a HiSeq 2000 (Illumina) at the McGill University and
Genome Quebec Innovation Center. In all cases, we used
50 bp single-end sequencing and sequenced one library of
IgG control to help establish background parameters. We
used Bowtie 2, an ultrafast and memory-efficient tool for
aligning sequencing reads to long reference sequences,
with the very sensitive parameter (allowing 0 mismatches
in a seed alignment) and MACS (Zhang et al. 2008) for
peak calling with default parameters, except for the p value
cutoff which we set to 107°, instead of 107>, We fixed
the duplicate number at five, meaning duplicates were
included in all analyses but where only five duplicates were
allowed per read. Any peaks detected in the IgG control
were systematically removed from all SATB2, TCF7L2,
and EHMT1 peaks called. We visually inspected peaks to
assess background level and duplicates in the Integrated
Genomics Viewer. To associate ChIP peaks with genes,
we considered any regions 5 Kb upstream of a gene and
any region 2 Kb downstream of gene. To calculate overlap-
ping peaks across independent experiments, we used the
BEDTools command intersect tool to screen for overlaps
between two sets of genomic features. We considered peaks
with one or more base pairs to be overlapping. For peak
coordinates, we used the peak outputs defined by MACS
under default conditions.

DNA Quantitative PCR (ChIP validation)

To validate ChIPseq data, we reperformed ChiP experi-
ments using freshly grown cell lines and performed a new
IP reaction. We selected two genomic loci per gene based
on peaks across all cell lines. The primers used to validate
ChIP-sequencing results were designed using Primer Quest
online tool (http://www.idtdna.com/primerquest/home/
index). The primers are listed in the Supplemental Table 1.
The PCRs were performed using a 7900HT real-time PCR
machine (Applied Biosystems). Each well contains 10 pL
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of 2x SybrGreen PCR master Mix, 10 pmol of forward and
reverse primers, 1 uL of DNA and H,O qsp 20 uL. Abso-
lute quantifications were performed for every region of
interest and control regions using calibration curves made
of serial dilutions (between 3 pg and 50 ng of DNA from
blood). As control regions, we have randomly chosen two
regions extracted from our ChIP-sequencing results and
which were predicted not to be associated with TCF7L2
SATB2 or EHMT1. Absolute quantifications of regions of
interest were normalized with those obtained for these two
negative control regions.

Results

SATB2, TCF7L2, and EHMT]1 are expressed
in proliferating and differentiating neural stem cells
and adult human brain

We selected several tissues from human to assess how
expression levels compared to non-neuronal tissues—sev-
eral NDDs have clinical features not only in brain, imply-
ing that the genes have important functions elsewhere in
the body. Across multiple tissues (Fig. la—c), we found
that expression of SATB2 was strongest in fetal brain, but
was present in cortical (frontal lobe) and subcortical (hip-
pocampus) brain structures and testes. Expression in other
tissues assessed by qPCR is negligible with exception of
the testes. For EHMTI, we found high expression in fetal
brain, higher than either adult cortical or subcortical struc-
tures, with levels of expression in adult brain comparable
to all other tissues assesses. EHMT] expression is notably
strong in testes. For TCF7L2, a gene not associated with
NDDs, we found a slight increase in expression in the adult
frontal lobe compared to fetal brain tissue, though TCF7L2
is expressed across all tissues assessed.

Clinical phenotypes associated with SATB2 or EHMT]I
mutations have implicated several organs beyond brain,
notably palate, bone and brachial arch derivatives in SATB2
mutation cases (Zarate et al. 2015), and cardiac anomalies
in EHMTI mutation cases (Kleefstra et al. 2006; Tachibana
et al. 2005). To determine if expression of these genes is
higher in organs known to be associated with disease in
adult tissues, we took advantage of RNA sequencing data
from GTEx (Mele et al. 2015) (Supplementary Fig. 3). For
EHMTI, we observed no major differences (>fivefold) in
expression between tissues. Similarly, SATB2 showed con-
sistent expression across tissues, though there was notable
increase in expression in the spleen compared to all other
tissues. Finally, TCF7L2 shows high variation in expression
across tissues, where it is for example, highly expressed
in blood vessels but low in blood cells. Variation TCF7L2
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Fig. 1 mRNA expression of SATB2, TCF7L2, and EHMT1 in human tissues and neural stem cell lines

is associated with diabetes (Grant et al. 2006), a result of
dysfunctional TCF7L2 signaling in the pancreas (Mitch-
ell et al. 2015). Notably, TCF7L2 expression in pancreas
is one of the lowest areas of expression compared to other
assessed tissues in GTEx (Supplementary Fig. 3C). This
finding and those from the EHMTI and SATB2 suggest that
relative expression level should not be used to guide where
disease is most likely to occur. In other words, the mere
fact that a gene is expressed in a given tissue means muta-
tions in that gene could cause disease in that organ, even if
expression is higher in other tissues.

We assessed the expression of each gene in FBC
and iPSC-NPC cell lines at two functionally defined

neurodevelopmental time points (Fig. 1d-f). These time
points differ in their exposure to bFGF and EGF—prolif-
erating cells are maintained in culture with these factors,
while differentiating cells are post-mitotic and have per-
sisted for 30 days in the absence of both factors. We could
detect expression of each gene at all time points, but there
was a notable difference in SATB2 expression in both pro-
liferating and differentiating stages in the iPSC-NPC line,
suggesting large differences in the degree of expression of
SATB?2 in differentially derived cell lines. With this excep-
tion, we observed relatively consistent expression of all
genes, including TCF7L2, in both proliferating or differen-
tiating stages.
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Expression of SATB2, EHMT1, and TCF7L2
across multiple brain regions and developmental time
windows

Results from our expression analyses suggest that both
SATB2 and EHMT1 are expressed in adult brain, but that
there is lower expression than in fetal brain. To explore the
expression of these genes in adult brain, we took advan-
tage of data developed by the BrainSpan consortium
(Kang et al. 2011), to better understand regional effects
of expression patterns in adult brain (Fig. 2). For SATB2,
we observed a strong cortical expression pattern, with
essentially zero expression in cerebellum and sub-corti-
cal structures (Fig. 2a) in adult brain. This suggests that
SATB2, a gene implicated in cortical neuron development

—o—SATB2

A 7.00€-05

@ EHMT1

(Szemes et al. 2006), continues to be expressed in corti-
cal cells in adult brain across all regions assessed. EHMT1
had relatively consistent expression across all adult brain
structures, though with a notable increase in cerebellum
(Fig. 2a).

We wanted to understand how expression of SATB2
and EHMTI changed over human neurodevelopmen-
tal time windows in cortical and subcortical structures
(Fig. 2b, c). In dorsal-lateral prefrontal cortex, for both
SATB2 and EHMTI, we found higher expression in post-
conception weeks 8-36, with expression of both decreas-
ing but stabilizing from the early postnatal years until
age 40 years. We observed a similar trend in a subcorti-
cal structure (hippocampus), including for SATB2, with
expression higher earlier in development. We continue to
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Fig. 2 Allen Brain Atlas data showing gene expression across brain
tissues and neurodevelopmental time. a RNAseq data showing rela-
tive expression values across several adult brain structures. b Micro-
array expression patterns of SATB2, EHMTI, and TCF7L2 in DL-
PFC (a cortical structure) from post-conception week (PCW) 8 to age
40 years. ¢ The expression patterns of SATB2, EHMTI, and TCF7L2
in hippocampus (a subcortical structure) from post-conception week
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(PCW) 8 to age 40 years. d RNAseq data showing relative expres-
sion values across several adult brain structures for genes associated
with NDDs. e Microarray expression patterns of genes implicated in
NDDs in DL-PFC (a cortical structure) from post-conception week
(PCW) 8 to age 40 years. f The expression patterns of genes impli-
cated in NDDs in hippocampus (a subcortical structure) from post-
conception week (PCW) 8 to age 40 years
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include TCF7L2 in these analyses and found that TCF7L2
is relatively stable across brain regions and through dif-
ferent developmental time windows in either cortical or
subcortical structures.

Expression of genes implicated in NDDs show
expression levels in adult brain similar to fetal brain

The purpose of this study is to demonstrate that genes
associated with NDDs might also have important function
in adult human brain. While we chose to study two genes
in depth, we reasoned that including information on well-
known genes implicated in NDDs could support this idea.
To this end, we plotted Allen Brain Atlas data for sev-
eral genes (Fig. 2d—f), similar to what we did for SATB2,
EHMTI, and TCF7L2. First, we plotted region-specific
information in the adult brain and found that most genes
showed consistent expression across all brain regions. The
exception to this was for SCN2A and TCF4, which showed
high levels of expression in the cerebellum, while CTNND2
showed low levels of expression, at least compared to the
their levels of expression in other brain regions. SCN2A
also showed decreased expression in the striatum (caudate
nucleus and putamen). Next, we assessed the consistency of
expression over developmental time windows, again using
one cortical structure (Fig. 2e) and one subcortical structure
(Fig. 2f). Our first observation is that most of these genes
are stable across developmental time windows whether
in cortex or hippocampus. We did observe, however,
decreased expression of TCF4 after birth in both structures,
and increased expression of GRIN2A over time—which is a
well-known effect for this NMDA receptor subunit (Zhong
et al. 1995). Using expression level as a proxy for func-
tional action, these data suggest that most genes important
in neurodevelopment disorders are expressed in adult brain
at levels similar to fetal brain.

ChIPSeq in proliferating and differentiating cells

To assess the degree of spatiotemporal differences in bind-
ing across proliferating and differentiating neural stem cells,
we performed a large-scale ChIPseq experiment using anti-
bodies targeting SATB2, EHMT1, and TCF7L2 proteins.
These experiments were performed in two NSCs at two
developmental stages (Table 1 shows all sequencing data
related to these experiments). We wanted to understand if
two defined developmental timepoints in the same cell line
showed different or similar binding patterns. While we do
not consider cell line developmental stages to approximate
human brain developmental time periods, they do repre-
sent distinct phases of development. If genes continue to
be expressed at both time points (Fig. 1), one might expect
them to target similar regions of the genome. For SATB2,
we found that 976 peaks were common (i.e., with at least
1 basepair overlapping raw ChIP peaks) across all cell line
experiments, corresponding to 17-34 % of all peaks across
cell lines (Fig. 3a; Table 1). When we looked across cell line
(FBC or iPSC-NPC) or cell state (proliferating or differenti-
ating), we also found significant overlap. Testing within the
same NSC line at different neurodevelopmental stages, we
found a 43 % overlap of peaks in iPSC-NPC and a 48 %
overlap in FBC peaks, suggesting that just under half of
SATB2 targets are common in proliferating and differentiat-
ing NSCs. Assessing differences across NSCs at the same
developmental stage, we found that 41 % of peaks in pro-
liferating cells and 41 % of peaks in differentiating cells are
common, despite the different origins, genetic background,
and cell fate of the different NSC lines. SATB2 expres-
sion patterns were drastically lower in the iPSC-NSC line
(Fig. 1d), though there appeared to be no difference in the
total number of ChIP peaks between these two cell lines.
This suggests that DNA binding properties are not necessar-
ily a direct function of expression level. These results imply

Table 1 Sequencing reads used to calculate peaks for each independent analysis for each of three different antibodies

Targeted protein Mapping FBC pro FBC dif iPSC-NPC pro iPSC-NPC dif Brain
SATB2 Total reads 52,730,285 27,284,216 49,309,774 33,707,859 33,606,420
Unique aligned 5,386,800 1,561,965 4,376,548 2,254,914 829,697
Peaks 4655 2830 5447 3407 3467
TCF7L2 Total reads 50,213,400 30,628,062 48,197,171 27,816,136 20,590,701
Unique aligned 4,638,199 2,066,939 4,704,725 3,161,808 2,998,465
Peaks 4840 1721 2699 5718 2595
EHMTI1 Total reads 54,149,894 23,058,763 67,129,321 42,328,222 30,014,331
Unique aligned 11,193,218 5,240,846 4,944,462 3,978,119 15,659,260
Peaks 43,995 744 2918 5572 193,375
EHMT]1 (replicate) Total reads 18,742,992 36,617,759
Unique aligned 7,888,963 14,959,428
Peaks 90,608 894
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Fig. 3 DNA association overlap regions in neural stem cell lines and
adult human brain. a A square design setup to show the number of
overlapping peaks across developmental stages (proliferating and dif-
ferentiating) and neural stem cell lines (iPSC-NPC and FBC) in the
anti-SATB2 ChIPseq experiment. Images represent what NSCs look
like at each stage and scale bar is 100 pM—these images are the
same for all analyses. A number depicted on a line connecting two
analyses represents the number of common peaks (>1 bp overlap-
ping) that were identified while the middle box is the number of peaks
common to all analyses (see Table 1 for the total peaks identified per
analysis). b Graphic showing the number of common peaks between
each analysis for the anti-EHMT1 ChIPseq experiment. ¢ Graphic

a high degree of heterogeneity across different cell lines
(~60 % of binding regions are different) and a somewhat
high degree of heterogeneity across developmental time
periods in the same cell line (~45 % of targets are identical).
Still, it is not clear what even the expected level of over-
lap should be for either of these analyses, so this provides
at least some guidance for future experiments on the spati-
otemporal function of DNA association proteins.

Analysis of EHMT1 ChIP results was very different than
SATB?2 binding patterns (Fig. 3b). First, we observed pecu-
liar peak frequencies between FBC developmental stages,
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TCF7L2

FBC dif FBC pro FBC dif

showing the number of common peaks between each analysis for
the anti-TCF7L2 ChIPseq experiment. d A replicate experiment per-
formed only in FBCs in a new batch of proliferating and differenti-
ating cells. e This graphic shows the number of overlapping peaks
in the anti-SATB2 ChIP experiments identified between each NSC
line at each stage and adult human brain. The number in the middle
represents the total number of common peaks across all five ChIP
experiments (adult brain, 2 NSC lines at two developmental stages).
pro proliferating and dif differentiating. f The common ChIP peaks in
the anti-EHMT1 ChIP experiment. g The common ChIP peaks in the
anti-TCF7L2 ChIP experiment

where there were many peaks in the proliferating state and
very few in the differentiating state (Table 1), a result not
explained by differential expression of EHMT1 at each
stage (Fig. le). Twenty-two percent of peaks identified in
differentiating FBCs were observed in proliferating FBCs,
but only 0.3 % of peaks seen in proliferating FBCs were
seen in differentiating FBCs. This was not the case in iPSC-
NPCs across developmental stages, where we observed
49 % of peaks overlapping (Table 1), similar to results from
SATB?2 possibly suggesting peculiarities with FBCs. Across
NSCs but in the same developmental stage, we observed
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<2.5 % overlap at either stage. We were concerned that an
undetected technical error occurred in the FBC EHMT]I
ChIPseq experiments, possibly explaining the wide varia-
tion in peak number between proliferating and differentiat-
ing FBCs. We therefore reperformed ChIPseq using a newly
thawed batch of FBCs in both proliferating and differentiat-
ing states (FBC replicate). For this experiment, we found an
identical relationship as that first observed: there were many
peaks in FBC proliferating cells, and very few in FBC dif-
ferentiating cells, and with low overlap of peaks between
FBC proliferating cells in initial experiment and replicate
experiment (Fig. 3d). This suggested to us that EHMT1 may
be very active in FBC proliferating cells, possibly suggest-
ing that EHMT1 associates with the genome in a dynamic
way, highly dependent on cell state.

For TCF7L2, we found an almost identical pattern to
what was identified for SATB2, that is, a significant degree
of overlap of TCF7L2 peaks across NSCs and at develop-
mental stages, where 798 peaks were common across all
four independent ChIPseq experiments (Fig. 3c). Specifi-
cally, 67 % of peaks were common between FBC prolif-
erating and differentiating cells, while 42 % were com-
mon in iPSC-NPCs in proliferating and differentiating
states. Across NSCs but in the same developmental stage,
we found a 51 % overlap in proliferating cells, and a 55 %
overlap in differentiating cells (Table 1).

ChIPSeq in adult human frontal cortex

A major purpose of this study is to determine if genes
important in NDDs have a role in adult brain, a question that
may lay a foundation for eventual therapeutic intervention
because adult function of mutant genes might be treatable,
whereas developmental function mostly cannot (due to tim-
ing of detection of genetic anomaly, accessibility in utero,
and wiring of the nervous system), and one which might
suggest that some clinical features of what are considered
NDDs are in fact caused by postnatal function of genes of
interest such as EHMTI and SATB2. To provide a proxy for
‘adult function’, we reasoned that identifying ChIP peaks in
adult human brain tissue is a reasonable first step to deter-
mine if these genes have a role in adult human brain; we
acknowledge that the current experiments are not func-
tional; however, we do think that demonstrating expression
in adult brain and identifying DNA association regions are
reasonable output measures to begin to assess this question.

Similar to cell lines, we were able to detect several ChIP
peaks for each gene (Table 1) in adult frontal cortex (ChIP
was performed in tissue from six independent control indi-
viduals). For SATB2 and TCF7L2 proteins, we found ChIP
peak frequencies similar to cell lines (Table 1), but a much
higher number for EHMT1 peaks in brain than in cell lines.
We first asked what the overlap was between ChIP peaks

common in cell lines compared to adult frontal cortex. There
were 3467 SATB2 genomic targets identified in adult human
brain, of which only 24 were common with high confidence
(peaks present in all four independent ChIPseq experi-
ments) NSC targets, and we show the overlap with each cell
line (Fig. 3e). There was exceptionally low overlap levels
between each NSC experiment and brain, suggesting that
SATB2 binding regions are more common between cell lines
than between any cell line with adult brain. While we assume
that ~60 % of SATB2 binding regions can be attributed to
differences in cell source (Fig. 3) in NSCs, the profoundly
low level of overlap between adult brain and NSC peaks sug-
gests that SATB2 may have very different function in adult
brain than it does in proliferating or differentiating NSCs.
We include the caveat that brain tissue from frontal cortex
is a mixed population of cells, very different from NSCs,
and that proteins were extracted fresh from cells whereas
postmortem brain has been stored at —80 °C for some time
(see “Methods™). That said, our ChIP QC (Supplemental
Fig. 1A-C) was performed in adult brain tissue, so we can be
confident that ChIP is technically sound in adult brain.

For EHMT1 in human brain, we observed 193,375
peaks, a number three- to fourfold higher than what we
observed in cell lines (Table 1). Given the predicted ubiq-
uity and context specificity of EHMT1 DNA binding, we
observed in FBCs even on replicate experiments, it may be
that this reflects different action of EHMT]1 in the 6 differ-
ent individuals used in this pooled brain analysis. In this
case, it suggests that the action of EHMT1 might be highly
context, state, and individual dependent—a finding perhaps
not surprising for a protein that operates at the genomic
level and needs to respond dynamically to cell stressors and
other external cues.

TCF7L2, our ‘positive control’ for technical proce-
dures throughout because it is such a well-studied protein,
showed a similar result to SATB2—there was exceptionally
low overlap between all cell lines and adult brain.

To demonstrate peak calls in these data, we provide two
ChIP peaks per gene, with one brain-specific peak and
one cell line-specific peak (Fig. 4) and show the absence
of any sequencing reads in the comparison tissue (i.e., cell
line compared to brain). In Fig. 4, we show IGV images
with raw sequencing reads delineating the called peak. For
SATB2 protein for example, there are read pile-ups in an
intron of the E2F3 gene in all cell lines, with no reads from
brain ChIPseq data. Conversely, for CPT1C, there is a pile-
up of reads in DNA extracted from adult frontal cortex, but
no reads in this same region from any cell line. The CPTIC
gene is carnitine palmitoyltransferase 1C, a gene impli-
cated in feeding behaviors in mouse knockout studies (Gao
et al. 2009; Wolfgang et al. 2006), where feeding difficul-
ties are a phenotype of individuals with SATB2 deficiency
(Rosenfeld et al. 2009).
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Fig. 4 ChIPSeq data demonstrating differential binding of by neu-
rodevelopmental stage. These Integrated Genomics Viewer image
shows the position of this genomic location on the chromosome
by a vertical red bar, as well as the genetic coordinates for SATB2
ChIPseq experiment. There are five windows within this image and

In our ‘positive control’ ChlIPseq targeting TCF7L2
protein, we observed a similar pattern: there is binding of
TCF7L2 in PPP2R2B apparently in dimer in all cell lines but
not one read in brain; conversely, the neurotransmitter trans-
porter SLC6A13 shows read pile up in brain but not a sin-
gle read from any cell line. These raw data examples argue
for a much more dynamic genomic association for at least
these proteins. Temporal and spatial patterns of DNA asso-
ciation may be extremely dynamic for all transcription fac-
tors, dependent on developmental stage or cell context. DNA
association maps of individual proteins such as ENCODE
may be specific to the context of the experiments in which
they were conducted, where developmental stage is one of
many possible contexts. Future mapping studies might con-
sider developmental DNA association patterns of proteins.

Replication of ChIP with qPCR confirmation of select
genomic targets

While we are confident in our ChIP calling parameters and
the fact that we have excellent overlap of 2/3 genes across
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each one represents sequencing reads (thick gray bars) from inde-
pendent ChIPseq experiments from both NSC lines at two neurode-
velopmental stages and adult human brain. The blue line at the bot-
tom represents the gene, which is also named in italics. a, b SATB2;
¢, d EHMT]I; e, f TCF7L2 (color figure online)

4 independent cell types, we validate a selection of ChIP
peaks using DNA squired from freshly grown cells and a
new ChIP experiment using the same antibodies. To per-
form these experiments, we selected peaks called across all
cell lines for each of SATB2, EHTM1, and SATB2 ChiPseq
and performed DNA-based targeted gPCR. We used two
negative control regions not found in the ChIPseq data to
normalize gPCR (Fig. 5). For each gene, we selected tar-
gets that showed high read coverage across all 4 cell lines,
and that were the most statistically significant compared to
background levels as determined by MACS.

For EHMT1, we attempted to validate ChIP data using
genomic loci in GFAP, a marker of astrocytes and radial
glial cells, and MALAT1 across all 4 cell lines (Fig. 5c, d).
Here, we could observe increased DNA in 3 of 4 cell lines
for GFAP and 1 of 4 cell lines for MALAT1, with no signal
above baseline in the other cell lines. This suggests to us
that EHMT1 may bind very dynamically to DNA, as sug-
gested by our ChIPseq data that did not replicate across
experiments in an identical cell line, yet the validation in
some cell lines of these targets suggests that EHMTI is
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Fig. 5 Validation of ChIP peaks in a new ChIP experiment for each
gene and association of ChIP peaks with brain gene expression. a—f
Replication of ChIP peaks in two targeted genomic loci associated
with genes. Bar graphs are specific to each cell line and the height
above the red line represents the enrichment above negative control
loci. g-i ChIPseq peaks are enriched for genes that correlate with

not just random noise. More work will need to be done to
understand the dynamics of EHMT1 binding to DNA.

For TCF7L2, we could validate both of the selected
targets in all 4 cell lines (Fig. Se, f). Here, we selected
genomic loci in TCF7LI and the glucose transported
SLC2A5, in line with TCF7L2’s action in diabetes and in
a feedback loop with other family members in the WNT
signaling pathway. In the case of TCF7L2, a recent study
performed ChiPseq targeting this protein in several cell
lines but not brain cells (Frietze et al. 2012). To compare
how ChIPseq peaks in our study compare to ChIPseq peaks

Average absolute Pearson r

Average absolute Pearson r

transcription factor expression in BrainSpan. Each chip target was
correlated to all the genes in the genome using the BrainSpan devel-
opmental gene expression database for the VFC, IPC, HIP, DTH, and
MD. Genes that were bound by SATB2 and TCF7L2 were signifi-
cantly more correlated than expected by chance (color figure online)

in different non-neuronal cell lines, we intersected the
consensus peak file from TCF7L2 peaks (common across
all four ChIPseq experiments) with each cell lines from
the Frietze et al. study. First, we asked how many peaks
in the TCF7L2 file were seen in any of 6 lines used by
Frietze et al., and found that 62 % of peaks we detected
were observed in at least one cell line. Next, we used the
Szymkiewicz—Simpson coefficient to assess the similarity
between each dataset (where a coefficient of 1 represents
perfect overlap. HCT116: 0.084; HEK293: 0.028; HeLa:
0.075; HepG2:0.034; MCF7: 0.024; Pancl: 0.064).
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Correlation of expression of SATB2 and TCF7L2 genes
with their binding targets in BrainSpan data

To further show that ChIP targets are valid, we asked
whether there was a correlation of gene expression in brain
between each of SATB2, EHMT?2, and SATB2 and their
target genes. To do this, we used data from BrainSpan at
all timepoints from that study and using 5 brain regions.
We generated a Pearson R value for each data point using
absolute value (so as not to assume negative or positive reg-
ulation) and then asked what the probability of observing
a correlation was between the DNA association gene (i.e.,
SATB2, EHMT1, and TCF7L2) and their ChIPseq-identi-
fied targets. The R values for all other genes was used in a
permutation test to assess whether these was an enrichment
of high R values in the target genes. In Fig. 5g—i, we show
this graphically, where we find a strongly significant effect
for SATB2 and TCF7L2, but not for EHMT1.

DNA consensus motifs in cell lines and adult brain

Proteins that bind or associate with DNA are often associ-
ated with particular consensus motifs. Given that SATB2 and
TCF7L2 proteins bind DNA associated with distinct loci in
adult brain and NSCs (EHMT1 association is unclear), we
next wanted to test whether these proteins had distinct DNA
consensus motifs at different stages, or if consensus motifs
were the same across developmental stages. Thus, there
are two hypotheses being explored to explain the lack of
overlap between brain tissue and NSCs: (1) these proteins
have multiple targets with the same consensus motif in the
human genome but only access some of them some of the
time (depending on developmental stage for example), or
(2) that the proteins associate with DNA at different consen-
sus sites—a molecular explanation for this hypothesis may
be that these proteins might associate with different protein
complexes in adult brain compared to NSCs, guiding them to
genomic regions with different consensus motifs.

To test these diverging hypotheses, we used the high confi-
dence peaks from NSCs, and all peaks from brain. We include
EHMT]1 data from iPSC-NSCs (where there was good rep-
lication between proliferating and differentiating cells) and
adult brain, but consider the EHMT1 analysis lower confi-
dence due to the wide variation in peak calls between sam-
ples. We used the HOMER algorithm to determine de novo
consensus binding motifs that were enriched across each
group. Figure 6 shows the five most significant de novo con-
sensus motifs for each analysis as predicted by the HOMER
algorithm. For SATB2, the two most significant consen-
sus motifs were identical between the peaks called from all
four cell lines and adult brain, specifically the CAATATGG
motif. This suggests that the SATB2 consensus binding motif
is likely the same in adult human brain as in NSCs, but that
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these may be at different genomic locations, since there is
almost no overlap between brain and NSCs (Fig. 3e). Nota-
bly, this site also includes a central core ‘AATAT’ domain,
in line with SATB2’s function in associating with AT-rich
domains implied by its name (‘special AT-rich sequence-
binding protein’). For TCF7L2 protein, we found that the
GATCGGGTGT motif was the most significant enriched
across common peaks from the NSC experiment, and that
‘GATC’ occurred in 4/5 of these top five motifs. This is nota-
ble because a recent paper (Frietze et al. 2012) identified
CTTTGATC as the major 8-mer motif for TCF7L2 across
multiple non-neuronal cell lines. This suggests that ‘GATC’
might form part of a core binding motif of TCF7L2 and that
flanking regions of a core motif might provide cell type or
developmental stage specificity. In adult brain, we identified
TGATCC in the fourth ranked motif suggesting that TCF7L2
likely binds to this GATC core in brain as well as NSCs.

We observed some similarities between brain and iPSC-
NSCs from the EHMT1 protein as well, despite the variation
in peaks form this ChIP and its function as a DNA association
protein rather than a DNA binding protein. The motif ‘CCCA’
occurred in two of the five highest ranked (most significant)
motifs from brain (Rank 1 and 4), and occurred in the third
most significant rank from NSCs. Three of five most signifi-
cant NSCs motifs included ‘CAAA’, while ‘AAAC’ was pre-
sent in the fifth ranked brain motif and the fifth ranked NSC
motif. Together these results support the first hypothesis that
these three protein associate with similar DNA consensus
motifs in NSCs and adult brain, but at different genomic loci.

Enrichment of ChIP peaks at genomic regulatory
elements

Using data available on the UCSC genome browser, we next
asked whether ChIP peaks for each of SATB2, EHMTI, or
TCF7L2 were associated with transcription start sites, bind-
ing sites of other transcription factors, or specific histone
marks associated with gene expression. Figure 7 shows
density plots of genomic features found within 10 Kb up
or downstream of all consensus ChIP peaks for each gene.
The plot represents the likelihood of observing a particular
genomic feature in or within 10 Kb of a peak, where the
total area under the curve corresponds to all possible fea-
tures. Across each gene, we observe an increased likelihood
of observing transcription factor binding sites directly in the
peak rather than upstream or downstream.

Potential function of SATB2, EHMT1, and TCF7L2
reflects neurodevelopment in NSCs and neuron
function in adult brain

If DNA association regions are different for these pro-
teins in NSCs compared to adult brain, what might this



Hum Genet (2015) 134:1037-1053

1049

Fig. 6 De novo consensus sites
most significant in ChIP peaks
for each of SATB2. EHMT1,
and TCF7L2

A SATB2

A Brain peaks

CAATATGGTGAC
ACCZCCACGAT
TITGAAARACLC
ATCATCSAATC
CTAAGTTCGGCA

B Brain peaks
SGEGIGTGTGT
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Fig. 7 The relationship between ChIP peaks and transcription start sites. Plots represent all peaks from consensus reads and the likelihood of
observing a given feature at any distance from the peak, where the area beneath the curve corresponds to density

differential binding be doing? To understand this, we
mapped ChIP peaks to genomic features and performed a
Gene Ontology (GO) analysis of those peaks that mapped
near genes (5 Kb upstream and 2 Kb downstream). For
SATB?2 (Fig. 8), we found that brain peaks were mostly

concentrated in genes (>57 %), while common peaks
across NSCs showed a similar pattern, but with a higher
percentage of peaks found in genes and promoter/5'UTR
regions (>65 %). Performing a GO analysis using genes
that map to these peaks, we found that GO terms specific
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Fig. 8 TF binding loci reflect neurodevelopment in NSCs and neu-
ron function in adult brain. a Genomic distribution for those peaks
from the SATB2 ChIP experiment common to all four independent
NSC ChIPseq experiments and a Gene Ontology analysis showing
the most significant GO terms for peaks found near or within genes.
b Genomic distribution for those peaks from the SATB2 ChIP experi-
ment common to the adult brain ChIPseq experiment and a Gene
Ontology analysis showing the most significant GO terms for peaks
found near or within genes. ¢ Genomic distribution for those peaks
from the EHMT1 ChIP experiment common to all four independent
NSC ChIPseq experiments and a Gene Ontology analysis showing
the most significant GO terms for peaks found near or within genes. d

to NSC consensus peaks were related to neurodevelopment
and peaks in human brain were associated with nerve cell
transmission. For EHMT1, we used the all-common peaks
from the iPSC-NSC experiments (i.e., proliferating and dif-
ferentiating cells, 1439 common peaks). In these cell lines,
we identified GO terms associated with protein modifica-
tion and metabolic processes, while in adult human brain
EHMT1 peaks were also associated with genes involved
in metabolic processes. Performing a GO analysis for
TCF7L2 peaks, we find a similar pattern to SATB2; that
is, TCF7L2 preferentially associates with genes, but that a
higher percentage of peaks in NSCs associate with genes
and 5'UTR/promoter regions (>72 %) than in adult brain
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Genomic distribution for those peaks from the EHMT1 ChIP experi-
ment common to the adult brain ChIPseq experiment and a Gene
Ontology analysis showing the most significant GO terms for peaks
found near or within genes. e Genomic distribution for those peaks
from the TCF7L2 ChIP experiment common to all four independent
NSC ChIPseq experiments and a Gene Ontology analysis showing
the most significant GO terms for peaks found near or within genes. f
Genomic distribution for those peaks from the TCF7L2 ChIP experi-
ment common to the adult brain ChIPseq experiment and a Gene
Ontology analysis showing the most significant GO terms for peaks
found near or within genes

(>58 %). For the TCF7L2 gene ontology analysis, we find
more neurodevelopment terms in NSCs, and more terms
related to ‘neuron’ or ‘synapse’ in brain, suggesting that
TCF7L2 has a role in neurodevelopment in NSCs and in
neuron function in adult brain. We also observed the pres-
ence of ‘synaptic transmission, glutamatergic’ as the most
significant GO term in adult brain for TCF7L2 peaks, and
‘glutamate signaling pathway’ as the fifth most significant
GO term in NSCs. While GO categories can be overly
general, the specificity of these glutamate receptor catego-
ries in both NSCs and adult brain is notable. In particular,
it suggests a role for TCF7L2 in the regulation of gluta-
mate receptor subunits in NSCs and adult brain, which to
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our knowledge has not been reported to be a function of
TCF7L2. Together these gene ontology data support a
model where DNA associating factors target genes impor-
tant in neurodevelopment in NSCs and in synapse mainte-
nance or neuronal function in adult brain.

Discussion

The purpose of the current study was to investigate expres-
sion and DNA association of genes important in neurode-
velopment in adult human brain. The motivation for this
study was the lack of therapeutic targets for neurodevel-
opmental disorders—a lack of hope has percolated the
NDD research community where these disorders are seen
as untreatable because of the late identification of genetic
mutations in the clinic and the ‘fixing’ of neuronal projec-
tions in neurodevelopment (i.e., disease is wired in and can-
not be altered after the fact). We highlight here that genes
associated with neurodevelopmental disorders continue to
be expressed across defined neural stem cell stages and in
adult brain and, at least for SATB2 and EHMTI, and many
genes well known to be associated with NDDs continue to
have a role in adult, post-mitotic neurons. We suggest that
clinical manifestation of NDDs may be a result of not just
the dysfunctional activity of specific genes in development
but also the dysfunction of the same genes in the adult
brain. Targeting the adult function of genes might be a rea-
sonable approach to treating NDDs.

This study sought to highlight that genes implicated in
NDD may have a role adult brain. To do this, we chose
two genes we have worked with previously, SATB2 and
EHMTI, and included a gene not previously associated
with NDDs but which is implicated in WNT signaling for
our experiments. We surely could have chosen different
or more genes for these experiments; however, we argue
that our approach was reasonable and achieved our goal of
highlighting adult brain function. We think that expression
levels are a proxy for function, but more studies are needed
on the explicit role of each of these genes in adult brain,
particularly if the aim of treatment is to be pursued.

There are several technical details of these experiments
that warrant discussion. We used two very different neural
stem cell lines and found a high degree of overlap (>40 %)
of DNA binding regions across cell lines and, and a high
degree of overlap (43-67 %) across NSC developmental
stages within each cell line. This was true only for SATB2
and TCF7L2 proteins, both of which directly associate with
DNA, and likely suggests that this same pattern may be true
for other transcription factors expressed at both neurodevel-
opmental stages. For EHMT1—a histone methyltransferase
that associates with DNA but does not directly bind DNA—
we saw little overlap across any neurodevelopmental stage.

DNA binding regions for all proteins in adult brain are
almost completely different from NSC lines, though the
same DNA consensus sites were associated with each pro-
tein. DNA association may be a function of both the pres-
ence of an appropriate DNA consensus motif and at a spe-
cific developmental stage. The dynamics of protein action
are not well understood, though it has become clear from
projects like ENCODE (Zhang et al. 2012) that the same
protein can associate with different genomic regions in dif-
ferent cell types (e.g., liver vs kidney), and our work further
highlights this within the nervous system at different devel-
opmental stages.

EHMT1 DNA binding patterns appear to be cell type
and cell stage specific. EHMT1 does not directly bind
DNA, but has an important function in human neurode-
velopmental given the severe disorder caused by EHMT1
haploinsufficiency (Talkowski et al. 2012). How then does
EHMT1 specify its genomic targets? We found almost no
overlap of EHMT1 across proliferating and differentiating
NSCs in the FBC line, mostly because there were so many
peaks observed at the proliferating time point, and our rep-
lication experiment suggested that this was not a techni-
cal artifact. In the iPSC-NPC line, we saw a high degree
of overlap (>40 %) of ChIP peaks in proliferating and dif-
ferentiating cells, possibly suggesting that EHMT1 does
indeed target specific genomic locations when cells dif-
ferentiate down a linear cell program, since only the iPSC-
NPC line was able to form electrophysiologically defined
neurons. Perhaps the heterogeneity of FBCs is so high, and
EHMT1 function so ubiquitous, that no overlap could be
observed in the FBCs.

We used an arbitrary (but functionally defined) defini-
tion of cell stage and highly heterogeneous samples. It may
be that the patterns that we observed are specific to the lim-
ited windows we defined, so a future analysis might look
at more comprehensive temporal windows; for example at
day-60 and day-90 post-differentiation stages, rather than
just the day-30 stage used here. We used two very different
neural stem cell lines and brain tissue from frontal cortex.
While we see this as a strength (given the high degree of
overlap across NSCs at the same developmental stage), it
may be that differential binding patterns by developmen-
tal stage are different than that observed here if one were
to use the same tissue across all developmental stages;
however, this is technically challenging, if not impossible,
should one want to examine for example, the earliest neu-
rodevelopmental stage and the late adult stage.

We used DNA binding patterns as a proxy for potential
function of each DNA association protein, thus we can-
not say precisely what association with DNA might mean.
This decision though was re-enforced by the results from
the GO analysis, whereby the actual genes where binding
sites were observed were remarkably close to what one
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might expect from each DNA association protein. We did
consider performing DNA association protein knockdown
experiments to correlate with ChIP binding peaks; how-
ever, recent studies suggest that the relationship between
DNA association and effects on transcription are not neces-
sarily direct (Cheng et al. 2012; Jaeger and Manu 2012),
further limiting interpretation of these results. Future work
with respect to these genes and disease might determine
which genomic targets lead to a direct effect on expression
of nearby genes and at what time period.

Currently, neurodevelopmental disorders are consid-
ered disorders of genomic architecture, whereby clini-
cal features of disease are caused by errors that occur in
utero or in perinatal brain development periods (Geschwind
and Levitt 2007; Tebbenkamp et al. 2014). Our work sug-
gests a broader view of some genes implicated in autism
or other neurodevelopmental disorders is warranted; these
genes undeniably have important and disease related func-
tions in early developmental periods; however, they appear
also to have a role in adult human brain, at least when using
expression and DNA association as an output measure. We
suggest that diseases associated with mutations in some of
these genes might result from altered action in the adult
period and not from action in early neurodevelopment. This
contributes to the idea that treatment of disorders tradition-
ally considered neurodevelopmental (e.g., autism) might
have therapeutic value (Castren et al. 2012; Ehninger et al.
2008), where targeting the adult function of mutated genes
that cause disease might improve clinical outcomes.
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