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1  | INTRODUC TION

Amyotrophic lateral sclerosis (ALS) is the most common adult-on-
set neuromuscular disorder, which selectively targets motor neuron 
(MN) populations in the spinal cord, brain stem and motor cortex and 
leads to death due to respiratory failure, typically within 2-5 years 
of symptom onset.1 Degeneration of spinal cord MNs causes atro-
phy and muscle wasting, while the spasticity reflects the sclerosis 
of the lateral and ventral corticospinal tracts arising from the motor 

cortex1,2 However, although MN degeneration in both spinal cord 
and motor cortex is an essential component of the disease and nec-
essary to confirm diagnosis of ALS1,3 the nature of the interactions 
between these two systems in initiating and promoting disease pro-
gression has not been resolved. Neuropathologically, both cortical 
tissue and spinal tissue are characterized by the presence of TDP-
43+ve inclusions that are found in 97% of ALS cases. These inclu-
sions have been found also in cases of frontotemporal degeneration 
(FTLD), which share clinical, genetic and histopathological features 
with ALS1 For these reasons, FTLD and ALS have been considered 
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Abstract
Amyotrophic lateral sclerosis (ALS) is a disorder that affects motor neurons in motor 
cortex and spinal cord, and the degeneration of both neuronal populations is a critical 
feature of the disease. Abnormalities in protein homeostasis (proteostasis) are well 
established in ALS. However, they have been investigated mostly in spinal cord but 
less so in motor cortex. Herein, we monitored the unfolded protein (UPR) and heat 
shock response (HSR), two major proteostasis regulatory pathways, in human post-
mortem tissue derived from the motor cortex of sporadic ALS (SALS) and compared 
them to those occurring in spinal cord. Although the UPR was activated in both tis-
sues, specific expression of select UPR target genes, such as PDIs, was observed 
in motor cortex of SALS cases strongly correlating with oligodendrocyte markers. 
Moreover, we found that endoplasmic reticulum-associated degradation (ERAD) and 
HSR genes, which were activated predominately in spinal cord, correlated with the 
expression of neuronal markers. Our results indicate that proteostasis is strongly and 
selectively activated in SALS motor cortex and spinal cord where subsets of these 
genes are associated with specific cell type. This study expands our understanding 
of convergent molecular mechanisms occurring in motor cortex and spinal cord and 
highlights cell type–specific contributions.
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as disease manifestations of the same clinicopathological spectrum. 
In particular, related pathological features are evident in advanced 
disease stages, when TDP-43 pathology and cortical tissue changes 
of FTLD and ALS can be similarly abundant due to more profound 
degenerative changes.4,5 The accumulation of TDP-43+ve inclusions 
in these disorders is suggestive of defects in protein homeostasis 
(proteostasis). To cope with this, the unfolded protein response 
(UPR) and heat shock response (HSR) are two of the major signalling 
pathways aiming at restoring proteostasis.6,7

The UPR emanates from the endoplasmic reticulum (ER) and is 
transduced by three ER-resident transmembrane proteins, namely 
IRE1α, ATF6α and PERK, whose signalling aims at restoring ER 
protein homeostasis (proteostasis) through transcriptional and 
post-transcriptional mechanisms.7 In ALS patients’ tissues, the UPR 
is activated predominately in the spinal cord,8 where we have ob-
served a profound activation of IRE1α-XBP1s and ATF6 signalling 
arms and their target genes mainly involved in protein degradation 
and protein folding processes.9-11

The HSR is orchestrated by the transcription factor called heat 
shock factor 1 (HSF1), which is activated during acute proteostatic 
stress and is capable of activating the transcription of genes coding 
for chaperones, known as heat shock proteins (HSPs), to protect the 
cell from the accumulation of aberrantly folded proteins.12 HSF1 and 
its target genes, such as HSPB1, HSPB8 or DNAJB1, are up-regulated 
in SOD1 mice where they enhance MN survival.13 Although HSF1 
has been detected in spinal cord MN,14,15 its activation and cellu-
lar localization in the motor cortex of ALS patients have not been 
characterized yet. Although the contribution of the motor cortex 
and spinal cord degeneration represents a key aspect in the disease 
pathogenesis, a clear understanding of the molecular and cellular 
mechanisms occurring concurrently in these two critical CNS re-
gions is still missing.

Here, we compared the activation of UPR and HSR in the spi-
nal cord, with those occurring in the motor cortex of ALS cases. We 
found that the UPR was activated in both spinal cord and motor 
cortex, which was characterized by a specific up-regulation of PDI-
encoding genes, while the HSR was predominately dysregulated in 
the spinal cord. We also identified a strong correlation between UPR 
activation and oligodendrocyte markers in the motor cortex and 
with neuronal markers in the spinal cord. This study expands our 
understanding of convergent and divergent molecular mechanisms 
occurring in these two brain regions and highlights the regional and 
cellular proteostasis alteration in ALS.

2  | MATERIAL S AND METHODS

2.1 | Patients and tissue sample preparation

Motor cortex samples were available for 23 post-mortem necropsies and 
comprised 10 SALS cases with a median age at death of 66.5 years (range 
48-82 years) and median post-mortem delay of 14 hours (range 7.5-
60 hours) and 13 control cases with a median age at death of 67 years 

(range 20-94 years) and median post-mortem delay of 10.75 hours (range 
3-35 hours). All the selected cases were characterized by upper and lower 
motor neuron degeneration. Frozen dorsolateral prefrontal cortex and 
temporal cortex tissues were obtained from 40 patients: 20 were healthy 
controls with only ageing-related changes and 20 were from frontotem-
poral lobar degeneration (FTLD) cases. All samples were neuropathologi-
cally characterized by the presence of TDP-43+ve inclusions and lacked 
hexanucleotide repeat expansions in C9ORF72. Characteristics and clini-
cal information of the spinal cord, frontal and temporal cortex samples 
including gender, age at death and post-mortem delay (PMD) was re-
ported previously.9,16 This study was approved by the Riverside Research 
Ethics Committee and was carried out according to their guidelines. All 
clinical diagnoses were confirmed neuropathologically at post-mortem. 
More details can be found in SI Materials and Methods.

2.2 | Selection of cell type markers

Three main markers were considered for each cell type: GFAP for as-
trocyte,17,18 MOG for oligodendrocytes19,20 and ENO2 for neuronal 
population.21-23 The specificity of these markers was also confirmed 
by single-cell studies.23-25 More details can be found in SI Materials 
and Methods.

2.3 | mRNA extraction, RNA quality assessment and 
quantitative PCR (qPCR)

mRNA was extracted, and RNA quality was assessed as previously de-
scribed.9 Briefly, RNA was extracted from motor cortex, spinal cord, 
frontal and temporal cortex samples following Direct-zol RNA mini 
prep (Zymo Research) protocol. RNA purity and integrity for all samples 
was assessed by using multiple well-established methods. Quantitative 
PCR was performed using the Power Up™ SYBr™ Green Master Mix 
(Thermo Fisher Scientific). Primer sequences and temperatures uti-
lized for real-time PCR analysis are previously reported9 or listed in the 
Table S2. More details can be found in SI Materials and Methods.

2.4 | Western blot analyses

Sections from frozen tissue blocks were prepared as previously de-
scribed.9,16 Blotting was carried out using conditions specified for the 
antibodies following the procedure reported in.9 The list of antibodies 
used, and more details can be found in SI Materials and Methods.

2.5 | Immunohistochemical analyses

Immunohistochemistry was carried on paraffin sections from 
the same cases used for mRNA analysis in frozen samples. These 
cases consisted of 10 controls (7 male and 3 female), mean age 
of 73.6 ± 4.05 years with a post-mortem delay of 36.9 ± 4.88 
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(Mean ± SEM) hours and 10 FTLD cases (positive for TDP-43 
inclusions but lacking C9ORF72 hexanucleotide expansions) (6 
males and 4 females) mean age of 80.9 ± 3.21 (Mean ± SEM) years 
with a post-mortem delay of 29.85 ± 4.01 hours. The list of an-
tibodies used, and more details can be found in SI Materials and 
Methods.

2.6 | Statistical analyses

Statistical analyses were performed using GraphPad Prism 7 
software (GraphPad). Results were expressed as mean ± SEM un-
less otherwise indicated. All statistical analyses were performed 
using two-tailed Student's t test after checking for normality of 
the data. For the correlation analyses, Pearson's correlation was 
used when data were normally distributed, and Spearman's cor-
relation was used when data were not sampled from a Gaussian 
distribution. Benjamini-Hochberg FDR test was used to adjust P 
values to correct for type I errors. A P value of <.05 was consid-
ered significant. More details can be found in SI Materials and 
Methods.

3  | RESULTS

3.1 | Common features between the spinal cord 
and motor cortex derived from SALS cases in the 
expression of UPR genes at the mRNA and protein 
level

We previously found a profound activation of the IRE1α/XBP1 
and ATF6 arms of the UPR in spinal cord of SALS cases leading to 
the expression of XBP1s and 7 of its genuine target genes (SEL1L, 
HERPUD1, OS9, DNAJC10, DNAJB9, PDIA4 and HSPA5).9 Herein, 
we sought to determine whether these UPR arms were activated in 
the motor cortex. We found that the expression of XBP1s and its 
target genes, such as HSPA5, PDIA4 and DNAJC10, were increased 
in the motor cortex of SALS cases indicating the activation of both 
IRE1α/XBP1 and/or ATF6 arms (Figure 1A). Notably, the up-reg-
ulation of these genes resembled the changes observed in spinal 
cord samples in terms of abundance and magnitude of the increase 
in the expression.9 At the protein level, DNAJC10 did not change 
in the motor cortex of SALS cases although it was strongly up-reg-
ulated in spinal cord (Figure 1B,C), possibly due to a greater abun-
dance in cortical tissue (Figure S1). The levels of HSPA5 and PDIA4 
proteins, instead, were increased in the motor cortex and in spinal 
cord of SALS cases, consistent with the gene expression results 
(Figure 1B,C). Other ER stress target genes such as P4HB, CANX 
and HYOU1 showed comparable expression between disease and 
healthy individuals in both spinal cord and motor cortex (Figure S1). 
These results indicate that ER stress occurs in the motor cortex 
of SALS in a similar way to spinal cord and this leads to the up-
regulation of a specific set of genes.

3.2 | Distinctive features between the spinal 
cord and motor cortex derived from SALS cases 
in the expression of UPR genes at the mRNA and 
protein level

Although several genes showed similar expression patterns in both 
tissues, we found that other ER stress target genes appeared to be 
differentially regulated in spinal cord compared to the motor cortex 
in SALS cases. Indeed, genes involved in ER protein quality control 
(ERQC) mechanisms such as HERPUD1 and OS9, which have been 
found to be up-regulated in spinal cord,9,26 showed no expression 
changes in the motor cortex (Figure 2A). Similarly, two other genes 
related to degradation processes, such as DNAJB9 and SEL1L, were 
not differentially expressed in the motor cortex suggesting a differ-
ent expression pattern between the two CNS regions (Figure S2). This 
was further confirmed at the protein level where HERPUD1 was in-
creased 1.5-fold in spinal cord of SALS cases while it did not change 
between control and disease cases in the motor cortex (Figure 2B). 
Conversely, we found that the expression of PDI family genes, such as 
PDIA3 and PDIA6, was substantially increased only in the motor cor-
tex (Figure 2C). While PDIA6 protein levels were slightly but not sig-
nificantly increased, PDIA3 protein showed a threefold increase in the 
motor cortex of SALS cases consistent with the observed effect on 
gene expression (Figure 2C,D). PDIA3 protein was also up-regulated 
in the spinal cord of SALS cases although the magnitude of the change 
was smaller than in the motor cortex (Figure 2D, Figure S2). No signifi-
cant association was found in the expression of several representative 
genes between the motor cortex and the spinal cord within the same 
individual (Figure S3). These results suggest that ER stress pathways 
show a selective activation of different sets of genes in spinal cord 
compared to the motor cortex where PDI genes appear to be pre-
dominantly affected.

3.3 | HSF1 target genes are differentially expressed 
in spinal cord, but not in the motor cortex, of 
SALS cases

Subsequently, we investigated whether the activation of another 
cellular stress response, the heat shock response (HSR), was dif-
ferentially regulated in the spinal cord and motor cortex of SALS 
cases. As previously described,16 we found that one of the major 
HSF1 target gene, HSPB1, was up-regulated in spinal cord of SALS 
cases. Moreover, HSF1 and its target DNAJB1 showed a trend to in-
creased expression (Figure 3A,B) suggesting that the HSF1 pathway 
was activated in spinal cord of SALS cases. Surprisingly, the expres-
sion of the other two HSF1 target genes, HSPA8 and DNAJA1,27 was 
decreased (Figure 3C) in this tissue. HSPA8 and DNAJA1 belong to 
a ‘C3HC4-type RING finger domain binding’ Gene ontology (GO) 
term.28 Interestingly, all members of this cluster (HSPA8, DNAJA1, 
KCNH2, PINK1, HSPA1A and HSPA1B) were down-regulated in lum-
bar spinal cord of SALS cases29 (Table S3). In this regards, other HSF1 
target genes such as HSP40 and HSP70 have also been found to 
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be down-regulated14 suggesting a more complex regulation of this 
pathway in SALS spinal cord. In contrast, none of the analysed HSF1 
target genes showed any change in expression in the motor cortex 
of SALS cases (Figure 3A-C). These results suggest that, while the 
HSR is activated in spinal cord, it appears to remain latent in the 
motor cortex.

3.4 | Analysis of UPR gene expression in 
frontal and temporal cortex of FTLD cases reveals 
tissue-selective patterns

As HSR genes were not significantly activated in the motor cor-
tex, we focused on the UPR. We tested whether the differences 

F I G U R E  1   Common gene and protein expression in the motor cortex and spinal cord in SALS cases. A, mRNA expression analysis of 
XBP1s, HSPA5, PDIA4 and DNAJC10 in the motor cortex of healthy individuals (Ctrl, black) and sporadic cases of amyotrophic lateral 
sclerosis (SALS, red). Box plots and bar plots are representations for the same samples. Median, maximum and minimum values were used to 
represent the data in box and whiskers plots; mean was shown as ‘+’inside the box. Means and SEMs were used to represent the data in the 
bar plot. The dots represent individual samples. B, Western blot analyses are shown for HSPA5, DNAJC10 and PDIA4 detected in the motor 
cortex of healthy individuals (Ctrl, white) and SALS cases (SALS, red). Quantitative analyses of each protein were performed by densitometry 
of the relative bands in control and SALS cases. Values were obtained using beta-actin as a reference gene. Means and SEMs were used to 
represent the data. C, Representative Western blots are shown for HSPA5, DNAJC10 and PDIA4 in the motor cortex. mRNA and protein 
expression in spinal cord samples (SALS, green) were obtained from Montibeller and de Belleroche.8 The numbers under the graphs 
represent the number of samples analysed. SALS, sporadic amyotrophic lateral sclerosis; Ctrl, control. According to D’Agostino and Pearson 
normality test, all data are normally distributed. Unpaired t test was used; *P < .05; **P < .01
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between the spinal cord and the motor cortex were mainly due to a 
tissue or disease specificity. To this end, we investigated the expres-
sion of UPR genes in two cortical regions, frontal and temporal cor-
tex, derived from frontotemporal lobar degeneration (FTLD) cases. 
Frontotemporal lobar degeneration is a common form of dementia 

which exhibits a significant clinical, neuropathological and genetic 
overlap with ALS.1 The FTLD cases were all neuropathologically 
characterized by TDP-43+ve inclusions and lacked hexanucleotide 
repeat expansions in C9ORF72. These cases showed no changes in 
the expression of XBP1s and HSPA5 genes in both cortical regions, 

F I G U R E  2   Divergent gene and protein expression in the motor cortex and spinal cord in SALS cases. A, mRNA expression analysis of 
HERPUD1 and OS9 in the motor cortex of healthy individuals (Ctrl, black) and sporadic cases of amyotrophic lateral sclerosis (SALS, red). B, 
Western blot analyses are shown for HERPUD1 detected in the motor cortex of healthy individuals (Ctrl, white) and SALS cases (SALS, red). 
Representative Western blots are shown for HERPUD1 in the motor cortex. C, mRNA expression analysis of PDIA3 and PDIA6 in the motor 
cortex of healthy individuals (Ctrl, black) and sporadic cases of amyotrophic lateral sclerosis (SALS, red). D, Western blot analyses are shown for 
PDIA3 and PDIA6 detected in motor cortex of healthy individuals (Ctrl, white) and SALS cases (SALS, red). Representative Western blots are 
shown for PDIA3 and PDIA6 in the motor cortex. Gene expression and protein expression in spinal cord samples (SALS, green) were obtained 
from.8 For gene expression, box plot and bar plot are representations for the same samples. Median, maximum and minimum values were used 
to represent the data as box and whiskers; mean was shown as ‘+’inside the box. Means and SEMs were used to represent the data in the bar 
plot. The dots represent individual samples. For protein expression, quantitative analyses of each protein were performed by densitometry of 
the relative bands in control and SALS cases. Values were obtained using actin as a reference gene. Means and SEMs were used to represent 
the data. The numbers under the graphs represent the number of samples analysed. SALS, sporadic amyotrophic lateral sclerosis; Ctrl, control. 
According to D’Agostino and Pearson normality test, all data are normally distributed. Unpaired t test was used; *P < .05; **P < .01
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suggesting that the IRE1α/XBP1 arm was not activated (Figure 4A). 
However, the activation of ER stress responses was confirmed by 
the up-regulation of several UPR target genes such as PDIA4 and 
DNAJC10 in frontal cortex of FTLD cases (Figure 4B). We found that 
PDIA3 and PDIA6 were also up-regulated in FTLD cases (Figure 4C) 
showing the prominent up-regulation of PDIA3 and the more modest 
up-regulation of PDIA6 observed in the motor cortex of SALS cases 
(Figure 2C). ER protein quality control genes such as HERPUD1, OS9 
and SEL1L, which were found to be up-regulated in SALS spinal cord, 
were also increased in frontal cortex of FTLD (Figure 4D, Figure S4). 
Interestingly, CANX was the only gene that was up-regulated ex-
clusively in the frontal cortex of FTLD cases (Figure 4D). Notably, 
expression of CANX was found to be increased in the same CNS re-
gion of Alzheimer's disease cases suggesting a specific role of this 
gene in frontal cortex.9 Notably, although most of the changes were 
detected in frontal cortex, HERPUD1 and DNAJC3 were also signifi-
cantly up-regulated in temporal cortex of FTLD cases (Figure 4D, 
Figure S4). Gene expression results were confirmed by Western blot 
which showed no changes in the expression of HSPA5 but a sub-
stantial increase in HERPUD1 protein in temporal cortex of FTLD 
cases (Figure 4F). Analysis of mRNA expression changes in FTLD 
frontal cortex SALS, spinal cord and motor cortex unveiled that the 
expression of PDIA6 and DNAJC3 was increased mainly in cortical 
regions while the DNAJB9 gene was up-regulated only in the spinal 
cord (Figure 4G). Similarly, PDIA3mRNA was found up-regulated pre-
dominately in cortical regions and its expression was also increased 
in spinal tissue at the protein level. A disease specificity was sug-
gested by the SALS-selective overexpression of XBP1s and HSPA5 
(Figure 4G). Finally, the expression of DNAJC10 and PDIA4mRNA 
was increased in both disorders across all tissues.

3.5 | CNS cell type markers correlate with specific 
HSR and UPR genes in motor cortex and spinal 
cord of SALS cases

To understand which cell populations are responsible for the expres-
sion of UPR and HSR target genes, we investigated the correlation 
between these genes and cell type–specific markers. To this end, 
we selected three well-characterized cell type markers for the three 
major CNS cell types: GFAP for astrocytes,17,18,23,24 MOG for oligo-
dendrocytes19,20,23,24 and ENO2 for neurons.21,22,25,30 In the motor 
cortex, the expression of all three markers was comparable between 
SALS and control cases (Figure S5). The neuronal marker ENO2 
showed an FDR-corrected significant correlation with DNAJB9 in 
healthy individuals but not in SALS cases (Figure 5A). Correlation 

analyses with MOG revealed a robust association between this 
oligodendrocyte marker and UPR genes in the motor cortex. HSF1 
and DNAJC3 correlated with MOG in control cases while XBP1s 
and PDIA3 showed a strong correlation in SALS cases (Figure 5A). 
Conversely, none of the analysed genes showed a correlation with 
GFAP (Figure 5A). In spinal cord, the expression of oligodendrocyte 
and astrocyte markers was similar between control and SALS cases 
while the neuronal marker was down-regulated in disease cases 
(Figure S5) indicating the loss of a neuronal subpopulation associ-
ated with ALS (eg motor neurons). Although none of the genes cor-
related with ENO2 in healthy cases, we found that PDIA4, OS9, HSF1 
and DNAJC10 showed a strong correlation with the neuronal marker 
in spinal cord of SALS cases (Figure 5B). It is important to note that, 
while several genes were up-regulated, ENO2 was down-regulated 
in SALS cases indicating that the correlation analyses are not primar-
ily affected by gene expression changes. None of the stress genes 
correlated with MOG in spinal cord of control and disease cases 
(Figure 5B), while the astrocytic marker correlated negatively with 
HSPA8, PDIA3 and DNAJA1 (Figure 5B, Figure S6). These results in-
dicate that UPR target genes strongly correlated with the oligoden-
drocyte marker in motor cortex, whereas a different group of UPR 
and HSR target genes correlated with the neuronal marker in spinal 
cord of SALS cases.

3.6 | VAPB is a motor neuron marker and correlates 
with several ER stress genes in spinal cord of 
SALS cases

To further investigate the specificity of the gene expression changes, 
we investigated the correlation between ER stress genes and a marker 
for MNs, the main neuronal subpopulation affected in ALS.1 VAPB 
has been found to be highly expressed in spinal cord compared to any 
other tissues in the human body31 and enriched in motor neurons both 
at the mRNA and protein level where it is involved in several func-
tions.16,32,33 Moreover, pathogenic mutations in VAPB gene, which are 
associated with ALS, promote the formation of ubiquitinated aggre-
gates and lead to the generation of a robust motor phenotype in vivo.32 
Based on this evidence, we have been suggested that VAPB may be 
considered as a new putative motor neuron marker. Accordingly, VAPB 
showed a poor correlation with oligodendrocyte and astrocyte mark-
ers, while it was strongly correlated with the neuronal marker, ENO2, 
in both motor cortex and spinal cord (Figure S8). Next, in a previous 
series of experiments where spinal cord sections were immunostained 
for VAPB and quantified together with the number of large motor 
neurons.34 VAPB expression correlated positively with the number 

F I G U R E  3   Divergent gene expression of HSF1 target genes in the motor cortex and spinal cord in SALS cases. (A) mRNA expression 
analysis of HSF1, (B) DNAJB1 and HSPB1, (C) DNAJA1 and HSPA8 in the motor cortex (red) and spinal cord (green) of healthy individuals 
(Ctrl, black) and sporadic cases of amyotrophic lateral sclerosis (SALS). Box plot and bar plot are representations for the same samples. 
Median, maximum and minimum values were used to represent the data as box and whiskers; mean was shown as ‘+’inside the box. Means 
and SEMs were used to represent the data in the bar plot. The dots represent individual samples, and the numbers under the graphs 
represent the number of samples analysed. SALS, sporadic amyotrophic lateral sclerosis; Ctrl, control. According to D’Agostino and Pearson 
normality test, all data are normally distributed. Unpaired t test was used; +: 0.1 < P > .05, *P < .05; **P < .01
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F I G U R E  4   Gene and protein expression of ER stress genes in cortical regions derived from FTLD cases. mRNA expression analysis 
of (A) XBP1s and HSPA5, (B) PDIA4 and DNAJC10, (C) PDIA3 and PDIA6, (D) HERPUD1 and OS9 and (E) DNAJC3 and CANX in frontal 
and temporal cortex of healthy individuals (Ctrl, black) and frontotemporal lobar degeneration cases (FTLD, orange). Box plot and bar plot 
representations for the same samples. Median, maximum and minimum values were used to represent the data as box and whiskers plots; 
mean was shown as ‘+’inside the box. Means and SEMs were used to represent the data in the bar plot. The dots represent individual 
samples. (F) Western blot analyses are shown for HSPA5 and HERPUD1 detected in the temporal cortex of healthy individuals (Ctrl, white) 
and FTLD cases (FTLD, orange). Quantitative analyses of each protein were performed by densitometry of the relative bands in control 
and SALS cases. Values were obtained using actin as a reference gene. Means and SEMs were used to represent the data. Representative 
Western blots are shown for HSPA5 and HERPUD1 in the temporal cortex. The numbers under the graphs represent the number of samples 
analysed. FTLD, frontotemporal lobar degeneration; Ctrl, control. According to D’Agostino and Pearson normality test, all data are normally 
distributed. Unpaired t test was used; *P < .05; **P < .01; ***P < .001. (G) Venn diagram for the upregulated genes found in the motor cortex 
and spinal cord of SALS cases and frontal cortex of FTLD cases
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of motor neurons (Figure S8). Interestingly, the VAPB data distribu-
tion enabled a better separation between SALS and control cases 
compared to ChAT, a well-established marker for MNs29 (Figure S8). 
Furthermore, we analysed the correlation between VAPB and MNX1, 
also known as HB9, which has been demonstrated to be one of the 
most reliable marker for mature MNs.35,36 MNX1 showed a remark-
able correlation with VAPB (P = .001, r = .7526), and its expression was 

decreased in the SALS spinal cord similarly to VAPB (Figure S5 and S8). 
These evidences showed that VAPB could be used as a reliable marker 
for motor neurons. Consequently, we performed a correlation analy-
ses between stress genes and the new putative motor neuron marker. 
In motor cortex of control cases, the VAPB expression strongly corre-
lated with the expression of OS9, CANX, PDIA3 and P4HB (Figure 5C). 
Interestingly, genes that correlated with the neuronal marker ENO2, 

F I G U R E  5   Correlation analyses between cell type markers and UPR-HSR genes in the motor cortex and spinal cord. A-D, Heat map of the 
FDR-corrected P values derived from correlation analyses between UPR-HSR and cell type–specific marker genes in the motor cortex (red) 
and spinal cord (green). Cell type–specific markers used were as follows: ENO2 for neurons, MOG for oligodendrocytes, GFAP for astrocytes 
and VAPB for motor neurons. Each box of the heat maps, divided into two columns (Ctrl, SALS), corresponds to a cell type marker analysed, 
and each raw corresponds to a specific gene. The Pearson correlation's test was used when data were normally distributed (according to 
D’Agostino and Pearson normality test); the Spearman correlation's test was used only for SEL1L because the data were not sampled from 
a Gaussian distribution. The Benjamini-Hochberg FDR test was used to correct P values for multiple testing. Ctrl, control; SALS, sporadic 
amyotrophic lateral sclerosis. Cell values represent the FDR-corrected P value. The coloured bar indicates the range of intensity values for 
each gene in the heat maps
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such as DNAJC10, PDIA4, OS9 and HSF1, showed an even stronger cor-
relation with VAPB in spinal cord of SALS cases (Figure 5D). Similarly, 
other genes such as HERPUD1, PDIA3 and HYOU1 showed a remark-
able correlation with the motor neuron marker (Figure 5D). HYOU1 was 
the only gene that showed a correlation with VAPB in both healthy and 
disease cases (Figure 5D). Moreover, XBP1s and its targets (HSPA5 and 
PDIA6) together with HSF1 and its targets (DNAJB1 and DNAJA1) also 
correlated with the MN marker in SALS cases (Figure 5D) indicating the 
involvement of these pathways in motor neurons in disease conditions.

3.7 | Cellular localization of induction of UPR 
target genes

Initially, Western blot analyses were carried out to confirm the up-reg-
ulation ER stress genes and support the mRNA changes for HSPA5, 
PDIA4 and PDIA3 which were significantly up-regulated in SALS 
motor cortex and for HSPA5, DNAJC10, HERPUD1, PDIA3, DNAJB1 
and HSPB1 that were all significantly up-regulated in SALS spinal cord. 
Similarly, HERPUD1 protein was significantly up-regulated in FTLD 
cases in the temporal cortex. We then carried out immunohistochem-
istry of DNAJC10, PDIA6 and VAPB to localize the cellular distribu-
tion of these protein in control tissue (Figure 6A-E). All three proteins 
showed high to medium levels of staining in large pyramidal neurons 
in layers 3 and 5 of frontal cortex with low to moderate staining in glial 
cells (Human Protein Atlas).37 Levels of DNAJC10 and PDIA6 were 
very low in the neuropil. In FTLD cases, extensive neurodegenerative 
changes were evident characteristic of this condition, namely atrophy 
and shrinkage neurons, vacuolization and neuronal loss (Figure 6A-E). 
As shown at protein level, this is accompanied by a loss in VAPB pro-
tein and at the cellular level by a significant loss in overall VAPB im-
munostaining (Figure 6A,B). To determine whether the mRNA changes 
occurring in UPR associated genes in disease were accompanied by 
significant changes in protein staining, the staining of each protein 
significantly induced in FTLD, DNAJC10 and PDIA6 were related to 
VAPB staining in layers 3 and 5 of frontal cortex, which reflects neu-
ronal loss. This approach avoids the need to identify specific cell types 
in disease which is complex due to their heterogeneity (eg the atro-
phy, shrinking and vacuolization that occurs in pyramidal neurons). No 
significant changes were found for DNAJC10 (Figure 6C,D) but sub-
stantial significant up-regulation of PDIA6 staining was found in both 

cortical layers studied (Figure 6C). These findings help to substantiate 
the findings for PDIA6 that are associated with a neuronal localiza-
tion. Moreover, the analysis of protein-protein interactions (PPI) from 
STRING repository showed a physical interaction between PDIA6 and 
DNAJC10, which, together with other molecules involved in proteo-
stasis, form an interconnected network (Figure 7) strongly associated 
with motor neurons during disease progression.

4  | DISCUSSION

The distinctive feature of ALS is the degeneration of motor neurons 
in both motor cortex and spinal cord.38,39 However, the interaction 
and the cellular mechanisms shared between these two tissues re-
mains poorly characterized. Herein, we investigated the activation 
status of two stress pathways related to the control of protein ho-
meostasis, the UPR and the HSR, in both motor cortex and spinal 
cord of SALS cases.

4.1 | Dominance of Protein disulphide isomerase 
activity vs. protein quality control in cortical regions

The up-regulation of XBP1s and its downstream targets, such as 
HSPA5, indicates that the UPR is activated similarly in motor cortex 
and spinal cord of SALS cases.9 However, the IRE1/XBP1 pathway 
activation led to increased expression of a subset genes involved 
predominately in ER protein quality control in spinal cord, while up-
regulation of PDIs such as PDIA3, PDIA4, DNAJC10 (also known as 
PDIA19) and PDIA6 was observed in motor cortex. Notably, several 
ALS-causative mutations have been found in PDIs genes highlighting 
their functional role in this disorder.40,41 Therefore, the overexpres-
sion of PDIs proteins observed in ALS may reflect a cellular stress 
response to cope with altered protein homeostasis and suggest that 
modulation of PDI function/activity could have a more therapeuti-
cally beneficial outcome when targeted in the motor cortex compared 
to spinal cord.41 In SALS spinal cord, instead, we found a substantial 
activation of HSR through the up-regulation of HSPB1 and DNAJB1 
and the down-regulation of HSPA8 and DNAJA1. Interestingly, the last 
two genes belong to the ‘C3HC4-type RING finger domain binding’ 
GO term (Figure 7), described to be essential for the E3 ligase and 

F I G U R E  6   Immunohistochemical localization of VAPB, DNAJC10 and PDIA6 in frontal cortex from FTLD cases and controls. A, 
Representative immunohistochemically stained frontal cortex from FTLD cases and controls showing cellular localization of VABP staining 
in cortical layers 3 (L-3) and 5 (L-5). Strong neuronal staining for VABP is seen in large pyramidal neuronal cell bodies and their axons, which is 
particularly prominent in L-5. All images at X20 magnification. Scale bar = 50 μm. In FTLD cases, there is substantial atrophy and shrinking of 
neurons. Histograms showing quantification of VAPB staining of FTLD cases and controls in frontal cortex from L3 and L5. Two-tailed unpaired 
t test was used. *P < .05, **P < .01. n = 5. B and C, Representative immunohistochemically stained frontal cortex from FTLD cases and controls 
showing cellular localization of (B) DNAJC10 and (C) PIA6 staining in cortical layers 3 (L-3) and 5 (L-5). Moderate to strong neuronal staining for 
DNAJC10 and PDIA6 is seen in large pyramidal neuronal cell bodies and their axons, which is particularly prominent in L-5. All images at ×20 
magnification. Scale bar = 50 μm. In FTLD cases, DNAJC10 staining remains strong but this accompanied by atrophy and shrinking of neurons. 
PDIA6 staining is strong in cell bodies and their axons in controls while these cells are diminished in FTLD and accompanied by atrophied cells. 
Histograms showing quantification of DNAJC10 and PDIA6 staining relative to VAPB staining of FTLD cases and controls in frontal cortex from 
L3 and L5. Two-tailed unpaired t test was used, n = 5. Two-tailed unpaired t test was used. *P < .05, **P < .01. n = 5  [Correction Statement: 
Correction added on 29 May 2020 after first online publication: Figure 6 has been updated in this version.]
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ubiquitin-dependent processes,42 found to be impaired in ALS.43 On 
the other hand, in agreement with previous observations,14,44 we 
found no evidence of HSR activation in SALS motor cortex probably 

due to the transient nature of this process, which could not be detect-
able in post-mortem tissue.45 Thus, while the activation of UPR and 
HSR promoted the expression of ERQC genes in spinal cord, UPR, but 
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not HSR, predominately induced the expression of PDIs in the motor 
cortex of ALS cases, most likely to control protein redox mechanisms.

4.2 | Identifying the cell types subjected to 
induction of ER stress target genes

To identify the major cell types involved, we correlated the expres-
sion of the UPR and HSR genes with cell type-specific markers such 
as GFAP for astrocytes, MOG for oligodendrocytes and ENO2 for the 
neuronal population (Figure 6B,C). We found that increased expres-
sion of select ER stress genes such as DNAJC3 strongly correlated 
with the oligodendrocyte marker in the motor cortex of healthy 
individuals while XBP1s, PDIA3, DNAJC10, PDIA4 and PDIA6 cor-
related or showed a positive correlation trend with MOG in SALS 

cases (Figure S5). Interestingly, an increase in PDI expression, pre-
ceded by the activation of both IRE1/XBP1 and ATF6 pathways, has 
been reported to occur during active myelination in cortical regions 
of rats.46 In line with this, a strong PDI expression in oligodendro-
cytes was observed in SOD1 mice,47 which was characterized by 
abnormalities in plasma and membrane lipid signalling, especially in 
the early symptomatic stages of ALS.47 In spinal cord, specific PDIs 
including PDIA4 and DNAJC10 correlated with ENO2, whose expres-
sion was decreased. This down-regulation could reflect the neuronal 
loss, which was more evident in spinal cord probably due to a lower 
heterogeneity in neuronal cell composition compared to the motor 
cortex.48,49 Together with these, other genes involved in degrada-
tion mechanism such as OS9 showed a strong correlation with ENO2 
in SALS compared to the control groups suggesting that the expres-
sion alteration of these genes might occur specifically in neurons 

F I G U R E  7   Comparison between gene expression profiles and protein-protein interaction analysis in the spinal cord and motor cortex. 
(left) Heat map of the gene expression of the UPR and HSR genes analysed in the spinal cord and motor cortex of SALS cases. The gene 
expression was normalized against the controls, and log2 FC was plotted. Each column in the heat maps corresponds to a tissue analysed, 
and each row corresponds to a specific gene. The coloured bar indicates the range of intensity values for each gene in the heat maps. Stars 
represent the genes that were changing significantly. *P < .05; **P < .01; ***P < .001. (right) Protein-protein interaction network generated by 
STRING 11.0 (Search Tool for the Retrieval of Interacting Genes/Proteins) database. The connecting lines indicate functional relationships 
and direct protein-protein interactions. Line thickness indicates the strength of data support. Different colours reflect different proteins. 
Genes were grouped by their main function



     |  6067MONTIBELLER ET aL.

of disease cases.50-52 Whereas none of the ER stress genes corre-
lated with MOG, three genes (PDIA3, HSPA8 and DNAJA1) showed a 
negative correlation with GFAP suggesting an inverted relationship 
between astrocytes and UPR response. These results indicate that 
UPR genes, in particular PDIs, correlate with the oligodendrocyte 
marker in the motor cortex while other genes, involved predomi-
nately in ERAD, correlate with the neuronal marker in spinal cord 
of SALS cases.

To further document the neuronal cell types harbouring each 
UPR and HSR response, we investigated the correlation between 
these genes and a motor neuron marker. VAPB, an ER transmem-
brane protein involved in the regulation of vesicle trafficking, 
showed a strong correlation with the neuronal marker ENO2 as well 
as MNX1, a marker for mature motor neurons.35,36 In addition, we 
demonstrated that VAPB localized to large motor neurons in human 
spinal cord34 dividing ALS cases from healthy control even better 
than the well-established motor neuron marker ChAT. In the motor 
cortex, we found that VAPB correlated with CANX, OS9, PDIA3 and 
P4HB in control cases. Interestingly, mutations in PDIA3 and P4HB 
genes have been related to motor neuron dysfunction.40,41 OS9, in-
stead, has been demonstrated to be involved in the degradation of 
hypoxia-inducible factor 1alpha,53 a key factor in the hypoxic stress 
sensor pathway which is impaired in motor neurons of ALS mouse 
models.54 It is important to note that none of the ER stress genes 
correlated with a motor neuron marker in SALS cases in the motor 
cortex. Conversely, almost all the UPR and HSR genes showed a 
strong correlation with VAPB in SALS spinal cord. In agreement 
with these results, ER stress pathways have been demonstrated 
to be activated in iPSC-derived motor neurons, obtained from pa-
tients affected by ALS55 and in motor neurons of SOD1 transgenic 
mice from the early stages of ALS pathogenesis.8,47 The expression 
of DNAJC10, HSPA5, PDIA6, PDIA4, DNAJA1 and DNAJB1 strongly 
correlated to ALS compared to control group indicating that these 
genes are somehow linked to the disease (Figure S8). Moreover, 
we found that DNAJC10 and PDIA6 proteins, together with VAPB, 
showed moderate to high intensity in large pyramidal neurons sup-
porting the correlation analyses obtained from gene expression 
data. These results also suggest a role of VAPB in ERQC process 
and UPR modulation, as previously reported.32,56 In fact, it has been 
demonstrated that ALS-associated mutations in VAPB blunts the 
activation of IRE1α/XBP1 32,33 as well as that of ATF657 thereby af-
fecting protein folding and triggering the formation of intracellular 
aggregates.58 Although the specific molecular mechanism needs to 
be fully characterized, the modulation of the interaction between 
VAPB and IRE1α/ATF6 may represent an interesting therapeutic 
approach in order to re-establish the intracellular protein homeo-
stasis in ALS targeting specifically spinal motor neurons. Finally, 
protein-protein interaction analyses revealed that several genes 
associated with spinal motor neurons were part of an intercon-
nected network (Figure 7) from which we could identify three key 
functional clusters: chaperones binding, PDI activity and the ERAD 
pathway. In agreement, several studies have demonstrated the role 
of protein quality control in spinal motor neurons.35,36,55 Moreover, 

in motor cortex, the oligodendrocyte-associated signalling network 
comprising XBP1-PDIA3 is supported by evidences that showed 
that gene therapy employed to deliver active XBP1 (XBP1s) into 
ALS mouse models had a significant impact on motor recovery after 
spinal cord injury, which was associated with enhanced oligoden-
drocyte survival.59

These results have demonstrated for the first time in human 
post-mortem tissue that ER stress signalling is strongly activated 
in the motor cortex and spinal cord of SALS cases. In addition, cor-
relation analyses revealed that specific subsets of these genes are 
associated with specific CNS tissue and specific cell type supporting 
the idea that these stress pathways might have a broad impact on 
non-cell autonomous aspects of ALS. The identification of the key 
players of these pathways provides a valuable source of information 
to develop new tissue and cell type selective therapeutic strategies 
in ALS.

ACKNOWLEDG EMENTS
This work is dedicated to the memory of Jackie de Belleroche, a 
woman of exceptional human qualities who has contributed to sci-
entific progress in the study of ALS and to achieve important results, 
which will still continue to boost future research projects such as 
this work. We are grateful to the tissue donors and their relatives 
involved in this research through the Imperial College ALS Tissue 
Bank and the Brains for Dementia Research Brain bank, Kings 
College London. We thank Midhat Salman and Alex Morris and other 
members of the Neurogenetics Research Group for their support. A 
special thanks to Eric Chevet whose support was determinant for 
the conclusion of this work. This work was funded by a grant from 
EU H2020 MSCA ITN-675448 (TRAINERS) and the Peter Norman 
family who supported this research.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

AUTHORS'  CONTRIBUTIONS
LM and JB designed research; LM, TLY and KKJ performed re-
search; PP contributed with supplementary data; JB contrib-
uted reagents/analytical tools; LM analysed data; and LM and JB 
wrote the manuscript. All authors read and approved the final 
manuscript.

E THIC AL APPROVAL
The study was approved by the Riverside Research Ethics Committee. 
Consented tissue donors were recruited by the Motor Neurone 
Disease Association from throughout the UK to the Imperial College 
ALS Research Group (currently located on the Hammersmith 
Hospital campus). The initial ethical approval was obtained from 
the Riverside Ethical Committee and renewed as appropriate. NRES 
Committee Yorkshire & The Humber—Leeds Central Yorkshire and 
Humber REC Office (Study title: Gene expression in Motor Neurone 
Disease/ Amyotrophic Lateral Sclerosis (ALS), REC reference: 12/
YH/0282.



6068  |     MONTIBELLER ET aL.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available on re-
quest from the corresponding author. The data are not publicly avail-
able due to privacy or ethical restrictions.

ORCID
Luigi Montibeller  https://orcid.org/0000-0001-8005-9456 

R E FE R E N C E S
 1. van Es MA, Hardiman O, Chio A, et al. Amyotrophic lateral sclerosis. 

Lancet Lond. Engl. 2017;390:2084-2098.
 2. Kassubek J, Unrath A, Huppertz HJ, et al. Global brain atrophy 

and corticospinal tract alterations in ALS, as investigated by vox-
el-based morphometry of 3-D MRI. Amyotroph Lateral Scler Other 
Motor Neuron Disord. 2005;6:213-220.

 3. Saberi S, Stauffer JE, Schulte DJ, Ravits J. Neuropathology of amyo-
trophic lateral sclerosis and its variants. Neurol Clin. 2015;33:855-876.

 4. Geser F, Martinez-Lage M, Robinson J, et al. Clinical and pathologi-
cal continuum of multisystem TDP-43 proteinopathies. Arch Neurol. 
2009;66:180-189.

 5. Geser F, Lee VMY, Trojanowski JQ. Amyotrophic lateral sclerosis 
and frontotemporal lobar degeneration: a spectrum of TDP-43 pro-
teinopathies. Neuropathology. 2010;30:103-112.

 6. Buchberger A, Bukau B, Sommer T. Protein quality control in the 
cytosol and the endoplasmic reticulum: brothers in arms. Mol Cell. 
2010;40:238-252.

 7. Almanza A, Carlesso A, Chintha C, et al. Endoplasmic reticulum 
stress signalling – from basic mechanisms to clinical applications. 
FEBS J. 2019;286:241-278.

 8. Atkin JD, Farg MA, Walker AK, McLean C, Tomas D, Horne MK. 
Endoplasmic reticulum stress and induction of the unfolded protein 
response in human sporadic amyotrophic lateral sclerosis. Neurobiol 
Dis. 2008;30:400-407.

 9. Montibeller L, de Belleroche J. Amyotrophic lateral sclerosis (ALS) 
and Alzheimer’s disease (AD) are characterised by differential acti-
vation of ER stress pathways: focus on UPR target genes. Cell Stress 
Chaperones. 2018;23:897-912.

 10. Hetz C, Thielen P, Matus S, et al. XBP-1 deficiency in the nervous 
system protects against amyotrophic lateral sclerosis by increasing 
autophagy. Genes Dev. 2009;23:2294-2306.

 11. Sasaki S. Endoplasmic reticulum stress in motor neurons of the spi-
nal cord in sporadic amyotrophic lateral sclerosis. J Neuropathol Exp 
Neurol. 2010;69:346-355.

 12. San Gil R, Ooi L, Yerbury JJ, Ecroyd H. The heat shock response in 
neurons and astroglia and its role in neurodegenerative diseases. 
Mol Neurodegener. 2017;12:65.

 13. Novoselov SS, Mustill WJ, Gray AL, et al. Molecular chaperone me-
diated late-stage neuroprotection in the SOD1(G93A) mouse model 
of amyotrophic lateral sclerosis. PLoS One. 2013;8:e73944.

 14. Chen H-J, Mitchell JC, Novoselov S, et al. The heat shock response 
plays an important role in TDP-43 clearance: evidence for dysfunc-
tion in amyotrophic lateral sclerosis. Brain. 2016;139:1417-1432.

 15. Batulan Z, Shinder GA, Minotti S, et al. High threshold for induction 
of the stress response in motor neurons is associated with failure to 
activate HSF1. J Neurosci. 2003;23:5789-5798.

 16. Anagnostou G, Akbar MT, Paul P, Angelinetta C, Steiner TJ, de 
Belleroche J. Vesicle associated membrane protein B (VAPB) is de-
creased in ALS spinal cord. Neurobiol Aging. 2010;31:969-985.

 17. Darmanis S, Sloan SA, Zhang Y, et al. A survey of human brain tran-
scriptome diversity at the single cell level. Proc Natl Acad Sci USA. 
2015;112:7285-7290.

 18. Sofroniew MV, Vinters HV. Astrocytes: biology and pathology. Acta 
Neuropathol (Berl.). 2010;119:7-35.

 19. Scolding NJ, Frith S, Linington C, Morgan BP, Campbell AK, 
Compston DA. Myelin-oligodendrocyte glycoprotein (MOG) is a 
surface marker of oligodendrocyte maturation. J Neuroimmunol. 
1989;22:169-176.

 20. Artegiani B, Lyubimova A, Muraro M, van Es JH, van Oudenaarden 
A, Clevers H. A single-cell RNA sequencing study reveals cellular 
and molecular dynamics of the hippocampal neurogenic niche. Cell 
Rep. 2017;21:3271-3284.

 21. Isgrò MA, Bottoni P, Scatena R. Neuron-specific enolase as a 
biomarker: biochemical and clinical aspects. Adv Exp Med Biol. 
2015;867:125-143.

 22. Tagliafierro L, Bonawitz K, Glenn OC, Chiba-Falek O. Gene expres-
sion analysis of neurons and astrocytes isolated by laser capture mi-
crodissection from frozen human brain tissues. Front Mol Neurosci. 
2016;9:72.

 23. Spaethling JM, Na YJ, Lee J, et al. Primary cell culture of live neu-
rosurgically resected aged adult human brain cells and single cell 
transcriptomics. Cell Rep. 2017;18:791-803.

 24. Habib N, Avraham-Davidi I, Basu A, et al. Massively parallel single-nu-
cleus RNA-seq with DroNc-seq. Nat Methods. 2017;14:955-958.

 25. Lake BB, Chen S, Sos BC, et al. Integrative single-cell analysis of 
transcriptional and epigenetic states in the human adult brain. Nat 
Biotechnol. 2018;36:70-80.

 26. Shahheydari H, Ragagnin A, Walker AK, et al. Protein quality con-
trol and the amyotrophic lateral sclerosis/frontotemporal Dementia 
Continuum. Front Mol Neurosci. 2017;10:119.

 27. Mendillo ML, Santagata S, Koeva M, et al. HSF1 drives a transcrip-
tional program distinct from heat shock to support highly malignant 
human cancers. Cell. 2012;150:549-562.

 28. Gene Ontology Consortium. Gene Ontology Consortium: going 
forward. Nucleic Acids Res. 2015;43:D1049-D1056.

 29. D’Erchia AM, Gallo A, Manzari C, et al. Massive transcriptome se-
quencing of human spinal cord tissues provides new insights into 
motor neuron degeneration in ALS. Sci Rep. 2017;7:10046.

 30. Iwanaga T, Takahashi Y, Fujita T. Immunohistochemistry of neuron-spe-
cific and glia-specific proteins. Arch Histol Cytol. 1989;52(Suppl):13-24.

 31. GTEx Consortium. Human genomics. The Genotype-Tissue 
Expression (GTEx) pilot analysis: multitissue gene regulation in hu-
mans. Science. 2015;348:648-660.

 32. Chen H-J, Anagnostou G, Chai A, et al. Characterization of the 
properties of a novel mutation in VAPB in familial amyotrophic lat-
eral sclerosis. J Biol Chem. 2010;285:40266-40281.

 33. Kanekura K, Nishimoto I, Aiso S, Matsuoka M. Characterization of 
Amyotrophic Lateral Sclerosis-linked P56S Mutation of Vesicle-
associated Membrane Protein-associated Protein B (VAPB/ALS8). 
J Biol Chem. 2006;281:30223-30233.

 34. Paul P, Murphy T, Oseni Z, Sivalokanathan S, de Belleroche JS. 
Pathogenic effects of amyotrophic lateral sclerosis-linked mutation 
in D-amino acid oxidase are mediated by D-serine. Neurobiol Aging. 
2014;35:876-885.

 35. Jha BS, Rao M, Malik N. Motor neuron differentiation from pluripo-
tent stem cells and other intermediate proliferative precursors that 
can be discriminated by lineage specific reporters. Stem Cell Rev 
Rep. 2015;11:194-204.

 36. Nijssen J, Aguila J, Hoogstraaten R, Kee N, Hedlund E. Axon-Seq 
decodes the motor axon transcriptome and its modulation in re-
sponse to ALS. Stem Cell Rep. 2018;11:1565-1578.

 37. Uhlén M, Fagerberg L, Hallström BM, et al. Tissue-based map of the 
human proteome. Science. 2015;347:1260419.

 38. Sach M, Winkler G, Glauche V, et al. Diffusion tensor MRI of early 
upper motor neuron involvement in amyotrophic lateral sclerosis. 
Brain J Neurol. 2004;127:340-350.

 39. Kaufmann P, Pullman SL, Shungu DC, et al. Objective tests for 
upper motor neuron involvement in amyotrophic lateral sclerosis 
(ALS). Neurology. 2004;62:1753-1757.

https://orcid.org/0000-0001-8005-9456
https://orcid.org/0000-0001-8005-9456


     |  6069MONTIBELLER ET aL.

 40. Gonzalez-Perez P, Woehlbier U, Chian RJ, et al. Identification of 
rare protein disulfide isomerase gene variants in amyotrophic lat-
eral sclerosis patients. Gene. 2015;566:158-165.

 41. Woehlbier U, Colombo A, Saaranen MJ, et al. ALS-linked protein 
disulfide isomerase variants cause motor dysfunction. EMBO J. 
2016;35:845-865.

 42. Lorick KL, Jensen JP, Fang S, Ong AM, Hatakeyama S, Weissman AM. 
RING fingers mediate ubiquitin-conjugating enzyme (E2)-dependent 
ubiquitination. Proc Natl Acad Sci USA. 1999;96:11364-11369.

 43. Farrawell NE, Lambert-Smith I, Mitchell K, et al. SOD1A4V aggre-
gation alters ubiquitin homeostasis in a cell model of ALS. J Cell Sci. 
2018;131:jcs209122.

 44. Wang X-S, Simmons Z, Liu W, Boyer PJ, Connor JR. Differential 
expression of genes in amyotrophic lateral sclerosis revealed 
by profiling the post mortem cortex. Amyotroph Lateral Scler. 
2006;7:201-216.

 45. Mathew A, Mathur SK, Jolly C, Fox SG, Kim S, Morimoto RI. Stress-
specific activation and repression of heat shock factors 1 and 2. Mol 
Cell Biol. 2001;21:7163-7171.

 46. Naughton MC, McMahon JM, FitzGerald UF. The role of the 
unfolded protein response in myelination. Neural Regen Res. 
2016;11:394-395.

 47. Sun S, Sun Y, Ling S-C, et al. Translational profiling identifies a 
cascade of damage initiated in motor neurons and spreading 
to glia in mutant SOD1-mediated ALS. Proc Natl Acad Sci USA. 
2015;112:E6993-E7002.

 48. Guertin PA. Central pattern generator for locomotion: anatomical, 
physiological, and pathophysiological considerations. Front Neurol. 
2012;3:183.

 49. Rosenberg AB, Roco CM, Muscat RA, et al. Single-cell profiling of 
the developing mouse brain and spinal cord with split-pool barcod-
ing. Science. 2018;360:176-182.

 50. Shoulders MD, Ryno LM, Genereux JC, et al. Stress-independent 
activation of XBP1s and/or ATF6 reveals three functionally diverse 
ER proteostasis environments. Cell Rep. 2013;3:1279-1292.

 51. Behnke J, Feige MJ, Hendershot LM. BiP and its nucleotide ex-
change factors Grp170 and Sil1: mechanisms of action and biologi-
cal functions. J Mol Biol. 2015;427:1589-1608.

 52. Liu Y, Chang A. Heat shock response relieves ER stress. EMBO J. 
2008;27:1049-1059.

 53. Baek JH, Mahon PC, Oh J, et al. OS-9 interacts with hypoxia-induc-
ible factor 1alpha and prolyl hydroxylases to promote oxygen-de-
pendent degradation of HIF-1alpha. Mol Cell. 2005;17:503-512.

 54. Sato K, Morimoto N, Kurata T, et al. Impaired response of hypoxic 
sensor protein HIF-1α and its downstream proteins in the spinal 
motor neurons of ALS model mice. Brain Res. 2012;1473:55-62.

 55. Fujimori K, Ishikawa M, Otomo A, et al. Modeling sporadic ALS 
in iPSC-derived motor neurons identifies a potential therapeutic 
agent. Nat Med. 2018;24:1579-1589.

 56. Moustaqim-Barrette A, Lin YQ, Pradhan S, Neely GG, Bellen HJ, 
Tsuda H. The amyotrophic lateral sclerosis 8 protein, VAP, is required 
for ER protein quality control. Hum Mol Genet. 2014;23:1975-1989.

 57. Gkogkas C, Middleton S, Kremer AM, et al. VAPB interacts with and 
modulates the activity of ATF6. Hum Mol Genet. 2008;17:1517-1526.

 58. Suzuki H, Kanekura K, Levine TP, et al. ALS-linked P56S-VAPB, an 
aggregated loss-of-function mutant of VAPB, predisposes motor 
neurons to ER stress-related death by inducing aggregation of 
co-expressed wild-type VAPB. J Neurochem. 2009;108:973-985.

 59. Valenzuela V, Collyer E, Armentano D, Parsons GB, Court FA, Hetz 
C. Activation of the unfolded protein response enhances motor re-
covery after spinal cord injury. Cell Death Dis. 2012;3:e272.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Montibeller L, Tan LY, Kim JK, Paul P, 
de Belleroche J. Tissue-selective regulation of protein 
homeostasis and unfolded protein response signalling in 
sporadic ALS. J Cell Mol Med. 2020;24:6055–6069. https://doi.
org/10.1111/jcmm.15170

https://doi.org/10.1111/jcmm.15170
https://doi.org/10.1111/jcmm.15170

