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Abstract

Mitochondria dysfunction occurs in the aging brain as well as in several neurodegenerative
disorders and predisposes neuronal cells to enhanced sensitivity to neurotoxins. 3-nitropropionic
acid (3-NP) is a naturally occurring plant and fungal neurotoxin that causes neurodegeneration
predominantly in the striatum by irreversibly inhibiting the tricarboxylic acid respiratory chain
enzyme, succinate dehydrogenase (SDH), the main constituent of the mitochondria respiratory
chain complex Il. Significantly, although 3-NP-induced inhibition of SDH occurs in all brain
regions, neurodegeneration occurs primarily and almost exclusively in the striatum for reasons still
not understood.

In rodents, 3-NP-induced striatal neurodegeneration depends on the strain background suggesting
that genetic differences among genotypes modulate toxicant variability and mechanisms that
underlie 3-NP-induced neuronal cell death. Using the large BXD family of recombinant inbred
(RI) strains we demonstrate that variants in Ccndl - the gene encoding cyclin D1 - of the DBA/2J
parent underlie the resistance to 3-NP-induced striatal neurodegeneration. In contrast, the Ccndl
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variant inherited from the widely used C57BL/6J parental strain confers sensitivity. Given that
cellular stress triggers induction of cyclin D1 expression followed by cell-cycle re-entry and
consequent neuronal cell death, we sought to determine if the C57BL/6J and DBA/2J Ccndl
variants are differentially modulated in response to 3-NP. We confirm that 3-NP induces cyclin

D1 expression in striatal neuronal cells of C57BL/6J, but this response is blunted in the DBA/2J.
We further show that striatal-specific alternative processing of a highly conserved 3’UTR negative
regulatory region of Ccndl co-segregates with the C57BL/6J parental Ccndl allele in BXD strains
and that its differential processing accounts for sensitivity or resistance to 3-NP. Our results
indicate that naturally occurring Ccnd1 variants may play a role in the variability observed in
neurodegenerative disorders involving mitochondria complex Il dysfunction and point to cyclin D1
as a possible therapeutic target.
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Introduction

Mitochondrial respiratory chain complex Il dysfunction is associated with neuronal
degeneration in several diseases, including Huntington’s disease (HD) and multiple system
atrophy (MSA), and is likely to play a pivotal role in the progression of these disorders
(Reiner et al., 2011; Stefanova and Wenning, 2016; Arun et al., 2016). Livestock poisoning
by either plants or fungi containing 3-nitropropionic acid (3-NP), a naturally occurring
neurotoxin that irreversibly inhibits succinate dehydrogenase (SDH), the main constituent of
the mitochondrial respiratory chain complex Il (Alston et al., 1977; Coles et al., 1979) has
been extensively documented (Hamilton et al., 2000). Outbreaks of human poisonings have
also been reported, and similar to what has been observed in animals, 3-NP ingestion by
humans leads to severe clinical features resembling HD, as well as significant neuronal cell
death majorly limited to the striatum (Lui et al., 1989, Ludolph et al., 1991; Hamilton et al.,
2000; Birkelund et al., 2021).

In animal models, systemic administration of 3-NP leads to extensive neuronal cell death,
almost exclusively in the striatum. Chronic or acute administration of 3-NP in rodents
and primates has been extensively used to reproduce clinical features of HD, closely
recapitulating the motor, biochemical and pathological features of the disorder (Brouillet
et al., 1995; Palfi et al., 1996; Brouillet et al., 2005; Bonsi et al., 2006; Tunez et al.,
2010), while the first models of MSA that fully recapitulate the disorder, were generated
by 3-NP administration in mice transgenic for oligodendrocyte-specific overexpression of
alpha-synuclein, underscoring the possible role of complex Il dysfunction in the disease
(Stefanova et al., 2005; Ubhi et al., 2009; Kuzdas-Wood et al., 2014, Foti et al., 2019).

Despite the extensive body of work in animal and cellular models, the mechanisms leading
to 3-NP-induced neuronal cell death are still poorly understood. 3-NP inhibition of SDH
leads to impaired mitochondrial bioenergetics, oxidative stress, and loss of ATP (Alston et
al., 1977; Coles et al., 1979), triggering a cascade of intracellular events that ultimately
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result in cell death (Tunez et al., 2010). However, although 3-NP-induced inhibition of SDH
occurs in all brain regions, neurodegeneration occurs primarily in the striatum (Brouillet et
al., 1998; Bizat et al., 2003; Bonsi et al., 2006). The underlying basis for preferential striatal
vulnerability to 3-NP is currently unknown.

In both rats and mice 3-NP-induced striatal neurodegeneration depends on the strain
employed (Alexi et al., 1998; Brouillet et al., 2005; Schauwecker et al., 2005), suggesting
that genetic differences between specific strains interact and modify the mechanisms that
underlie the toxin-induced neuronal cell death. So far, attempts to identify genetic factors
that influence 3-NP-induced neurotoxicity consisted in empirically testing the function of a
battery of genes/factors, most of them already known to be involved in either mitochondria
function, or neurodegenerative disorders, and in particular in HD. Unfortunately, this
approach was not fruitful since inactivation of the examined genes either had no effect
(Hanbury et al., 2003; Junyent et al., 2012), or led to moderate increase or decrease in 3-NP
toxicity in wild-type mice in a C57BL/6 (B6) genetic background (Mealer et al., 2013; Glat
et al., 2016). Similarly, overexpression of genes known to be involved in neuroprotection
were also shown to partially protect against 3-NP toxicity (Martinez-Turrillas et al., 2012;
Jovicic et al., 2013). Neither of these approaches however is likely to unveil naturally
occurring genetic variants that could explain strain-specific resistance or susceptibility, since
either inactivation or overexpression of the identified genes is not only out of the normal
range of natural variation but also often interfere with unrelated pathways.

Forward genetics using linkage analyses provides an unbiased strategy to screen for relevant
susceptibility and resistance genes /7 vivo. Recombinant inbred (RI) strains have been an
invaluable resource for genetic mapping of Mendelian quantitative traits in the mouse over
the past several decades. Conventional mouse RI strains are developed by crossing two
inbred parental strains and sequentially mating the resulting siblings for over 20 generations
to ensure that they are at least 99% inbred (Williams et al., 2001; Mulligan et al., 2017).
For our study, the RI strains utilized, are derived from a cross (X) of the parental C57BL/6J
(B6) and DBA/2J (D2) strains, therefore referred to as BXDs. This panel of strains has
been densely genotyped and the genomes of both parental strains have been sequenced at

a high level of genomic coverage. Over 6 million sequence variants segregating between

B6 and D2 and among the BXD set of strains have now been identified, including nearly
12,000 missense mutations, over 11,000 small insertions and deletions in coding regions,
and nearly 16,000 copy number variants spanning one or more exons (Wang et al., 2016;
Ashbrook et al., 2021). In addition, gene expression has been profiled in multiple brain
regions, including whole brain and striatum for the parental strains and BXD strains using
traditional microarray platforms and next generation RNA sequencing. These expression
resources allow for the identification of genes whose expression is controlled by a sequence
variant within or near the cognate gene — a ¢/s expression quantitative trait locus (eQTL)
(Schadt et al., 2003; Chesler et al., 2005). The success of using BXDs for high throughput
genetic screening is underscored by recent endeavors such as the identification of specific
genes and gene variants that confer immunological resistance to Chlamydia (Myiari et al.,
2007; Myiari et al., 2012), modulate cognitive aging (Neuner et al., 2016), extend longevity
(Merkwirth et al., 2016) or influence cognition in Alzheimer’s disease (Heuer et al., 2020).
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Using sub-acute 3-NP administration, we have found that while 3-NP treatment induces
extensive striatal lesions in the BXD parental B6 strain, the parental D2 strain is completely
resistant, with no signs of striatal damage. By analyzing striatal integrity/neuronal cell death
in a panel of BXD strains treated with 3-NP, we found that resistance to 3-NP is a highly
heritable trait that maps to a 1.2 Mb region in Chromosome 7. Among the possible genes,
we identified Ccndl, the gene encoding cyclin D1, as a potential major modulator of 3-NP
induced striatal neurodegeneration.

2. Materials and Methods

2.1. Animals

C57BL/6J (B6), DBA/2J (D2) and BXD recombinant inbred strains were bred and
maintained in a pathogen-free facility at UTHSC. Mice were maintained on a 12hr light/dark
cycle, fed standard chow (Harlan Teklad 7912) and provided with water and food ad /ibitum.
All animal experiments were approved by the Institutional Animal Care and Use Committee
at University of Tennessee Health Science Center (Memphis, TN) and are in accordance
with the National Institutes of Health guide for the care and use of Laboratory animals.

2.2. 3-nitropropionic acid administration

3-nitropropionic acid (Sigma N5636) was prepared fresh weekly in phosphate-buffered
saline at a concentration of 5 mg/ml and stored at 4 °C. Mice were injected intraperitoneally
(IP) with 50 mg/kg 3-NP twice a day for a period of 3 to 5 days, leading to cumulative doses
of 300 to 500 mg of 3-NP.

2.3. Assay for succinate dehydrogenase (SDH) activity

SDH activity was determined as described (Ahmad et al., 2018) with some modifications.
Briefly, cerebral cortex, striatum and whole brain from two-month-old untreated and 3-NP
treated D2 and B6 female mice were homogenized in ice-cold isolation buffer (10 mM

Tris pH 7.4, 1 mM EDTA, 320 mM sucrose). The homogenate was then centrifuged at
1,300 g for 10 min at 4 °C. The post-nuclear supernatant was used for SDH determinations.
Protein concentrations were determined using the Bradford method. For SDH activity, each
reaction mixture contained 100 g of protein sample in phosphate buffer containing 3 mM
ferricyanide (Felll) as electron acceptor. The reaction was initiated by addition of 50 mM
succinate and SDH activity was determined by calculating the rate of decrease in OD at 420
nm, which corresponds to the rate of potassium ferrocyanide (Fell) formation. As controls,
protein extracts were incubated in the same reaction buffer in the absence of succinate or in
the presence of 50 mM malonate, an SDH inhibitor.

2.4. Histological analyses

Brains were dissected and fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS)
for one week; incubated for 24 hours at 4 °C in PBS containing 0.25 M sucrose, 0.2 M
glycine; dehydrated; cleared with toluene; and embedded in paraffin. Paraffin blocks were
sectioned at 7 um, mounted in superfrost slides (Fisher) and stained with haematoxylin and
eosin (H&E).
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2.5. Immunohistochemistry

Slides were deparaffinized, rehydrated, and incubated with 0.3% H,0, in methanol for 20
min to quench endogenous peroxidase. Sections were then washed with PBS, blocked for 1
hr with 4% BSA, 0.2% Triton X-100 in PBS, and incubated at 4 °C overnight with primary
rabbit polyclonal anti-DARPP-32 (AB 1656, Chemicon) or rabbit monoclonal anti-cyclin
D1 (MA5-14512, Invitrogen), in 0.4% BSA,; 0.2% Triton X-100 in PBS. For the detection
of cyclin D1, antigen retrieval was performed by microwaving the slides for 15 min in

a microwave safe dish containing antigen-unmasking solution (H-3300, Vector), according
to manufacturer’s instructions. In all cases, following primary antibody incubation, slides
were washed three times with PBS, and primary antibody detection was carried out using
the Vector ABC Elite kit according to manufacturer’s instructions, followed by incubation
with DAB brown substrate (BD Biosciences). Slides immunostained for cyclin D1 were
counterstained with hematoxylin QS (H-3404, \ector).

2.6. Counts of Cyclin D1 positive neurons

Cyclin D1 positive neurons were quantified by counting the total number of neurons and
number of cyclin D1-stained nuclei in cross sections of the striatum of untreated and 3-NP-
treated D2 and B6 mice (n = 3 for each strain and condition). For each case, four images per
striatal area of both hemispheres from at least two independently stained forebrain coronal
sections were captured using 10X objective and divided into quadrants. Neuronal counts
were performed using Image J, as described (Dietrich et al., 2017).

2.7. Quantitative Trait Loci mapping

Quantitative trait locus (QTL) mapping was performed using the GeneNetwork web
resource (www.genenetwork.org). Interval mapping was performed by genotype regression
against trait values in combination with whole genome permutation to determine the
significance threshold for the association between genotype and trait expression. A
permutation test establishes genome-wide significance criteria of p <0.05. Three-month old
females (n = 2 or 3 per strain) were treated with 3-NP as described above, always paired
with at least one sensitive age-matched B6 female as a positive control. Mice were weighed
daily during the course of the 3-NP treatment and assessed daily for behavioral changes.
Sensitivity or resistance to 3-NP was scored by histological analyses: presence of lesion with
overt neuronal cell loss was scored as sensitive (1) while lack of lesion with no overt signs
of neuronal cell loss was scored as resistant (+1).

2.8. Gene expression data

Gene expression data of B6, D2 and their BXD progeny strains were derived from

the open access GeneNetwork and GeneNetwork?2 databases (gnl.genenetwork.org;
gn2.genenetwork.org). Gene expression data for the mouse CcndZ mRNA encompassing
the last coding exon/proximal 3’UTR and mid-to distal portions of its 3’UTR in striatum,
hippocampus, prefrontal cortex and whole brain were derived from the HBP Rosen Striatum
M430v2 PDNN clean, Hippocampus Consortium M430v2 (Jun06) RMA, VCU BXD PFC
Sal M430 2.0(Dec06) RMA, and INIA Brain mRNA M430 RMA databases, respectively.
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Gene expression data was restricted to probe sets that showed 100% gene specificity, which
was verified using the Basic Local Alignment Search Tool (BLAST).

Log?2 values were converted to normal scale values prior to ratio determination and
graphing.

2.9. Semi-quantitative RT-PCR

Semi-quantitative RT-PCR was performed as described (Dietrich et al., 2011). Briefly,
brains were dissected and total RNA was isolated from cortex and striatum of 3
month-old B6 (n=3) and D2 (n=3) female mice using Trizol reagent (GIBCO-BRL),
according to the manufacturer’s instructions. For reverse transcription, samples were
first treated with RQ1 DNAse (to remove DNA contaminants), 1ug total RQ1 DNAse-
treated RNA was annealed with random hexamers and first strand cDNA synthesis was
carried out using SuperScript IV First Strand Synthesis System (Invitrogen). For each
pair of primers, 1.5ul of each RT reaction (equivalent to 75 ng of starting mRNA)

was used for semi-quantitative PCR amplification. All PCR reactions were carried out

in the same conditions: 45 sec denaturation at 94 °C, 45 sec annealing at 61 °C,

and 1 min extension at 72 °C using the pairs of primers specific for Ccndl: C3
5’-TCCTCAACGACCGGGTGCTG-3’ and C4 5’-GGAAGCGGTCCAGGTAGTTCA-3’,
which amplify a 200 bp product, and MD1 5’-GAGGAAAATTAGGGGACTCCAAA-3’
and MD4 5’-GGCATCTGTAAATACACTCTATGA-3’, which amplify a 388 bp product.

For internal control, 18S rRNA was PCR amplified as above, using the primers 18Sfor
5’-GGTGGTGGTGCATGGCCGTT-3’ and 18Srev 5’-GCAGCCCCGGACATCTAAGG-3’
which amplify a 200 bp product.

PCR reactions products were fractionated in 2% agarose gels and stained with ethidium
bromide. Images were captured in high definition and band intensities were analyzed by
Image J.

2.10. MicroRNA binding sites

To identify the location of putative microRNA (miR) binding sites in the Ccndl mRNA
3’UTR, we used miRDB (mirdb.org) an online database for miR target prediction. The
whole sequence of the mouse Ccndl mRNA 3’UTR (2676bp) was screened for potential
miR binding sites, and the locations of sites with target scores above 85 were then annotated.

2.11. Statistics

Data presented are shown as mean + SD. Data were derived from multiple independent
experiments from distinct mice. Animal studies were performed without blinding of the
investigator. No statistical method was used to predetermine sample size, but sample size
was based on preliminary data and previous publications. In all experiments the differences
were considered significant when p <0.05. Open access software was used in most cases.
Student’s f+test was used for comparison of two groups.
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3. Results

Although a large fraction of 3-NP studies has been done in rats, several studies have
demonstrated that in both, rats and mice, 3-NP striatal neurotoxicity depends on the strain
employed (Schauweker, 2005; Brouilllet et al., 2005). Taking this observation into account,
we decided to investigate whether the BXD parental strains, B6 and D2, display differences
in susceptibility to 3-NP toxicity, which, if so, would justify the continuation of the analyses
using the BXD family.

3.1. 3-NP induces striatal neurodegeneration in B6 but not in the D2 strain

Two- to three-month-old D2 (n = 7) and B6 (n = 7) females were injected intraperitoneally
(1P) with 50 mg/kg 3-NP twice a day and their behavior and weight monitored daily. After 3
to 4 days of systemic 3-NP administration (total cumulative dose of 300-400 mg/kg), all B6
females became runted, displayed reduced locomotive activity and a head tilt. In contrast,
D2 females injected twice daily for a period of 5 consecutive days (total cumulative dose

of 500 mg/kg) did not exhibit any abnormal behavior. Females from both strains exhibited

a comparable weight loss of about 10% of their initial weight (Fig. S1A), indicating that
both strains metabolized the drug similarly. Notably, striatal SDH activity was reduced at

a similar rate in both strains, attaining almost complete inhibition of SDH activity after a
cumulative 3-NP dose of 200 mg/kg (Fig. S1B), providing direct evidence that differences
observed in the two strains are not due to differences in the bioavailability of 3-NP. All

mice were sacrificed a few hours after the last injection, and brains were collected and
processed for histological analyses. Analyses of unstained and H&E-stained coronal paraffin
sections revealed extensive striatal lesions in the brains of all B6 females while no signs of
lesions were observed in the brains of D2 females (Fig. 1A-D). Immunohistochemistry for
DARPP-32 confirmed extensive medium spiny neuronal cell loss in the striatum of the B6
mice while most neurons were spared in the D2 strain (Fig. 1E, 1F). Importantly, similar
results were obtained with age-matched males of each strain (n = 3), suggesting that the
mechanism that confers sensitivity in B6 strain and resistance in D2 strain is conserved
between males and females.

To ascertain whether this differential response to 3-NP is maintained in adulthood, 12—
15-month-old females and males of each strain were subjected to the same experimental
procedure. Remarkably, adult B6 females (n = 7) and males (n = 4) exhibited an even more
substantial sensitivity to 3-NP, with extensive striatal damage observed with cumulative
doses as low as 200 mg/kg, while no lesions were observed in age-matched D2 females (h =
3) or males (n = 3) with cumulative doses as high as 500 mg/kg.

These data indicated that there is a clear phenotype distinction between the two strains,
regardless of sex and age, and suggested that the use of BXDs for genetic screen to

identify modifiers of 3-NP toxicity would likely lead to the identification of loci that confer
resistance to 3-NP-induced striatal neurodegeneration.
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3.2. Forward genetics identifies a 1.2 Mb interval in chromosome 7 that confers
resistance to 3-NP neurotoxicity

In order to map potential neuroprotective loci, three-month-old females from 18 randomly
selected BXD strains (n = 2 to 3 per strain) were IP injected with 50 mg/kg 3-NP twice a
day for 5 consecutive days. For each experimental batch, at least one B6 female was also
injected in parallel, as a positive control. Similar to the parental strains, all BXD strains
exhibited comparable weight loss during the course of 3-NP administration, but variable
behavior at endpoint, ranging from no behavioral abnormalities even with a cumulative dose
of 500 mg/kg to severe compromise including runted body, reduced locomotive activity

and a head tilt with doses as low as 300 mg/kg. Mice were sacrificed at day 5, and brains
processed for paraffin embedding. Histological analyses of coronal brain sections spanning
the striatal region revealed that 14 of the 18 strains showed no signs of neuronal loss,
recapitulating the resistant phenotype of the parental D2 strain while the other 4 exhibited an
identical outcome as the susceptible parental B6 strain, that is, a visible lesion characterized
by extensive neuronal cell loss (Fig. 2) and (Fig. S2).

The heritability of the resistance trait allowed us to identify one strong QTL linked to
3-NP resistance in Chromosome 7, with a significant likelihood ratio statistic (LRS) score
at 144.1-145.3 Mb interval (Fig. 3). This region contains 12 known genes (Table 1), and
literature search pointed to CcndI (the gene encoding cyclin D1) as the strongest candidate
for differential 3-NP sensitivity in parental and BXD strains since aberrant cell cycle re-
entry, marked by increased expression of cyclin D1, is a hallmark of neurodegeneration
(Park et al., 2000; Akashiba et al., 2008; Liu et al., 2010; Folch et al., 2012; Pelegri et
al.,2008; Frade and Ovejero-Benito, 2015).

Significantly, haplotype analyses revealed that all the BXD strains carrying the D2 Ccnd1
allele were resistant to 3-NP-induced striatal neurodegeneration, while the BXD strains
sensitive to 3-NP all carried the B6 CcndZ allele.

3.3. 3-NP induces Cyclin D1 expression in striatal neurons of the B6 strain

To evaluate the genetic differences between the two strains we first identified

single nucleotide polymorphisms (SNPs) between the B6 and D2 CcndZ alleles
(ENSMUSG00000070348) using a bioinformatics approach. This analysis revealed the
presence of 39 sequence variants in the Ccnd1 allele between the two strains, most of

them located either in introns or in the regulatory 3’'UTR of the CcndZ gene, while the only
variant located in the coding region is predicted to be silent. These observations suggested
that differences in regulation of CcrndZ mRNA expression, stability or translation could

be the underlying basis for the differential sensitivity/resistance to 3-NP between the two
strains.

It has been shown that /in7 vitro and in vivo exposure to 3-NP leads to increased cyclin

D1 expression in striatal neurons, and this induction precedes neuronal apoptotic cell death
(Akashiba et al., 2008; Pelegri et al., 2008). Because most SNPs are located in the 3’UTR
regulatory region of Ccndl, we sought to determine if differential regulation of cyclin D1 in
response to 3-NP could be the underlying cause of differential resistance/sensitivity between
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the two strains. To test this hypothesis, we performed immunohistochemistry for cyclin D1
in untreated and 3-NP treated B6 and D2 brain coronal sections spanning the striatal region,
prior to overt neurodegeneration. Our analyses revealed a significant 3.5-fold increase in the
number of cyclin D1 positive neuronal nuclei in the B6 striatum compared to the D2 strain
in response to 3-NP administration (Fig. 4).

3.4. Ccndl mRNA 3'UTR is alternatively processed in the B6 striatum

To gain further insight into the possible mechanisms underlying the differential cyclin D1
induction, we obtained the data regarding CcndZ mRNA expression in the striatum of B6
and D2 strains from databases at GeneNetwork?2 (gn2.genenetwork.org, see materials and
methods) to determine whether basal levels of Ccndl expression differ between the two
strains. Intriguingly, we found that CcndZ mRNA probes that recognized the last exon,
proximal 3’'UTR and mid 3’UTR showed similar striatal expression between B6 is and

D2. In contrast, Ccnd1 mRNA probes that recognized the mid-to-distal portion of the
3’UTR showed a dramatic difference in striatal expression between B6 and D2, with this
region demonstrating ~70% less abundance in B6 relative to D2 (Fig. 5). This observation
prompted us to investigate if this phenomenon occurs in other brain regions as well. For this,
we obtained the available data regarding Ccnd1l mRNA last exon and mid-to-distal 3’UTR
expression in cerebral cortex, hippocampus, and whole brain of B6 and D2 strains from
databases at GeneNetwork (gn2.genenetwork.org, see materials and methods). As shown in
Fig. 5, in the cortex and hippocampus the mid-to-distal portion of the 3’UTR is marginally
less represented in B6 Ccndl transcripts than in D2, and this difference is even lower in
other brain regions, raising the possibility that Ccndl mRNA transcripts undergo differential
post-transcriptional alternative processing preferentially in the striatum. The Affymetrix data
was further confirmed by semi-quantitative RT-PCR in cortex and striatum mRNA derived
from B6 and D2 mice, using pairs of primers specific for the Ccndl coding region and
mid-to-distal 3’UTR (Fig. 6).

3.5. The mid-to-distal Ccnd1l mRNA 3’'UTR contains highly conserved negative regulatory

elements

The mechanisms involved in the regulation of cyclin D1 expression have mostly been
studied and defined in the context of cancer. In human cancer cell lines it is well established
that expression of cyclin D1 is negatively regulated by small non-coding microRNAs
(miRs) that bind to specific sites located in the mid-to-distal portion of the CCNDI mRNA
3’UTR (Sander et al., 2005; Jiang et al., 2009), raising the possibility that this regulatory
function might be conserved in the mouse Ccndl mid-to-distal 3’UTR and play a role

in regulating cyclin D1 expression in response to stress in neuronal cells. For this, we

first performed sequence alignment between the mouse Ccnd? 3’'UTR and human CCND1
3’UTR. Sequence alignment between the human and mouse 3’UTR revealed a high degree
of homology (78%) between the mouse mid-to-distal portion and the corresponding portion
of the human 3’UTR, while flanking sequences share less than 30% homology (Fig. S3). To
investigate the distribution of miR binding sites along the 3’UTR of the mouse Ccnd1 gene,
we then performed /n sifico analysis using the miRDB-MicroRNA target prediction website
(www.mirdb.org). We found that binding sites for miR 503-5p, and miR 202-3p, which
have been shown to negatively regulate the expression of human cyclin D1 and decrease
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cell proliferation in cancer cell lines (Jiang et al., 2016; Yi et al., 2016; Peng et al., 2019),
are conserved in the mouse and are present exclusively in the mid-to-distal portion of the
mouse Ccndl 3’UTR (Fig. 6A, Fig. S3). Altogether, these observations suggest that the lack
of negative regulatory elements in most of B6 Ccnd transcripts may be responsible for

the high levels of 3-NP-induced cyclin D1 protein expression, while retention of negative
regulatory elements in D2 Ccnd1 transcripts is sufficient to blunt the induction of cyclin D1
protein expression in response to 3-NP (Fig. 4).

3.6. Alternative processing of the mid-to-distal 3’UTR in the striatum is dictated by the
parental origin of the Ccnd1 allele

To investigate whether the differential striatal alternative processing of the mid-to-distal
3’UTR is a heritable trait and if it is regulated /n cis or in trans, we obtained the
Affymetrix Ccndl expression data of 30 random BXD strains (see materials and methods)
and organized the data according to the parental origin of their Ccnd alleles. Strikingly,
similar to the B6 parental strain, all the BXD strains that carry the B6 CcndZ allele also
display a significant relative reduced expression of the mid-to-distal 3’'UTR specifically in
the striatum while this region is mostly retained in other brain regions (Fig. 7). Likewise,
similar to the parental D2 strain, the mid-to-distal CcndZ 3’UTR is mostly retained in the
striatum and other brain regions of all the BXD strains that carry the D2 CcndI allele (Fig.
7). These data strongly indicate that cis-elements present in the CcndI alleles are responsible
for differential post-transcriptional processing of the mid-to-distal portion of the 3’'UTR in
the striatum.

In conclusion, our results strongly suggest that the D2 Ccnd variant underlies resistance to
3-NP-induced striatal neurodegeneration while the B6 Ccnd1 variant confers sensitivity and
point to striatal-specific alternative post-transcriptional processing as a potential mechanism
underlying strain and brain region selective 3-NP-induced neurotoxicity.

4. Discussion

In humans and animals, 3-NP exposure results in widespread impairment of energy
metabolism throughout the brain but only the basal ganglia, and in particular the striatum
(caudate and putamen) undergo selective neurodegeneration (Bizat et al., 2003; Brouillet et
al., 2005; Bonsi et al., 2006). The mechanisms underlying regional selective neuronal cell
loss are still poorly understood. Over the years, several hypotheses have been proposed, but
the most widely accepted explanation is that glutamatergic input from the cortex predisposes
striatal neurons to excitotoxic and oxidative stress damage, and that their GABAergic nature
also contributes to their increased sensitivity (Alexi et al., 1998; Brouillet et al., 2005).
Significantly though, /n vitro studies have shown that Wistar rats’ striatal neurons are
intrinsically more sensitive than cortical neurons to 3-NP-induced cell death (Akashiba et
al., 2008), ruling out that glutamatergic input is required for their increased 3-NP sensitivity
and suggesting instead that cell autonomous mechanisms may be important contributing
factors. Consistent with this assumption, though 3-NP exposure /in vitro induces cell death
in both striatal and cortical neurons, the pathways leading to cell death differ between the
two neuronal cell types. Notably, 3-NP exposure induces up-regulation of cyclin D1 and cell
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cycle-re-entry in striatal neurons but not in cortical neurons and pharmacological inhibition
of cyclin D-dependent kinases 4 and 6 (CDK4/6) significantly reduces 3-NP-induced cell
death in striatal neurons but has little effect in cortical neurons (Park et al., 2000; Akashiba
et al., 2008). Though these results point to an important role of cyclin D1 and cell cycle
re-entry in 3-NP-induced striatal neuronal cell death /7 vitro, the mechanisms leading

to differential 3-NP-induced cyclin D1 upregulation in striatal neurons /n vivo (Pelegri

et al., 2008; Duran-Vilaregut et al., 2011), as well as its role in 3-NP-induced striatal
neurodegeneration remain to be elucidated.

In this study we have shown that, contrary to the commonly used B6 mouse strain, the

D2 strain is highly resistant to 3-NP-induced striatal neurodegeneration. This trait is highly
heritable, and using unbiased forward genetics, we have found that a genetic variant located
ina 1.2 Mb region in Chromosome 7 accounts for the differences in sensitivity between the
two strains. In view of the literature linking cyclin D1, cell cycle re-entry and 3-NP-induced
neurodegeneration, out of the 12 possible genes we identified Ccnd (the gene encoding
cyclin D1) as a strong candidate. Our analyses showed that 3-NP induces cyclin D1 in B6
striatal neurons but not in D2 and that cis-elements present in the B6 Ccnd allele lead to
striatal-specific post-transcriptional alternative processing of the CcndZ mRNA regulatory
3'UTR.

The mechanisms of regulation of cyclin D1 expression have so far been studied mostly

in the context of cancer. CCND1 represents the second most frequently amplified locus

in the human cancer genome (Beroukhim et al., 2010). Interestingly, in most tumors that
exhibit elevated cyclin D1 levels, two types of transcripts are present due to alternative
post-transcriptional processing and polyadenylation, with the long transcript containing the
full-length 3’untranslated region (3’UTR) of the CCNDI mRNA and the short transcript
lacking most of the mid and distal 3’UTR region (Xiong et al., 1991; Mayr and Bartel,
2009). Not only do cancer cells expressing predominantly the short transcript exhibit higher
rates of proliferation than those expressing mostly the long transcript (Sander et al., 2005;
Slotta-Huspenina et al., 2012), but genetic editing of the 3’UTR favoring preferential
expression of the short transcript leads to acceleration of cell cycle re-entry and high

rates of cell proliferation (Sander et al., 2005; Wang et al., 2018). Negative regulation of
cyclin D1 protein levels is mediated through binding of small non-coding RNAs, miRs, to
the mid/distal 3’'UTR of the CCND1 long transcript, thereby reducing mRNA translation
(Deshpande et al., 2009). Several miR binding sites have been identified in the mid-to-distal
CCND1 3’ UTR (Deshpande et al., 2009; Jiang et al., 2009), and the essential negative
regulatory function of some of them have been confirmed experimentally. For instance, it
has been demonstrated that miR 503 and miR 202 bind to the mid-to-distal region of the
CCND13’UTR, and that overexpression of either miR 503 or miR 202 reduce cyclin D1
protein levels in cancer cells and halt cell proliferation, while their downregulation increases
cell proliferation (Long et al., 2015; Jiang et al., 2017; Qi et al., 2018; Jiang et al., 2016;

Yi et al., 2016; Peng et al., 2019). While the mechanisms leading to reduced retention

of the mid-to-distal 3’UTR of CcndI transcripts in B6 striatal neuronal cells have yet to

be established, the high degree of sequence conservation between the mouse and human
mid-to-distal portion, including the miR binding sites, suggest that the function of this
region is also conserved in the mouse, implying that in B6 CcndI transcripts are likely to be

Neurobiol Dis. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dietrich et al.

Page 12

more stable in the striatum, which could explain the increased cyclin D1 expression seen in
B6 striatum in response to 3-NP.

In dividing cells, the first stage of the cell cycle, the G1 phase, is initiated by increased levels
of members of the cyclin D family, followed by activation of CDKs and phosphorylation

of the tumor suppressor protein retinoblastoma, which in turn leads to activation of the E2
promoter-binding factor (E2F) family of transcription factors. Active E2F in turn induces
transcription of various genes involved in cell cycle, ultimately resulting in mitosis in
dividing cells. /n vitroand in vivo, increased cyclin D1 expression in striatal neurons in
response to 3-NP leads to activation of cell cycle re-entry pathway (Park et al., 2000;
Akashiba et al., 2008; Pelegri et al., 2008). However, in contrast to most cell types, in
which cell cycle re-entry leads to cell proliferation, in neuronal cell cycle re-entry instead
leads to apoptosis. This has been demonstrated /n7 vitro, in several paradigms, including
excitotoxicity, oxidative stress and DNA damage (Stefanis et al., 1999; Kruman et al., 2004;
Zhang et al., 2020; Park et al., 1997; Park et al., 1998; Akashiba et al., 2008), as well as /n
vivo in mouse models of traumatic brain injury (Hilton et al., 2008; Kabadi et al., 2012a,
Kabadi et al., 2012b; Kabadi and Faden, 2014). Notably, inhibition of cell cycle re-entry

in all these paradigms exerts significant neuroprotective effect. It is likely therefore that the
absence of cyclin D1 induction in the D2 strain prevents cell cycle re-entry, and this appears
to be sufficient to prevent 3-NP induced neurodegeneration in this strain.

While the mechanisms leading to cell cycle re-entry and consequent apoptosis following
3-NP exposure are still far from being elucidated, the current knowledge points to 3-NP-
induced oxidative stress and oxidative DNA damage as the initial trigger. One of the first
and main intracellular effects of 3-NP is the generation of reactive oxygen species (ROS),
including hydrogen peroxide (H20,), superoxide anion and hydroxyl radicals, which are
known to cause oxidative DNA damage (Liot et al., 2009). Notably, both oxidative damage
and neuronal cell loss induced by 3-NP are reduced by antioxidants (Pedraza-Chaverri et al.,
2009; Colle et al., 2009; Gao et al., 2015), while mutations in SDH subunits were shown

to cause genomic instability (Owens et al., 2012). The mechanisms by which DNA damage
elicits cell cycle re-entry in neurons is still not clear. One hypothesis is that post-mitotic
neurons re-enter the cell cycle as part of their DNA repair response (Kim and Tsai, 2009;
Tomashevski et al., 2010; Zhang et al., 2020). In support of this hypothesis, inhibition of
cell cycle re-entry decreases DNA double strand break repair in neurons exposed to DNA
damaging agents (Schwartz et al., 2007; Tomashevski et al., 2010). It is currently not known
however why in some circumstances neuronal cell cycle re-entry leads to apoptotic cell
death. One appealing possibility is that when DNA damage exceeds a certain threshold, due
to the decreased baseline levels of DNA repair proteins in neurons, cell-cycle checkpoint
responses are hindered and instead of DNA being repaired leading to cell cycle progression,
neuronal cells enter the apoptotic pathway (Kim and Tsai, 2009; Schwartz et al., 2007).

Although our analyses indicate that strain-specific Ccndl genetic polymorphisms account
for resistance or susceptibility to 3-NP-induced striatal neurodegeneration in mice, in terms
of translatability it would be of great importance to determine if similar genetic modifiers
of complex 11 deficiency-induced neurodegeneration also exist in humans. Genetically
inherited complex 11 deficiency is rare, but even within a limited number of patients
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the age of onset and range of neurological abnormalities vary extensively despite similar
reductions in enzymatic activity, with most patients displaying lesions in the basal ganglia
in infancy while others display adult-onset cerebellar atrophy with no involvement of the
basal ganglia (Jain-Ghai et al., 2013). Significantly, though the neurological findings vary
between individuals, they are strikingly similar between family members (Jain-Ghai et al.,
2013), suggesting that epigenetic factors may play an essential role in the age of onset

and pathology caused by complex Il deficiency. Likewise, the well documented outbreaks
of human poisonings with 3-NP also resulted in variable neurological involvement, with
bilateral basal ganglia lesions and consequent permanent dystonia observed in only about
50% of the cases (Peraica et al., 1999), further strengthening the likelihood that as in mice
genetic factors play an essential role in conferring resistance to 3-NP-induced striatal lesions
in humans. Whether polymorphisms in the CCND1 gene play a role in these differential
outcomes or not remain to be determined. Genetic polymorphisms in CCNDI exist in the
human population, with some polymorphisms linked to increased susceptibility to cancer or
increased malignancy (Diehl, 2002; Knudsen et al., 2006; Wang et al., 2014), and others
predicted to alter cyclin D1 function (Aftab et al., 2021), however their potential role in
neurodegeneration has not been evaluated so far.

Our findings may also have implications to the pathology of Huntington’s Disease (HD).
HD is an autosomal dominant neurodegenerative disorder caused by expansion of a CAG
tract in the amino terminal portion of the protein Huntingtin (Walker, 2007). Although
several genetic models of the disease have been generated over the past decades, none

of them genetic models recapitulate the extensive striatal neuronal cell death of HD. In
contrast, 3-NP models of HD recapitulate not only HD neuropathology but also biochemical
and phenotypic manifestations and have been extensively used to investigate mechanisms of
HD (Tunez et al., 2010). Importantly, biochemical studies in HD brain tissues have shown

a consistent deficit in mitochondria complex Il in the caudate and putamen, associated

with 50-70% reduction in SDH activity (Gu et al., 1996; Browne et a., 1997). Importantly,
restoration of complex Il function abolishes cell death in genetic cellular models of HD,
indicating that complex |1 deficits play a significant role in the disease pathology (Benchoua
et a., 2006). Interestingly, evidence of cell cycle re-entry has been shown in cellular and
animal models of HD, including elevated levels of cyclin D1 (Gines et al., 2003), cdk4
(Fernandez-Fernandez et al., 2011), cyclin B1, and activated cdk5 (Liu et al., 2015; Paoletti
et al., 2008). Significantly, evidence of cell cycle re-entry, including elevated levels of cyclin
D1, cdk4, E2F-1, and cyclin E (Pelegri et al., 2008; Fernandez-Fernandez et al., 2011) is
also seen in HD patients’ striata. The possible direct role of cyclin D1 and cell cycle re-entry
in HD striatal neuronal cell death has not been investigated so far. However, epigenetic
factors are known to modulate the age-of-onset and the progression of striatal neuronal cell
death in HD (Reiner et al., 2011; Gusella et al., 2014) and increased expression of cell
cycle-related genes is positively associated with the severity of HD in mice (Langfelder

et al., 2016), suggesting that genetic polymorphisms in CCND1 or other cell cycle-related
genes might modulate HD neuropathology.

In summary, our study suggests that preventing 3-NP-induced cyclin D1 expression might
be sufficient to promote resistance to 3-NP-induced striatal neurodegeneration, making
cyclin D1 and its downstream pathway possible therapeutic targets for neurodegenerative
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disorders in which mitochondrial complex Il is compromised. These results can potentially
be extended to other neurodegenerative disorders as well, since increased cyclin D1

and evidence of cell cycle re-entry is also a hallmark of amyotrophic lateral sclerosis,
Alzheimer’s disease, and Parkinson’s disease (Liu et al., 2010; Folch et al., 2012; Frade and
Ovejero-Benito, 2015). Further understanding of the mechanisms underlying regulation of
expression of cyclin D1 in response to cellular stress and its role in different neuronal cell
types may open new avenues for novel therapeutic strategies for different neurodegenerative
disorders.
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D2 DBA/2J

HD Huntington’s disease

MSA multiple system atrophy

DARPP-32 dopamine and cyclic-AMP-regulated phosphoprotein of molecular
weight 32,000

Ccndl cyclin D1

RI recombinant inbred

QTL quantitative trait locus

miR microRNA

H&E haematoxylin and eosin

IP intraperitoneally
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Highlights

. 3-nitropropionic acid (3-NP) induces striatal lesions in C57BL/6J (B6) but not
in DBA/2J (D2) mice

. Forward genetics identified CcndZ (cyclin D1) as a strong candidate for
strain-specific 3-NP response

. 3-NP induces cyclin D1 expression in B6 striatum but not in D2
. CendI mRNA’s 3’UTR is alternatively processed in B6 striatum

. Alternative B6 striatal-specific 3'UTR processing is predicted to increase
cyclin D1 levels
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Fig. 1.
The D2 strain is resistant to 3-NP-induced striatal neurodegeneration. Dark field images of

unstained coronal paraffin sections of B6 (A) and D2 (B) brains. Note that large striatal
lesions are seen in B6 but not in D2. H&E-stained coronal paraffin sections spanning the
striatum of B6 (C) and D2 (D). Note the extensive neuronal cell loss in B6 striatum.

(E-F) Immunohistochemistry for DARPP-32. Extensive medium spiny neuronal cell loss is
demonstrated by high magnification (20X) in B6 (E), while neurons are preserved in D2 (F).
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Fig. 2.

Rgsistance to 3-NP-induced striatal neurodegeneration is a heritable trait. (A-J)
Representative images of coronal brain sections of sensitive (A,C,E,G,I) and resistant
(B,D,F,H,J) BXD strains. (A-B) Dark field images of unstained coronal paraffin sections

of the sensitive BXD 102 (A) and resistant BXD 60 (B) strains. (C-J) High magnification

of H&E-stained coronal paraffin sections of the striatum from the sensitive BXD strains,
BXD 102 (C), BXD 100 (E), BXD 43 (G), BXD 24 (1) and from the resistant BXD strains,
BXD 60 (D), BXD 103 (F), BXD 27 (H), BXD 40 (J). Note the extensive cell death in the
sensitive BXD strains and the preservation of neuronal integrity in the resistant BXD strains.
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Fig. 3.

Regcombinant inbred strains identify a 1.2 Mb resistance locus in chromosome 7. Eighteen
BXD strains were treated with 3-NP and monitored for the presence or absence of striatal
lesions. Results were analyzed by WebQTL software (www.genenetwork.org) and interval
mapping are shown as a blue line representing the LRS score across the entire mouse
genome. A single significant LRS is present in chromosome 7. All data are accessible
through the GeneNetwork web site (www.genenetwork.org; trait identification (ID) BXD
15959).
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Fig. 4.

3-?\IP induces cyclin D1 expression in B6 but not in D2 striatal neurons. Representative
immunohistochemistry for cyclin D1 in B6 (A) and D2 striatum (B). Positive signal is
brown and negative nuclei are stained blue with Hematoxylin QS. (B) Graph representing
percentage of cyclin D1 positive neurons in 3-NP-treated B6 (n = 4) and D2 (n = 4) striatum.
Data are expressed as mean + SD. ***p <0.001.
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The mid-to-distal portion of CcndZ 3’UTR mRNA is alternatively processed in B6 striatum.
Affymetrix values of Ccnd expression (last exon, mid and mid-to-distal 3’'UTR) in
Striatum, Cortex, Hippocampus and whole brain in B6 mice were normalized over the

corresponding Affymetrix values of D2. Exon/prox = exon 5 and proximal 3’'UTR; mid =

mid 3’UTR, mid-to-dis = mid-to-distal 3’'UTR.
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Fig. 6.

Segmi-quantitative RT-PCR confirms preferential alternative processing of the mid-to-distal
3’UTR in B6 striatum. (A) Schematic representation of the CcndZ full length transcript.
The positions and orientation of the oligonucleotides used for semi-quantitative RT-PCR
are indicated by arrows. Black rectangles represent exons and white rectangle represent the
3’UTR. The positions of miR 503 and miR 202 are indicated in blue and red respectively.
(B) Representative image of semi-quantitative RT-PCR of B6 and D2 Ccndl mRNAs
from cortex (ctx) and striatum (str). 18S amplification was used as internal control. (C)
Band intensities of semi-quantitative RT-PCR from B6 and D2 quantified by Image J and
normalized over 18S band intensity. The resulting values of B6 were then normalized over
D2 values. Data are expressed as mean + SD. *p <0.01; **p <0.005.
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Fig. 7.

Alternative processing of the mid-to-distal 3’UTR in the striatum co-segregates with the
parental B6 Ccndl allele in BXDs. The graphs represent Affymetrix probe values of mid-to-
distal 3’UTR over the last exon (exon 5) of CcndI coding region derived from 30 BXDs, 18
carrying the parental D2 Ccnd1 allele (blue) and 12 carrying the parental B6 CcndZ allele
(red). The data was organized and graphed according to the parental origin of the Ccnd

allele.
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Table 1

The 1.2-Mb QTL on chromosome 7 contains 12 known genes
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Symbol | Description Mb Start
Shank2 | SH3/ankyrin domain gene 2 144.175519
Cttn | cortactin 144.435723
Fadd | Fas-associated via death domain | 144.578322
Tmeml6a | transmembrane protein 16A 144.588662
Fgf3 | fibroblast growth factor 3 144.838611
Fgf4 | fibroblast growth factor 4 144.861385
Fgf15 | fibroblast growth factor 15 144.896531
Oraovl | oral cancer overexpressed 1 144.915193
Ccendl | cyclin D1 144.929930
Tpcn2 | two pore segment channel 2 145.253922
Mrgprf | MAS-related GPR, member F 145.300908
Mrgprd | MAS-related GPR, member D 145.314834

Neurobiol Dis. Author manuscript; available in PMC 2023 January 01.




	Abstract
	Introduction
	Materials and Methods
	Animals
	3-nitropropionic acid administration
	Assay for succinate dehydrogenase (SDH) activity
	Histological analyses
	Immunohistochemistry
	Counts of Cyclin D1 positive neurons
	Quantitative Trait Loci mapping
	Gene expression data
	Semi-quantitative RT-PCR
	MicroRNA binding sites
	Statistics

	Results
	3-NP induces striatal neurodegeneration in B6 but not in the D2 strain
	Forward genetics identifies a 1.2 Mb interval in chromosome 7 that confers resistance to 3-NP neurotoxicity
	3-NP induces Cyclin D1 expression in striatal neurons of the B6 strain
	Ccnd1 mRNA 3’UTR is alternatively processed in the B6 striatum
	The mid-to-distal Ccnd1 mRNA 3’UTR contains highly conserved negative regulatory elements
	Alternative processing of the mid-to-distal 3’UTR in the striatum is dictated by the parental origin of the Ccnd1 allele

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Table 1

