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Abstract

Aim: Spinal muscular atrophy (SMA) is a neuromuscular disease caused by survival of

motor neuron (SMN) deficiency that induces motor neuron (MN) degeneration and

severe muscular atrophy. Gene therapies that increase SMN have proven their efficacy

but not for all patients. Here, we explored the unfolded protein response (UPR) status in

SMA pathology and explored whether UPR modulation could be beneficial for SMA

patients.

Methods: We analysed the expression and activation of key UPR proteins by RT-qPCR

and by western blots in SMA patient iPSC-derived MNs and one SMA cell line in which

SMN expression was re-established (rescue). We complemented this approach by using

myoblast and fibroblast SMA patient cells and SMA mouse models of varying severities.

Finally, we tested in vitro and in vivo the effect of IRE1α/XBP1 pathway restoration on

SMN expression and subsequent neuroprotection.

Results: We report that the IRE1α/XBP1 branch of the unfolded protein response is

disrupted in SMA, with a depletion of XBP1s irrespective of IRE1α activation pattern.

The overexpression of XBP1s in SMA fibroblasts proved to transcriptionally enhance

SMN expression. Importantly, rebalancing XBP1s expression in severe SMA-like mice,

induced SMN expression and spinal MN protection.

Conclusions: We have identified XBP1s depletion as a contributing factor in SMA patho-

genesis, and the modulation of this transcription factor proves to be a plausible thera-

peutic avenue in the context of pharmacological interventions for patients.
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INTRODUCTION

Spinal muscular atrophy (SMA) is a childhood neuromuscular disease

caused by survival of motor neuron 1 (SMN1) gene mutation or dele-

tion and subsequent protein depletion [1]. SMA induces motor-

neuron (MN) degeneration leading to severe muscular atrophy and

often to early death [2]. The severity of SMA is variable depending on

the expression of SMN2, a gene copy of SMN1. Indeed, due to a poly-

morphism in exon-7, SMN2 produces only a fraction of the full-length

SMN mRNA leading to the production of a small amount of functional

SMN protein [3]. Consequently, efforts to find a therapy for SMA

have mainly focused on increasing full-length SMN expression in

patients. Three therapies for SMA are available, based either on the

promotion of exon-7 inclusion in SMN2-derived transcripts using spe-

cific Antisense Oligonucleotides [4–6] or the Ridisplam molecule [7],

or on AAV-based SMN1 gene replacement [8]. Although proven to

alleviate SMA, these therapies do not constitute a cure for SMA and

are not efficient or applicable for all patients [6, 9–12]. Furthermore,

the existence of AAV immunoreactivity limits SMN gene replacement

by AAV [13]. Thus, novel therapeutic approaches are needed to

increase the number of available treatment options for all patients,

including original combination therapies.

We previously reported in several severe SMA mouse models,

that increasing MN activity, either physiologically using physical exer-

cise [14] or pharmacologically using agonists of NMDA receptors [15],

promotes MN survival likely through SMN expression-promoting

mechanisms that remain to be further investigated. Among these

mechanisms, NMDA-receptor activation could trigger the unfolded

protein response (UPR) [16].

The UPR is an adaptive system activated when unfolded or

misfolded proteins accumulate in the lumen of the endoplasmic retic-

ulum (ER). UPR is expected to restore normal cell function primarily

by halting general translation, followed by degrading unfolded pro-

teins and subsequently inducing the expression of chaperones

involved in protein folding, such as the binding immunoglobulin pro-

tein BiP/GRP78 or protein disulfide isomerases (PDIs). Thus, the UPR

system restores the balance between folding capacity and demand

through the activation of three branch-specific transcription factors,

that is, XBP1, ATF4 or ATF6, respectively, activated by inositol-

requiring enzyme 1 α (IRE1α), PKR-like ER kinase (PERK) and ATF6

[17] (Figure 1). Under normal conditions, IRE1α binds BiP/GRP78 in

an inactive complex. When unfolded proteins accumulate in the ER,

BiP/GRP78 dissociates from IRE1α, which then undergoes

homodimerization and trans-autophosphorylation [18]. IRE1α

autophosphorylation results in the activation of its endoribonuclease

domain [19] that catalyses 26 nucleotide excision in unspliced XBP1

(XBP1u) mRNA [20]. This XBP1 mRNA splicing, which unconvention-

ally occurs in the cytoplasm, generates the spliced XBP1 (XBP1s) with

a new open reading frame encoding the active form of XBP1 (XBP1s).

The latter can enter into the nucleus, bind to cAMP response element

(CRE) and activate transcription of its target genes, such as

BiP/GRP78 or PDIs [20] (Figure 1). If this adaptive mechanism fails,

the UPR switches to a pro-apoptotic mode, notably through the

activation of the regulated IRE1α-dependent decay of mRNA (RIDD)

[21] or the induction of CCAAT/enhancer binding protein (C/EBP)

homologous protein (CHOP), both resulting in the activation of an

apoptosis signal-regulating kinase 1 (ASK1)-dependent signalling path-

way [22].

Interestingly, using MNs derived from the severe-type patient

induced pluripotent stem cell (iPSC) and a mouse model of severe

type SMA, Rubin’s laboratory reported that activated UPR promoted

SMA MN death and that in vivo inhibition of UPR increased SMA MN

survival [23]. However, these data were unconfirmed by a follow-up

study also using also SMA iPSC-derived MNs [24]. This apparent dis-

crepancy prompted us to explore the UPR status in two different cell

lines of SMA patient iPSC-derived MNs and one SMA cell line in

which SMN was re-expressed (rescue). We complemented this

in vitro study by using myoblast and fibroblast SMA patient cells.

Finally, we studied the spinal cord from different mouse models with

varying disease severity. Our results suggest that the IRE1α/XBP1

branch of the UPR is altered in SMA, with an overactivation of IRE1α

that is unexpectedly associated with a decrease in XBP1s expression.

Importantly, XBP1s restoration promotes SMN expression in vitro and

in vivo and MN survival in the spinal cord of severe SMA-like mice.

MATERIALS AND METHODS

See Supporting Information for detailed descriptions.

hiPSC-derived motor neurons

hiPSC were generated by reprogramming Coriell Biorepository patient

fibroblasts as previously described [25]. Two independent control

hiPSC and 2 SMA hiPSC were generated from fibroblast lines

(Figure S1). An isogenic control SMA line was obtained from one SMA

hiPSC line in which a plasmid encoding SMN (pEF1aFlagbiotagSMN-

PGKpuro, kindly gift of H. Wichterle and S. Nedelec) was stably trans-

fected (Rescue). Informed consent was obtained from all the patients

included in this study, complying with the ethical guidelines of the

Key points

• IRE1α/XBP1 branch of the unfolded protein response is

disrupted in SMA, with a depletion of XBP1s irrespective

of IRE1α activation pattern.

• Restoration of XBP1s by overexpression in SMA

fibroblasts proved to transcriptionally enhance SMN

expression.

• ATF6 Activation led to rebalance XBP1s expression in

severe SMA-like mice, inducing SMN expression and

spinal MN protection.
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institutions and with the legislation requirements of the country of

origin. Experimental protocols were approved by the French Ministry

of Health: A02599-48. For differentiation of spinal MNs from hiPSCs,

we used a previously reported protocol [25].

Mice, treatment and behaviour analysis

SMA mouse models were previously described [15, 26, 27].

NMDA (Sigma-Aldrich) treatment was performed as described

[15] and AA147 (Sigma-Aldrich) was injected intrathecally into P7

neonatal control and severe SMA-like mice. Grip strength and the

ambulatory behaviour were assessed as described [15].

The care and treatment of animals followed the national

authority’s (French Ministry of Research and Technology) guidelines

for the detention, use and ethical treatment of laboratory animals.

Western blot analysis

Western blots were performed as described previously [28, 29]. Anti-

bodies are detailed in the Supporting Information.

RT-qPCR analysis

RT-qPCR was performed as described [30]. Relative mRNA amounts

were quantified using the 2–ΔΔCT method [31].

Immunofluorescence analysis

Immunofluorescence on hiPSCs and motor neuron was performed as

described previously [15, 25, 29].

Cell culture and plasmid transfection

Human immortalised cultures of fibroblasts from type I SMA patients

[32] were transfected with a plasmid coding for XBP1s fused to a flag

(pCMV5-Flag-XBP1s). pCMV5-Flag-XBP1s was a gift from Qingbo Xu

and Lingfang Zeng (Addgene plasmid # 63680; http://n2t.net/

addgene:63680; RRID:Addgene_63680) [33]. SMA and WT human

primary cultures of myoblasts were cultivated as described previously

[30, 34]. MN-1 [35] cells were transfected with siRNA (Dharmacon)

following the manufacturer’s instructions.

F I GU R E 1 Overview of UPR
pathway in response to ER stress.
Upon accumulation of misfolded
proteins in the ER, GRP78 dissociates
from the three ER stress sensors:
IRE1α, PERK and ATF6. This leads to
the activation of ATF6 by cleavage
and of IRE1α and PERK by
autophosphorylation. Once activated,
ATF6 translocates in the nucleus and
activates the transcription of its
target genes, one of whom is XBP1
gene. The transcript of this last gene
is XBP1u that encodes an unstable
protein. IRE1α induces the
unconventional splicing of XBP1u
mRNA and produces XBP1s mRNA
that encodes the active XBP1s
transcription factor of this branch.
Finally, PERK, through eIF2α
phosphorylation, increases the
translation of the transcription factor
ATF4 and inhibits the general

translation. Thus, the activation of
these three transcription factors
induces the transcription of genes
encoding chaperones and the ERAD
system (ATF6, XBP1s), and autophagy
and antioxidant responses (ATF4),
allowing to restore the ER
homoeostasis, enhance protein
folding and clear the misfolded
proteins

XBP1-INDUCED NEUROPROTECTION IN SMA 3 of 18
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Chromatin immunoprecipitation (ChIP)

SMA fibroblasts were transfected for 48 h with pFlag-CMV2-empty

vector or pCMV5-Flag-XBP1s. Chromatin was extracted and DNA

was fragmentated. After Flag immunoprecipitation, bound DNAs were

analysed by qPCR.

Statistical analysis

All data are expressed as means with standard deviation (� SD) of

n different cultured cell samples or mice for each group. Grubbs’ test

was performed to remove potential outliers.

For endpoint studies, a Kolmogorov–Smirnov normal distribution

analysis was performed followed by the appropriate statistical test

indicated in the figure legends (Prism 7, GraphPad Software, Inc).

Experimental design

All experiments based on mice were performed blinded, with sample

vials uniquely coded to replace pathological or control origins. The

pathological background of the mice was further determined by both

physiological criteria (body weight, size and tail length) and post-

dissection genotyping.

RESULTS

XBP1s expression is impaired in hiPSC-derived motor
neurons of severe type SMA patients

Previous studies reported either enhanced [23] or unchanged [24]

levels of XBP1s mRNA in MNs derived from hiPSCs of SMA patients.

To clarify the status of the IRE1α/XBP1 pathway in SMA MNs, we

generated hiPSC-derived MNs from two different type I SMA patients

(cell lines 232C11 and 13C2) and two controls (cell lines 56C2 and

14C5) [25]. Among the hiPSC samples, we used one SMA (13C2) and

one control (14C5) that displayed a direct familial link (mother and

child) (Figure S1A). The other cell lines were totally independent. To

attribute potential gene expression variation to changes in SMN

expression change, a plasmid expressing SMN was stably transfected

in the 13C2 SMA hiPSC line (Rescue). Moreover, we investigated the

IRE1α/XBP1 pathway at two time points of MN differentiation, days

14 and 24, which correspond to new-born and mature MNs, respec-

tively [25]. SMN expression was significantly decreased in SMA

hiPSC-derived MNs compared with controls, but over-expressed in

the rescue (Figure S1B).

To assess the purity of MN in our cultures, we evaluated the per-

centage of MNs in control, SMA and Rescue hiPSC-derived cultures

using HB9 and ISL1 co-immunostaining (Figure S1C). As reported

[25], we obtained 70% HB9 positive cells, that is, MNs, in all cultures

at day 14 (Figure S1D,E). We next evaluated MN survival from day

14 to day 24, by counting ISL1 positive cells. While no cell death

could be detected at day 14 in any of the conditions, we observed an

increase of about 40% cell death at day 24 in SMA hiPSC-derived

MNs compared with controls (Figure S1F). As expected, the level of

cell death in Rescue hiPSC was significantly lower than in SMA hiPSC

and comparable to controls (Figure S1F).

We first analysed the mRNA levels of the main effectors of

IRE1α/XBP1 pathway, namely, IRE1α, XBP1u and XBP1s, and the

XBP1s-target BiP/GRP78 (Figures 2A,C and S2). We unexpectedly

found a decrease in XBP1s expression in SMA hiPSC-derived MNs

compared with controls. This decrease was significant at day 14 but

not at 24. Importantly, XBP1s mRNA expression reached levels com-

parable to controls in the rescue condition. No difference in XBP1u,

IRE1α and BiP/GRP78 expression was witnessed irrespective of the

time of differentiation (Figures 2A,C and S2). Moreover, XBP1s mRNA

expression was significantly decreased in the 13C2 SMA MNs at day

14 compared with the family linked 14C5 control MNs (Figures 2E

and S1).

Since these data suggested an inhibition of the IRE1α/XBP1 path-

way in SMA MNs, contrary to what has been previously reported

[23], we analysed the protein expression of IRE1α and XBP1s in SMA

MNs. Importantly, and consistent with the mRNA results, XPB1s pro-

tein level at day 14 was decreased more than 50% compared with

control hiPSC (Figure 2B). We then assessed the activation of IRE1α

in SMA MNs at day 14, and found no difference in phosphorylated

IRE1α or total IREα expression levels. This disconnection between

XBP1s expression and IRE1α activation pattern occurred in both the

immature and mature MNs (Figure S1F). Despite significant over-

activation of IRE1α in SMA at 24 day, XBP1s expression is unchanged

in SMA MNs compared with controls (Figure 2D). Thus, during SMA

MN differentiation, XBP1s depletion unexpectedly precedes IRE1α

activation and, thereafter (d24), overactivated IRE1α failed in produc-

ing large amounts of XBP1s compared with controls.

Because XBP1s depletion in SMA MNs might activate pro-

apoptotic pathways, we analysed the expression of CHOP, a marker of

the shift from pro-survival to pro-apoptotic UPR. As shown in

Figure S2, and in contrast to previously reported data [23], no alter-

ation of CHOP expression was found in SMA hiPSC-derived MNs

compared with controls.

These data indicate that the IRE1α/XBP1 pathway is com-

promised in SMA MNs, with an unexpected SMA-induced decrease in

XBP1s expression which likely precedes MN cell death.

The IRE1α/XBP1 branch of the UPR is compromised
in non-neuronal SMA patient cells

SMA is not restricted to MNs and many tissues are affected by SMN

depletion [36] including skeletal muscle, which has been found to be a

critical contributor to SMA physiopathology [37]. Thus, we investi-

gated the status of the IRE1α/XBP1 pathway in several human SMA

samples, including muscle cells. We studied the IRE1α/XBP1 pathway

in a primary culture of myotubes derived from a severe type SMA

4 of 18 D’AMICO ET AL.
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F I GU R E 2 Differentiated MNs from SMA hiPSCs show a defect in XBP1 splicing. (A, C) Quantification by RT-qPCR of IRE1α, XBP1u and
XBP1s, mRNAs normalised to PPIA transcript in differentiated MNs, at day 14 (d14) (A) and day 24 (d24) (C) from WT, SMA and rescue cell line
hiPSCs (n = 2 WΤ and SMA and n = 5 technical replicates). (B, D) Quantification by western blot of p-IRE α IRE1α and XBP1s, in differentiated
MNs, at d14 (B) and d24 (D) (n = 2 WT and SMA and n = 3 technical replicates). (E) Quantification by RT-qPCR of IRE1α, XBP1u and XBP1s
mRNAs normalised to PPIA transcript at d14 and d24 from the control 14C5 and the SMA 13C2 (mother and child, respectively) and the rescue
cell line hiPSCs. Data are expressed as mean � SD, *p < 0.05, non-parametric Mann–Whitney U test

XBP1-INDUCED NEUROPROTECTION IN SMA 5 of 18
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F I GU R E 3 IRE1α/XBP1 pathway is altered in human SMA patient-derived myotubes and fibroblasts. (A) Quantification by RT-qPCR of IRE1α,
XBP1u, XBP1s, BiP/GRP78, PDIA4, PDIA6, BLOS1, CHOP (A1) total SMN exon-2a–exon-2b (SMNE2aE2b) and SMN-containing exon 7, exon-7–
exon-8 (SMNE7E8) mRNAs (A2) normalised to RPL13A transcript in SMA type II patient-derived myotubes after 40 days of differentiation (n = 4).
(B) Western blot analysis and quantification of p-IRE1α, IRE1α, XBP1s, SMN and BiP/GRP78 protein expression in SMA type II patient-derived

myotubes after 40 days of differentiation (n = 4). (C) Quantification by RT-qPCR of IRE1α, XBP1u, XBP1s, BiP/GRP78, PDIA4, PDIA6, BLOS1,
CHOP (C1) and SMNE2aE2b, SMNE7E8 mRNAs (C2) normalised to RPL13A transcript in SMA type I patient-derived immortalised fibroblasts
(n = 4). (D) Western blot analysis and quantification of p-IRE1α, IRE1α, XBP1s, SMN and BiP/GRP78 proteins expression in SMA type I patient-
derived immortalised fibroblasts (n = 4). Vertical dotted lines indicate that the pictures have been spliced from the same blot. Data are expressed
as mean � SD *p < 0.05 non-parametric Mann–Whitney U test

6 of 18 D’AMICO ET AL.

 13652990, 2022, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/nan.12816 by IN

SE
R

M
, W

iley O
nline L

ibrary on [10/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



F I GU R E 4 Legend on next page.

XBP1-INDUCED NEUROPROTECTION IN SMA 7 of 18

 13652990, 2022, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/nan.12816 by IN

SE
R

M
, W

iley O
nline L

ibrary on [10/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



patient, after 40 days of differentiation [34]. We first analysed the

expression levels of the main effectors of the pathway at the RNA

level. We found that XBP1u, XBP1s, BiP/GRP78 and PDIA6 mRNAs

were significantly downregulated in SMA myotubes compared with

controls, whereas IRE1α and PDIA4 mRNA levels remained unchanged

(Figure 3A).

At the protein level, total IRE1α expression was significantly

decreased along with a 10-fold increase in IRE1α phosphorylation in

SMA myotubes compared with controls (Figure 3B). This over-

activation of IRE1α is disconnected from XBP1s production, since

XBP1s protein reached almost undetectable levels in SMA myotubes,

and the XBP1s-target BiP/GRP78 protein was dramatically reduced

(Figure 3B).

We next investigated whether XBP1s depletion in SMA

myotubes could induce pro-apoptotic pathways. We first analysed

the expression levels of CHOP mRNA and found a significant increase

of this pro-apoptotic marker in SMA myotubes compared with con-

trols (Figure 3A). We next analysed the expression of BLOS1, consid-

ered a universal target of RIDD, which promotes apoptosis through

IRE1α nuclease activity [38]. No alteration of BLOS1 mRNA levels was

found in SMA myotubes compared with controls (Figure 3A).

We repeated this analysis in cultures of SMA patient fibroblasts,

which constitute a convenient cell model to analyse molecular defects

dependant on SMN depletion [32]. The SMA fibroblasts globally

reproduced the picture of IRE1α/XBP1 pathway impairments we had

found in SMA myotubes, except for CHOP expression (Figure 3C,D).

Again, we found that a 10-fold IRE1α overactivation was associated

with a significant decrease in XBP1s and its target BiP/GRP78 expres-

sion levels (Figure 3D).

These results confirm a dysfunction of the IRE1α/XBP1 branch of

the UPR in SMA with low expression of one main effector component

of the pathway, namely XBP1s, despite overactivation of the pathway

initiator IRE1α.

The activation of the IRE1α/XBP1 pathway increases
SMN expression levels in SMA fibroblasts

We next wondered whether XBP1s increase via UPR activation in

SMA cells could be beneficial, notably through SMN gene expression

modulation. We treated SMA fibroblasts with Thapsigargin (Tg), a

general activator of the three UPR branches and analysed IRE1α/

XBP1 components and SMN expression. Following Tg treatment,

IRE1α, XBP1s, BiP/GRP78 and PDIA4 mRNA levels were significantly

increased in comparison to DMSO-treated SMA fibroblasts

(Figure 4A). As expected for the unspliced form of XBP1, XBP1u

mRNA expression remained unchanged after Tg treatment. BLOS1

mRNA was significantly decreased, as expected for a RIDD target.

To investigate the effects of Tg on SMN expression, we quantified

the fraction of exon-7-containing mRNA inside the population of SMN

transcripts using RT-qPCR aimed at either amplifying the exon-7–

exon-8 segment (E7–E8) or the constitutive exon-2a–exon-2b seg-

ment (E2a–E2b) (Figure 4B,C). After Tg treatment in SMA fibroblasts,

SMN mRNA expression was significantly enhanced, with a greater

increase for exon-7-containing transcripts compared with the

constitutive-exon transcripts, suggesting an exon-7 inclusion effect.

All these data were confirmed at the protein level, notably the signifi-

cant increase in XBP1s and SMN expression following UPR induction

(Figure 4D).

To evaluate the contribution of the IRE1α/XBP1 pathway to the

increase in SMN expression among the three UPR branches, we

inhibited IRE1α RNase activity with 4μ8c [41] in Tg-treated SMA

fibroblasts. In these conditions and as anticipated, XBP1s mRNA

expression decreased and XBP1u mRNA accumulated, with no change

in the expression of IRE1α compared with DMSO-treated fibroblasts

(Figure 4A). BiP/GRP78 expression remained stable, as expected for a

target of the three UPR branches. Moreover, BLOS1 mRNA reached

expression levels comparable to DMSO-treated fibroblasts,

F I GU R E 4 UPR stimulation increases SMN expression levels through the activation of IRE1α/XBP1 pathway. (A, B) quantification by RT-
qPCR of IRE1α, XBP1u, XBP1s, BiP/GRP78, PDIA4 and BLOS1 (A) and SMNE2aE2b and SMNE7E8 mRNAs (B) normalised to RPL13A transcript
(n = 4) in SMA type I patient-derived immortalised fibroblasts treated with DMSO or 0.5 μM thapsigargin (Tg-UPR inducer) with or without 4μ8c
(IRE1α RNase activity inhibitor) for 24 h. (C) Level of exon-7 inclusion in SMN transcript quantified by RT-qPCR of SMNE7E8 mRNAs normalised
to SMNE2aE2b (n = 4) in SMA type I patient-derived immortalised fibroblasts treated with DMSO or 0.5 μM Tg with or without 4μ8c for 24 h.
(D) Western blot analysis and quantification of p-IRE1α, IRE1α, XBP1s, BiP/GRP78 and SMN proteins (n = 4) in SMA type I patient-derived
immortalised fibroblasts treated with DMSO or 0.5 μM Tg with or without 4μ8c for 24 h. *p < 0.05. One-way ANOVA post hoc Tukey test. (E, F)
Quantification by RT-qPCR of XBP1u, XBP1s, BiP/GRP78 (E) and SMNE2aE2b or SMNE7E8 (F) mRNAs normalised to RPL13A transcript in SMA
type I patient-derived immortalised fibroblasts transfected 48 h with pCMV5-flag-XBP1s or empty vector pFlag-CMV2 (n = 6). (G) Quantification
by RT-qPCR of SMNE7E8 mRNAs normalised to SMNE2aE2b (n = 6) in SMA type I patient-derived immortalised fibroblasts transfected 48 h
with pCMV5-flag-XBP1s or empty vector pFlag-CMV2. (H) Western blot analysis and quantification of SMN and BiP/GRP78 protein expression
in SMA type I patient-derived immortalised fibroblasts transfected 48 h with pCMV5-flag-XBP1s 0.5 μg or the empty vector (pFlag-
CMV2-empty) (n = 3). *p < 0.05. Non-parametric Mann–Whitney U test. (I) A XBP1 binding site is present in SMN gene. CORE sequence of the
consensus XBP1s binding from JASPAR database [39] (XBP1 JASPAR_CORE_2016, MA0844.1, MA0844.1) (I1). Alignment of the 50UTR of
human SMN2 gene contains a XPB1s binding site conserved among mammals (analyse done on ConTrav3 web site [40]) (I2). XBP1s binding site
labelled in red is located in the first exon of SMN2 gene. (J, K) qPCR performed to detect SMN2 (J) and BiP/GRP78 (K) promoters following ChIP
against flag-XBP1s in SMA type I patient-derived immortalised fibroblasts transfected 48 h with 0.5 μg of pCMV5-flag-XBP1s or the empty
pFlag-CMV2 vectors (n = 3). Data are expressed as mean � SD *p < 0.05. Non-parametric Mann–Whitney U test. Vertical dotted lines indicate
that the pictures have been spliced from the same blot
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confirming the efficiency of the 4μ8c treatment as an IRE1α RNase

inhibitor. Importantly, SMN mRNA expression enhancement following

UPR induction in SMA fibroblasts was abolished by IRE1α inhibition,

including full-length and Δ7 SMN transcripts (Figure 4B,C). All these

data were confirmed at the protein level, with the return of XBP1s

and SMN expression to pathological levels after IRE1α RNase inhibi-

tion (Figure 4D). Since 4μ8c inhibits the RNase catalytic domain of

IRE1α without interfering with its kinase activity, no difference was

recorded in IRE1α phosphorylation after 4μ8c treatment [41].

Thus, reactivating the IRE1α/XBP1 branch of UPR in SMA cells

induces an upregulation of SMN expression that is specifically depen-

dant on IRE1α RNase activity.

XBP1s is a transcriptional regulator of SMN2 gene

To investigate whether SMN expression could be regulated by XBP1s,

we transfected SMA fibroblasts with a plasmid encoding XBP1s fused

with a Flag tag [33]. XBP1s overexpression significantly enhances

SMN expression both at the mRNA (Figure 4F,G) and at the protein

level (Figure 4H). Additionally, RT-qPCR experiments revealed the

same increase of both SMN full-length and Δ7 SMN transcripts,

suggesting therefore that XBP1s promoted steady state levels of SMN

transcripts and not exon-7 splicing (Figure 4F,G). Moreover, XBP1s

overexpression in SMA fibroblasts significantly increased BiP/GRP78

expression, as expected for a XBP1s gene target.

XBP1s is a transcription factor that preferentially binds CRE-like

sequences containing an ACGT core in target gene promoters [42,

43]. We previously reported a CRE sequence in the human SMN pro-

moter (GenBank accession AF187725), in the first exon of SMN

(+105 to +118 base pairs) [30]. This site, which can be also bound by

the CREB protein, is considered as a crucial positive regulator of SMN

gene expression [30]. Therefore, we performed an in silico analysis to

determine if XBP1s could bind the SMN2 promoter and particularly

on this CRE site [40]. As shown in Figure 4I, the CRE site is also a con-

sensus XBP1s binding site that is highly conserved in mammals.

Therefore, we investigated whether XBP1s could bind this site by per-

forming ChIP experiments in SMA fibroblasts overexpressing Flag-

XBP1s using Flag antibody. We found that XBP1s binds to the SMN

promoter, as well as the BiP/GRP78 promoter used as a positive con-

trol (Figure 4J,K).

These data highlight an unanticipated role of XBP1s in directly

activating SMN2 gene expression in SMA cells and strongly suggest

that enhancing XBP1s expression could be beneficial for SMA.

The IRE1α/XBP1 branch of the UPR is compromised
in the spinal cord of severe SMA-like mice

These results prompted us to investigate the activation status of the

IRE1α/XBP1 pathway in the spinal cord of control and severe SMA-

like mice, with or without NMDA-receptor activation, since this treat-

ment also increases SMN expression [15] and activates the UPR [16].

We first analysed the expression levels of the main effectors of the

pathway, at the mRNA and the protein level in the lumbar spinal cord

of severe SMA-like mice at P12, which corresponds to end-stage dis-

ease in this mouse model. As shown in Figure 5A, we found that Ire1α

mRNA was overexpressed in SMA spinal cord compared with con-

trols, whereas Xbp1u and Xbp1s mRNAs were significantly down-

regulated. Moreover, we found a strong increase in phosphorylated

IRE1α (p-IRE1α), without an increase in total IRE1α protein

(Figure 5B). The significant increase in the p-IRE1α/IRE1α ratio in

SMA compared with controls, strongly suggests that IRE1α was over-

activated in SMA, as previously reported in another SMA mouse

model [23]. As evidenced in human SMA cells, despite IRE1α over-

activation, XBP1s protein levels were significantly decreased

(Figure 5B) along with the BiP/GRP78 protein. This result concurred

with the decrease in the mRNA expression of XBP1s targets Bip/

Grp78, Pdia4 and Pdia6 in SMA spinal cord compared with controls

(Figure 5A).

Interestingly, NMDA-receptor activation rebalanced the expres-

sion of IRE1α/XBP1 pathway components, including the up-regulation

of XBP1s and BiP/GRP78 and the down-regulation of IRE1α, leading

to a pattern comparable to controls (Figure 5).

Again, Chop and Blos1 expression levels remained unchanged in

mouse SMA spinal cord with or without NMDA-receptor activation,

suggesting an unlikely activation of IREα dependent apoptotic path-

ways, including RIDD (Figure 5A).

These data suggest that in the spinal cord of severe SMA-like

mice, as in SMA patient cells, IRE1α although overactivated is unable

to trigger pro-survival UPR cascade, and notably Xbp1u splicing, lead-

ing to XBP1s depletion.

Alteration of the IRE1α/XBP1 pathway precedes
massive MN death in severe SMA-like mice

To determine whether the IRE1α/XBP1 branch alteration, notably the

depletion of XBP1s, precedes or is a consequence of SMA-induced

MN death, we investigated protein expression levels and the activa-

tion status of IRE1α/XBP1 pathway in the lumbar spinal cord of

severe SMA-like mice aged 4 (P4) and 8 (P8) days corresponding to

pre-symptomatic and early symptomatic stages of the disease respec-

tively, before the massive death of spinal MNs [26, 44]. Very interest-

ingly, at P4, XBP1s expression displayed a significant downregulation

in SMA spinal cord compared with controls, in the absence of any

other molecular alteration of the pathway (Figure 6A). Later on, at P8,

XBP1s protein levels remained significantly decreased in SMA spinal

cord compared with controls. Moreover, at this age, the other main

components of the IRE1α/XBP1 pathway, that is, BiP/GRP78, IRE1α

and p-IRE1α proteins displayed a significant decrease in their protein

expression (Figure 6B). Interestingly, the ratio of p-IRE1α/total IRE1α,

remained unchanged when compared with controls, suggesting that

defects in the IRE1α/XBP1 pathway precede IRE1α overactivation in

SMA spinal cord as previously seen in SMA hiPSC. In addition, we

investigated whether the IRE1α-XBP1 pathway was the only branch
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of the UPR altered in the lumbar spinal cord of SMA-like mice. We did

not find any alteration of ATF6, PERK or ATF4 at the mRNA level at

P8 and P10 compared with controls (Figure S3A,B). Nevertheless, we

found by western blot that ATF4 and the activated form of ATF6

(cleaved ATF6) were decreased at P10 in the spinal cord of SMA-like

mice compared with controls (Figure S3C). Thus, the activation of the

three UPR effectors is impaired in the spinal cord of SMA-like mice at

late stages of the disease.

We extended our analysis to the lumbar spinal cord of other

mouse models of SMA, including very severe SMA-like mice [27], in

which massive MN death occurs at birth, and the mild-type SMA-like

mice [45], in which MN death is milder and progressive compared

with the former. Interestingly, the same expression defects in IRE1α/

XBP1 pathway as those found in severe SMA-like mice aged of

12 days could be observed in the spinal cord of very severe SMA-like

mice at 2 days of age, including Xbp1s and Bip/Grp78 expression

downregulation and IRE1α overexpression (Figure S3D). By contrast,

no alteration in the IRE1α/XBP1 pathway could be found in the spinal

cord of mild-type SMA-like mice (Figure S3E).

These data show that IRE1α/XBP1 pathway alteration, notably

the decrease in XBP1s expression, is associated with, and even pre-

cedes, MN death in severe types of SMA-like mice, suggesting that

IRE1α/XBP1 alterations participate in SMA pathogenesis.

In vitro SMN depletion in murine MN-like cells
recapitulates the IRE1α/XBP1s alterations found
in vivo

We next investigated whether IRE1α/XBP1s impairments found in

SMA could be a direct consequence of SMN depletion. We used the

murine Motor-Neuron-1-like (MN-1) cell line and depleted SMN by

F I GU R E 5 The IRE1α/XBP1 branch of the UPR is compromised in the spinal cord of severe SMA-like mice. (A) Quantification by RT-qPCR of
Ire1α, Xbp1u, Xbp1s, Bip/Grp78, Pdia4 and 6, Blos1 and Chop mRNAs normalised to Rps26 in the spinal cord of vehicle-treated control mice and
vehicle- or NMDA-treated severe SMA-like mice at 12 days of age (n = 4). (B) Western blot analysis and expression quantification of p-IRE1α,
IRE1α, BiP/GRP78, SMN and XBP1s proteins in the spinal cord of vehicle-treated control mice and vehicle or NMDA treated severe SMA-like
mice at 12 days of age (n = 6). Data are expressed as mean � SD *p < 0.05. One-way ANOVA post hoc Tukey test. Vertical dotted lines indicate
that the pictures have been spliced from the same blot
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about 75%. This induced significant IRE1α overactivation (Figure 6C)

associated with a significant decrease in XBP1s expression, at the

mRNA and protein levels (Figure S4; and Figure 6C). The decrease of

XBP1s expression was associated with a concomitant decrease in its

target BiP/GRP78, but only at the protein level.

Thus, SMN depletion in MN-1 cells was sufficient to compromise

the IRE1α/XBP1 pathway, with, notably, an induced XBP1s depletion

and IRE1α overactivation.

Enhancement of XBP1s levels by pharmacologic
ATF6-activating molecule promoted SMN expression

Since XBP1s could induce SMN expression and since IREα is over-

activated in SMA cells, we hypothesise that increasing XBP1u

expression should provide enough substrates to IRE1α to restore

XBP1s expression. Therefore, knowing ATF6 activates XBP1 transcrip-

tion [20], we used a specific ATF6 activator called AA147 shown to

promote protective remodelling of UPR system [46]. AA147 treat-

ment in SMA fibroblasts was sufficient to significantly increase XBP1u

mRNAs levels (Figure 7A) and as anticipated, XBP1s. The mRNA

expression of XBP1s gene targets BiP/GRP78 and CHOP was also

increased. We found that only the exon-7 containing SMN transcripts

displayed a significant enhancement following AA147 treatment,

without change in the total amount of SMN transcripts (Figure 7B,C).

Therefore, we investigated AA147 treatment effects in vivo, in

the spinal cord of severe SMA-like mice. These mice were treated

daily from P7 to P10 by intrathecal injection of AA147. As expected,

this treatment increased Xbp1u mRNA expression in the spinal cord of

F I GU R E 6 XBP1s diminution is an early event in severe SMA-like mice and is linked to SMN depletion. (A, B) Western blot analysis and
quantification of SMN, p-IRE1α, IRE1α, XBP1s, BiP/GRP78 protein expression in the lumbar spinal cord of control and severe SMA-like mice at
4 days of age (n = 4) (A) at 8 days of age (n = 4) (B). (C) Western blot analysis and expression quantification of SMN, p-IRE1α, IRE1α, XBP1s and
BiP/GRP78 proteins in MN-1 cell culture transiently transfected for 48 h with either a non-relevant siRNA (siCTRL) or a siRNA against murine
Smn (siSmn) (n = 6). Data are expressed as mean � SD.*p < 0.05. Non-parametric Mann–Whitney U test. Vertical dotted lines indicate that the
pictures have been spliced from the same blot
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severe SMA-like mice compared with vehicle-treated severe SMA-like

mice, indicating ATF6 activation (Figure 7D). This activation was suffi-

cient to re-activate the IRE1α/XBP1 pathway since Xbp1s and Bip/

Grp78 mRNA levels were also increased. Interestingly, Chop mRNA

was not increased after AA147 injection, suggesting that apoptosis

was not induced. Nevertheless, and consistent with the in vitro data,

in vivo ATF6 activation resulted in a significant increase in exon-7

containing SMN transcripts (E7–E8), without increasing the amount of

total SMN mRNA (E2a–E2b) (Figure 7E), showing that AA147 induced

SMN exon-7 inclusion (Figure 7F). These results were confirmed at

F I GU R E 7 ATF6-activating molecule AA147 enhances SMN expression in both in vitro and in vivo models of SMA. (A–C) SMA type I
patient-derived immortalised fibroblasts were treated with DMSO or 20 μM AA147 (ATF6 activator) (n = 4) for 24 h. quantification by RT-qPCR
of XBP1u, XBP1s, BiP/GRP78 and CHOP (A) and SMNE2aE2b and SMNE7E8 (B) mRNAs normalised to RPL13A transcript and of SMNE7E8 mRNAs
normalised to SMNE2aE2b (C). *p < 0.05. Non-parametric Mann–Whitney U test. (D–G) mRNA (n = 6) (D–F) and protein (n = 5) (G) expression
analysis in lumbar spinal cord after injection of AA147 or vehicle in control and severe SMA-like mice from P7 to P10. Quantification by RT-qPCR
of Xbp1u, Xbp1s, Bip/Grp78 and CHOP (D) and SMNE2aE2b and SMNE7E8 (E) normalised to Rps26 transcript. Quantification by RT-qPCR of
SMNE7E8 mRNAs normalised to SMNE2aE2b (F). *p < 0.05. One-way ANOVA post hoc Tukey test. (G) Western blot analysis and quantification of

p-IRE1α, IRE1α, XBP1 (n = 3), SMN and BiP/GRP78 (n = 5) protein expression. Data are expressed as mean � SD *p < 0.05. Non-parametric
Mann–Whitney U test
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the protein level, in the spinal cord of AA147-treated compared with

vehicle-treated severe SMA-like mice (Figure 7G). These changes in

gene expression occurred without alteration in IRE1α expression and

activation (Figure 7G).

Altogether, these results show that ATF6 activation, directly in

mouse SMA spinal cord, can enhance SMN expression, raising impor-

tant questions on the neuroprotective potential of ATF6 pathway

in SMA.

Pharmacologic ATF6 activation limits MN loss and
improves the motor behaviour of severe SMA-like
mice

To determine whether ATF6-dependent SMN up-regulation would be

associated with SMA spinal MN protection, we compared the number

of ChAT-positive MNs in the ventral spinal cord of control mice and

vehicle- or AA147-treated severe SMA-like mice at P10 (Figure 8A,B).

We observed 20% MN loss in the vehicle-treated severe SMA-like

mice in comparison to controls. Interestingly, after AA147 treatment,

the number of spinal MNs was no longer different from healthy con-

trols. Thus, ATF6 activation exerted a neuroprotective effect on

the MNs.

We next questioned whether this neuroprotection following

AA147 treatment would improve the motor behaviour of severe

SMA-like mice. We first subjected the mice to a grip test and found

that AA147 treatment significantly increased the grip time of severe

SMA-like mice at P10 (Figure 8C). We then analysed the spontane-

ous activity of the mice in an open field (Figure 8D,E). Compared

with vehicle-treated severe SMA-like mice, severe SMA-like mice

treated with AA147 showed a progressive and continuous increase

in their exploratory activity, with a total number of crossings that

doubles from P8 to P11, including more exploration at the edges of

the field.

We next looked at the body weight curves of mice. While the

severe SMA-like mice, as expected, displayed a severe body weight

reduction from P8 until death that occurred around 10 days of age,

the AA147-treated severe SMA-like mice maintained their weight

until death (Figure 8F).

Finally, we found that 30% of AA147 treated mice survived lon-

ger than the 10 day’s mean lifespan of the vehicle-treated severe

SMA like-mice (Figure 8G).

Taken together, these data demonstrate that in vivo ATF6 activa-

tion significantly limited the extent of SMA-induced MN death, asso-

ciated with the improvement of the motor behaviour of severe SMA-

like mice.

DISCUSSION

This study shows that the depletion of active XBP1, independent of

the activation status of its inducer IRE1α, participates in SMA-induced

neurodegeneration. This effect likely occurs through the lack of

XBP1s-mediated enhancement of SMN expression. XBP1s depletion,

which likely precedes IRE1α overactivation, can be rescued by ATF6

induction in vivo, leading to MN protection and significant improve-

ments of SMA symptoms in mice (Figure 8H).

One key finding is that XBP1s depletion in SMA worsens the

SMN defect. Indeed, SMN genes are transcriptional targets of XBP1s,

as evidenced by both the enhancement in SMN expression following

XBP1s overexpression in SMA cells and XBP1s ability to bind SMN2

promoter (Figure 4). The role of XBP1s as a transcriptional activator

of genes with unknown links to ER stress such as those involved in

cell differentiation has already been reported [47, 48]. Interestingly,

XBP1s may also contribute to the promotion of exon-7 inclusion in

SMN transcripts generated by SMN2 transcription, as observed follow-

ing ATF6 activation by AA147 or global UPR activation by

thapsigargin. However, this event was not observed when XBP1s

alone was overexpressed, suggesting that other UPR branches, such

as ATF6, are needed for regulating SMN2 splicing. Interestingly,

XBP1s and ATF6 have been already shown to act in synergy for con-

trolling gene expression [49, 50].

In SMA, in which the accumulation of unfolded proteins has never

been demonstrated, the SMA-induced XBP1s depletion is a likely

explanation for IRE1α overactivation. The earliest event of the path-

way alteration found in SMA patient hiPSC-derived MNs was XBP1s

expression decrease after 14 days of differentiation, thus before the

massive MN death that begins at day 18 (Figure S1). In line with these

F I GU R E 8 In vivo AA147 treatment in severe SMA-like mice promotes spinal MN protection and improves muscle function.
(A) Immunodetection of ChAT-positive MNs in the lumbar spinal cord (L1–L5) of vehicle-treated control and SMA-like mice and AA147-treated
severe SMA-like mice at 10 days of age and representative images are shown. Scale bar, 100 μm. (B) Quantitative analysis of the number of MNs
per ventral horn in the lumbar spinal cord of vehicle-treated control and SMA-like mice compared with AA147-treated severe SMA-like mice at
10 days of age (n = 4). *p < 0.05. One-way ANOVA post hoc Tukey test. (C) Grip time, (D) total number of crossings during 5 min, (E) number of
peripheral crossings of vehicle-, and AA147-treated severe SMA-like mice (n = 7, n = 8, respectively). *p < 0.05. Non-parametric Mann–Whitney
U test. (F) Weight curve and (G) lifespan in AA147-treated (n = 20) compared with vehicle-treated severe SMA-like mice (n = 17). Data are
expressed as mean � SD. (H) Proposed molecular mechanisms of ATF6 activation in SMA leading to SMN expression increase, neuroprotection
and motor behaviour improving. AA147 treatment activates ATF6 by cleavage and then induces the transcription of XBP1u mRNA, the substrate
of IREα. This increase compensates the ineffective splicing of XPB1s despite IREα overactivation and enhances the XBP1s expression. Therefore,
XBP1s translocates in the nucleus and activates directly SMN2 gene. Heightening SMN expression leads therefore to MN protection and motor
behaviour improving
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results, XBP1s decrease was the unique alteration of the pathway

seen in the spinal cord of severe SMA-like mice at P4 (Figure 6). Alter-

ations in IRE1α activation could be detected in a later point during

SMA progression. Thus, in all the severe SMA models we used, which

include hiPCS-derived MNs, human myotubes and fibroblasts, SMN-

depleted murine MN-like cells and two different severe type SMA-like

mouse strains, XBP1s was depleted, irrespective of IRE1α activation

pattern. As reported previously, XBP1s depletion in pancreas β-cells is

sufficient to cause constitutive overactivation of IRE1α and impair-

ments in ER stress response [51].

Why SMN deficiency can result in XBP1s depletion remains to be

elucidated. Interestingly, XBP1s protein stability is under the control

of AKT signalling pathway [52]. Because AKT is constitutively

inhibited in SMA [15], it might induce XBP1s protein destabilisation.

Concurring with this hypothesis, the NMDA treatment, previously

shown to activate AKT [30], resulted in XBP1s expression increase

(Figure 5).

In apparent contrast with the present data, previous studies have

reported either XBP1s mRNA overexpression or no change in SMA

MNs derived from hiPSCs [23, 24]. These apparent discrepancies may

stem from the preparation and use of different MN subtypes. Both

previous studies analysed selected cell populations (by FACS for Ng

and colleagues [23] and by gradient for Rizzo and colleagues [24]),

whereas we used no cell selection in our study. Moreover, in contrast

to both other studies, our protocol rapidly and efficiently provides

mature spinal MNs [25], which may behave differently than immature

MNs, as has been demonstrated for dopaminergic neurons [53].

Finally, we provide here the first results on UPR at the protein level in

hiPSC-derived MNs, allowing us to compare IRE1α activation pattern,

on the one hand, and XBP1s expression, on the other. These results

unquestionably revealed the defect in XBP1s expression. Of note,

SMN expression rescue in the hiPSC-derived MNs resulted in XBP1s

rebalancing, consistently revealing that XBP1s decrease is dependant

on SMN expression.

Importantly, we report here that ATF6 activation by the small

molecule AA147 in severe SMA-like mice resulted in an increase in

XBP1s, its targets BiP/GRP78, and SMN expression, along with spinal

MNs protection and motor behaviour improvement.

AA147-dependent ATF6 activation is likely to transactivate its target

gene XBP1 [20, 46], leading to increased amounts of XBP1u mRNA

for IRE1α, which will ultimately result in SMN expression increase and

MN protection.

Ng and colleagues have indicated that Guanabenz, an inhibitor of

general translation [54, 55], lessens apoptosis in SMA mouse spinal

cord [23]. In fact, Guanabenz inhibits the dephosphorylation of eIF2α

[54]. The enhancement of eIF2α phosphorylation inhibits general

translation but also increases ATF4 translation [56]. Interestingly,

Guanabenz has been previously shown to induce neuroprotection

through ATF4 activation in a cellular model of Parkinson’s disease

[56]. Moreover, PERK/ATF4 pathway activation has been shown con-

nected with other UPR branches, notably the IRE1α/XBP1 pathway.

Yet, PERK/ATF4 pathway activation can stimulate IRE1α expression

[57] and stabilise XBP1s mRNA [58], both events leading to an

increase in XBP1s expression. Finally, the results from Ng and col-

leagues [23] and the present results concur at considering the IRE1α/

XBP1 branch of the UPR as an important pathway in SMA pathogene-

sis, whose re-activation could elicit neuroprotective effects on

SMA MNs.

In the context of available FDA-approved therapies in SMA, drugs

that promote the inclusion of exon-7 in SMN pre-messenger RNA

generated by SMN2 gene expression, such as Antisense Oligonucleo-

tides [4–6] or Ridisplam [7], might be maximise by a combinational

therapy that increases the substrate of these drugs, that is, SMN pre-

messenger RNA, notably in severe type of SMA. This is precisely what

we report here with the AA147 treatment strongly suggesting that

UPR rebalancing drugs should be considered as a combinational ther-

apy to alleviate SMA symptoms in patients.
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