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Developmental transcription factors important in early neuron
specification and differentiation often remain expressed in the adult
brain. However, how these transcription factors function to mantain
appropriate neuronal identities in adult neurons and how transcrip-
tion factor dysregulation may contribute to disease remain largely
unknown. The transcription factor Nurr1 has been associated with
Parkinson'’s disease and is essential for the development of ventral
midbrain dopamine (DA) neurons. We used conditional Nurr1 gene-
targeted mice in which Nurr1 is ablated selectively in mature DA
neurons by treatment with tamoxifen. We show that Nurr1 ablation
results in a progressive pathology associated with reduced striatal
DA, impaired motor behaviors, and dystrophic axons and dendrites.
We used laser-microdissected DA neurons for RNA extraction and
next-generation mRNA sequencing to identify Nurri-regulated
genes. This analysis revealed that Nurr1 functions mainly in tran-
scriptional activation to regulate a battery of genes expressed in DA
neurons. Importantly, nuclear-encoded mitochondrial genes were
identified as the major functional category of Nurr1-regulated tar-
get genes. These studies indicate that Nurr1 has a key function in
sustaining high respiratory function in these cells, and that Nurr1
ablation in mice recapitulates early features of Parkinson’s disease.
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Under experimental conditions, somatic differentiated cells
can undergo reprogramming into other cell types or induced
pluripotent stem cells (1). This remarkable plasticity raises ques-
tions of how the differentiated cellular identity is maintained for
extended periods in normal life (2). Of particular relevance is how
neurons, which should retain their specific functions for decades in
a human brain, stably maintain their unique differentiated prop-
erties, and how disrupted maintenance of the correct differentiated
identity may be related to disease. Under embryonic development,
signaling events induce the expression of transcription factors that
combinatorially function to specify appropriate identities and dif-
ferentiation of specific neuron types. Many of these transcription
factors continue to be expressed in adult neurons as well; however,
little is known of their functions in the adult brain, or the extent to
which they contribute to the stability of the differentiated state (3).
Degeneration of ventral midbrain (VMB) dopamine (DA)
neurons, particularly neurons of the substantia nigra compacta
(SNc), causes many of the characteristic symptoms in patients with
Parkinson’s disease (PD). PD is characterized by a progressive
pathology involving the appearance of insoluble protein inclusions
known as Lewy bodies and eventually the death of neurons. Several
studies have indicated that loss of striatal DA and other dopami-
nergic properties cause symptoms in PD long before cell bodies
within the SNc actually die (4). Thus, PD cell pathology may in-
fluence differentiated neuronal properties, and from this perspec-
tive, it is of interest to explore how developmental transcription
factors contribute to DA neuron function in the adult brain.
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The transcription factor Nurrl is one of a family of nuclear
receptors critical for DA neuron development. Structural studies
have found that this protein is distinct from many other ligand-
binding nuclear receptors, lacking a ligand-binding cavity, and
thus may function as a ligand-independent transcription factor
(5). During the development of DA neurons, Nurrl expression is
induced in early postmitotic neurons and is then maintained
under differentiation and in the adult brain (6). In Nurrl null
gene-targeted mice, DA neurons fail to differentiate, and DA
neuron markers are absent at birth (7-9). Several recent studies
have suggested that disrupted Nurrl function in adult DA neu-
rons may contribute to the cellular pathology in PD; Nurrl gene
polymorphisms have been associated with PD, and Numrl het-
erozygous mutant mice show increased vulnerability to DA
neuron toxic insults (10-13). Moreover, Nurrl is down-regulated
in peripheral lymphocytes of PD patients, and postmortem
studies have found that in PD, Nurrl is down-regulated in the
remaining DA neurons showing signs of neuropathology (14, 15).

Because Nurrl null mice die soon after birth owing to defi-
ciencies in nondopaminergic cells, these animals cannot be used
to demonstrate how Nurrl functions in maintaining mature DA
neuron identity in the adult brain. Moreover, DA neurons in
heterozygous Nurrl null mice have developed with subthresh-
hold levels of Nurrl and thus may have defects acquired under
development and neuronal maturation. Previous studies of mice
with heterozygous null mutations in other transcription factor
genes have also elucidated deficiencies in adult DA neurons, but
whether or not these observations reflect developmental or adult
functions remains unclear (16, 17). For these reasons, in previous
work, we used mice with a floxed Nurrl allele, allowing condi-
tional Nurrl gene targeting in adult brains through stereotaxic
injection of adeno-associated virus vectors harboring a Cre-
encoding gene (18). The results indicated an association between
Nurrl ablation in mature DA neurons decreased levels of some,
but not all, dopaminergic markers. However, for technical rea-
sons that strategy yielded a relatively high degree of variability
and did not provide a comprehensive view of the gene expression
programs regulated by Nurrl in adult DA neurons. Moreover,
because not all DA neurons were targeted by Cre expression, it
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was difficult to assess whether Nurrl ablation resulted in a DA
neuron pathology related to PD.

In the present study, Nurrl was conditionally ablated by tamox-
ifen treatment of conditional Nurr! gene-targeted mice expressing
the CreER"? enzyme under the dopamine transporter (DAT) gene
regulatory sequences (19). Thus, complete Nurrl ablation in all DA
neurons was achieved in a tamoxifen-controlled manner. This
allowed more extensive histological and behavioral analyses and,
importantly, the use of laser capture microdissection (LCM) fol-
lowed by next-generation mRNA sequencing to provide unbiased
analyses of differential gene expression resulting from Nurr! abla-
tion in adult DA neurons. Taken together, our data show that
Nurrl regulates key genes, including a battery of nuclear-encoded
mitochondrial genes, and that adult Nurrl ablation recapitulates
early pathological features of PD.

Results

Reduced Levels of Striatal DA and Impaired Behavior in Nurr1-Ablated
Mice. For Nurrl ablation in mature DA neurons, we used Nurrl
floxed mice and a mouse strain harboring a tamoxifen-inducible
Cre (CreER™) linked to the DAT gene regulatory sequences in
a bacterial artificial chromosome (BAC-DAT-CreER™? mice) (18,
19). We generated homozygous Nurrl floxed mice harboring
either no copies (cNurrl“™) or a single copy of the BAC-DAT-
CreER™ transgene (cNurrI®““ER)" As described previously,
Cre-mediated ablation results in removal of the first coding exon
of Nurrl. All animals used for conditional ablation were treated
with tamoxifen at the indicated time points.

We first analyzed the consequences of Nurrl ablation at dif-
ferent developmental stages. Nurrl was ablated in developing
DA neurons at embryonic day (E) 13.5, by crossing with mice
harboring Cre targeted to the DAT locus (DAT-Cre) (18), or by
tamoxifen treatment of cNurrl1P“““ER mice at birth (P0) or at
age 5 wk. Tissue was collected at 1 wk after Nurrl ablation and
used for combined tyrosine hydroxylase (TH) and Nurrl
immunostaining (Fig. 1). Ablation during embryogenesis resul-
ted in a nearly complete loss of TH within the striatum and DA
neuron cell bodies within the SNc (Fig. 1 E-H). Ablation at birth
also resulted in a drastic loss of TH (Fig. 1 I-L) within both the
midbrain and the striatum, whereas ablation at age 5 wk resulted
in a more modest reduction of TH immunostaining and no ap-
parent loss of cell bodies (Fig. 1 M—P). As expected, nuclear Nurrl
immunostaining was not detected in the VMB from Nurri-ablated
mice (Fig. 1 F, J, and N). A more comprehensive analysis of
markers in animals treated with tamoxifen at PO demonstrated
drastic down-regulation of DAT and vesicular monoamine
transporter 2 (VMAT?2) as well, whereas aromatic amino acid
decarbocylase (AADC) and Pitx3 were less affected (Fig. S1).
These results demonstrate that DA neurons become progressively
more resistant to Nurrl ablation with increasing age.

We wished to analyze the consequences of Nurrl ablation in
mature DA neurons in more depth. In all of the following experi-
ments cNurrlP“““ER mice were treated with tamoxifen at 5 wk
after birth and analyzed at the indicated time points. At the level of
the VMB, a marked reduction of TH and VMAT2 immunoreac-
tivity was noted at 1 wk after tamoxifen treatment in cNurr1P#*ER
and was further exaggerated at 4 wk (Fig. 2 A-F). In contrast,
DAT, AADC, and Pitx3 were decreased only modestly (Fig. 2 G-
O) at both time points anayzed. At the level of the striatum, TH,
VMAT?2, and DAT were decreased at 1 wk and 4 wk after Nurrl
ablation (Fig. 2 A'-I"). Moreover, the number of TH-positive cell
bodies was not decreased significantly at 2 mo after tamoxifen
treatment in Nurrl-ablated VMB, as determined by stereology
(Fig. 2P).

Similar severe decreases in TH and DAT expression were also
apparent within the VMB at 4 mo and 11 mo after tamoxifen
treatment (Fig. S2). Of note, at these advanced stages, AADC
also remained robustly expressed within DA neuron cell bodies.
Thus, Nurrl ablation in mature DA neurons is associated with
decreased expression of TH, VMAT2, and DAT; however, the
overall cellular integrity of DA neuron cell bodies within the
VMB remains intact in Nurrl-ablated mice.
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Fig. 1. Nurrl ablation in developing and adult DA neurons. (A-D) Cross-
sections at the level of VMB showing the VTA and SNc and at the level of
striatum showing the CPu and NAc. (E-P) Immunostaining of TH (green) and
Nurr1 (red) at the level of the VMB and in the striatum of cNurr1<" (Ctrl),
cNurr1P?" (DatCre), and cNurr1P?*¢ER (DatCreER) mice. Nurr1 was ablated
by DAT-Cre crosses (cNurr1°2*® mice) at approximately E13.5 and analyzed at
PO (E-H), or treated with tamoxifen at PO (/-L) or at 5 wk after birth (M-P). In
I-P, mice were killed at 1 wk after tamoxifen treatment. Nurr1 immunoreac-
tivity was almost completely lost in TH-positive cells in the cNurr1°™™ and
cNurr1Pa**ER mice (compare the high-magnification insets in /, J, M, and N).

Levels of DA and DA metabolites were measured in the stria-
tum by HPLC of dissected tissue extracts from cNurrI?“"*ER at
11 mo after tamoxifen treatment. DA was dramatically reduced
in both the caudate putamen (CPu) and the nucleus accumbens
(NAc) (Fig. 34). Of note, DA levels were reduced more signif-
icantly within the striatum than within the SNc and VTA (Fig.
34). Consistent with these findings, motor behaviors were
affected in cNurrI?““*ER mice. Open-field locomotion tests
performed at 3-5 mo and 11 mo after tamoxifen treatment
demonstrated significant reductions in both horizontal and ver-
tical (i.e., number of rearings) locomotor activity in mutant mice
(Fig. 3B). Moreover, the vertical pole test indicated prolonged
turning time and total task time in cNurr1”““"ER mice (Fig. 3C).
Taken together, our findings indicate that ablation of Nurrl in
mature DA neurons results in a severe decrease in DA neuron
markers, reduced striatal DA, and significant motor impairment.

Fiber Pathology in Nurr1-Ablated Mice. Although no major loss of
cell bodies was apparent after Nurrl ablation (Fig. 2P and Fig. S2
I-L), progressive DA neuron fiber pathology became evident in
these animals. TH-positive dendrites extending into the sub-
stantia nigra pars reticulata appeared normal in terms of fiber
density (but not in TH intensity, as reported earlier) at 4 wk after
Nurrl ablation, but progressively reduced fiber density was seen
at 4 mo and 11 mo, and examination at high magnification
revealed clear signs of fiber pathology, characterized by frag-
mented dendrites frequently interrupted by varicosities (Fig. 4
A-D). Similar abnormalities in fibers extendin%rostrally toward
the striatum were also apparent in cNurrI®“““ER mice at 11 mo
after tamoxifen treatment (Fig. 4 E-H).
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and cell counting in Nurri-ablated mice. Nurr1 was
ablated at age 5 wk by tamoxifen treatment.
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wk after tamoxifen treatment. (A-O) Marker ex-
pression at the level of the VMB. (A’-I') Marker
expression at the level of the striatum. (P) Stereol-
ogy of TH-positive neurons in the SNc and VTA in
cNurr1€™ (Ctrl) and cNurr1Pt"ER (DatCreER) mice

at 2 mo after tamoxifen treatment.
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An overall decreased density of DAT-positive fibers was also
seen in the striatum and globus pallidus (GP) of these animals at
4 mo after tamoxifen treatment (Fig. 4 I-T; compare O, P, and Q
with R, S, and T). Axon bundles within the medial forebrain
bundle appeared normal at 1 mo after tamoxifen treatment but
were significantly decreased at 4 mo after tamoxifen treatment
(Fig. S3 I-L). Moreover, at 11 months after tamoxifen treatment,
TH-positive axons within the GP appeared fr%%mented and also
contained frequent varicosities in cNurrI?““**EX mice, but not in
cNurrl“™ mice (Fig. 4 U-Z). DAT-positive axons within the
medial forebrain bundle appeared normal at 1 mo after Nurrl
ablation, but were detected at decreased density at 4 mo after
Nurrl ablation (Fig. S3 M-T).

Profiling Nurr1-Regulated Gene Expression by RNA Sequencing. The
possibility of targeting Nurrl in mature DA neurons prompted us
to analyze global gene expression changes occurring as a conse-
quence of Nurrl ablation. LCM was used to isolate SNc and
VTA TH-stained neurons from adult mice (Fig. S4), with 200
microdissected cells pooled from each animal and used for RNA
isolation and synthesis of a cDNA library suitable for mRNA
sequencing. We used a recently developed method for next-
generation mRNA sequencing (Smart-Seq), designed for mRNA
transcriptomics using low amounts of total RNA down to what
can be isolated even from single cells (20).

We used the Smart-Seq protocol to analyze mRNA gene ex-
pression in DA neurons from cNurrl“™ (n = 6) and cNurr[>““*ER
(n = 9) mice. To avoid detection of gene expression changes
resulting from a Nurrl ablation-induced progressive pathology
over an extended period, LCM was performed early, at 1 wk after
the completion of tamoxifen treatment. The Spearman correla-
tion coefficient between biological replicates averaged 0.86 and
was not below 0.81 for any sample, demonstrating high repro-
ducibility between biological replicates. DEseq statistical analysis
based on a negative binomial distribution (21) detected 168 dif-
ferential}y expressed genes in samples from cNurrlP““ER and
cNurrI“"" DA neurons (Table S1). Several important observations
were derived from this analysis. First, a vast majority (94%; P <
1 x 107", binomial test) of the 168 differentially expressed genes
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were expressed at a lower level in cNurrIP““““R DA neurons,
indicating that Nurrl functions primarily as an activator of gene
expression (Fig. 54). Moreover, of the genes encoding proteins
involved in regulating the DA neurotransmitter phenotype, only
TH (4.2-fold) and VMAT2 (1.9-fold) were differentially expressed
at this early time point (Table S1). In contrast, and consistent with
immunostaining and in situ hybridization analysis, AADC and
DAT were not differentially expressed at 1 wk after Nurr! ablation
(Fig. 2J-0).

We also found that other transcription factors previously iden-
tified as essential for the generation of DA neurons, including
Pitx3, Lmxla, Lmx1b, Otx2, and Engrailedl/2, were not differen-
tially expressed in cNumrP“““ER DA neurons. In Nurrl-ablated
cells, an aberrant truncated transcript remained expressed, be-
cause the promoter and regulatory sequences of Nurrl remained
intact. The expected loss of excised coding sequences was con-
firmed by the absence of reads in deleted sequences in cells from
cNurrIP#C°ER peurons, but not from ¢NurrI€™ neurons. Inter-
estingly, the aberrant Nurrl mRNA transcribed from the Cre-
deleted nr4a2 gene locus (Table S1) was up-regulated (by 3.0-fold).
Although this finding suggests that Nurrl may function in auto-
regulatory negative feedback, we cannot exclude the possibility that
the abnormal floxed Nurrl mRNA may be more stable and thus
result in apparent up-regulation in Nurrl-ablated neurons.

Gene Ontology and pathway enrichment analyses were per-
formed using ToppGene (22) to identify functional categories of
differentially expressed genes. This analysis showed that nuclear-
encoded mitochondrial genes were strikingly overrepresented
among the gene sets expressed at significantly lower levels in
Nurrl-ablated DA neurons (P < 0.01). Most of these genes en-
code proteins with functions in either oxidative phosphorylation
or mitochondrial ribosomes (Fig. 5B). We decided to look at
different functional categories of nuclear-encoded mitochondrial
genes in an attempt to identify regulatory trends extending be-
yond the genes identified as statistically significantly regulated by
DeSeq analysis._Indeed, a highly significant proportion (90%;
P < 1.3 x 107'%, binomial test) of all nuclear genes encoding
respiratory chain proteins (n = 90), including those that are
significantly deregulated as determined by DeSeq, show lower
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Fig. 3. Analysis of catecholamines and motor behavior in Nurri-ablated
mice. (A) Striatal levels of DA, 3,4-Dihydroxyphenylacetic acid (DOPAC), and
homovanillic acid (HVA) in cNurr1<" (Ctrl) and cNurr1P?treER (DatCreER)
mice at 11 mo after tamoxifen treatment in 5-wk-old mice. Separate anal-
yses were performed on tissue extracts from the VTA, SN¢, NAc, and CPu, as
indicated. (B and C) Open-field measures of horizontal (distance in cm over
a 5-min measurement) and vertical (number of rearings during a 5-min
measurement) locomotion (B) and vertical pole test of posture control (C) of
cNurr1<t (Ctrl) and cNurr1P?® R (DatCreER) mice at 4-7 mo and 11 mo
after tamoxifen treatment in 5-wk-old mice. Here t-turn is the time required
to orient downward, and t-total is the total time taken to turn and descend
the pole. Note that overall performance was also poor in controls at 11 mo.

reads per kilobase per million mapped reads (RPKM) values in
Nurrl-ablated DA neurons compared with controls (Fig. 5C). In
contrast, only 58% of nuclear-encoded mitochondrial genes (n =
24; P = 0.54, binomial test) involved in fatty acid metabolism
showed lower RPKM values in Nurrl-ablated DA neurons (Fig.
5D). Additional categories also did not appear to be lower in
Nurrl-ablated cells, including those involved in apoptosis (57%;
n = 6) and glyconeogenesis (44%; n = 9).

To confirm the dysregulated expression of mitochondrial genes,
we performed quantitative PCR analysis of independent mRNA
extracted from the VMB of adult control and cNurr1P““*ER mice.
Sodl, TSFM, Cox5b, Mrp63, and Cox6al were expressed at sig-
nificantly lower levels in cNurrI?“““ER mice, and nonsignificant
trends toward lower expression was seen for Nduf8, Cox5a, and
Cox8a. Of note, dissection of VMB tissue is also expected to in-
clude a substantial number of non-DA neurons, suggesting that
the actual level of dysregulation is underestimated by quantitative
PCR analysis. In addition, the pan-neuronal marker NeuN and
genes not identified as dysregulated by RNAseq (Pitx3 and Gfial)
did not differ from controls in samples obtained from dissected
VMB (Fig. 5E). Taken together, our findings indicate that Nurrl
selectively contributes to the maintenance of normal expression
levels of nuclear-encoded genes involved in oxidative respiration,
but not of any other functional categories of nuclear-encoded
mitochondrial genes.
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Discussion

Under certain experimental conditions, particularly after forced
expression of developmental transcription factors, somatic dif-
ferentiated cells can be reprogrammed into pluripotency or
transdifferentiate into other cell types. How differentiated cells
stably maintain their identities under normal conditions remains
largely unclear, however. It seems likely that transcription factors
that are important for establishing the differentiated neuronal
identity are also involved in its maintenance. We addressed this
question by analyzing how the DA neuron transcription factor
Nurrl contributes to the maintenance of DA neurons. It seems
intuitive that maintenance of identity is critical for the function
of healthy neurons that should persist for many decades in the
human brain, and we have been particularly interested in ex-
amining whether pathological abnormalities in PD may be re-
lated to a failure of cells to sustain transcription factor function
in mature DA neurons. The results reported here indeed support
that adult Nurrl ablation recapitulates features of PD.

Our findings showing that the loss of striatal DA and other
phenotypic changes occur long before neurons actually die are
consistent with the idea that dysfunctional transcription factor
function may contribute to PD (4). Several developmental
transcription factors, including Nurrl, Lmx1a/b, Engrailed 1, and
Pitx3, remain expressed in mature DA neurons, and nucleotide
polymorphisms in human genes encoding these factors have been
associated with PD (11-13, 23-26). Moreover, analysis of post-
mortem brain tissue has demonstrated down-regulation of Nurrl
and other key transcription factors in remaining DA neurons in
PD, and significantly reduced Nurrl and Pitx3 mRNA expression
levels in peripheral blood cells in PD patients (14, 15). Thus, it
seems likely that PD-associated pathological changes will in-
fluence transcription factor expression and consequently result in
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Fig. 4. Fiber integrity in Nurri-ablated mice. (A-D) TH immunostaining by
horseradish peroxidase/diaminobenzidine (DAB) staining in either low mag-
nification (4x; A and C) or high magnification (40x; B and D) showing den-
drites extending into the substantia nigra reticulata in cNurr1€t (Ctrl) and
cNurr1PtreER (DatCreER) mice at 12 mo after tamoxifen treatment in 5-wk-
old mice. Boxed regions in A and C are shown in B and D. (E-H) TH immu-
nofluorescence in either low magnification (20x) or high magnification (35x)
showing fibers extending dorsorostrally from the substantia nigra cell bodies
in the VMB. Arrowheads in H indicate abnormal fibers. (/-T) DAT immunos-
taining (DAB) of the striatum in cNurr1< (Ctrl) and cNurr1°2**ER (DatCreER)
mice at 1 mo and 4 mo after tamoxifen treatment in 5-wk-old mice. Images of
the striatum (Str) in /, L, O, and R are at low magnification (2x). Images at high
magnification (100x) (J, K, M, N, P, Q, S, and T) show fibers in either the CPu or
in the GP, as indicated. (U-Z) TH immunofluorescence of the striatum in
cNurr1€t™ (Ctrl) and cNurr1P2teER (DatCreER) mice at 11 mo after tamoxifen
treatment in 5-wk-old mice. Images at low magnification (U and X) and high
magnification (V-Z) show the Str, CPu, or GP, as indicated.
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Fig. 5. RNA sequencing of control and Nurr1-ablated DA neurons. (A) Scatter
diagram showing all detected genes. Differentially expressed genes are
highlighted by red dots. The x-axis shows mRNA sequencing RPKM values from
control cells; the y-axis, mRNA sequencing RPKM values from Nurri-ablated
cells. (B) Circle diagram showing functional categories and gene names of
significantly regulated nuclear-encoded mitochondrial genes. The majority of
these genes encode either proteins involved in oxidative phosphorylation or
mitochondrial translation. One gene (Sod7) is implicated in radical oxygen
species (ROS) detoxification. (C) Scatter diagram highlighting genes encoding
proteins involved in oxidative phosphorylation. The x-axis shows mRNA se-
quencing RPKM values from control cells; the y-axis, mRNA sequencing RPKM
values from Nurri-ablated cells. (D) Scatter diagram highlighting genes
encoding proteins involved in fatty acid metabolism. The x-axis shows mRNA
sequencing RPKM values from control cells; the y-axis, mRNA sequencing
RPKM values from Nurri-ablated cells. (E) qPCR analysis in Nurrl ablated
and control mice 8-10 wk after tamoxifen treatment. Data are expressed as
mean + SEM (n =5 per group). *P < 0.05 compared with NurrTWT/WT group.

down-regulation of DA neuron-specific genes and accelerated
pathology. It is also interesting to note that a-synuclein, the main
protein constituent in Lewy bodies, is expressed in both the cy-
toplasm and in the nucleus, where it may exert at least some of
its toxicity in PD by interfering with transcription (27-29).

If abnormal transcription factor function is indeed contributing
to PD, then genetic disruption of transcription factors in adult
neurons in mice should recapitulate aspects of the degenerative
disease process. Conditional gene targeting of transcription factor
genes in mature DA neurons provides a rational strategy for
testing this hypothesis. Indeed, the phenotype of adult Nurrl-
ablated mice reported here resembles early features of PD, ap-
parently supporting the possibility that diminished Nurr1 activity
may contribute to the disease. Accordingly, in both PD and the
gene-targeted mice studied here, striatal DA loss is accompanied
by motor deficiencies that become apparent before DA neurons
actually die. Reduced expression of VMAT2, as seen in Nurrl-
ablated mice, has been noted in PD as well (30). Nurr! ablation
also results in a distinct fiber pathology that affects both dendrites
and axons, which is interesting in light of PD studies identifying
axon degeneration as an early event in disease progression (4). It

Kadkhodaei et al.

should be noted that defects were always uniform on both sides of
the VMB and striatum. Thus, taken together, our observations
identify abnormalities that resemble significant aspects of pre-
symptomatic and early stages of PD, and suggest that Nurrl
conditional KO mice can serve as a relevant PD model.

Central to understanding how transcription factors may con-
tribute to the function and disease in DA neurons is the identi-
fication of regulated target genes. Examining the transcriptome
in specific populations of adult neurons presents a formidable
challenge, given that specific neuron types are intermingled with
other cell types and thus are difficult to isolate. Using LCM for
isolation of specific neuron populations provides a powerful
strategy; however, low RNA yields is a common obstacle that
makes comprehensive analysis of differential gene expression
pattern technically challenging. The Smart-Seq method used in
the present study was developed for mRNA sequencing of very
small amounts of RNA, down to what can be extracted even
from single cells (20), and thus has potential for isolating RNA
from limited populations of brain cells isolated by LCM. Our
data indicate that comprehensive transcriptome data can be
derived from relatively small populations of neurons; we found
that the amount of RNA extracted from 200 laser-microdissected
DA neurons per analyzed animal was more than sufficient for
comprehensive Smart-Seq analysis.

Cells were captured already at 1 wk after tamoxifen treatment
with the aim of primarily identifying direct regulatory targets of
Nurrl. It is impossible to exclude the possibility that some of the
differentially expressed genes are indirectly regulated via other
transcription factors; however, it is notable that none of the other
known DA neuron developmental transcription factors, including
Pitx3, Engrailed 1/2, FoxA2, and Otx2, were differentially expressed
in Nurrl-ablated neurons. The finding that Nurrl seems to func-
tion in transcriptional activation in DA neurons (>90% of dif-
ferentially expressed genes were higher in controls) is also
consistent with previous in vitro data showing that Nurr1 functions
as a potent activator of transcription (6). Although regulation of
DAT and Ret by Nurrl has been suggested, these genes were not
significantly dysregulated, as determined by RNAseq analysis.
Through in situ hybridization of RNA expression, our analysis
confirmed that these two genes indeed are not down-regulated or
are only modestly down-regulated at 1 wk after ablation. However,
Nurrl ablation is likely to result in pathology that leads to indirect
down-regulation of numerous additional genes at later time points.

Analysis of differential gene expression has provided a unique
fingerprint of early gene expression changes occurring as a result
of Nurrl ablation in mature DA neurons. A remarkable outcome
of this analysis is the finding that Nurrl regulates a large number of
nuclear-encoded mitochondrial genes. Of interest, genes encoding
components of the respiratory chain seem to be particularly affected.
Seven genes encoding respiratory chain subunits were significantly
dysregulated, but analysis of the entire battery of genes involved in
oxidative phosphorylation revealed that >90% of those genes had
lower RPKM values in Nurrl-ablated DA neurons compared with
controls (Fig. 5). Midbrain DA neurons are autonomous pace-
makers and constantly fire with moderate (i.e., tonic firing) or very
high (i.e., burst firing) frequencies to control a sustained and
adaptive release of DA in innervated target areas (31). This unique
behavior of DA neurons is highly energy-demanding and linked to
a high requirement for ATP-generating oxidative phosphorylation.
Of note, the SNc and VTA contain significantly higher levels of
mitochondrial DNA compared with other brain regions, reflecting
the need for efficient oxidative phosphorylation in these cells (32).
Our findings suggest that Nurrl is an important transcription factors
for sustaining this distinguishing trait of DA neurons by positively
regulating a large number nuclear-encoded mitochondrial genes.
How Nurrl1 regulates these genes is an interesting avenue of study.
It seems likely that Nurrl functionally interacts with other factors,
such as PGC-1a or nuclear respiratory factors, to regulate the bat-
tery of nuclear-encoded mitochondrial genes.

Numerous studies have implicated mitochondrial failure in the
pathogenesis of PD, and it seems plausible that insufficient ATP
production as a result of Nurrl down-regulation can contribute
to pathology, including the appearance of dystrophic axons and
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dendrites seen in Nurrl-deficient animals and in PD patients.
Other genes that appear to be regulated by Nurrl are of interest in
terms of neurodegeneration, including Sod1, which is essential in
protection against radical oxygen species, and ApoE, which has
been implicated as a risk factor in Alzheimers’s disease (Table S1).
It may be possible to pharmacologically target the nuclear receptor
Nurrl via its heterodimerization partner RXR. Whether or not
Nurrl functions alone or together with RXR to regulate key DA
neuron genes remains unknown, but an evaluation of this action
will be critical to the attempt to develop Nurrl as a PD drug target.

Materials and Methods

Animals. Generation of conditional Nurr1 gene-targeted mice and mice
expressing the CreER™ enzyme under the DAT gene regulatory sequences in
a bacterial artificial chromosome (BAC-DAT-CreER™ mice) has been described
previously (18, 19). Crosses between these transgenic lines facilitates in-
ducible Nurr1 gene ablation exclusively in mDA neurons by generating mice
homozygous for the conditional targeted Nurr1 allele and heterozygous for
the BAC-DAT-CreER'™ allele (cNurr1PAT<eER) Littermates homozygous for
Nurr1 floxed allel harboring no copy of the BAC-DAT-CreER™ transgene
served as controls (cNurr1<™). BAC-DAT-CreER™ mice were also crossed with
reporter mice in which the LacZ gene was introduced under control of the
ROA26 promoter that harbors a loxP-flanked stop cassette (33). Mice were
kept in rooms with controlled 12-h light/dark cycles, temperature, and hu-
midity, with food and water provided ad libitum. All animal experiments
were performed with permission from the local Animal Ethics Committee.

Histological Analyses. At early neonatal stages, mouse brains were dissected
and fixed for 24 h in 4% phosphate-buffered paraformaldehyde (PFA). For the
isolation of adult brains, animals were anesthetized with tribromoethanol
(0.5 mg/g) and perfused through the left ventricle with body-temperature
PBS, followed by ice-cold 4% PFA. The brains were dissected and postfixed
overnight in 4% PFA, then cryoprotected for 24-48 h in 30% sucrose at 4 °C
before being cut into 30-um sections on a sliding microtome or embedded in
optimum cutting temperature compound (Sakura Finetek). The embedded
brains were cryosectioned at 14 pm (midbrain) or 20 um (forebrain) onto slides
(SuperFrostPlus; Menzel Glaser). Littermates were used in all comparative
experiments. Detailed information on immunohistochemistry and in situ hy-
bridization protocols is provided in S/ Materials and Methods.
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Cell Counting and Optical Densitometry Analysis. The total number of TH-
positive neurons in the VMB was measured according to the optical fractionator
principle, using the Olympus CAST-Grid stereology system. Every sixth section
covering the entire extent of the VTA and SN was included in the counting
procedure. A coefficient of error of <0.10 was accepted.

LCM and RNA Sequencing. Mice were euthanized at 1 wk after the completion
of tamoxifen treatment using CO, asphyxiation, after which brains were
quickly removed and snap-frozen in dry ice-cooled isopentane. Then 10-um-
thick cryostat coronal sections of the midbrain were cut and mounted on
membrane glass slides (Zeiss 415101-4401-000) at —20 °C. Before LCM, rapid
TH staining was performed to visualize the midbrain DA neurons to be
captured. LCM was performed immediately after staining using a Leica laser
microdissection system. A total of 200 TH-positive neurons were captured
unilaterally throughout the midbrain from every 14th section per animal,
and total RNA was extracted using the Pico RNA Isolation Kit (Arcturus En-
gineering). The eluted volume was decreased to approximately 3 pL by
vacuum spinning. Synthesis and amplification (18 cycles) of the cDNA library
were performed using Smart-SEq (20). These protocols are described in more
detail in S/ Materials and Methods.

Behavioral Tests. Adult (3-5 mo after tamoxifen treatment) and old (11 mo
after tamoxifen treatment) mice were used to assess the motor phenotype. A
single cohort of mice was tested at each age, with a 6-d interval between
behavioral tests. Mice were randomized according to genotype. At each test,
mice were allowed to habituate to the experiment room for at least 1 h. Details
of the open-field and pole tests are provided in SI Materials and Methods.

Measurement of DA and DA Metabolites. Twelve-month-old mice were killed
by decapitation. Brains were rapidly removed and frozen in dry ice-cooled
isopentane. Regions of interest were then collected using a tissue punch,
weighed, and kept at —80 °C until processing with HPLC.
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S| Materials and Methods

Tamoxifen Administration. Tamoxifen (T-5648; Sigma-Aldrich)
was dissolved in corn oil (S-5007; Sigma-Aldrich) and ethanol in a
9:1 mixture at a final concentration of 20 mg/mL. A fresh mixture
was prepared every second day. Animals were injected i.p. with 2
mg of tamoxifen or vehicle twice a day for 5 consecutive days.
Because of technical difficulties in injecting neonatal mice, the
tamoxifen was administered to the lactating mother so that the
drug would pass through the milk to the nursing mouse.

Histological Analyses. For immunohistochemistry and in situ hy-
bridization protocols, sections were preincubated for 1 h in
blocking solution containing 5% normal goat sera and 0.25%
Triton-X 100 in PBS. Primary antibodies diluted in blocking
solution were applied overnight at 4 °C. After rinses with PBS,
biotinylated- or fluorophore-conjugated secondary antibodies
diluted in PBS were applied for 1 h at room temperature. Ap-
plication of biotinylated secondary antibodies was followed by
incubation with streptavidin-HRP complex (Vectastain Elite
ABC Kit; Vector Laboratories) for 1 h and subsequent exposure
to diaminobenzydine (DAB). The primary antibodies and di-
lution factors were as follows: rabbit anti-Nurrl (1:100, M196;
Santa Cruz Biotechnology), rabbit anti-TH (1:500; Pel-Freeze),
rat anti-dopamine transporter (DAT, 1:2,000; Chemicon), mouse
anti-TH (1:200; Chemicon), rabbit anti-VMAT (1:500; Chemicon),
rabbit anti-AADC (1:500; Chemicon), rabbit anti-Cre (1:10,000;
Covance), guinea pig anti-Lmx1b (1:1,000; a gift from Johan
Ericson, Karolinska Institute, Sweden), goat anti—B-gal (1:1,000;
Biogenesis), and rabbit anti-Pitx3 (1). For Nurrl and DAT,
the blocking steps were performed after antigen retrieval
(DakoCytomation Target Retrieval solution S1699; Dako). Fi-
nally, expression was detected using secondary antibodies
(Jackson ImmunoResearch Laboratories. Section images were
collected by confocal microscopy (Leica DMIRE2) and bright-
field microscopy (Nikon Eclipse E1000K).

For in situ hybridization, cryosection slides were fixed for 10
min in 4% paraformaldehyde, washed in PBS and Protease K
permeabilized for 5 min with a solution of 1 pg/mL Protease K, 50
mM Tris-HCl, and 5 mM EDTA). The sections were then refixed
in 4% paraformaldehyde for another 10 min, followed by rinsing
in PBS and acetylation for 10 min with 590 mL of H,0, 8 mL of
triethanolamine, 1 mL of 37% HCI, and 1.5 mL of acetic an-
hydride. After three more rinses in PBS, the slides were in-
cubated for 3 h at room temperature for prehybridization (50%
formamide, 5x SSC, 5x Denhardt’s solution, 250 pg/mL Baker’s
yeast RNA, and 500 pg/mL salmon sperm DNA). Hybridization

1. Smidt MP, et al. (2004) Early developmental failure of substantia nigra dopamine neurons
in mice lacking the homeodomain gene Pitx3. Development 131(5):1145-1155.
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was performed overnight at 72 °C in 120 pL of prehybridization
mix with 2 pL of digoxigenin-labeled probe. The next day, slides
were washed in 72 °C heated solutions of 5x SSC and 0.2x SSC,
and then equilibrated in B1 buffer [0.1 M Tris-HCI (pH 7.5) and
0.15 M NaCl]. After preincubation for 1 h in 10% heat-in-
activated FCS in B1, the sections were incubated overnight with
antidigoxigenin-AP Fab fragments (Roche, diluted 1:5,000 in B1
with 1% heat-inactivated FCS). After washing in B1, the sections
were placed in a solution of 0.1 M Tris-HCl (pH 9.5), 0.1 M
NaCl, and 50 mM MgCl, (B2 buffer). Finally, mRNA localiza-
tion was visualized after overnight incubation with 0.2 mM NBT/
BCIP (Roche) and 0.24 pg/mL levamisole in 10% PVA/B2 so-
lution protected from light. The color reaction was terminated by
water and mounted in Aquatex (Merck). Sections were analyzed
and photographed with a Nikon Eclipse E1000M microscope
coupled to a Diagnostic Instruments Spot2 digital camera.

RNA Sequencing. RNA sequencing was performed using the
SMARTer Ultra Low RNA Kit for [llumina Sequencing (634935;
Clontech). cDNA quality was tested on an Agilent 2100 bioanalyzer
before DNA shearing using a Covaris acoustic instrument. The
cDNA fragments were then submitted to end repair, followed by the
addition of a single A base, ligation to bar-coded adaptors, and
amplification with 15 cycles of PCR using a Genomic DNA Sample
Prep Kit (FC-102-1001; Illumina). The libraries were sequenced on
an [llumina HiSEq 2000 system, and the clusters were exported into
fastq files and analyzed by DEseq.

Open-Field Test to Measure Locomotion. The test was performed for
5min in a 46 x 46 cm” arena with gray floor and walls (Ugo Basile).
The arena was illuminated by reflected light, providing a light in-
tensity of 30 lux on the floor of the arena. The arena was cleaned
with 70% ethanol after each test session to eliminate olfactory
cues. Video tracking was performed using a video camera moun-
ted in the ceiling and ANY-maze (Ugo Basile) or Viewer (Bio-
bserve) software. Vertical (i.e., rearing) activity, defined as the
mouse rising on its hind legs, was scored manually.

Pole Test to Measure Locomotion and Posture Control. Mice were
placed head-up on top of a vertical pole (diameter 8 mm, height
55 cm) and trained for 1 d to turn and descend the pole back into
the cage. On the day of the test, animals underwent three trials,
and the time to orient downward (t-turn) and the total time to
turn and descend the pole (t-total) were measured with a maxi-
mum duration of 120 s.
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Fig. S1. Expression analysis of dopamine neuron markers in Nurri1-ablated animals. Nurr1 was ablated at PO by tamoxifen treatment. Analysis was performed
in cNurr1<? (Ctrl) and cNurr1P*reER (DatCreER) mice at either 1 wk or 4 wk after tamoxifen treatment. (A-T) Marker expression at the level of the ventral
midbrain. (A’-L’) Marker expression at the level of the striatum.
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Fig. S2. Expression analysis at the level of ventral midbrain of dopamine neuron markers in Nurri-ablated animals. Nurr1 was ablated at 5 wk after birth by
tamoxifen treatment. Analysis was performed in cNurr1<™ (Ctrl; A, E, I, C, G, and K) and cNurr1°2®*ER (DatCreER; B, F, J, D, H, and L) mice at either 4 mo (A, B,
E, F, I, and J) or 11 mo (C, D, G, H, K, and L) after tamoxifen treatment. (Scale bar: 200 pm.)
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Fig. S3. (A-L) Coronal sections stained for HRP/DAB DAT in low (A-D), medium (E-H), or high (/-L) magnification, showing fibers extending into the medial
forebrain bundle in cNurr1<™ (Ctrl) and cNurr1°2teER (DatCreER) mice at 1 mo or 4 mo after tamoxifen treatment in 5-wk-old mice. At 4 mo, there is a clear
decrease of fiber density in remaining fiber bundles (arrows in L). (M~T) Medial forebrain bundles in coronal sections in low (M, O, Q, and S) and high (N, P, R,
and T) magnification. Boxed regions in M, Q, O, and S are shown in higher magnification in N, R, P, and T. Sections were obtained from the region immediately
anterior to the substantia nigra. DAB-postive fibers extend rostrally from the substantia nigra toward the caudal striatum. Note the increased fiber density at
4 mo, but not at 1 mo (compare N with R and P with T).

Visualization by TH Selection Capture

Fig. S4. Rapid TH staining of 10-um cryostat coronal sections of the midbrain and subsequent selection and capture of midbrain dopamine neurons by laser
capture microdissection.
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Table S1. Differentially expressed genes in cNurr1®AT<ER and Nurr1*"! DA neurons
RPKM

Gene symbol UniGene name padj Fold change Ctrl DATCreER
Ihh Indian hedgehog 0 0.33 0.61 0.22
Apoe apolipoprotein E 4.95E-67 0.12 1,024.82 133.98
Nts Neurotensin 1.51E-38 0.01 54.98 0.86
Ly6h lymphocyte antigen 6 complex, locus H 5.32E-28 0.08 162.90 15.30
Th tyrosine hydroxylase 1.10E-15 0.24 2,138.97 569.95
Fth1 ferritin heavy chain 1 1.17E-14 0.28 3,718.13  1,159.24
Slc6ad solute carrier family 6 (neurotransmitter transporter, serotonin), 5.14E-12 0.00 7.91 0.02

member 4
Cox6al cytochrome c oxidase, subunit VI a, polypeptide 1 2.03E-10 0.35 3,292.72  1,248.82
Nnat Neuronatin 8.44E-10 0.28 437.62 132.55
Gm1673 predicted gene 1673 1.08E-09 0.10 207.33 21.30
Slc34a3 solute carrier family 34 (sodium phosphate), member 3 1.08E-09 0.00 7.83 0.01
Yipf7 Yip1 domain family, member 7 1.08E-09 0.00 13.85 0.03
Cox5a cytochrome c oxidase, subunit Va 6.57E-08 0.32 772.55 267.69
Ap2s1 adaptor-related protein complex 2, sigma 1 subunit 1.10E-07 0.25 355.73 99.40
Caly calcyon neuron-specific vesicular protein (Drd1ip) 1.51E-07 0.30 735.16 241.43
Ntsri1 neurotensin receptor 1 1.72E-07 0.28 81.56 25.24
Pin1 protein (peptidyl-prolyl cis/trans isomerase) NIMA-interacting 1 1.90E-07 0.24 75.81 20.18
Mbp myelin basic protein 2.05E-07 0.40 4,361.16  1,968.92
Cox8a cytochrome c oxidase, subunit Vllla 6.69E-07 0.36 1,838.47 714.01
Cilgb complement component 1, g subcomponent, beta polypeptide  7.98E-07 0.06 36.66 2.72
Sod1 superoxide dismutase 1, soluble 1.08E-06 0.33 1,432.63 512.87
Cfl1 Cofilin 1, nonmuscle 1.14E-06 0.33 683.30 246.05
Hc hemolytic complement 1.39E-05 0.02 3.24 0.08
5830415F09Rik RIKEN cDNA 5830415F09 gene protein coding 1.41E-05 0.05 14.27 1.05
Adamts13 a disintegrin-like and metallopeptidase (reprolysin type) with 4.17E-05 0.00 2.05 0.00

thrombospondin type 1 motif, 13
Tph2 tryptophan hydroxylase 2 4.17E-05 0.06 10.24 0.54
Chchd2 coiled-coil-helix-coiled-coil-helix domain containing 2 4.33E-05 0.34 444.04 160.41
Ddx3y DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Y-linked 8.52E-05 43.03 0.08 4.51
Eif2s3y eukaryotic translation initiation factor 2, subunit 3, structural 8.98E-05 39.70 0.24 12.26

gene Y-linked
Nans N-acetylneuraminic acid synthase 0.000119 0.09 22.24 2.63
Ddah2 Dimethylarginine dimethylaminohydrolase 2 0.000213 0.14 42.02 7.33
Eif3g eukaryotic translation initiation factor 3, subunit G 0.00027 0.26 160.48 48.83
Mmp15 matrix metallopeptidase 15 0.000283 0.05 4.97 0.34
Gpr37I1 G protein-coupled receptor 37-like 1 0.000297 0.18 40.38 8.56
Tsfm Ts translation elongation factor, mitochondrial 0.000303 0.14 44.23 7.19
Pkn3+Zdhhc12 protein kinase N3 0.000303 0.05 22.87 1.44
Lars2 leucyl-tRNA synthetase, mitochondrial 0.000359 0.33 55.54 20.36
Selm selenoprotein M 0.000384 0.33 409.98 146.82
Ndufb2 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 2 0.00043 0.34 666.67 240.75
Nr4a2 nuclear receptor subfamily 4, group A, member 2 0.000525 3.00 58.91 190.48
LOC100503248 predicted gene 15179 0.000525 0.00 13.64 0.00
Mmp2 matrix metallopeptidase 2 0.000625 0.00 2.72 0.00
5330413P13Rik RIKEN cDNA 5330413P13 gene 0.000635 0.00 2.43 0.01
Stmn4 stathmin-like 4 0.000666 0.28 127.32 38.61
Lhx2 LIM homeobox protein 2 0.000747 0.04 8.09 0.40
Igtp IFN gamma induced GTPase 0.000772 0.01 5.71 0.06
Mrps12 mitochondrial ribosomal protein $12 0.001079 0.29 227.30 71.20
Lrrc46 eucine rich repeat containing 46 0.001079 0.00 6.09 0.00
Gltp glycolipid transfer protein 0.001123 0.19 45.86 10.67
Eif5a eukaryotic translation initiation factor 5A 0.001227 0.33 242.19 95.90
Mrps34 mitochondrial ribosomal protein S34 0.001256 0.20 79.25 17.89
Mir369+Mir410 +Mir412+Mirg microRNA 369 + 410 + 412 + miRNA containing gene 0.001256 0.33 136.62 46.27
C330005M16Rik RIKEN ¢cDNA C330005M16 gene 0.001256 0.00 4.29 0.01
Naal0 N(alpha)-acetyltransferase 10 0.001303 0.25 119.02 33.25
Calb2 calbindin 2 0.001622 0.35 229.71 91.14
1110008P14Rik RIKEN cDNA 1110008P14 gene 0.001745 0.29 214.85 65.52
Hist3h2ba histone cluster 3, H2ba 0.001795 0.10 53.66 6.16
Cox5b cytochrome c oxidase, subunit Vb 0.001891 0.37 583.34 236.00
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Table S1. Cont.

RPKM
Gene symbol UniGene name pad;j Fold change Ctrl DATCreER
Tspan6 tetraspanin 6 0.002053 0.35 170.11 68.75
Cst3 cystatin C 0.002053 0.49 3,512.27 1,878.30
Vip vasoactive intestinal polypeptide 0.002839 63.15 0.16 11.14
Bsg Basigin 0.002839 0.42 481.15 219.50
Vwce von Willebrand factor C and EGF domains 0.002839 0.13 9.30 1.48
Skil SKl-like 0.003302 0.31 19.91 7.67
Csrp1 cysteine and glycine-rich protein 1 0.003416 0.17 36.90 6.78
Aip aryl-hydrocarbon receptor-interacting protein 0.003954 0.33 151.08 55.68
Fkbp2 FK506 binding protein 2 0.004397 0.35 376.79 142.07
Edf1 endothelial differentiation-related factor 1 0.004564 0.34 315.40 118.06
Cck Cholecystokinin 0.004662 0.44 410.98 199.79
Guk1 guanylate kinase 1 0.005115 0.41 339.05 159.21
D10Jhu81e ES1 protein homolog, mitochondrial 0.005648 0.23 52.81 13.58
Mrp63 mitochondrial ribosomal protein 63 0.006151 0.25 40.46 11.05
Clptm1 cleft lip and palate associated transmembrane protein 1 0.006186 0.26 22.21 6.64
Malat1 metastasis associated lung adenocarcinoma transcript 1 0.006286 2.00 2,383.08 5,301.56
(noncoding RNA)
Ndufb8 NADH dehydrogenase (ubiquinone) 1 beta subcomplex 8 0.006311 0.47 1,494.08 767.24
Pvalb Parvalbumin 0.006311 4.80 20.34 98.21
Cnp 2',3’-cyclic nucleotide 3’ phosphodiesterase 0.006725 0.39 235.43 99.93
Zmat5 zinc finger, matrin type 5 0.007187 0.24 109.70 29.93
Gnb2 guanine nucleotide binding protein (G protein), beta 2 0.007335 0.34 110.07 39.82
Vps25 vacuolar protein sorting 25 0.007602 0.28 135.38 44.98
Rabac1 Rab acceptor 1 (prenylated) 0.00841 0.42 525.00 237.91
Gsta4 GST, alpha 4 0.008419 0.37 265.84 110.06
Mrpl54 mitochondrial ribosomal protein L54 0.008604 0.28 204.83 60.47
Dsn1 DSN1, MIND kinetochore complex component, homolog 0.008604 0.09 9.89 1.18
(S. cerevisiae)
Haao 3-hydroxyanthranilate 3,4-dioxygenase 0.008604 0.03 7.77 0.31
Parp16 poly (ADP ribose) polymerase family, member 16 0.008604 0.10 10.23 1.37
Rhbdl1 rhomboid, veinlet-like 1 (Drosophila) 0.009004 0.24 39.99 10.43
Anapcl1 anaphase promoting complex subunit 11 0.009004 0.34 62.56 23.31
Ascl4 achaete-scute complex homolog 4 (Drosophila) 0.009049 0.02 9.92 0.30
Tmsb10 Thymosin beta 10 0.009049 0.37 610.31 255.17
Ribc1 RIB43A domain with coiled-coils 1 0.009049 0.00 4.21 0.00
Akap8| A kinase (PRKA) anchor protein 8-like 0.010095 0.38 91.86 38.60
Grp gastrin releasing peptide 0.011257 0.30 116.83 41.05
Fdps farnesyl diphosphate synthetase 0.011823 0.40 211.86 93.70
Lgré leucine-rich repeat-containing G protein-coupled receptor 6 0.011823 0.00 1.38 0.00
Diras1 DIRAS family, GTP-binding RAS-like 1 0.012276 0.10 8.25 0.89
Josd2 Josephin domain containing 2 0.012276 0.28 93.42 29.61
4930455H04Rik+ RIKEN cDNA 4930455H04 gene miscRNA + palmdelphin 0.012592 0.21 26.71 5.90
Gadd45g growth arrest and DNA-damageinducible 45 gamma 0.012792 0.09 18.70 1.90
Fasn fatty acid synthase 0.012792 0.37 16.92 6.98
A430107P09Rik RIKEN cDNA A430107P09 gene 0.012796 0.07 10.36 0.86
2810405K02Rik RIKEN cDNA 2810405K02 gene. protein coding 0.014094 0.32 192.58 66.90
Ccdc124 Coiled-coil domain containing 124 0.014094 0.35 157.39 57.96
Ddx60 DEAD (Asp-Glu-Ala-Asp) box polypeptide 60 0.014094 0.00 1.03 0.00
Fam158a+Psme1l family with sequence similarity 158, member A + proteasome 0.014366 0.40 363.59 160.42
(prosome, macropain) 28 subunit, alpha
Gm16517 predicted gene, Gm16517 0.014648 0.23 50.88 12.34
RIbp1 retinaldehyde binding protein 1 0.014904 0.00 2.84 0.00
Prmt1 protein arginine N-methyltransferase 1 0.015674 0.25 50.43 20.36
Lrrc16b leucine rich repeat containing 16B 0.015674 0.40 33.64 14.85
Hint2 istidine triad nucleotide binding protein 2 0.017145 0.25 113.86 30.75
1500032L24Rik RIKEN cDNA 1500032L24 gene 0.017145 0.44 382.81 175.51
Dctn3 dynactin 3 0.017145 0.40 260.87 111.38
Alkbh6é alkB, alkylation repair homolog 6 (E. coli) 0.017145 0.33 182.05 68.37
Gad1 glutamic acid decarboxylase 1 0.017145 2.92 20.77 61.98
Cdh12 cadherin 12 0.017145 0.07 2.42 0.24
Dpysi3 0.017145 0.29 44.96 17.49
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Table S1. Cont.

RPKM
Gene symbol UniGene name pad;j Fold change Ctrl DATCreER
Ntf3 neurotrophin 3 0.017804 0.31 86.16 29.47
LOC626082 uncharacterized LOC626082 0.018346 0.04 9.49 0.00
B4galt1 UDP-Gal:betaGIcNAc beta 1,4- galactosyltransferase, 0.019278 0.19 12.71 3.21
polypeptide 1
Lsm4 LSM4 homolog, U6 small nuclear RNA associated 0.019507 0.19 50.57 10.52
Efemp1 epidermal growth factor-containing fibulin-like extracellular 0.019593 0.00 2.61 0.00
matrix protein 1
Slcbal solute carrier family 6 (neurotransmitter transporter, GABA), 0.019845 2.1 65.98 152.00
member 1
Aup1 ancient ubiquitous protein 1 0.020108 0.29 76.01 25.49
Cplix1 complexin 1 0.020934 0.49 901.80 477.50
Tmc6é transmembrane channel-like gene family 6 0.020934 0.03 3.12 0.10
Arhgdib Rho, GDP dissociation inhibitor (GDI) beta 0.021221 0.12 25.24 3.73
Matk megakaryocyte-associated tyrosine kinase 0.021451 0.36 101.94 40.97
Col6at collagen, type VI, alpha 1 0.021451 0.21 8.30 1.98
Kcnell potassium voltage-gated channel, Iskrelated family, 0.021957 0.06 10.04 0.67
member 1-like, pseudogene
Al462493 expressed sequence Al462493 0.021994 0.35 184.99 75.62
Rian RNA imprinted and accumulated in nucleus 0.022261 0.51 112.00 64.10
Ptov1 prostate tumor over expressed gene 1 0.022982 0.35 66.94 25.24
Gpatch3 G patch domain containing 3 0.023489 0.10 8.53 1.08
Bex1 brain expressed gene 1 0.024854 0.41 358.57 163.54
Slc39a4 solute carrier family 39 (zinc transporter), member 4 0.025148 0.27 26.16 7.62
Pfn1 profilin 1 0.027111 0.39 253.53 107.47
Gpri162 G protein-coupled receptor 162 0.02873 0.19 12.34 2.46
Corolb coronin, actin binding protein 1B 0.028815 0.33 57.10 21.94
Manbal mannosidase, beta A, lysosomal-like 0.028825 0.27 43.17 12.45
Slc38a5 Solute carrier family 38, member 5 0.028825 0.00 2.58 0.00
Mir686+Psmb5 microRNA 686 + proteasome (prosome, macropain) 0.028825 0.41 284.72 116.96
subunit, beta type 5
Sfxn5 sideroflexin 5 0.030095 0.35 52.92 20.98
Imp4 U3 small nucleolar ribonucleoprotein, homolog (yeast) 0.030378 0.20 13.05 3.10
2410018MO8Rik RIKEN cDNA 2410018M08 gene 0.031552 0.28 30.48 8.52
Spag7 Sperm associated antigen 7 0.031631 0.42 194.45 88.25
Pfdn2 prefoldin 2 0.031812 0.40 254.87 109.62
Zfp120 zinc finger protein 120 0.035478 0.27 12.86 4.60
Lypla2 lysophospholipase 2 0.035478 0.22 24.48 5.78
Prr7 proline rich 7 (synaptic) 0.035748 0.02 4.94 0.12
Brp44 brain protein 44 0.03736 0.40 218.91 92.19
Kctd8 potassium channel tetramerisation domain containing 8 0.037425 0.13 8.95 1.53
2810030E01Rik RIKEN cDNA 2810030E01 gene 0.037425 0.11 3.27 0.49
Ccdc107 Coiled-coil domain containing 107 0.039 0.34 135.16 50.79
Tagin3 transgelin 3 0.042484 0.48 1,396.98 728.31
Slc18a2 solute carrier family 18 (vmat2), member 2 0.043136 0.52 859.59 470.99
Hist1h4d histone cluster 1, H4d 0.043888 0.15 66.45 11.05
Fbxl7 F-box and leucine-rich repeat protein 7 0.044529 0.10 5.22 0.63
Rpl13 ribosomal protein L13 0.044692 0.31 104.72 35.44
Lyn Yamaguchi sarcoma viral (v-yes-1) oncogene homolog 0.044692 157.81 0.02 2.53
Ncln nicalin homolog 0.044692 0.27 22.22 7.41
Cryga crystallin, gamma A 0.046865 0.02 10.20 0.31
Mt3 metallothionein 3 0.047067 0.50 1,120.70 607.86
Pnck pregnancy up-regulated nonubiquitously expressed CaM kinase  0.048195 0.43 254.12 128.69
3930402G23Rik RIKEN cDNA 3930402G23 gene 0.0488 0.00 2.07 0.01
Scrn2 secernin 2 0.048834 0.07 9.77 0.85
Slc5a5 solute carrier family 5 (sodium iodide symporter), member 5 0.049477 4.89 4.06 20.42
Chrna6 cholinergic receptor, nicotinic, alpha polypeptide 6 0.049477 0.48 357.17 193.39
Bcl2111 BCL2-like 11 (apoptosis facilitator) 0.049662 0.19 6.29 1.49

Nuclear-encoded mitochondrial genes are highlighted in blue. Note, as explained in Results, that the NR4A locus (in yellow) is genetically manipulated and

that in cNurr

1DatCreER

mutant mice. padj, adjusted P value; RPKM, reads per kilobase per million mapped reads.
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mice, the coding exon 3 has been deleted. Thus, it is possible that aberrant mRNA is more stable and for this reason is up-regulated in
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