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Identification of activity-induced Egr3-dependent genes reveals
genes associated with DNA damage response and
schizophrenia
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Bioinformatics and network studies have identified the immediate early gene transcription factor early growth response 3 (EGR3) as
a master regulator of genes differentially expressed in the brains of patients with neuropsychiatric illnesses ranging from
schizophrenia and bipolar disorder to Alzheimer’s disease. However, few studies have identified and validated Egr3-dependent
genes in the mammalian brain. We have previously shown that Egr3 is required for stress-responsive behavior, memory, and
hippocampal long-term depression in mice. To identify Egr3-dependent genes that may regulate these processes, we conducted an
expression microarray on hippocampi from wildtype (WT) and Egr3−/− mice following electroconvulsive seizure (ECS), a stimulus
that induces maximal expression of immediate early genes including Egr3. We identified 69 genes that were differentially expressed
between WT and Egr3−/− mice one hour following ECS. Bioinformatic analyses showed that many of these are altered in, or
associated with, schizophrenia, including Mef2c and Calb2. Enrichr pathway analysis revealed the GADD45 (growth arrest and DNA-
damage-inducible) family (Gadd45b, Gadd45g) as a leading group of differentially expressed genes. Together with differentially
expressed genes in the AP-1 transcription factor family genes (Fos, Fosb), and the centromere organization protein Cenpa, these
results revealed that Egr3 is required for activity-dependent expression of genes involved in the DNA damage response. Our
findings show that EGR3 is critical for the expression of genes that are mis-expressed in schizophrenia and reveal a novel
requirement for EGR3 in the expression of genes involved in activity-induced DNA damage response.
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INTRODUCTION
Major advances in genomics over the past decade have led to
identification of hundreds of genes associated with risk for
neuropsychiatric illnesses, including schizophrenia, bipolar dis-
order, depression, and Alzheimer’s dementia. Many of these risk
genes are shared across these disorders [1], each of which is
characterized by cognitive dysfunction. With the discovery of such
a vast number of putative illness-influencing genes, the challenge
becomes how to identify the functional relationships that provide
insights into the mechanisms underlying neuropsychiatric and
neurodegenerative illnesses.
A promising approach has been to define functional networks

of genes that are differentially regulated in individuals affected by
these illnesses, compared with controls, and then to identify the
“Master Regulatory Genes” that best account for these differences
in gene expression. The immediate early gene transcription factor
early growth response 3 (EGR3) has emerged as such a master
regulator of differentially expressed genes (DEGs) in multiple
neuropsychiatric disorders including schizophrenia [2], bipolar
disorder [3], and most recently Alzheimer’s dementia [4]. However,

despite these regulatory relationships identified using bioinfor-
matic approaches, few genes regulated by EGR3 have been
validated in the brain in vivo.
One of the first EGR3 downstream target genes to be identified

in the brain is activity-regulated cytoskeleton-associated protein
(Arc) [5]. ARC has been implicated in schizophrenia by studies of
rare variants, de novo mutations, and single nucleotide poly-
morphism associations [6–9]. EGR3 is also reported to upregulate
glutamic acid decarboxylase A4 (GABRA4) in response to seizure
[10, 11]. Neuropathologic studies have identified dysfunction in
the GABAergic system in schizophrenia and GABRA4 is also an
autism susceptibility gene [12].
Our prior work has identified deficits in the function of

ionotropic glutamate receptors in Egr3−/− mice, specifically
those containing the NMDA2B (GRIN2B) subunit [13]. This
indicates that Egr3 is required for function of a receptor at the
center of one of the leading models of schizophrenia pathogen-
esis, the NMDA (GRIN) receptor hypofunction model of schizo-
phrenia [14]. In this and other studies we found that Egr3−/−mice
have deficits in stress-responsive behavior, memory, and
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hippocampal long-term depression, further supporting the
importance of Egr3 in behavioral and electrophysiologic processes
implicated in neuropsychiatric disorders and cognitive processes
[13, 15].
Based on these findings, we hypothesized that EGR3 is a critical

transcriptional regulator in a biological pathway essential for
memory, synaptic plasticity, and risk for schizophrenia [16]. As an
immediate early gene, EGR3 expression is induced in response to
neuronal activity in a manner dependent upon GRIN receptor
function and calcium signaling, processes implicated in schizo-
phrenia [17]. EGR3 interacts in regulatory feedback loops with
other EGR-family genes in the immune system, including EGR1,
EGR2, EGR4 and NAB2, each of which maps to GWAS loci for
schizophrenia [18–21]. Dysfunction in these genes leads to
abnormalities in processes that are disrupted in schizophrenia,
including memory, synaptic plasticity, immune function, growth
factor-mediated processes, myelination, and vascularization
[13, 16, 22–29]. Based on the central role of EGR3 in these critical
processes, we hypothesized that genes regulated downstream of
EGR3 will contribute to risk for schizophrenia and other
neuropsychiatric disorders that are characterized by abnormalities
in cognition, memory, and synaptic function.
To test this hypothesis, we sought to characterize the

complement of genes that require EGR3 in the hippocampus, a
critical region for memory formation. We used electroconvulsive
seizure (ECS) to maximally activate immediate early gene
expression in the hippocampus of Egr3−/− and wildtype (WT)
mice and conducted an expression microarray to identify genes
differentially expressed between the genotypes one hour and two
hours following the stimulus, compared to baseline unstimulated
conditions. Here, we show that over 69 genes are differentially
expressed in the hippocampi of Egr3−/− mice compared to WT
controls. Several of these Egr3-dependent genes map to schizo-
phrenia GWAS loci, and are abnormally expressed in the brains of
patients with schizophrenia, bipolar disorder, depression, and
Alzheimer’s dementia, supporting findings of studies indicating
that EGR3 may be a master regulator of pathophysiological
changes in numerous neuropsychiatric disorders [1–4].

MATERIALS AND METHODS
Mice
Previously generated Egr3−/− mice [30] were backcrossed to C57BL/6
mice for greater than 20 generations. All studies were carried out on
homozygous adult progeny (Egr3−/− and wildtype (WT)) resulting from
heterozygote matings and were assigned as “matched pairs” at the time of
weaning. Matched pairs were subjected to identical conditions for all
studies. The microarray studies, and quantitative RT-PCR validation studies,
were performed on a cohort of male mice ages 6–12 months (n= 4 per
group). Replication studies were performed on a cohort of female mice,
ages 12–15 months (n= 4–5 per group). Animals were housed on a 12-
hour light/dark cycle with ad libitum access to food and water. All studies
were performed in accordance with the University of Arizona Institutional
Animal Care and Use Committee (IACUC) guidelines under an approved
IACUC protocol.

Electroconvulsive seizure and tissue collection
Electroconvulsive stimulation was delivered to mice via corneal electrodes
5min following application of 0.5% proparacaine hydrochloride ophthal-
mic solution (Akorn, Inc., Lake Forest, IL, United States). The cohort of mice
used for the microarray study underwent ECS without general anesthesia.
The replication cohort of mice underwent ECS following general
anesthesia. Isoflurane anesthesia (VetOne, Boise, ID, United States) was
administered in an enclosed chamber at a flow rate of 0.5 mL/min in
oxygen. Animals were removed from the chamber after 2 min of complete
anesthetization, transferred to room air to recover to a level of light
anesthesia, and then administered electrical stimulation via orbital
electrodes. Stimulation was administered with a pulse frequency of
260 Hz, pulse width of 0.3 ms, duration of 100ms and current of 80mA
using an Ugo Basile instrument (Varese, Italy). Mice were observed to

undergo tonic-clonic seizure and were placed in their home cage to
recover for either one hour or two hours prior to sacrifice. Animals that did
not display full tonic-clonic seizure were excluded. Control animals
remained in their home cages undisturbed until the time of sacrifice.

Tissue collection and RNA isolation
Animals were sacrificed using isoflurane overdose, followed by decapita-
tion. The brains were removed, rinsed in ice-cold phosphate buffered
saline (PBS), and hemisected along the central sulcus into right and left
hemispheres for further studies to quantify mRNA expression. Whole
hippocampi were rapidly dissected and immediately placed in RNAlater
(Ambion, Waltham, MA, United States). Tissue was transferred to 1.5-mL
Eppendorf tubes, frozen on dry ice and then stored at −80 °C. For the
microarray and follow-up qRT-PCR studies, RNA was isolated using TRIzol
reagent (Life Technologies, Carlsbad, CA, United States) per the
manufacturer’s protocol. RNA was resuspended in RNAse-free water and
quantitated by spectrophotometry. RNA quality and concentration were
determined using an Agilent Bioanalyzer 2100 prior to microarray analysis
and reverse transcription for qRT-PCR. An aliquot of the RNA samples was
sent to the Microarray Resource Center, Yale/NIH Neuroscience Microarray
Center (New Haven, CT, United States) for analysis using an Illumina Mouse
WG6 v3.0 expression beadchip microarray. For the replication cohort, RNA
isolation was performed using TRI reagent (Sigma-Aldrich, St. Louis, MO,
United States) and MagMaxTM Total RNA isolation kit (Ambion, Waltham,
MA, United States) according to the manufacturer’s protocol, and
quantified using the NanoDrop ND-1000 spectrophotometer (Thermo
Scientific, Waltham, MA, United States).

Microarray procedure and analysis
Gene expression analysis was performed using Illumina Mouse WG6 v3.0
expression beadchip microarray and analyzed using two independent
microarray analysis methods. Data analysis and quality control was initially
performed using GenePattern [31], with normalization using the cubic
spline method under the setting False Discover Rate (FDR) < 0.05, to
determine significantly DEGs between the WT and Egr3−/− groups 1 h
and 2 h following ECS. A parallel analysis was performed using the Illumina
Genome studio 2010 software to identify DEGs using the following
settings: background subtraction, quantile normalization, p < 0.05, Illumina
custom algorithm. The Illumina custom algorithm uses “Diff scores” to
account for reproducibility of results, by P value and the magnitude of
gene expression difference represented by signal intensity between the
reference and control groups [32], where Diff score= 10 X (Egr3−/− ECS
signal intensity gene A - WT ECS signal intensity gene A) x log10 P value,
where a P value > 0.05, would correspond to a diff score of >13 and <−13.
To minimize the risk of false positives, the complement of DEGs that was
pursued for further analysis was limited to genes that were identified using
both methods. Finally, a list of common DEGs between both programs was
generated. From this common DEG list, genes that showed a fold change
difference of 1.5-fold or higher between the two groups and a p value of
<0.05, were used for all subsequent analyses. Supplementary Tables S1–S3
show the results of both analyses, as well as the final list of DEGs common
to both methods, for each timepoint: baseline, 1 h after ECS, and 2 h
after ECS.

Bioinformatics
Gene expression data are visualized as heatmaps with unsupervised
hierarchical clustering, and the values are scaled by row/gene to highlight
the differences of gene expression patterns across the samples. To explore
clusters of genes that share similar gene expression patterns between the
WT and Egr3−/− groups across the different time points (baseline, one
hour, and two hours after ECS), k-means clustering was performed. Using a
range of 1–10, the optimal k was determined as 4, using the elbow
method, by calculating the total within sum of square for each k. For the
pathway analyses, the Enrichr web tool was used to perform multiple gene
set enrichment analyses across different libraries [33]. The gene set
libraries used in the pathway analysis are Gene Ontology (GO) Biological
Process 2021, GO Molecular Function 2021, BioPlanet 2019, WikiPathways
2019 Mouse, and KEGG 2019 Mouse. The Enrichr pathway analysis bar
graphs are sorted by p value.
For the schizophrenia lookup studies, the Kaleidoscope web tool was used

to extract relevant schizophrenia datasets (https://kalganem.shinyapps.io/
Kaleidoscope/). The gene set enrichment analysis was performed by
extracting significant genes from each schizophrenia dataset (FDR < 0.05)

K.K. Marballi et al.

2

Translational Psychiatry          (2022) 12:320 

https://kalganem.shinyapps.io/Kaleidoscope/
https://kalganem.shinyapps.io/Kaleidoscope/


and using a hypergeometric test to analyze the overlap between the genes
differentially expressed in WT and Egr3−/− mice 1 h following ECS and the
schizophrenia datasets signatures. The hypergeometric test was performed
and visualized utilizing the hypeR package [34].

qRT-PCR
For qRT-PCR studies, mRNA was reverse transcribed into cDNA, as
previously described [35], and used as a template for qRT-PCR using
FastStart SYBR Green Master mix (Roche Applied Science, Indianapolis, IN,
United States) on a 7500 Fast Real-Time PCR machine (ThermoFisher

Scientific, Waltham, MA, United States). Each sample was amplified in
triplicate for the gene of interest and the housekeeping gene phospho-
glycerate kinase 1 (Pgk1). Pgk1 was selected as a housekeeping gene as it
showed no significant changes in gene expression across experimental
groups in the microarray data. This was validated by qRT-PCR across both
male and female cohorts. Gene expression was normalized to Pgk1 using
the 2−ΔCTmethod [36] for each gene of interest to allow comparisons of
expression levels between genotypes and across timepoints. Fold-change
in gene expression induced by ECS was calculated by dividing post-ECS
values by baseline for each genotype independently. Investigators were
blinded to genotype and treatment for all qRT-PCR studies.
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Fig. 1 EGR3-dependent genes show altered expression in schizophrenia studies. A Expression heatmap of genes differentially expressed in
WT versus Egr3−/− mice following ECS. Expression microarray revealed 69 genes that were differentially expressed in the hippocampus of
Egr3−/− mice compared to WT one hour following ECS. The average expression level for each of these genes is shown along a horizontal row
in WT (left) and Egr3−/− mice (right) at baseline, and 1 h and 2 h following ECS. (n= 4 animals per condition). B Thirteen published gene
expression studies in schizophrenia were queried for the 69 genes that are differentially expressed in Egr3−/− compared with WT mouse
hippocampus 1 h following ECS. The heatmap shows normalized log2 fold change values (schizophrenia vs. control) from the 13 published
study datasets (vertical columns) for each of the 69 EGR3-dependent genes (horizontal rows).
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Table 1. Genes differentially expressed in the hippocampus of WT versus Egr3−/− mice following ECS.

Gene Protein Diff score Fold change (KO ECS/ WT ECS)

Fosb Protein fosB −335.914 −10.69

EG244911 Uncharacterized protein −335.914 −9.94

A830030H10Rik Riken clone −335.914 −6.16

LOC100046232 Uncharacterized protein −335.914 −4.71

Cenpa Histone H3-like centromeric protein A −309.464 −18.28

Gm484 Netrin-5 −266.84 −6.79

Plk2 Serine/threonine-protein kinase PLK2 −252.231 −2.65

Fbxo33 F-box only protein 33 −232.822 −2.58

Grasp GRIP1-associated protein 1 −230.099 −3.38

Pcdh8 Protocadherin-8 −202.238 −5.44

Slc30a3 Zinc transporter 3 −199.839 −4.73

Frmd6 FERM domain-containing protein 6 −185.239 −2.29

Rasl10a Ras-like protein family member 10A −170.502 −2.71

Egr3 Early growth response protein 3 −167.957 −6.89

Arc Activity-regulated cytoskeleton-associated protein −165.78 −3.99

Sertad1 SERTA domain-containing protein 1 −165.07 −3.96

Phf21b PHD finger protein 21B −154.007 −2.49

Nr4a2 Nuclear receptor subfamily 4 group A member 2 −138.367 −2.98

Camkk1 Calcium/calmodulin-dependent protein kinase kinase 1 −138.367 −2.03

C1ql2 Complement C1q-like protein 2 −133.754 −6.53

A130062D16Rik Riken clone −130.955 −2.05

Rpl7a 60S ribosomal protein L7a −123.122 −2.41

Dusp4 Dual specificity protein phosphatase 4 −118.804 −2.36

Gadd45g Growth arrest and DNA damage-inducible protein GADD45 gamma −108.553 −2.15

Bag3 BAG family molecular chaperone regulator 3 −105.063 −1.85

Per1 Period circadian protein homolog 1 −100.752 −1.89

Rasl11a Ras-like protein family member 11A −90.513 −3.12

Fos Proto-oncogene c-Fos −80.709 −2.4

Egr4 Early growth response protein 4 −79.594 −2.49

1700019N12Rik Riken clone −70.678 −2.28

Slc25a25 Calcium-binding mitochondrial carrier protein SCaMC-2 −65.608 −2.06

Nptx2 Neuronal pentraxin-2 −59.585 −8.65

Coq10b Coenzyme Q-binding protein COQ10 homolog B, mitochondrial −56.113 −1.92

Fosl2 Fos-related antigen 2 −53.18 −2.397

4932416C15Rik Riken clone −44.145 −2.036

Tanc1 Protein TANC1 −44.079 −1.66

1700086L19Rik Riken clone −43.796 −2.69

Junb Transcription factor jun-B −43.317 −2.44

Errfi1 ERBB receptor feedback inhibitor 1 −42.806 −1.97

Osbpl6 Oxysterol-binding protein-related protein 6 −40.494 −1.85

Dusp1 Dual specificity protein phosphatase 1 −40.162 −2.04

Bdnf Brain-derived neurotrophic factor −39.862 −3.25

Wfs1 Wolframin −36.559 −1.9

Prox1 Prospero homeobox protein 1 −27.356 −1.63

Jmjd3 Lysine-specific demethylase 6B −26.438 −1.96

C330006P03Rik Riken clone −26.286 −3.47

Emd Emerin −22.345 −2.19

Psmb5 Proteasome subunit beta type-5 −21.268 −2.46

Gadd45b Growth arrest and DNA damage-inducible protein GADD45 beta −20.227 −4.02

Gch1 GTP cyclohydrolase 1 −19.952 −4.46

Inhba Inhibin beta A chain −19.294 −4.78
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Statistical analysis
Sample sizes for the microarray were estimated based on prior studies
showing high level induction of gene expression following electrical
stimulation [17]. Power analyses performed on the microarray results were
used to determine sample sizes to ensure adequate power to detect a
large effect size for the qRT-PCR validation and replication studies. Details
of microarray and pathway analysis statistics are described in the
respective sections. For analysis of qRT-PCR data, we utilized a two-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test using
GraphPad Prism (San Diego, CA, United States) with a significance
threshold of p < 0.05. Data were plotted as means ± standard error of the
mean (SEM). Data were examined graphically within each group, and no
strong deviation from normality was observed.

RESULTS
To identify candidate target genes of EGR3, we conducted an
expression microarray of genes differentially expressed in the
hippocampus of Egr3−/− mice compared with WT controls.
Because EGR3 is an activity dependent transcription factor, we
used electroconvulsive stimulation to induce a seizure, which
maximally actives expression of immediate early genes in the brain
[17]. Hippocampal RNA was isolated from Egr3−/− and WT mice
under three conditions: baseline (no ECS), one hour after ECS, and
two hours after ECS. This allowed us to identify genes that require
Egr3 under basal conditions as well as following neuronal activity.
DEGs were determined for each of the three conditions. This

included 15 genes at time 0 (hereafter termed “No ECS” or
“baseline”), 69 genes one hour after ECS, and 34 genes two hours
after ECS. There were a total of 82 DEGs across all three time
points (as some genes were differentially expressed at more than
one time point). The complete lists of significantly DEGs for each
condition are shown in Supplementary Tables S1–S3.
Figure 1A shows a heatmap of the 69 genes that are

differentially expressed between Egr3−/− and WT mice one
hour following ECS, the timepoint with the maximum number
of DEGs. Of these, 55 genes were downregulated in Egr3−/−
mice, while 14 genes were upregulated in Egr3−/− mice,
compared to WT mice. Table 1 lists the relative expression levels
for each DEG identified at 1 h. after ECS. The relative expression

level of these 69 DEGs at each time point for each genotype is
provided in Supplementary Table S4.
The use of three timepoints (baseline, and 1 and 2 h after ECS)

allowed us to perform cluster analyses of all 82 DEGs. Supplemen-
tary Fig. S1 shows four major clusters of DEGs, representing genes
that display a similar pattern of gene expression changes in WT
versus Egr3−/− mice over time. Supplementary Figs. S2–S4 and
Supplementary Tables S5–S8 show the annotated pathways for the
genes identified in each cluster.

Egr3-dependent genes are altered in schizophrenia studies
Next, we tested the original hypothesis for our study, that EGR3
regulates genes that play a role a role in schizophrenia. To do this
we examined the expression levels of each of the 69 genes that
were differentially expressed at 1 h following ECS in 13 published
schizophrenia studies with publicly available datasets [37–43].
These include studies of genes differentially expressed in
postmortem brains, peripheral blood, fibroblasts, and induced
pluripotent stem cells, from schizophrenia patients compared with
controls (annotated in Supplementary Table S9). Gene regulation
patterns for the 69 DEGs were assessed across each schizophrenia
study. Of these, 58 human homologs were identified in at least
one of the schizophrenia datasets. The log fold change in
expression of these genes between schizophrenia subjects and
control subjects for each of the 58 genes were used to create a
heatmap (Fig. 1B). Table 2 lists the fold-change values and
adjusted p values (controlled for multiple comparisons) of each
gene present in each schizophrenia dataset.
To determine whether the 58 DEGs showed a statistically

significant overlap with genes differentially expressed in the
13 schizophrenia studies, we conducted a gene set enrichment
analysis using the hypeR package. These results revealed that the
58 DEGs we identified in the hippocampus of Egr3−/− compared
with WT mice 1 h following ECS, of which homologs are present in
the human datasets, are significantly enriched in the dataset from
the study by Gandal and colleagues [40] (FDR= 0.021, Supple-
mentary Fig. S5, Supplementary Table S10) This identified 18
overlapping genes between the two datasets (Supplementary
Table S11).

Table 1. continued

Gene Protein Diff score Fold change (KO ECS/ WT ECS)

Cdkn1a Cyclin-dependent kinase inhibitor 1 −17.694 −1.89

Cebpb CCAAT/enhancer-binding protein beta −16.31 −2.54

7030401E22Rik Riken clone −15.74 −2.5

Axud1 Cysteine/serine-rich nuclear protein 1 −14.246 −6.28

Mef2c Myocyte-specific enhancer factor 2C 13.14 1.71

9630013A09Rik Riken clone 13.99 1.63

Zdhhc21 Probable palmitoyltransferase ZDHHC21 14.253 1.69

Tax1bp1 Tax1-binding protein 1 homolog 15.018 1.6

Dpp10 Inactive dipeptidyl peptidase 10 15.407 1.78

Dlk1 Protein delta homolog 1 17.775 3.71

Slc17a6 Vesicular glutamate transporter 2 17.957 1.86

Calb2 Calretinin 23.033 1.96

Col6a1 Collagen alpha-1(VI) chain 23.071 2.17

Sstr2 Somatostatin receptor type 2 24.086 2.56

0610007P22Rik Riken clone 26.781 1.75

F630107L03Rik Riken clone 29.322 1.77

Cacng5 Voltage-dependent calcium channel gamma-5 subunit 43.34 2.25

Dpysl5 Dihydropyrimidinase-related protein 5 52.13 4.12

69 genes showed a fold change difference of ≥1.5 fold between the two groups with a p value of <0.05.
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Table 2. Differential expression of EGR3-dependent genes in schizophrenia studies.

HGNC_Symbol hiPSC_Neuron BloodmRNA DISC1_RNA gandalMicro gandalRNAseq

BAG3 −0.32, p= 0.0821 0.02, p= 0.886 −1.04, p= 0.00265 0.46, p= 0 0.25, p= 0.00118

CDKN1A 0.53, p= 0.12105 −0.66, p= 0.0386 −1.13, p= 4e–05 0.03, p= 0.53025 0.38, p= 1e–04

TAX1BP1 −0.09, p= 0.14238 0.15, p= 0.44 −0.69, p= 0.00363 −0.05, p= 0.00642 0, p= 0.80434

DLK1 −0.82, p= 0.15185 −0.48, p= 0.0211 −2.95, p= 0 −0.02, p= 0.32619 NA

FOSB −0.6, p= 0.15972 NA 1.61, p= 0.05003 −0.03, p= 0.50369 −0.09, p= 0.30397

FOSL2 −0.3, p= 0.16524 NA 1.74, p= 0.00028 0.01, p= 0.86692 0.01, p= 0.89933

PLK2 −0.3, p= 0.17343 NA −0.12, p= 0.54524 −0.05, p= 0.13323 −0.06, p= 0.05341

DUSP1 −0.26, p= 0.2098 −0.2, p= 0.182 0.09, p= 0.76562 −0.33, p= 0 −0.3, p= 0.05406

CALB2 −0.56, p= 0.22733 NA 1.07, p= 0.02438 −0.06, p= 0.09847 −0.02, p= 0.65189

SLC25A25 −0.14, p= 0.23559 0.29, p= 0.314 0.82, p= 0.01491 NA −0.09, p= 0.03948

GADD45B −0.36, p= 0.2407 −0.12, p= 0.563 −0.45, p= 0.53432 0.13, p= 0.03043 0.31, p= 0.00108

COL6A1 −0.15, p= 0.2678 0.17, p= 0.408 −0.57, p= 0.02524 0, p= 0.89158 0.02, p= 0.59097

FBXO33 −0.08, p= 0.30964 −0.42, p= 0.17 −0.15, p= 0.59998 NA −0.04, p= 0.18858

SLC30A3 −0.38, p= 0.31862 NA NA −0.11, p= 0 −0.02, p= 0.59594

MEF2C 0.26, p= 0.36873 0.44, p= 0.128 3.17, p= 1e–05 −0.02, p= 0.35728 −0.02, p= 0.42203

INHBA 0.54, p= 0.37038 NA −0.37, p= 0.5783 −0.04, p= 0.0793 −0.11, p= 0.58146

DPP10 0.4, p= 0.39287 NA NA NA −0.05, p= 0.0313

WFS1 −0.09, p= 0.39648 0.12, p= 0.35 −0.97, p= 0.0011 0.12, p= 1e–05 0.05, p= 0.3688

CEBPB 0.22, p= 0.4197 −0.22, p= 0.288 −0.23, p= 0.66459 0.08, p= 0.00744 0.19, p= 6e–05

PHF21B −0.14, p= 0.4388 0.11, p= 0.424 −0.57, p= 0.02009 NA −0.04, p= 0.28097

CAMKK1 0.12, p= 0.45333 −0.58, p= 0.0259 0.75, p= 0.0098 NA −0.03, p= 0.23652

PCDH8 0.22, p= 0.49638 0.12, p= 0.414 −0.49, p= 0.1538 −0.02, p= 0.62934 0, p= 0.96045

EMD −0.07, p= 0.49802 −0.04, p= 0.776 −0.37, p= 0.06911 −0.02, p= 0.10924 0.05, p= 0.45742

GCH1 −0.2, p= 0.51753 −0.12, p= 0.529 NA −0.11, p= 0.00099 −0.01, p= 0.79597

NPTX2 0.27, p= 0.52891 NA −0.68, p= 0.08796 −0.27, p= 0 −0.3, p= 1e–05

DPYSL5 −0.08, p= 0.54062 NA 0.61, p= 0.04561 NA 0, p= 0.98678

PER1 −0.12, p= 0.55705 0.04, p= 0.816 0.26, p= 0.43307 0.06, p= 0.01761 0.09, p= 0.05364

COQ10B −0.07, p= 0.56159 −0.41, p= 0.286 0.23, p= 0.55183 −0.05, p= 0.02826 −0.07, p= 0.03374

RPL7A −0.05, p= 0.61042 −0.09, p= 0.288 −0.55, p= 0.03022 NA 0.02, p= 0.34245

SERTAD1 −0.1, p= 0.62188 0.11, p= 0.605 −0.8, p= 0.09215 NA 0.06, p= 0.23966

FRMD6 0.07, p= 0.65809 −0.49, p= 0.129 −1.66, p= 0.00086 NA −0.12, p= 0.00013

BDNF 0.12, p= 0.66419 0.06, p= 0.695 −0.35, p= 0.68472 −0.24, p= 0 −0.28, p= 0.12699

GADD45G 0.15, p= 0.66505 0.54, p= 0.109 1.21, p= 0.00035 0.05, p= 0.11504 0.27, p= 0.00038

CENPA −0.11, p= 0.67123 0.12, p= 0.378 NA −0.02, p= 0.28862 NA

ARC −0.15, p= 0.67385 0.9, p= 0.0139 1.34, p= 0.05719 −0.23, p= 2e–05 −0.45, p= 0.01904

ERRFI1 0.17, p= 0.68918 0.49, p= 0.0108 −0.66, p= 0.04065 NA 0.01, p= 0.67131

CSRNP1 −0.06, p= 0.70835 0.08, p= 0.728 −0.41, p= 0.22397 NA 0.04, p= 0.62456

KDM6B 0.04, p= 0.72218 −1.03, p= 0.0345 0.31, p= 0.19838 0.01, p= 0.56945 0.01, p= 0.81955

EGR3 −0.12, p= 0.73785 0.4, p= 0.433 1.64, p= 0.00449 −0.1, p= 0.00189 −0.12, p= 0.15247

TANC1 0.07, p= 0.75881 0.13, p= 0.595 −1.24, p= 8e–05 NA 0.03, p= 0.32526

RASL10A 0.11, p= 0.76405 −0.47, p= 0.0296 NA −0.13, p= 0 −0.22, p= 0.01732

SLC17A6 −0.11, p= 0.80324 NA −2.72, p= 9e–05 −0.15, p= 0.00238 −0.1, p= 0.02375

TAMALIN 0.05, p= 0.81867 −0.01, p= 0.935 1.64, p= 0.01204 NA −0.15, p= 0.0281

ZDHHC21 0.02, p= 0.82655 −0.02, p= 0.954 0.03, p= 0.93476 NA 0, p= 0.90342

NR4A2 0.09, p= 0.82964 NA −1.69, p= 0.01638 −0.3, p= 0 −0.35, p= 0.13475

OSBPL6 0.02, p= 0.86875 0.1, p= 0.649 0.24, p= 0.33185 NA −0.08, p= 0.05614

DUSP4 0.02, p= 0.90675 1.76, p= 0 0.74, p= 0.02288 −0.15, p= 0.00037 −0.43, p= 0.09233

SSTR2 0.03, p= 0.9106 NA −0.63, p= 0.10038 −0.03, p= 0.31275 −0.11, p= 0.00136

NTN5 −0.02, p= 0.92996 NA −0.39, p= 0.70089 NA NA

CACNG5 0.03, p= 0.93279 0.06, p= 0.593 NA 0, p= 0.86722 NA

JUNB 0.02, p= 0.94177 −0.34, p= 0.0843 −0.28, p= 0.55915 −0.17, p= 0.00088 −0.08, p= 0.46257
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Table 2. continued

HGNC_Symbol hiPSC_Neuron BloodmRNA DISC1_RNA gandalMicro gandalRNAseq

FOS 0.02, p= 0.95035 −0.65, p= 0.13 −0.59, p= 0.03179 −0.36, p= 0.00057 −0.37, p= 0.10822

PROX1 −0.01, p= 0.961 NA 0.88, p= 0.0397 0.03, p= 0.37899 0.09, p= 0.00831

RASL11A 0.01, p= 0.96522 −1.17, p= 0.00072 NA NA −0.09, p= 0.05543

PSMB5 0, p= 0.97554 1.45, p= 2e–05 −0.29, p= 0.33954 −0.05, p= 0.01003 −0.07, p= 0.00177

C1QL2 NA −0.78, p= 0.00734 6.04, p= 0 NA −0.07, p= 0.10395

EGR4 NA NA 0.97, p= 0.30657 −0.2, p= 0 −0.32, p= 0.02189

C2CD4A NA NA NA NA NA

HGNC_Symbol hiPSC_NPC1 MtSinaiACC MtSinaiDLPFC MtSinaiMTA MtSinaiTPA

BAG3 −0.05, p= 0.79517 −0.46, p= 0.25869 0.08, p= 0.90499 −0.24, p= 0.42096 −0.59, p= 0.15172

CDKN1A −0.04, p= 0.90292 −0.22, p= 0.46986 −0.06, p= 0.88564 −0.32, p= 0.51548 −0.44, p= 0.36054

TAX1BP1 −0.05, p= 0.4067 0.2, p= 0.01278 −0.04, p= 0.68386 0.03, p= 0.79524 0.1, p= 0.12898

DLK1 −0.81, p= 0.28279 NA NA NA NA

FOSB 0.56, p= 0.22477 NA NA NA NA

FOSL2 0.01, p= 0.96237 −0.01, p= 0.95062 −0.5, p= 0.02372 −0.06, p= 0.72718 −0.42, p= 0.16922

PLK2 −0.11, p= 0.61775 0.48, p= 0.03211 −0.12, p= 0.59213 −0.08, p= 0.61198 −0.14, p= 0.43879

DUSP1 0.17, p= 0.42677 0.26, p= 0.39728 −0.01, p= 0.97916 0.28, p= 0.35604 −0.31, p= 0.25042

CALB2 0.78, p= 0.17148 0.38, p= 0.18307 0.51, p= 0.17976 −0.11, p= 0.58751 0.48, p= 0.03202

SLC25A25 −0.11, p= 0.37888 −0.02, p= 0.88637 0.15, p= 0.34145 0.09, p= 0.39415 0.05, p= 0.82565

GADD45B 0.17, p= 0.59048 −0.33, p= 0.25363 −1.05, p= 0.25174 −0.85, p= 0.14295 −1.35, p= 0.09954

COL6A1 −0.12, p= 0.39612 −0.09, p= 0.59109 −0.29, p= 0.07906 0.1, p= 0.44689 0.26, p= 0.04108

FBXO33 −0.01, p= 0.87047 −0.27, p= 0.16728 0.1, p= 0.4471 0.39, p= 0.00934 0.54, p= 0.0103

SLC30A3 0.2, p= 0.63178 NA NA NA NA

MEF2C −0.16, p= 0.59546 0.16, p= 0.43094 −0.24, p= 0.25495 −0.12, p= 0.53305 0.22, p= 0.24237

INHBA 0.23, p= 0.75278 NA NA NA NA

DPP10 0.31, p= 0.54713 0.26, p= 0.27222 −0.22, p= 0.24723 −0.05, p= 0.77682 0.1, p= 0.57767

WFS1 −0.03, p= 0.77454 −0.1, p= 0.36303 0.2, p= 0.51505 0.15, p= 0.21049 0.01, p= 0.9372

CEBPB 0, p= 0.99652 −0.23, p= 0.23533 −0.08, p= 0.69098 −0.17, p= 0.41913 −0.39, p= 0.09009

PHF21B 0.09, p= 0.6062 NA NA NA NA

CAMKK1 0.02, p= 0.92176 0.27, p= 0.18205 −0.27, p= 0.03174 0.16, p= 0.35829 0.04, p= 0.80671

PCDH8 0.15, p= 0.63565 0.57, p= 0.03882 −0.06, p= 0.80466 0.15, p= 0.58969 0.14, p= 0.59105

EMD 0.08, p= 0.44547 NA NA NA NA

GCH1 −0.43, p= 0.19325 −0.58, p= 0.13237 0.61, p= 0.23203 0.1, p= 0.70762 −0.41, p= 0.21419

NPTX2 −0.28, p= 0.51109 −0.1, p= 0.67103 −0.35, p= 0.2751 −0.45, p= 0.2745 −0.15, p= 0.7255

DPYSL5 −0.01, p= 0.91137 −0.13, p= 0.51241 0.1, p= 0.71991 0.14, p= 0.39232 −0.01, p= 0.90619

PER1 0, p= 0.99052 0.03, p= 0.76349 0.02, p= 0.90763 0, p= 0.99099 −0.14, p= 0.19271

COQ10B −0.17, p= 0.18681 0.06, p= 0.55984 −0.02, p= 0.78616 −0.12, p= 0.2149 −0.12, p= 0.25397

RPL7A −0.07, p= 0.52573 0.25, p= 0.13596 0.36, p= 0.26567 0.04, p= 0.7178 0.07, p= 0.38373

SERTAD1 0.18, p= 0.37682 −0.21, p= 0.35465 −0.01, p= 0.98325 −0.49, p= 0.0898 −0.35, p= 0.21307

FRMD6 0.12, p= 0.39499 0.04, p= 0.82184 −0.03, p= 0.87729 0.14, p= 0.29411 0.09, p= 0.53324

BDNF 0.47, p= 0.11501 0.37, p= 0.24235 −0.2, p= 0.60573 0.16, p= 0.66307 0.39, p= 0.19732

GADD45G 0.2, p= 0.546 NA NA NA NA

CENPA 0.02, p= 0.91488 NA NA NA NA

ARC 0.47, p= 0.22708 NA NA NA NA

ERRFI1 −0.45, p= 0.29955 −0.08, p= 0.52989 0.02, p= 0.8967 0.04, p= 0.49242 −0.24, p= 0.11842

CSRNP1 −0.1, p= 0.61371 0.06, p= 0.77413 −0.33, p= 0.26213 −0.3, p= 0.11005 −0.4, p= 0.17261

KDM6B −0.01, p= 0.95267 0.21, p= 0.24157 0.05, p= 0.78434 −0.09, p= 0.61973 −0.26, p= 0.22944

EGR3 0.46, p= 0.2355 0.23, p= 0.26581 0.03, p= 0.88893 −0.05, p= 0.79828 −0.15, p= 0.56398

TANC1 −0.23, p= 0.35367 −0.57, p= 0.0152 −0.26, p= 0.13805 −0.27, p= 0.14701 −0.4, p= 0.06464

RASL10A 0.28, p= 0.55199 0.16, p= 0.44907 0.13, p= 0.51148 −0.09, p= 0.75454 0.19, p= 0.36989

SLC17A6 0.33, p= 0.50584 −0.09, p= 0.76637 −0.5, p= 0.01389 −0.25, p= 0.20713 0.19, p= 0.43558
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Table 2. continued

HGNC_Symbol hiPSC_NPC1 MtSinaiACC MtSinaiDLPFC MtSinaiMTA MtSinaiTPA

TAMALIN −0.15, p= 0.472 0.29, p= 0.18464 −0.14, p= 0.35768 0.2, p= 0.19358 0.2, p= 0.29512

ZDHHC21 0.01, p= 0.93489 0.34, p= 0.01416 −0.15, p= 0.38666 −0.07, p= 0.68939 −0.08, p= 0.58333

NR4A2 0.62, p= 0.16673 0.35, p= 0.16386 −0.25, p= 0.45198 0.15, p= 0.5745 0.15, p= 0.54504

OSBPL6 −0.1, p= 0.42634 −0.11, p= 0.46335 0.13, p= 0.38738 0.33, p= 0.06354 0.52, p= 0.00106

DUSP4 −0.15, p= 0.45815 NA NA NA NA

SSTR2 0.09, p= 0.72974 0.05, p= 0.81328 0.2, p= 0.34572 0.31, p= 0.23386 0.45, p= 0.00646

NTN5 −0.1, p= 0.75761 NA NA NA NA

CACNG5 −0.07, p= 0.86759 NA NA NA NA

JUNB 0.11, p= 0.64975 0.18, p= 0.48983 −0.4, p= 0.50242 0.16, p= 0.48992 −0.48, p= 0.26895

FOS 0.56, p= 0.14087 0.42, p= 0.42354 −1.15, p= 0.39057 0.11, p= 0.80601 −0.94, p= 0.22862

PROX1 0.18, p= 0.53785 −0.62, p= 0.06257 −0.05, p= 0.8297 0.22, p= 0.38952 0.14, p= 0.5746

RASL11A 0.15, p= 0.59965 NA NA NA NA

PSMB5 −0.02, p= 0.84252 0.08, p= 0.48029 0.16, p= 0.34105 0.13, p= 0.28466 0.08, p= 0.44466

C1QL2 NA NA NA NA NA

EGR4 NA 0.25, p= 0.3989 −0.03, p= 0.94403 0.34, p= 0.17492 −0.85, p= 0.23701

C2CD4A NA NA NA NA NA

HGNC_Symbol Stanley Deep_Neurons Superficial_Neurons

BAG3 0.13, p= 0.18171 0.04, p= 0.69947 0.04, p= 0.72516

CDKN1A 0.17, p= 0.08039 0.01, p= 0.95415 0, p= 0.98405

TAX1BP1 −0.05, p= 0.19246 −0.01, p= 0.92427 −0.02, p= 0.89588

DLK1 0, p= 0.90792 0.01, p= 0.95252 0.02, p= 0.83855

FOSB −0.02, p= 0.63824 −0.09, p= 0.39393 −0.11, p= 0.33335

FOSL2 −0.01, p= 0.64448 −0.05, p= 0.4799 −0.05, p= 0.50787

PLK2 −0.02, p= 0.80023 −0.1, p= 0.37039 −0.09, p= 0.41683

DUSP1 −0.07, p= 0.24855 0.04, p= 0.5955 0.05, p= 0.45598

CALB2 −0.04, p= 0.53085 0.08, p= 0.21986 0.09, p= 0.2113

SLC25A25 −0.06, p= 0.33908 0.1, p= 0.36655 0.08, p= 0.44629

GADD45B 0.07, p= 0.0797 −0.02, p= 0.8695 −0.01, p= 0.96015

COL6A1 0.01, p= 0.20955 0.04, p= 0.64557 0.04, p= 0.67095

FBXO33 0.02, p= 0.15155 −0.06, p= 0.45867 −0.07, p= 0.38679

SLC30A3 −0.13, p= 0.15692 0.06, p= 0.41934 0.07, p= 0.39729

MEF2C 0, p= 0.96954 0.13, p= 0.5087 0.08, p= 0.6774

INHBA −0.02, p= 0.45229 −0.06, p= 0.43342 −0.08, p= 0.3049

DPP10 0, p= 0.90157 0.03, p= 0.71465 0.02, p= 0.78353

WFS1 0.05, p= 0.31329 0.09, p= 0.17783 0.1, p= 0.14681

CEBPB 0.07, p= 0.31916 0.19, p= 0.0686 0.21, p= 0.0487

PHF21B NA 0.06, p= 0.44825 0.04, p= 0.56301

CAMKK1 0.02, p= 0.81091 −0.02, p= 0.7595 −0.03, p= 0.64491

PCDH8 0.02, p= 0.82012 −0.02, p= 0.82115 −0.02, p= 0.85006

EMD 0.02, p= 0.58101 NA NA

GCH1 −0.05, p= 0.26007 0.05, p= 0.49696 0.06, p= 0.42438

NPTX2 −0.11, p= 0.14812 −0.05, p= 0.5487 −0.05, p= 0.51358

DPYSL5 −0.15, p= 0.02334 −0.01, p= 0.92474 −0.02, p= 0.82193

PER1 0.07, p= 0.13636 NA NA

COQ10B −0.01, p= 0.69119 0.1, p= 0.35391 0.11, p= 0.34034

RPL7A −0.04, p= 0.3839 0.09, p= 0.33883 0.08, p= 0.37785

SERTAD1 −0.03, p= 0.47644 0.17, p= 0.01527 0.18, p= 0.01181

FRMD6 0, p= 0.97149 −0.02, p= 0.81704 0, p= 0.99211

BDNF −0.03, p= 0.31063 −0.16, p= 0.15481 −0.16, p= 0.15571

GADD45G 0.06, p= 0.29819 0.08, p= 0.4024 0.08, p= 0.42905

CENPA 0.03, p= 0.42363 −0.04, p= 0.69752 −0.03, p= 0.78042
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Supplementary Fig. S6 shows the proportion of schizophrenia
datasets in which each of the 58 DEGs identified in schizophrenia
datasets was differentially expressed. The gene C1QL2 (comple-
ment C1q like 2) appeared in the greatest proportion of
schizophrenia studies, followed by the IEG ARC. These findings
support the hypothesis that EGR3 is required for expression of
genes that are abnormally expressed in schizophrenia.

EGR3-dependent DEGs are involved in DNA damage response
To identify the major biological pathways regulated by EGR3 in
the hippocampus, we conducted a canonical pathway analysis
using Enrichr (Fig. 2). The results showed that one of the most
significantly overrepresented pathways in the DEG list was MAPK
signaling. One of the leading gene groups in this pathway and
other top pathways was the GADD45 (Growth Arrest and DNA
Damage) signaling genes (Fig. 2). A literature survey revealed that
GADD45, as well as numerous of the top pathways we identified,
including p53, ATM and Jak/STAT pathways, are involved in DNA
damage response [44–46]. Based on these observations we chose
to follow-up the microarray results with validation of genes that
were relevant to DNA damage response.

GADD45 signaling genes require Egr3 for ECS-induced
expression
The GADD45 family consists of proteins involved in regulation of
DNA repair [47, 48], DNA demethylation [49], neurogenesis [50]
and response to stress [51]. Since GADD45 signaling was
significantly overrepresented in the DEG list, we conducted follow
up studies on the members of the GADD45 signaling pathway that
were in our DEG list: Gadd45b and Gadd45g.

Expression microarray results showed that ECS causes a ≥ 2-fold
increase in mRNA levels of both of these genes in WT mice that was
not present in Egr3−/− mice (Fig. 3A, B). For both of these genes
this resulted in a significantly lower level of expression following ECS
in Egr3−/−mice than in WT controls (Table 3 lists results of ANOVAs
and post-hoc comparisons for all follow-up studies.)
To validate these findings, we conducted qRT-PCR on the

original mRNA samples that were used to perform the microarray
analysis. Since the animals used in the microarray were all male,
we replicated the study in female animals to determine if the gene
expression changes were sex specific.
Expression of Gadd45b validated in the mRNA samples used for

the microarray (Fig. 3C). In addition, in the female validation group
Gadd45b showed the same pattern of a ≥2-fold increase in
expression following ECS in WT mice that was absent in Egr3−/−
mice (Fig. 3D). For Gadd45g, the microarray findings were
validated in the male mRNA samples (Fig. 3E) but did not show
a significant difference between genotypes in the female
replication cohort (data not shown, two-way ANOVA not
significant, see Table 3). These results indicate that Egr3 is
required for activity-dependent upregulation of GADD45 family
gene expression in the hippocampus of male mice and, in the case
of Gadd45b, also in female animals.

DNA damage response gene Cenpa upregulated 12-fold by
ECS, which requires EGR3
Histone H3-like centromere protein A (CENPA), a protein essential
for the initial stages of centromere assembly [52], is critical for
efficient DNA repair in vivo [53]. Cenpa showed the greatest
degree of differential expression between Egr3−/− and WT mice

Table 2. continued

HGNC_Symbol Stanley Deep_Neurons Superficial_Neurons

ARC −0.14, p= 0.08058 −0.02, p= 0.87338 −0.01, p= 0.9275

ERRFI1 −0.04, p= 0.08501 −0.03, p= 0.75554 −0.03, p= 0.70662

CSRNP1 −0.06, p= 0.56529 −0.03, p= 0.73185 −0.02, p= 0.77915

KDM6B 0.02, p= 0.43111 0, p= 0.98583 −0.01, p= 0.9362

EGR3 −0.08, p= 0.15211 0.1, p= 0.22062 0.1, p= 0.2386

TANC1 0.03, p= 0.58032 −0.02, p= 0.68021 −0.02, p= 0.71937

RASL10A −0.07, p= 0.16861 0.01, p= 0.92154 0.01, p= 0.89461

SLC17A6 −0.03, p= 0.56269 −0.01, p= 0.86581 −0.02, p= 0.868

TAMALIN −0.01, p= 0.7858 0.11, p= 0.23754 0.13, p= 0.18539

ZDHHC21 0.05, p= 0.11461 0.05, p= 0.56481 0.06, p= 0.54912

NR4A2 −0.08, p= 0.09242 0.01, p= 0.87624 0.04, p= 0.68243

OSBPL6 −0.12, p= 0.09218 −0.05, p= 0.52991 −0.06, p= 0.46194

DUSP4 −0.08, p= 0.08166 −0.07, p= 0.23798 −0.06, p= 0.2808

SSTR2 −0.04, p= 0.29886 0.04, p= 0.66881 0.04, p= 0.71109

NTN5 NA 0.01, p= 0.91139 0.02, p= 0.77849

CACNG5 0.03, p= 0.52488 −0.01, p= 0.91203 0, p= 0.9889

JUNB 0.01, p= 0.88626 −0.02, p= 0.77838 −0.02, p= 0.77732

FOS −0.12, p= 0.08703 0.01, p= 0.93361 −0.01, p= 0.94578

PROX1 0.04, p= 0.08436 −0.03, p= 0.66585 −0.03, p= 0.71635

RASL11A NA −0.08, p= 0.24287 −0.09, p= 0.20206

PSMB5 −0.14, p= 0.09518 −0.05, p= 0.62883 −0.04, p= 0.67635

C1QL2 NA −0.01, p= 0.90307 0, p= 0.99084

EGR4 −0.14, p= 0.02838 −0.05, p= 0.65832 −0.04, p= 0.758

C2CD4A NA −0.05, p= 0.62716 −0.07, p= 0.56111

Each of the 69 genes that are differentially expressed in the hippocampus of Egr3−/− vs WT mice at 1 h following ECS that were present in human
schizophrenia study datasets are listed in column 1 (total= 58). Each column represents the fold change (FC) value of the human homolog in the listed
schizophrenia study dataset. p values are adjusted for multiple comparisons.
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of all the genes in the microarray dataset. This was due to a 12-
fold upregulation of Cenpa in WT mice in response to ECS that was
entirely absent in Egr3−/− mice (Fig. 4Ai, Table 3). This finding
was validated by qRT-PCR in male mRNAs as well in the female
replication cohort, in which ECS induced a 13-fold and 15-fold
increase in Cenpa expression (respectively) in WT mice with no
change in expression in Egr3−/− mice (Fig. 4Aii, Aiii, Table 3).

ECS-induced gene expression of AP1 transcription factor
components Fos and Fosb is Egr3 dependent
The Activator protein 1 (AP1) transcription factor is a dimeric
transcription factor whose subunits belong to four different families

of DNA-binding proteins including the Jun family, Fos family, ATF/
cyclic AMP-responsive element-binding (CREB), and the musculoa-
poneurotic fibrosarcoma (Maf) family [54]. The AP-1 transcription
factor components play critical roles in cancer [55], immune system
function [56], neurite growth [57], and DNA repair [58]. Results from
the microarray showed that three AP-1 components Fos, Fosb, and
Jun showed ECS-induced expression in WT mice that was either
significantly lower, or absent, in Egr3−/− mice after ECS (Fig. 4Bi, Ci,
Table 3). Both Fos and Fosb findings were validated in male RNA
samples (Fig. 4Bii, Cii, Table 3) and replicated in the female cohort by
qRT-PCR (Fig. 4Biii, Ciii, Table 3).
The initial microarray showed differential expression of Jun

between Egr3−/− and WT mice. The follow-up qRT-PCR studies
revealed a significant effect of genotype in the female replication
cohort, but not in the male validation study (Table 3).

ECS-mediated induction of memory regulation gene Nr4a2 is
Egr3-dependent
In addition to genes involved in DNA damage response, based on
our Enrichr analysis results, the next category of genes that we
decided to investigate further were those involved in nervous
system function and regulation of behavior. The gene nuclear
receptor subfamily 4 member 2 (Nr4a2) particularly stood out due
to its roles in memory and neurophysiologic processes. Nr4a2 is
required for both long-term memory and object recognition [59],
hippocampal neurogenesis [60], and was recently shown to be
critical for DNA repair in vitro [61].
In WT mice, ECS induced a 2.8–3-fold upregulation of Nr4a2

expression that was absent in Egr3−/− mice (Fig. 4Di, Table 3).
The results of the microarray were validated in the male RNAs and
replicated in the female cohort by qRT-PCR (Fig. 4Dii, Diii, Table 3).

Genes upregulated in Egr3−/− mice including Mef2c and
Calb2 are linked to schizophrenia
The majority of genes we chose for validation studies were
upregulated in WT mice after ECS compared to Egr3−/− mice
following ECS. However, a small number of genes showed
increased expression in Egr3−/− mice compared with WT mice
after ECS. We chose two genes from this group for validation
studies based on their degree of fold-change induction,
involvement in behavior and/or DNA damage response, and
association with schizophrenia. The first, transcription factor
myocyte enhancer factor 2c (Mef2c), is a key regulator of
learning and memory in vivo [62]. The second, calbindin 2
(Calb2), encodes the protein calretinin, a critical regulator of
long-term potentiation in the dentate gyrus [63]. Previous
studies showed that enrichment of MEF2C motifs were found in
sequences surrounding the top single nucleotide polymorph-
isms within schizophrenia risk loci [64], and increased levels of
calretinin were reported in the dentate gyrus of schizophrenia
and bipolar patients compared to controls [65].

A.

B.

MAPK signaling pathway
Colorectal cancer
Thyroid cancer
Transcriptional misregulation in cancer
Parathyroid hormone synthesis, secretion and action
Osteoclast differentiation
FoxO signaling pathway
Endometrial cancer
Basal cell carcinoma
Breast cancer

C.

endoderm formation
regulation of p38MAPK cascade
positive regulation of transcription, DNA-templated
positive regulation of transcription by RNA polymerase II
modulation of chemical synaptic transmission
regulation of cell cycle
regulation of AMPA receptor activity
negative regulation of apoptotic process
regulation of postsynaptic neurotransmitter receptor activity
regulation of transcription by RNA polymerase II

D.

MAPK signaling pathway WP493
Adipogenesis genes WP447
Serotonin and anxiety-related events WP2140
p53 signaling WP2902
Serotonin and anxiety WP2141
EGFR1 Signaling Pathway WP572
Novel Jun-Dmp1 Pathway WP3654
Oxidative Stress WP412
Mecp2 and Associated Rett Syndrome WP2910
Exercise-induced Circadian Regulation WP544

E.

BDNF signaling pathway
AP-1 transcription factor network
MAPK signaling pathway
T cell receptor regulation of apoptosis
Regulation of NFAT transcription factors
Adipogenesis
Interleukin-5 regulation of apoptosis
Nuclear events mediated by MAP kinases
SMAD2/3 nuclear pathway
TSH regulation of gene expression

sequence-specific DNA binding
sequence-specific double-stranded DNA binding
mitogen-activated protein kinase binding
RNA polymerase II cis-regulatory region sequence-specific DNA binding
cis-regulatory region sequence-specific DNA binding
double-stranded DNA binding
MAP kinase tyrosine/serine/threonine phosphatase activity
protein tyrosine/threonine phosphatase activity
transcription regulatory region nucleic acid binding
RNA polymerase II transcription regulatory region sequence-specific DNA binding

Fig. 2 Top canonical pathways and biological function categories
associated with DEGs generated by the Enrichr web tool. Enrichr
pathway analyses performed on microarray results reveals biological
processes associated with the genes that are differentially expressed
in hippocampus of Egr3−/− mice compared to WT mice 1 h
following ECS. The top 10 enriched pathways from each queried
gene set library (A KEGG 2019 Mouse, B Gene Ontology (GO)
Biological Process 2021, C WikiPathways 2019 Mouse, D BioPlanet
2019, and E GO Molecular Function 2021) are shown in order from
most significant to least significant adjusted p value. The longer and
lighter colored the bar, the more significant the pathway term. All
pathways presented have significant adjusted p values < 0.05. One
of the most significantly enriched pathways in the DEG list was
MAPK signaling, specifically including GADD45B and GADD45G.
Complete Enrichr results can be found in Supplementary Table S12.
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The Mef2c microarray results showed that ECS caused a
decrease in Mef2c expression in WT mice which did not occur in
Egr3−/− mice (Fig. 5A, Table 3). The opposing effect of ECS on
Mef2c expression resulted in a significant interaction between ECS
treatment and genotype in the two-way ANOVA in the microarray,
a result that was validated by qRT-PCR in the male mRNAs (Fig. 5A,

B, Table 3). In contrast, in females no significant changes in Mef2c
expression were seen (Table 3).
The Calb2 microarray results showed a pattern that was

uncommon in the dataset. Expression of Calb2 is significantly
reduced in WT mice compared to Egr3−/− mice at baseline and
does not change in response to ECS in either genotype. This pattern,
which was validated by qRT-PCR in males (Fig. 5C, D, Table 3), was
not significant in the female qRT-PCR results (Table 3).

DISCUSSION
Major advances in genetics and genomics over the last decade and a
half have led to identification of hundreds of genes associated with
risk for neuropsychiatric and neurodegenerative disorders. One
method to identify mechanisms that unite these findings, and thus
underlie illness etiology, is to identify the “master regulatory genes”
that orchestrate expression of large numbers of these disease-
associated genes. EGR3 has been identified as such a master
regulator in neuropsychiatric illnesses of schizophrenia, bipolar
disorder and, most recently, Alzheimer’s dementia [2–4]. These
studies have relied on bioinformatics resources to identify the gene
interaction relationships that led to these discoveries. However, few
studies have validated the genes that require Egr3 for their
expression in the brain in vivo. Our findings reveal numerous genes
that are dependent upon Egr3 for their normal expression in
response to neuronal activity in the mouse hippocampus. Many of
these genes either map to schizophrenia GWAS risk loci or have been
identified as differentially regulated in schizophrenia studies.
As an immediate early gene transcription factor, Egr3 is rapidly

expressed in the brain in response to neuronal activity and, in turn,
regulates the subsequent set of genes expressed in response to that
activity. Egr3 is thus poised to translate environmental stimuli into
changes in gene expression that dictate the brain’s response to the
outside world. Our studies in mice identified the critical roles of Egr3
in stress-responsive behavior, memory, and synaptic plasticity
[13, 15]. Based on these findings, and the upstream signaling events
that trigger EGR3 expression, we hypothesized that dysfunction of
EGR3 would disrupt the brain’s resilient response to stress, resulting
in neuropathology which, over time, may give rise to symptoms of
neuropsychiatric illness [13, 15, 16]. Although EGR3 itself is not
located at one of the 145 loci associated with risk for schizophrenia,
each of the other members of the EGR family, EGR1, EGR2, EGR4, as
well as the EGR co-regulatory binding factor NAB2 each, map to
schizophrenia GWAS loci [19–21], and EGR3 interacts in a co-
regulatory feedback loop with EGR1, EGR2, and NAB2 [18].
Our hypothesis has subsequently been supported by studies

showing both genetic association of EGR3 with schizophrenia
[9, 66–68], as well as decreased EGR3 gene expression in brains of
schizophrenia patients [66, 69] and fibroblasts isolated from
schizophrenia patients [70]. Recent in silico studies identified EGR3
as a central gene in a network of transcription factors and
microRNAs associated with schizophrenia risk [2], a master
regulator of genes that are differentially regulated in bipolar
disorder patients [3], and a critical regulator of DEGs involved in
synaptic function in Alzheimer’s disease [4]. In total, these findings

A.

B.

C.

D.

E.

Microarray Gadd45b expression

Microarray Gadd45g expression

Male qRT-PCR Gadd45b expression

Female qRT-PCR Gadd45b expression

Male qRT-PCR Gadd45g expression

Fig. 3 GADD45 family genes are differentially expressed in
Egr3−/− mice. A, B Expression microarray results of GADD45B
pathway gene expression in hippocampus from WT and Egr3−/−
mice at baseline (No ECS) and 1 h after ECS. A Gadd45b, B Gadd45g.
Quantitative RT-PCR validation of Gadd45b in (C) the original male
cohort and (D) the replication female cohort. E qRT-PCR validation of
Gadd45g results in original male cohort. (For experiments in A–C and
E n= 4 animals/group, experiments in D WT: No ECS, n= 4; 1 h after
ECS, n= 5; Egr3−/−: No ECS, n= 4; 1 h after ECS, n= 5; *p < 0.05,
**p < 0.01, ***p < 0.001, controlled for multiple comparisons, values
represent means ± SEM). Statistical analyses for these, and all
subsequent graphs, are shown in Table 3.
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Table 3. Statistics for microarray and qRT-PCR analyses.

Gene Two-way ANOVA results Post hoc comparison (Tukey’s test) results (p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001)

Gadd45b (M,
microarray)

Sig interaction of genotype & treatment F (1,
12)= 18.39, p= 0.0011

WT vs WT ECS ***, WT ECS vs KO ECS ***

Gadd45b (M, qRT PCR) Sig interaction of genotype & treatment F (1,
12)= 12.55, p= 0.0041

WT vs WT ECS ***, WT ECS vs KO ECS **

Gadd45b (F, qRT PCR) Sig effect of genotype F (1, 14)= 5.302,
p= 0.0372;
Sig effect of treatment F (1, 14)= 15.80,
p= 0.0014

WT vs WT ECS **, WT ECS vs KO ECS *

Gadd45g (M,
microarray)

Sig interaction of genotype & treatment F (1,
12)= 18.39, p= 0.0011

WT vs WT ECS ***, WT ECS vs KO ECS **

Gadd45g (M, qRT PCR) Sig interaction of genotype & treatment F (1,
12)= 9.875, p= 0.0085

WT vs WT ECS ***, WT ECS vs KO ECS *

Gadd45g (F, qRT PCR) Not sig N/A

Cdnk1a (M, microarray) Sig interaction of genotype & treatment F (1,
12)= 7.316, p= 0.0191

WT vs WT ECS ****, KO vs KO ECS *, WT ECS vs KO ECS *

Cenpa (M, microarray) Sig interaction of genotype & treatment F (1,
12)= 263.1, p < 0.0001

WT vs WT ECS ****, WT ECS vs KO ECS ****

Cenpa (M, qRT PCR) Sig interaction of genotype & treatment F (1,
12)= 103.9, p < 0.0001

WT vs WT ECS ****, WT ECS vs KO ECS ****

Cenpa (F, qRT PCR) Sig interaction of genotype & treatment F (1,
14)= 68.28, p < 0.0001

WT vs WT ECS ****, WT ECS vs KO ECS ****

Fos (M, microarray) Sig interaction of genotype & treatment F (1,
12)= 10.92, p= 0.0063

WT vs WT ECS ****, KO vs KO ECS *, WT ECS vs KO ECS**

Fos (M, qRT PCR) Sig interaction of genotype & treatment F (1,
12)= 5.808, p= 0.0329

WT vs WT ECS **, WT ECS vs KO ECS *

Fos (F, qRT PCR) Sig effect of treatment F (1, 14) = 8.392,
p= 0.0117

WT vs WT ECS *

Fosb (M, microarray) Sig interaction of genotype & treatment F (1,
12)= 63.79, p < 0.0001

WT vs WT ECS ****, WT ECS vs KO ECS ****

Fosb (M, qRT PCR) Sig interaction of genotype & treatment F (1,
12)= 14.01, p= 0.0028

WT vs WT ECS ***, WT ECS vs KO ECS ***

Fosb (F, qRT PCR) Sig interaction of genotype & treatment F (1,
14)= 7.094, p= 0.0185

WT vs WT ECS ***, WT ECS vs KO ECS **

Junb (M, microarray) Sig interaction of genotype & treatment F (1,
12)= 18.22, p= 0.0011

WT vs WT ECS ****, KO vs KO ECS *, WT ECS vs KO ECS***

Junb (M, qRT PCR) Sig effect of treatment F (1, 12)= 6.247,
p= 0.0280

Posthoc comparisons NS

Junb (F, qRT PCR) Sig effect of treatment F (1, 14)= 6.569,
p= 0.0225; sig
effect of genotype F (1, 14)= 4.608, p= 0.0498

Posthoc comparisons NS

Nr4a2 (M, microarray) Sig interaction of genotype & treatment F (1,
12)= 15.90, p= 0.0018

WT vs WT ECS ***, WT ECS vs KO ECS ***

Nr4a2 (M, qRT PCR) Sig interaction of genotype & treatment F (1,
12)= 7.050, p= 0.0210

WT vs WT ECS ***, WT ECS vs KO ECS **

Nr4a2 (F, qRT PCR) Sig interaction of genotype & treatment F (1,
14)= 5.230, p= 0.0383

WT vs WT ECS *

Mef2c (M, microarray) Sig interaction of genotype & treatment F (1,
12)= 21.07, p= 0.0006

WT vs WT ECS**, KO vs. WT ECS**

Mef2c (M, qRT PCR) Sig interaction of genotype & treatment F (1,
12)= 9.484, p= 0.0095

Posthoc comparisons NS

Mef2c (F, qRT PCR) Not sig N/A

Calb2 (M, microarray) Sig effect of genotype F (1, 12)= 48.99,
p < 0.0001

WT vs KO***, WT ECS vs. KO ECS**

Calb2 (M, qRT PCR) Sig effect of genotype F (1, 12)= 11, p= 0.0061 Posthoc comparisons NS

Calb2 (F, qRT PCR) Not sig N/A
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suggest that altered EGR3 activity, or disruption of proteins that
function upstream or downstream of EGR3, may increase risk for
neuropsychiatric disorders and play a role of development of
neurodegenerative disease.
To identify Egr3-dependent genes in the brain, we used ECS to

maximally induce immediate early gene expression in the hippo-
campi of WT and Egr3−/− mice and identified DEGs using a
microarray-based approach. We found genes involved in regulation
of behavior and DNA damage response pathways to be significantly
overrepresented in our DEG list. Our results suggest that Egr3 is
necessary for ECS-dependent stimulation of a subset of genes
involved in regulation of nervous system function including
regulation of memory (Nr4a2 [59]), neurogenesis and synaptic
plasticity (Gadd45b [50], Bdnf [71]), behavior (Fos [72], Fosb [73])
and DNA damage response, particularly, DNA repair (Cenpa [53],

GADD45 family proteins Gadd45b and Gadd45g [47, 48], Fos and
Fosb that are part of the AP-1 transcription factor [58], and Nr4a2
[61]). We also report that two genes that show elevated expression in
schizophrenia (Calb2 [65], Mef2c [64]) are upregulated in mice lacking
Egr3. In total, our findings suggest that Egr3 is critical for the normal
activity-responsive expression of genes involved in brain function
and the DNA damage response.

The importance of DNA repair in neurons, findings of DNA
damage regulating genes involved in behavior
In neurons, DNA damage can occur during normal cellular activity
and in processes involving DNA replication, such as neurogenesis
[74]. Neurons are postmitotic, and typically cannot be replaced by
new cells if DNA damage reaches critical levels. Therefore, neurons
rely heavily on effective DNA repair mechanisms to maintain

Fig. 4 Numerous genes are differentially expressed in Egr3−/− mice compared with WT mice following ECS. Microarray analysis results (i,
n= 4 animals/group) and follow-up qRT-PCR results performed on the original RNA samples used in the microarray (ii, n= 4 animals/group)
and in a replication cohort of female mice (iii, WT: No ECS, n= 4; 1 h after ECS, n= 5; Egr3−/−: No ECS, n= 4; 1 h after ECS, n= 5). A Cenpa, the
most highly DEG in the dataset, AP-1 family genes B Fos and C Fosb, and additional memory-related gene D Nr4a2, which is also involved in
DNA repair. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, controlled for multiple comparisons, values represent means ± SEM).
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homeostasis [75]. DNA damage is often associated with aging and
disease pathology; however, two recent paradigm-shifting studies
highlight the role of DNA damage in regulation of normal
physiological function in neurons. The first study, by Suberbeille
and colleagues [76], showed that neuronal activity triggered by
exploration of a novel environment can cause DNA damage in the
form of DNA double-stranded breaks in the cortex and
hippocampus of young adult WT mice. The second study, by
Madabhushi and colleagues, demonstrated that in vitro stimula-
tion of primary neurons induced DNA double-stranded breaks in
the promoters of immediate early genes that was essential for
their activity-dependent induction [77]. They also showed that
inhibiting non-homologous end joining, a DNA repair pathway,
caused a sustained “switched on” state of gene expression
perturbing the normal temporal dynamics of immediate early
gene expression.
We found several genes from the Madabhushi study to be

differentially expressed in our results. These included Fos, Fosb,
and Nr4a2, which failed to be induced in Egr3−/− mice after ECS,
and represented 3 of the 12 genes that showed upregulation in
the Madabhushi et al. study following etoposide treatment of
neurons [77]. Madabhushi and colleagues also reported that of
these genes, Fos and Fosb showed enrichment of DNA damage
double strand breaks (γ-H2AX) in their promoters and were
induced following neuronal activity in vitro [77].
We show that Egr3 is necessary for the neuronal activity-

induced expression of these genes. Given the roles of these genes
in regulation of neuronal function, impaired expression of these
genes may contribute to the behavioral and cognitive deficits
seen in Egr3−/− mice [13, 78]. In addition to playing a role in
behavior regulation, Fos and Fosb are members of the AP-1
transcription factor complex, a critical regulator of DNA repair
genes [58]. In line with these data, we also found that genes
belonging to the GADD45 signaling pathway, a major DNA
damage response pathway [47, 48], showed impaired induction in
Egr3−/− mice following ECS. GADD45b was recently identified as
an EGR3-dependent gene in prostate cancer, and EGR3 was shown
to bind to the GADD45B promoter in vivo and upregulate
expression of GADD45B in vitro [79].
In addition, other DNA damage response genes including Cenpa

and Nr4a2, recently found to play a role in DNA repair [53, 61]
showed a similar lack of induction in the Egr3−/− mice after

undergoing ECS. For several of these genes we saw particularly
robust induction following ECS in wildtype mice including a 12-
fold induction for Cenpa and a 15-fold induction for Fos that the
Egr3−/− mice lacked. Given that EGR3 is induced in response to
DNA damaging stimuli in vitro [80], our findings suggest that lack
of functional Egr3 results in diminished activation of genes
involved in DNA damage response. This dysfunction of Egr3 may
increase susceptibility to DNA damage, impacting normal
physiological activation of genes and contributing to increased
DNA damage observed in neuropsychiatric illness [81–85].

Genes upregulated in Egr3−/− mice
While the majority of DEGs in our data failed to be induced by ECS
in Egr3−/− mice, a small subset showed the opposite trend. Key
among these genes were Mef2c and Calb2, which showed the
most profound increase in Egr3−/− mice following ECS compared
to WT mice. Prior studies show that both of these genes show
increased expression in schizophrenia patients’ brains compared
to controls; Mef2c in the prefrontal cortex [64] and Calb2 in the
dentate gyrus [65]. A previous study showed that deletion of
Mef2c impairs hippocampal-dependent learning and memory
in vivo [62]. Also, Mef2c limits excessive synapse formation during
activity-dependent synaptogenesis in the dentate gyrus [62]. Mice
lacking the Calb2 encoded protein calretinin, show impaired
hippocampal long-term potentiation (LTP) [86]. Studies suggest
that temporal and spatial regulation of MEF2 family members [87]
and Calb2 [88] is essential for normal brain development.
Both timing and level of immediate early gene expression are

critical features of their function. Either insufficient expression, or
persistent overexpression, of immediate early genes, or the factors
that regulate them, can negatively affect learning [89], or cause
anxiety-like behavior, respectively [90]. Our findings indicate that
Egr3 may influence the temporal regulation of these genes, where
a lack of Egr3 may lead to a perpetual “switched on” state of gene
expression for genes such as Mef2c and Calb2 that is not observed
in WT mice, and may negatively impact normal brain function.
The current study has several limitations. First, seizure induces

maximal expression of activity-dependent genes. Further studies
will be important to determine whether the DEGs identified in our
study following ECS are also regulated by physiologic stimuli such
as exposure to a novel environment. A second limitation is that
the Egr3−/− mice used in this study are “conventional knockout

A.

C. D.

Microarray Mef2c expression

Microarray Calb2 expression

Male qRT-PCR Mef2c expression

Male qRT-PCR Calb2 expression

B.

Fig. 5 Mef2c and Calb2 display unique patterns of regulation. Microarray analysis results (A, C) and follow-up qRT-PCR results in males (B, D)
for schizophrenia associated gene Mef2c (A, B) and Calb2 (C, D), genes overexpressed in schizophrenia. (n= 4 animals/group; ANOVAs were
significant for each (see Table 3), p-values represent post-hoc analyses, **p < 0.01, ***p < 0.001, controlled for multiple comparisons, values
represent means ± SEM).
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mice” and lack normal expression of Egr3 from embryogenesis
throughout life [30]. Therefore, the gene expression differences
identified in our study may result from abnormal hippocampal
development. In addition, the timing of the changes in gene
expression in the current study are seen before maximal EGR3
protein expression, which continues to increase until at least 4 h
after ECS [91]. Therefore, the DEGs identified may not be directly
regulated by EGR3. Finally, the Egr3 gene is disrupted in Egr3−/−
mice by removal of the DNA binding domain. Although Egr3−/−
mice lack WT protein expression, the possibility that a truncated
form of EGR3 protein is expressed, which may have biological
effects, cannot be ruled out [30].
In summary, we report activity-dependent gene expression

changes in the hippocampus of Egr3−/− mice, previously shown
to exhibit schizophrenia-like behavioral abnormalities and mem-
ory deficits [13, 15]. We have validated numerous genes that were
differentially expressed in the microarray data using qRT-PCR in
the original male RNAs and a replication cohort of female mice,
demonstrating that many of these effects are independent of sex
while others appear sex-dependent. These genes are involved in
behavior and DNA damage response, with a subset playing dual
roles in neuronal function and DNA repair including Gadd45b,
Nr4a2 and Bdnf. Further studies are needed to define the role of
EGR3 in regulating DNA response genes necessary to repair DNA
double strand breaks induced by neuronal activity. In conclusion,
our studies demonstrate that EGR3 is a critical dual regulator of
behavior and DNA damage response genes, and further define its
role in brain function and neuropsychiatric and neurodegenera-
tive illnesses characterized by cognitive dysfunction. The identi-
fication of EGR3-dependent genes in the mouse hippocampus
may help to explain findings indicating that EGR3 may be a master
regulator of genes differentially expressed in neuropsychiatric
illnesses ranging from schizophrenia and bipolar disorder to
Alzheimer’s dementia [2–4].
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