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Bromodomain containing 1 (BRD1) encodes an epigenetic regulator that controls the expression of genetic networks linked to
mental illness. BRD1 is essential for normal brain development and its role in psychopathology has been demonstrated in genetic
and preclinical studies. However, the neurobiology that bridges its molecular and neuropathological effects remains poorly
explored. Here, using publicly available datasets, we find that BRD1 targets nuclear genes encoding mitochondrial proteins in cell
lines and that modulation of BRD1 expression, irrespective of whether it is downregulation or upregulation of one or the other
existing BRD1 isoforms (BRD1-L and BRD1-S), leads to distinct shifts in the expression profile of these genes. We further show that
the expression of nuclear genes encoding mitochondrial proteins is negatively correlated with the expression of BRD1mRNA during
human brain development. In accordance, we identify the key gate-keeper of mitochondrial metabolism, Peroxisome proliferator-
activated receptor (PPAR) among BRD1’s co-transcription factors and provide evidence that BRD1 acts as a co-repressor of PPAR-
mediated transcription. Lastly, when using quantitative PCR, mitochondria-targeted fluorescent probes, and the Seahorse XFe96
Analyzer, we demonstrate that modulation of BRD1 expression in cell lines alters mitochondrial physiology (mtDNA content and
mitochondrial mass), metabolism (reducing power), and bioenergetics (among others, basal, maximal, and spare respiration) in an
expression level- and isoform-dependent manner. Collectively, our data suggest that BRD1 is a transcriptional regulator of nuclear-
encoded mitochondrial proteins and that disruption of BRD1’s genomic actions alters mitochondrial functions. This may be the
mechanism underlying the cellular and atrophic changes of neurons previously associated with BRD1 deficiency and suggests that
mitochondrial dysfunction may be a possible link between genetic variation in BRD1 and psychopathology in humans.
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INTRODUCTION
Psychiatric disorders comprise a heterogeneous group of conditions
collectively characterized by changes in patterns of thoughts,
emotions, and behaviors. Their clinical profile is shaped by a range
of environmental exposures [1] and molecular genetic studies have
identified common and rare genetic variants that contribute to
mental illness [2]. Overlap in epidemiological risk factors and shared
genetic burden further suggests that psychiatric disorders share a
common etiology [3]. Although recent research has outlined
numerous putative biological underpinnings in psychiatric dis-
orders [4], the majority of the psychiatric risk loci remain to be
translated into pathobiology.
The Bromodomain containing 1 gene, BRD1, has been associated

with mental illness in several genetic studies of common variants
[5–12], including genome-wide association to schizophrenia (SZ)
[10]. BRD1 risk alleles are associated with increased BRD1 promoter
DNA methylation [13] and with reduced expression of BRD1 in the
blood in the general population [14]. In addition, rare disruptive

variants in BRD1 have been reported in both SZ and autism
spectrum disorder (ASD) cases [9, 15–17]. Patients with 22q13
microdeletions, which among other genes span BRD1, further
present with varying constellations of neurological, somatic, and
behavioral symptoms including among many others neonatal
hypotonia, developmental delay, intellectual disability, ASD, speech
delay, elevated pain threshold, and seizures [18, 19]. Intriguingly,
these patients can also present with psychiatric disorders like OCD,
affective disorder, and atypical bipolar [20], whereas SZ is not as
common [21, 22].
BRD1 encodes a scaffold protein that interacts with epigenetic

modifiers affecting histone acetylation and histone H3 N-tail
clipping and hereby modulates the transcription of a compre-
hensive set of genes implicated in brain development and mental
disorder risk [14, 23–25]. Importantly, BRD1 has different isoforms
(BRD1-L and BRD1-S) that appear to govern overlapping but
distinct chromatin interactomes [23]. In line with an important role
in spatio-temporal gene regulation in the central nervous system,
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the expression of BRD1 and its splice variants is highly regulated
during brain development [6], stem cell differentiation [26], and
upon external stimuli like chronic restraint stress [27] and
electroconvulsive seizures in rats [28] as well as upon administra-
tion of commonly used mood stabilizers in cell lines [13].
Emphasizing the importance of BRD1-regulated transcription in
normal brain development and function, BRD1 has, in the general
population, been associated with the surface area of the cerebral
cortex as measured by magnetic resonance imaging [29, 30], and
haploinsufficient Brd1+/− mice are characterized by changes in
neurochemistry, brain-, and synapse morphometry accompanied
by behavioral alterations and cognitive impairments with broad
translational relevance to psychiatric disorders [14, 31–33]. Inter-
estingly, brain transcriptomic and proteomic profiling of Brd1+/−

mice has previously hinted at mitochondrial dysfunction in several
brain tissues [14, 32, 34], suggesting that BRD1, and potentially its
isoforms, might be important in epigenetic regulation of
mitochondrial function, cellular metabolism, and bioenergetics.
In the present study, we assess the role of BRD1 in mitochondrial

biology. Through integrative bioinformatics analyses of human
datasets and in vitro studies in cell lines, we provide evidence
linking hampered BRD1-regulated isoform-specific gene expression
to mitochondrial dysfunction.

MATERIALS AND METHODS
Publicly available datasets
The following publicly available datasets were used throughout the manu-
script: nuclear-encoded mitochondrial (nMT) proteins from MitoCarta 3.0 [35].
Developmental brain transcriptome from Brainspan (www.brainspan.org);
BRD1-S and BRD1-L genomic targets in HEK293T cells [23]. Expression
microarray analyses of HEK293T cells with siRNA induced BRD1 knockdown
(BRD1-KD) or overexpression of the BRD1-S or BRD1-L isoforms [23]. Gene lists
are given in Supplementary Table S1.

Enrichment analysis
We downloaded the developmental brain transcriptome from Brainspan
(www.brainspan.org) for gene co-expression and spatiotemporal analysis.
Only protein-coding genes with a unique gene symbol were retained.
Genes with missing data and genes with an overall coefficient of variance
<0.1 were filtered to avoid genes with little or no information concerning
the spatiotemporal dynamics, resulting in the inclusion of expression
information for 18,828 transcribed genes. We then divided the expression
into 32 spatiotemporal intervals consisting of eight temporal intervals
(p1–p8) and four brain regions (r1–r4) as described previously [23, 36].
Spearman correlation coefficients were calculated as estimates for co-
expression for the whole dataset as well as for the 32 intervals. The R
script is freely available on Github (https://github.com/veerlepaternoster/
BrainspanCorrelation). A total of 961 nMT transcripts (5.1%), were present
in the curated Brainspan expression dataset. The similarity in the
distribution of correlation values was assessed by the Mann–Whitney
U test. Enrichment of nMT genes in respectively, highly positively
correlated (r > 0.5), highly negatively correlated (r <−0.5) or BRD1
genomic target subsets was tested by Chi-square test or Fisher’s exact
test, depending on group size. Since each of the 32 spatiotemporal
intervals contained both independent data points (values from individual
donors) and dependent data points (values from different regions from
the same donor), we applied a conservative correction for multiple
testing (the Bonferroni method) when appropriate to reduce the number
of false positives. GO term enrichment calculation was done using the
DAVID Bioinformatics Resources 6.8 [37] using the highly negatively
correlated subset as gene lists and the curated Brainspan gene list as the
background list. Enrichment of transcription factor binding was assessed
using the Enrichr analysis tool (ENCODE and ChEA Consensus TFs from
ChIP-X) [38, 39] with standard settings.

Cell lines and culture
The CRISPR/Cas9 system was used to establish a heterozygous BRD1
knock out (BRD1CRISPRex6/+) cell line (Supplementary Information). In
addition, three previously generated HEK293T cell lines were used:
HEK293T (control) and stably overexpressing His6- and V5-tagged BRD1

isoforms (BRD1-L or BRD1-S) [23, 40]. Cell lines were grown in DMEM
medium (Sigma, Saint Louis, MO, USA) supplemented with 10% fetal calf
serum (Sigma), 50 mg/L L-glutamine (Gibco, Paisley, UK), 50 mg/L
penicillin (Gibco), 50 mg/L streptomycin (Gibco) at standard culture
conditions, 37 °C in 5% CO2.

Nuclear receptor 10-pathway reporter array
The transcriptional drive of BRD1CRISPRex6/+ cells was investigated in a
Cignal Finder Nuclear Receptor 10-Pathway Reporter Array (Qiagen,
Hilden, Germany). Briefly, four different colonies of BRD1CRISPRex6/+ and
four colonies of naïve HEK293T cells were co-transfected with plasmids
carrying a firefly luciferase reporter coupled to individual nuclear
receptor transcriptional response elements (12.5 ng/1000 cells) and a
plasmid carrying a renilla reporter coupled to a constitutively active
cytomegalovirus (CMV) promoter (12.5 ng/1000 cells) using 0.2 μL
TurboFectTM Transfection Reagent (Thermo Scientific, Waltham, MA,
USA). Cells were subsequently cultured for 48 h followed by cell lysis.
Firefly and renilla luciferase activity was measured using the Dual-
Luciferase® Reporter (DLRTM) Assay System (Promega, WI, USA) on a
MicroLumat Plus LB96V (Berthold Technologies, Bad Wildbad, Germany)
according to the manufacturer’s protocol. This was repeated in an
independent, identical setup.

Quantitative real-time PCR
DNA and RNA were extracted from frozen cell pellets using the AllPrep
DNA/RNA extraction kit (Qiagen) according to the manufacturer’s
recommendations. Concentrations were measured using the Nanodrop
1000 version 3.7.1 (Thermo Scientific). The quality of DNA and RNA was
assessed by the A260/280 O.D. ratio. For DNA, we accepted an A260/280
O.D. ratio of ~1.8, for RNA a ratio of ~2.0. The quality of RNA was further
assessed by inspection of the integrity and relative abundancies of the 28S
and 18S ribosomal RNA using gel electrophoresis. cDNA was synthesized
from 1 µg total RNA using the iScript™ cDNA Synthesis Kit (Biorad,
Hercules, CA, USA) according to manufacturer’s recommendation.
PCR amplification and simultaneous detection of DNA or cDNA template

was performed using the LightCycler480 SYBR Green Master (Roche, Basel,
Switzerland). The quality of the primers was assessed by primer efficiency
(1.8 < E < 2.1) according to MIQE guidelines [41]. The PCR reaction was
performed using 40 cycles of denaturation (95 °C), annealing (60 °C), and
extension (72 °C). After the amplification steps, a melting step was included
to detect possible unspecific amplification products. For quantification of
gene expression based on cDNA, samples were diluted 1:40 and raw
relative abundances compared to a standard curve (four serial dilutions of
a pool of all cDNA samples (1:5, 1:25, 1:125 and 1:625)) were extracted by
the LightCycler480 software (Roche) before statistical analysis. We included
five reference genes (GAPDH, POLR2, HPRT, RPS, and PGK1) in the analysis
and selected for normalization the most stable combination of two of
these by the Normfinder Software [42].
For quantification of mitochondrial DNA content, samples were diluted

to 25 ng/μL. Two reference amplicons located in the nuclear genome were
included (GAPDH and SLC34A2) and the mean signal was used as reference.
Relative mitochondrial DNA content to each of the reference amplicons
was calculated separately as follows:

Relative mitochondrial DNA content ¼ 2 � 2ðnuclear Ct�mitochondrial CtÞ:

Primer sequences are given in Supplementary Table S2.

Image cytometry for cellular and mitochondrial phenotyping
Image cytometry with an NC-3000 Image Cytometer (ChemoMetec, Allerod,
Denmark) was used for cellular and mitochondrial phenotyping. A minimum
number of 5000 events were analyzed in each experiment. The following
assays were executed according to the manufacturer’s recommendations:
cell count (Acridine orange and DAPI (ChemoMetec)), mitochondrial
membrane potential (JC-1 and DAPI (ChemoMetec)), thiol redox status
(VitaBright-48, Propidium iodide, and acridine orange (ChemoMetec)).
Mitochondrial superoxide levels (MitoSOX™ (Thermo Scientific) and
Hoechst-33342 (ChemoMetec)) were measured as described earlier [43]. To
measure mitochondrial mass, 100 nM fluorescent dye MitoTracker™ Green
FM (Invitrogen, Carlsbad, CA, USA) diluted in Hank’s balanced salt solution
(HBSS) (Invitrogen) was added to cells for incubation for 30min at 37 °C. After
removing excess dye, the cells were collected and a 1:1000 dilution of
RedDot2 (Biotium, Fremont, CA, USA) (concentration not specified) was
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added to each sample before measurement. The NucleoView NC-3000
software (ChemoMetec) was used for data analysis.

Calcium buffering capacity
Mitochondria were extracted from 20 × 106 cells using the Mitochondria
Isolation Kit for Cultured Cells (Thermo Scientific) and redissolved in 50 µL
respiration buffer (RB) (2 × RB: 274mM KCl, 20 mM HEPES-KOH pH 7.4,
5 mM MgCl2, 6 mM KH2PO4-KOH pH 7.4, 50 µM EDTA) with 5mM succinate,
5 mM glutamate, 5 mM malate, and calcium green-5 N (Thermo Scientific))
[44]. Mitochondrial content was estimated based on protein content and
quantified based in the absorbance at 280 nm using the Nanodrop 1000
version 3.7.1 (Thermo Scientific). Calcium buffering capacity of 90 µg
mitochondria was determined as published elsewhere by measuring
changes in fluorescence after repeatedly adding 40 µM Ca2+ [44]. The
experiment was repeated twice.

Mitochondrial bioenergetics measurements
17,000 cells were seeded in each well of a Cell-tak (Corning Life Sciences, MA,
USA) coated 96-well XF96 cell culture microplate (Seahorse Bioscience,
Agilent Technologies, Santa Clara, CA, USA) and incubated in culture media
for 16 h at 37 °C in a humidified atmosphere of 5% CO2. One hour before the
assay, culture medium was changed into XF base medium (Seahorse
Bioscience) supplemented with 2mM glutamine, 1mM sodium pyruvate,
and 10mM glucose and the culture plate was incubated in a non-CO2

incubator at 37 °C. To assess mitochondrial respiration in cells, the XF Cell
Mito Stress Test (Seahorse Bioscience) was used with an XFe96 extracellular
flux analyzer (Seahorse Bioscience). Oxygen consumption rate (OCR) and
Extracellular Acidification Rate (ECAR) were measured three sequential times
simultaneously in each well, at baseline as well as after the successive
injection of 1 µM Oligomycin (inhibitor of complex V) or 350 nM FCCP
(uncoupler), and 0.5 µM rotenone (inhibitor of complex I)/antimycin A
(inhibitor of complex III) (Supplementary Fig. S1). Data was analyzed using
the Wave software version 2.6.0 (Seahorse Bioscience). The experiment was
repeated three times on independently cultured cells. To calculate
bioenergetics parameters (Supplementary Table S3), the following time
points per interval were chosen according to the manufacturer’s recom-
mendations: time point T3 for interval 1 (baseline), time point T4 for interval 2
(FCCP or Oligomycin), time point T9 for interval 3 (rotenone/antimycin A). Cell

lines were compared using a linear model in R (lmer function in the ‘lme4’
package [log10(OCR) ~ is.BRD1.KO+ is.BRD1.L+ is.BRD1.S+ (1|plateID)])
including the repeated experiments as random variable. Significant
differences between genotypes were calculated using the ‘lmerTest’
package in R.

RESULTS
BRD1 targets and regulates nuclear genes encoding
mitochondrial proteins
In order to assess if BRD1 is a putative transcriptional regulator of
nuclear-encoded mitochondrial (nMT) proteins [45–47], we
exploited previously published datasets on BRD1’s chromatin
interactome and global gene expression from HEK293T cells either
stably overexpressing BRD1 isoforms (BRD1-L or BRD1-S) or
transiently underexpressing BRD1 (BRD1-KD) [23, 40]. BRD1-KD
cells are underexpressing both the BRD1-L and BRD1-S isoform.
Among 19,234 protein-coding genes in the human nuclear
genome, we identified 1123 (5.8%) as nMT genes (as defined by
MitoCarta 3.0 [35]). When only looking at protein-coding genes
within the chromatin interactome of BRD1-S (n= 976) and BRD1-L
(n= 507), respectively 8.1% and 9.9% of those were nMT
genes, representing a significant enrichment (Chi-square test,
pBRD1-S= 0.002 and pBRD1-L= 0.0001).
We then compared the overall changes in the expression

profile of nMT transcripts to the profiles of all transcripts in BRD1-
L, BRD1-S, and BRD1-KD cells and found a significant shift in
the profile towards a negative fold change (downregulation) for
nMT transcripts (BRD1-KD: p= 2 × 10−9; BRD1-L: p= 7 × 10−17;
and BRD1-S: p= 3 × 10−14, Fig. 1A–C). Thus, irrespective of
whether BRD1 is underexpressed in cells or one or the other
BRD1 isoform is upregulated, similar overall shifts in expression
profiles are observed.
Interestingly, when inspecting the different expression profiles

of nMT genes in BRD1-L, BRD1-S, and BRD1-KD cells by cluster
analyses based in log2 fold changes (compared to naïve HEK293T

Fig. 1 Expression of nuclear-encoded mitochondrial (nMT) transcripts upon BRD1 under- or overexpression. A–C The expression of nMT
transcripts in HEK293T cells with A BRD1 underexpression (BRD1-KD) or B overexpression of BRD1-S or C overexpression of BRD1-L isoforms
were compared to the parental HEK293T control cell line by plotting log2 fold change (L2FC) of all transcripts (black, nall= 17,328) and nMT
transcripts (green, nnMT= 954). In all three comparisons, a significant shift in the expression profiles towards negative L2FC for nMT transcripts
was observed, as determined by the Mann–Whitney U test. ****p < 0.0001 (p < 10−8). Red arrows indicate expression levels of respectively, total
BRD1 (BRD1), BRD1-S, and BRD1-L splice variants. D Relative changes in mRNA levels for nMT genes in BRD1-KD, BRD1-S, and BRD1-L cells
compared to naïve HEK293T control cells. Columns represent nMT genes and rows represent BRD1-KD, BRD1-S, and BRD1-L cells. L2FC values
are scaled (unit variance scaling) and column-centered. Clustering is based on correlation. Top panel marks, respectively, BRD1-S and BRD1-L
target genes.
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control cells) (Fig. 1D), we observed distinct patterns of expression
changes in each of the three types of cells, though with BRD1-L
and BRD1-S clustering together (and apart from the BRD1-KD
cells). Particularly, it seems that for the majority of nMTs (52%), the
direction of fold changes were opposite in BRD1-S and BRD1-L
cells compared to BRD1-KD cells, and overall, fold changes were
never in the same direction for all three types of cells. We further
observe that genes in the BRD1-S and BRD1-L chromatin
interactomes (their genomic targets) are present in all the
different gene clusters (Fig. 1D, upper panel), and that no obvious
correlation exists between the density of targets and expression
fold changes in the BRD1 under- or overexpressing cells compared
to control cells.

The expression of nuclear genes encoding mitochondrial
proteins is negatively correlated with BRD1 expression in the
developing human brain
While molecular studies in preclinical models have previously
indicated a link between expression levels of BRD1 and
mitochondrial function in brain tissue [14, 32, 34], the role of
BRD1 as a regulator of mitochondrial gene networks in the
developing human brain has not been assessed. Hence, we
explored whether the expression of BRD1 is correlated with
the expression of nMT transcripts in the developing human
brain. Particularly, we compared expression correlation across
13 developmental stages and 26 different brain regions of BRD1
and all protein-coding transcripts as well as BRD1 and nMT
transcripts in the Brainspan dataset (ntotal = 18,828). We found
that the correlation values of all protein-coding transcripts
center on zero (mode=−0.07), indicating no general correla-
tion in expression of protein-coding genes with BRD1 expres-
sion. However, when we compared the distribution of
correlation values for nMT transcripts (n= 961), we observed
a significant shift towards negative correlation (mode=−0.57,
p= 9 × 10−31) (Fig. 2A).
Next, we considered if this negative correlation was present at

all developmental stages (p1–p8) of all brain regions (r1–r4)
(Fig. 2B) and we calculated the fractions of nMT transcripts in all
spatiotemporal intervals. Between 5.1 and 5.5% of all transcripts
were nMT transcripts in each interval. When looking only among
the negatively correlated transcripts (r <−0.5), we found a
significant enrichment of nMT transcripts in 28 out of 33 spatio-
temporal intervals (fraction of nMT transcripts between 6.3 and
22%) and a significant underrepresentation in 2 out of 33 intervals
(fraction of nMT transcripts between 3.4 and 3.8%). Furthermore,
nMT transcripts were significantly underrepresented among
positively correlated transcripts (r > 0.5) in 28 out of 33 spatiotem-
poral intervals (fraction of nMT transcripts between 1.1 and 3.9%),
and significantly overrepresented in 2 out of 33 spatiotemporal
intervals (fraction of nMT transcripts 7.3 and 7.6%). Supporting a
role for BRD1 as a transcriptional regulator of nMT genes, GOTERM
enrichment analysis of all genes with r <−0.5 (negatively
correlated transcripts in the overall analysis of all brain regions
and time points) as input gene set (n= 1757) found a significant
enrichment of genes annotated to mitochondrial processes
(Fig. 2C), including both general and highly specific terms.
Particularly, the enrichment of two terms GO:0032981 (mitochon-
drial respiratory chain complex I assembly) and GO:0005747
(mitochondrial respiratory chain complex I) could indicate a link
between complex I of the electron transport chain and BRD1.

Identification of potential BRD1 co-factors
Next, we wanted to identify potential co-factors participating in
the BRD1-mediated regulation of nMT transcripts. We repeated
the correlation analyses of human brain expression datasets now
analyzing the four epigenetic modifying enzymes that have been
identified as protein-protein interaction partners of BRD1: KAT5,
KAT7, KMT5B, and DNMT1 [23, 24]. When we compared the

expression of nMT transcripts with the expression of these four
enzymes respectively, we observed a pronounced shift towards
negative correlations with KMT5B (ΔmodenMT-all=−0.65,
p= 1 × 10−20) and DNMT1 (ΔmodenMT-all=−0.46,
p= 6 × 10−29), while this shift was much smaller with KAT7
(ΔmodenMT-all=−0.13, p= 8 × 10−9) or not significant with KAT5
(ΔmodenMT-all = 0.05, p= 0.078) (Supplementary Fig. S2). The
expression correlation profile for KMT5B and DNMT1 shows high
similarity with the expression correlation profile found for BRD1,
suggesting that the expression of a subset of nMT transcripts
may be regulated by the catalytic activity of KMT5B and/or
DNMT1 in complex with BRD1.
To identify potential co-transcription factors of BRD1, partici-

pating in the regulation of nMT gene expression, we performed
an enrichment analysis to identify transcription factors that bind
upstream of the subset of nMT genes that are negatively
correlated to BRD1 expression and that are BRD1 target genes
(n= 18 nMT genes). These 18 genes were significantly enriched
for binding sites of the Peroxisome proliferator-activated
receptor proteins PPARγ (p= 0.02) and PPARδ (p= 0.03) as well
as two subunits of the nuclear transcription factor Y (NF-Y) (NF-
Yα; p= 0.001 and NF-Yβ; p= 0.0005) (Supplementary Table S4).
The NF-Y complex binds near DNA hormone response elements
(HREs). Here it serves as a pioneer factor by promoting
chromatin accessibility. PPAR, on the other hand, is a nuclear
receptor that, upon activation by steroid hormones and various
other lipid-soluble ligands, regulate the expression of HRE-
containing genes [48]. Both NF-Y and PPAR have well-described
roles in regulating mitochondrial function [49–51]. Interestingly,
BRD1 contains four LXXLL signature motifs found in the
majority of nuclear receptor co-activators [52, 53] and addition-
ally, a CoRNR box often found in nuclear receptor co-repressors
[54] (Fig. 3A).
To investigate whether BRD1 has the potential to modulate the

genomic actions of PPARs and the transcription of HRE-containing
genes in general, we used the CRISPR/Cas9 system to generate
four lines of heterozygous BRD1 knock out (BRD1CRISPRex6/+)
HEK293T cells (clone 1–4) (Supplementary Fig. S3), and tested their
ability to drive transcription of HRE-containing genes using a
reporter array. We found that transcription mediated by Hepato-
cyte nuclear factor (HNF4, p= 0.046) and Androgen receptor
(AR, p= 0.037) was significantly increased in BRD1CRISPRex6/+ cells,
whereas transcription mediated by Glucocorticoid receptor (GR,
p= 0.042) and Vitamin D receptor (VDR, p= 0.030) was signifi-
cantly decreased (Fig. 3B). In addition, and in agreement with our
in silico analysis, we saw a relatively large and close to significant
increase in PPAR-mediated transcription (p= 0.085) (Fig. 3B),
suggesting that BRD1 might be a co-repressor of PPAR-mediated
transcription. This finding was replicated in an independent
experiment (Supplementary Fig. S4). However, a particularly high
variability was seen in measures of PPAR-mediated transcription,
both in the BRD1CRISPRex6/+ and the WT group.

Overexpression of BRD1-L affects mtDNA content and
mitochondrial mass
Given the role of BRD1 as a potential regulator of nMT transcripts,
we hypothesized that modulation of BRD1 levels, irrespective of
whether they include underexpression of BRD1 or overexpression of
either of the two BRD1 isoforms (BRD1-L or BRD1-S), would influence
mitochondrial biology. Hence, we investigated mitochondrial
amounts and function in naïve HEK293T (control), BRD1-L, BRD1-S
and BRD1CRISPRex6/+ (clone 3 with the lowest BRD1 expression
(Supplementary Fig. S3)) cell lines that all displayed comparable
viability and growth rates (Supplementary Figs. S5–S6). Indicative of
mitochondrial functional changes, we found a significant difference
in mtDNA content between cell lines (ANOVA, p < 0.001) (Fig. 4A).
BRD1-L appeared to have increased mtDNA content compared to
control (1.87 ± 0.07), while BRD1CRISPRex6/+ and BRD1-S cells did not
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show differences in mtDNA content (Fig. 4A). Further indicating that
BRD1-L cells have more and/or larger mitochondria, we observed a
strong tendency towards a higher relative mitochondrial mass of
1.21 ± 0.07 in BRD1-L cells compared to the control (ANOVA,
p= 0.05) (Fig. 4B).

Overexpression of BRD1-S and BRD1–L affect reducing power
of cells but not their calcium buffering capacity
Next, we evaluated the effect of decreased BRD1 levels or
increased levels of either of the two BRD1 isoforms on
mitochondria-related processes in the same cell lines. First, we

Fig. 2 Spatiotemporal analysis of the correlation between nMT transcripts and BRD1 expression. A Expression of nMT transcripts (green) is
negatively correlated with BRD1 expression in the developing human brain compared to the overall gene expression (black). P-value as
determined by Mann–Whitney U test. B The fraction of nMT transcripts among all transcripts (black) and among positively (red) and negatively
(blue) correlated transcripts is shown for all time points and regions combined (pall) and for each interval (p1r1-p8r4). P-value as determined
using Chi-square test or Fisher’s Exact test (depending on sample size), where the blue and red asterisks (*) denote p < 0.05 after correction for
multiple testing by the Bonferroni method. Temporal intervals (P) were grouped as follows: P1 included pcw 8–13 (first trimester), P2 included
16–26 pcw (second trimester), P3 included 35–37 pcw (third trimester), P4 included 4–10 months, P5 included 1–4 years, P6 included 8–13
years, P7 included 15–19 years, and P8 included 21–40 years. Brain regions (R) were grouped as follows: R1 included the posterior inferior
parietal cortex, primary auditory cortex, primary visual cortex, superior temporal cortex, and inferior temporal cortex; R2 included the primary
somatosensory cortex, primary motor cortex, orbital prefrontal cortex, dorsolateral prefrontal cortex, medial prefrontal cortex, and
ventrolateral prefrontal cortex; R3 included the striatum, hippocampus, and amygdala; and R4 included the mediodorsal nucleus of the
thalamus, and cerebella cortex. Abbreviations: post-conception week (pcw); months (mo); years (ye). C GOTERM enrichment analyses.
Negatively correlated transcripts were enriched for mitochondria-related GOTERMs (highlighted in bold). P-value is presented as EASE Score, a
modified Fisher Exact P-value and corrected for multiple testing by the Bonferroni method. Red line at padjusted= 0.05.
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estimated mitochondrial oxidative stress levels by measuring
levels of mitochondrial superoxide and second, we estimated
cellular oxidative stress levels by measuring thiol redox status
(TRS). Whereas we did not observe any statistically significant
differences in mitochondrial superoxide levels between cell lines
(ANOVA, p= 0.38) (Fig. 5B), we did observe significantly increased
amounts of reduced thiols in both of the BRD1 overexpressing cell
lines (BRD1-S 1.44 ± 0.20 and BRD1-L 1.21 ± 0.06, ANOVA p < 0.05)
(Fig. 5A). In contrast, the amount of reduced thiols remained
unchanged in BRD1CRISPRex6/+ cells (0.96 ± 0.04) (Fig. 5A). Increased
TRS in the BRD1 overexpression cell lines could indicate an
increased activated redox response system to maintain reactive
oxygen species (ROS) homeostasis, resulting in unchanged
mitochondrial superoxide levels as observed. We did not observe
any difference in mitochondrial membrane potential (ANOVA,
p= 0.66) (Fig. 5C), indicating that the mitochondria are intact in all
four cell lines.
Rapid calcium influx through plasma membrane receptors and

voltage-dependent ion channels in neurons plays a key role in
neurosignaling [55]. Because high doses of calcium for extended
periods are toxic to the cell, calcium needs to be buffered, among
others by mitochondria. However, we did not observe any gross
differences in mitochondrial calcium buffering capacity between
cell lines (Supplementary Fig. S7).

BRD1 levels affect mitochondrial respiration in an isoform-
dependent manner
As we found enrichment for genes involved in the mitochondrial
electron transport chain among the subset of nMT genes negatively
correlated with BRD1 expression in the brain, we measured the
effect of BRD1 levels on oxygen consumption rates (OCR) reflecting
mitochondrial electron transport and oxidative phosphorylation
function, using the XFe96 extracellular flux analyzer. Based on these
data, we calculated the effect size (β) of hampered and increased
BRD1 levels relative to the control cell line (naïve HEK293T cells)
(β= 0) on the following parameters: Basal respiration; ATP-linked
respiration; Coupling efficiency; Maximal respiration; Non-
mitochondrial oxygen consumption; Proton leakage; and Spare
respiratory capacity (%) (Fig. 5D, Supplementary Fig. S1, Supple-
mentary Table S3). Basal respiration was reduced in BRD1CRISPRex6/+

cells, increased in BRD1-L cells, and stable in BRD1-S cells.
BRD1CRISPRex6/+ cells also had reduced non-mitochondrial

respiration compared to control cells, while this remained constant
in BRD1-L and BRD1-S cells. Interestingly, the coupling efficiency of
BRD1CRISPRex6/+ and BRD1-L cells was unchanged compared to
control, while the coupling efficiency of BRD1-S was reduced. BRD1-
S cells seem to have a less efficient respiratory chain with reduced
ATP-linked respiration, maximal respiration, and spare respiratory
capacity, similar to BRD1CRISPRex6/+ cells. On the other hand,
BRD1-L cells showed a more efficient mitochondrial electron
transport chain with increased ATP-linked respiration, maximal
respiration, and spare respiratory capacity.
However, since the increased basal respiration and increased

spare capacity in BRD1-L without a change in coupling efficiency
could be the result of the presence of more/larger mitochondria in
BRD1-L cells (Fig. 4A, B), we adjusted the OCR values (except OCR
values after addition of rotenone/antimycin A, as this is a non-
mitochondrial parameter) by the relative mtDNA content (as a
proxy for mitochondria content) and recalculated the parameters
(Fig. 5E). After this adjustment, basal respiration (β=−0.14 ± 0.02,
p < 0.0001), maximal respiration (β=−0.19 ± 0.03, p= 0.004), and
proton leakage (β=−0.15 ± 0.05, p= 0.005) were reduced in
BRD1-L cells compared to controls. On the other hand after
adjustment, ATP-linked respiration was no longer significantly
increased compared to controls (β=−0.01 ± 0.02, p= 0.7), while
coupling remained unchanged. Taken together, these data suggest
that BRD1-L cells might compensate for reduced basal respiration
by promoting more/larger mitochondria or vice versa. Eukaryotic
cells produce energy by oxidative phosphorylation and glycolysis,
and most cells possess the ability to switch between these two
pathways depending on changing environment. To evaluate
whether cells experiencing dysfunctions in oxidative phosphoryla-
tion would produce energy by glycolysis instead, we measured
changes in the extracellular acidification rates (ECAR) that result
from the conversion of pyruvate generated by glycolysis to lactate.
BRD1CRISPRex6/+ cells had reduced ECAR values compared to
control, indicating more quiescent cells. BRD1-L cells had slightly
increased ECAR levels, indicating that the cells are more energetic,
whereas the ECAR levels of BRD1-S cells remained unchanged
compared to the controls (Supplementary Fig. S8). These data
suggest that no metabolic switch from mitochondrial respiration to
glycolytic lactate takes place in conditions with reduced or
increased BRD1 levels. On the contrary, it reflects an overall
change in energy metabolism, where the BRD1CRISPRex6/+ cells

Fig. 3 Analysis of the transcriptional drive of hormone response elements (HRE) in BRD1CRISPRex6/+ cells. A Domains and nuclear receptor
binding sites in BRD1. Top: Enhancer of polycomb-like, N-terminal domain (EPL1); Plant homeodomain finger (PHDZnF); Bromodomain (Bromo);
Pro-Trp-Trp-Pro (PWWP). Bottom: Amino acid sequences (one-letter code) containing putative nuclear receptor (NR) binding sites
(4 co-activators (LXXLL) and 1 co-repressor (LXXIXXL)). Pink letters indicate the putative NR binding sites. Amino acid numbering according
to BRD1-S. B Transcription from promoters containing HREs recognized by respectively: HNF4 (hepatocyte nuclear factor); LXR (liver receptor);
RXR (retinoid X receptor); PGR (progesterone receptor); GR (glucocorticoid receptor); VDR (vitamin D receptor); RAR (retinoic acid receptor); PPAR
(peroxisome proliferator-activated receptor); AR (androgen receptor); and ESR (estrogen receptor) as well as a TATA box promoter (negative
control (neg)) was tested in four distinct BRD1CRISPRex6/+ and four WT HEK cell lines by a dual luciferase-based array. P-value as determined by
Student’s t-tests. p < 0.05 (*). Transcription from the PPAR HRE (PPRE)-containing promoter was near significantly increased (p= 0.085) in
BRD1CRISPRex6/+ cells.
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become hypometabolic and the BRD1-L cells hypermetabolic,
while the BRD1-S cells remain unchanged. A summary of the
molecular, cellular, and mitochondrial characteristics of the
BRD1CRISPRex6/+, BRD1-L, and BRD1-S cell lines is given in Table 1.

DISCUSSION
Mitochondria are subcellular organelles that harbor essential
functions such as energy metabolism, redox signaling, and Ca2+

buffering. Long lists of disorders associated with mitochondrial
dysfunction underline the importance of proper mitochondrial
functioning in health [56–58]. Typically, tissues with high-energy
demands are affected by mitochondrial dysfunction, like the brain
which requires up to 20% of the total-body energy while only
accounting for ~2% of the body mass [59].
Several lines of evidence suggest that mitochondrial dysfunc-

tion is an important component in the neurobiology of
neuropsychiatric and neurodevelopmental disorders [60–68].
These include findings from genetic [69–71], brain-imaging
[72, 73], biomarker, and post-mortem brain studies [74–76].
Particularly, dysregulation of nMT genes has been reported in
bipolar disorder [77, 78], SZ [79–83], and ASD [84]. This has led to
the suggestion that neurons of patients with neuropsychiatric or
neurodevelopmental disorders may be less tolerant to chal-
lenges normally dealt with by mitochondria, such as increased
oxidative stress or high energy demand, hereby likely affecting
neuronal characteristics that mitochondria play a key role in,
such as neurogenesis, neuromorphology, and neuroactivity
[69, 83, 85]. A recent study investigating mitochondrial function
in induced pluripotent stem cell-derived neurons from patients
even suggested enhancement of mitochondrial biogenesis as a
treatment for SZ [86].
Here, we followed up on transcriptomic and proteomic evidence

implying mitochondrial dysfunction in the brain of mice with
reduced expression of the psychiatric risk gene Brd1. Using publicly
available datasets, we demonstrate that BRD1 expression levels
are negatively correlated to nMT gene expression levels in the

developing human brain, and that deviation from standard
physiological BRD1 levels, regardless of direction and BRD1 isoform,
leads to a significant shift in the expression profile towards a
negative fold change of nMT genes in vitro. Interestingly, and
despite this overall similarity in the shift of the expression profiles of
nMT genes, overexpression of either of the individual BRD1 isoforms
or downregulation of BRD1 overall affect the expression of distinct
sets of nMT genes, and generally with opposing expression changes
observed between BRD1 depleted and BRD1 overexpressing cells.
Providing some mechanistic insight into how BRD1 may

regulate the transcription of nMT genes, we demonstrate that
known members of BRD1 protein complexes, DNMT1 and KMT5B
[23, 24], display similar nMT gene co-expression characteristics as
BRD1. Both DNMT1 and KMT5B are involved in the repression of
gene expression by epigenetic modifications [87]; however,
additional experimental evidence besides these limited observa-
tional expression correlations are warranted to reveal how
BRD1 specifically regulates nMT genes. We furthermore identify
NF-Yα, NF-Yβ, PPARδ, and PPARγ as likely co-factors of BRD1 in the
direct regulation of nMT genes. NF-Yα and NF-Yβ, two subunits of
the CBF/NF-Y transcription factor, bind in close proximity to HRE
binding sites, such as Progesterone receptor (PGR), Glucocorticoid
receptor (GR) and Androgen receptor (AR), and regulate gene
expression of gene clusters, including nMT genes [49]. Similarly,
PPARγ and PPARδ have well-described roles in the regulation of
mitochondrial function and PPAR-γ has even been investigated as
a therapeutic target for mental disorders in this regard [50, 51].
Moreover, KMT5B and PPARγ complexes have been shown to
govern metabolic processes [88]. We provide experimental
evidence that BRD1 is a co-regulator of nuclear receptor-
mediated gene transcription. Particularly, we show that hampered
BRD1 expression is associated with increased PPARγ facilitated
transcription, suggesting that BRD1 is a co-repressor of PPARs.
BRD1 expression levels affect the expression of genes related to

mitochondrial energy metabolism in human brain, more specifi-
cally the electron transport chain including respiratory chain
complex I, and reduced BRD1 levels result in reduced

Fig. 4 Investigation of the effect of altered BRD1 expression on mitochondrial amount. A Mitochondrial DNA content relative to the mean
of two nuclear reference genes (GAPDH and SLC34A2) (n= 3/group). b Mitochondrial mass (n= 3/group). Control: naïve HEK293T cells,
BRD1CRISPRex6/+: Clone #3 of BRD1CRISPRex6/+ HEK293T cells, BRD1-L: HEK293T cells stably overexpressing the BRD1-L isoform, BRD1-S:
HEK293T cells stably overexpressing the BRD1-S isoform. Data presented as mean ± SEM. P-value as determined using ANOVA (brackets).
p < 0.001 (***); not significant (ns).
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mitochondrial respiration in the BRD1CRISPRex6/+ cell line. The latter
is more likely a consequence of reduced respiratory chain activity
or respiratory chain complex I proteins, rather than dysfunctional
respiratory chain complexes or a reduction in number of
mitochondria since neither coupling efficiency, mtDNA content,
nor mitochondrial mass are altered in the BRD1CRISPRex6/+ cell line.
Interestingly, overexpression of the BRD1-L isoform enhances
bioenergetics capacity by increasing both respiration and
glycolytic lactate production. As this increase in respiration occurs
without altering the coupling efficiency, it might likely be the
result of more and/or larger mitochondria per cell. Yet, this is not
the case when overexpressing the BRD1-S isoform, where the
basal bioenergetics capacity is unchanged, despite a reduced
coupling efficiency and reduced ATP-linked respiration and spare
capacity. The increased proton leakage observed when BRD1-L
and BRD1-S are overexpressed, and the reduced coupling
efficiency observed in BRD1-S cell lines could lead to increased
ROS production by the respiratory chain, the major source of ROS
in the cell [89]. We indeed observed an activation of the ROS

scavenging systems as measured by increased levels of reduced
thiols in the BRD1-L and BRD1-S cell lines, which could restore the
mitochondrial redox homeostasis in these cells. Thus, deviations
from standard physiological BRD1 levels seem in general to affect
mitochondrial function, yet in distinct ways depending on
whether BRD1 is underexpressed or the one or the other BRD1
isoform is upregulated. This might be based in different gene set
modulations taking place in the different cell lines. The differences
between isoforms are important for any potential treatment that
would target BRD1, as the mechanisms underlying differential
regulation of BRD1 isoform expression are currently unknown. The
synergy between overexpression of either of the BRD1 isoforms
and downstream effects in the cell remains to be studied.
A general and important limitation of our study is also that all

experimental findings are derived from immortalized HEK293T
cell lines and that only one line per condition was investigated.
Although our studies specifically took its starting point in cell
lines with well-characterized modulations of a psychiatric
disorders risk gene, further validation of an association between

Fig. 5 Investigation of the effect of altered BRD1 expression on mitochondrial function. A Thiol redox status (n= 3/group). B Mitochondrial
superoxide levels (n= 3/group). C Mitochondrial membrane potential (MMP) (n= 3/group). Cells treated with CCCP were used as negative
controls. A–C Control: naïve HEK293T cells, BRD1CRISPRex6/+: Clone #3 of BRD1CRISPRex6/+ HEK293T cells, BRD1-L: HEK293T cells stably
overexpressing the BRD1-L isoform, BRD1-S: HEK293T cells stably overexpressing the BRD1-S isoform. Data presented as mean ± SEM. P-value as
determined by ANOVA (brackets). Mean fluorescence intensity (MFI). D Fundamental parameters of mitochondrial respiration in BRD1CRISPRex6/+,
BRD1-L, and BRD1-S cell lines based on two independent measurements (n > 8/measurement). E Fundamental parameters of mitochondrial
respiration in BRD1-L cell line, with and without adjustment for mtDNA content. D, E BRD1CRISPRex6/+: Clone #3 of BRD1CRISPRex6/+ HEK293T cells,
BRD1-L: HEK293T cells stably overexpressing the BRD1-L isoform, BRD1-S: HEK293T cells stably overexpressing the BRD1-S isoform. P-value as
determined using a linear mixed-effect model. Values were calculated on log10-transformed data and presented as β ± SE relative to the control
(naïve HEK293T cells) (set 0). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; not significant (ns).
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BRD1 and mitochondrial dysfunction as well as its link to
psychiatric disorders is warranted. This could be provided by
future studies in genetically modified neuronal cell lines, in brain
tissue from mouse models, or in patient-derived cells with
disrupted BRD1 function.
In this line, dysfunctional mitochondrial bioenergetics could

explain some of the previously observed phenotypes in the brains
of Brd1+/− mice. For example, parvalbumin-positive GABAergic
interneurons and medium spiny neurons are neuron types that
are well known to display particularly high energy demand and
sensitivity to energy imbalances and these are the neurons
selectively lost in the brains of Brd1+/− mice as early as in
newborn pups (P0) [33]. Neurons from Brd1+/− mice that do
survive into adulthood have reduced dendritic arborization and
spine density and aberrant spine morphology, phenotypes that
have previously been linked to mitochondrial dysfunction and
that could lead to cortical under-connectivity and cognitive
impairments [34, 90–92]. The subsequent disturbances in the
excitatory/inhibitory balance and improper signaling, networking,
and brain functioning provide a plausible explanation of the role
of BRD1 in psychopathology.
Of particular importance in the understanding of the molecular,

cellular, and clinical manifestations of BRD1 deficiency in
humans, it has recently been shown that the BRD1 gene is the
only fully contained protein-coding gene in a genomic region
(Chr22:49238268–50248907/hg19), that seems critical in the
formation of a 22q13.3 large-deletion and Phelan-McDermid
syndrome specific genome-wide DNA methylation epi-signature
[18]. Candidate effectors of this epi-signature could indeed be the
BRD1 interactions partners and methyltransferases, DNMT1 and
KMT5B as for the reasons described above. Of special note, and
well in line with our findings that cells with reduced amount of
BRD1 (the BRD1CRISPRex6/+ cell line) are mitochondrially compro-
mised and hypometobolic, lymphoblastoid cell lines from
individuals with this Phelan-McDermid syndrome DNA methyla-
tion epi-signature (when compared to cells from epi-signature
negative individuals with small 22q13.3 deletions sparing BRD1)
show significantly different and specific metabolic profiles
characterized by reduced energy production in the presence of
high-efficiency energy sources, decreased ability of metabolic
adjustment to environmental changes, as well as abnormal
responses to hormones and cytokines regulating energy storage,
proliferation, growth, and inflammation [18]. Thus, BRD1 might be
responsible for a phenotypically distinct clinical subtype of Phelan
McDermid syndrome. Specific evidence of respiratory chain
dysfunction in Phelan-McDermid syndrome, especially involving
the complex I and IV, has previously been demonstrated in
patient-derived buccal swaps [93]. Of note, in that study, 13 out of
22 samples carrying BRD1 deletions also had respiratory chain
complex abnormalities. We further observe in the study by
Schenkel et al. [18] that not only the BRD1 gene itself is
differentially methylated (10-14% increased methylation as
determined by three probes close to the transcription start site)
in the absence of one copy of BRD1 but also the PPARG gene at
chromosome 3 encoding PPARγ shows 13% decreased methyla-
tion (as determined by one probe in the PPARG 5′ UTR).
Unfortunately, the study of the Phelan-McDermid syndrome cells
did not include genome-wide gene expression measurements,
neither did our own study of the BRD1CRISPRex6/+ cell line.
However, indeed the BRD1-KD cells [23] show a 1.8 fold increased
expression of PPARG and the BRD1CRISPRex6/+ cell line show a
more than the expected 50% decrease in BRD1 expression. We
thus speculate, based in our joint findings, that heterozygosity for
a BRD1 gene deletion/inactivation not only leads to further
epigenetic downregulation of the remaining copy of BRD1 but
also to metabolic/mitochondrial dysfunction due to, at least
partly, downstream epigenetic effects of BRD1 deficiency on the
expression of PPARG.

In conclusion, we show that BRD1 regulates the expression of
genes important for mitochondrial function, likely through its
interaction with selected transcription factors and epigenetic
modifiers, or through indirect modulation of mitochondrial
biology. We furthher show that proper function of mitochondria
seems to be dependent on a balanced expression of BRD1 and
changes in BRD1 levels lead to aberrant mitochondrial bioener-
getics in an isoform-specific manner. Mitochondrial dysfunction
provides a possible mechanistic explanation for the phenotypes
observed in Brd1+/− mice and a conceivable link between genetic
variation in BRD1 and psychopathologies in humans. Since
mitochondrial modulators are emerging as an effective alternative
treatment paradigm in psychiatric disorders [94], future studies in
BRD1-based cell and mouse models should address both short-
and long-term effects of such drugs as well as their underlying
mechanisms of action.

REFERENCES
1. Uher R, Zwicker A. Etiology in psychiatry: embracing the reality of poly-gene-

environmental causation of mental illness. World Psychiatry. 2017;16:121–9.
2. Smoller JW, Andreassen OA, Edenberg HJ, Faraone SV, Glatt SJ, Kendler KS.

Psychiatric genetics and the structure of psychopathology. Mol Psychiatry.
2019;24:409–20.

3. Cross-Disorder Group of the Psychiatric Genomics Consortium. Genomic rela-
tionships, novel loci, and pleiotropic mechanisms across eight psychiatric dis-
orders. Cell. 2019;179:1469–82. e1411.

4. Network, Pathway Analysis Subgroup of Psychiatric Genomics Consortium. Psy-
chiatric genome-wide association study analyses implicate neuronal, immune
and histone pathways. Nat Neurosci. 2015;18:199–209.

5. Nyegaard M, Severinsen JE, Als TD, Hedemand A, Straarup S, Nordentoft M, et al.
Support of association between BRD1 and both schizophrenia and bipolar
affective disorder. Am J Med Genet B Neuropsychiatr Genet. 2010;153B:582–91.

6. Severinsen JE, Bjarkam CR, Kiaer-Larsen S, Olsen IM, Nielsen MM, Blechingberg J,
et al. Evidence implicating BRD1 with brain development and susceptibility to both
schizophrenia and bipolar affective disorder. Mol Psychiatry. 2006;11:1126–38.

7. Aberg KA, Liu Y, Bukszar J, McClay JL, Khachane AN, Andreassen OA, et al. A
comprehensive family-based replication study of schizophrenia genes. JAMA
Psychiatry. 2013;70:573–81.

8. Purcell SM, Moran JL, Fromer M, Ruderfer D, Solovieff N, Roussos P, et al. A polygenic
burden of rare disruptive mutations in schizophrenia. Nature. 2014;506:185–90.

9. Jorgensen TH, Borglum AD, Mors O, Wang AG, Pinaud M, Flint TJ, et al. Search for
common haplotypes on chromosome 22q in patients with schizophrenia or
bipolar disorder from the Faroe Islands. Am J Med Genet. 2002;114:245–52.

10. Andreassen OA, Thompson WK, Dale AM. Boosting the power of schizophrenia
genetics by leveraging new statistical tools. Schizophr Bull. 2014;40:13–17.

11. Pardinas AF, Holmans P, Pocklington AJ, Escott-Price V, Ripke S, Carrera N, et al.
Common schizophrenia alleles are enriched in mutation-intolerant genes and in
regions under strong background selection. Nat Genet. 2018;50:381–9.

12. Schizophrenia Working Group of the Psychiatric Genomics Consortium. Biological
insights from 108 schizophrenia-associated genetic loci. Nature. 2014;511:421–7.

13. Dyrvig M, Qvist P, Lichota J, Larsen K, Nyegaard M, Borglum AD, et al. DNA
Methylation analysis of BRD1 promoter regions and the schizophrenia rs138880
risk allele. PLoS ONE. 2017;12:e0170121.

14. Qvist P, Christensen JH, Vardya I, Rajkumar AP, Mork A, Paternoster V, et al. The
schizophrenia-associated BRD1 gene regulates behavior, neurotransmission,
and expression of schizophrenia risk enriched gene sets in mice. Biol Psychiatry.
2017;82:62–76.

15. Iossifov I, O’Roak BJ, Sanders SJ, Ronemus M, Krumm N, Levy D, et al. The
contribution of de novo coding mutations to autism spectrum disorder. Nature.
2014;515:216–21.

16. Sanders SJ, Murtha MT, Gupta AR, Murdoch JD, Raubeson MJ, Willsey AJ, et al. De
novo mutations revealed by whole-exome sequencing are strongly associated
with autism. Nature. 2012;485:237–41.

17. Xu LM, Li JR, Huang Y, Zhao M, Tang X, Wei L. AutismKB: an evidence-based
knowledgebase of autism genetics. Nucleic Acids Res. 2012;40:D1016–22.

18. Schenkel LC, Aref-Eshghi E, Rooney K, Kerkhof J, Levy MA, McConkey H, et al.
DNA methylation epi-signature is associated with two molecularly and phe-
notypically distinct clinical subtypes of Phelan-McDermid syndrome. Clin Epi-
genetics. 2021;13:2.

19. Boccuto L, Mitz A, Abenavoli L, Sarasua SM, Bennett W, Rogers C, et al. Pheno-
typic variability in Phelan-McDermid syndrome and its putative link to environ-
mental factors. Genes. 2022;13:528

V. Paternoster et al.

10

Translational Psychiatry          (2022) 12:319 



20. Verhoeven WMA, Egger JIM, de Leeuw N. A longitudinal perspective on the
pharmacotherapy of 24 adult patients with Phelan McDermid syndrome. Eur J
Med Genet. 2020;63:103751.

21. Messias E, Kaley SN, McKelvey KD. Adult-onset psychosis and clinical genetics: a
case of Phelan-McDermid syndrome. J Neuropsychiatry Clin Neurosci. 2013;25:E27.

22. Kohlenberg TM, Trelles MP, McLarney B, Betancur C, Thurm A, Kolevzon A. Psy-
chiatric illness and regression in individuals with Phelan-McDermid syndrome. J
Neurodev Disord. 2020;12:7.

23. Fryland T, Christensen JH, Pallesen J, Mattheisen M, Palmfeldt J, Bak M, et al.
Identification of the BRD1 interaction network and its impact on mental disorder
risk. Genome Med. 2016;8:53.

24. Mishima Y, Miyagi S, Saraya A, Negishi M, Endoh M, Endo TA, et al. The Hbo1-
Brd1/Brpf2 complex is responsible for global acetylation of H3K14 and required
for fetal liver erythropoiesis. Blood. 2011;118:2443–53.

25. Paternoster V, Edhager AV, Qvist P, Donskov JG, Shliaha P, Jensen ON, et al.
Inactivation of the schizophrenia-associated BRD1 gene in brain causes failure-to-
thrive, seizure susceptibility and abnormal histone H3 acetylation and N-tail
clipping. Mol Neurobiol. 2021;58:4495–505.

26. Cho HI, Kim MS, Jang YK. The BRPF2/BRD1-MOZ complex is involved in reti-
noic acid-induced differentiation of embryonic stem cells. Exp Cell Res.
2016;346:30–9.

27. Christensen JH, Elfving B, Muller HK, Fryland T, Nyegaard M, Corydon TJ, et al. The
schizophrenia and bipolar disorder associated BRD1 gene is regulated upon
chronic restraint stress. Eur Neuropsychopharmacol. 2012;22:651–6.

28. Fryland T, Elfving B, Christensen JH, Mors O, Wegener G, Borglum AD. Electro-
convulsive seizures regulates the Brd1 gene in the frontal cortex and hippo-
campus of the adult rat. Neurosci Lett. 2012;516:110–3.

29. Shadrin AA, Kaufmann T, van der Meer D, Palmer CE, Makowski C, Loughnan R,
et al. Vertex-wise multivariate genome-wide association study identifies
780 unique genetic loci associated with cortical morphology. Neuroimage.
2021;244:118603.

30. van der Meer D, Kaufmann T, Shadrin AA, Makowski C, Frei O, Roelfs D, et al. The
genetic architecture of human cortical folding. Sci Adv. 2021;7:eabj9446.

31. Qvist P, Rajkumar AP, Redrobe JP, Nyegaard M, Christensen JH, Mors O, et al. Mice
heterozygous for an inactivated allele of the schizophrenia associated Brd1 gene
display selective cognitive deficits with translational relevance to schizophrenia.
Neurobiol Learn Mem. 2017;141:44–52.

32. Paternoster V, Svanborg M, Edhager AV, Rajkumar AP, Eickhardt EA, Pallesen J,
et al. Brain proteome changes in female Brd1(+/-) mice unmask dendritic
spine pathology and show enrichment for schizophrenia risk. Neurobiol Dis.
2019;124:479–88.

33. Qvist P, Eskildsen SF, Hansen B, Baragji M, Ringgaard S, Roovers J, et al. Brain
volumetric alterations accompanied with loss of striatal medium-sized spiny
neurons and cortical parvalbumin expressing interneurons in Brd1(+/-) mice. Sci
Rep. 2018;8:16486.

34. Rajkumar AP, Qvist P, Donskov JG, Lazarus R, Pallesen J, Nava N, et al. Reduced
Brd1 expression leads to reversible depression-like behaviors and gene-
expression changes in female mice. Transl Psychiatry. 2020;10:239.

35. Rath S, Sharma R, Gupta R, Ast T, Chan C, Durham TJ, et al. MitoCarta3.0: an
updated mitochondrial proteome now with sub-organelle localization and
pathway annotations. Nucleic Acids Res. 2021;49:D1541–47.

36. Lin GN, Corominas R, Lemmens I, Yang X, Tavernier J, Hill DE, et al. Spatio-
temporal 16p11.2 protein network implicates cortical late mid-fetal brain
development and KCTD13-Cul3-RhoA pathway in psychiatric diseases. Neuron.
2015;85:742–54.

37. Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources. Nat Protoc. 2009;4:44–57.

38. Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, et al.
Enrichr: a comprehensive gene set enrichment analysis web server 2016 update.
Nucleic Acids Res. 2016;44:W90–7.

39. Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, et al. Enrichr: interactive
and collaborative HTML5 gene list enrichment analysis tool. BMC Bioinforma.
2013;14:128.

40. Bjarkam CR, Corydon TJ, Olsen IM, Pallesen J, Nyegaard M, Fryland T, et al. Further
immunohistochemical characterization of BRD1 a new susceptibility gene for
schizophrenia and bipolar affective disorder. Brain Struct Funct. 2009;214:37–47.

41. Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, et al. The MIQE
guidelines: minimum information for publication of quantitative real-time PCR
experiments. Clin Chem. 2009;55:611–22.

42. Andersen CL, Jensen JL, Orntoft TF. Normalization of real-time quantitative
reverse transcription-PCR data: a model-based variance estimation approach to
identify genes suited for normalization, applied to bladder and colon cancer data
sets. Cancer Res. 2004;64:5245–50.

43. Fernandez-Guerra P, Lund M, Corydon TJ, Cornelius N, Gregersen N, Palmfeldt J,
et al. Application of an image cytometry protocol for cellular and mitochondrial

phenotyping on fibroblasts from patients with inherited disorders. JIMD Rep.
2016;27:17–26.

44. Wettmarshausen J, Perocchi F. Isolation of functional mitochondria from cultured
cells and mouse tissues. Methods Mol Biol. 2017;1567:15–32.

45. Pagliarini DJ, Calvo SE, Chang B, Sheth SA, Vafai SB, Ong SE, et al. A mitochondrial
protein compendium elucidates complex I disease biology. Cell. 2008;134:112–23.

46. Smith AC, Blackshaw JA, Robinson AJ. MitoMiner: a data warehouse for mito-
chondrial proteomics data. Nucleic Acids Res. 2012;40:D1160–7.

47. Calvo SE, Clauser KR, Mootha VK. MitoCarta2.0: an updated inventory of mam-
malian mitochondrial proteins. Nucleic Acids Res. 2016;44:D1251–7.

48. Pawlak M, Lefebvre P, Staels B. General molecular biology and architecture of
nuclear receptors. Curr Top Med Chem. 2012;12:486–504.

49. Guo J, Grow EJ, Yi C, Mlcochova H, Maher GJ, Lindskog C, et al. Chromatin and
single-cell RNA-seq profiling reveal dynamic signaling and metabolic transi-
tions during human spermatogonial stem cell development. Cell Stem Cell.
2017;21:533–46.e536.

50. Corona JC, Duchen MR. PPARgamma as a therapeutic target to rescue mito-
chondrial function in neurological disease. Free Radic Biol Med. 2016;100:153–63.

51. Dickey AS, Pineda VV, Tsunemi T, Liu PP, Miranda HC, Gilmore-Hall SK, et al. PPAR-
delta is repressed in Huntington’s disease, is required for normal neuronal
function and can be targeted therapeutically. Nat Med. 2016;22:37–45.

52. McCullagh P, Chaplin T, Meerabux J, Grenzelias D, Lillington D, Poulsom R, et al.
The cloning, mapping and expression of a novel gene, BRL, related to the AF10
leukaemia gene. Oncogene. 1999;18:7442–52.

53. Heery DM, Kalkhoven E, Hoare S, Parker MG. A signature motif in transcriptional
co-activators mediates binding to nuclear receptors. Nature. 1997;387:733–6.

54. Hu X, Li Y, Lazar MA. Determinants of CoRNR-dependent repression complex
assembly on nuclear hormone receptors. Mol Cell Biol. 2001;21:1747–58.

55. Glaser T, Arnaud Sampaio VF, Lameu C, Ulrich H. Calcium signalling: a common target
in neurological disorders and neurogenesis. Semin Cell Dev Biol. 2019;95:25–33.

56. Chinnery PF. Primary mitochondrial disorders overview. In: Adam MP, Ardinger
HH, Pagon RA, Wallace SE, Bean LJH, Gripp KW, et al. editors. GeneReviews((R)).
(University of Washington, Seattle (WA), 2021).

57. Gorman GS, Chinnery PF, DiMauro S, Hirano M, Koga Y, McFarland R, et al.
Mitochondrial diseases. Nat Rev Dis Prim. 2016;2:16080.

58. Suomalainen A, Battersby BJ. Mitochondrial diseases: the contribution of orga-
nelle stress responses to pathology. Nat Rev Mol Cell Biol. 2018;19:77–92.

59. Srivastava R, Faust T, Ramos A, Ishizuka K, Sawa A. Dynamic changes of the
mitochondria in psychiatric illnesses: new mechanistic insights from human
neuronal models. Biol Psychiatry. 2018;83:751–60.

60. Flippo KH, Strack S. An emerging role for mitochondrial dynamics in schizo-
phrenia. Schizophr Res. 2017;187:26–32.

61. Roberts RC. Postmortem studies on mitochondria in schizophrenia. Schizophr
Res. 2017;187:17–25.

62. Davalieva K, Maleva Kostovska I, Dwork AJ. Proteomics research in schizophrenia.
Front Cell Neurosci. 2016;10:18.

63. Saia-Cereda VM, Cassoli JS, Martins-de-Souza D, Nascimento JM. Psychiatric dis-
orders biochemical pathways unraveled by human brain proteomics. Eur Arch
Psychiatry Clin Neurosci. 2017;267:3–17.

64. Manji H, Kato T, Di Prospero NA, Ness S, Beal MF, Krams M, et al. Impaired mito-
chondrial function in psychiatric disorders. Nat Rev Neurosci. 2012;13:293–307.

65. Shao L, Martin MV, Watson SJ, Schatzberg A, Akil H, Myers RM, et al. Mitochon-
drial involvement in psychiatric disorders. Ann Med. 2008;40:281–95.

66. Rossignol DA, Frye RE. Mitochondrial dysfunction in autism spectrum disorders: a
systematic review and meta-analysis. Mol Psychiatry. 2012;17:290–314.

67. Prabakaran S, Swatton JE, Ryan MM, Huffaker SJ, Huang JT, Griffin JL, et al.
Mitochondrial dysfunction in schizophrenia: evidence for compromised brain
metabolism and oxidative stress. Mol Psychiatry. 2004;9:684–97. 643

68. Palmieri L, Persico AM. Mitochondrial dysfunction in autism spectrum disorders:
cause or effect? Biochim Biophys Acta. 2010;1797:1130–7.

69. Hjelm BE, Rollins B, Mamdani F, Lauterborn JC, Kirov G, Lynch G, et al. Evidence of
mitochondrial dysfunction within the complex genetic etiology of schizophrenia.
Mol Neuropsychiatry. 2015;1:201–19.

70. Goncalves VF, Cappi C, Hagen CM, Sequeira A, Vawter MP, Derkach A, et al. A
comprehensive analysis of nuclear-encoded mitochondrial genes in schizo-
phrenia. Biol Psychiatry. 2018;83:780–9.

71. Varga NA, Pentelenyi K, Balicza P, Gezsi A, Remenyi V, Harsfalvi V, et al. Mito-
chondrial dysfunction and autism: comprehensive genetic analyses of children
with autism and mtDNA deletion. Behav Brain Funct. 2018;14:4.

72. Shi XF, Carlson PJ, Sung YH, Fiedler KK, Forrest LN, Hellem TL, et al. Decreased
brain PME/PDE ratio in bipolar disorder: a preliminary (31) P magnetic resonance
spectroscopy study. Bipolar Disord. 2015;17:743–52.

73. Renshaw PF, Parow AM, Hirashima F, Ke Y, Moore CM, Frederick Bde B, et al.
Multinuclear magnetic resonance spectroscopy studies of brain purines in major
depression. Am J Psychiatry. 2001;158:2048–55.

V. Paternoster et al.

11

Translational Psychiatry          (2022) 12:319 



74. Somerville SM, Conley RR, Roberts RC. Mitochondria in the striatum of subjects
with schizophrenia. World J Biol Psychiatry. 2011;12:48–56.

75. Uranova N, Orlovskaya D, Vikhreva O, Zimina I, Kolomeets N, Vostrikov V, et al.
Electron microscopy of oligodendroglia in severe mental illness. Brain Res Bull.
2001;55:597–610.

76. Inuwa IM, Peet M, Williams MA. QSAR modeling and transmission electron
microscopy stereology of altered mitochondrial ultrastructure of white blood
cells in patients diagnosed as schizophrenic and treated with antipsychotic
drugs. Biotech Histochem. 2005;80:133–7.

77. Iwamoto K, Bundo M, Kato T. Altered expression of mitochondria-related
genes in postmortem brains of patients with bipolar disorder or schizo-
phrenia, as revealed by large-scale DNA microarray analysis. Hum Mol Genet.
2005;14:241–53.

78. Kato T, Kakiuchi C, Iwamoto K. Comprehensive gene expression analysis in
bipolar disorder. Can J Psychiatry. 2007;52:763–71.

79. Karry R, Klein E, Ben Shachar D. Mitochondrial complex I subunits expression is
altered in schizophrenia: a postmortem study. Biol Psychiatry. 2004;55:676–84.

80. Arion D, Huo Z, Enwright JF, Corradi JP, Tseng G, Lewis DA. Transcriptome
alterations in prefrontal pyramidal cells distinguish schizophrenia from bipolar
and major depressive disorders. Biol Psychiatry. 2017;82:594–600.

81. Arion D, Corradi JP, Tang S, Datta D, Boothe F, He A, et al. Distinctive tran-
scriptome alterations of prefrontal pyramidal neurons in schizophrenia and
schizoaffective disorder. Mol Psychiatry. 2015;20:1397–405.

82. Altar CA, Jurata LW, Charles V, Lemire A, Liu P, Bukhman Y, et al. Deficient
hippocampal neuron expression of proteasome, ubiquitin, and mitochondrial
genes in multiple schizophrenia cohorts. Biol Psychiatry. 2005;58:85–96.

83. Sullivan CR, O’Donovan SM, McCullumsmith RE, Ramsey A. Defects in bioener-
getic coupling in schizophrenia. Biol Psychiatry. 2018;83:739–50.

84. Anitha A, Nakamura K, Thanseem I, Yamada K, Iwayama Y, Toyota T, et al. Brain
region-specific altered expression and association of mitochondria-related genes
in autism. Mol Autism. 2012;3:12.

85. Gokhale A, Hartwig C, Freeman AAH, Bassell JL, Zlatic SA, Sapp Savas C, et al.
Systems analysis of the 22q11.2 microdeletion syndrome converges on a mito-
chondrial interactome necessary for synapse function and behavior. J Neurosci.
2019;39:3561–81.

86. Li J, Tran OT, Crowley TB, Moore TM, Zackai EH, Emanuel BS, et al. Association of
mitochondrial biogenesis with variable penetrance of schizophrenia. JAMA Psy-
chiatry. 2021;78:911–21.

87. Saini SK, Mangalhara KC, Prakasam G, Bamezai RNK. DNA Methyltransferase1
(DNMT1) Isoform3 methylates mitochondrial genome and modulates its biology.
Sci Rep. 2017;7:1525.

88. Pedrotti S, Caccia R, Neguembor MV, Garcia-Manteiga JM, Ferri G, de Palma C,
et al. The Suv420h histone methyltransferases regulate PPAR-gamma and energy
expenditure in response to environmental stimuli. Sci Adv. 2019;5:eaav1472.

89. Hoffmann A, Spengler D. The mitochondrion as potential interface in early-life
stress brain programming. Front Behav Neurosci. 2018;12:306.

90. Chihara T, Luginbuhl D, Luo L. Cytoplasmic and mitochondrial protein
translation in axonal and dendritic terminal arborization. Nat Neurosci.
2007;10:828–37.

91. D’Amelio M, Cavallucci V, Middei S, Marchetti C, Pacioni S, Ferri A, et al. Caspase-3
triggers early synaptic dysfunction in a mouse model of Alzheimer’s disease. Nat
Neurosci. 2011;14:69–76.

92. Fernandez A, Meechan DW, Karpinski BA, Paronett EM, Bryan CA, Rutz HL, et al.
Mitochondrial dysfunction leads to cortical under-connectivity and cognitive
impairment. Neuron. 2019;102:1127–42. e1123.

93. Frye RE, Cox D, Slattery J, Tippett M, Kahler S, Granpeesheh D, et al. Mitochondrial
dysfunction may explain symptom variation in Phelan-McDermid syndrome. Sci
Rep. 2016;6:19544.

94. Liang L, Chen J, Xiao L, Wang Q, Wang G. Mitochondrial modulators in the
treatment of bipolar depression: a systematic review and meta-analysis. Transl
Psychiatry. 2022;12:4.

ACKNOWLEDGEMENTS
This work was supported by the Lundbeck Foundation, Denmark (grant number
R155-2014-1724) (ADB), The Novo Nordisk Foundation (ADB and JHC), The Danish
Council for Independent Research–Medical Sciences (ADB and JHC), The Faculty of
Health Sciences, Aarhus University (ADB), The Riisfort Foundation (JHC), the
Augustinus Foundation (JHC and PQ), and Grosserer L.F. Foghts Fond (JHC).
The funders were not involved in any aspect of the study. We are grateful to the
researchers and organizations that contributed to The BrainSpan atlas.

AUTHOR CONTRIBUTIONS
VP, TF, PQ, ADB, and JHC designed and performed bioinformatics analyses. TF, SHlC,
and PQ generated the cell lines. VP, LSK, CC, SHlC, PQ, MS, JRN, PB, and JHC designed
and performed experimental work using cell lines and statistical analyses. VP, LSK, CC,
PFG, PB, PQ, ADB, and JHC interpreted the results. VP wrote the first draft of the
manuscript. All authors contributed to the finalization of the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41398-022-02053-2.

Correspondence and requests for materials should be addressed to Per Qvist or Jane
Hvarregaard Christensen.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

V. Paternoster et al.

12

Translational Psychiatry          (2022) 12:319 

https://doi.org/10.1038/s41398-022-02053-2
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The psychiatric risk gene BRD1 modulates mitochondrial bioenergetics by transcriptional regulation
	Introduction
	Materials and methods
	Publicly available datasets
	Enrichment analysis
	Cell lines and culture
	Nuclear receptor 10-pathway reporter array
	Quantitative real-time PCR
	Image cytometry for cellular and mitochondrial phenotyping
	Calcium buffering capacity
	Mitochondrial bioenergetics measurements

	Results
	BRD1 targets and regulates nuclear genes encoding mitochondrial proteins
	The expression of nuclear genes encoding mitochondrial proteins is negatively correlated with BRD1 expression in the developing human brain
	Identification of potential BRD1 co-factors
	Overexpression of BRD1-L affects mtDNA content and mitochondrial mass
	Overexpression of BRD1-S and BRD1&#x02013;nobreakL affect reducing power of cells but not their calcium buffering capacity
	BRD1 levels affect mitochondrial respiration in an isoform-dependent manner

	Discussion
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




