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A B S T R A C T

Loss-of-function mutations in the SIL1 gene are linked to Marinesco-Sjögren syndrome (MSS), a rare multisystem
disease of infancy characterized by cerebellar and skeletal muscle degeneration. SIL1 is a ubiquitous adenine
nucleotide exchange factor for the endoplasmic reticulum (ER) chaperone BiP. The complexity of mechanisms by
which loss of SIL1 causes MSS is not yet fully understood. We used HeLa cells to test the hypothesis that impaired
protein folding in the ER due to loss of SIL1 could affect secretory trafficking, impairing the transport of cargoes
essential for the function of MSS vulnerable cells. Immunofluorescence and ultrastructural analysis of SIL1-
knocked-down cells detected ER chaperone aggregation, enlargement of the Golgi complex, increased autop-
hagic vacuoles, and mitochondrial swelling. SIL1-interefered cells also had delayed ER-to-plasma membrane
transport with retention of Na+/K+-ATPase and procollagen-I in the ER and Golgi, and increased apoptosis. The
PERK pathway of the unfolded protein response was activated in SIL1-interfered cells, and the PERK inhibitor
GSK2606414 attenuated the morphological and functional alterations of the secretory pathway, and significantly
reduced cell death. These results indicate that loss of SIL1 is associated with alterations of secretory transport,
and suggest that inhibiting PERK signalling may alleviate the cellular pathology of SIL1-related MSS.

1. Introduction

Marinesco-Sjögren syndrome (MSS) is a rare, early-onset, autosomal
recessive genetic disease (MIM 248800) causing cataracts, cerebellar
ataxia, hypotonia, dysarthria, short stature, and mental retardation
ranging from mild to severe [1–4]. Clinical signs appear in early in-
fancy, and progress for a number of years; then they stabilise and pa-
tients live to old age. There is no therapy for MSS, and medical care is
mainly symptomatic, with educational and rehabilitative programs to
improve walking, cognition and speaking.

Approximately 60% of MSS cases are linked to loss-of-function
mutations in the SIL1 gene [3,4]. The SIL1 protein is an endoplasmic
reticulum (ER) ATPase exchange factor that assists in the release of ADP
from the essential chaperone BiP, also known as GRP78 [5]. BiP plays
vital roles in the translocation of newly synthesized proteins into the ER

lumen, in the ion gating of the aqueous pore translocon, in protein
folding, and in the retrotranslocation of misfolded proteins targeted to
ER-associated degradation (ERAD) [6–8]. BiP also participates in acti-
vating the unfolded protein response (UPR), a complex signalling
pathway triggered by the accumulation of unfolded/misfolded proteins
in the ER, whose purposes are to restore proteostasis by boosting the ER
protein-folding capacity, reduce the load of newly synthesized proteins
entering the ER, and degrade the unfolded proteins [9].

The UPR signals through three distinct ER transmembrane protein
sensors: inositol-requiring enzyme 1 (IRE1), protein kinase RNA (PKR)-
like ER kinase (PERK), and activating transcription factor 6 (ATF6).
Under normal conditions these sensors are inactive due to BiP's asso-
ciation with their luminal domains [10–13]. When the level of unfolded
proteins in the ER rises, BiP dissociates from the ER stress sensors to
bind to exposed hydrophobic regions of unfolded proteins, enabling
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IRE1 and PERK dimerization and autophosphorylation, and unmasking
a Golgi localization signal of ATF6 (Supplemental Fig. S1). Activated
IRE1 initiates the unconventional splicing of the mRNA encoding the
transcriptional factor X-box-binding protein 1 (XBP1) to produce the
more stable form sXBP1 with a potent transactivator domain that en-
hances transcription of genes involved in protein folding, secretion and
ERAD [14]. IRE1 also triggers a more conventional signal transduction
cascade leading to JNK activation, which controls autophagy and cell
death (Supplemental Fig. S1) [15,16]. On arrival at the Golgi, ATF6 is
cleaved by site 1 and 2 proteases, releasing a cytosolic domain which
translocates to the nucleus and induces expression of molecular cha-
perones and XBP1 (Supplemental Fig. S1). Therefore the IRE1 and ATF6
signalling pathways merge through regulation of XBP1 activity [17].
Activated PERK phosphorylates the α subunit of eukaryotic translation
initiation factor 2 (eIF2α). This inhibits protein translation, reducing
the overload of misfolded proteins. Some specific mRNAs, however, are
preferentially translated during eIF2α-P-mediated translational at-
tenuation. These include the transcription factor ATF4, which upregu-
lates growth arrest and DNA-damage-inducible protein-34 (GADD34),
the regulatory subunit of the serine/threonine protein phosphatase 1,
which dephosphorylates eIF2α-P, providing a negative feedback me-
chanism that contributes to rapidly restoring protein synthesis upon
resolution of ER stress. If cells are unable to handle the unfolded protein
load, protracted ATF4 synthesis induces expression of C/EBP homo-
logous protein (CHOP), which triggers apoptosis. Thus, persistent ER
stress eventually leads to cell death.

UPR markers, including CHOP, are up-regulated in degenerating
Purkinje cells (PCs) and skeletal muscle fibres in the woozy mouse
model of MSS [18,19], suggesting that maladaptive UPR may play a
pathogenic role. However, genetic ablation of CHOP did not prevent
neurodegeneration in woozy mice [20], indicating that ER stress-in-
duced apoptosis may not be the final executor of cell death. It is also not
clear why only skeletal muscle fibres and PCs of cerebellar lobules I-VIII
degenerate, whereas PCs of lobules IX and X and other cells of the
nervous system or other tissues where SIL1 is also highly expressed do
not. The SIL1 homologous 150-kDa oxygen-regulated protein (ORP150;
also known as GRP170), can substitute for the SIL1 nucleotide exchange
function [20,21], suggesting that the spared tissues may have higher
ORP150 levels. However, no major differences in ORP150 expression
were found between resistant and vulnerable tissues of woozy mice [22;
and our unpublished observations]. Moreover, ORP150 expression is
higher in vulnerable than in resistant PCs, but this is not enough to
prevent their death, unless ORP150 is transgenically over-expressed
[20]. Thus, other factors may contribute to selective cell death in MSS,
such as increased ataxin-10 expression, as recently suggested [23].

Ultrastructural analysis of patients' and woozy skeletal muscles
showed perturbed organization of the nuclear envelope, widening and
proliferation of Golgi and ER membranes, and swelling of mitochondria
[19,24–27]. Morphological abnormalities of the nuclear envelope and
mitochondria were also reported in SIL1-depleted human embryonic
kidney HEK293 cells and in patient derived lymphoblastoid cells
[23,24]. Proteomic analysis of these cells brought to light alterations in
a number of different intracellular compartments, including the nu-
cleus, the nuclear envelop, the endomembrane system, the mitochon-
dria, the cytoplasm and the cytoskeleton [23,24]. Furthermore, there
are indications that these changes affect vesicular transport [24].

In the present study, we explored the hypothesis that non-optimal
ER folding activity might lead to impaired production and transport of
membrane or soluble proteins essential for correct function and survival
of MSS vulnerable cells. As a first approach to test this, we analysed the

morphology and function of the secretory pathway in cervical carci-
noma HeLa cells, in which loss of SIL1 was modelled by RNAi-mediated
gene silencing. SIL1 knockdown (KD) preferentially activated the PERK
branch of the UPR. SIL1 KD cells showed ER chaperone aggregation,
and morphological and functional alterations of the secretory pathway,
with intracellular retention of proteins potentially important for neu-
ronal and muscle physiology. SIL1 KD significantly raised the apoptotic
rate, and the PERK inhibitor GSK2606414 partially rescued the mor-
phological and functional alterations of the secretory pathway and
significantly reduced cell death.

These results indicate that impairment of secretory transport may
contribute to the pathogenesis of MSS, and suggest that inhibiting PERK
signalling may alleviate the cellular pathology caused by loss of SIL1.

2. Materials and methods

2.1. Reagents

The following antibodies were used: mouse anti-HSP47 monoclonal,
mouse anti-CHOP monoclonal, mouse anti-Na+/K+-ATPase alpha1
monoclonal, rabbit anti-ERGIC-53 polyclonal (Santa Cruz
Biotechnology); rabbit anti-GAPDH polyclonal (Cell Signaling
Technology); rabbit anti-TGN46 polyclonal, rabbit anti-HSP47 poly-
clonal, rabbit anti-PC-I polyclonal (Novus Biologicals); rabbit anti-actin
polyclonal, mouse prestige anti-SIL1, mouse P5D4 anti-VSVG mono-
clonal (Sigma Aldrich); mouse anti-Golgin 97 monoclonal (Life
Biotechnology); mouse anti-RAB5 monoclonal, mouse anti-GM130
monoclonal, mouse anti-BiP monoclonal (BD transduction
Laboratories); rabbit anti-PDI polyclonal, mouse anti-LAMP1 mono-
clonal (Abcam); mouse anti-calreticulin monoclonal (Stressgene);
mouse anti-PC-I monoclonal (Developmental Studies Hybridoma Bank,
Iowa University); polyclonal rabbit antibodies against SEC31 and
GM130 were kindly provided by A. De Matteis and G. Di Tullio. Anti-
mouse and rabbit IgG secondary antibodies were Alexa 488 and Alexa
546 (Molecular Probes, OR, USA), and Cy3-conjugated (Sigma-Aldrich).

All reagents were of analytical grade or higher (Sigma, unless
otherwise specified). DRAQ5 was from Life Technologies. GSK2606414
was from Calbiochem. SIL1 siRNA sequences were as follows: siRNA2
(S2) UUUCAAAUUAUUUCGGAACUUGUCCUC and siRNA20 (S20)
CGUACCAUGAUCUGCAUGUCAGUCUCA from Integrated DNA tech-
nology (IDT); siRNA3 (S3) code SASI_Hs01_00196801 was from Sigma-
Aldrich. Control siRNA were universal negative control #1 from Sigma-
Aldrich and negative control DS NC1 from IDT. Most of the experiments
were done with at least two different targeting siRNAs, producing si-
milar results.

2.2. Cells

Human HeLa and SH-SY5Y cells were maintained respectively in
Dulbecco's modified Eagle's medium and minimum essential medium,
supplemented with 10% foetal calf serum, 2mM L‑glutamine, 100 μg/
mL streptomycin sulphate, and 100 units/mL penicillin G (Gibco BRL,
UK), at 37 °C in a humidified 5% CO2/air atmosphere. The cells were
interfered with HiPerFect (Qiagen), according to the manufacturer's
instructions. HeLa and SH-SY5Y cells were stably interfered for SIL1
using the GIPZ lentiviral shRNA particles from Thermo Fisher Scientific
(cat. n° VGH5518; targeted sequence CCAGAGAAGCTGCAGCAGT),
according to the manufacturer's instructions, and selected with pur-
omycin. Cell viability was evaluated by MTT ([3‑(4,5‑dimethylthiazo-
l‑2‑yl)‑2,5‑diphenyl tetrazolium bromide]) assay as previously

Fig. 1. Organelle morphology is altered in SIL1 KD HeLa cells. HeLa cells were transfected with ctrl or SIL1 (S20) siRNA. After 72 h they were fixed and stained for
calreticulin, HSP47, ERGIC-53, Golgin-97, GM130 and LAMP1 (red) in combination with DRAQ5 (blue) to identify the cell nuclei. Scale bars, 10 μm. The percentage
of cells showing altered marker distribution (C, F, I, L, O and R) was quantified. The extension of the Golgi complex (S and T) is expressed in arbitrary units (AU).
Data are the mean ± SEM of three independent experiments. **p < 0.01, *p < 0.05 versus control by Student's t-test. G-97, golgin-97.
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described [28]. Apoptosis was measured by TUNEL assay using the
commercially available ApopTag® Peroxidase Apoptosis Detection kit
according to the manufacturer's specifications (Millipore). The release
of LDH was measured using the Cyto Tox 96 kit (Promega), following
the manufacturer's instructions.

2.3. VSV infection and transport pulse protocol

Cells were infected with VSV and VSVG transport was analysed as
previously described [29]. Cycloheximide (Sigma Aldrich, WI, USA)
was added at 50 μg/mL at the temperature shift.

2.4. RT-qPCR

Total RNA was extracted with trizol reagent (Invitrogen). One mi-
crogram of RNA was reverse transcribed using the superscript kit
(Invitrogen) according to the manufacturer's instructions. Four and
10 ng of cDNA were amplified by Real-Time PCR System from Applied
Biosystems. Primer sequences (IDT) were as follows: sXBP1 forward
TGCTGAGTCCGCAGCAGGTG, reverse GCTGGCAGGCTCTGGGGAAG;
ATF4 forward TTGAGGATAGTCAGGAGCGT, reverse TGGAACACACA
GCTACAGCA; BiP forward CGAGGAGGAGGACAAGAAGG, reverse
CACCTTGAACGGCAAGAAT. Data were calculated as the fold change
compared to controls, using the 2(−Delta Delta Ct) method, with actin as
housekeeping control gene for normalization. Gene expression analysis
aimed at identifying the molecular pathways possibly involved in cell
death was performed with the RT2 Profiler™ PCR Array Human Cell
Death Pathway Finder (Qiagen) according to the manufacturer's in-
structions.

2.5. Protein analysis

Cells were washed three times with ice-cold 0.9% NaCl and har-
vested immediately in lysis buffer (1% Triton X-100, 0.1% sodium
deoxycholate, 0.1% sodium dodecyl sulphate, 20mM Tris-HCl, pH 8.0,
150mM NaCl, 1 mg/mL Na3VO4, 5mM PMSF, 5 μg/mL each of leu-
peptin, aprotinin, pepstatin), at 4 °C. The cell lysates were centrifuged
at 15,000×g for 5min at 4 °C, to pellet and remove the nuclei. The
postnuclear supernatant was immediately processed for SDS-PAGE and
Western blotting.

2.6. Fluorescence immunostaining and confocal microscopy

Cells were washed with PBS, fixed in 4% paraformaldehyde (Sigma
Aldrich) for 10min at room temperature and incubated in blocking
solution (0.05% saponin, 0.5% bovine serum albumin and 50mM
NH4Cl in PBS) for 30min at room temperature. The cells were then
incubated with the primary antibodies diluted in blocking solution, for
2–3 h at room temperature, or overnight at 4 °C, then washed three
times in PBS and incubated with a fluorescent conjugated anti-IgG
secondary antibody for 1 h at room temperature. Cells were examined
under a confocal microscope (Zeiss LSM 510 or LSM 800 with airy scan;
Zeiss, Thornwood, NY, USA). To quantify the colocalization of the
fluorescence signals, the area of interest was delineated manually and
the fluorescence intensity or the weighted colocalization coefficient
[30] were quantified using LSM510-3.2 and Zen 2.3 software (Zeiss).

2.7. Electron microscopy

Approximately 2×106 cells cultured in monolayers were prepared
for EM as follows. Cells were detached from the dish with trypsin,
centrifuged at 180×g for 2.5min, washed three times with PBS at
37 °C, fixed with 3.5% glutaraldehyde in 0.1 M NaCaCO buffer for 1 h
and stored at 4 °C. For embedding, cells were post-fixed in 2% OsO4 in
the same buffer for 2 h and block-stained in saturated uranyl acetate.
After dehydration, specimens were embedded in epoxy resin (Epon

812). Ultrathin sections were cut using a Leica Ultracut R microtome
(Leica Microsystem, Austria) with a Diatome knife (Diatome Ltd. CH-
2501 Biel, Switzerland) and double-stained with uranyl acetate and
lead citrate. Sections were viewed and photographed in a Morgagni
Series 268D electron microscope (FEI Company, Brno, Czech Republic)
equipped with a Megaview III digital camera and Analy-SIS software
(Olympus Soft Imaging Solutions).

Quantitative analysis was done on random micrographs of HeLa and
SH-SY5Y cell cultures (vehicle-treated ctrl, ctrl treated with
GSK2606414, vehicle-treated SIL1 KD and SIL1 KD treated with
GSK2606414). The percentages of cells with accumulation of vacuoles
delimited by membranes and containing electron-dense material were
determined in micrographs taken at either 5600 or 7100 of magnifi-
cation (sample size 20 cells/group). The numbers of Golgi stacks in
each cell were counted in micrographs taken at 5600/7100 magnifi-
cation (sample size 20 cells/group). The number of elements forming
each stack was determined in micrographs taken at 14,000/18,000
magnification (sample size 20 stacks/group). The width of the cis and
trans Golgi cisternae were also measured in the same set of micrographs
for each specimen. The mitochondria/area were counted in micro-
graphs taken at 14,000/18,000 magnification and reported as average
number per 100 μm2 (sample size 20 cells/group). In the same set of
micrographs mitochondrial average size was determined and expressed
as μm2×10−1 (HeLa cells sample size: vehicle-treated ctrl, 321 mea-
surements; vehicle-treated SIL1 KD, 203 measurements; SIL1 KD
treated with GSK2606414, 317 measurements; SH-SY cells sample size:
vehicle-treated ctrl, 98 measurements; ctrl treated with GSK2606414,
127 measurements, vehicle-treated SIL1 KD, 248 measurements; SIL1
KD treated with GSK2606414, 68 measurements).

2.8. Flow cytometry analysis

Cells were fixed in 70% cold ethanol, stained with 50 μg/mL pro-
pidium iodide (PI) in PBS containing 200 μg/mL RNase, and acquired
using a FACSCantoII flow cytometer equipped with FACSDiVa software
(BD Biosciences). Debris were excluded from the analysis after gating
them out by setting the forward scatter versus side scatter plot on the
viable cells area. Cell doublets and aggregates were excluded by gating
FL2-area versus FL2-width. The low flow rate mode
(400–500 events s−1) was used to record 20,000 non-debris events for
each sample. PI fluorescence data were collected using the linear am-
plification mode. Cell cycle analysis was done using FCS Express 5 Plus
Research Edition. Cells with a DNA content less than 2n (‘sub-G0/G1
cells’) were considered apoptotic. FACSDiVa software (BD Biosciences)
was used for sample analysis. Apoptotic cell death was also evaluated
by Annexin V staining. Briefly, live cells were resuspended in Annexin V
binding buffer (10mM Hepes pH 7.4, 140mM NaCl, 2.5mM CaCl2)
containing allophycocyanin (APC)-labeled Annexin V (BD Biosciences)
and 7‑amino‑actinomycin D (7-AAD) as viability probe. A FACSCantoII
flow cytometer, running with FACSDiVa software, was used for sample
acquisition and analysis.

3. Results

3.1. SIL1 silencing activates PERK signalling and sensitizes HeLa cells to
tunicamycin-induced ER stress

Approximately 60% of MSS cases are linked to homozygous or
compound heterozygous SIL1 mutations that make the SIL1 protein
metabolically unstable, eventually leading to its loss [3,4]. To in-
vestigate the consequences of loss of SIL1 in a tractable cell model, we
knocked down SIL1 expression in HeLa cells using three small inter-
fering (si) RNAs (S2, S3 and S20). Western blot analysis showed that
SIL1 expression was reduced by each of the three targeting siRNAs
(Supplemental Fig. S2A), with>80% reduction of SIL1 levels after
48–72 h, compared to cells transfected with two non-targeting siRNAs

V. Capone et al. BBA - Molecular Basis of Disease 1864 (2018) 3164–3180

3167



(Supplemental Fig. S2B).
Western blot analysis found no significant increases in BiP, PDI and

HSP47 protein levels in SIL1 KD cells compared to controls
(Supplemental Fig. S3A and B). Quantitative reverse transcription PCR
(RT-qPCR) showed only modest, non-significant up-regulation of
sXBP1, ATF4 and BiP mRNAs (Supplemental Fig. S3C, white bars).
However, there was a clear increase in eIF2α-P, and in the percentage
of cells showing nuclear CHOP localization, indicating activation of
PERK signalling (Supplemental Fig. S3A, B and D). Similar to what was
observed in PCs and skeletal muscle fibres of woozy mice [19,20],
ORP150 was higher in SIL1 KD than in control HeLa cells, most likely
reflecting physiological up-regulation of this alternative BiP co-factor in
response to diminished SIL1 activity (Supplemental Fig. S3A and B).
Tunicamycin, a glycosylation inhibitor that induces ER stress by per-
turbing the folding efficiency in the ER, up-regulated sXBP1, ATF4 and
BiP mRNAs in both control and SIL1 KD cells, but significantly more in
the latter (Supplemental Fig. S3C; grey and black bars), indicating that
loss of SIL1 sensitised cells to tunicamycin-induced ER stress.

3.2. SIL1 knock-down HeLa cells show chaperone aggregation in the ER,
morphological alterations of the Golgi, autophagic vacuoles and
mitochondrial enlargement

Loss of SIL1 function is expected to alter BiP-assisted folding in the
ER, with potential deleterious effects on the homeostasis of the ER, and
possibly other compartments of the secretory pathway which require a
continuous supply of luminal or transmembrane proteins synthesized in
the ER for their normal activity.

As a first approach to assess the consequences of SIL1 knockdown on
the secretory pathway, we examined selected protein markers of dif-
ferent transport organelles by immunofluorescence confocal micro-
scopy. Consistent with an impairment of the ER folding system, we
found marked alterations in ER chaperone distribution, with calreti-
culin and HSP47 forming large perinuclear foci in SIL1 KD cells
(Fig. 1A–F). Similar aggregates were observed for BiP and other ER-
resident proteins such as PDI (Supplemental Fig. S4A and D). There was
no difference between control and SIL1 KD cells in the distribution of
Sec31, an essential component of the COPII coatomer complex, in-
dicating no alterations in the ER exit sites (Supplemental Fig. S5A).

To assess the organization of the ER-Golgi intermediate compart-
ment (ERGIC), we examined the distribution of ERGIC-53, an integral
membrane protein that cycles between the ERGIC and the ER, and
between the ERGIC and the cis Golgi [31]. In control cells ERGIC53 was
mainly found in the perinuclear area, as expected, while in SIL1 KD
cells it was abnormally concentrated in the Golgi region (Fig. 1G–I),
suggesting perturbed transport between the ERGIC and Golgi [32].

Immunofluorescence staining of the cis and trans Golgi resident
proteins GM130 and golgin-97 indicated marked alterations of the
Golgi morphology in SIL1 KD HeLa cells (Fig. 1J–O). These markers
were abnormally widespread throughout the cytoplasm of SIL1 KD cells
(panels K and N), while cells transfected with the non-targeting siRNAs
showed a typical distribution around the centrosome (panels J and M).
Quantitative analysis of GM130 and golgin-97 dispersion along the x-
and y-axes of the cells indicated that the Golgi was ~2.5 times more
extended in SIL1 KD than in control cells (Fig. 1S and T).

Finally, we examined the endolysosomal compartment using anti-
bodies against RAB5 to mark early endosomes, and LAMP1 to mark late
endosomes/lysosomes. There was no significant difference in early
endosome distribution between control and SIL1 KD HeLa cells
(Supplemental Fig. S5B). In SIL1 KD cells, LAMP1-immunopositive
vesicles were concentrated in large perinuclear clusters, whereas in
control cells they were more widespread in the cytoplasm (Fig. 1P–R).
Consistent with this, electron microscopy (EM) examination detected
large clusters of autophagic vacuoles containing membranes and var-
ious electron-dense material (Fig. 2, compare panels A and D; and
Table 1), reminiscent of the autophagic vacuoles seen in PCs and

skeletal muscle fibres of MSS patients and woozy mice [18–20,24]. SIL1
KD cells had wider cis (the cisternae facing the nuclear membrane) and
trans Golgi cisternae, but their number was not changed (Fig. 2C and F,
yellow label; and Table 1). Finally, morphometric analysis of mi-
tochondria indicated that their number per area was not changed but
their average size was significantly greater (Fig. 2, compare panels B
and E; and Table 1).

3.3. VSVG transport is delayed in SIL1 knockdown HeLa cells

To test whether the morphological alterations of secretory orga-
nelles were associated with impaired secretory protein transport, we
used the temperature-sensitive vesicular stomatitis virus G protein
(VSVG) cargo reporter. VSVG is a transmembrane glycoprotein widely
used to monitor protein folding in the ER and the efficiency of the cell's
transport machinery [29]. At 40 °C VSVG does not fold, and its exit from
the ER is impaired. When cells are shifted to 32 °C, VSVG folds, exits the
ER, and is synchronously transported through the secretory pathway.
Control and SIL1 KD cells were infected with VSV, incubated at 40 °C
for 3 h, then at 32 °C for 30 or 60min in the presence of cycloheximide
to prevent new protein synthesis, before fixation and immuno-
fluorescence staining with antibodies against VSVG and GM130. After
the 3-h incubation at 40 °C VSVG had a typical reticular distribution in
both SIL1 KD and control cells, in-line with the expected impairment in
its folding and accumulation in the ER (Fig. 3A, T0). The pattern was
markedly different 30min after the temperature-block release, with
almost all VSVG co-localizing with GM130 in control cells, while still
largely in the ER in SIL1 KD cells (Fig. 3A and B, T30), indicative of
delayed VSVG folding and/or transport to the Golgi. After 60min,
VSVG had reached the plasma membrane (PM) in control cells, but still
lagged in the Golgi in SIL1-KD cells (Fig. 3A and B, T60).

3.4. Procollagen I and Na+/K+-ATPase accumulate intracellularly in SIL1
knockdown HeLa cells

The evidence that secretory trafficking of VSVG was delayed in SIL1
KD cells prompted us to check whether the transport of physiological
cargoes was impaired. First, we recorded the cellular distribution of
collagen I, which is a vital constituent of muscle tissue and important in
PC migration, polarization and synaptogenesis [33]. Collagen I is syn-
thesized as procollagen I (PC-I) in the ER, where it is folded and as-
sembled in triple helices with the contribution of HSP47 before being
transported through the secretory pathway and secreted in the extra-
cellular space. Immunofluorescence analysis detected intracellular PC-I
in ~10% of control HeLa cells. In SIL1 KD cultures the percentage was
significantly higher: ~35%, with PC-I often forming large aggregates,
ranging from 2 to 5 μm, which co-localized with HSP47 and BiP (Fig. 3C
and D and Supplemental Fig. S4A–D). In some SIL1 KD cells a fraction
of PC-I also co-localized with the Golgi complex, as shown by co-im-
munostaining with TGN46 (Supplemental Fig. S4E).

Next, we investigated the cellular distribution of Na+/K+-ATPase,
whose pumping activity is vital for excitable cells like muscle fibres and
neurons. In control HeLa cells, Na+/K+-ATPase showed the expected
localization on the plasma membrane (PM); in contrast, in SIL1 KD cells
Na+/K+-ATPase was less expressed on the cell surface and accumu-
lated intracellularly, co-localizing largely with the Golgi marker GM130
(Fig. 4). We also studied this abnormal localization by immuno-
fluorescence analysis after treatment with nocodazole, a microtubule
polymerization inhibitor that causes fragmentation of the Golgi ribbon
into isolated stacks of cisternae, facilitating cargo visualization. In no-
codazole-treated SIL1 KD cells, Na+/K+-ATPase appeared as discrete
spots co-localized with GM130 and TGN46 (Supplemental Fig. S6),
confirming its accumulation in the Golgi.
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3.5. The rate of apoptosis is increased in SIL1 knockdown HeLa cells

To see whether SIL1 silencing had any effect on the viability of HeLa
cells, as a first approach, we counted the number of cells in control and
SIL1 KD cultures 72 h after siRNA transfection: SIL1-interfered cells
were ~43% less than cells transfected with the control siRNAs. To
determine whether this difference was due to an increase in the rate of
cell death or reduced cell proliferation, we used trypan blue, which
selectively stains dead cells. Trypan blue-positive cells in SIL1 KD cul-
tures double that in controls (33 ± 2.8% vs. 14 ± 2.3%;
mean ± SEM, n= 3; p < 0.01 by Student's t-test). This was confirmed
by laser flow cytometry with the cell impermeant DNA dye 7‑ami-
no‑actinomycin D (7-AAD), which showed an increase in 7-AAD-posi-
tive (i.e. death) cells (Fig. 5A), and by MTT assay, indicating a strong
reduction in the metabolic activity of SIL1 KD cells compared to con-
trols (Fig. 5B).

Several items of evidence indicated that cell death occurred by
apoptosis. First, SIL1 KD cultures showed significantly higher percen-
tages of cells with pyknotic nuclei and fragmented DNA, detected by
Hoechst 33342 staining and TUNEL assay, respectively (Fig. 5C and D).
Second, there was an increase in cells positive for annexin V, indicative
of cell surface exposure of phosphatidylserine, which marks apoptotic
cells for phagocytosis (Fig. 5A and E). Finally, analysis of DNA content
by propidium iodide-flow cytometry showed a larger number of cells in
the sub-G1 phase, indicative of apoptosis, in SIL1 KD than in control
cultures (Figs. 5F and 8B), but no differences in the proportions of cells
in the G1, S and G2 phases of the cell cycle (Supplemental Fig. S7).
Thus, SIL1 silencing increased HeLa cell apoptosis, with no detectable
effect on their proliferation rate.

To investigate the molecular pathways activated by loss of SIL1, we
analysed the expression of 84 genes involved in cell death (Cell Death
Pathway Finder, RT2 Profiler PCR Array, Qiagen). We found significant
increases in the expression of both apoptosis- and autophagy-related
genes, the most relevant of which were ATG3, ATG5, APP, JNK1,
ATP6V1G2, DENND4A, GALNT5 and NFKB1, and a significant down-
regulation of TRAF2.

3.6. GSK2606414 treatment rescues the morphofunctional abnormalities of
the secretory pathway and reduces apoptotic cell death induced by SIL1
knockdown

Previous studies have shown that pharmacological inhibition of the
PERK pathway to restore protein synthesis during ER stress has marked
protective effects in protein-misfolding neurodegenerative disease
mouse models [34–37]. Since PERK signalling was activated in SIL1 KD
HeLa cells, as shown by increased eIF2α-P and nuclear CHOP locali-
zation, we investigated whether PERK inhibition had any effect on the
morphological and functional abnormalities of the secretory pathway,
and cell viability.

HeLa cells were transfected with control or SIL1-targeting siRNAs,
exposed to the potent PERK inhibitor GSK2606414 (250 nM) or vehicle
24 h after transfection, and analysed 48 h later. GSK2606414 sig-
nificantly reduced the percentages of cells with HSP47 and calreticulin
aggregates, and abnormal Golgi morphology, detected by golgin-97
staining (Fig. 5G–I). Ultrastructural analysis showed that the size of the
cis and trans cisternae of the Golgi stack in GSK2606414-treated cells
was the same as controls (Fig. 6A–D; and Table 1); the percentage of
vacuolated cells was also significantly lower, and the size of

Fig. 2. Ultrastructural alterations in SIL1 KD HeLa
cells. (A–C) Representative EM micrograph of a
control HeLa cell (A). Details at higher magnification
of mitochondria (B) and a Golgi apparatus (C). (D–F)
Representative EM micrograph of a SIL1 KD (S2)
HeLa cell: arrows point to groups of vacuoles con-
taining membranes or other electron-dense material.
Details at higher magnification of mitochondria (E)
and a Golgi apparatus (F). Yellow in panels C and F
labels the nuclear and apical cisternae of the Golgi.
Scale bars: 2 μm (A and D); 0.2 μm (B, C, E and F).

Table 1
Quantitative analysis of ultrastructural alterations in controls and SIL1 KD HeLa cells.

Cells with accumulation
of vacuoles, %

N° of Golgi
stacks/100 μm2

N° of cisternae/
stack

Cis cisterna width
(nm)

Trans cisterna
width (nm)

N° of mitochondria/
100 μm2

Mitochondria average
size (μm2×10−1)

Ctrl 12 2.7 ± 0.3 3.9 ± 0.1 25.1 ± 1.6 27.6 ± 2.0 22.9 ± 2.0 2.8 ± 0.01
Ctrl+GSK 17 2.3 ± 0.3 4.3 ± 0.2 25.9 ± 1.7 29.2 ± 3.1 25.5 ± 1.6 3.0 ± 0.2
SIL1 KD 61⁎ 2.9 ± 0.5 4.0 ± 0.2 40.8 ± 4.6⁎ 38.2 ± 3.2⁎ 20.3 ± 1.9 4.1 ± 0.02⁎

SIL1 KD+GSK 27≠ 2.3 ± 0.7 4.2 ± 0.2 30.9 ± 1.8≠ 26.9 ± 1.5≠ 20.8 ± 1.8 3.2 ± 0.01≠

Values are shown as mean ± SEM.
⁎ p < 0.05 vs. Ctrl.
≠ p < 0.05 vs. SIL1 KD.
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mitochondria was comparable to that of non-interfered cells (Fig. 6E–H;
and Table 1). The percentage of SIL1 KD cells with PC-I aggregates in
the ER was also significantly reduced by the inhibitor (Fig. 7A and B).
Western blot analysis showed a small increase in the amount of in-
tracellular PC-I in SIL1 interfered cells, and this was not rescued by
GSK2606414 treatment (Fig. 7C). Thus, GSK2606414 treatment re-
duced the number of cells with PC-I aggregates, consistent with its
positive effect on chaperone aggregation, but had no effect on the in-
crease in PC-I seen by Western blot, perhaps because of restored PC-I
synthesis upon PERK inhibition.

GSK2606414 significantly improved survival of SIL1 KD HeLa cells.
Hoechst 33342 staining showed fewer cells with pyknotic nuclei com-
pared to vehicle-treated SIL1 KD controls (Fig. 8A). DNA content and
annexin V staining measured by flow cytometry confirmed the protec-
tive effect of GSK2606414 on apoptotic cell death (Fig. 8B and C).

3.7. SIL1 knockdown alters ER homeostasis and secretory transport, and
reduces the viability of SH-SY5Y cells

To test whether the effects of siRNA-mediated SIL1 silencing
documented in HeLa cells held true in other cell types, we knocked
down SIL1 expression in SH-SY5Y neuroblastoma cells. Like in HeLa
cells, there was no full UPR activation in the silenced SH-SY5Y cells, but
their response to tunicamycin was boosted, as shown by their sig-
nificantly higher levels of sXBP1, ATF4 and BiP mRNAs compared to
tunicamycin-treated SIL1-expressing cells (Supplemental Fig. S8B).
Calreticulin and HSP47 were aggregated in SIL1-interfered SH-SY5Y
cells (Fig. 9). Specifically, while the percentages of control cells
showing calreticulin and HSP47 aggregates were 3 and 8.6% respec-
tively, these percentages were 23 and 52% in interfered cells. After
treatment with GSK2606414 the percentages of cells showing calreti-
culin and HSP47 aggregates did not change in controls but were

Fig. 3. Cargo transport is delayed in SIL1 KD HeLa cells. (A) HeLa cells were incubated with VSV at 32 °C for 45min 72 h after transfection with ctrl or SIL1 (S20)
siRNAs, then at 40 °C for 3 h (temperature block) and at 32 °C for the indicated times (temperature-block release) in the presence of cycloheximide. Cells were fixed
and stained for VSVG (green) and GM130 (marker for Golgi area definition, red). Scale bars, 10 μm. (B) The bar graph shows the mean ratio ± SEM of the amount of
VSVG in the Golgi to the total VSVG of three independent experiments. Ctrl and siRNA are represented by white and black bars respectively. **p < 0.01 vs. control
at T30; ***p < 0.001 vs. ctrl at T60 by Student's t-test. (C) HeLa cells transfected with ctrl or SIL1 (S2) siRNAs were fixed after 72 h and stained for PC-I (red) and
HSP47 (green) as indicated. Merged images of red and green signals are shown. Scale bars, 10 μm. (D) The graph shows the percentages of cells containing
intracellular accumulation of PC-I. Data are the mean ± SEM of three independent experiments. *p < 0.05 vs. control by Student's t-test.
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significantly reduced in SIL1-interefered cells to 4.7 and 9.8%.
Immunostaining of the secretory cargo PC-I showed intracellular

patches, not colocalizing with ER markers, in about 53% of the SIL1 KD
cells, whereas these structures were present only in 7% of control cells
(Fig. 10, arrowheads). Furthermore, PC-I accumulated in the Golgi
complex of 12% of interfered cells and 1% of control cells (Fig. 10).
GSK2606414 treatment did not improve PC-I transport in SIL1 KD cells
(Fig. 10). Ultrastructural analysis showed large vacuoles in the majority
of SIL1 KD SH-SY5Y cells, which were seen only in few control cells,
whereas the number of Golgi stacks, the width of the Golgi cisternae
and the average size of mitochondria were similar (Fig. 11A and C).

GSK2606414 treatment reduced the number of cells with vacuole ac-
cumulation (Fig. 11C and D). Finally, apoptotic cell death was sig-
nificantly increased in SIL1 interfered SH-SY5Y cells compared to
controls (Supplemental Fig. S8C and D).

4. Discussion

In the present study, siRNA-mediated knockdown of SIL1 in HeLa
cells induced marked morphological and functional changes in the se-
cretory pathway, with protein aggregation and retention in the ER and
Golgi. SIL1 KD cells also had accumulation of autophagic vacuoles,

Fig. 4. Golgi accumulation of Na+/K+-ATPase alpha1 in SIL1 KD HeLa cells. (A) HeLa cells transfected with ctrl or SIL1 (S20) siRNAs were fixed after 72 h and
stained with anti-Na+/K+-ATPase alpha1 (red) and anti-GM130 (green) antibodies and with DRAQ5 (blue) to identify the nuclei. Merged images of blue, red and
green signals are also shown. Scale bars, 10 μm. (B–C) The graphs shows the percentages of cells with an accumulation of Na+/K+-ATPase alpha1 at the Golgi (B) and
the amount of Na+/K+-ATPase alpha1 fluorescence at the plasma membrane, PM (C). (D) Quantification of the colocalization between the Na+/K+-ATPase and the
Golgi marker GM130. Data are the mean ± SEM of three independent experiments. ***p < 0.001 vs. control by Student's t-test.

V. Capone et al. BBA - Molecular Basis of Disease 1864 (2018) 3164–3180

3171



(caption on next page)

V. Capone et al. BBA - Molecular Basis of Disease 1864 (2018) 3164–3180

3172



Fig. 5. SIL1 knockdown induces apoptotic cell death. HeLa cells were transfected with control (ctrl) or SIL1 (S2) siRNAs, and the total, live or apoptotic cells were
quantified after 72 h by: (A) 7–amino–actinomycin D (7-AAD) vital staining; (B) MTT proliferation assay; (C) Hoechst 33342 staining; (D) TUNEL assay; (B–E)
annexin V staining; and (F) propidium iodide staining. (G–I) HeLa cells were transfected with ctrl or SIL1 (S2) siRNAs and treated with vehicle or GSK2606414
(250 nM) in Opti-MEM after 24 h, and the percentages of cells with HSP47 and calreticulin aggregates or altered of Golgi morphology were recorded 48 h later. Data
are means ± SEM of three independent experiments; ***p < 0.001, **p < 0.01, *p < 0.05 by Student's t-test.

Fig. 6. GSK2606414 improves cell morphology in SIL1 KD HeLa cells. (A–H) Representative EM micrographs of HeLa cells transfected with SIL1 (S2) siRNAs, treated
with vehicle (A, C, E and G) or GSK2606414 (250 nM) in Opti-MEM after 24 h and analysed 48 h later (B, D, F and H). The cis and trans Golgi cisternae are labeled
yellow (A–D). Vacuoles accumulation are shown in panel E–H. Data are representative of two independent experiments. Scale bars 0.5 μm.
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Fig. 7. GSK2606414 improves the transport
of PC-I in SIL1 KD HeLa cells. (A) HeLa cells
transfected with control (ctrl) or SIL1
siRNAs (S2) were treated with the vehicle
or GSK2606414 (250 nM) in Opti-MEM 24 h
after transfection and fixed and stained for
PC-I (red) and HSP47 (green) after 48 h.
Scale bars, 10 μm. (B) Percentages of cells
with accumulation of intracellular PC-I.
Data are the mean ± SEM of three in-
dependent experiments. ***p < 0.001 vs.
control; *p < 0.05 vs. siRNA by Student's t-
test. (C) HeLa cells treated as in A, were
lysed and PC-I revealed by Western blot-
ting. GAPDH is shown as loading control.
(D) Quantification of two independent ex-
periments as shown in C.
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Fig. 8. GSK2606414 reduces the apoptosis in SIL1 KD HeLa cells. (A–C) HeLa cells were transfected with ctrl or SIL1 siRNAs (S20) and treated with vehicle or
GSK2606414 (250 nM) in Opti-MEM after 24 h, and apoptosis was determined 48 h later by (A) Hoechst 33342, (B) propidium iodide (PI) and Annexin V staining (C).
The scatter plots show the distribution of 7-AAD-positive and annexin V-negative (Q1), 7-AAD- and annexin V-positive (Q2), 7-AAD-negative and annexin V-positive
(Q4) and 7-AAD- and annexin V-negative (Q3) cells. The percentages of apoptotic cells in Q2 and Q4 are indicated. Data in A are means ± SEM of three independent
experiments. ***p < 0.001 vs. controls; **p < 0.01 vs siRNA by Student's t-test. Data in B and C are representative of three independent experiments.
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enlarged mitochondria, and an increased rate of apoptosis. The PERK
branch of the UPR was activated, and pharmacological inhibition of
PERK attenuated the morphofunctional abnormalities of the secretory
pathway and significantly reduced apoptosis. These findings indicate
that SIL1 deficiency alters secretory transport, potentially contributing
to the cellular pathology of MSS. They call for further investigations to
assess the role of impaired intracellular protein transport in selective
vulnerability, and to test the therapeutic potential of PERK signalling
inhibition.

We found that silencing SIL1 expression induced several molecular
and morphological alterations in HeLa cells, some of them reminiscent
of those described in degenerating tissues of MSS patients and woozy
mice [19,24–27]. Like in woozy PCs and skeletal muscle fibres, ORP150
was up-regulated in SIL1 KD HeLa, and there were rises in the eIF2α-P
level and in the number of CHOP-positive nuclei, indicating PERK
branch activation. Other UPR markers were only modestly up-regulated
by SIL1 knockdown, but cells were significantly more prone to tuni-
camycin-induced ER stress, consistent with impaired BiP-assisted pro-
tein folding in the ER, and with the observation that loss of one

functional SIL1 allele makes motor neurons more vulnerable to mutant
SOD1-induced ER stress [38].

Immunofluorescence analysis showed that several molecular cha-
perones, including calreticulin, HSP47, PDI and BiP, were present in
large foci in the ER lumen, and BiP, PDI and HSP47 co-localized with
aggregated PC-I, suggesting an attempt to counteract protein aggrega-
tion.

SIL1 KD HeLa cells also had abnormal distributions of ERGIC, Golgi
and lysosome markers, indicating that the effects of SIL1 silencing ex-
tended beyond the ER. ERGIC53 was abnormally concentrated in the
Golgi region, GM130 and golgin-97, which mark the cis and trans Golgi
respectively, were more widespread in the cytoplasm, and LAMP1 had
an abnormal perinuclear distribution, indicating important morpholo-
gical alterations of post-ER compartments of the secretory pathway and
increased lysosomal activity. In line with this, ultrastructural analysis
indicated an enlargement of the Golgi cisternae and increased autop-
hagic vacuoles. It also documented mitochondrial swelling, perhaps
indicative of the ongoing apoptotic process (see below). Diffuse cell
vacuolation and abnormal mitochondria have been reported in PCs and

Fig. 9. GSK2606414 treatment reduces chaperone aggregates triggered by SIL1 knock down in SH-SY5Y. SH-SY5Y cells were transfected with ctrl or SIL1 (S3) siRNAs
and treated with vehicle or GSK2606414 (500 nM) in complete medium 48 h after transfection. The cells were stained for HSP47 (red) and calreticulin (green) in
combination with Hoechst 33342 (blue) 24 h later. Scale bars, 10 μm. Data are representative of two independent experiments.
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skeletal muscle fibres of MSS patients and woozy mice [19,20,24–27].
Thus, SIL1 KD HeLa cells recapitulated key features of the in vivo pa-
thology with the exception of the nuclear envelope alterations.

Interestingly gene expression analysis of SIL1 KD HeLa cells iden-
tified an increase in JNK1, a stress factor activated kinase that is en-
gaged by the UPR and is involved in both autophagy and apoptosis
[15,16]. TNF signalling also appeared to be engaged, considering that
NFKB1 was upregulated and TRAF2 downregulated. A previous study
demonstrated that IRE1-mediated activation of NFKB1 is required for
UPR-induced cell death, while TRAF2 is downregulated during ER
stress, and this promotes TNF-induced apoptosis [39].

We found that the morphological changes of the secretory pathway
were associated with defective secretory transport of the VSVG cargo
reporter. At the end of the 40 °C incubation step, the amount of VSVG in
the Golgi was negligible in both control and SIL1 KD cells, with most
VSVG molecules retained in the ER as a result of temperature-induced
misfolding. In line with our previous analysis [40], the amount of VSVG
in the Golgi of control cells increased with incubation at 32 °C, reaching
a peak after 30min (T30), then decreased as the protein was

transported out of the Golgi, reaching the PM at 60min (T60). Com-
pared to controls, at T30 less VSVG had exited the ER and reached the
Golgi in SIL1 KD HeLa, indicating impaired protein folding in the ER or
lower efficiency of ER-to-Golgi transport, or both.

Interestingly, in SIL1 KD cells there was more VSVG in the Golgi
complex at T60 than at T30. This may result from delayed en-bloc
folding of VSVG molecules in the ER and their synchronous transport to
the Golgi, or from diminished Golgi to PM transport. A Golgi dysfunc-
tion is suggested by ultrastructural analysis, with swelling of the first
and last cisternae of the stacks. Moreover, immunofluorescence analysis
of SIL1 KD HeLa cells showed massive Na+/K+-ATPase accumulation
in the Golgi complex. Finally, PC-I, a protein whose folding, assembly
and secretory transport is particularly demanding for the cell, accu-
mulated in both the ER and Golgi of SIL1 interfered cells, supporting
both reduced ER folding capacity and impaired cargo transport beyond
the Golgi.

SIL1 knockdown in SH-SY5Y and HeLa cells had similar effects.
Compared to controls, SIL1 KD SH-SY5Y cells showed chaperone ag-
gregates in the ER, altered PC-I transport, cytoplasmic vacuoles, and a

Fig. 10. GSK2606414 treatment reduces chaperone aggregates triggered by SIL1 knock down in SH-SY5Y. SH-SY5Y cells were transfected with ctrl or SIL1 (S3)
siRNAs and treated with vehicle or GSK2606414 (500 nM) in complete medium 48 h after transfection. The cells were stained for GM130 (red) and PC-I (green) in
combination with Hoechst 33342 (blue) 24 h later. Scale bars, 10 μm. Data are representative of two independent experiments.
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higher rate of apoptosis. They were also more prone to tunicamycin-
induced ER stress than controls. These phenotypes, however, were less
marked than in HeLa cells, and in some cases slightly different. For
example, PC-I aggregated mainly in the ER in SIL1-interfered HeLa cells
with only a minor fraction in the Golgi, whereas it was mostly in the
Golgi in SH-SY5Y interfered cells. It remains to be established whether
these differences reflect cell-specific responses to SIL1 knockdown or
are due to slight differences in the efficiency of SIL1 interference.

We also detected alterations in secretory trafficking and higher
apoptotic rates in HeLa and SH-SY5Y cells in which SIL1 was chroni-
cally silenced by transduction with lentivirus encoding anti-SIL1 short-
hairpin RNAs (Supplemental Fig. S9). These effects, however, were
much less evident than after acute siRNA-mediated knockdown despite
similar down-regulation of SIL1, indicating that cells adapt to loss of
SIL1. We also found no alterations in Na+/K+-ATPase distribution,
CHOP activation or increased apoptotic rate in mouse embryonic fi-
broblasts from woozy mice maintained in culture for several weeks
(Supplemental Fig. S10). Therefore, SIL1, although expressed ubiqui-
tously, appears to be dispensable for many cell types upon adaptation.
In some cells, however, adaptation mechanisms seem inadequate and
eventually lead to cell death. Interestingly, genetic deletion of neuronal
GM130 in mice caused Golgi fragmentation and impaired secretory
trafficking in Purkinje neurons, resulting in apoptotic cell death and
ataxia [41], supporting the view that alterations in secretory trafficking
induced by loss of SIL1 may contribute to selective PC degeneration in
MSS. In other cells, SIL1 loss might cause milder phenotypes. For ex-
ample, pyramidal cortical neurons of woozy mice migrate more slowly
than wild-type cells during neurodevelopment, but they eventually
reach their final destination [42].

Our findings that SIL1 silencing alters secretory transport suggest
SIL1 mutations may selectively affect cells that require optimal secre-
tory capacity for their function, such as Purkinje neurons and skeletal
muscle cells, which may be particularly dependent on efficient PM
delivery of ion channels, neurotransmitter and/or trophic factor re-
ceptors. In this study we started analysing the trafficking of cargoes
potentially important for these cells using the SIL1 KD HeLa model, and

found impaired PM expression of the Na+/K+-ATPase pump and se-
cretion of collagen. It will now be important to carry out similar studies
in primary PC and skeletal muscle cultures of woozy mice to identify
other molecules whose disrupted transport may contribute to cell dys-
function and death. These studies will not only cast light on the phy-
siopathology of MSS but may also help devise effective therapeutic
approaches.

In this regard, we report here that the PERK branch of the UPR was
particularly active in SIL1 KD HeLa cells, and the PERK inhibitor
GSK2606414 unexpectedly reduced the morphofunctional abnormal-
ities of the secretory pathway and significantly reduced apoptotic cell
death. Interstingly, in SH-SY5Y cells transport was mainly impaired at
the Golgi and it was not rescued by GSK2606414, consistent with PERK
inhibition acting primarily on ER function.

Blocking PERK/eIF2α translational attenuation in mouse models of
prion disease and frontotemporal dementia restored the synthesis of
vital pre- and post-synaptic proteins, with positive effects on synaptic
transmission, neuronal survival and behaviour [35,37,43]. It is
tempting to speculate that recovery of protein synthesis might also
explain the beneficial effects of GSK2606414 on trafficking in SIL1 KD
HeLa cells, perhaps because it permits more efficient translation of ER
chaperones and/or vital proteins of the cell transport machinery. Our
results also raise the intriguing possibility that PERK signalling may
govern secretory membrane trafficking. However, PERK is involved in
controlling autophagosome formation and mitochondrial proteostasis
[44,45], and inhibition of these activities may have contributed to the
beneficial effects in HeLa cells. Finally, we cannot exclude that off-
target effects of the inhibitor may also have participated in rescuing cell
death [46]. Whatever the mechanisms, our findings suggest that in-
hibition of PERK signalling may be a useful therapeutic strategy for
MSS. Supporting this, we have recently found that inhibiting PERK
signalling with GSK2606414 delays Purkinje cell death and ameliorates
muscle pathology and motor performance in woozy mice [47].

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2018.07.003.

Fig. 11. GSK2606414 improves cell morphology in
SH-SY5Y KD HeLa cells. (A–D) Representative EM
micrographs of SH-SY5Y cells transfected with SIL1
(S20) siRNA, treated with vehicle (A and C) or
GSK2606414 (250 nM) in Opti-MEM after 24 h and
analysed 48 h later (B and D). Data are re-
presentative of two independent experiments. Scale
bars 0.5 μm.
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