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Abstract
The unfolded protein response (UPR) is a stress response that is activated upon disturbed 
homeostasis in the endoplasmic reticulum. In Alzheimer’s disease as well as in other 
tauopathies the UPR is activated in neurons that contain early tau pathology in the form of 
diffusely distributed phosphorylated tau. This led to the hypothesis that there is a functional 
connection between UPR activation and tau pathology. This hypothesis gains support 
from a recent genome-wide association study showing that genetic variation in one of the 
transducers of the UPR is a risk factor for developing a tauopathy. In this study we show 
that prolonged UPR activation increases the activity of the major tau kinase glycogen 
synthase kinase (GSK)-3 in vitro via a selective decrease in the levels of inactive GSK-3 
phosphorylated at Ser21/9 (pSer21/9 GSK-3). In human brain tissue from patients with 
different tauopathies, granular accumulations of pSer21/9 GSK-3 are found in neurons 
with markers for UPR activation. Double staining demonstrates that pSer21/9 GSK-3 
accumulates in lysosomes in these neurons. Inhibition of lysosomal degradation prevents 
the UPR-induced decrease in GSK-3 levels in a cell model. In addition, stimulation of 
autophagy results in a selective decrease in pSer21/9 GSK-3 levels. Our data indicate that 
UPR activation increases the activity of GSK-3 by lysosomal degradation of the inactive 
pSer21/9 GSK-3. Here we present a novel mechanism for regulation of GSK-3 activity 
and provide a functional explanation for the close association between UPR activation 
and early tau pathology in neurodegenerative diseases. 
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Introduction
Aggregates of the microtubule associated protein tau (MAPT or tau) are found in 
several neurodegenerative disorders, commonly referred to as tauopathies. This includes 
Alzheimer’s disease (AD), Pick’s disease (PiD), progressive supranuclear palsy (PSP) and 
frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17) 389,446, a 
familial tauopathy that is associated with mutations in the gene encoding tau; MAPT. Tau 
is predominantly involved in facilitating the structure and function of microtubules. Under 
physiological conditions tau phosphorylation is a rapid and reversible process, mediated 
by the opposing actions of several protein kinases and phosphatases.447,448 In contrast, 
hyperphosphorylation of tau is thought to precede the formation of tau aggregates and is 
therefore associated with pathology.434,435,449,450

The unfolded protein response (UPR), a stress response pathway that is activated upon a 
disturbance in endoplasmic reticulum (ER) homeostasis, is strongly associated with the 
pathology of tauopathies.3,256 Three ER transmembrane proteins function as stress sensors 
and mediate the effects of the UPR: PKR like ER kinase (PERK), inositol requiring 
enzyme 1 (IRE1) and activating transcription factor (ATF) 6. During ER stress these 
proteins are activated by phosphorylation (PERK and IRE1) or cleavage (ATF6) and 
activate responses aimed at restoring homeostasis in the ER.439 This entails attenuating 
the amount of novel polypeptides entering the ER by decreasing translation, enhancing 
degradation and increasing expression of factors involved in ER protein folding. 
We and others previously reported UPR activation markers in close connection with 
phosphorylated tau (p-tau) in AD brain.2,3,366 We observed the same association of the 
UPR and p-tau protein in non-AD tauopathies, including cases of sporadic PiD, PSP and 
FTDP-17 (Chapter 3).256 In this cohort the involvement of amyloid β (Aβ) pathology 
and overall ageing effects could be excluded, strengthening the connection between the 
UPR and early tau pathology. Interestingly, a recent genome wide association study has 
identified genetic variation in the gene encoding the ER stress transducer PERK as a 
risk factor for PSP, suggesting that perturbation of the UPR can influence the risk for 
developing tau pathology.398

A large number of kinases phosphorylate tau in vitro 46 but the precise mechanisms 
of physiological regulation have not been elucidated yet. A major kinase implicated 
in physiological and pathological phosphorylation of tau is glycogen synthase kinase 
3 (GSK-3). Tau is phosphorylated by GSK-3 in vitro 451,452, in cultured cells 453,70 and 
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in transgenic mice overexpressing GSK-3.75,77,79 GSK-3 phosphorylates tau at multiple 
sites and most of these sites are also phosphorylated in disease.451,53,72 The GSK-3 kinase 
plays a role in a wide variety of signalling pathways including glycogen metabolism, 
protein synthesis, mitosis, apoptosis and microtubule dynamics.62 GSK-3 exists as two 
highly homologous isoforms, GSK-3α and GSK-3β, which are encoded by different 
genes located on chromosomes 19 and 3, respectively.61 Both isoforms are expressed in 
the brain 454,455, however GSK-3β appears to be the predominantly expressed isoform.454 
Some, but not all, substrates require priming by phosphorylation at a nearby residue by 
another kinase which enables phosphorylation by GSK-3.63,64 GSK-3β phosphorylates tau 
at primed and unprimed sites, however phosphorylation at primed sites was shown to play 
a key role in regulating in vitro tau microtubule binding.73 GSK-3 activity is regulated 
by inhibitory phosphorylation of the Ser21 and Ser9 residue in GSK-3α/β, respectively. 
This residue is located in the N-terminus of GSK-3 and when phosphorylated this acts 
as a pseudo-substrate and competes with primed substrates for binding to the active 
domain.62 Inhibitory phosphorylation of GSK-3 at this site occurs in response to several 
signalling pathways. Protein kinase A phosphorylates GSK-3 upon an increase in levels 
of the second messenger cyclic AMP, caused by binding of ligands to G-protein-coupled 
receptors on the cell membrane.456 In the insulin signalling pathway binding of insulin to 
the insulin receptor leads to increased activity of phosphatidyl inositol kinase 3 (PI3K) 
and protein kinase B (PKB)/Akt. The commonly used activator of GSK-3, wortmannin 
(Wm), inhibits PI3K and in this manner prevents inhibitory phosphorylation by PKB/
Akt.457,66 Phosphorylation of GSK-3α/β at Tyr216 and Tyr279, respectively, is associated 
with increased GSK-3 activity.63 Inhibition of this phosphorylation event either by 
enzymatic dephosphorylation or mutation of Tyr into Phe, decreases the kinase activity.458 
Phosphorylation at the Tyr residue is suggested to be an autophosphorylation event; 
however, some kinases have been shown to target GSK-3 Tyr216/279 in vitro.459-461 The 
precise mechanism remains unknown but the position of the Tyr216/279 residue in the 
GSK-3 activation loop suggests it induces a conformational change that results in more 
efficient substrate binding.63,458 

The role of GSK-3 in tau pathology has been the subject of several studies, but its 
regulation and involvement in the pathogenesis of tauopathies is not fully elucidated yet. 
GSK-3β co-isolates with brain derived microtubules 59 and in cells phosphorylates tau at 
epitopes also found in AD.451,453 Inhibition by lithium or more specific GSK-3 inhibitors 
prevented tau phosphorylation and aggregation in several mouse models.462,123,463 The 
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association of the UPR with early tau pathology prompted the investigation of effects of 
in vitro UPR induction on GSK-3 activity. Chemical induction of the UPR was shown to 
decrease phosphorylation at the inhibitory Ser21/9 epitope and increase phosphorylation 
at the activating Tyr279/216 epitope.313 Another study only identified decreased Ser21/9 
phosphorylation.397 Although the mechanism remains elusive, these studies suggest that 
activation of the UPR leads to increased activity of GSK-3. 

In this study we further investigated the connection between activation of the UPR and 
GSK-3 activity in vitro. Furthermore, we analysed the presence of active and inactive 
GSK-3 in connection to UPR activation and tau pathology in post-mortem brain material 
from patients with different types of tauopathies. Our combined data provide evidence for 
UPR induced regulation of GSK-3 activity via lysosomal degradation. 

Materials and Methods
Cell culture, differentiation and treatment
Human SK-N-SH neuroblastoma cells were cultured in Dulbecco’s modified Eagle’s 
medium with GlutaMax (Gibco BRL, Carlsbad, CA, USA) supplemented with 10% fetal 
calf serum (Lonza, Basel, Switzerland) and 100U/ml penicillin (Yamanouchi Pharma BV, 
Leiderdorp, The Netherlands). Cells were differentiated in culture medium supplemented 
with all trans-retinoic acid (Sigma, St Louis, MO, USA) in a final concentration of 10µM 
for 5 days. Differentiated cells were subsequently treated with tunicamycin (Tm), lithium 
chloride (LiCl) and Bafilomycin (BAF) at indicated concentrations for 16h. Treatment 
with wortmannin (Wm) was performed at 100nM for 1h before harvest. For starvation, 
medium was removed and cells were washed twice in phosphate buffered saline (PBS) to 
remove excess nutrients. Cells were subsequently cultured for 2h in Earle’s balanced salt 
solution (Sigma), which lacks essential amino acids.

In Cell ELISA colorimetric assay
The In Cell ELISA colorimetric assay (Thermo Scientific, Waltham, MA, USA) was 
performed according to the manufacturer’s recommendations. In short, SK-N-SH cells 
were plated in 96 well plates (15000 cells/well) and differentiated as described above. 
All conditions were assayed in triplicate. Unless otherwise stated, all incubations 
were performed at room temperature (RT) with gentle rocking. Cells were fixed in 4% 
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formaldehyde for 15 min. Formaldehyde was aspirated; cells were washed twice in 1x Tris 
Buffered Saline (TBS) and incubated with permeabilization buffer for 15 min. Following 
permeabilization, cells were washed with 1x TBS and incubated with quenching solution 
(containing H2O2) for 20 min. Cells were washed with 1x TBS and subsequently blocked 
for 30 min in blocking solution. Following blocking, cells were incubated with the primary 
antibody solution for 16h at 4°C. Antibodies and their dilutions used are described in 
Table 1. Cells were washed three times with wash buffer and subsequently incubated 
with diluted HRP conjugate (α-mouse/rabbit for GSK-3 antibodies, α-goat for GRP-78/
BiP antibody) for 30 min. Cells were washed and signal was developed by addition of 
3,3’,5,5’-Tetramethylbenzidine (TMB) substrate. The reaction was stopped when blue 
colour was visible. Absorbance (A) was measured at 450nm using a FLUOstar Omega 
microplate reader (BMG Labtech GmbH, Ortenberg, Germany). In order to correct 
for variation in the amount of cells Janus Green whole cell stain was used. Cells were 
incubated with Janus Green whole cell stain for 5 min and subsequently washed with 
ultrapure water until all excess stain was removed. Elution buffer was added and cells 
were incubated for 10 min before absorption was measured at 615nm. The A 450nm 
values were normalized to A 615nm values. The normalized A 450nm values were used 
to calculate fold changes in assayed protein levels. 

Table 1: Primary antibodies used in immunohistochemistry (IHC) and In Cell Elisa (ICE) assays. 

Antibody Species Antigen Dilution Source
IHC       
(single/double)

ICE

pPERK Rabbit PERK pThr980 -/1:800 - Santa Cruz Biotechnology, 
Santa Cruz, CA, USA

AT8 Mouse Tau pSer202 and 
pThr205

1:1000/1:100 - Pierce, Rockford, IL, USA

GSK-3 Rabbit Pan GSK-3 1:500/1:50 1:200 Cell Signalling Technology, 
Danvers, MA, USA

pSer21/9 
GSK-3

Rabbit GSK-3α pSer21
GSK-3β pSer9

1:100/1:10 1:100 Cell Signalling Technology, 
Danvers, MA, USA

pTyr216/279 
GSK-3

Mouse GSK-3α pTyr216, 
GSK-3β pTyr279

1:100 - Millipore, Billerica, MA, 
USA

GRP-78/BiP Goat BiP C-terminus - 1:100 Santa Cruz Biotechnology, 
Santa Cruz, CA, USA

Cathepsin D Mouse Cathepsin D -/1:1000 - Millipore, Billerica, MA, 
USA



131

The unfolded protein response induces selective degradation of inactive GSK-3,  
a novel mechanism with implications for tauopathies

GSK-3 activity assay
GSK-3 activity was measured in crude cell extracts of differentiated SK-N-SH cells using 
an assay described by Ryves et al.464 Differentiated SK-N-SH cells were washed once 
in ice-cold PBS and scraped in ice-cold lysis buffer (50mM Tris-HCL, pH8.0, 150mM 
NaCl, 5mM EDTA, 50mM NaF, 10mM DTT and 1% Triton X-100) supplemented with 
PhosSTOP phosphatase inhibitor (Roche, Basel, Switzerland) and Protease Inhibitor 
Cocktail (Roche). Lysates were cleared by centrifugation at 14000 × g for 10 min. A 
Bradford protein assay (BioRad, Hercules, CA, USA) was used to determine the protein 
concentration in each sample. 

For each assay, 12.5µl of cell extract was incubated with 10µg GSK-3 substrate peptide 
(Phospho-GS-peptide-2, Upstate Biotechnology, Lake Placid, NY, USA) and 6.25µl ATP 
hot mix (200mM Hepes, pH 7.5, 50mM MgCl2, 8mM DTT, 400µM ATP and 1 µCi/µl 
[γ32P] ATP (Perkin-Elmer, Waltham, MA, USA, 10mCi/ml)). All samples were assayed in 
the presence and absence of 20mM LiCl. The substrate peptide used is based on glycogen 
synthase, a known GSK-3 substrate. Sequence:‘YRAAVPPSPSLSRHSSPHQpSEDEEE’ 
p represents the site of the primed phosphate which is necessary for phosphorylation by 
GSK-3. Assays were incubated at RT and terminated after 8 min by spotting onto p81 
ion-exchange paper (Whatman GmbH, Dassel, Germany). The membrane was washed 
three times in a large volume of 100mM phosphoric acid and bound radioactivity was 
quantified by scintillation counting. Measured values were corrected for protein content. 

Single immunohistochemistry
Post-mortem brain material was obtained from the Netherlands Brain Bank (Table 2). 
Informed consent is available for each patient. Sections (5µm thick) were mounted onto 
Superfrost plus tissue slides (Menzel-Gläser, Braunschweig, Germany) and dried overnight 
at 37°C. For all stainings, sections were deparaffinised and immersed in 0.3% H2O2 in 
methanol for 30 min to quench endogenous peroxidise activity. Sections were washed 5 
min in PBS and treated with 10mmol/l pH6.0 sodium citrate buffer heated by microwave 
for 10 min for antigen retrieval. Sections were subsequently incubated with primary 
antibody (Table 1) for 16h at 4°C. All primary and secondary antibodies were diluted in 
PBS containing 1% (w/v) Bovine Serum Albumine (BSA, Boehringer Ingelheim GmbH, 
Ingelheim am Rhein, Germany). Negative controls were created by primary antibody 
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omission. Sections were washed three times 10 min with PBS and subsequently incubated 
with horseradish peroxidase (HRP)- labelled α-mouse/rabbit secondary antibody (Dako 
REAL EnVision/HRP Rabbit/Mouse, Dako, Hamburg, Germany). Colour was developed 
using 3,3-diaminobenzidine (DAB, 0.1 mg/ml, 0.02% H2O2, 10 min, Sigma, USA) as 
chromogen. Sections were counterstained with haematoxylin and mounted using Depex 
(BDH laboratories Supplies, East Grinstead, UK). 

PiD, Pick’s disease; PSP, progressive supranuclear palsy; FTD, frontotemporal dementia; 
CTRL, control; MAPT, microtubule associated protein tau; PMD, post mortem delay 
(hours:minutes); HIP, hippocampus; GFM, gyrus frontalis medialis. 

Double immunohistochemistry
pPERK and GSK-3/pSer21/9 GSK-3
After quenching endogenous peroxidase activity, sections were pre-incubated with normal 
swine serum (NGS, 1:10 dilution, Dako) for 10 min at RT and subsequently incubated 
with pPERK antibody for 60 min at RT. After washing, sections were incubated with 

Table 2: Cases used for immunohistochemical analysis. 

Case Clinical diagnosis MAPT mutation Age Sex Cause of death PMD
1 PiD - 68 F Pneumonia 6:46
2 PiD - 57 M General deterioration 6:40
3 PiD - 70 M Pneumonia 5:15
4 PiD - 82 M Pneumonia 4:10
5 PSP - 75 M Unknown 5:05
6 PSP - 72 F Infection 6:15
7 PSP - 80 M Dehydration, uraemia 4:50
8 PSP - 67 M Pneumonia 6:45
9 PiD G272V 54 F Cachexia and dehydration 5:40
10 PiD G272V 54 F Cardiac arrest 7:30
11 PiD G272V 67 F Cachexia and dehydration 4:10
12 FTD G272V 49 M Suffocation (unnatural death) 5:10
13 FTD G272V 51 M Pneumonia 4:25
14 PiD P301L 64 F Unknown 5:10
15 PiD P301L 66 F Cachexia and dehydration 6:40
16 PiD P301L 46 M Unknown 5:35
17 PiD P301L 66 M Pneumonia 5:00
18 CTRL - 66 M Abdominal aortic aneurysm 7:45
19 CTRL - 61 F Euthanasia 6:50
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biotin-conjugated swine anti-rabbit F(ab’)2 (SwαRBIO, 1:300 dilution, Dako) for 30 min 
at RT, washed and incubated with alkaline-conjugated streptavidin (sAF, 1:100 dilution) 
for 60 min at RT. Colour was developed using Liquid Permanent Red (LPR, DAKO) as 
chromogen. Sections were treated in 10mmol/l pH6.0 sodium citrate buffer heated by 
autoclave for 10 min and incubated for 16h at 4°C with mouse anti-GSK-3 or rabbit anti-
pSer21/9 GSK-3. After washing, sections were incubated with EnVision goat anti-mouse 
HRP or goat anti-rabbit HRP (undiluted, DAKO) for 30 min at RT. Colour was developed 
using DAB as chromogen.

AT8 and GSK-3/pSer21/9 GSK-3
Endogenous peroxidise activity was quenched and sections were preincubated with NGS 
(1:10 dilution) for 10 min at RT and subsequently incubated with AT8 antibody for 60 
min at RT. After washing sections were incubated with EnVision goat anti mouse HRP 
(undiluted, DAKO) for 30 min at RT. Colour was developed using DAB. After washing 
and treatment in 10mM sodium citrate buffer pH6.0 in the autoclave for 10 min, sections 
were preincubated with NGS (1:10 dilution) for 10 min at RT and subsequently incubated 
with GSK-3 antibody for 16h at 4°C. After washing sections were incubated with sAF 
(1:100 dilution) for 60 min at RT and colour was developed using LPR. 

For AT8 and pSer21/9 GSK-3 double immunohistochemistry endogenous peroxidase 
activity was quenched and sections were preincubated with NGS (1:10 dilution) for 10 
min at RT. Sections were subsequently incubated with a mix of AT8 and pSer21/9 GSK-
3 for 16h at 4°C. Sections were washed in PBS and subsequently incubated with a mix 
of SwαRBIO (1:300 dilution, DAKO) and HRP conjugated goat anti mouse IgG1 (1:100 
dilution, Dako) for 60 min at RT. Sections were washed and incubated with sAF (1:100 
dilution) for 60 min at RT. Sections were developed using DAB, and subsequently using 
LPR. 

Cathepsin D and pSer21/9 GSK-3
Endogenous peroxidise activity was quenched and sections were treated in 10mM sodium 
citrate buffer pH6.0 in the microwave for 10 min. Sections were preincubated with NGS 
(1:10 dilution) for 10 min at RT and subsequently incubated with a mix of cathepsin D 
and pSer21/9 GSK-3 for 16h at 4°C. After washing sections were incubated with SwαRBIO 
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(1:300 dilution) and Envision goat anti mouse HRP (undiluted, DAKO) for 60 min at RT. 
Sections were washed and incubated with sAF (1:100 dilution, Dako) for 60 min at RT. 
Sections were developed using DAB, and subsequently developed using LPR. 

For all doublestainings, nuclei were stained with haematoxylin and sections were 
mounted using Aquamount (BDH Laboratories Supplies, Radnor, PA, USA). Cross-
reactivity controls were generated by omission of primary antibodies. The Nuance 
spectral imaging system (Cri, Woburn, MA, USA) was used to analyze the double-stained 
sections.256 Spectral libraries of single-brown (DAB), single-red (LPR) and haematoxylin 
were obtained from control sections. The spectral library was used to unmix the different 
reaction products in double stained sections into black and white images. These images 
represent the localisation of each reaction product and were converted to fluorescent-like 
images composed of pseudo-colours by the Nuance software.  

Results 
UPR activation decreases total and pSer21/9 GSK3 levels and increases 
GSK-3 activity in vitro
We first investigated the effect of UPR activation on the expression level and 
phosphorylation status of GSK-3 in vitro. An In Cell ELISA colorimetric assay, combined 
with GSK-3 and phosphorylated GSK-3 specific antibodies, was used to investigate 
GSK-3 in differentiated SK-N-SH neuroblastoma cells. The different (phospho) specific 
antibodies used in this study do not distinguish the paralogous proteins GSK-3α and 
GSK-3β. Cells were treated with tunicamycin (Tm) to chemically induce the UPR. Tm 
inhibits N-linked glycosylation, leading to the accumulation of proteins in the ER and 
subsequent activation of the UPR. Wortmannin (Wm) and lithium chloride (LiCl) were 
used as controls for stimulation and inhibition of GSK-3 activity, respectively. Treatment 
with Tm caused a dose-dependent decrease in total GSK-3 levels that reached statistical 
significance for 0.5 µg/ml Tm (14% reduction, p<0.05) and 1.0 µg/ml Tm (23% reduction 
(p<0.01). Furthermore, Tm treatment led to a decrease in pSer21/9 GSK-3 levels (20% 
(p<0.05), 33% and 36% (p<0.01) reduction for 0.2, 0.5 and 1.0 µg/ml Tm, respectively), 
whereas pTyr216/279 GSK-3 levels did not change (Figure 1A). When pSer21/9 and 
pTyr216/279 GSK-3 are presented as a percentage of total GSK-3, Tm led to a decrease 
in pSer21/9 (13%, 22% and 16% reduction (p<0.01)) and an increase in pTyr216/279 



135

The unfolded protein response induces selective degradation of inactive GSK-3,  
a novel mechanism with implications for tauopathies

GSK (18%, 15% (p<0.01) and 27% increase (p<0.05), for 0.2, 0.5 and 1.0 µg/ml Tm, 
respectively), findings that are indicative of increased GSK-3 activity (Figure 1B). In 
accordance with literature, Wm resulted in 50% (p<0.01) decrease 457,66 and LiCl in 15% 
(p<0.05) increase 465 of pSer21/9 GSK-3, consistent with stimulation and inhibition of 
GSK-3 activity, respectively (Figure 1A and B). Figure 1C demonstrates that levels of 
the ER resident molecular chaperone BiP increased after Tm treatment (29%, 52% and 
81% increase (p<0.05) for 0.2, 0.5 and 1.0 µg/ml Tm, respectively) indicating the UPR 
is activated under these conditions. As expected, neither Wm nor LiCl led to increased 
BiP levels. Interestingly, we did not observe any significant changes in total GSK-3 levels 
following treatment with LiCl or Wm, suggesting UPR mediated regulation of GSK-3 
activity occurs via a different mechanism, involving regulation of expression levels of 
GSK-3 and its phosphorylated isoforms. 

Next we investigated whether the Tm induced changes in the relative amounts of pSer21/9 
and pTyr216/279 GSK-3 have an actual effect on protein kinase activity. The activity of 

Figure 1: UPR activation leads to a specific decrease in pSer21/9 GSK-3 levels and increased GSK-
3 activity. Differentiated SK-N-SH cells were treated with increasing concentrations of Tm for 16h. 
Total and phosphorylated levels of GSK-3 and the ER chaperone BiP were investigated using an 
In Cell ELISA colorimetric assay. Shown is one representative experiment for the In Cell ELISA 
assay, all measurements were performed in triplicate and each experiment was performed at least 
three times. A: Tm leads to a dose dependent decrease in total GSK-3 and pSer21/9 GSK-3 levels, 
whereas pTyr216/279 GSK-3 levels are unaffected. B: When pSer21/9 and pTyr216/279 GSK-3 are 
expressed as a percentage of total GSK-3, Tm leads to a decrease in pSer21/9 and an increase in 
pTyr216/279 GSK-3 C: Levels of BiP increased following treatment with Tm, indicating the UPR 
is active under these conditions. D: GSK-3 activity was determined by measuring the incorporation 
of radioactive phosphate on a GSK-3 specific substrate peptide in lysates of SK-N-SH cells treated 
with Tm. Bars represent the mean + SEM of two independent experiments. *p<0.05 **p<0.01.
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GSK-3 was measured using an assay described by Ryves et al.464 Using this method, 
GSK-3 activity can be measured in crude cell extracts. In short, the transfer of γ-32P from 
[γ-32P] ATP to a GSK-3 specific primed substrate peptide was measured using scintillation 
counting. Each sample was assayed in the presence and absence of LiCl and the difference 
between these values was used as a measure of GSK-3 activity. As expected, Wm resulted 
in an increase in GSK-3 activity (80% increase (p<0.05)), indicating we can measure 
changes in activity in this setup. Also Tm resulted in a significant and consistent increase 
in GSK-3 activity (21% increase (p<0.05), Figure 1D)). These data are in accordance 
with the changes in phosphorylation of GSK-3 after Tm treatment and confirm that UPR 
activation leads to an increase in GSK-3 activity. 

GSK-3 immunoreactive granules are present in the hippocampal neurons 
of tauopathy cases
Our in vitro data suggest a connection between UPR activation and GSK-3 protein levels 
and protein kinase activity. We have previously demonstrated that UPR activation occurs 
in AD and in non-AD tauopathies in close relation to tau pathology.2,3,256 Therefore, we 
investigated the expression of GSK-3 and its phosphorylation status in the hippocampus 
of different tauopathies (Table 2). These cases are clinically diagnosed with PiD, PSP 
or FTD and are histopathologically classified as frontotemporal lobar degeneration with 
tau positive inclusions (FTLD-tau). The hippocampi of these FTLD-tau cases showed 
extensive tau pathology and UPR activation 256, making it a suitable region to investigate 
the connection between UPR activation, tau phosphorylation and GSK-3. 

In all investigated cases, including non-demented controls, we observed diffuse GSK-
3 immunoreactivity in the soma and axons of the hippocampal neurons. Little to no 
reactivity was evident in the surrounding neuropil or in non-neuronal cells (Figure 2A,B). 
In addition, small but intensely stained GSK-3 immunoreactive granules were present 
in hippocampal neurons of all (both sporadic and MAPT associated) tauopathy cases. 
We investigated the phosphorylation status of GSK-3 using pSer21/9 and pTyr216/279 
GSK-3 specific antibodies. The pSer21/9 GSK-3 antibody revealed intensely stained 
immunoreactive granules in the tauopathy cases, similar to those observed with the pan 
GSK-3 antibody (Figure 2E-G). Little pSer21/9 GSK-3 immunoreactivity was observed 
in the soma or axons of hippocampal neurons. Immunohistochemical staining for 
pTyr216/279 GSK-3 revealed a punctuate staining pattern, we observed no differences 
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between control and tauopathy cases (data not shown). Combined, our data show that 
granules consisting of inactive, Ser21/9 phosphorylated, GSK-3 are present in the 
hippocampal neurons of tauopathy cases and are not present in non-neurological controls.

GSK-3 immunoreactive granules occur in neurons which have activated 
the UPR 
In order to more precisely investigate the connection between UPR activation and GSK-
3 immunoreactive granules, we performed double immunohistochemistry on a subset 

Figure 2: GSK-3 and pSer21/9 GSK-3 reactive granules are present in hippocampal neurons in 
tauopathy cases. Immunohistochemistry was performed to evaluate the expression of GSK-3 and 
its phosphorylation status in tauopathies. A: Expression of GSK-3 is apparent in the pyramidal 
neurons of the hippocampus (control case). B-G: Higher magnification images are shown from 
a representative control, sporadic (s) PiD and a MAPT mutation carrier assayed for the presence 
of total GSK-3 (B-D) and pSer21/9 GSK-3 (E-G). Intensely stained granules were visible with 
the GSK-3 and pSer21/9 GSK-3 antibodies in tauopathy cases. Nuclei were counterstained using 
haematoxylin. Arrows indicate GSK-3 immunoreactive granules. Scalebars: 200 and 50 µm.
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Figure 3: GSK-3 immunoreactive granules occur in neurons that have an activated UPR. Double 
immunohistochemistry was performed on a subset of our cohort using GSK-3/pSer21/9 GSK-3 
and pPERK antibodies. A: Shown is a low magnification area of the CA1 region of a sporadic 
PiD case (#2) stained with GSK-3 (brown) and pPERK (pink). Nuclei were counterstained with 
haematoxylin (blue). B,C: Spectral imaging was performed on higher magnification images (B1,C1) 
to unmix the different chromogens and GSK-3 (B2,C2) and pPERK (B3,C3) are shown separately 
and as a merge with artificial colours (GSK-3, green; pPERK, red, B4,C4). D,E: The same approach 
was used for pSer21/9 GSK-3 (brown) and pPERK (pink) double immunohistochemical stainings 
(D1,E1). Spectral imaging was performed and pSer21/9 GSK-3(D2, E2) and pPERK (D3, E3) 
are shown separately and as a merge with artificial colours (pSer21/9 GSK-3, green; pPERK, red, 
D4,E4). Shown are representative neurons that contain (pSer21/9) GSK-3 reactive granules and 
pPERK (B,D). Neurons lacking pPERK also do not contain (pSer21/9) GSK-3 reactive granules 
(C,E). Arrows indicate pPERK reactive granules, arrowheads indicate (pSer21/9) GSK-3 reactive 
granules. Scalebar: 50 µm.
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of our cohort [cases 2, 4, 10 and 15]. Phosphorylated (p) PERK was used as a marker 
of an active UPR, combined with antibodies directed against GSK-3 (Figure 3A-C) 
and pSer21/9 GSK-3 (Figure 3D,E). In all investigated cases pPERK and GSK-3 or 
pSer21/9 GSK-3 immunoreactive granules co-occurred in the same neurons. No direct 
colocalization between pPERK and (pSer21/9) GSK-3 was observed. We have previously 
demonstrated that UPR activation occurs in pre-tangle neurons in the brain of AD and 
FTLD-tau.256 Thus, the finding that pSer21/9 GSK-3 granules also accumulate in neurons 
with an active UPR, suggests a functional connection between UPR activation, GSK-3 
and tau phosphorylation.

pSer21/9 GSK-3 immunoreactive granules are positive for the lysosomal 
protease cathepsin D
We have recently shown that UPR activation leads to the preferential activation of the 
autophagy/lysosomal route in order to degrade accumulated proteins (Chapter 4).256 
Our in vitro data show that levels of inactive pSer21/9 GSK-3 decrease following UPR 
activation, whereas we find accumulation of pSer21/9 GSK-3 in granules in tauopathies. 
This led us to hypothesize that during an active UPR pSer21/9 GSK-3 is degraded by 
the lysosomal pathway, leading to a relative increase in active pTyr216/279 GSK-3 and 
increased kinase activity. 

Figure 4: pSer21/9 GSK-3 immunoreactive granules are positive for the lysosomal marker 
cathepsin D. Double immunohistochemistry was performed on a subset of our cohort. A: Shown 
is a high magnification image of the hippocampal CA1 region of a sporadic PiD case (#2) 
stained with pSer21/9 GSK-3 (brown) and cathepsin D (pink). Nuclei were counterstained with 
haematoxylin (blue). B: Spectral imaging was performed to unmix the different chromogens and 
assign artificial colours (pSer21/9 GSK-3: green, cathepsin-D: red). C: Colocalization between 
pSer21/9 GSK-3 and cathepsin D is shown as blue colour. Scalebar: 10 µm.
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We performed double immunohistochemistry on cases 2 and 15 using antibodies directed 
against the lysosomal protease cathepsin D and pSer21/9 GSK-3. As expected, the 
cathepsin D antibody revealed a granular staining pattern, in accordance with its presence 
in lysosomes. A large fraction of pSer21/9 GSK-3 positive granules were also cathepsin 
D positive (Figure 4A-C). Thus, in tauopathies pSer21/9 GSK-3 is targeted to lysosomal 
structures.

The UPR induces lysosomal degradation of GSK-3 in vitro
If the lysosomal route is indeed responsible for UPR mediated degradation of GSK-3, then 
inhibition of lysosomal degradation during the UPR should rescue GSK-3 levels in vitro. 
In this experiment differentiated SK-N-SH cells were treated with Tm in the presence 
or absence of bafilomycin A (BAF). This compound inhibits lysosomal degradation by 
inhibiting the vacuolar-type ATPase and increasing the pH of lysosomal vesicles.466,467 
Levels of GSK-3 were assayed using the In Cell ELISA colorimetric assay. As shown 
before, induction of the UPR led to a significant decrease in total GSK-3 levels. Co-

Figure 5: The UPR induces lysosomal degradation of GSK-3 in vitro A: Differentiated SK-N-SH 
cells were treated with increasing concentrations of Tm for 16h in the presence or absence of BAF. 
Total levels of GSK-3 and pSer21/9 and pTyr216/279 GSK-3 were determined using the In Cell 
ELISA colorimetric assay. The Tm induced decrease in total GSK-3 was prevented by inhibition 
of lysosomal degradation with BAF. B: Differentiated SK-N-SH cells were starved for 2h and total 
levels of GSK-3 and pSer21/9 and pTyr216/279 GSK-3 were determined using the In Cell ELISA 
colorimetric assay. Amino acid deprivation reduced GSK-3 and pSer21/9 GSK-3 levels whereas 
levels of pTyr216/279 were unaffected, indicating pSer21/9 is a specific substrate for autophagy/
lysosomal degradation. Shown is one representative experiment for the In Cell ELISA assay, all 
measurements were performed in triplicate and each experiment was performed at least two times.
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treatment of Tm with BAF rescued the Tm induced degradation of GSK-3 whereas no 
effect was observed on pTyr216/279 levels (Figure 5A). This suggests that a pTyr216/279 
negative subset of GSK-3 is targeted for lysosomal degradation. Based on our other data 
we suggest that pSer21/9 GSK-3 is a likely candidate for this selective degradation by 
the lysosomes. We were unable to obtain informative results with pSer21/9 GSK-3, 
because treatment with BAF alone decreased the level of pSer21/9 GSK-3 (Figure 5A). 
In order to verify that pSer21/9 GSK-3 is indeed a substrate for lysosomal degradation, 
activity of the autophagy/lysosomal pathway was induced in SK-N-SH cells by amino 
acid deprivation 468,469 for 2h. Levels of GSK-3, pSer21/9 and pTyr216/279 GSK-3 were 
assayed. Amino acid deprivation led to a decrease in GSK-3 and pSer21/9 GSK-3 levels 
(Figure 5B), but had no effect on pTyr216/279 levels. This indicates that pSer21/9 but not 
pTyr216/279 GSK-3 is a substrate for macro-autophagy and is degraded in the lysosomes. 

Discussion
In this study we have identified a specific mechanism for activation of GSK-3 via the UPR, 
which may explain the close association of the UPR and early stages of tau pathology. UPR 
activation in an in vitro cell model led to a decrease in protein levels of total and inactive 
Ser21/9 phosphorylated GSK-3, resulting in a relative increase in active Tyr216/279 
phosphorylated GSK-3 and increased protein kinase activity. Increased activity of GSK-3 
by UPR activation was previously observed 313,397 but the mechanism remained elusive. 
In the current study we provide evidence that UPR mediated activation of the tau kinase 
GSK-3 occurs via the lysosomal degradation of inactive GSK-3. Regulation of GSK-
3 activity by lysosomal degradation has been shown in primary cardiac myocytes. In 
this study overexpression of the lysosomal protease cathepsin L decreased the amount of 
inactive pSer21/9 GSK-3, whereas knockdown enhanced the level of pSer21/9 GSK-3.470 
Both the classical GSK-3 activator Wm as well as the widely used inhibitor LiCl affect 
the level of pSer21/9 GSK-3, but via a different mechanism, because the GSK-3 protein 
levels are not affected by either treatment. 

In tauopathies, the inactive, Ser21/9 phosphorylated, form of GSK-3 was found to 
accumulate in granules in hippocampal neurons. GSK-3 immunoreactive granules were 
previously observed in hippocampal neurons in AD brain.471,3 The presence of Aβ in the 
AD brain may complicate the analysis of the connection between GSK-3 and the UPR as 
Aβ was shown to increase GSK-3 activity 472 and sensitize cells for UPR activation.151,152 
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In our cohort of non-AD tauopathies Aβ pathology was only rarely observed 256, allowing 
study of the connection between UPR activation and GSK-3 without confounding 
effects of Aβ. Double immunohistochemistry revealed pSer21/9 GSK-3 immunoreactive 
granules to occur in neurons of the tauopathy brain that had activated the UPR. We 
previously demonstrated that in the AD and FTLD-tau brain UPR activation occurs 
in neurons that contain diffusely distributed p-tau (Chapter 3). Our observations in 
this study further strengthen the connection between UPR activation, GSK-3 and tau 
phosphorylation. pPERK and other UPR markers are commonly observed in granules 
with a distinct morphological profile, referred to as granulovacuolar degeneration 
(GVD).3,256 We observed no colocalisation between pPERK and pSer21/9 GSK-3 
reactive granules. Instead, a large fraction of pSer21/9 GSK-3 was found to colocalise 
with cathepsin D immunoreactive lysosomal structures suggesting inactive GSK-3 is 
targeted to the lysosomes. This is corroborated by in vitro data that show that inhibition 
of lysosomal degradation prevents the UPR induced decrease in GSK-3 levels. In this 
experiment we were unable to obtain informative results for the degradation of pSer21/9 
GSK-3, because treatment with BAF alone decreased the level of pSer21/9 GSK-3. 
Stimulation of lysosomal degradation by amino acid starvation does induce a selective 
decrease in pSer21/9 GSK-3, therefore the effect of BAF is probably indirect. BAF was 
shown to induce time dependent changes in phosphorylation of insulin receptor signalling 
components, including PKB/Akt which targets GSK-3 Ser21/9.473 Thus, the decrease in 
pSer21/9 GSK-3 levels that we observe might be caused by BAF acting on upstream 
components of the insulin signalling pathway. Starvation activates the autophagy/
lysosomal route by inhibiting mTOR, the major regulator of autophagy induction and 
does not involve signalling via kinases that target GSK-3 Ser21/9. 

In our cell model pTyr216/279 GSK is apparently not subject to UPR induced 
degradation. Also in post-mortem tissue, the localisation of this phosphorylated isoform 
is not changed in tauopathies compared to control cases. We can not exclude that also 
some GSK-3 that is not phosphorylated at pSer21/9 is degraded. However, the strongest 
UPR induced decrease is in the fraction that is phosphorylated at pSer21/9, suggesting 
that this phosphorylated isoform is specifically targeted for degradation. UPR activation 
leads to increased autophagy 415, which would be a possible pathway to direct material 
for lysosomal degradation. We previously reported that during UPR activation the 
autophagy/lysosomal pathway is the preferred pathway for degradation (Chapter 4).407 
Induction of autophagy by starvation also leads to a reduction in total and pSer21/9 GSK-



143

The unfolded protein response induces selective degradation of inactive GSK-3,  
a novel mechanism with implications for tauopathies

3, indicating that GSK-3 is a substrate for macro-autophagy. Alternatively, lysosomal 
targeting of pSer21/9 GSK-3 may be achieved by fusion of a granule with a lysosome, 
or pSer21/9 GSK-3 may be actively recruited to the lysosomes via a mechanism like 
chaperone mediated autophagy. Autophagy is a dynamic process of which the activity 
is difficult to assess in situ.187 In our previous work we observed high levels of LC-3 in 
neurons that had activated the UPR in AD hippocampus, which is indicative of disturbed 
autophagic flux.407 This may be caused by disturbed lysosomal function, which is a well-
established feature of AD.416,474,301 The accumulation of pSer21/9 GSK-3 may reflect the 
recruitment of pSer21/9 GSK-3 into lysosomal compartments which are not efficiently 
cleared because of an underlying defect in lysosomal degradation. Phosphorylation of 
Ser21/9 is known to act as a competitive inhibitor of the GSK-3 kinase domain in cis.63 If 
Ser21/9 phosphorylated GSK-3 is also capable to block GSK-3 substrate binding in trans, 
the selective loss of Ser21/9 phosphorylated GSK-3 would result in enhanced overall 
GSK-3 activity. Our activity data indicate that the inhibitory phosphorylation of GSK-
3 at Ser21/9 at least, to some extent, functions as a dominant negative, which would 
support such a mechanism. Also in the absence of actual degradation, the sequestration of 
pSer21/9 GSK-3 into the lysosomal compartment is expected to increase GSK-3 activity 
and promote tau phosphorylation. 

In summary we present a novel mechanism by which the UPR increases activity of the 
major tau kinase GSK-3. When UPR activation persists, a prolonged increase in GSK-3 
activity may disturb the balance between the activity of tau kinases and phosphatases in a 
way that favours increased tau phosphorylation and aggregate formation. 
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