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NR2F1 shapes mitochondria in the mouse brain, providing new
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ABSTRACT

The nuclear receptor NR2F1 acts as a strong transcriptional
regulator in embryonic and postnatal neural cells. In humans,
mutations in the NR2F1 gene cause Bosch-Boonstra-Schaaf
optic atrophy syndrome (BBSOAS), a rare neurodevelopmental
disorder characterized by multiple clinical features including vision
impairment, intellectual disability and autistic traits. In this study, we
identified, by genome-wide and in silico analyses, a set of nuclear-
encoded mitochondrial genes as potential genomic targets under
direct NR2F1 transcriptional control in neurons. By combining
mouse genetic, neuroanatomical and imaging approaches, we
demonstrated that conditional NR2F1 loss of function within the
adult mouse hippocampal neurogenic niche results in a reduced
mitochondrial mass associated with mitochondrial fragmentation
and downregulation of key mitochondrial proteins in newborn
neurons, the genesis, survival and functional integration of which
are impaired. Importantly, we also found dysregulation of several
nuclear-encoded mitochondrial genes and downregulation of key
mitochondrial proteins in the brain of Nr2f1-heterozygous mice, a
validated BBSOAS model. Our data point to an active role for
NR2F1 in the mitochondrial gene expression regulatory network in
neurons and support the involvement of mitochondrial dysfunction
in BBSOAS pathogenesis.
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INTRODUCTION

The transcriptional regulator nuclear receptor subfamily 2, group f,
member 1 (NR2F1), also known as chicken ovalbumin upstream
promoter-transcription factor 1 (COUP-TFI), has been extensively
investigated in brain development, during which it exerts pleiotropic
functions, including the control of neural stem cell competency,
axonal pathfinding, cortical area and cell-type specification in mice
(Naka et al., 2008; Alfano et al., 2014; Armentano et al., 2006;
reviewed in Bertacchi et al., 2019b). Its expression is maintained in
the postnatal and adult brain, in which it controls activity-dependent
expression of tyrosine hydroxylase in olfactory dopaminergic
neurons (Bovetti et al., 2013) and regulates neuron—astroglia cell
fate decision in the neurogenic niche of the hippocampal dentate
gyrus (DG) (Bonzano et al., 2018).

In humans, NR2FI has recently emerged as a disease gene:
multiple NR2F1 pathological variants cause Bosch-Boonstra-
Schaaf optic atrophy syndrome [BBSOAS; Online Mendelian
Inheritance in Man (OMIM) 615722], a rare, monogenic autosomal-
dominant disorder characterized by multiple clinical features,
including global developmental delay, mild-to-severe intellectual
disability (ID), optic nerve atrophy, vision impairments, seizures
and traits characteristic of autism spectrum disorder (Bosch et al.,
2014; Chen et al., 2016; Kaiwar et al., 2017). Most variants in
the NR2F1 gene of patients described so far are deletions
and/or mutations predominantly located in the DNA-binding
domain and lead to haploinsufficiency or dominant-negative
effects, thus compromising and/or completely abolishing NR2F1
transcriptional regulatory activity (Billiet et al., 2021; Bosch et al.,
2016; Chen et al., 2016; Kaiwar et al., 2017; Rech et al., 2020).
Several neurological symptoms — such as optic atrophy, hypotonia
and seizure — described in BBSOAS patients, are often associated
with mitochondrial dysfunction in the nervous system (Frye,
2020; Lenaers et al., 2021; Valenti et al., 2014; Zsurka and Kunz,
2015). Nevertheless, no data are available on possible
mitochondrial implications in the neurological symptoms of
BBSOAS patients, and whether and how NR2F1 can affect
mitochondria in neuronal cells is still unknown.

Mitochondria are multi-functional and highly dynamic organelles,
essential for neuronal development and function. For instance,
dendritogenesis, axon outgrowth and neurite architecture are directly
influenced by regulated transport, fusion—fission, and anchoring of
mitochondria (Rangaraju et al., 2019b; Misgeld and Schwarz, 2017).
Moreover, in mature neurons, mitochondria contribute to synaptic
transmission and plasticity by providing local energy supply and Ca**
buffering (Rangaraju et al., 2019a). The regulation of mitochondrial
biogenesis, dynamics and function is under a transcriptional network
including DNA-binding factors that target nuclear [e.g. NRF1, NRF2
(NFE2L2), PPARs, ERRs (ESRRs)] or mitochondrial DNA (e.g.
TFAM, TFBIM/TFB2M). Additionally, this network includes
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co-regulators that integrate signals and coordinate activities of
multiple DNA-binding factors in a tissue- and signal-specific
expression pattern (Hock and Kralli, 2009).

In this study, we identified, for the first time, several nuclear-
encoded mitochondrial genes among the genomic targets under
direct NR2F1 transcriptional regulation in neurons by genome-wide
and in silico analyses. To directly assess whether NR2F1 controls
mitochondria, we took advantage of mice heterozygous for Nr2f1, a
validated BBSOAS mouse model (Bertacchi et al., 2019a; Jurkute
et al., 2021), in which we unveiled altered expression of several
mitochondrial genes associated with decreased levels of key
mitochondrial proteins. Furthermore, we exploited the Cre-loxP
model to conditionally manipulate Nr2f1 in adult neural stem/
progenitor cells (aNSPCs) (Bonzano et al., 2018) and studied the
effects on their neuronal lineage. aNSPCs persist throughout life in
restricted brain regions, namely the subventricular zone of the lateral
ventricles and the subgranular zone (SGZ) of the hippocampal DG
(Bond et al., 2015). In the SGZ, aNSPCs ensure the continuous
generation of new neurons, the integration of which into the
pre-existing circuitries is crucial for proper adaptive behaviors and
cognitive functions (Aimone et al., 2014). Interestingly, immature
DG neurons show higher NR2F1 expression (Artegiani et al., 2017,
Bonzano et al., 2018) and an overall increase in mitochondrial mass
compared to that in aNSPCs (Beckervordersandforth et al., 2017;
Steib et al., 2014). Moreover, mitochondrial dysfunction impairs
adult DG neurogenesis (Beckervordersandforth et al., 2017,
Beckervordersandforth, 2017; Khacho et al., 2016; Steib et al.,
2014). Thus, we focused on adult SGZ neurogenesis as a suitable
model to dissect the cell-intrinsic role of NR2F1 in mitochondria.
Our findings demonstrate that the loss of NR2F1 function impairs
the mitochondrial mass and shape as well as the oxidative
phosphorylation (OxPhos) system of adult-born DG neurons. In
addition, it leads to a reduction in their morphological complexity,
functional integration and long-term survival. Importantly, our data
provide the first demonstration of a role for NR2F1 in shaping
neuronal mitochondria in the adult brain. This paves the way for
further research on the mechanisms and role of mitochondrial
dysfunction in the pathogenesis of BBSOAS, opening up new
possibilities for therapeutic intervention.

RESULTS

NR2F1 nuclear genomic targets are enriched in key
mitochondrial factors

To investigate whether the nuclear transcription factor NR2F1
impinges on mitochondria by directly binding and regulating the
expression of nuclear-encoded mitochondrial genes that code for
more than 95% of the mitochondrial proteins (Calvo et al., 2016;
Misgeld and Schwarz, 2017), we ran a genome-wide analysis of
NR2F1 occupancy by chromatin immunoprecipitation followed
by deep sequencing (ChIP-seq) in the adult neocortex, a brain
region in which NR2F1-expressing neurons are abundant (Fig. 1A;
Fig. S1A). By peak calling analysis, we identified 2119 binding
sites for NR2F1 enriched in CpG islands and promoter regions [i.e.
—3 kb/+2 kb from the transcription start site (TSS) of annotated
genes] (Fig. S1B,C). Almost all NR2F1-bound promoters were
positive for H3K4me3, a histone mark highly enriched at active
promoters (Liang et al., 2004), but not all H3K4me3" promoters
were bound by NR2F1 (Fig. 1B), implying specificity. Notably,
predicting transcription factor binding by the Homer motif
discovery tool confirmed that the observed genomic peaks are
highly enriched in the putative NR2F1 consensus sequence
(Fig. 1B; Fig. S1D), indicating direct binding. The set of genes

identified as putative NR2F1 genomic targets by ChIP-seq was
then analyzed by Gene Ontology (GO) term annotation through
the PANTHER classification system. Concerning the ‘cellular
component’ class, the analysis revealed that the mitochondrion is
the most enriched compartment (fold enrichment, >2), followed by
other compartments showing fold enrichment of ~1.5, including
synapse and nucleus (Fig. 1C). In line, analysis of the ‘biological
process’ class revealed enrichment of genes involved in
mitochondrial function, particularly in the organization of the inner
mitochondrial membrane (fold enrichment, >6) as well as in
mitochondria-related metabolism and cellular respiration (Fig. 1D).
Furthermore, the investigation of functional and physical protein
associations among NR2F1 target genes using STRING analysis
(Szklarczyk et al., 2021) showed more interactions among NR2F1
targets than expected for a random set of proteins of the same size and
degree distribution [protein—protein interaction (PPI) enrichment
P-value <1.0x107'6]. Interestingly, the interaction network was
characterized by two clusters, the first enriched in mitochondrial
proteins and the second enriched in nuclear proteins (Fig. 1E). This
indicates that NR2F1 orchestrates a complex biological program
involving several genes that operate in a highly interconnected way,
and suggests that it may have a direct regulatory role in a wide set of
nuclear-encoded mitochondrial genes in neurons.

NR2F1 manipulations in adult-born hippocampal neurons
lead to altered mitochondrial mass and morphology

To study the role of NR2F1 in mitochondria, we focused on
the neurogenic niche of the adult hippocampus. Our previous
research has demonstrated that NR2F1 is widely expressed
throughout the aNSPCs and neurogenic lineage of the
hippocampal DG, and that the loss of NR2F1 in aNSPCs leads
to impaired DG neurogenesis (Bonzano et al., 2018). Thus, we
exploited an in vivo conditional loss-of-function (LOF) approach
targeting the aNSPC lineage via tamoxifen (TAM) administration
in triple transgenic mice carrying inducible Cre-recombinase
(CreERT?2) under the Glast promoter, both Nr2fI alleles flanked
by loxP sites and the reporter gene encoding the yellow
fluorescent protein (YFP) for lineage tracing (herein named
Nr2f1-icKO; Fig. 2A) (Armentano et al., 2007; Bonzano et al.,
2018). Animals carrying both Cre and YFP alleles but wild type
(WT) for Nr2f1 were used as controls (Ctrl).

To label mitochondria in adult-born hippocampal neurons, a
retroviral vector encoding the mitochondria-targeted fluorescent
protein DsRed (RV-mitoDsRed) was stereotaxically injected into
the DG 2 weeks after induction by TAM. Mice were analyzed at
17 days post viral injection (Fig. 2A’), allowing recombined and
transduced progenitors to develop into doublecortin-expressing
neurons (i.e. DCX mitoDsRed"YFP* cells). Notably, whereas in
Ctrl mice, YFP" cells were virtually all NR2F1", in Nr2fI-icKO
mice, the population of YFP* cells — including the specific subset
transduced by the mitoDsRed virus — was substantially devoid of
NR2F1 staining (Fig. 2B,C), thus validating Nr2f1 inactivation in
the aNSPC neuronal lineage of Nr2f1-icKO mice. Morphometric
analyses were performed on DCX'mitoDsRed " YFP" newborn
neurons from Nr2f1-icKO and Ctrl mice showing comparable
patterns of the dendritic tree (i.e. the primary dendrite branching in
the outer part of the granule cell layer and the dendritic arborization
spanning the molecular cell layer; Fig. 3A; Fig. S2A). We found no
changes in the size of perikarya and primary dendrites between the
two groups (Fig. S2B,C-C”), but there was a modest difference in
dendritic morphology. Specifically, the total dendritic length and
the number of branching points were reduced in Nr2f7-icKO mice
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Figure legends:
Clusters of the PPI network (k-means)

® cluster 1 (677 proteins)
cluster 2 (770 proteins)

GO Cellular compartment enrichment

o GO "mitochondrion" (FDR p=2.78e-21)
o GO "nucleus" (FDR p=5.21e-31)

° PPI network statistics:

number of nodes: 1447

number of edges: 8261

average node degree: 11.4

avg. local clustering coefficient: 0.27
expected number of edges: 6860
PPI enrichment value: <1.0e-16

Fig. 1. Chromatin immunoprecipitation followed by deep sequencing (ChIP-seq) analysis of adult mouse neocortex revealed enrichment of
mitochondrial proteins among NR2F1 genomic targets. (A) ChIP-seq for NR2F1 was carried out on the adult mouse neocortex, a brain region enriched in
neurons expressing high levels of NR2F 1. Representative image of NR2F1 staining (red) in the adult mouse neocortical region. Nuclei are counterstained
with DAPI (blue). Scale bar: 50 um. (B) Top: example of a genomic peak on a promoter showing NR2F1 binding associated with H3K4me3 (Aamp gene)
compared with a promoter region showing H3K4me3 without NR2F 1 binding (Pnkd gene). Bottom: NR2F 1 binding sites (forward) revealed by de novo
transcription factor motif discovery — see Fig. S1D for best matches to known motifs. IC, information content. (C,D) Bar graphs illustrating the fold enrichment
by annotation with Gene Ontology (GO) terms, wherein the 2119 genes bound by NR2F1 were ranked for cellular components (C) and biological processes
(D). Colors of the bars indicate the —log4o(FDR) of the GO annotation term. The full lists of enriched categories are provided in Table S1. FDR, false
discovery rate. (E) Protein—protein interaction (PPI) graph of the NR2F1 target genes identified by ChIP-seq and analyzed by STRING. Nodes are filled in
either green or red colors based on a k-means clustering solution with k=2. These two clusters also segregate genes with GO enrichment terms in either the
mitochondria or nuclear cell compartments (border colors of the node in green or red, respectively).
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Fig. 2. See next page for legend.

(Fig. 3B,C), indicating decreased complexity of the dendritic tree in
NR2F1-deficient newborn neurons.

To initially assess the consequences of Nr2fI LOF on
mitochondria in newborn DG neurons, we analyzed the
mitochondrial occupancy expressed as the percentage of the area
covered by the mitoDsRed" signal over the area encompassing the
perikaryon and the cone-shaped proximal portion of the primary
dendrite (named ‘soma’ hereafter) (Fig. 2D,E; Fig. S2C,D).
MitoDsRed" mitochondria appeared densely packed and tightly
organized into complex networks in the soma of Ctil
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DCX*mitoDsRed"YFP" newborn neurons (Fig. 2D; Fig. S2D).
Interestingly, we observed a ~20% reduction in the mitochondrial
occupancy within the soma in NR2F1-depleted neurons compared
to Ctrl ones (Fig. 2D,E). By exploiting the Mitochondrial Network
Analysis (MiNA) toolset (Valente et al., 2017), we confirmed
decreased mitochondrial mass (i.e. mitochondrial footprint), and we
further revealed reduced complexity of the mitochondrial networks
in NR2F1-deficient newborn neurons (Fig. 2G). Accordingly, we
found a 28% reduction in the area covered by mitoDsRed+
mitochondria within the cylindrical portion of the primary dendrite
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Fig. 2. NR2F1 loss of function leads to decreased mitochondrial mass
in the soma and proximal dendritic compartment of adult-born
hippocampal neurons in vivo. (A) Overview of the Cre-mediated gene
rearrangements of Rosa26 (R26) and Nr2f1 loci in Glast::CreERT2,R26-
floxed STOP-Nr2f ™" mice. (A’) Experimental design. d, day; TAM,
tamoxifen. (B) Representative confocal images of adult-born neurons
transduced with RV-mitoDsRed (red) and immunostained for YFP (green)
and NR2F1 (magenta) in Ctrl and Nr2f1-ickKO mice. Nuclei are
counterstained with DAPI (white). (C) Validation of NR2F1 loss in the Glast
lineage. Whereas in control dentate gyrus (DG), the vast majority of YFP*
and mitoDsRed"YFP™* cells showed nuclei that are positive for NR2F1, in
mutant DG, virtually all YFP* and mitoDsRed*YFP* cells are negative for
NR2F1. NR2F1* of total YFP™* cells: n=229/230 cells from three control (Ctrl)
animals; n=5/340 cells from three Nr2f1-icKO animals. Nr2f1* in the subset
of mitoDsRed*YFP* cells: n=16/16 cells from three Ctrl animals; n=0/20
cells from three Nr2f1-icKO animals. (D) Representative confocal images
(maximum projection) showing the mitoDsRed* mitochondria (red) within the
soma area (solid lines) and primary dendrite (dotted lines) in control and
Nr2f1-icKO mitoDsRed"DCX*YFP* newborn neurons. (E,F) Mitochondrial
occupancy expressed as the percentage of the soma area (E) or of the
primary dendrite area (F) covered by the mitoDsRed signal. Mann—Whitney
test; P=0.0066 (E); P=0.0001 (F). For the analyses reported in E and F,
n=13 (Ctrl) and n=16 (Nr2f1-icKO), and n=14 (Ctrl) and n=18 (Nr2f1-icKO)
cells, respectively, from three animals per genotype and at least three cells/
animal were used. (G) Results obtained by applying the MiNA toolkit on the
mitoDsRed signal within the soma compartment of control and Nr2f1-icKO
newborn mitoDsRed*DCX*YFP* neurons. From left to right: two-tailed
unpaired Student’s t-test with Welch’s correction, **P=0.0061; two-tailed
unpaired Student’s t-test, *P=0.0465; Mann—Whitney test, *P=0.0248;
Mann-Whitney test, *P=0.0341. A coherent reduction in the parameter of
mitochondrial footprint (i.e. the total area consumed by mitochondrial signal
after being separated from the background) with a coincident decrease in the
length of branches (i.e. mean length of all the lines used to represent the
mitochondrial structures) and in the summed branch length (i.e. the mean of
the sum of the lengths of branches for each independent mitochondrial
structure divided by the number of independent mitochondrial structures), as
well as in the number of network branches (i.e. the mean number of attached
lines used to represent each mitochondrial structure), was found in Nr2f1-icKO
neurons compared to Ctrl neurons. Data are shown as meanzs.d. (C,E,F); box
and whiskers plots (G) with median (middle gray line), upper/lower quartiles,
and error bars ranging from minimum to maximum values. Each dot
represents a cell. Scale bars: B, 20 um; B (inset), 10 ym; D, 10 pm.

of NR2F1-deficient newborn neurons (Fig. 2D,F; Fig. S2D). We
next evaluated the mitochondrial content, morphology and
distribution in the distal dendrites of DCX'mitoDsRed"YFP*
newborn neurons, where high-resolution confocal microscopy
allowed the analysis of single mitoDsRed* mitochondria (Fig. 3).
We found a net reduction in the abundance of mitochondria in
NR2F1-depleted neurons not only when quantified as the total
number of mitochondria per dendritic arborization (Ctrl, 35.38
+17.17; Nr2fi-icKO, 19.93+11.37; Mann—Whitney, P=0.0058),
but also when normalized to the length of the dendritic arbor
(Fig. 3D). Interestingly, we detected a linear correlation between the
number of mitochondria and the dendritic arborization length in
both Ctrl and Nr2f1-icKO neurons (Spearman correlation: Ctrl,
r=0.7868, P=0.0021; Nr2f1-icKO, r=0.8326, P<0.001). However,
the number of mitochondria was consistently lower in Nr2f7-icKO
cells than in Ctrl cells of similar dendritic length (Fig. 3E). Overall,
our analyses showed that the depletion of NR2F1 results in a global
decrease in mitochondrial content in newborn hippocampal
neurons. By comparing the different cell compartments, including
the soma, primary dendrite and dendritic arbor, we found that the
dendritic arbor was the most affected one in terms of mitochondria
occupancy (Fig. S2G). Further analysis of the dendritic tree, by
scoring each mitochondrion according to its position along the
different dendritic segments, revealed no changes in their

distribution between Nr2f1-icKO and Ctrl neurons (Fig. 3F,G;
Fig. S2E). However, we found a reduction in the maximum
length of single dendritic mitochondria in Nr2fI-icKO neurons
compared to Ctrl ones (Fig. 3H,I). By classifying mitochondria into
four different categories based on their length (adapted from
Khacho et al.,, 2016), we detected an increase in fragmented
mitochondria concomitantly with a reduction in tubular ones in the
dendrites of Nr2fI1-icKO neurons (Fig. 3J). Consistently, the
estimation of the linear mitochondrial occupancy (i.e. the
percentage of the dendritic length covered by the mitoDsRed"
signal) unveiled a marked decrease (~55%) in NR2F1-depleted
neurons compared to that in Ctrl neurons (Fig. 3K). Similar results
were obtained by dividing the mitochondrial area by the dendritic
length (Fig. S2F). To investigate whether NR2F1 loss triggered
mitophagy, we performed colocalization analysis of the mitoDsRed
staining with the lysosomal marker LAMP1 (Fig. S2H), revealing
no differences between Ctrl and Nr2f1-icKO cells (Fig. S2I).

To support a direct role for NR2F1 in controlling mitochondrial
morphology, we exploited a complementary genetic strategy to
increase Nr2f1 expression [i.e. gain of function (GOF)] by crossing
the transgenic CAGGS-lox-stop-lox-hCOUP-TFI mouse line
(Wu et al., 2010) to the Glast::CreERT2 and YFP reporter line
(herein Nr2f1-O/E; Fig. S3A) (Bonzano et al., 2018). Analysis
of the mitochondrial content in the dendritic arborization of
DCX*mitoDsRed"YFP" newborn neurons in Nr2fI-O/E mice
revealed the occurrence of longer mitochondria without changes
in their number, leading ultimately to an overall increase in the
linear dendritic mitochondrial occupancy in newborn granule
neurons (Fig. S3B-D).

On the whole, data obtained by manipulating Nr2f1 expression in
newborn DG hippocampal neurons, together with GO annotations
disclosing a stronger enrichment for a wide set of nuclear-encoded
mitochondrial genes than that for other structural genes (e.g.
cytoskeleton-related genes) as NR2F1 direct targets (Fig. 1), support a
primary effect of NR2F1 on mitochondria in adult-born DG neurons.

NR2F1 haploinsufficiency or conditional knockout lead to
deregulation of key mitochondrial proteins

To further investigate whether loss of NR2F1 recruitment to its
target genes affect their expression, which in turn could lead to the
observed mitochondrial phenotype, we ran a gene set enrichment
analysis (GSEA) by integrating our ChIP-seq dataset with
previously published transcriptome data on the hippocampi of
adult mice constitutively heterozygous for NR2F1 (Nr2f1-HET)
(Chen et al., 2020), a validated BBSOAS mouse model (Bertacchi
et al., 2019a, 2020; Jurkute et al., 2021; Tocco et al., 2021). We
considered NR2F1 targets as a ‘gene set’ and verified that those genes
were predominantly downregulated [normalized enrichment score,
<-2.9; false discovery rate (FDR), <0.001] (Fig. S4A). Among the
1053 genes in the GSEA core enrichment set, ~8% (82/1053) code
for mitochondrial proteins (Fig. 4A) that form highly interacting
networks to ensure proper mitochondrial homeostasis and function
(Fig. 4A’). Remarkably, the expression of transcripts for these
mitochondrial proteins was regulated in the Nr2fI-HET
hippocampi, where 70% and 30% showed downregulation
and upregulation, respectively (Fig. 4A”). GO term annotation
of these genes further corroborated a pivotal and direct role
for NR2F1 in fine tuning the expression of nuclear-encoded
mitochondrial proteins. Indeed, strong enrichment (fold
enrichment, >7) was observed in factors controlling a plethora
of Dbiological processes needed for proper mitochondrial
functioning, such as (1) the organization of mitochondria (i.e.
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Fig. 3. See next page for legend.

assembly/arrangement/disassembly of a mitochondrion, mitochondrial ~ the whole brain of adult Nr2fI-HET and WT Ctrl mice, and we
morphogenesis, dynamics and their distribution); (2) mitochondrial —quantified the levels of selected key mitochondrial proteins by
transport (i.e. the transport of substances into, out of or within a  western blot (WB) assay (Fig. 4B-E). Based on the mitochondrial
mitochondrion, as well as the targeting of protein into mitochondria;  phenotype observed in Nr2f1-icKO neurons, we initially evaluated
(3) mitochondria-related metabolism and cellular respiration [i.e. the levels of the mitochondrial membrane proteins MFN2 and
tricarboxylic acid (TCA) cycle, electron transport chain (ETC)/ OPAIl, which are needed for mitochondrial fusion (Quintana-
OxPhos]; and (4) synthesis of new mitochondrial components Cabrera and Scorrano, 2023). We found that both MFN2 and OPA1
(Fig. 4A™). protein levels normalized to mitochondrial porin [i.e. the voltage-

In order to directly assess changes in mitochondrial proteins dependent anion channel (VDAC)] were markedly reduced in
due to NR2F1 haploinsufficiency, we isolated mitochondria from  Nr2fI-HET mitochondrial extracts compared to those in Ctrl
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Fig. 3. Alteration in dendritic mitochondrial number, architecture and
mass in newborn neurons lacking NR2F1. (A) Representative confocal
images of two recombined and mitoDsRed-transduced (red) adult-born
neurons immunolabeled with doublecortin (DCX; white) in the DG of Ctrl
(top) and Nr2f1-icKO (bottom) mice. Insets show magnification of
mitoDsRed* mitochondria in the reconstructed dendritic arbor (blue lines) of
the two cells. (B,C) Total dendritic length (B; two-tailed unpaired Student’s
t-test, *P=0.0296) and the number of dendritic branches (C; Mann—Whitney
t-test, *P=0.0153) in NR2F 1-deficient mitoDsRed* DCX*YFP* newborn
neurons and Ctrl neurons; n=13 and n=14 cells, respectively, from three
animals per genotype; at least three cells/animal were used for each
analysis. (D) Linear density of dendritic mitochondria obtained by
normalizing the total number of dendritic mitochondria to the total dendritic
arborization length. Two-tailed unpaired Student’s t-test, ***P=0.0001.

(E) Relationship between the dendritic arborization length (x-axis) and the
total number of dendritic mitochondria (y-axis) per mitoDsRed*DCX*YFP*
cell analyzed; linear regression with Pearson’s correlation was performed
with R?; P-values and best-fitted line equation are displayed. Note the shift in
the regression fitted line of Nr2f1-ickKO cells without changes in its steepness
compared to that of the Ctrl fitted line. (F) Distribution of mitochondria
throughout each branch of the dendritic arborization regardless of their
branch order. Each dot represents a mitochondrion (n=379 mitochondria in
Ctrl neurons; n=308 mitochondria in Nr2f1-icKO neurons). Mann-Whitney,
P=0.3323. (G) Percentage of mitochondria belonging to the different branch
order of the dendritic arborization in Ctrl and Nr2f1-icKO neurons. Mann—
Whitney test: Il, P=0.7000; Ill, P>0.9999; IV, P>0.9999; V, P=0.7000.

(H) Representative confocal images showing high magnification of the
mitoDsRed* mitochondria in comparable dendritic branch levels of Ctrl and
Nr2f1-icKO mitoDsRed"DCX*YFP* adult-born neurons. (I) Cumulative
frequency distribution for the length of dendritic mitochondria in control
versus NR2F 1-ablated mitoDsRed*"DCX*YFP* adult-born neurons. n=459
mitochondria from 13 control cells; n=279 mitochondria from 14 Nr2f1-ickO
cells. Kolmogorov—Smirnov test, £<0.0001. (J) Quantification of dendritic
mitochondrial morphologies according to four different subclasses based on
their length (i.e. fragmented, <1 um; elongated, from 1 to 2 ym; medium/
large, from 2 to 3 pm; tubular, >3 pm). Mann—Whitney test: fragmented,
***P=0.001; elongated, P=0.6760; medium/large, P= 0.0917; tubular,
***P<0.0001. Each dot represents a cell. (K) Linear mitochondrial occupancy
expressed as the percentage of dendritic length covered by the mitoDsRed
staining. Mann-Whitney, ***P<0.0001. For all the analyses, n=13 (Ctrl) and
n=14 (Nr2f1-icKO) cells from three animals per genotype and at least three
cells/animal were used. Data are shown as meants.d. (B,C,D,G,J,K); best
regression fitted line where the band represents the 95% confidence interval
(E); box and whiskers plots with median (middle line), upper/lower quartiles,
average (black crosses) and error bars ranging from minimum to maximum
values (F). Each dot represents a cell (B-E,G,J,K) or a single mitochondrion
(F). Scale bars: A, 20 ym; H,J, 5 ym.

mitochondrial extracts (Fig. 4B,C,D). Based on the enrichment of
genes involved in cellular respiration among the GSEA core
enrichment set (Fig. 4A”), we next wondered whether brain
mitochondria of NR2F1 haploinsufficient mice showed changes in
ETC and OxPhos components necessary for cellular respiration and
oxidative metabolism. We revealed that protein levels of all
analyzed ETC and OxPhos components, normalized to VDAC,
were reduced in Nr2fI-HET mitochondrial extracts (Fig. 4B,E).
Thus, the observed changes in mitochondrial protein composition
are in line with the transcriptomic data indicating impairment
of mitochondrial fusion and cellular respiration in NR2F1
haploinsufficient mice. To confirm that downregulation of those
mitochondrial factors occurs due to cell-intrinsic mechanisms, we
used the Nr2f1-icKO model to perform a densitometric analysis of
immunofluorescence staining for MFN2, OPA1 and ETC/OxPhos
within the soma of DCX"YFP" newborn neurons lacking NR2F1
in comparison to the soma of Ctrl ones (Fig. 5). For this assay,
we exploited a custom-made workflow, allowing analysis of
mitochondrial staining coverage and intensity within the
soma+shaft compartment of newborn neurons (see Materials and

Methods). First, assessment of both MFN2 and OPA1 fluorescence
labeling was carried out 1 month after TAM administration in
Nr2f1-icKO mice (Fig. 5A). In line with the observed reduction in
mitochondrial occupancy in Nr2fI-icKO newborn neurons
(Fig. 2E), we found a reduction in the percentage of area
occupied by both the MFN2 and OPA1 mitochondrial signals
compared to that in Ctrl newborn neurons (Fig. 5D,G). Notably,
analysis of the intensity of mitochondrial staining normalized to
the area occupied by the signals [cell threshold mitochondrial
fluorescence (CTMF)] revealed a marked decrease in MFN2 and
OPAl (~40% and 50% decrease, respectively) in Nr2fI1-icKO
mice (Fig. 5C,D,F,G). Next, for the analysis of ETC/OxPhos
components, adult Nr2f7-icKO and Ctrl brain sections were
collected 7.5 weeks after TAM administration (Fig. SH) and
immunolabeled with the same ETC/OxPhos antibody mix used
for WB assays. Interestingly, Nr2f1-icKO newborn granule neurons
showed a net reduction in ETC/OxPhos staining occupancy as well
as a decrease in ETC/OxPhos staining intensity when normalized to
the ETC/OxPhos™ mitochondrial area (CTMF, ~45% reduction)
(Fig. 5LI1K). Taken together, these data further corroborate our
hypothesis that NR2F1 shapes the mitochondrial proteome in
mouse neurons in a cell-autonomous manner.

NR2F1 loss in the adult DG neurogenic niche impairs
functional integration and long-term survival of adult-born
granule neurons

Mitochondria control and integrate several cellular processes,
including proliferation, differentiation, migration and survival.
Specifically, in the adult neurogenic DG, defective mitochondria
in newborn neurons have been associated with dendritic and
synaptic impairments, which eventually lead to behavioral deficits
in learning and memory performances (Khacho et al., 2016).

We thus wondered whether the observed mitochondrial defects
caused by Nr2fl LOF in DG newborn neurons were coupled to
dysfunctional consequences at the cellular level. To evaluate
whether NR2F1 deficiency in adult-born DG neurons might
impact on their functional integration in the hippocampal circuits
that is fundamental for their proper maturation and survival
(Gongalves et al., 2016), we analyzed Nr2f1-icKO mice 1 month
after Cre-recombinase induction by TAM (Fig. 6A). In these mice,
the number of DCX"YFP* neurons in the DG was strongly reduced
compared to that in Ctrl mice (Fig. 6B,C), indicative of impaired
neurogenesis, which is consistent with previous findings in Nr2f1-
icKO mice at shorter chase times after TAM administration
(Bonzano et al., 2018).

Notably, quantification of expression of the immediate early gene
Zif268 (Egrl), a proxy for neural activity (Veyrac et al., 2013), in
DCX" newborn neurons revealed a net decrease in the fraction of
double-positive ZIF268"DCX™ cells in Nr2f1-icKO mice compared
to that in Ctrl mice (80% decrease; Fig. 6D-E’), indicating defective
cellular activation that could be caused by altered synaptic integration
in hippocampal circuitry. To directly assess this possibility, we
stereotaxically injected a mixture of retroviral vectors in the DG of
Nr2fi-floxed mice to label the whole cytoplasm (including dendritic
spines) by GFP in a cohort of newborn neurons and to concomitantly
induce Cre-driven NR2F1 loss in a subset of them (double-labeled
GFP and mitoDsRed cells; Nr2f1-icKO cells) (Fig. 6F). Animals were
then euthanized 4 weeks after viral transduction, i.e. a time point at
which labeled neurons exhibit elaborated dendritic trees typical of
mature granule neurons (Zhao et al., 2006) and show dendritic
protrusions forming synapses, to analyze the abundance of dendritic
spines as an indicator of their functional connectivity. Remarkably,
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Fig. 4. NR2F1 haploinsufficiency induces changes in the expression of key mitochondrial proteins. (A) Gene set enrichment analysis (GSEA)
revealed that a large amount (82/1053) of nuclear-encoded mitochondrial proteins bound by NR2F1 shows altered expression in the hippocampi of adult
constitutive heterozygous (Nr2f1-HET) mice. (A’) PPI graph of the 82 mitochondrial genes bound by NR2F1 and differentially expressed in Nr2f1-HET
hippocampi. Nodes are colored according to the GO biological process annotation term. (A”) List of the mitochondrial genes belonging to the GSEA enriched
core. Heatmap colors are based on the —log(fold change) of their expression in Nr2f1-HET versus WT hippocampi (dataset from Chen et al., 2020). (A”) Bar
graph illustrating the fold enrichment by annotation with GO term ranked for biological processes. Colors of the bars indicate the —log10(FDR) of the GO
annotation term. (B) Representative western blots of isolated mitochondria proteins from whole-brain fresh tissue of WT and Nr2f1-HET mice, using
antibodies against mitofusin-2 (MFN2), optic atrophy protein 1 (OPA1), subunits of each electron transport chain (ETC)/oxidative phosphorylation (OxPhos)
complex, and voltage-dependent anion channel (VDAC). (C-E) Relative intensity levels of MFN2 (C), OPA1 (D) and ETC complexes [E; ATP synthase F1
subunit alpha (ATP5A); ubiquinol-cytochrome C reductase core protein 2 (UQCRC?2); mitochondrially encoded cytochrome C oxidase | (MTCO1); succinate
dehydrogenase complex iron sulfur Subunit B (SDHB); NADH:ubiquinone oxidoreductase subunit B8 (NDUFB8)] in WT and Nr2f1-HET isolated
mitochondria. Data were normalized to VDAC and are shown relative to WT samples. Error bars indicate meants.d. Each dot represents an animal. n=4
WT/Nr2f1-HET mice. Two-tailed unpaired Student’s t-test, *P<0.05, **P<0.01.
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Fig. 5. NR2F1 conditional knockout leads to the deregulation of key mitochondrial proteins in a cell-autonomous manner. (A) Experimental design.
(B) Representative confocal images of the DG immunostained for YFP (green), MFN2 (magenta) and DCX (white) in Ctrl (top) and Nr2f1-icKO (bottom) mice
1 month after TAM administration. (C) Representative heatmap images of MFN2* signal in control (top) and NR2F 1-deficient (bottom) recombined newborn
neurons. (D) Left: mitochondrial MFN2 occupancy expressed as the percentage of the soma area covered by the MFN2* signal. Mann—Whitney test,
***P<0.0001. Right: mitochondrial MFN2 staining intensity normalized to the area occupied by MFN2 staining in the soma [expressed as cell threshold
mitochondrial fluorescence (CTMF)]. Two-tailed unpaired Student’s t-test, ***P<0.0001. n=45 cells from three Ctrl mice; n=45 cells from three Nr2f1-icKO
mice. (E) Representative confocal images of the DG immunostained for YFP (green), OPA1 (orange) and DCX (white) in Ctrl (top) and Nr2f1-icKO (bottom)
mice 1 month after TAM administration. (F) Representative heatmap images of OPA1* signal in control (top) and NR2F1-deficient (bottom) recombined
newborn neurons. (G) Left: mitochondrial OPA1 occupancy expressed as the percentage of the soma area covered by the OPA1* signal. Mann—Whitney
test, ***P=0.0002. Right: mitochondrial OPA1 staining intensity normalized to the area occupied by OPA1 staining in the soma (expressed as CTMF).
Two-tailed unpaired Student’s t-test, ***P=0.0005. n=10 cells from three Ctrl mice; n=10 cells from three Nr2f1-icKO mice. (H) Experimental design.

(I) Representative confocal images of the DG immunostained for YFP (green), ETC/OxPhos (red) and DCX (white) in Ctrl (top) and Nr2f1-ickKO (bottom) mice
7.5 weeks after TAM administration. (J) Representative heatmap images of ETC/OxPhos* signal in control (top) and NR2F 1-deficient (bottom) recombined
newborn neurons. (K) Left: mitochondrial ETC/OxPhos occupancy expressed as the percentage of the soma area covered by the ETC/OxPhos™ signal.
Mann-Whitney test, **P=0.0023. Right: mitochondrial ETC/OxPhos staining intensity normalized to the area occupied by ETC/OxPhos staining in the soma
(expressed as CTMF). Mann—Whitney test, ***P<0.0001. n=36 cells from three Ctrl mice; n=10 cells from three Nr2f1-icKO mice. The dotted lines in B, E and
| (right) delimit the cell bodies of DCX*YFP* neurons shown at lower magnification in the white boxes on the left. Data are shown as box and whiskers plots with
median (middle line), upper and lower quartiles, and error bars ranging from minimum to maximum values. Each dot represents a cell. Scale bars: 10 um.

we found a dramatic reduction in the density of dendritic spines in  that NR2F1 loss in adult-born neurons cell-autonomously affects
NR2F1-depleted neurons (Fig. 6G,H). This finding, together with  the neurons’ ability to functionally integrate into the pre-existing
decreased expression of the immediate early gene Zif268, indicates  hippocampal circuitry.
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Fig. 6. See next page for legend.

Because the survival of adult-born neurons depends on their
synaptic integration (Tashiro et al., 2007), we examined whether
NR2F1 inactivation was associated with alterations in the long-term
survival of adult-born neurons. Adult Ctrl and Nr2f7-icKO mice in
the Glast lineage were injected with 5-bromo-2-deoxyuridine
(BrdU) 2 weeks after TAM administration, and the number of
recombined mature neurons as well as the amount of BrdU*
surviving cells were analyzed 4 months after the beginning of the
protocol (Fig. 6I). Interestingly, the significant reduction in the
number of PROX1"YFP" mature granule neurons (60% decrease;
Fig. 6J,K) was mirrored by a decrease in the density of BrdU"YFP*

-
2.
o

PROX1+YFP+
cells/mm?
>
o
o

3

BrdU+YFP+
cells/mm?
3

o

cells (Fig. 6L,M) within the DG of Nr2f1-icKO mice compared to
that in Ctrl mice, indicating defective long-term survival of NR2F1-
deficient neurons.

DISCUSSION

BBSOAS is a neurodevelopmental disorder caused by mutations in
the NR2FI gene, associated with several symptoms, including optic
atrophy, hypotonia, seizure and ID, that might be compatible with
mitochondrial dysfunction in the nervous system. Interestingly, a
possible implication of mitochondrial dysfunction in the BBSOAS
was proposed by two independent clinical investigations reporting
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Fig. 6. NR2F1 loss in the adult DG neurogenic niche impairs functional
integration and long-term survival of adult-born granule neurons.

(A) Experimental design. (B) Representative confocal images of the DG
immunostained for YFP (green) and DCX (red), and counterstained with
DAPI (blue), in Ctrl (top) and Nr2f1-ickO (bottom) mice 1 month after TAM
administration. (C) Density of DCX*YFP* neurons in the DG of Ctrl and
Nr2f1-ickKO mice. Two-tailed unpaired Student’s t-test, **P=0.0051.

(D) Representative confocal images of the DG immunostained for ZIF268
(EGR1) (white) and DCX (red), and counterstained with DAPI (blue), in Ctrl
(top) and Nr2f1-icKO (bottom) mice 1 month after TAM administration.
Micrograph at high magnification shows DCX* cells negative (white dashed
line contour) or positive (yellow dashed line contour and arrows) for ZIF268.
(E,E’) Numbers of DCX*YFP* neurons expressing ZIF268. These data are
expressed as density of ZIF268*DCX*YFP* neurons (E; two-tailed unpaired
Student’s t-test, **P=0.0062) and as percentage among the whole
DCX*YFP* cellular population (E’; Mann—Whitney test, P=0.1000) in the DG
of Ctrl and Nr2f1-ickO mice. (F) Experimental design. (G) Representative
high-resolution confocal images of the GFP* dendritic spines in comparable
levels of dendrites in Ctrl and Nr2f1-icKO 28-day-old DG neurons.

(H) Density of dendritic spines in Ctrl and Nr2f1-icKO GFP™* dendrites.
Mann-Whitney test, ***P<0.0001. n=33 dendritic segments from five GFP*
Ctrl cells; n=29 dendritic segments from five mitoDsRed*GFP* Nr2f1-icKO
cells. (I) Experimental design. (J) Representative confocal images of the DG
immunostained for YFP (green) and PROX1 (red), and counterstained with
DAPI (blue), in Ctrl (left) and Nr2f1-ickKO (right) mice 4 months after TAM
administration. (K) Density of PROX1*YFP* neurons in the DG of Ctrl and
Nr2f1-ickO mice. Two-tailed unpaired Student'’s t-test, *P=0.0265. (L)
Representative confocal images of the DG immunostained for YFP (green)
and BrdU (magenta) in Ctrl (top) and Nr2f1-icKO (bottom) mice 4 months
after TAM administration. (M) Density of BrdU*YFP™* cells in the DG of Ctrl
and Nr2f1-icKO mice. Two-tailed unpaired Student’s t-test, ***P=0.0008. Solid
white lines in D, J and L define the area of the DG GCL and SGZ used for the
quantification of cell densities. White arrowheads in J and L indicate double-
labeled cells. Data are shown as meanzts.d. Each dot represents an animal
(C,E,K,M) or a dendritic segment (H). Scale bars: B, D (low magnification),

50 um; D (high magnification) 10 um; G, 2 ym; J, 50 um, L, 30 pm.

defective function of the ETC/OxPhos machinery in the muscles
of two BBSOAS patients (Hobbs et al., 2020; Martin-Hernandez
et al., 2018). However, whether the mitochondrial involvement
is a general mechanism in BBSOAS and how NR2FI
haploinsufficiency might lead to mitochondria-related functional
defects in neurons are completely unknown.

It is well known that mitochondria have essential roles in both
bioenergetic and non-energetic biological processes and are
increasingly recognized as major players in neuronal development
and function, including neural stem cell fate, dendritogenesis,
neuronal maturation, synaptic transmission and plasticity
(Faits et al., 2016; Iwata et al., 2023; Khacho et al., 2016; 2019;
Kimura and Murakami, 2014; Rangaraju et al., 2019a, b; Steib et al.,
2014). Accordingly, mitochondrial dysfunction dramatically
contributes to the pathogenesis of various neurodegenerative and
neurodevelopmental disorders (Jurcau, 2021; Monzio Compagnoni
et al, 2020; Rojas-Charry et al., 2021). In mammals, the
mitochondrial proteome comprises more than 1100 proteins that
are predominantly encoded by the nuclear genome, translated in the
cytosol and imported into mitochondria, whereas few components
(~1%; e.g. MTCOL1) are encoded by the mitochondrial DNA
(Pfanner et al.,, 2019; Rath et al., 2021). Thus, mitochondrial
biogenesis and function requires the coordinated action of
transcription factors regulating a large number of mitochondrial
genes in the nucleus. In this study, by genome-wide and in silico
analyses, we provide strong evidence supporting direct involvement
of NR2F1 in this mitochondrial gene expression regulatory network
in the adult mouse brain. First, ChIP-seq data showed that NR2F1
binds to promoters predominantly in a chromatin-permissive state,

in line with a previous study reporting high association of NR2F1/2
with open chromatin characterized by high levels of p300 and
H3K27ac in neural crest cells (Rada-Iglesias et al., 2012).
Interestingly, mitochondrial factors emerged as the most enriched
among the NR2F1 nuclear genomic targets. Moreover, NR2F1
mitochondrial putative targets form a highly interconnected
network of functional and physical protein associations, as
revealed by STRING analysis, suggesting that NR2F1 may
contribute to a coordinated regulation of multiple aspects of
mitochondrial biogenesis and function. Accordingly, a GSEA
analysis conducted by interpolating our ChIP-seq dataset with
previously published transcriptome data on adult Nr2f7-HET mice
(Chen et al., 2020) shows that, among the direct NR2F1 putative
genomic targets, many are downregulated upon NR2FI
haploinsufficiency, of which 82 encode mitochondrial proteins.
Interestingly, those proteins control key biological processes,
ranging from mitochondrial morphogenesis, dynamics and
transport to metabolism and cellular respiration. Previously
published microarray data on Nr2fI-null embryonic neocortex
(Montemayor et al., 2010) show altered expression of nuclear genes
encoding mitochondrial proteins (e.g. Slc25al, Echsl, Mrpl45,
Timm23), thus strengthening our findings.

We have previously demonstrated that NR2F1 conditional
deletion in aNSPCs by the Cre-loxP system leads to defective
neurogenesis in the hippocampal DG (Bonzano et al., 2018). This
occurs without alteration in neural stem cell/progenitor proliferation
rate or short-term newborn cell survival within 2 weeks after the
proliferative event (Bonzano et al., 2018). Here, by exploiting the
same system associated with retroviral-mediated labeling of
mitochondria in adult-born DG neurons (Steib et al., 2014), we
provide strong evidence of a significant mitochondrial phenotype
due to Nr2f1 LOF. Specifically, our morphometric analyses clearly
showed a reduction in the mitochondrial mass as well as in the
complexity of the mitochondrial networks in the soma of NR2F1-
depleted neurons. In addition, in the dendritic tree of those neurons,
we observed an even stronger defect in mitochondrial occupancy
accompanied by increased fragmented mitochondria. However, no
alteration in mitochondrial distribution was detected in this cell
compartment. Interestingly, NR2F1 overexpression in DG newborn
neurons showed an opposite mitochondrial phenotype, leading to
reduced fragmentation and to an overall increase in the dendritic
mitochondrial mass in newborn granule neurons. Mitochondria
undergo continuous morphological transition by dynamic processes
thanks to the coordinated action of proteins promoting
mitochondrial fission [e.g. Drpl (DNMI1L), FIS1] and fusion (e.g.
MFN1/2, OPA1l), as well as their transport [e.g. Miro (RHOT),
Milton) (Course and Wang, 2016; Giacomello et al., 2020; Misgeld
and Schwarz, 2017). Based on the mitochondrial phenotype
we uncovered — characterized by increased mitochondrial
fragmentation but no changes in positioning — we conducted
further analyses on factors involved in mitochondrial fusion.
Indeed, it is well known that altered expression and function of
those factors leads to permanent changes in the overall shape of
mitochondria (Chan, 2020), and MFN2 downregulation was
reported to induce mitochondrial fragmentation and decreased
mitochondrial mass in differentiated excitatory neurons in vitro
(Fang et al., 2016). Biochemical quantification of mitochondrial
MFN2 and OPA1l protein levels revealed that both were
downregulated in the brain of Nr2fI-HET mice. Moreover, in situ
analysis of immunofluorescence staining for MFN2 and OPA1 in
NR2F1-depleted newborn neurons showed decreased area covered
and intensity for both proteins. Notably, we found that NR2F1 binds
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to a promoter region close to the TSS of the Mfi2 gene, which is
associated with the H3K4me3 in the adult neural tissue (Fig. S4B),
strongly supporting a direct and positive regulation of Mfn2
expression by NR2F1. On the other hand, Opa!l did not emerge
among the direct NR2F1 putative targets. However, because of the
extensive network of nuclear-encoded mitochondrial factors that
could be potentially controlled by NR2F1, Opal downregulation
may be the result of indirect mechanisms regulating the expression
and protein stability of OPA1 and/or its import into the inner
mitochondrial membrane. Alteration in OPAl expression in
BBSOAS models is particularly interesting considering that
OPAI haploinsufficiency is the major genetic pathological
mechanism of autosomal-dominant optic atrophy in humans
(Lenaers et al., 2021) and that optic atrophy in BBSAOS patients
is among the most common clinical features. In light of our findings,
the mitochondrial abnormalities recently observed in the optic nerve
and retina of constitutive Nr2fI-knockout/Nr2fI-HET mice
(Bertacchi et al., 2019a) might be a direct consequence of NR2F1
altered function that could contribute to the optic atrophy observed
in BBSOAS mouse models.

The brain mitochondria in N72f1 haploinsufficient mice as well as
in Nr2f1-depleted newborn neurons were also found to be defective
in ETC/OxPhos components. Notably, mitochondria complexes [-V
were all found decreased by WB analysis in the brain of Nr2f/-HET
mice. This wide effect of NR2F1 depletion on ETC/OxPhos
components is noteworthy, because only three of them (i.e.
NDUFBS of complex I, SDHB of complex II and ATP5A of
complex V) are direct NR2F1 genomic targets, whereas the
mitochondrial DNA-encoded MTCO1 (complex IV) and the
nucleus-encoded UQCRC2 (complex II) are not among the direct
NR2F1 targets based on our ChIP-seq. This implicates indirect
mechanisms, as suggested for OPA1, involving other factors that, in
turn, may control their expression. Interestingly, some key
components of the core transcriptional network, including DNA-
binding factors that target mitochondrial genes in the nucleus, are
direct genomic targets for NR2F1. Among them, nuclear respiratory
factor 1 (NRF1), which is one of the major activators for the
expression of key metabolic nuclear genes required for respiration, as
well as mitochondrial DNA transcription and replication, and
estrogen-related receptor alpha (ERRa), which regulates an array of
nuclear genes devoted to mitochondrial functions and also numerous
mitochondrial DNA genes (Hock and Kralli, 2009). An additional
indirect mechanism especially for the observed MTCOI1
downregulation might involve the transcriptional control of genes
crucial for mitochondrial DNA translation and mitochondrial
transduction (e.g. the mitochondrial ribosomal proteins).

Furthermore, mitochondria dynamics and function are tightly
linked to the development and maintenance of dendritic
architecture, synaptic integration and neuronal survival (Li et al.,
2004; Dickey and Strack, 2011; Faits et al., 2016; Lopez-Doménech
et al., 2016; Divakaruni et al., 2018; Steib et al., 2014; Kimura and
Murakami, 2014; Han et al., 2020; Iwata et al., 2023). Thus, the
observed mitochondrial phenotype in newborn neurons lacking
NR2F1 might underlie the differences we observed in terms of
dendritic length and the overall complexity of the dendritic arbor.
Interestingly, these effects are reminiscent of the consequences
previously reported following MFN2 manipulations on excitatory
neurons both in vitro and in vivo (Faits et al., 2016; Kimura and
Murakami, 2014). Going beyond the role of mitochondrial
dynamics in neurite outgrowth, Iwata et al. (2023) have recently
shown that interfering with mitochondrial metabolism in mouse
neurons, either by pharmacological inhibition of the TCA cycle

or ETC complex I activity, leads to a decrease in dendritic length
and neuronal complexity in vitro. Moreover, a previous study
demonstrated that hampering mitochondrial dynamics and
homeostasis dramatically affects the morphogenesis of spines
in vitro (Li et al, 2004). The importance of dendritic
mitochondria in the morphogenesis and plasticity of spines and
synapses is further corroborated by the demonstration that
mitochondria stabilized near synapses serve as local energy
supplies to fuel synaptic plasticity in hippocampal neurons
in vitro (Rangaraju et al., 2019a; Bapat et al., 2023 preprint) and
that dendritic spine plasticity is intimately correlated with the
remodeling of the proximal mitochondrial network in pyramidal
neurons in vivo (Divakaruni et al., 2018).

Thus, our findings showing a marked reduction in the number of
dendritic spines associated with reduced expression of the
immediate early gene Zif268 in NR2F1-depleted neurons might
be the direct consequence of dysfunctional mitochondria that, in the
long term, would also lead to impaired survival of NR2F1-depleted
neurons, as we observed in our study. Accordingly, the observed
downregulation of the ETC/OxPhos machinery, as well as defective
survival of adult-born neurons months after their generation,
recapitulate a condition recently discovered in adult neurons lacking
MFN?2, in which a mitochondrial phenotype and neurodegeneration
occur months after MFN2 loss (Han et al., 2020).

Overall, our data point to mitochondrial dysfunction in neural
tissue as a potential key pathological mechanism in BBSOAS,
suggesting that the current estimation of mitochondrial involvement
in BBSOAS patients might be underestimated. As the homology
between human and mouse NR2F1 is very high — especially in the
DNA-binding domain, with 100% amino acid sequence homology
(Bertacchi et al., 2019b; Qiu et al., 1995) — their functions and
targets are likely to be conserved in both species, strongly
supporting a major role of mitochondrial dysfunction in the
BBSOAS neuropathology. Altered NR2F1 expression has also
been reported in Down syndrome human-derived neural cells
(Bhattacharyya et al., 2009; Halevy et al., 2016) as well as in
neurodegenerative disorders, including in mouse models of
Alzheimer’s and Parkinson’s diseases (Walter et al., 2021; Zheng
et al., 2020). Therefore, our findings open new perspectives for
future investigation on the role of NR2FI in mitochondrial
dysfunction associated with the pathogenesis and progression of
neurological disorders.

MATERIALS AND METHODS

Animals and treatments

In vivo experiments were performed on 2- to 3-month-old C57BL/6J mice
(Charles Rivers Laboratories) of both sexes. Triple transgenic mice (C57BL/6J
background) were also used to manipulate NR2F1 expression through
TAM administration. Glast::CreERT2"': R26-loxP-stop-loxP-YFPP 5+
Nr2f"™" (Nr2f1-icKO) mice were used for in vivo LOF experiments, and
Glast::CreERT2*"';R26-loxP-stop-loxP-YF PP %P+ : C4G-S-loxP-stop-
loxP-hCOUP-TFT""* (Nr2f1-O/E) mice were used for analyses of in vivo
NR2F1 overexpression (see Bonzano et al., 2018). Glast::CreERT2"™;
R26-loxP-stop-loxP-YFP?*%* mice were used as Ctrl mice. For
activation of the CreERT2-recombinase in the Glast™ lineage, animals
were administered TAM (T-5648, Sigma-Aldrich) at a dose of 2.5 mg/
mouse/day dissolved into corn-oil (Sigma-Aldrich) by means of
intraperitoneal injections for 2 consecutive days at the age of 2 months
(Bonzano et al., 2018). Adult Nr2f'"' mice were used for cell-
autonomous LOF experiments obtained by RV-Cre-mitoDsRed
stereotaxic injections within the adult DG. Adult (8-month-old)
constitutive Nr2fI heterozygous mice (i.e. Nr2f1"""“ named Nr2fI-
HET) were generated and genotyped as previously described (Jurkute
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et al., 2021). Littermates of Nr2fI-HET mice with WT Nr2f7 alleles were
used as Ctrl mice [i.e. Nr2fI*"¥* (WT)]. Both Nr2fI-HET and WT
littermates were bred in a 129S2/SvPas background.

Mice were housed under standard laboratory conditions (n=2-4 mice/
standard cage) with basic recommended environmental enrichment (paper
tubes and litter, igloo) under a 12 h light/dark cycle with access to food and
water ad libitum. All procedures were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals of the European
Community Council Directives (2010/63/EU and 86/609/EEC) and
approved by local bioethics committees, the Italian Ministry of Health
(Authorization number 864/2018-PR, protocol E6BSE.3; Authorization
number 49/2023-PR, protocol E6BSE.8) and the French Ministry of
Education, Research and Innovation CIEPAL NCE/2019-548 (Nice) under
authorization #15 349 and #15 350.

BrdU (Sigma-Aldrich) was intraperitoneally injected (100 mg/kg BrdU
per injection, calculated based on the weight of the animal) after TAM
treatments in the Glast-dependent lineage. For analysis of long-term cell
survival, five BrdU injections, 24 h apart, were performed on day 14-18 after
the last TAM treatment on animals that received 2 days TAM administration;
animals were euthanized 102 days after the last BrdU injection.

Retroviral production

Replication-deficient recombinant murine Moloney leukemia (MML)
retroviruses specifically transduce proliferating cells and allow the dating
of their birth, as well as label precursor cells and their progeny in the adult
hippocampal neurogenic lineage (Zhao et al., 2006). pCAG-GFP has
previously been described (Jagasia et al, 2009). pCAG-IRES-
mitochondrial Discosoma Red (mitoDsRed) was generated from the
pCAG IRES-GFP vector (Jagasia et al., 2009) by replacing the GFP
coding sequence with cDNA for mitochondrially targeted DsRed. pCAG-
Cre-IRES-mitoDsRed was generated from the pCAG-Cre-IRES-GFP vector
by replacing the GFP coding sequence with cDNA for the mitoDsRed.
Retroviruses were generated as described previously (Steib et al., 2014;
Zhao et al., 2006). Virus-containing supernatant was harvested four
times every 48 h after transfection and concentrated by two rounds of
ultracentrifugation. Viral titers were determined by transduction of
HEK293T cells for 72 h with a limiting dilution of MMLV suspension
and counting of reporter expressing cell spots under a fluorescent
microscope (Leica Microsystems). Titers applied were ~5x10% colony-
forming units (CFU)/ml (Zhao et al., 2006).

Surgical procedure for retroviral injection

Two weeks after TAM administration, adult mice were anesthetized in a
constant flow of isoflurane (3%) in oxygen, positioned in a stereotaxic
apparatus (Stoelting) and injected with a pneumatic pressure injection
apparatus (Picospritzer II, General Valve Corporation). The skull was
exposed by an incision in the scalp, and a small hole (~1 mm) was drilled
through the skull. Then, 0.8 pl retrovirus-mitoDsRed was injected in the DG
using a sharpened glass capillary at the following stereotaxic coordinates:
—2 mm (antero-posterior), 1.5 mm (lateral) to Bregma and —2.0 mm below
the surface of the skull. Mice (n=3/4 genotype/experiments) were analyzed
17 days after retroviral injection. For double injections with pCAG-GFP and
pCAG-Cre-IRES-mitoDsRed into the DG of Ni-2f1""/ mice, a virus particle
suspension (total volume, 1 pl) of a mixture of the two viruses (1:1) with a
concentration of ~1x10% CFU/ul each was used, and mice were analyzed
28 days after retroviral injection.

Tissue preparation and immunofluorescence staining

For immunostaining, adult mice were deeply anesthetized with an
intraperitoneal injection of a mixture of tiletamine and zolazepam
(40-80 mg/kg; Zoletil, Virbac) and perfused transcardially with ice-cold
0.9% saline solution followed by ice-cold 4% paraformaldehyde (PFA) in
0.1 M phosphate buffer (PB), pH 7.4. Brains were removed from the skull,
post-fixed for 4 h in the same PFA solution, cryoprotected in a 30% sucrose
solution (in 0.1 M PB, pH 7.4), embedded with cryo-embedding matrix
(OCT; Killik, BioOptica), frozen at —80°C and finally sectioned using a
cryostat (Leica Microsystems). Free-floating coronal serial sections (50 pm
thick for the hemisphere ipsilateral to the viral injection; 40 um thick for the

contralateral hemisphere) were collected in series on multi-well dishes (six
to eight wells per animal). Sections were stored at —20°C in antifreeze
solution (30% ethylene glycol, 30% glycerol, 10% PB 0.2 M, pH 7.4) until
use. Immunofluorescence reactions were performed on free-floating coronal
serial sections as detailed below: sections were incubated in blocking
solution [0.01 M PBS, pH 7.4, 1% or 2% Triton X-100 for 40 pm- and
50 um-thick slices, respectively, and 10% normal serum of the same species
of the secondary antibody, i.e. normal donkey serum (NDS)] for 2 h at room
temperature. Afterwards, slices were incubated for 48 h at 4°C with primary
antibodies (see Table S2) diluted in 0.01 M PBS (pH 7.4), 1-2% Triton
X-100 (for 40 pm- and 50 pm-thick slices, respectively) and 1% NDS. For
immunostaining of MFN2, sections were subjected to antigen retrieval.
Slices were incubated in 10 mM Tris, 1 mM EDTA, 0.05% Tween 20 for
2 min at 99°C and washed three times with MilliQ water, followed by three
washing steps with 0.01 M PBS (pH 7.4) prior to incubation with primary
antibody. Sections were washed in PBS and incubated for 2 h or overnight
(for 40 um- and 50 pm-thick slices, respectively) at 4°C with secondary
antibodies (see Table S3) in 0.01 M PBS (pH 7.4), 0.2% Triton X-100 and
NDS (1%). Sections were washed in 0.01 M PBS (pH 7.4) and incubated for
20 min at room temperature with 4,6-diamidino-2-phenylindole (DAPI;
1 pg/ml) to label nuclei. Sections were washed in 0.01 M PBS (pH 7.4),
then mounted on gelatine-coated slides, air dried and coverslipped with
antifade mounting medium Mowiol (4-88 reagent; 475904, Calbiochem).

Microscope acquisition and quantifications

Images of multiple immunofluorescence on tissue sections were acquired
with a TCS SP5 confocal microscope (Leica Microsystems) or a Nikon
microscope coupled with a computer-assisted image analysis system
(Neurolucida software, MicroBrightField). Confocal z-stacked images
used for morphometric analyses on both cellular and mitochondrial
architecture were captured through the thickness of the slice (50 pm) at
0.5 um optical steps with a 63%/1.4 NA oil immersion lens objective with an
additional zoom (2x) and a resolution of 8 bit, 1024/1024 pixels and 50 Hz
scan speed (1 voxel=133.6x133.6x395.2 nm; xyz). mitoDsRed"YFP"
newborn granule neurons residing in the upper and lower blades of
the DG were used for analyses only when satisfying all the following
criteria: (1) positive for doublecortin (i.e. triple DCX " mitoDsRed"YFP*
newborn cells); (2) bearing an apical dendrite that arborizes into
the molecular cell layer; (3) showing a high and homogeneous
mitoDsRed signal; and (4) including the whole dendritic morphology
within the 50 pm-section thickness. Morphometric analyses of the selected
DCX*mitoDsRed"YFP" newborn neurons were performed by using the
Simple Neurite Tracer (SNT of the Neuroanatomy toolkit) plug-in in Fiji.
Perikarya size was assessed by manually drawing the largest cross-
sectional area of each cell soma based on the DCX YFP™ double staining
using the polygon selection tab in Fiji. Manual counting of dendritic
mitochondria number and evaluation of their length was carried out on 2D
images obtained by the Max intensity projection tool applied on the
optical slices that include the whole dendritic arborization. The number of
dendritic mitochondria was manually analyzed by the Cell Counter and
channel tool plug-ins; measurement of the dendritic mitochondrial length
was carried out by drawing the length (parallel to the dendrite) of each
mitochondrion using the segmented line tool in Fiji.

Analyses of the mitochondrial mass in the soma and the primary dendrite
compartments were carried out as described below. First, for each cell
compartment, a maximum z-projection of all the optical slices including the
region of interest (ROI) was applied, and the ROI based on the cytoplasmic
YFP* signal in Fiji was drawn and measured as area in um?. In particular,
the soma area comprises the perikaryon area plus the cone-shaped portion
of the primary dendrite directly stemming from the soma, whereas the area
of the primary dendrite includes the cylindrical part of primary apical
dendrite to its first ramification (see Fig. S2C). Afterwards, the channel
containing the mitochondrial signal (i.e. mitoDsRed) was binarized after
thresholding, and the resulting binary image was used to calculate the area
covered by mitochondrial signal and expressed as a percentage of the ROI
area. In addition, the MiNA toolkit developed by the Stuart laboratory
(Valente et al., 2017) was used for the semi-automated analyses of the
mitochondrial network features in the soma compartment.
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Analysis of the mitochondrial mass in the dendritic arbor was carried out
on 2D images encompassing the whole dendritic arbor: (1) we calculated the
linear mitochondrial occupancy by summing the length of all the
mitochondria (um) and normalizing it over the length of the dendritic
arbor (um) and expressing it as a percentage (Fig. 3K); (2) in line with the
other cellular compartments (see above), we analyzed the mitochondrial
occupancy as the area covered by mitochondrial signal, but, in this case,
we normalized this area (um?) over the length of the dendritic arbor (um)
(Fig. S2F). The latter was used to calculate the fold change in mitochondrial
occupancy in the dendritic arborization (Fig. S2G).

For the analysis of mitochondrial distribution throughout the dendritic
arbor, we subdivided the dendritic arborization into segments according to
the branch order and assigned a score (from 0 to 1) to each dendritic
mitochondrion based on their relative position within each branch (i.e. from
proximal to distal). Statistical analyses were made by considering all the
branches together (Fig. 3F) or by subdividing data according to the branch
orders (Fig. S2E). As Nr2f1-icKO neurons show decreased complexity in
their dendritic arbor (absence of branch orders VI and VII that were found in
Ctrl neurons), analyses were restricted from level II to level V. Moreover, the
fraction of mitochondria belonging to the different branch order was
calculated per animal and expressed as a percentage (Fig. 3G).

To quantify MFN2, OPA1 and OxPhos immunostaining within the soma
of DCX"YFP" neurons, confocal image z-stacks were captured throughout
the thickness of the cell bodies of DCX"YFP" neurons. Acquisitions were
done with 0.5 pm optical step size using a 63x/1.4 NA oil immersion lens
objective and by adding an additional zoom (3x) with a resolution of 8 bit,
1024/1024 pixels and 50 Hz scan speed (1 voxel=120.3x120.3x395.2 nm;
xyz). Importantly, all the parameters (i.e. laser power, gain and offset) were
kept the same among acquisitions. We developed a custom-made workflow
allowing an unbiased and semi-automated quantitative analysis of the
specific mitochondrial staining coverage and intensity on DCX"YFP*
neurons in Fiji. First, a maximum z-projection of the optical slices
containing the whole soma area was applied, and the soma ROI was
manually drawn based on the cytoplasmic YFP" signal. The obtained ROI
was applied to the channel including the naive MFN2 signal to calculate the
MFN?2 staining intensity within the soma shaft compartment, expressed as
the corrected total cell fluorescence (CTCF), calculated by the formula

CTCF=integrated density—(ROIxmean fluorescence of background
readings). )]

The background readings were calculated by averaging three mean
fluorescence values obtained by three small ROIs (55 pm) without the
staining (i.e. blood vessel lumen or cell nuclei close to the cell of interest).
To evaluate the fractional area covered by the mitochondrial staining in the
soma area, we first applied a ‘pre-processing’ step on the acquired channel
including the mitochondrial signal as follows: (1) unsharp mask (radius, 2;
mask, 0.4); (2) subtract background (rolling, 50); (3) enhance local contrast
[i.e. Contrast Limited Adaptive Histogram Equalization (CLAHE);
blocksize, 9; histogram, 256; maximum, 4; no mask; slow]; (4) median
filtering (radius, 1). Afterwards, the channel containing the MFN2 staining
was given a threshold (by Moments algorithm), and the binary image was
cleaned outside the ROI to get the area occupied by mitochondrial staining
(i.e. mitochondrial ROI) within the selected cell. Finally, we calculated the
area fraction covered by mitochondrial signal on the soma area (i.e. MFN2
or OPA1 or ETC/OxPhos staining occupancy) and expressed it as a
percentage. The MFN2 ROI was also applied to the naive channel
containing the mitochondrial signal to calculate the mitochondrial staining
intensity, both as integrated density and as corrected total mitochondrial
fluorescence (CTMF) where the ROI was the mitochondrial signal, or as the
CTCF where the ROI was the soma area.

For the quantification of LAMP1 immunostaining and mitoDsRed
signals within the soma of newborn YFP* neurons, confocal image z-stacks
were captured throughout the thickness of the cell bodies of YFP* neurons.
First, the area of the YFP' signal was drawn and used to clear the
signal outside of the cell per z-plane. Afterwards, a maximum z-projection
of all the optical slices was applied, and total soma area was drawn
based on the cytoplasmic YFP" signal and measured as area in um?. Then,
the channel containing either LAMP1 or mitoDsRed was binarized after

thresholding, and the resulting binary image was used to calculate the area
covered by mitochondrial signal and expressed as a percentage of the ROI
area. Finally, the area covered by both the LAMPI signal and the
mitoDsRed signal (i.e. overlapping signal) was obtained by using the
‘AND’ key on the ROI manager tool in Fiji. To further quantify the amount
of LAMP1 and mitoDsRed colocalization, the Manders’ coefficients was
calculated by exploiting the JACoP plug-in (v2.1.4; Bolte and Cordeliéres,
2006) in Fiji.

To analyze morphological synaptic integration of transduced cells,
confocal images of dendritic segments in the mid-third of the molecular
layer from single- and double-transduced cells expressing a fluorescent
marker (GFP and mitoDsRed) were obtained with a 63x glycerol objective
using a Leica TCS Sp5 confocal microscope (step size, 0.4 um; resolution,
2048x%2048; 2x zoom). Length of dendrites was measured using Fiji, and
number of dendritic spines was manually quantified and normalized to the
dendritic length to be expressed as the number of spines/10 um.

For all analyses, the numbers of cells, animals and mitochondria are
described in the figure legends.

Mitochondria isolation from mouse brain tissue

Mitochondria were isolated from fresh brain tissue from both WT and
NR2F1 heterozygous (Nr2fI-HET) mice with a Mitochondria Isolation Kit
for tissue (ab110168, Abcam, Cambridge, MA, USA), according to the
manufacturer’s instructions. Briefly, the mouse brain tissue was washed
twice with the washing buffer and then suspended in mitochondria isolation
buffer to be homogenized with a 2 ml Kimble dounce tissue grinder
(D8938-1SET, Sigma-Aldrich) and spun at 1000 g for 10 min at 4°C; the
supernatant was then transferred to a new tube and centrifuged again at
12,000 g for 15 min at 4°C. Mitochondria pellets were resuspended twice
using mitochondria isolation buffer containing protease inhibitor cocktail
(Halt Protease Inhibitor Single-Use Cocktail 100X; 78430, Thermo Fisher
Scientific). Final mitochondria isolates were then aliquoted, stored at —80°C
and subsequently used for WB analysis.

WB analysis

Mitochondria protein concentration was determined using a Bicinchoninic
Acid (BCA) Protein Assay Kit (B9643, Sigma-Aldrich, Milan, Italy). Then,
15 ug protein for each sample was loaded and separated into a 4-20%
precast polyacrylamide gel (Mini-PROTEAN® TGX Stain-Free; 4568096,
Bio-Rad Laboratories), transferred to a supported nitrocellulose
membrane (162-0093, Bio-Rad Laboratories) and blocked for 1 h at room
temperature (RT) in 1x TBST (150 mM NaCl, 10 mM Tris-HCI pH 7.4,
0.1% Tween 20) containing 5% nonfat milk (1706404, Bio-Rad
Laboratories). After blocking, the membrane was incubated overnight at
4°C with the primary antibodies listed in Table S4, washed and incubated
with the secondary horseradish peroxidase-linked antibodies listed in
Table S5. All primary antibodies were diluted in 1x TBST containing 5%
bovine serum albumin (BSA) and 0.02% sodium azide, whereas all
secondary antibodies were diluted in 1x TBST containing 5% nonfat milk.
For protein band detection, the membrane was then incubated with a
chemiluminescence substrate (Clarity Western ECL Substrate, 1705061,
Clarity Max ECL Substrate, 1705062; Bio-Rad Laboratories). ECL signals
were detected with a ChemiDoc™ Imaging System, and bands were
quantified using Image Lab version 6.1.0 build 7 software (2020; Bio-Rad
Laboratories).

ChiP-seq

Adult neocortical tissue was acutely isolated from 2-month-old C57BL/6J
mice (n=3 males). Animals were deeply anesthetized with an intraperitoneal
injection of a mixture of tiletamine and zolazepam (40 mg/kg; Zoletil,
Virbac) and xylazine (5 mg/kg; Rompun, Bayer), and the brain was removed
after rapid decapitation. Neocortices from both hemispheres were
microdissected and pooled together, frozen and stored at —80°C until
further analysis. Around 10 mg of neural tissue was chopped with a scalpel,
harvested in 5ml of 0.0l M PBS (pH 7.4) and crosslinked by adding
formaldehyde to a final concentration of 1.5%, incubated for 30 min at RT
on a rotator, and quenched with 0.125 M glycine for 5 min at RT. After
crosslinking, the tissue was washed twice in cold 0.01 M PBS (pH 7.4) and
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centrifuged at 1000 g for 5 min at 4°C. Tissue pellet was resuspended in
0.25 ml sodium dodecyl sulfate (SDS) lysis buffer (50 mM Tris-HCI
pH 8.0, 1% SDS, 10 mM EDTA, anti-proteases) and incubated on a rotator
for 30 min at 4°C. Afterwards, the sample was sonicated for 18 cycles on
high-power setting (30 s ON, 30 s OFF) using a Bioruptor Next Gen
(Diagenode) and then centrifuged at 20,000 g for 10 min at 4°C.

The isolated chromatin was diluted 10-fold with chromatin
immunoprecipitation (ChIP) dilution buffer (16.7 mM Tris-HCI pH 8.0,
0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 167 mM NaCl) (1/10 was
kept as input) and incubated with 2 pg rabbit anti-COUP-TFI/NR2F1
antibody from the Studer laboratory (Tripodi et al., 2004) overnight at 4°C
on a rotator. Protein G-conjugated magnetic beads (Dynal, Thermo Fisher
Scientific) were saturated with PBS/1% BSA overnight at 4°C. The next day,
samples were incubated with saturated beads for 2 h at 4°C on a rotator,
and subsequently washed with 1 ml cold low-salt buffer (20 mM Tris-HC1
pH 8.0, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 150 mM NaCl), 1 ml
cold high-salt buffer (20 mM Tris-HCI pH 8.0, 0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 500 mM NaCl), 1 ml cold LiCl buffer
(10 mM Tris-HCI pH 8.0, 1% DOC, 250 mM LiCl, 1 mM EDTA, 1% NP-
40) and twice with 1 ml cold TE buffer (10 mM Tris-HCI pH 8.0, 1 mM
EDTA). The immunoprecipitated chromatin was eluted with 200 pl
elution buffer (10 mM Tris-HC1 pH 8.0, 1 mM EDTA, 1% SDS, 150 mM
NaCl, 5mM dithiothreitol) for 30 min at RT on a rotator, and
decrosslinked at 65°C overnight. The decrosslinked DNA was purified
using a QIAquick PCR Purification Kit (Qiagen) according to the
manufacturer’s instructions.

For genome-wide analysis of binding, sequencing libraries were
constructed using an NEBNext ChIP-seq Library Prep Reagent Set for
Illumina and a NextSeq 500 Illumina sequencer (New England BioLabs).

Bioinformatic analyses

The reads from sequencing were mapped to the mouse genome (mm9
assembly) using Bowtie version 0.12.7, reporting only unique hits with up
to two mismatches. The redundant reads were collapsed, and peak calling
was performed using MACS version 1.4.1 (Zhang et al., 2008) with
normalization for IgG ChIP at a fixed P-value of 1x10~%. Homer version
4.11 was used to perform de novo motif discovery and peak annotation. A
ChIP-seq peak was considered associated with a gene if it showed an overlap
of —3 kb/+2 kb region around a TSS of the gene. GO enrichment analysis
was performed using PANTHER Overrepresentation Test version 14 (Mi
etal., 2019).

We performed a pre-rank GSEA using as ‘rank value’ the DeSeq? statistic
of gene expression in the hippocampi of adult Nr2f1-HET versus WT mice
obtained from bulk RNA sequencing by Chen et al. (2020), and as
‘pathway’ genes bound on the promoter by NR2F1 according to the ChIP-
seq. The core enrichment set includes those genes that appear in the ranked
list before the point at which the running sum reaches its maximum
deviation from zero (leading-edge subset) and can be interpreted as the core
that accounts for the gene set’s enrichment signal (Subramanian et al.,
2005).

To understand how NR2F1 direct targets may work together, we used
STRING to conduct a PPI analysis whereby the input gene list was (1) the
complete list of nuclear genes showing NR2F1 binding on their promoters
(Fig. 1) or (2) the GSEA core gene list (Fig. 4; Table S1). This analysis was
done applying standard STRING defaults in the analysis (i.e. full network
type; confidence level, 0.4). The resulting protein network plot was then
colored with a data-driven k-means clustering with /=2 in order to visually
demarcate proteins that cluster together into the mitochondrial and nuclear
cell compartments for ChiP-seq data (Fig. 1) and to highlight the plethora of
mitochondrial biological processes in which direct deregulated NR2F1
targets are involved (Fig. 4).

Statistics

Data are derived from at least three different animals/group. A two-tailed
unpaired Student’s f-test was performed to compare the differences between
two groups, an F-test of equality of variances was conducted to compare
variances, and Welch’s correction was applied in case of unequal variance
distribution. Data distribution was tested to be normal with either the

Shapiro-Wilk test (alpha, 0.05; if 3<n<50) or D’Agostino-Pearson (if
n>50). When comparing two populations of data, two-tailed unpaired
Student’s #-test was used to calculate statistical significance in cases of
Gaussian distribution; otherwise, the non-parametric Mann—Whitney test
was used. For Sholl analysis, two-way repeated measures ANOVA with
Sidak’s post-hoc test was used. The confidence interval was expressed as
95% confidence. For the analysis of normalized data (i.e. fold change) a
Kruskal-Wallis test followed by Dunn’s post-hoc test was used.
Kolmogorov—Smirnov test was carried out to compare cumulative
distributions. Statistical significance was defined as follows: *P<0.05,
**P<0.01 and ***P<0.001. All statistical analyses were performed using
GraphPad Prism 8 software (version 8.0.2; GraphPad Software, San Diego,
CA, USA). Fisher’s exact test, with the Benjamini—Hochberg FDR
correction for multiple testing, has been added as the default algorithm
for the over-representation test for GO analyses (Mi et al., 2019).
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Fig. S1. Related to Figure 1. A. Representative confocal images showing NR2F1
immunofluorescence in the neuronal population within the adult mouse neocortex. The vast
majority of NR2F1+ nuclei belongs to the neuronal population, as revealed by the high
colocalization of NR2F1 immunofluorescence with the neuronal marker NeuN (left) and no
co-expression within the recombined astrocytic population labelled by YFP in
Glast::CreERT2;Rosa26-lox-stop-lox-YFP mice following a chase of two weeks after

tamoxifen administration (right). B. Pie chart illustrating the relative distribution (expressed
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as percentage) of the 2119 NR2F1-bound sequences. C. Graph reporting the logarithmic ratio
between the observed genomic NR2F1-bound peaks versus the expected ones. Numbers in
each line represent the quantity of annotated peaks/annotation category. D. Raw data showing
the de novo motif revealed by ChiP-seq for NR2F1 in the adult brain and one of the best
matches with known ChIP-seq database. Scale bars: a,b, 50 um (low magnification); b, 10

pum (higher magnification with resliced).
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Fig. S2. Related to Figure 2 and 3. A. Representative reconstruction of triple labeled
mitoDsRed+DCX+YFP+ DG newborn neurons at 17dpi and used for the morphological analyses. B.
NR2F1-deficient
mitoDsRed+DCX+YFP+ newborn neurons. Unpaired Student’s t-test. n=13 and n=14 cells out of 3

Histogram reporting no difference in the perikarya of control vs.

animals per genotypes and at least 3 cells/animals were used for each analysis. C. Drawing showing
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the ROIs used for the quantifications of mitochondrial occupancy and quantified in C’, C’” and C’”’.
C’-C’”. Quantification of the morphometric parameters used to calculate the mitochondrial
occupancy. Student’s unpaired t test, exact p-values in the graphs. n=13 Ctrl and n=14 Nr2f1-icKO
cells out of 3 animals per genotype and at least 4 cells/animal. Data are shown as meanSD. Statistics
are included in the graphs. D. Representative binarized images showing the mitoDsRed+
mitochondria (black) within the somata (left) and primary dendrites (right) in control and NR2F1-
deficient mitoDsRed+DCX+YFP+ newborn neurons. F. Graph reporting the mitochondrial occupancy
expressed as the ratio of the area occupied by mitochondria in the dendritic arborization (expressed in
um?®) over the length of the dendritic arborization (expressed in um). Unpaired Student’s t test,
p=0.0003. E. Quantification of the distribution of dendritic mitochondria throughout the different
branch orders (from Il to V); n= 379 mitochondria in Ctrl neurons; n=308 mitochondria in Nr2fl-
icKO neurons. Mann Whitney p-values are included in the graphs. Each dot represents a
mitochondrion. G. Histogram showing the reduction (expressed as fold change versus Ctrl) in the
mitochondrial mass within the different subcellular compartments in NR2F1-depleted
mitoDdRed+DCX+YFP+ cells compared to the one measured in the compartments of the control
cells. Statistics (asterisks) were obtained by Mann Whitney test of fold change values obtained from
Nr2f1-icKO cells and normalized to control values (Nr2fl1-ickKO vs. Ctrl): soma, p=0.0047; primary
dendrite, p=0.0002; dendritic arborization, p<0.0001. H. Representative confocal images of
segmented mitoDsRed+ adult-born neurons immunolabeled for the lysosome membrane protein
LAMP1 (cyan) in the DG of Ctrl (top) and Nr2f1-icKO (bottom) mice (experimental paradigm in
Figure 2A”). Max z-projection images are shown in H> and H”’ and magnified to better appreciate
mitoDsRed and LAMP1 overlapping stainings as well as the area covered by each marker. Resliced
images in H”’and H”*”’ clearly show high juxtaposition of the two stainings into the z axis, but no
obvious evidence of mitophagic events (i.e., mitoDsRed+ signal engulfment by LAMP1+ vesicles) in
those neurons of both genotypes. 1. Graph reporting the lysosomal LAMP1+ and the mitochondrial
mitoDsRed+ occupancy expressed as the percentage of the soma area covered by each signal
separately (top left and top right respectively) or by double LAMP1+mitoDsRed+ signal (bottom left).
Double LAMPI1+mitoDsRed+ signal was also expressed as the Manders’ coefficient (bottom right)
Mann Whitney p-values are included in the graphs of the % of the soma area; unpaired Student’s t-test
is included in the graph of the Manders’ coefficient. For the analysis in I, n=11 (Ctrl) and 10 (Nr2f1-
icKO) out of 3 animals per genotypes and at least 3 cells/animals were used. Scale bars: A, 30 um; D,
10 pum; H’,H”’, 10 pm (low magnification), 5 um (high magnification); H>>,H*’’, 1 pm. *p<0.05,
**p<0.01, ***p<0.001.
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Fig. S3. A. Overview of the Cre-mediated gene rearrangements of Rosa26 loci and the
transgene CAG-loxP-stop-LoxP-hNR2F1 to induce Nr2fl overexpression (O/E) in the Glast
lineage. Experimental design is the same used in Figure 2A’. B. Histogram showing the
linear density of dendritic mitochondria obtained by normalizing the total number of dendritic
mitochondria to the total dendritic arborization length in both Ctrl and Nr2f1-O/E newborn
neurons. Unpaired Student’s t test, p=0.4434. C. Cumulative frequency distribution for the
length of dendritic mitochondria in  control vs. Nr2fl  overexpressing
mitoDsRed+DCX+YFP+ adult-born neurons. Kolmogoror-Smirnov test, p<0.0002. D. Graph
reporting the mitochondrial occupancy expressed as the percentage of dendritic length
covered by the mitoDsRed signal. Mann Whitney test, p=0.0301. Data are shown as

meanzSD. Each dot represents a cell. *p<0.05.
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Fig. S4. Related to Figure 4 and 5. A. Gene set enrichment analysis (GSEA) enrichment
plot showing downregulation of Nr2fl targets in adult mice constitutively heterozygous for
Nr2fl. The genes are ranked on the x axis according to the differential expression metric
computed by Chen et al. 2020. The bottom panel shows the differential expression metric, the
middle panel shows genes belonging to the gene set considered (NR2F1 targets identified
though ChIP-seq) as black tics. The green curve in the top panel displays the running sum of
the GSEA enrichment score (Normalized Enrichment Score < -2.9, FDR < 0.001). B.
Sequence tag accumulation of the NR2F1 binding sites identified by ChIP-seq around the
TSS region of the Mfn2 gene and the concomitant accumulation of H3K4me3 are shown.
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Table S1.

Click here to download Table S1

Table S2. List of the primary antibodies used for immunofluorescence

Antigen name Host Dilution Source Catalogue number

Primary antibodies

BrdU Rat 1:3000 AbD Serotec OBTO0030CX
COUP-TFI/NR2F1 Rabbit 1:1000 Abcam ab181137
COUP-TFI/NR2F1 Rabbit 1:1000 Studer’s lab -

DCX Goat 1:1500 Santa Cruz Biotechnology Sc-8066
GFAP Goat 1:2000 Abcam ab53554
GFP Chicken 1:1000 AvesLab GFP-1020
LAMP1 Rat 1:300 Santa Cruz Biotechnology Sc-19992
MFN2 Rabbit 1:500 Immunological Science MAB-94608
NeuN Mouse 1:1000 Chemicon MAB377
OPA1 Rabbit 1:800 Cell Signalling mAb#80471
ETC/OxPhos Mix Mouse 1:500 Abcam ab110413
PROX1 Rabbit 1:1000 Immunological Science AB-84319
RFP Rabbit 1:1000 Rockland 600-401-379
ZIF268 Rabbit 1:500 Santa Cruz Biotechnology sc-189
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http://www.biologists.com/DMM_Movies/DMM049854/TableS1.xlsx
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Table S3. List of the secondary antibodies used for immunofluorescence

Antigen name Host Dilution Source Catalogue number

Secondary antibodies

AlexaFluor488 Anti-Ck Donkey 1:400 Jackson ImmunoResearch 703-545-155
AlexaFluor488 Anti-Gt Donkey 1:400 Jackson ImmunoResearch 705-545-147
AlexaFluor488 Anti-Ms Donkey 1:400 Jackson ImmunoResearch 715-545-151
AlexaFluor647 Anti-Gt Donkey 1:600 Jackson ImmunoResearch 705-605-147
AlexaFluor647 Anti-Ms Donkey 1:600 Jackson ImmunoResearch 715-605-151
AlexaFluor647 Anti-Rb Donkey 1:600 Jackson ImmunoResearch 711-605-152
AlexaFluor647 Anti-Rat Donkey 1:600 Jackson ImmunoResearch 712-605-153
Cy3 Anti-Ms Donkey 1:800 Jackson ImmunoResearch 715-165-151
Cy3 Anti-Gt Donkey 1:800 Jackson ImmunoResearch 705-165-147
Cy3 Anti-Rb Donkey 1:800 Jackson ImmunoResearch 711-165-152
Cy3 Anti-Rat Donkey 1:800 Jackson ImmunoResearch 712-165-153

Table S4. List of the primary antibodies used for WB analysis

Antigen name Host Dilution Source Catalogue number

Primary antibodies

MFN2 Mouse 1:1000 Santa Cruz Biotechnology sc-100560
OPA1 Rabbit 1:1000 Cell Signalling mAb#80471
ETC/OxPhos Mouse 1:1500 Abcam ab110413
VDAC Rabbit 1:1000 Cell Signalling mAb#4661

Table S5. List of the secondary antibodies used for WB analysis

Antigen name Host Dilution Source Catalogue number

Secondary antibodies

HRP Conjugated-anti- Goat 1:15.000 Cell Signalling #7076
mouse

HRP Conjugated-anti- Goat 1:15.000 Cell Signalling #7074
rabbit
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