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Abstract

Previously we reported that the UPR is activated early in Alzheimer’s disease (AD). 
The UPR activates upon disturbances (ER stress) in the ER homeostasis that lead to 
increased protein misfolding. Because ER stress is persistent in AD, mechanisms to 
restore ER proteostasis may provide a potential target for intervention. Our previous 
work indicates that inhibition of  ER associated degradation using kifunensine activates 
a mechanism that protects against ER stress concomitant with a repositioning of  lyso-
somes. In addition, we have shown before that Rab6 mediates a pathway that restores 
ER proteostasis. Therefore, in this paper we investigated whether the UPR modulating 
mechanisms mediated by Rab6 and induced by kifunensine are connected. Our data in-
dicate that kifunensine relocalizes Rab6 to membranes at a juxtanuclear position close to 
the repositioned lysosomes. However, Rab6 is not absolutely required for the protective 
effect of  kifunensine. Our data show that kifunensine and Rab6 induce independent 
proteostatic mechanisms that may converge at the lysosomes.
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Introduction

The maintenance of  proteostasis is of  major importance for correct functioning of  
cells. The underlying cause of  several human diseases may be disturbance of  proteosta-
sis72. This is illustrated in neurodegenerative disorders that are characterized by accu-
mulation of  aberrant proteins and (apparently ineffective) activation of  protein quality 
control mechanisms249. The unfolded protein response (UPR) of  the endoplasmic retic-
ulum (ER) is such a mechanism. We reported previously that the UPR is activated early 
in Alzheimer’s disease (AD) and other tauopathies62,64,250. 

The UPR activates upon disturbances (ER stress) in the ER homeostasis that lead 
to increased protein misfolding. In resting state, the ER chaperone BiP/GRP78 binds 
three sensor proteins in the ER membrane. In case of  ER stress, BiP releases from the 
sensors and the three signalling pathways of  the UPR are activated68. These pathways 
are involved in translational regulation and the induction of  a transcriptional response. 
This results in overall decreased protein load in the ER and selective upregulation of  
proteins that assist in protein folding (e.g. BiP) and degradation. Activation of  the UPR 
is initiated to restore homeostasis in the ER. If  the homeostasis is restored, the UPR will 
be switched off, but prolonged activation will result in cell death251. Because ER stress 
is persistent in AD and other tauopathies, mechanisms to restore ER proteostasis may 
provide a potential target for intervention.

We previously reported that the small GTPase Rab6, that has been implicated in 
trafficking in the secretory and endocytic pathways208,237,238,271, mediates a protective path-
way against ER stress. Increased Rab6 levels decrease the output of  the UPR, whereas 
decreased Rab6 levels augment UPR induction101. Our data indicate that Rab6 does not 
interfere early in the signalling response of  the UPR. Instead, we find that the recovery 
from an ER stress insult was shown to be impaired in the absence of  Rab6. Rab6 there-
fore mediates its effect on the UPR by restoring the proteostasis, via a yet unknown 
mechanism. 

An important way to restore ER proteostasis is the removal of  misfolded proteins by 
proteolysis. Misfolded ER proteins can be degraded by the ubiquitin proteasome system 
(UPS) in the cytosol after translocation from the ER to the cytosol, a process called 
ER associated degradation (ERAD)113. An alternative pathway for degradation of  ER 
proteins is via the autophagy/lysosomal system. Autophagy involves the sequestering of  
material that needs to be degraded by a double membrane structure, followed by fusion 
with a lysosome and degradation by lysosomal enzymes123. Paradoxically, we previously 
showed that impairment of  ERAD using the ER α-1,2-mannosidase inhibitor kifun-
ensine attenuates UPR activity and protects against ER stress toxicity272. These results 
suggested that a protective pathway is activated if  ERAD is impaired. There is crosstalk 
between ERAD and the autophagy/lysosomal system; for example if  proteasome func-
tion is impaired, autophagy is induced162. However, inhibition of  ERAD by treatment 
with kifunensin does not induce classical macro autophagy272. In contrast, a relocaliza-
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tion of  lysosomes is observed, suggesting that the non-conventional activation of  the 
autophagy/lysosomal system may be involved. In this paper we investigate whether the 
UPR modulating pathways induced upon ERAD inhibition and mediated by Rab6 are 
mechanistically connected.  

Materials and methods

Materials

Cell culture media and reagents were obtained from Gibco/Invitrogen (Carlsbad, 
CA, USA) and other chemicals were from Sigma (St. Louis, MO, USA), unless indicated 
otherwise.

Cell culture and treatment

SK-N-SH and HeLa cells were cultured in Dulbecco’s modified Eagle medium with 
GlutaMAX supplemented with 10% (v/v) fetal calf  serum (Lonza, Basel, Switzerland), 
100 U/mL penicillin and 100 µg/mL streptomycin. Cells were incubated at 37°C, 5% 
CO2 and 95% humidity. Cells were treated with kifunensine (1 µg/mL, Calbiochem, 
EMD Millipore, Billerica, MA, USA) for 72 hours prior to tunicamycin (1 µg/mL) and/
or kifunensine treatment (as indicated) for 20 hours. For differentiation to a neuronal 
phenotype, SK-N-SH cells were plated in a desired wells format at a density of  ~50.103 
cells/cm2 in complete culture medium supplemented with 20 µM retinoic acid.

SDS-PAGE and western blotting

Cells were harvested by scraping with a rubber policeman in 1% (v/v) Triton X-100 
PBS lysis buffer supplemented with protease inhibitors (Leupeptin and PMSF). Cell 
lysates were vigorously mixed, incubated on ice (5 minutes), and centrifuged (20.000xg, 
5 minutes, 4°C). Supernatant protein content was determined by Bio-Rad Protein Assay 
(Bio-Rad, Hercules, CA, USA). Samples were analyzed for Rab6 on a 12% polyacryl-
amide gel. Equal amounts of  protein were loaded in each lane on a gel. A TE77XP 
Semi-Dry Transfer Unit (Hoefer, San Francisco, CA, USA) was used for protein transfer 
to PVDF membrane (Millipore). Antibodies and incubation conditions are specified 
in table 1. Visualization was performed with Lumi-Light Western Blotting Substrate 
(Roche) on a LAS-3000 imaging system (Fujifilm, Tokyo, Japan).

Subcellular fractionation

Cells were cultured in Ø10 cm Petri dishes. After treatment, cells were harvested 
by scraping with a rubber policeman in a hypotonic lysis buffer (5 mM Tris.HCl pH 
7.4, 250 mM sucrose [Merck, Darmstadt, Germany], 1 mM EDTA, Complete protease 
inhibitors and PhosSTOP phosphatase inhibitor cocktail [Roche]) and passed 10 times 
through a 27 gauge needle, all on ice. Post nuclear supernatants (800xg, 10 minutes, 4°C) 
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were transferred in detergent-free ultracentrifuge tubes and ultracentrifuged (120.000xg, 
1 hour, 4°C). Membrane pellets were dissolved in 1% (v/v) Triton X-100 in PBS.

Immunofluorescence and confocal microscopy

For immunofluorescence stainings, cells were plated on glass coverslips. All follow-
ing procedures were performed in/with PBS and at room temperature. After treatment, 
cells were fixed (4% [w/v] paraformaldehyde, 4% [w/v] sucrose [Merck], 15 minutes) 
and permeabilized (0.5% [v/v] Triton X-100, 5 minutes). Washes after formalin fixa-
tion included a trace of  glycine (187 µM). Coverslips were transferred to a dark moist 
chamber, blocked (5% [v/v] fish skin gelatin, 30 minutes) and incubated with primary 
antibody in block buffer for 2 hours. Cells were incubated with secondary antibodies in 
block buffer for 1 hour. Washes after antibody incubations were performed with 0.05% 
(v/v) Tween-20. Cells were counterstained with DAPI (1.3 µM, 5 minutes). Coverslips 
were rinsed (demi water), air dried, and mounted on glass slides with Prolong Gold (In-
vitrogen). Antibodies and incubation conditions are listed in table 1. Confocal imaging 
was performed on a Leica TCS-SP2 confocal scanner mounted on an inverted micro-
scope (Leica Microsystems, Mannheim, Germany). Images were acquired with Leica 
Confocal Software (version 2.61, build 1537). Confocal images were deconvoluted using 
a theoretical point spread function by Huygens Essential Software (compute engine 
4.1.1p1 64b; Scientific Volume Imaging, Hilversum, the Netherlands).

Table 1. Antibodies used for western blot and immunofluorescence
Antibody Species Clonality Manufacturer Cat. no.
Western blotting
Rab61 Rabbit Polyclonal (C-19) Santa Cruz sc-310
Actin Mouse Monoclonal (AC-40) Sigma A4700
Calnexin Rabbit Polyclonal Calbiochem 208880
Immunofluorescence
GM-130 Mouse Monoclonal (35) BD Biosciences 610822
LC3 Mouse Monoclonal (4E12) MBL M153-3
LAMP1 Mouse Monoclonal (H5G11) Santa Cruz sc-18821

Incubations for western blot were performed 1:1000 in 5% (w/v) fat-free milk in PBS-T (0.05%, v/v), 
secondary HRP labeled antibodies were from Dako (Glostrup, Denmark). Incubations for immunoflu-
orescence were performed 1:100 in 5% (v/v) FSG in PBS, secondary fluorescently labeled antibodies 
were from Jackson ImmunoResearch (West Grove, PA, USA). 1Also used for immunofluorescence.

siRNA transfection

HeLa cells were plated at a density of  ~8.103 cells/cm2 in complete culture medi-
um before knockdown of  Rab6. The transfection procedure and the sequences of  the 
scramble and Rab6 siRNA duplexes were provided previously101. Briefly, transfections 
were performed with HiPerFect Transfection Reagent (Qiagen, Venlo, the Netherlands) 
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according to the manufacturer’s protocol. Cells were incubated with duplexes (25 nM) 
for 6 hours, after which medium was replaced with fresh medium supplemented with 1 
µg/mL kifunensine for 72 hours, before treatment followed by kifunensine/tunicamycin 
treatment (as indicated) for 20 hours.

RNA isolation and cDNA synthesis

The procedures for RNA isolation and cDNA synthesis are described previously101. 
Briefly, RNA was isolated using TRIzol Reagent according to the manufacturer’s proto-
col (Invitrogen). cDNA synthesis was performed using a SuperScript II Reverse Tran-
scriptase Kit (Invitrogen) on equal quantities of  RNA. Oligo(dT)12-VN primers (125 
pmol) were used to prime mRNA poly-A tails.

Real-Time qPCR

The procedures for qPCR are described elsewhere101. Briefly, equal quantities of  trip-
licate cDNA samples were dried in a 384 wells plate. qPCR reactions were performed in 
a LightCycler 480 system (Roche, Penzberg, Germany). Probe and primer combinations 
are listed in table 2. Results were analyzed using the LightCycler 480 software (version 
1.5.0.39). Normalized data are presented as mean±SD (n=3) from a representative ex-
periment.

Table 2. Primer and probe combinations for qPCR
Amplicon Primers (5'-3') Probe1

BiP/Grp78 Fw: CATCAAGTTCTTGCCGTTCA #10
Rv: TCTTCAGGAGCAAATGTCTTTGT

GAPDH Fw: TCCACTGGCGTCTTCACC #45
 Rv: GGCAGAGATGATGACCCTTTT  

 Primers were prepared by Sigma. 1From Universal ProbeLibrary for Human probes (Roche).

MTT viability assay

After treatment, cells were incubated with 250 µg/mL 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) in complete culture medium (2 
hours, 37°C). The formazan salts were dissolved in DMSO and the OD570 nm was mea-
sured using a BMG FLUOstar Omega Microplate Reader (BMG Labtech, Offenburg, 
Germany). Normalized data are presented as mean±SD (n=6) from a representative 
experiment.

Statistical analysis

Statistical analyses were performed using the unpaired two-tailed Student’s T-test and 
differences were accepted as statistically significant at a level of  p≤0.05.
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Results and discussion

To address whether kifunensine treatment activates the Rab6 pathway, we deter-
mined the Rab6 protein levels and found that kifunensine does not affect Rab6 total 
levels (fig. 1A). In contrast, subcellular fractionation reveals that Rab6 is enriched on 
membranes by kifunensine stimulation (fig. 1A). Membrane association of  Rab6 marks 
the GTP-bound state and thus activation of  this Rab protein175. Indeed, this is support-
ed by the increased localization of  Rab6 to vesicular structures, close to the perinuclear 
GM-130 positive Golgi structures by treatment of  kifunensine (fig. 1B). These results 
show that kifunensine activates Rab6 which may mediate or contribute to the attenuating 
effect on the UPR.

Our previous data indicate Rab6 has a positive effect on the recovery from ER stress, 
but does not directly interfere with the UPR signalling101, suggesting it is involved in the 
relieve of  the proteostatic stress via an unknown mechanism. Our group previously 
showed that during UPR activation autophagy is the major degradational route169,171, 
therefore we investigated whether kifunensine relocalizes Rab6 to compartments of  
the autophagy/lysosomal system. Rab6 does not co-localize with the autophagosome 
marker LC3, in the absence or presence of  kifunensine (fig. 2A). This corroborates our 
previous work that demonstrates that kifunensine does not affect LC3 localization or 
processing. We did however observe that kifunensine induces repositioning LAMP1 
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Figure 1. Kifunensine recruits Rab6 to membranes. SK-N-SH cells were treated with kifunensine for 
92 hours. (A) Rab6 protein levels from total- and membrane fractions were assessed on western blot. 
Equal amounts of  protein were loaded in each lane, and actin (total) and calnexin (membrane) were 
used as loading controls. Biological duplicates are presented. (B) Cells were stained for Rab6 and GM-
130 by immunofluorescence. DAPI was used to stain nuclei. Scale bar indicates 10 µm.
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positive structures (fig. 2B). Interestingly, kifunensine predominantly relocalizes Rab6 
to the same juxtanuclear position as the lysosomal marker LAMP1, although no direct 
co-localization is observed. This may indicate that Rab6 is involved in the formation of  
these lysosomal structures, either directly or indirectly. 

To investigate whether Rab6 is directly involved in the ER stress protective effects 
of  kifunensine, Rab6 was down regulated cells using siRNA. Due to technical limitations 
to obtain efficient knockdown in SK-N-SH cells, this experiment was performed in 
HeLa cells in which we previously demonstrated the Rab6 mediated UPR modulation. 
Kifunensine inhibits induction of  the UPR and ER stress toxicity in these cells as well as 
we showed before (fig. 3A and B)272 . However, knockdown of  Rab6 does not prevent 
the inhibitory effect of  kifunensine on the induction of  the UPR target BiP (fig. 3A). In 
addition, the protective effect of  kifunensine on ER stress induced toxicity is also not 
reduced by Rab6 knockdown (fig. 3B). 

Figure 2. Kifunensine does not relocalize Rab6 to LC3 or LAMP1 positive structures. SK-N-SH cells 
were treated with kifunensine for 72 hours. Immunofluorescent staining was performed for Rab6, LC3 
(A), and LAMP1 (B). Nuclear counterstain was performed with DAPI. Scale bars indicate 10 µm.
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A B

Figure 3. The ER stress protective effect of  kifunensine is not dependent on Rab6. HeLa cells were 
transfected with scramble or Rab6 (R6) siRNA and treated with kifunensine (Kif) for 72 hrs before 
treatment with tunicamycin at the concentrations indicated for 20 hrs. (A) BiP mRNA levels (in arbi-
trary units) were determined by qPCR to measure UPR activation and (B) cell viability was assessed by 
MTT viability assay. Data are normalized to untreated controls (Con). GAPDH was used as a reference 
gene.

These data indicate that although the kifunensine and Rab6 induced protective path-
ways appear similar —at least in HeLa cells— the kifunensine induced pathway does not 
require Rab6. Because the Rab6 pool is not completely depleted, we cannot fully exclude 
that the remaining Rab6 is sufficient to perform a function in kifunensin induced UPR 
protection. This seems unlikely however, because kifunensin and Rab6 knockdown have 
opposite effects on the UPR. Therefore the data suggest that the two pathways are large-
ly independent. The juxtanuclear relocalisation of  Rab6 correlates with the lysosomal 
relocatisation upon kifunensine treatment, suggesting that the proteostatic response me-
diated by these pathways may converge at the lysosomes. Lysosomal repositioning to a 
juxtanuclear site has been shown to be a protective response that occurs upon nutrient 
stress259. In the next chapter we will address the role of  the autophagy/lysosomal system 
in the Rab6 mediated proteostatic pathway.
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