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Hereditary spastic paraplegia (HSP) encompasses a group of rare genetic diseases primarily affecting 
motor neurons. Among these, spastic paraplegia type 11 (SPG11) represents a complex form of HSP 
caused by deleterious variants in the SPG11 gene, which encodes the spatacsin protein. Previous 
studies have described several potential roles for spatacsin, including its involvement in lysosome 
and autophagy mechanisms, neuronal and neurites development or mitochondria function. Despite 
these findings, the precise function of the spatacsin protein remains elusive. To elucidate its function, 
we conducted an extensive RNA sequencing (RNAseq) experiment and transcriptomic analysis in 
three distinct neural structures (cerebellum, cortex and hippocampus) and at three different ages 
(6 weeks, 4 months and 8 months) in both wild type and Spg11−/− mice. Our functional analysis of 
differentially expressed genes (DEGs) and Gene Set Enrichment Analysis (GSEA) revealed dysregulation 
in pathways related to inflammation, RNA metabolism and neuronal and neurite development, factors 
frequently implicated in neurodegenerative disorders. Notably, we also observed early deregulation 
in cellular pathways related to cell proliferation. Our results represent a significant step towards a 
better understanding of the functions of spatacsin in the cell and the underlying cellular mechanisms 
disrupted by its absence.
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Hereditary spastic paraplegias (HSP) constitute a large family of neurological disorders affecting particularly 
the motor neurons. They are characterized by a lower-limb spasticity and weakness due to degeneration in the 
corticospinal tracts1–3. The spastic paraplegia type 11 (SPG11) is due to pathogenic mutation in the SPG11 gene 
and it is one of the most frequent forms of autosomal recessive HSP3–5. In addition to the spastic gait disorder 
that is common to this family of neurological disorders, patients present frequently other neurological signs such 
as cognitive impairment, peripheral neuropathy, retinopathy and cerebellar ataxia, often associated to a thinning 
of the corpus callosum at brain MRI6–9.

To study the underlying pathological mechanisms due to the absence of the full-length protein product of 
the SPG11 gene, spatacsin, an Spg11 knockout mouse model was previously generated and characterized10. 
The Spg11−/− mouse displays early-onset motor and cognitive deficits mimicking the human disease. Indeed, 
the Spg11−/− mouse has a motor deficit from 6 weeks of age and first memory alterations are observed at 4 
months. Moreover, atrophy of hippocampus has been observed from 4 months, followed at 8 months by 
atrophy of the cortex and cerebellum10. SPG11 encodes for spatacsin, a large protein highly conserved across 
vertebrates6. Despite the fact that the exact function of spatacsin is not well understood, several studies indicate 
that this protein could be involved in autophagy-lysosomal machinery10–17, mitochondrial dysfunctions18,19 and 
neurodevelopment18,20–24.

So far, no transcriptomic analysis has been performed on a SPG11 mouse model. Transcriptomic analysis 
allows a more holistic approach compared to studies targeting particular cellular mechanisms. Indeed, 
transcriptomic data offers an overview of gene expression, and therefore, of tissue functioning at a given time. 
The identification of cellular pathways disturbed in the Spg11−/− mouse model could not only strengthen current 
hypotheses on the functions of spatacsin, but also provide new insights into the cellular processes disturbed by 
its absence. In the present study, we performed a large RNA-seq experiment on 90 samples from 15 mice of each 
genotype (Spg11+/+ and Spg11−/−) covering three different ages (6 weeks, 4 months and 8 months) and three 
different nerve structures (cerebellum, hippocampus and cortex). In the Spg11−/− mouse model, atrophy of these 
three brain structures has been described. In addition, the ages studied cover the major stages of the disease, 
from the first symptoms appearance to generalized brain atrophy10. Thus, the scope of the study is expected to 
provide us information on the gene deregulations dynamics at work, at different stages of the disease and in the 
main brain structures affected.

Our results confirm the involvement of pathologic mechanisms identified in previous studies in Spg11−/− 
mice. Notably, we observed deregulations in inflammation pathways particularly at 8 months. In addition, 
analysis of transcriptomic data highlighted the early character of neurodegeneration in Spg11−/− mice. Indeed, 
cellular pathways frequently deregulated in neurodegenerative diseases, such as those involved in RNA 
metabolic process or neuronal and synaptic development, are disrupted from 4 months of age in Spg11−/− mice. 
Interestingly, we also report an unexpected early deregulation in pathways related to cellular proliferation.

Materials and methods
Mouse
The Spg11-knockout (KO) mouse was previously described10. Briefly, the gene-targeting vector was constructed 
by inserting two successive STOP codons into the exon 32 of the Spg11 gene, mimicking mutations found in 
most patients. The vector was transfected in MCI-129 Sv/Pas ES cells and homologous recombinant clones were 
injected into blastocysts. Then chimeric mice were mated with C57BL/6 animals. Finally, heterozygous mice 
were backcrossed with C57BL/6 N mice for 11 generations to stabilize the genome in the novel background 
before this study. The mice studied are all males.

Tissue collection and RNA extraction
We selected three representative regions of the Central Nervous System (CNS) affected during the course of the 
disease (cerebellum, cortex and hippocampus), as described previously10, and sampled them at three different 
ages: 6 weeks which represented the beginning of the motor symptoms, 4 months being a fully symptomatic 
stage and 8 months when neurodegeneration occurs.

The tissues from five biological replicates at each condition were collected and frozen in liquid nitrogen. 
Tissue was homogenized using a FastPrep bead homogenizer (MP Biomedicals, LLC) in tubes containing Lysing 
Matrix D beads (MP Biomedicals 6913 − 100) and lysis buffer (Maxwell SimplyRNA Tissue - Promega kit). 
Subsequently, RNA extraction was performed in a Maxwell RSC instrument (AS4500) by transferring the tissue 
lysates to the first well of each RSC cartridge pre-filled with buffer (Maxwell SimplyRNA Tissue kit). Total RNAs 
were eluted in 60 to 70  µl of nuclease-free water. RNA quality was measured using the Agilent TapeStation 
system (minimal requirement: RNA Integrity Number > 8).

Libraries preparation, sequencing and alignment
Libraries for RNA-seq were prepared from 1 µg of each RNA extract using the KAPA mRNA hyperprep kit 
(Illumina). The quality of the libraries was checked by migration on the Labchip GX capillary electrophoresis 
system (Perkin Elmer). The quantity of cDNA was measured using the QuBit dsDNA BR Assay kit 
(ThermoScientific). Sequencing was performed using an Illumina NextSeq500 sequencer (Illumina, San Diego, 
CA) providing from 40,839,430 to 102,986,634 reads per sample. Base call files were converted to the FASTQ 
format using bcl2fastq software. FastQC software was used to check the quality of raw data. All reads were then 
aligned using STAR software (2.4.0f1) to the mouse reference genome (starindex_mm10). The count matrix was 
generated from BAM files with the package featureCounts (v1.6.2) from Rsubread25.
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Data analysis
Following analysis was conducted with the language R (v4.2.2) (R Core Team 2023). The package EdgeR was 
used for the analysis of the differential expression between mouse samples from the count matrix26. Genes with 
low expression were removed on a basis of a total count of less than 15 and a minimum count of 10 per sample. 
Gene counts were normalized by applying the trimmed mean of M-values (TMM) normalization method27. 
We conducted nine independent differential analysis (comparison) by comparing five Spg11−/− mice vs. five 
Spg11+/+ mice for each type of structure (cerebellum, hippocampus and cortex) at each age (6 weeks, 4 months 
and 8 months).

Differential analyses were performed with general linear model framework likelihood ratio test. Multiple 
hypothesis-adjusted p-values were calculated with the Benjamini-Hochberg procedure to control FDR (False 
Discovery Rate). For each gene, 18 parameters (9 FDR and 9 Fold Change values) were obtained. Differentially 
expressed genes (DEGs) for each of the nine comparisons were defined as genes with an absolute value of log2 fold 
change (logFC) greater than 0.5 and a FDR less than 0.05. Volcano plots, heatmaps, Venn diagrams, and genomic 
charts were generated with the following packages: ggplot228, gplots, ggVennDiagram29, GenomicRanges30, and 
Gviz31.

For the identification of enriched pathways, we conducted two analyses: one analysis by over-representation 
and one Gene Set Enrichment Analysis (GSEA). For the first one, the choice was made to select genes with at 
least one FDR < 10− 4 among the nine comparisons studied. We obtained a total of 999 genes that were visualized 
by t-SNE (t-Distributed Stochastic Neighbor Embedding algorithm)32 using the Rtsne package. The threshold 
was chosen to balance statistical stringency with practical visualization needs, ensuring a manageable number of 
data points for 2D representation using t-SNE dimensionality reduction.

GSEA was conducted with the clusterProfiler package (v3.14.3)33 on KEGG (Kyoto Encyclopedia of Genes 
and Genomes) and MsigDB (Molecular Signature database) Hallmark databases. The p-value was confirmed 
with the Benjamini–Hochberg correction procedure. Only the pathways with p-adjusted lower than 0.05 were 
firstly selected. If a pathway had a p-adjusted < 0.05 in at least one condition, it was considered in other condition 
with a p-adjusted until 0.25 according to the recommendations of the GSEA developers34.

Results
RNAseq analysis
We performed a large-scale bulk RNA sequencing (RNA-seq) experiment on the Spg11−/− mouse model. 
Robust data were obtained on five biological replicates of each condition that included two genotypes (Spg11+/+, 
Spg11−/−) covering three critical ages during the pathological process (6 weeks: first motor troubles, 4 months: 
memory and motor dysfunctions without neuronal loss, 8 months: neurodegeneration) on three CNS structures 
(cerebellum, cortex and hippocampus). The number of raw reads obtained averaged 70  million per sample 
(range 40,839,430 to 102,986,634) out of which 93% could be confidently mapped to the mus musculus genome 
(starindex_mm10). This primary step enabled the assembly of 55,573 non-redundant transcripts and their 
quantification across all samples. After filtration and normalization steps, we obtained a set of 25,421 transcripts 
expressed in at least one condition.

We first performed a principal component analysis (PCA) order to get insights in samples homogeneity. 
The PCA was visualized on two dimensions with principal component 1 and 2 as axes (Figure S1). The two 
first components appeared to be strongly correlated to the type of brain structure. Indeed, each nerve structure 
forms a cluster, although the hippocampus and motor cortex are closer (Figure S1A). This result suggests that the 
three nerve structures have distinct gene expression profiles, as expected, without mis-sampling. Furthermore, 
by plotting the PCAs for each condition, we can note that the two genotypes are clearly segregated at 4 months 
and 8 months in the three brain structures. This separation is weaker at 6 weeks showing a milder effect of the 
mutation at this stage, as expected (Figure S1B).

Dynamics of gene expression dysregulation
We performed a differential analysis (DA) between Spg11−/− and Spg11+/+ mice for each of the nine conditions: 
cerebellum, cortex and hippocampus at 6 weeks, 4 months and 8 months. Data were normalized and filtered with 
the EdgeR package26. We established cut off values for the two main parameters: False Discovery Rate (FDR) 
and Fold Change (FC). The conditions to filter out differentially expressed genes (DEGs) were: FDR < 0.05 and 
|log(FC)|>0.5.

Figure 1 shows the volcano plot of the DEGs in the nine conditions. We can note that the number of DEGs 
is clearly lower at 6 weeks than at the other ages studied in every structure. At 4 months, the number of DEGs is 
the most pronounced for the three structures. Moreover, in accordance with PCA results, the expression profile 
of the DEGs from the cerebellum diverges from those of the hippocampus and the cortex. Indeed, while the 
number of DEGs decreases at 8 months in the latter, it is stable in the cerebellum with a strong increase in up-
regulated genes (Fig. 1).

To complement the overview provided by the volcano plot, Table  1 describes the DA results. In the 
cerebellum, the number of DEGs was 33 (18 up-regulated and 15 down-regulated), 283 (76 up-regulated and 
207 down-regulated) and 266 (190 up-regulated and 76 down-regulated) at 6 weeks, 4 months and 8 months, 
respectively. In the cortex, this count moved from 20 genes differentially expressed (11 up-regulated and 9 down-
regulated), to 635 genes (210 up-regulated and 425 down-regulated) and 115 genes (46 up-regulated and 69 
down-regulated) at the three same ages. Finally, in the hippocampus, at 6 weeks there was 38 DEGs (22 up-
regulated and 16 down-regulated), then 321 DEGs at 4 months (179 up-regulated and 142 down-regulated) and 
131 DEGs at 8 months (68 up-regulated and 63 down-regulated).

The table presents the number of genes included in the differential analysis after the filtration steps and the 
number of DEGs in the cerebellum, cortex and hippocampus of Spg11−/− mice compared to Spg11+/+ mice at 6 
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Fig. 1.  Volcano plot illustrating differential gene expression analysis between Spg11−/− and Spg11+/+ mice 
under nine conditions. The x-axis represents log2 fold change (logFC) while the y-axis shows the negative 
log10 FDR (-log10FDR). To be considered as differentially expressed a gene must have a |logFC|>0.5 and an 
FDR < 0.05. Up-regulated genes are in red and down-regulated genes in blue.
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weeks, 4 months and 8 months. To be considered as differentially expressed a gene must have a |log(FC)|>0.5 
and an FDR < 0.05. The number of up regulated genes is written in red, and the number of down regulated genes 
is written in blue.

Deregulated pathways according to the mouse phenotype
We first validated the RNAseq data focusing on known deregulations in the disease. At the cellular level, one of 
the major hallmarks of SPG11 disease is autophagy-lysosomal system impairment. Indeed, several lysosomal 
defects have been described in our model of Spg11−/− mouse (Branchu et al. 2017) and in a similar model by 
others10,15. Accumulation of lysosomal or autophagosome structures have been observed in various cell lines 
including fibroblasts from SPG11 patients14,16 and from Spg11−/− mouse model both in vivo in brain sections 
or in vitro in Mouse Embryonic Fibroblasts10,15,17. Moreover, spatacsin is known to be involved in Autophagic 
Lysosome Reformation (ALR)14. We therefore expected a deregulation of the two GO term related to autophagy 
and lysosome, GO: 0006914 and GO: 0005764 respectively.

Figure 2 shows the deregulated genes related to autophagy and lysosome pathways in the nine conditions. 
As expected, the expression of genes in these pathways is modified in Spg11−/− mice, following a pattern similar 
to that observed on all DEGs, with minimal deregulation at six weeks and a peak at 4 months. However, this 
dynamic contrasts with histological findings in Spg11−/− mice10, which show a progressive accumulation of 
lysosomal material throughout the animal’s life, suggesting worsening lysosomal and autophagic alterations with 
age, a progression only partially reflected in our transcriptomic data.

Although the analyses did not reveal any significantly deregulated sub-pathways within the autophagy and 
lysosome pathways (Table S1), certain DEGs are involved in specific sub-pathways. In the lysosomal pathway, 
changes were observed in the cortex at four months, including genes involved in lysosomal transport (Grn, Hgs, 
Lamp2, Psap, and Scarb2) and sphingolipid metabolism (Abca2, Arsa, Asah1, Ctsa, Galc, Hexa, Hexb, Neu1, 
Psap, and Smpd1). Moreover, in the cerebellum at eight months, we observe a large cluster of up-regulated genes 
and notably genes associated with macrophage activation (App, Cst7, Ctsc, Grn, Ldlr, and Slc11a1). Regarding 
autophagy-related pathways, we can notice, at four months, pathways involved in TOR signaling (Clec16a, Pink1, 
Prkaa1, Prkaa2, Stk11, and Wdr24), or in the response to starvation (Ambra1, Bcas3, Clec16a, Lamp2, Map1lc3, 
Prkaa1, Prkaa2, Ulk1, Ulk2, and Wdr24), as well as in the ESCRT machinery (Chmp2b, Chmp4c, Chmp5, Chmp6, 
and Vps4b).

Canonical pathways enriched for DEGs
To identify more complicated spatiotemporal relationships among genes, we selected genes with a FDR < 10− 4 
in at least one of the nine conditions, i.e. 999 genes, and used t-SNE representation32 shown in Fig. 3 to reduce 
the dimensions and visualize the clusters. We identified a total of eight clusters, but number of genes with an 
FDR < 10− 4 vary greatly between conditions. We conducted an over-representation analysis on the selected 
genes to identify the significantly deregulated pathways for each of the nine conditions. Table S2 summarizes 
the deregulated pathways referenced later in the text. Furthermore, the supplementary Table S3 provides a 
comprehensive list of all deregulated pathways for each of the nine conditions.

Only two clusters are common in the nine conditions studied, one containing up-regulated genes and one 
with down-regulated genes (clusters A and B), both are enriched with genes localized on Spg11 locus region of 
chromosome 2.

Regarding the cerebellum, at 6 weeks, 24 genes have a FDR < 10− 4, extending to 125 genes at 4 months. Only 
the two clusters described above (clusters A and B) are clearly segregated in these conditions. However, at 8 
months we have 174 genes with an FDR < 10− 4 that are separated in 4 clusters: the two clusters A and B and two 
additional clusters (clusters C and D). The cluster C is composed of 116 up-regulated genes and highly enriched 
in genes involved in immune/inflammatory response. The cluster D is constituted of 17 genes including six 
mitochondrial genes and five involved in oxidative phosphorylation (mt-Atp6, mt-Co3, mt-Nd4l, mt-Co2 and 
mt-Atp8).

In the cortex, at 6 weeks, only 16 genes have an FDR < 10− 4, which aggregate in the A and B clusters. At 4 
months 559 genes have an FDR < 10− 4 which is the condition with the most DEGs in our t-SNE analysis. In 
addition to clusters A and B, the genes were condensed in two main clusters (clusters E and F) and an additional 

Table 1.  Results of the differential analysis (DA) between Spg11−/− and Spg11+/+ mice.
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cluster localized between them (cluster G). For the latter we could not identify a particular enrichment. The 
cluster E contains down-regulated genes expressed in several pathways. Among the most enriched pathways 
we can notice pathways involved in synapse formation, as well as, pathways relative to cellular projection 
and neurodevelopment. Interestingly, this cluster contains also genes expressed in pathways involved in lipid 

Fig. 2.  Heatmaps showing all expressed genes belonging to the autophagy (GO:0006914) and lysosome (GO: 
0005764) pathways for the nine conditions studied. Downregulated genes (Spg11+/+ vs. Spg11−/−) are in blue 
and upregulated genes are in red. The shaded boxes correspond to genes that do not subscribe to AD criteria 
(|logFC|>0.5 and p-value < 0.05). Thus, only unshaded blue or red genes are differentially expressed genes.
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Fig. 3.  t-SNE clustering analysis for the nine conditions studied where each point is one of the 999 genes 
with a FDR < 10− 4 in at least one of the conditions. The first row shows raw t-SNE, one without names (left) 
and one with gene names as well as manually delineated clusters and their corresponding labels (right). The 
following rows emphasize each condition by indicating in false colors how are deregulated gene. Blue indicates 
genes down regulated, red indicates genes up regulated and grey indicates genes with a FDR > 10− 4 for the 
considerate condition. The two clusters A and B contain genes belonging to Spg11 flanking region. Cluster C 
is mainly composed of up regulated genes involved in immune response. Cluster D contains mitochondrial 
genes. Cluster E is made up of genes belonging to pathways relating to neurodevelopment, synapse formation 
and to a lesser extent lipid metabolism. Cluster F is composed of genes involved in RNA process and 
intracellular transport. At last, clusters G and H have no predominant pathway enrichment.
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metabolism. Concerning the cluster F, it contains 174 up-regulated genes and it is highly enriched in genes 
engaged in RNA process, including 57 involved in RNA binding. We can also find some genes related to 
intracellular transport. Surprisingly, at 8 months only 32 genes have an FDR < 10− 4 and they are grouped into 
three clusters. The two clusters (A and B) containing genes flanking the Spg11 locus and the cluster D containing 
mitochondrial genes, also deregulated at 8 months in the cerebellum, including mt-Atp6, mt-Co3, mt-Co2 and 
mt-Atp8 involved in oxidative phosphorylation.

Hippocampus has a similar pattern as cortex. Indeed, very few genes have an FDR < 10− 4 at 6 weeks and 8 
months; respectively 16 and 64. At 6 weeks, the spotted genes exclusively belongs to clusters A and B whereas in 
8 months we can notice 36 genes that are members of the cluster F and more specially eight of them are localized 
in endosomes: Rap1a, Rap2c, Hmgb1, Tgfbr1, Abhd17b, Trappc2, Atp6ap2, Rnf11. At 4 months, 391 genes have 
an FDR < 10− 4 distributed in six clusters, the two clusters A and B, two smaller clusters including one specific 
at this condition (clusters G and H) and the two large clusters E and F. Concerning the clusters G and H, one is 
composed of 25 genes and the other of 10 genes, but no pathway enrichment was detected. Compared to cortex 
at 4 months, less genes (95 genes) are highlighted in the cluster E, but we note similar enriched pathways relative 
to synapse and neuron projection, but not for lipid metabolism pathways in contrast to the cortex. Regarding the 
cluster F, 235 genes have an FDR < 10− 4 at hippocampus 4 months. Similarly to cortex, a fraction of these genes 
is involved in RNA binding although to a lesser extent (32 genes). On the other hand, genes involved in cellular 
transport are more numerous (44 genes). In particular, pathways link with endosome formation and transport 
appears deregulated.

Positional effect of gene dysregulation
For each CNS structure independently, we have identified the DEGs common to the three ages studied. There are 
only 21 DEGs shared by the three ages for the cerebellum, 15 DEGs for the cortex and 18 for the hippocampus, 
representing 4%, 2.2% and 4.4% of the total DEGs per structure, respectively. Moreover, for the three structures, 
the majority of DEGs are only deregulated at a single age. Indeed, between 4 months and 8 months the number 
of common DEGs remains low: 1.9% for the cerebellum, 6.8% for the cortex and 9% for the hippocampus. We 
note once again that the cerebellum follows a different pattern from the other two structures with a particularly 
low number of shared DEGs at the three different ages (Fig. 4). The table S4 details the DEGs shared across the 
three ages for each structure.

Fig. 4.  Venn diagrams showing the commons DEGs (Spg11+/+ vs. Spg11−/−) for three ages in the cerebellum, 
cortex and hippocampus.
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Outstandingly, the majority of DEGs (22/27 genes) shared by all conditions are genes located in the region 
of the Spg11 gene on chromosome 2 (Table  2). This result strongly suggests that their deregulation is not a 
direct consequence of the SPG11 gene expression decrease. Of note, a local rearrangement was excluded by 
sequencing so that either this phenomenon is the consequence of local gene regulations or due to the way the 
strain was generated. Indeed, the importance of genetic background in a phenotype exhibited by transgenic mice 
is well established, that’s why a backcrossing strategy is commonly implemented. This procedure will eliminate 
most donor material on unlinked chromosomes. But the main problem is the region flanking the targeted gene 
that will “travel” or segregate with the selected locus and therefore remain originating from the donor in a 
proportion that will depend on the number of backcrosses. This is called gene passenger effect35,36. As previously 
described10, the Spg11 gene was inactivated by a gene-targeting vector transfected in MCI-129 Sv/Pas ES cells 
line. Homologous recombinant clones were injected into blastocysts and then chimeric mice were mated with 
C57BL/6 animals. Finally, heterozygous mice were backcrossed with C57BL/6 N mice for 11 generations. Thus, 
the flanking region of the Spg11 gene in the Spg11+/+ mice comes from the C57BL/6 strain, while it is predictably 
originating from the 129-derived ESCs in the Spg11−/− mice for an approximately 1,7 M bp after 11 backcrossing 
and selection of the mutant carriers.

The potential passenger gene effect can be visualized by highlighting the DEGs in the genome (Figure S2). 
The majority of them are in the region of the Spg11 locus. We plotted a second volcano plot highlighting the 
genes belonging to Spg11 locus (Figure S3). It appears that the DEGs at 6 weeks are mainly genes flanking 
the Spg11 locus (cerebellum 21/33; cortex 13/20 and hippocampus 18/38), which is not the case for others 
conditions (Table S5). Among the DEGs flanking the Spg11 locus, there are 8 DEGs (Bloc1s6, Bub1b, Eif3j1, Ell3, 
Exd1, Fam227b, Ivd, Pla2g4e) found in the nine conditions studied. They are located on chromosome 2 between 
positions chr2: 118,428,692 and chr2: 125,993,924. We decided to exclude the genes included in this region for 
the GSEA analysis hypothesizing that most of their deregulation is probably due to the passenger gene effect.

GSEA: new pathways identification
To continue the analysis of the transcriptomic data, we performed a GSEA analysis without taking into account 
the DEGs flanking the Spg11 region on chromosome 2 potentially resulting from the passenger effect. In our 
previous analysis, data processing associated a FC and a FDR to each gene. In over-representation analysis, these 
two values are used to establish arbitrary cut-offs in order to determine which gene is differentially expressed or 
not. Conversely, in GSEA analysis, all genes are considered regardless of their deregulation or not, and the FC 
and FDR are used only to rank the genes. Then, the goal is to determine whether a subset of genes belonging to a 
pathway tend to occur toward the top (or the bottom) of the ranked genes37. The advantage of GSEA analysis is 
to not focus on individual genes but on biological processes and cellular pathways, and therefore, allows finding 
the accumulated effects of gene expression in two different phenotypes.

For our analysis, we used the curated gene sets from the KEGG Pathways database38 and the Hallmark MsigDB 
database34. The results of GSEA analysis are summarized in Tables 3 and 4. We identified 34 MsigDB pathways 
and 27 KEGG pathways with a p-value adjusted (p-adjusted) < 0.05 in at least one of the nine conditions. None 
of the tested pathways was significantly deregulated in all conditions. Interestingly, the GSEA results revealed 
numerous deregulated pathways at the earliest tested stage (6 weeks).

The immune/inflammatory response is clearly altered in our model. In cerebellum, GSEA results show a strong 
deregulation of immune response pathways from 6 weeks, intensifying with age. Indeed, the only deregulated 
pathway common to the three ages studied is relative to immune response (interferon gamma response) and 
we can note that two more (interferon alpha response and complement) are also slightly deregulated with a 
p-adjusted between 0.05 and 0.25 in some conditions. At 8 months, activation of immune pathways is confirmed 

Table 2.  Common DEGs localized on chromosome 2. Double slash means the gene is not significantly 
differentially expressed in this condition.
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Table 4.  Summary of GSEA results using KEGG database. The classification of pathways was carried out 
according to KEGG database. The pathways selected are those with a p-adjusted < 0.05 in at least one of the 
nine conditions studied. In each table cell, colored in blue for negative or in orange for positive, is written the 
NES (normalized Enrichment score). A dark color corresponds to a p-adjusted < 0.05 and a light color to a 
p-adjusted < 0.25.

 

Table 3.  Summary of GSEA results using MsigDB Hallmark database. The classification of pathways was 
carried out according to40. The pathways selected are those with a p-adjusted < 0.05 in at least one of the nine 
conditions studied. In each table cell, colored in blue for negative or in orange for positive, is written the 
NES (normalized Enrichment score). A dark color corresponds to a p-adjusted < 0.05 and a light color to a 
p-adjusted < 0.25.
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with up-regulation of the seven pathways of the MsigDB database relative to the immune category (allograft 
rejection; coagulation; complement; interferon alpha response; interferon gamma response; IL6 JAK STAT3 
signaling; inflammatory response). Moreover, the three KEGG pathways that appear deregulated in cerebellum 
at 8 months can be linked to the immune system: complement and coagulation cascades, systemic lupus 
erythematosus and lysosome. Interestingly, we see up regulation of immune response also in the cortex but later 
than in cerebellum, with an activation of all MsigDB immune pathway at 8 months (with a p-adjusted between 
0.05 et 0.25). Probably linked to this inflammatory response39, perturbation of oxidative phosphorylation is 
visible even if it is not directionally concordant in every condition. Immune response alterations were less 
important in hippocampus.

Other deregulated pathways involved in genetic information processing, particularly in hippocampus, were 
also altered. Indeed, at 4 months in hippocampus, KEGG pathways relative to proteasome, protein export, 
ubiquitin mediated proteolysis, spliceosome and ribosome are up regulated. These pathways are still activated 
at 8 months even if the significance is lower. Concerning the cerebellum and the cortex, the disruption of these 
pathways is still notable but seems more diffuse. In the cortex only the spliceosome and protein export pathways 
are deregulated at 4 months and the ribosome pathway at 6 weeks. In the cerebellum, the disturbances could 
only be highlighted at 6 weeks with up-regulation of the proteasome, ribosome, protein export and spliceosome 
pathways.

We also identified a new category of processes deregulated in Spg11−/− mice, indeed, at least one pathway 
belonging to the proliferation category in the MsigDB database is deregulated in all conditions except in 
cerebellum at 8 months. The deregulation is particularly important for three pathways, E2F targets, G2M 
checkpoint and MYC targets V1, at 4 months in the three nervous structures and at 8 months in cortex and 
hippocampus.

Finally, we can notice variations in expression of genes involved in pathways relative to neuronal development 
such as axon guidance in hippocampus at 4 months, or notch signaling pathway at 4 months in cerebellum, 
cortex and in hippocampus at 4 months and 8 months. Pathways relative to neurodegenerative diseases, as 
Parkinson’s disease, Huntington’s disease and Alzheimer’s disease, are also deregulated in six of nine conditions.

Discussion
To investigate the deregulation of cellular pathways in Spg11−/− mice, we conducted a comprehensive 
transcriptomic analysis using RNAseq technology. This sequencing was performed at three critical ages 
(6 weeks, 4 months and 8 months) across three different nervous system structures (cerebellum, cortex and 
hippocampus). This approach enabled us to unravel the pattern of gene deregulation with respect to both age 
and structural variations.

Upon comparing the DEGs across the nine conditions, we observed a significant deregulation of genes 
neighboring the Spg11 locus, particularly at early stages. This phenomenon could result from interdependent 
gene regulations in the region and has been associated to the so-called “passenger effect”35,36. Interestingly, 
another study on Gatm, encoding for Agat enzyme and localized on chromosome 2 in mouse in the immediate 
vicinity of Spg11, showed similar effects on transcriptomics. Choe et al. have generated an AGAT-deficient mice 
by homologous recombination in mouse embryonic stem cells, using a clone 129/SvJ BAC that was injected into 
C57BL/6J mouse blastocysts41, a generation process similar to that used to created the Spg11−/− mouse10. The 
transcriptomic analysis of the AGAT−/− mouse revealed 17 DEGs compared to WT mouse including 11 genes on 
chromosome 2 close to Spg11 and Gatm loci. Moreover, 5 genes exhibited deregulation in the same direction as 
our transcriptomic data: Pla2g4e, Exd1, Ivd, Lcmt2 and Bloc1s642, further emphasizing the interconnectedness 
of these genes in chromatin regulation, potentially explained by the gene passenger effect. Given these findings, 
it is crucial to take into account this potential gene passenger expression when analyzing Spg11 mouse models. 
Investigation into whether the Gatm and Spg11 gene regions contain an overlapping TAD (Topologically 
Associated Domain) influencing the expression of common deregulated genes is also warranted since we cannot 
rule out that the mutation might have affected the local gene expression regulation.

Thus, the involvement other neighboring genes in the Spg11 mouse phenotype cannot be excluded, especially 
since some of them have known functions in cellular processes identified as altered by the absence of spatacsin. 
For instance, Bloc1s6 encodes a subunit of BLOC-1 complex that participates in endosomal trafficking and 
dendritic formation in hippocampal neurons43. Expression variation of Pla2g4e in hippocampal neurons was 
correlated with cognitive deficits in elderly APP/PS1 mice44. To mitigate potential confounding effects, we opted 
to exclude these genes from our global GSEA analyzes in order to minimize their impact identifying pathways 
involved in pathological mechanisms.

The results of PCA and differential analysis suggested that gene expression has a different pattern in 
cerebellum than in hippocampus and cortex. Notably, the number of DEGs between 4 months and 8 months is 
stable in cerebellum, in contrast to the cortex and hippocampus where number of DEGs at 8 months decreases. 
This decrease is difficult to explain, as the symptoms in the mouse model do not diminish at 8 months. One 
possible explanation is the reported decrease in neurons relative to astrocytes in the cortex between these ages. 
Since many dysregulated genes at 4 months are likely neuron-specific, a reduction in neuron numbers could 
lower overall mRNA levels, decreasing upregulated genes and increasing downregulated ones based on threshold 
selection. Another potential explanation is a compensatory mechanism that may reduce transcript dysregulation 
in the cortex and hippocampus. Regarding a significant portion of DEGs is associated with inflammation in 
the cerebellum at 8 months, and GSEA confirmed an up-regulation of immune system pathways. In cortex and 
hippocampus, the inflammatory pathways are less activated at this age. Therefore, we can hypothesize that the 
pathological mechanisms leading to neurodegeneration in the cerebellum differ from those in the cortex and 
hippocampus, at least for a certain length of time.

Scientific Reports |         (2025) 15:2370 11| https://doi.org/10.1038/s41598-025-86337-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Moreover, both in cerebellum and cortex at 8 months we can notice six of dowregulated mitochondrial genes: 
mt-Atp6, mt-Atp8, mt-Co2, mt-Co3, mt-Nd4l and mt-Ts1. Five of these six genes encodes subunits of OXPHOS 
complexes. Neuro-inflammation and defects in oxidative phosphorylation are two interconnected processes. 
Indeed, the oxidative phosphorylation process plays a key role in the cell by providing ATP, but an inefficient 
mechanism may lead to reactive oxygen species (ROS) generation, leading to a release of cytochrome c into the 
cytosol and finally an activation of mitochondria-mediated apoptotic pathway45. These processes have been 
described in several neurodegenerative diseases such as Parkinson disease, Alzheimer disease or amyotrophic 
lateral sclerosis (ALS)46–48. Moreover, differential expression of oxidative phosphorylation genes has been 
observed in patients with AD49 or ALS50. Thus, we can assume that a decrease expression of genes coding for 
subunits of OXPHOS complexes is correlated with neuronal death in Spg11−/− mice. In addition, our results 
suggest that neuroinflammation plays a potential role in our model, which was functionally demonstrated 
recently through microgliosis and T-lymphocyte recruitment in the Spg11−/− model used in our RNASeq51 and 
is consistent with the astrogliosis observed in the cortex at 8 months in the previous characterization of the 
mouse model10.

The Spg11−/− mouse model previously characterized by Branchu et al. demonstrated disruptions in the 
lysosome-autophagy machinery, a finding corroborated by various studies on different Spg11 models. More 
specifically, autofluorescent aggregates were observed in Lamp1-positive vesicles as well as defects in the ALR 
mechanism10,14–17. Additionally, the absence of spatacsin correlated with defects in neuronal development, 
including disruption of neurite outgrowth and branching18–21,23,24. Therefore, we expected gene expression 
perturbations in the cellular pathways regulating these processes.

At 4 months we can effectively note deregulated genes belongings to lysosome and autophagy pathways in the 
three brain structures studied, suggesting possible biological modification in these cellular processes. However, 
in the enrichment analyzes few pathways relating to lysosomes and autophagy are statistically significant. Thus, 
these analyzes allowed us to highlight other cellular functions or pathways disrupted by the absence of spatacsin 
that could be more relevant for understanding the pathological process at work in Spg11−/− mice.

Indeed, GO analysis of DEGs and GSEA based on KEGG database indicated a down regulation of neuronal 
linked processes, especially synapse and axons development. Thus, at 4 months we noticed in cortex and 
hippocampus down-regulated DEGs associated with post synapse and cellular projection GO term. Moreover, 
GSEA confirmed the down regulation of axon guidance pathway in hippocampus. This observation aligns 
with the observed defects in Spg11 models. Additionally, gene expression variations were more pronounced 
at 4 months and one common deregulated pathway at this age was the Notch signaling pathway. This pathway 
regulates essential cell functions including cell proliferation and differentiation in various tissues52. In nervous 
system, notch signaling plays a critical role in neuronal development and adult neurogenesis53,54. Moreover, 
notch signaling is involved in regulation of neurite development55–57 and synapse plasticity58,59 notably in 
hippocampus60. Interestingly, in neural models derived from SPG11 iPSCs and in SPG11 organoids, there was 
an observed increase in neuroblast proliferation and premature neurogenesis that could potentially be corrected 
by treating the cells or organoids with tideglusib, a GSK3β inhibitor22,61. However, since GSK3β modulates 
the Notch pathway, where its deletion in mice leads to increased Notch activity and consequent inhibition of 
neurogenesis62, it would be intriguing to test tideglusib in the Spg11−/− model to assess its effects on the Notch 
pathway and, more broadly, on neuronal development.

Moreover, at 4 months in hippocampus, and to a lesser extent in the cortex, we observed deregulations in genetic 
information processing pathways such as up regulation in genes related to spliceosome, ribosome, or globally to 
RNA process. Many studies highlighted an important role for RNA dysregulation in several neurodegenerative 
diseases63,64. For example, a TDP-43 mutation linked to ALS induces splicing alterations contributing to the 
early manifestation of the disease65. Together, these observations could indicate a neurodegeneration process.

Our data further reveal that the loss of Spg11 functions causes widespread transcriptomic changes with 
alteration in cellular proliferation. Specifically, we identified a significant increase in E2F targets and MYC targets 
pathways. The E2F transcription factors family is known to play a crucial role in cell cycle progression66. E2F 
target genes can be classified in five groups, genes involved in: cell cycle regulation, DNA replication, mitosis and 
mitotic spindle checkpoint, DNA repair and checkpoint controls67. Moreover, many of the molecules participating 
in the cell cycle in the proliferating cells are associated with the E2F apoptotic pathway in postmitotic neurons68. 
Regarding Myc target genes, they are involved in cell cycle regulatory, in protein biosynthesis and apoptosis69–71. 
Both, E2F and MYC, have been linked to neurodegenerative diseases72,73. Aberrant expressions of E2F-1 or MYC 
transcription factor have been observed in neuron of patients with Parkinson’s disease74, Alzheimer’s disease75,76 
and ALS77. Consequently, DNA damage and re-entry in cell cycle has emerged as common pathogenic mechanism 
in neurological diseases. Furthermore, study on SPG11-NPCs has revealed dysregulation of genes expression 
involved in cell cycle and neurogenesis pathways, and defect in proliferation leading to a reduction of neuronal 
cells numbers22. The early deregulations of proliferation pathways, from 6 weeks, and in every structure means 
that they precede neuronal death in the Spg11−/− mouse since this could only be observed from 4 months. We 
can therefore make the hypothesis that an early disruption in these cellular pathways triggers a process leading 
to neuronal death in agreement with the developmental delay detected in cell models of Mishra et al., 2016.

Our study is limited by its reliance on bulk RNA-seq, which averages data across cell types, and its exclusive 
focus on RNA without addressing protein expression, reducing the ability to capture cell-specific and functional 
insights. Future approaches like single-nucleus RNA sequencing (snRNA-seq), spatial transcriptomics, and 
multiplex immunostaining on histological slides offer promising solutions to uncover cell-specific transcriptional 
changes, spatial gene expression patterns, and protein localization, providing a more detailed understanding of 
molecular mechanisms.

In summary, our experimental study sheds light on the transcriptomic changes resulting from the loss of 
spatacsin function. These findings underscore the dysregulation of various cellular pathways associated with 
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neurodegeneration, including neuroinflammation, neurite and synapse development, and RNA metabolism. 
The deregulations are particularly prominent at 4 months, suggesting strong neurodegeneration at this stage. 
Furthermore, early deregulations in cell proliferation regulation further suggest its involvement in the pathology’s 
onset. These results open the way to functional studies to explore these highlighted alterations.

Data availability
Sequence data that support the findings of this study have been deposited in the SRA database with the primary 
accession code PRJNA1130700. Code available on GitHub: ​h​t​t​​​​p​s​:​​/​​/​g​i​t​h​​u​b​.​c​o​m​/​D​a​n​​i​e​l​2​6​0​1​/​T​r​a​n​s​c​r​i​p​t​o​m​i​c​S​c​r​i​
p​t​s​.​​
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