
Cellular/Molecular

The Genome-Wide Binding Profile for Human RE1
Silencing Transcription Factor Unveils a Unique Genetic
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Early studies in mouse neurodevelopment led to the discovery of the RE1 Silencing Transcription Factor (REST) and its role as a
master repressor of neuronal gene expression. Recently, REST was reported to also repress neuronal genes in the human adult brain.
These genes were found to be involved in pro-apoptotic pathways; and their repression, associated with increased REST levels during
aging, were found to be neuroprotective and conserved across species. However, direct genome-wide REST binding profiles for REST
in adult brain have not been identified for any species. Here, we apply this approach to mouse and human hippocampus. We find an
expansion of REST binding sites in the human hippocampus that are lacking in both mouse hippocampus and other human non-neu-
ronal cell types. The unique human REST binding sites are associated with genes involved in innate immunity processes and inflam-
mation signaling which, on the basis of histology and recent public transcriptomic analyses, suggest that these new target genes are
repressed in glia. We propose that the increases in REST expression in mid-adulthood presage the beginning of brain aging, and that
human REST function has evolved to protect the longevity and function of both neurons and glia in human brain.
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Significance Statement

The RE1 Silencing Transcription Factor (REST) repressor has served historically as a model for gene regulation during mouse
neurogenesis. Recent studies of REST have also suggested a conserved role for REST repressor function across lower species
during aging. However, direct genome-wide studies for REST have been lacking for human brain. Here, we perform the first
genome-wide analysis of REST binding in both human and mouse hippocampus. The majority of REST-occupied genes in
human hippocampus are distinct from those in mouse. Further, the REST-associated genes unique to human hippocampus
represent a new set related to innate immunity and inflammation, where their gene dysregulation has been implicated in
aging-related neuropathology, such as Alzheimer’s disease.

Introduction
The role of transcription factors during the development and
early maturation of the nervous system has been the subject of
intense research, as new sequencing technologies have been

brought to bear on neurodevelopmental disorders, such as
autism, and aging disorders, such as Alzheimer’s disease (AD).
A factor of interest in this regard is the RE1 Silencing
Transcription Factor (REST, Chong et al., 1995; also called
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NRSF, Schoenherr and Anderson, 1995). During embryogenesis,
REST is expressed primarily in non-neural tissues in the embryo
(D. Zhang et al., 2017), as well as in embryonic stem cells (ESCs)
and embryonic and adult neuronal progenitors (Mukherjee et
al., 2016). In non-neuronal cell types and ESCs, REST binds to
thousands of target genes, both coding and noncoding, contain-
ing its consensus binding site, the 21-nucleotide Repressor
Element 1 (RE1, Kraner et al., 1992; NRSE, Schoenherr et al.,
1996; D. S. Johnson et al., 2007; Otto et al., 2007). The relief of
REST-mediated repression, including dismissal of its corepres-
sors during differentiation (Ballas et al., 2005), endows mature
phenotypic features on neurons, including expression of voltage-
sensitive and ligand-gated ion channels, growth factors, and their
cognate receptors, synaptic proteins, and neuronal transcription
factors (Ballas and Mandel, 2005).

Historically, most work on REST has focused exclusively on
its important role in forming the mouse embryonic nervous sys-
tem. More recent studies, however, indicate that REST also plays
a role later in life. For example, several studies in mice indicate
that REST is present in certain populations of postmitotic neu-
rons in late embryogenesis, persisting in the postnatal brain
(Palm et al., 1998; Calderone et al., 2003; Kuwabara et al., 2004;
Sun et al., 2005; Gao et al., 2011; Nechiporuk et al., 2016). REST
levels are also increased under conditions of ischemia or seizure
in adult mouse brain, and preventing the increase alleviates neu-
ronal cell death associated with both conditions (Calderone et
al., 2003; Hu et al., 2011; Noh et al., 2012; Kaneko et al., 2014;
McClelland et al., 2014; Singh-Taylor et al., 2018). Two studies
have pointed to a protective function for increased REST expres-
sion in human neurons during aging through binding to stress-
related and pro-apoptotic genes (Lu et al., 2014; Zullo et al.,
2019). Further, REST levels were reduced in the age-related cog-
nitive disease, AD (Lu et al., 2014). In the same study, loss of
REST in mouse resulted in increased cortical activity, and loss of
function of a REST ortholog in Caenorhabditis elegans resulted
in increased neural activity and an increase in lifespan (Zullo et
al., 2019).

Several molecular and bioinformatics findings, however,
question the extent to which mice model REST function in
human brain overall. First, while REST initially appeared with
the evolution of a vertebrate nervous system (Mortazavi et al.,
2006), REST has also evolved with strong positive selection in
humans, specifically (Aigner and Yeo, 2009; Mozzi et al., 2017).
Second, comparisons of REST binding profiles in human and
mouse ESCs, and across other human cell types, indicate an
expansion of the human cistrome, suggesting unique roles for
REST-regulated genes in human brain development and neuro-
developmental disease (R. Johnson et al., 2009; Rockowitz et al.,
2014; Rockowitz and Zheng, 2015; D. Wang et al., 2018). Third,
while the cognate REST binding site (RE1) sequence is highly
conserved across species (Mortazavi et al., 2006), many RE1
sequences are unique to the human genome (R. Johnson et al.,
2009; Rockowitz and Zheng, 2015). These findings notwithstand-
ing, direct studies of REST binding sites have not been deter-
mined by genome-wide REST binding profiles in the human
brain.

Here, we address this question using chromatin immunopre-
cipitation with massively parallel DNA sequencing (ChIP-seq)
on mouse and human hippocampus. We find little overlap
between REST binding sites in these two species. Further, previ-
ous immunohistochemistry and recent public transcriptomic
data indicate that the predominant origin of our REST binding

sites is likely glia, highlighting a role for non-neuronal cells in
protecting the longevity of neural cells.

Materials and Methods
Mouse strains
REST GT(D047E11) (RestGT) mutants were established by blastocyst injec-
tion of the D047E11 GT clone (GenBank Acc No. DU821609) (Hansen
et al., 2003). RESTGTi(D047E11) mice carrying the inverted GT vector
(RestGTi) were obtained by crossing to Flpe deleter mice (Rodríguez et
al., 2000). This colony is maintained and genotyped to generate
brain-specific REST�/� mice using Nestin Cre as described by
Nechiporuk et al. (2016). Mice were backcrossed to WT C57Bl6 line
(Jackson ImmunoResearch Laboratories, strain 000664) for at least
10 generations.

Human tissue
Tissue was procured through the Oregon Alzheimer’s Disease Center
and Oregon Health and Science University Department of Pathology
and subjects had no significant brain pathologies, except age-related
changes as established by review of clinical histories and survey of com-
mon neurodegenerative disease-associated lesions. Tissues were deiden-
tified, and their use was exempted from review by the Institutional
Review Board at Oregon Health and Science University in accordance
with relevant guidelines. Informed consent was obtained from all partici-
pants and/or their legal representatives. All analyses were performed on
postmortem frozen tissue with a time interval from death to preservation
of, 24 h.

Immunohistochemistry
Human tissues were evaluated as described previously (Nguyen et al.,
2018). In brief, brains were fixed in neutral-buffered formaldehyde solu-
tion for at least 2weeks and examined grossly and microscopically. For
microscopic evaluation, tissue samples were processed into paraffin
blocks and 6 mm sections were stained with H&E and Luxol fast blue
and immunostained as described above after antigen retrieval with de-
velopment using ABC kits from Vector Laboratories.

Antibodies
Mouse anti-actin (DSHB clone JLA20-C, RRID:AB_528068, WB-1:5000,
Fig. 1C,D), mouse anti-a-tubulin (DSHB clone AA4.3, RRID:AB_
579793, WB-1:5000; Fig. 2B), and rabbit anti-HDAC2 (Invitrogen,
RRID:AB_2547079, WB-1:5000; Fig. 2A); Rabbit anti-human REST anti-
body REST-C (Ballas et al., 2005) (in-house, WB-1:1000, Figs. 1 and 2;
and all ChIP experiments).

Western blotting of human and mouse hippocampi
Tissue removal: Human hippocampi were dissected on dry ice and flash
frozen using precooled steel plates at �70°C within 24 h of removal
from human postmortem brain and stored at �90°C. Mouse hippo-
campi were flash frozen in liquid nitrogen before dissection on dry ice.
For the blots: Human hippocampal tissue was lysed in cold lysis buffer
containing 50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1 mM so-
dium vanadate, 10 mM b -glycerophosphate, 10 mM NaF, protease inhib-
itors (Roche Basel), 1% Triton X-100, and 10% glycerol and resolved on
3%-8% precast gradient Tris-acetate gels (Invitrogen). For mouse tissue,
nuclear extracts were prepared by the modified Dignam method as pre-
viously described (Grimes et al., 2000). For both human and mouse,
probing the blots with primary antibodies was conducted at 4°C over-
night followed by incubation with the appropriate secondary antibodies
for 2 h at room temperature. REST signals were visualized using the
chemiluminescent West Pico detection kit (Thermo Fisher Scientific,
catalog #34083). Western blot quantification was conducted in ImageJ
(Schindelin et al., 2012) and performed by subtracting the background
signal (region below individual bands) from the REST signal. REST sig-
nal was normalized to loading controls recognized by either HDAC2 or
a-tubulin.
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REST immunoprecipitation after cell
transfection
Confluent HEK-293 cells were transfected in
6-well plates with Lipofectamine 2000
(Thermo Fisher Scientific, catalog
#11668027) using 2mg of either human or
mouse full-length cDNA in pcDNA3.1
expression vectors under control of the
CMV promoter (Thermo Fisher Scientific,
catalog #V79520) and empty vector control.
Cells were lysed with ChIP buffer (10 mM

Tris-HCl, pH 8.0, 1% Triton X-100, 150 mM

NaCl, and 1 mM EDTA, and protease inhibi-
tors) in a Dounce homogenizer on ice.
Lysate protein concentrations were deter-
mined by detergent compatible protein assay
(Bio-Rad, catalog #5000112). For the immu-
noprecipitations, Protein G Dynabeads
(Invitrogen, catalog #10003D) were pre-
equilibrated in TBSTBp (TBS with 1% BSA,
1% Triton X-100, and protease inhibitors).
Lysates were first precleared by mixing up to
20mg of lysate with 10ml of equilibrated
Protein G beads in ChIP buffer for 4 h at 4°
C. For antibody binding, 20ml of Protein G
beads were incubated with �20mg (Fig. 1B)
of anti-REST-C antibodies (Ballas et al.,
2005) for 2 h at room temperature in 0.5 ml
TBSTBp. The bead-Ab complex was washed
3 times with TBSTBp, and then added to the
precleared lysate and incubated overnight at
4°C. Beads were washed three times with
ChIP buffer at 4°C for 5min and protein was
eluted with 20ml of 100 mM glycine, pH 2.6,
at room temperature. Western blotting to
quantify the amount of REST in the immu-
noprecipitates was done by loading equal vol-
umes of the immunoprecipitated eluates, as
well as 20mg of the unprecipitated lysate
(input, maximum possible REST signal
among trials). The blots were processed for
REST as above for the tissues and visualized
using a LICOR Odyssey CLx imager. REST
signals were quantified in ImageJ as above,
and reported as % of REST signal relative to
input. All gels were imaged, processed, and
quantified using identical settings.

REST ChIP
Approximately 100-200mg of unfixed frozen
tissue from pooled mouse hippocampi
(ages 5 weeks) or individual human hip-
pocampus (ages 63, 63, and 67 years) was
cross-linked in cross-linking buffer (10
mM HEPES, pH 7.2, 100 mM NaCl, 1 mM

EDTA, and 1 mM EGTA) containing 1%
formaldehyde (Thermo Fisher Scientific;
methanol free) for 10 min at room tem-
perature. Excess formaldehyde was quenched with 125 mM glycine
for 5 min at room temperature. Tissue was resuspended in homog-
enization buffer (250 mM sucrose, 25 mM KCl, 5 mM MgCl2, 20 mM

tricine-KOH; pH 7.8, 1 mM DTT, 0.15 mM spermine, 0.5 mM sper-
midine, and protease inhibitors) after a wash with ice-cold PBS.
Tissue was homogenized using Dounce homogenizer with loose
(A) and tight (B) pestle (5 strokes each), followed by additional 5
strokes of tight pestle with 0.3% NP-40, and then the homogenate
was passed through a 40 mm strainer. Nuclei were isolated at 4000
� g at 4°C for 5 min and resuspended in ;0.5 ml sonication buffer
(10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 1 mM EGTA). Fragmented

chromatin was prepared from ;10 million nuclei in Covaris S220
(200 cycle per burst, 5% duty cycle at power level 4 for 12 min at 4°
C) in presence of 0.3% SDS. For the immunprecipitations, Protein
G Dynabeads (Invitrogen; 30 ml/reaction) were equilibrated in
TBSTBp (TBS with 1% BSA, 1% Triton X-100, and protease inhibi-
tors); 10 ml Protein G beads were used for preclearing the chroma-
tin in ChIP buffer (10 mM Tris-HCl, pH 8.0, 1% Triton X-100, 150
mM NaCl, and 1 mM EDTA, and protease inhibitors) for 4 h at 4°C.
20 ml Protein G beads were used to make the bead-Ab complex
with 20 mg anti-REST-C antibodies (Ballas et al., 2005) for 2 h at
room temperature in 0.5 ml TBSTBp. After washing bead-Ab com-
plex 3 times with TBSTBp, ChIP was conducted overnight at 4°C

Figure 2. REST protein levels increase with advanced age in human but not mouse hippocampus. A, B, Top, Representative
Western blots of mouse and human hippocampal extracts probed with the REST-C antibody. REST migrates at ;200 kDa.
a-Tubulin and HDAC2, loading control. Bottom, Quantification of Western blots for REST from mouse and human. Each symbol
represents an individual mouse (n= 20) or human donor (n= 24). In human samples, REST levels show a correlation with age
(R= 0.74, p = 3.87E-05).

Figure 1. The REST-C antibody immunoprecipitates mouse and human REST protein expressed in human embryonic kidney
cells with equal efficiency. A, B, Top, Representative Western blots of REST in immunoprecipitates from human embryonic kid-
ney cells transfected with equal molar amounts of indicated vector cDNAs. REST migrates at;200 kDa. I, Input. REST level in
20mg of lysate representing the maximal signal for REST. IgG heavy chain signal serves as control for equal amounts antibody-
bead complex during the immunoprecipitation, except in B, where antibody amount was intentionally reduced across samples.
Actin was used to normalize the input concentration for the independent transfections. Bottom, Quantification of REST in the
Western blots. Graphs represent the averages of four independent transfections. y axis, amount of REST in the immunoprecipi-
tates relative to the amount of REST in the starting lysate (Input). Error bars indicate SEM. ns, Not significant (p= 0.93,
Student’s t test).
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with precleared chromatin. Beads were washed twice with low-salt,
high-salt, and LiCl buffers at 4°C, followed by two washes with TE
at room temperature. DNA was eluted and crosslinks were
reversed overnight at 65°C. Contaminants were removed from
DNA by RNaseA and Proteinase K treatment followed by purifica-
tion with PCR purification kit (QIAGEN).

REST ChIP-seq
Ten nanograms of fragmented DNA was used as input for a modified
TruSeq Nano DNA library preparation protocol (Illumina). Briefly,
input DNA was treated with 39 to 59 exonuclease activity and 59 to 39 po-
lymerase activity to blunt the ends. There was no size selection of the
fragments. A single “A” nucleotide was added to the 39 ends to enhance
ligation to the adapters. RNA adapters (Illumina) were ligated to the
fragmented DNA followed by cleanup using sample purification beads
provided with the kit. The ligation product was enriched using 14 cycles
of PCR. The amplification product was cleaned using sample purifica-
tion beads. Libraries were profiled using the TapeStation D1000 DNA
tape. Library concentrations were determined using the Library
Quantification Kit for Illumina sequencing platforms (Kapa Biosystems)
on a StepOnePlus Real Time PCR Workstation (Thermo Fisher
Scientific). Libraries were mixed for multiplexing, and the concentration
of the mix was determined by real-time PCR. Short read sequencing was
performed on a HiSeq 2500 (Illumina) using a single 100 cycle protocol
by the Oregon Health and Science University Massively Parallel
Sequencing Shared Resource. Base call files were converted to fastq files
using Bcl2Fastq2 (Illumina).

ChIP-seq analysis
Sequenced reads were processed and analyzed by the ENCODE ChIP-
seq analysis pipeline (https://github.com/ENCODE-DCC/chip-seq-
pipeline2) using the GRCh38 (hg38) version of the human genome and
the mm10 version of the mouse genome. Three human replicates (age
63, 63, and 67 years) were processed. For mice, two replicates of pooled
hippocampi from 4 animals were analyzed. Peaks for each replicate were
called, and then the final peak list was based on the optimal set calculated
using the SPP peak caller and the irreproducible discovery rate (IDR),
which incorporates all the replicates into the analysis.

Read quality analysis, gene annotation, and Gene Ontology (GO)
enrichment
REST peaks for each experiment were converted into bed files and ana-
lyzed using the R programs Homer (Heinz et al., 2010), ChIPseeker (Yu
et al., 2015), ClusterProfiler (Yu et al., 2012), and EnrichR (Chen et al.,
2013). REST target genes associated with all peaks used for GO analysis
were annotated with the seq2gene function in ChIPseeker. REST target
genes were defined as genes with REST peaks located within the gene
body and including up to 5 kb upstream of the Refseq-annotated tran-
scriptional start site (TSS). “Core” REST peaks were defined as peaks
that overlapped in at least 40 datasets of the 48 non-neuronal REST
ChIP-seq replicates publicly available from ENCODE as determined by
Homer (Extended Data Fig. 4-1). GO lists were reduced in complexity
by the PANTHER “slim” database (Mi et al., 2019), and overrepresenta-
tion and enrichment of GO terms were calculated using Fisher’s exact
test with Bonferroni correction. Motif analysis was performed using
DREME (Bailey, 2011) and DIVERSITY (Mitra et al., 2018) on all REST
peaks frommouse or human hippocampus.

High Occupancy Target (HOT) region filtering
As known HOT regions predominately center around highly expressed
TSSs (Chen et al., 2014), we used aggregate plots for ChIP-seq read
depths for H3K4me3 and H3K9ac modifications to simulate HOT
regions in hippocampal tissue and the cell lines analyzed. We then calcu-
lated an active chromatin score for each putative HOT region and com-
pared them with REST enrichment levels. We first tested our filter
method on two independent ENCODE datasets from human ESCs and
the human A459 lung carcinoma cell line (Extended Data Fig. 4-1), and
were able to establish a threshold that eliminated the majority of the TSS
H3K4me3 and H3K9ac peaks, 63% and 79%, respectively, while

maintaining the majority, 87% and 99%, of REST peaks containing con-
sensus RE1 sites (Fig. 4C). We then extended the filter to ENCODE
ChIP-seq analysis on human H1 neurons and our human hippocampal
dataset, normalizing the thresholds to median REST and H3K4me3 and
H3K9ac ChIP-seq reads for each dataset. The filter significantly reduced
the proportion of HOT regions with minimal loss of REST peaks in all
of these cell types and human hippocampus and, importantly, in hippo-
campal peaks associated with REST RE1 sequences (Fig. 4D,E). As pre-
dicted, the filtered peaks centered on promoter regions, and the closest
annotated genes to the filtered peaks were enriched significantly for
housekeeping functions atypical of REST target genes and typical of
HOT regions, such as ribosome biogenesis, splicing, and DNA metabo-
lism. In total, our filter removed 11,495 of 13,620 REST peaks.

Results
Divergent postnatal REST expression patterns in mouse and
human hippocampus support distinct REST functions in
humans
For the ChIP-seq analysis, we used an affinity-purified polyclonal
antibody validated previously in our laboratory for ChIP-seq
analyses (Nechiporuk et al., 2016). The antibody was generated
against the conserved C-terminus of human REST (65% identical
and 75% similar at the amino acid level between mouse and
human) and was validated for REST specificity in both Western
blotting and qChIP analyses of mouse tissue using a REST gene
trap KO line that prevents expression of the full-length transcript
(Nechiporuk et al., 2016). Three previously published studies
(Ballas et al., 2005; McGann et al., 2014; Nechiporuk et al., 2016),
in culture and in vivo, indicate that the same REST antibody
used for this ChIP-seq analysis detects REST expression over a
wide range of endogenous REST levels, from very high (mouse
ESCs), to intermediate (neural progenitors), to minimal or unde-
tectable levels in neurons. To our knowledge, mESCs express the
highest level of REST in any cell type or tissue.

To test directly for equal efficiency of the REST antibody to
immunoprecipitate human and mouse REST, we transfected
human or mouse cDNA into human embryonic kidney cells that
express negligible levels of endogenous REST. We then immuno-
precipitated REST over an eightfold range of lysate concentra-
tions from each transfection. Conversely, we used an eightfold
range of REST antibody to immunoprecipitate a fixed concentra-
tion of lysate. REST protein in the immunoprecipitates was
quantitated by Western blotting. We found equivalent immuno-
precipitation efficiencies for the two species in both experiments
(new Fig. 1A,B). Of note, this REST antibody will not detect
truncated splice variants that are still largely enigmatic in terms
of their function (Chen and Miller, 2018).

Consistent with the idea that REST function could be differ-
ent in mouse and human, a comparative Western blotting
experiment indicated a completely opposite time course for
REST expression, with advanced age, in mouse and human hip-
pocampus. Mouse REST levels dropped dramatically, to a barely
detectable level by 4-6months of age that persisted well into
adulthood (18months; Fig. 2A). In contrast, human REST levels
increased progressively with age as reported previously (Lu et al.,
2014) (Fig. 2B). We were not expecting the dramatic decrease in
mouse REST to minimal levels, which for technical reasons re-
stricted the age for an in-depth ChIP-seq analysis. However, at 5
weeks of age, which we chose for the analysis, the hippocampal
neural cells are mature and the mice exhibit adult behaviors
(Semple et al., 2013). The questions of the mechanisms regulat-
ing the differential REST postnatal expression profiles during
aging in the two species, and whether the cellular distribution of
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REST expression is altered with age in each species, are large
questions in themselves. Here we focus specifically on the first
comparative genomic REST binding analysis in the two species
at one adult stage.

REST-bound sites in the mouse postnatal hippocampus
As a first step in our ChIP-seq analysis, we compared the REST-
bound peaks in mouse hippocampus with REST peaks found

previously in ESCs (Nechiporuk et al., 2016) and the C2C12
muscle cell line (Fig. 3A) (McGann et al., 2014; Davis et al.,
2018). We identified only 221 REST-bound peaks in the mouse
hippocampus (Extended Data Fig. 3-1). We found that 69% of
the peaks were unique to hippocampus, with the remainder
shared with C2C12 and ESCs that had 2537 and 2162 REST
peaks, respectively (Fig. 3A,B). The lower number of hippocam-
pal REST peaks likely reflects a lower REST expression level in

Figure 3. REST ChIP-seq analysis reveals associated genes encoding neurodevelopmental proteins unique to mouse hippocampus. A, Venn diagram of REST peaks in mouse hippocampus
and indicated cell types. C2C12, mouse myoblast cell line. A full list of mouse hippocampal peaks and their locations can be found in Extended Data Figure 3-1. B, Heat maps of REST binding
density at ChIP-seq peaks. Each heat map is scaled to the maximum level of REST bound in each tissue/cell type, and regions are sorted from highest to lowest REST binding levels in hippocam-
pus (Hipp) and indicated cell lines. C, Consensus and related RE1 sequences (Mortazavi et al., 2006; Johnson et al., 2007; Otto et al., 2007). Values in parentheses indicate the number of hippo-
campal REST ChIP-seq peaks associated with given motif. *Nucleotides matching RE1 consensus. ^Inserted nucleotides in consensus. D, Distribution of REST peaks at RE1 consensus and related
sequences relative to the nearest annotated gene. E, GO categories for genes associated with REST peaks unique to the hippocampus. Negative log10 of p value was calculated by Fisher’s exact
test and corrected by FDR (see Materials and Methods). Dashed line indicates p= 0.05. A full list of GO categories can be found in Extended Data Figure 3-2. F, REST peaks at representative
genomic loci. Tle loci are unique to hippocampus, and shared loci indicated are prototypical neuronal function RE1 sequences. All REST peaks shown have underlying RE1 or related sequences
with the exception of Tle3. Arrows indicate TSSs. Broader horizontal lines in genes indicate exons.
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mouse hippocampus. This conclusion is supported by the ability
of this antibody to bind to exogenous REST epitopes over a large
dynamic range (Fig. 1), as well as by previous studies of endoge-
nous REST where this same antibody detected epitopes from
mESCs, which express very high levels of REST, to fully differen-
tiated neurons that express extremely low levels of REST (Ballas
et al., 2005; He et al., 2020).

We sought to determine whether the unique REST-bound
hippocampal peaks were associated with genes lacking consensus
and related RE1 sequences typical of non-neuronal cells and neu-
ral progenitors, because binding to non-RE1 sequences has been
reported previously (Rockowitz and Zheng, 2015; D. Wang et al.,
2018). For this analysis, we used consensus RE1 motifs, RE1 half
motifs, and other RE1-related motifs (Fig. 3C) (Mortazavi et al.,
2006; D. S. Johnson et al., 2007; Otto et al., 2007). As expected,
all hippocampal peaks shared with non-neuronal cells displayed
consensus or RE1-related sequences (Table 1). However, of
the REST peaks unique to the hippocampus, none overlaid a
consensus RE1 sequence and only 22% were associated with
an RE1-related sequence (Table 1; Extended Data Fig. 3-1).
In contrast, consensus and RE1-related peaks represented
88% and 82%, respectively, of the sites unique to each non-
neuronal cell type (Table 1). The distribution of REST peaks
shared among all three tissue/cell samples, which contained
RE1 sequences, was biased more toward the promoter
regions of annotated genes (Fig. 3D), consistent with previ-
ous studies in mouse ESCs (McGann et al., 2014; Rockowitz
and Zheng, 2015). The distribution of REST peaks unique to
hippocampus was biased away from promoters and more to-
ward intergenic regions. More than 50% of the hippocampal-
unique peaks belonged to this category, compared with the
peaks shared among all cell types (only ;25% intergenic
peaks) (Fig. 3D). This finding is commensurate with a previ-
ous observation that nonconserved sites tend to be located
more distally from promoters (R. Johnson et al., 2009).

Most REST binding sites in mice have been associated with
canonical neuronal genes that encode proteins related to synaptic
or neuronal functions. To determine the gene classes bound by
REST in our study, we first defined REST target genes as having
REST peaks in the gene body, extending from 5kb upstream of
the Refseq-annotated TSS to 3 kb downstream of the 39 untrans-
lated regions. For the REST peaks shared among hippocampus
and the non-neuronal cell types, all of which contained RE1 or
RE1-related sequences, the GO enrichments were very similar to
those from either ESCs or C2C12 cells (Extended Data Fig. 3-2)
and neural progenitors (Ballas et al., 2005). These GO categories
represented prototypical REST-regulated proteins important in
neurodevelopment, such as glutamatergic synaptic transmission
(33-fold enrichment, GO:0035249), neurotransmitter binding
(14-fold enrichment, GO:0042165), and postsynaptic membrane
localization (GO:0045211). In contrast to these shared neuronal
REST target genes, supported by many experimental studies, GO
terms for the target genes associated with unique hippocampal
REST peaks showed enrichments for less stereotypical functions
(Fig. 3E,F), including enrichment categories for Wnt proteins
and transcription factors. The latter category was represented
exclusively by several paralogs of the transducing-like enhancer
of split family of transcriptional co-repressors (Tle1, Tle3, Tle4,
and Tle6; Fig. 3E). These transcription factors are known to be
important regulators of differentiation in stem/progenitor cells,
both in early neurogenesis and in adult stem/progenitor cell pop-
ulations where REST is present (Roth et al., 2010; J. Wang et al.,
2010; Mukherjee et al., 2016).

We also noted the existence of many REST peaks coinciding
with RE1 sequences in ESCs and C2C12 cells, where REST
binding was not detected in the hippocampus (Fig. 3A,D;
Extended Data Figs. 3-1 and 3-2). This result supports prior
studies indicating that REST binding is partially cell type-
specific (Rockowitz et al., 2014).

REST-bound sites in human hippocampus
For our genome-wide REST binding analysis of human hippo-
campus, given that the increase in REST levels is a continuum
with age, we selected ;60-year-old postmortem samples as an
intermediate expression level between the ages of 40 and 100
(Fig. 2B). Unexpectedly, on our initial investigation of the REST
binding profiles, we found that a preponderance of the REST
peaks coincided with genes that were highly expressed and
encoded ubiquitously expressed proteins, contrary to the stereo-
typical function of REST target genes. Indeed, these REST peaks
coincided with HOT regions, or phantom or hyper-ChIPable
peaks, that have been identified in previous ChIP-seq analyses
for other transcription factors across species (Park et al., 2013;
Teytelman et al., 2013; Krebs et al., 2014; Jain et al., 2015;
Wreczycka et al., 2019). HOT regions are considered transcrip-
tion factor binding artifacts as they are in the 99th percentile of
genomic regions in the ENCODE database based on their cumu-
lative density of ChIP-seq enrichments (Wreczycka et al., 2019).
Further, HOT regions tend to be proximal to promoters driving
high expression of housekeeping genes across many cell types
(Wreczycka et al., 2019), as we found for our REST peaks. In
addition to their presence within a potential HOT region, many
REST peaks fulfilled these other criteria: (1) present in the HOT
regions independent of the ENCODE cell type or REST antibody
used for the ChIP analyses, including pulldown of a GFP-REST
fusion protein with GFP antibody (Fig. 4A,B; ENCODE lines
used in Extended Data Fig. 4-1), (2) present in a HOT region
from a control ChIP-seq using IgG for the pulldown (Fig. 4A),
and (3) present in HOT regions located proximal to the TSSs, as
defined by ChIP-seq analyses for RNA polymerase II and chro-
matin markers of active gene expression (Fig. 4A).

Authentic genomic targets of a specific transcription factor
were identified previously by filtering out hyper-ChIPable peaks
using a cell or animal model deleted for the transcription factor
(Krebs et al., 2014). Because our analysis used postmortem brain
tissue, we used a bioinformatics filter for our data (see Materials
and Methods). In brief, we used the aggregate plots for ChIP-seq
read depths for H3K4me3 and H3K9ac modifications as a proxy
for the HOT regions in the ENCODE dataset and compared these
read depths to the level of REST enrichment at hippocampal sites
(bigwigAverageOverBed; Fig. 4C). We then set a threshold that
removed the majority of known HOT regions while maintaining
REST peaks with RE1 and RE1-related sites (Fig. 4D,E). Our

Table 1. REST peak number and underlying RE1 motif status for mouse hippo-
campus, mESCs, and mC2C12 myoblastsa

Tissue/cell type
With consensus
RE1

With related
RE1

Lack any
RE1

Hippocampal unique (152) 0 33 119
Hippocampal, ESC, C2C12, shared (66) 48 18 0
ESC, C2C12, shared (1458) 1105 351 2
ESC unique (638) 292 271 75
C2C12 unique (1013) 331 497 185
aSummary of ChIP-seq results comparing REST binding characteristics among hippocampus and C2C12 muscle
cells and ESCs. m refers to mouse. Numbers in parentheses indicate total peak numbers.
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subsequent analyses of hippocampal REST ChIP-seq data included
only the REST peaks that remained after applying the filter.

REST-bound peaks in human hippocampus show limited
overlap with REST peaks in non-neuronal cell types and are
not associated with prototypical REST-repressed genes
We identified a total of 2125 hippocampal REST peaks after filter-
ing (Fig. 5A; Extended Data Fig. 5-1). Of these, 89% were unique
relative to previously annotated REST peaks, defined as REST-
bound peaks in.40 of 48 ENCODE replicates from human non-
neuronal cell lines (“Core” peaks; Fig. 5A; see Materials and
Methods), consistent with a previous study indicating that REST
occupancy is cell-specific (Bruce et al., 2004). Further, heat maps
of REST ChIP densities showed that the full set of hippocampal
peaks had distinct signatures among the publicly available
REST ChIP-seq datasets (Fig. 5B). The unique hippocampal
REST peaks were associated with a much higher percentage

of peaks lacking underlying consensus and related RE1
sequences compared with the Core REST peaks (38% vs 5%,
respectively; Table 2). The genomic loci shared between hip-
pocampus and Core were both biased more toward promoter
regions (Fig. 5C). Predictably, the genes associated with the
shared peaks, exemplified in HeLa cells and hESCs, were
enriched for the typical neuronal GO categories, including growth
factors, ion channels, neurotransmitter receptors, and synaptic ad-
hesion molecules (Fig. 5D; Extended Data Fig. 5-1). We noted that
REST enrichment in the hippocampal unique peaks was overall
lower than REST enrichment in the peaks shared with the Core
dataset (Fig. 5E). However, lower levels of REST enrichment were
also observed for cell-specific peaks in ESCs and A549 cells when
each was compared with the other cell types in the Core dataset
(Fig. 5E), and is consistent with a previous study indicating that
more ancient (i.e., conserved RE1 sites) have higher affinities than
lineage-specific sites (R. Johnson et al., 2009).

Figure 4. Bioinformatic filtering of human hippocampal REST ChIP-seq peaks diminishes HOT regions while preserving a majority of REST peaks. All ChIP-seq data other than this study are
from ENCODE or indicated references. A, Top, ChIP-seq tracks in A549 cells showing HOT regions in two genes relative to TSSs as defined by ChIP-seq analyses for RNA polymerase 2 and active
transcription markers (H3K9Ac; H3K4me3) as proxy for HOT regions. Note the HOT region even in the IgG1 ChIP-seq control track (ENCFF593HFQ). Bottom, Our REST ChIP-seq peaks in human
hippocampus at the same genomic regions as in A549 cells (top), relative to ENCODE REST peaks in the indicated cell types. B, Scatter plot of REST ChIP-seq peaks using different antibody sour-
ces and their correlation with annotated HOT regions (max = 4320) (Wreczycka et al., 2019). *Source of antibodies used found in Extended Data Figure 4-1. C, Scatter plots of REST ChIP-seq
data from the A549 cells at annotated HOT regions (top) or all REST peaks (bottom), color-coded for peaks that pass the filter (red) or those that are filtered out from further analysis (black).
D, E, Histograms of the proportion REST ChIP-seq peaks that remain after filtering in indicated cell lines and human H1 neurons. D, Proportion of total REST peaks that overlap HOT regions. E,
Proportion of REST peaks with underlying consensus RE1 sequences.
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REST bound peaks in human hippocampus show little
overlap with REST peaks in mouse hippocampus or mouse
non-neuronal cell types
Our ChIP-seq analysis indicated that the human REST binding
profile, in addition to being distinct from profiles in other
human cell types, was also strikingly dissimilar from mouse hip-
pocampal binding profiles (Extended Data Fig. 5-1). First, the
total number of REST peaks in human hippocampus far
exceeded the number of REST peaks in murine hippocampus
(2125 vs 221 peaks; Fig. 5A and Fig. 2A, respectively). This result
is likely related to a lower REST protein level in mouse compared

Figure 5. REST ChIP-seq peaks in human hippocampus are largely unique compared with REST peaks in non-neuronal cell types. A, Venn diagram of REST peaks in human hippocampus
shared with Core REST-bound peaks. A full list of human hippocampal peaks and their locations can be found in Extended Data Figure 5-1. Core peaks are defined as REST bound peaks in
.40 of 48 ENCODE ChIP-seq replicates from human non-neuronal cell lines (Extended Data Figure 4-1). B, Heap maps representing the cell type-specific density of REST in peaks from our
ChIP-seq analysis (hippocampus) relative to other Core REST ChIP-seq datasets (ENCODE). Each heatmap is scaled to the maximum level of REST bound in each tissue/cell type. C, Distribution of
REST peak locations represented as a percentage of total peaks. D, REST peaks at representative genomic loci in hippocampus and indicated non-neuronal cell types, scaled to maximum REST
peak height in each dataset. E, Mean ChIP-seq read density plots for REST at peaks unique to a particular tissue or cell type.

Table 2. Human REST peak number and underlying RE1 motif status for hippo-
campus and core cell linesa

Tissue/cell type With consensus RE1 With related RE1 Lack any RE1

Hippocampus unique (1886) 41 1129 716
Hippocampus and Core (239) 189 49 1
Core (2378) 1422 833 123
aSummary of ChIP-seq results comparing REST binding characteristics among hippocampus and Core cell lines
defined as human non-neuronal ChIP-seq datasets from Encode. Numbers in parentheses indicate total peak
numbers.
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with human hippocampus (Fig. 2).
Second, only 9 of the 1886 peaks unique
to the human hippocampus (0.5%) were
found at the corresponding location in
mouse hippocampus or any murine
non-neuronal cell type. Third, unlike
unique peaks of mouse hippocampal
ChIP, human unique peaks did not
show bias toward intergenic regions
(Fig. 5C and Fig. 3D). Conversely, when
analyzing the complete dataset of REST
target genes unique to the mouse hippo-
campus (Extended Data Fig. 3-1), none
of these genes was associated with REST
peaks in human hippocampus, and only
one, Gtf3c3 (General transcription fac-
tor 3c polypeptide 3), a gene involved in
neurodevelopmental disorders (Anazi et
al., 2017), was also bound by REST in
any of the human cell lines analyzed
(Davis et al., 2018).

Unique human REST-bound
hippocampal sites include a new class
of reactome categories related to
innate immunity and inflammation
signaling
We analyzed the unique hippocampal
REST-associated genes by GO and
Reactome category enrichments (Fabregat
et al., 2018) (Extended Data Fig. 6-1).
Surprisingly, in contrast to the REST-
associated genes shared with the Core
dataset, which were largely prototypical
neuronal REST target genes, the top
three Reactome enrichment categories
included genes encoding proteins
related to innate immunity and inflam-
mation signaling (Fig. 6A; Extended
Data Fig. 6-1; p, 0.05, Fisher’s exact test corrected for false dis-
covery rate [FDR] of 0.05). We tested a representative subset of
these genes by quantitative ChIP (qChIP) on hippocampal tis-
sue acquired from similarly aged individuals additional to the
hippocampal tissue used for the ChIP-seq. A canonical REST
target gene (GLRA1) with a consensus RE1 sequence served as a
positive qChIP control. Primers for downstream sequences that
lacked REST peaks served as negative controls for the REST
antibody pulldown. REST binding at all but one of the ChIP-
seq identified genes, the Inhibitor of Nuclear factor Kappa B
Kinase subunit Beta (IKBKB), was validated by the qChIP
results (Fig. 6B).

Further computational analysis of the REST target genes
highlights the novel nature of these hippocampal-specific
targets. Using Enrichr, we looked for ChIP-X Enrichment
Analysis (ChEA) (Lachmann et al., 2010) of our REST targets in
other published ChIP-seq datasets. We found that the Core-over-
lapping REST targets tended to be highly enriched in other REST
ChIP-seq datasets, as well as being enriched in REST cofactors,
such as HDAC2, SUZ12, and EZH2 (Roopra et al., 2000; Dietrich
et al., 2012) (Fig. 7A). By contrast, the hippocampal unique peaks
showed higher enrichment for non-REST-regulated genes, such
as those regulated by transcription factors, such as GATA1

and RUNX1 (p, 2.78E-20 and p, 1.44E-7; Fig. 7A; Extended
Data Fig. 6-1).

We also sought to identify binding motifs for any other tran-
scription factors that might recruit REST indirectly to the REST-
bound sites, because 38% (716) of the unique human hippocam-
pal peaks lacked RE1 or related sequences (Table 2). For this pur-
pose, we applied the DIVERSITY program (Mitra et al., 2018) to
all sequences underlying the hippocampal REST peaks. In addi-
tion to the conserved RE1 motifs identified previously (Fig. 3B),
DIVERSITY identified three enriched motifs related to known
transcription factor binding motifs (Fig. 7B). The predomi-
nant motif, detected in 663 peaks, significantly matched the
motifs for the factors Sfpi1/PU.1, Prdm1, Irf1, and Etv6, as
determined by the motif comparison tool, Tomtom (Gupta et
al., 2007) (FDR-adjusted p, 0.05). These transcription factors
are all involved in the regulation of immune cell development
and function (Chang et al., 2000; Tamura et al., 2008; Gupta et
al., 2009; J. Wang et al., 2010), consistent with the Reactome
enrichments. Further, the two other identified motifs matched
the binding sites for the transcription factors Sp2, Runx1,
and Gfi1b, which regulate immune system differentiation
(Growney et al., 2005; van der Meer et al., 2010; Terrados et
al., 2012) (Fig. 7B). It seems possible that these factors are in
complexes with REST, indirectly recruiting REST to the peak

Figure 6. Human hippocampal-specific REST peaks are enriched most significantly near genes encoding proteins related to
immune system function. A, Reactome enrichment categories for genes associated with REST peaks unique to the hippocampus.
p value calculated by Fisher’s exact test and corrected by FDR (set to 0.05). Dashed line indicates p = 0.05. A full list of GO and
Reactome categories can be found in Extended Data Figure 6-1. B, Quantitative ChIP validation tests for a subset of the
immune-related genes identified in the human hippocampal dataset using independent donor samples (n= 8, 4 female and 4
male, ages 57-76 years). *p, 0.05; **p, 0.01; ****p, 0.0001; paired t test. The genes Alox5, Ampd3, C1qa, Cotl1, Ikbkb,
Diaph1, and Itgal have degenerate RE1 sequences; the other two genes lack any discernable RE1 sequence.
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loci to mediate repression. This interpretation is supported by
previous studies that show the REST corepressor, CoREST, in
complexes with PU.1, Runx1, and Gfi1b (Andrés et al., 1999;
Gu et al., 2014; Yamamoto et al., 2018). However, additional
experiments testing whether REST is in complexes with the
immune transcription factors in hippocampus are required
for confirmation.

The innate immunity REST target genes are likely repressed
in astrocytes
A recent single-cell transcriptomic analysis indicated that REST
transcript numbers were low overall and distributed differentially
within the adult hippocampus, but highest in the astrocyte popu-
lation (males aged 40-65 years) (Habib et al., 2017). Thus, these
data point strongly toward glia as a potential major source of our
genome-wide REST binding sites. Although REST transcripts
were present at higher levels in neural stem cells than in the other
glial subtypes, the stem cells were represented in a smaller pro-
portion of the total cells (Y. Zhang et al., 2016) (Fig. 8A,B). The
finding that glia constitute the largest proportion of cell types in
the human hippocampus provides more support for the idea that
non-neuronal cells are the most likely source of our ChIP-seq

data, and immunohistochemistry sup-
ports REST protein in both glia and neu-
rons in adult hippocampus (Fig. 8B,C).

To determine whether the REST-
bound innate immunity target genes were
repressed in the glia, we relied on the only
available RNA-seq analysis derived by
immuno-panning cell types from acutely
dissociated human cortices (Y. Zhang et
al., 2016). A previous study indicated sim-
ilar REST protection of neurodegenera-
tion in human cortex and hippocampus
(Lu et al., 2014) and REST levels increase
in both brain regions with age. Using this
dataset, we parsed genes within each
Reactome category (Fig. 6A) according to
whether they were or were not hippocam-
pal REST target genes. We then compared
the expression levels of the two groups in
astrocytes, oligodendrocytes, and micro-
glia. Consistent with REST repression in
astrocytes, genes associated with REST
binding were expressed at significantly
lower levels (p, 0.05, Mann–Whitney
test) in this cell type in the categories
innate immune system, immune system,
neutrophil degranulation, and signaling
by interleukins, compared with the genes
lacking REST binding peaks (Fig. 8D).
The results were largely recapitulated
using other single-cell datasets (Darmanis
et al., 2015; D. Wang et al., 2018). There
was no evidence for statistically significant
repression of these genes in the other cell
types. Because REST is a repressor,
expression levels of the target genes in
other cell types may be more dependent
on activity of cell-specific enhancers. For
example, microglia, which have a hemato-
poietic origin, represent 15% of the cells
in hippocampus and express the highest
level of REST RNA. Yet, target gene

repression was not observed in microglia, perhaps because of
myeloid-specific enhancers. More refined analyses in hippocam-
pus are required to draw conclusions in the other neuronal and
non-neuronal cell types. Interestingly, mouse REST is distributed
similarly to human REST in terms of non-neuronal versus neu-
ronal cell types (Fig. 8A), except for expression in neural progen-
itors, where its level is higher for human REST and represents a
larger proportion of the cell types.

Discussion
Here, we have compared, for the first time, the genome-wide
REST binding profiles in mouse and human hippocampus. We
found that mouse and human were highly dissimilar in several
ways. They differed in terms of REST expression profiles with
age, in the total number of REST binding sites, and in the nature
of the associated bound genes, raising questions about how well
mouse postnatal development and aging model the same proc-
esses in human brain. We also identified new gene classes associ-
ated with REST binding that are unique to the human
hippocampus from all other cell types, as well as mouse

Figure 7. Human hippocampal-specific REST peaks are distinct from canonical REST targets and show an enrichment with
immune-related transcriptional factors and non–RE1 binding motifs. A, Enrichr transcription factor enrichment for genes con-
taining REST peaks unique to either Core or hippocampus using the ENCODE/ChEA Consensus TF database (Lachmann et al.,
2010). Genes common to both hippocampal and Core datasets were highly enriched for REST and previously reported REST
cofactors (HDAC, SUZ12), whereas genes unique to the hippocampus had a distinct profile with relatively low REST enrich-
ment. Dashed line indicates p= 0.05. B, Non-RE1 motifs present in the REST peak dataset unique to the human hippocam-
pus. Motifs were identified by DIVERSITY de novo motif analysis. Top, Consensus motifs found in REST peaks. Bottom,
Transcription factors that bind to related sequences. The number of sites refers to the number of REST peaks that are associ-
ated with a motif. Motifs were based on Tomtom motif analysis (Gupta et al., 2007) FDR-adjusted p, 0.05.
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hippocampus, representing largely, but not exclusively, processes
related to innate immunity and inflammatory signaling. Finally,
we leveraged public single-cell transcriptomic databases and
immunohistochemistry to highlight a role for glial REST in
potentially maintaining human brain health through the repres-
sion of immune and inflammatory responses.

We performed the ChIP-seq analysis in mouse when, at
5weeks of age, REST levels were still robust enough for analysis
and at a similar level of REST in human hippocampus. A propor-
tion of the target genes represented canonical neuronal genes
that are repressed in stem/neuronal progenitors as well as in
non-neuronal cells within the CNS (e.g., glia) and muscle cells.
This observation is consistent with the historical function of
REST in repressing murine neuronal genes. Further, two recent
single-cell transcriptomic analyses in similarly aged mice indi-
cated that the highest expression of REST was in the glia and
neural progenitors, with much lower expression in the neurons.

The target genes we identified as unique to the hippocampus
were largely because of binding of REST to the Tle genes. Not all
paralogs of the Tle gene family have been studied in mouse brain,
but at least two of them function in regulating early neurodevel-
opment (Roth et al., 2010; Mukherjee et al., 2016). A previous
study identified the murine tle3 gene as upregulated in a REST
shRNA knockdown experiment in adult quiescent neural pro-
genitors in culture (Mukherjee et al., 2016). This finding
lends further support for our suggestion that neural pro-
genitors are one of the sources of our ChIP-seq data and
confirms the predicted repressive function of REST. The
lack of other REST target genes that overlapped with this
study may point to differences in culture or a different role
for REST in stem/progenitors in this hippocampal niche
later in life.

In contrast to the limited unique REST target genes we identi-
fied in the mouse hippocampus, we identified numerous REST

Figure 8. The predominant cell source of REST ChIP-seq data in human hippocampus is likely glia. A, REST transcript expression levels from single-cell RNA-seq from mouse and human hip-
pocampi. Data adapted from Habib et al. (2017). B, Proportion of cells expressing REST transcripts in mouse and human hippocampi. Data adapted from Habib et al. (2017). C, Immunolabeling
of human hippocampal pyramidal and granular sectors (top) depicts pyramidal neurons (large cells) and associated satellite glia (small cells) with nuclear REST expression in the CA1 sector of
the hippocampus. Oligodendroglial temporal white matter (bottom) shows REST expression in the white matter of the temporal lobe, which is devoid of neurons; the large majority of cells are
oligodendroglia (smaller round nuclei); rare larger nuclei belong to astrocytes. Higher-magnification staining shows REST in both neurons and glia that is almost exclusively nuclear. Scale
bar, 30mm. D, Box-and-whisker plots showing expression levels from human cortical cell types (Zhang et al., 2016) for Reactome ontology categories (Fabregat et al., 2018), parsed by whether
they are targets of REST in hippocampus (pink) or untargeted (gray). Whiskers represent minimum and maximum. Boxes represent first quartile to median, and median to third quartile.
*p, 0.05; **p, 0.01; ***p, 0.001; Mann–Whitney test. Gene expression values adapted from Zhang et al. (2016).
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peaks and target genes from human hippocampus, including a
substantial number of target genes unique to this brain region.
Similar to findings from previous studies, a large percentage
(38%) of human REST peaks were associated with sequences
lacking any variation of the RE1 sequence (R. Johnson et al.,
2009; Rockowitz and Zheng, 2015) (Table 2). Of the human
hippocampal REST peaks that had no orthologous mouse
sequence (462 peaks), a majority (54%) were associated with
both consensus and nonconsensus RE1 sequences. This
result suggests that newly evolved RE1 sequences account for
a large proportion of REST binding site expansion in human,
and adds to previous results in hESCs where consensus RE1
sequences with nonconserved REST peaks were primate or
human-specific (R. Johnson et al., 2009; Rockowitz and
Zheng, 2015).

A recent single-cell RNA-seq analysis of mouse and human
hippocampus indicated low overall expression of REST tran-
scripts in all cell types. The low RNA expression is consistent
with the weak immunostaining of both glia and neurons in post-
mortem hippocampal sections (Fig. 8C). In both species, REST
was expressed to the highest level in non-neuronal cell types, pre-
dominantly glia in human hippocampus and neural stem cells in
mouse. However, while glia represented the highest proportion
of cell types in human hippocampus (Habib et al., 2017;
Saunders et al., 2018) (Fig. 1C,D), neurons occupied this position
in mouse, suggesting that REST may play a disproportionately
important role in human hippocampus. The potential difference
in REST function in mouse and human based on expression
profiles and cell proportionality is consistent with our ChIP-
seq results indicating minimal overlap between REST target
genes in human and mouse hippocampus. However, as we
did not examine other mammalian rodent brains, for exam-
ple, rat hippocampus, we cannot exclude the possibility that
mammals other than mouse may share brain REST-bound
genes with human REST.

REST has been studied experimentally from the perspective
of human aging and age-related disease, particularly in the con-
text of AD (Lu et al., 2014). For example, it was reported that
REST levels continue to increase with human age, in neurons in
both cortex and hippocampus, while levels are decreased in AD
tissue. Interestingly, in Lu et al. (2014), the authors identified a
set of REST repressed genes in neurons encoding proteins that
promote apoptosis and AD pathology, concentrating primarily
on human prefrontal cortex, but also showing a correlation of
REST levels and AD pathology in hippocampus as well. In our
ChIP-seq analysis of postmortem hippocampus, we confirmed
increased REST expression with age, but we identified a different
set of REST target genes. This difference may be because of the
heterogeneity of cell types in intact hippocampus, and our data
suggesting that glia are the most likely major source of our ChIP-
seq REST peaks. Although our REST target genes were different,
they did encode proteins related to preserving brain health. In
our group, several of the qChIP-validated genes relating to innate
immunity have been implicated in AD (Fig. 6B; Extended Data
Fig. 6-1) and would be predicted to increase with reduced levels
of REST (Lu et al., 2014). For example, Arachidonate 5-
Lipoxygenase (ALOX5), an enzyme that converts arachidonic
acid to leukotrienes, is expressed to abnormally high levels in AD
in human brains (Firuzi et al., 2008). Interestingly, we also iden-
tified Coactosin-like protein (COTL1) as a REST target gene.
Some evidence supports this protein as an ALOX5 chaperone
and increased COTL1 expression in microglia is associated
with AD neuropathology (Rangaraju et al., 2018). Expression of

the human REST target gene, Diaphanous Related Formin 1
(DIAPH1), involved in actin polymerization, is increased in neu-
rons and glia in AD (Derk et al., 2018).

Together, including studies indicating an association of
human REST single nucleotide polymorphisms with AD (Mozzi
et al., 2017), accumulating data points to a role for REST levels in
protecting epigenetic homeostasis in long-lived neural cells. This
protection may extend to other forms of neurodegeneration as
well, including Parkinson’s disease and multiple sclerosis, which
have been associated with inflammasome complexes. NLR
Family Pyrin Domain Containing protein 4, a component of
inflammatory complexes, is encoded by one of the REST target
genes in our analysis and merits further study.

To more definitively clarify the cellular basis of REST repres-
sion in human brain, REST ChIP-seq analyses, or more sensitive
methods, are required on sorted cells from brain regions, for
coordination with RNA-seq and single-cell ATAC analyses
(Nativio et al., 2018; Xu et al., 2018; Meers et al., 2019; Ramani et
al., 2019). These studies will also open the door to mechanistic
studies to address fundamental gaps in our general knowledge of
repressors, such as precisely how REST is recruited to genes lack-
ing an RE1 sequence, and, conversely, how REST is prevented
from binding in neurons to the consensus RE1 sequences in the
prototypical gene targets related to neuronal function. Finally,
the function of REST in human glia is still ill-defined but likely
to contribute importantly to protecting human brain longevity.
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