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INTRODUCTION

Abstract

A repeat expansion in the C9orf72 gene is the most prevalent genetic cause of
frontotemporal dementia (C9-FTD). Several studies have indicated the involvement
of the unfolded protein response (UPR) in C9-FTD. In human neuropathology,
UPR markers are strongly associated with granulovacuolar degeneration (GVD). In
this study, we aim to assess the presence of UPR markers together with the pres-
ence of dipeptide pathology and GVD in post mortem brain tissue from C9-FTD
cases and neurologically healthy controls. Using immunohistochemistry we assessed
the presence of phosphorylated PERK, IREla and elF2a in the frontal cortex,
hippocampus and cerebellum of C9-FTD (n = 18) and control (n = 9) cases. The
presence of UPR activation markers was compared with the occurrence of pTDP-
43, p62 and dipeptide repeat (DPR) proteins (poly(GA), -(GR) & -(GP)) as well as
casein kinase 1 delta (CK13), a marker for GVD. Increased presence of UPR mark-
ers was observed in the hippocampus and cerebellum in C9-FTD compared to
control cases. In the hippocampus, overall levels of pPERK and pelF2a were higher
in C9-FTD, including in granule cells of the dentate gyrus (DG). UPR markers
were also observed in granule cells of the cerebellum in C9-FTD. In addition, in-
creased levels of CK18 were observed in granule cells in the DG of the hippocampus
and granular layer of the cerebellum in C9-FTD. Double-labelling experiments in-
dicate a strong association between UPR markers and the presence of dipeptide
pathology as well as GVD. We conclude that UPR markers are increased in C9-FTD
and that their presence is associated with dipeptide pathology and GVD. Increased
presence of UPR markers and CK18 in granule cells in the cerebellum and hip-
pocampus could be a unique feature of C9-FTD.

explanation for the association between ALS and FTD,
which share common neuropathological features (34).

Frontotemporal dementia (FTD) is a neurodegenerative dis-
ease and the second most common cause of presenile
dementia. A repeat expansion mutation in the C9orf72 gene
is the most common genetic cause of FTD (C9-FTD). It
is found in 12%-25% of familial FTD patients and 3%-6%
of the sporadic FTD patients (8, 17). The repeat expansion
in C9orf72 also occurs in more than 30% of familial amyo-
trophic lateral sclerosis (ALS) patients, providing an

Brain Pathology 31 (2021) 163-173

C9-FTD commonly presents with changes in behavior and
personality, and/or the dysfunction in the language domain
(19). The expanded hexanucleotide repeat (GGGGCC) in
the first intron of C9orf72 produces RNA foci that are
translated by repeat associated non-AUG dependent (RAN)
translation into five aggregation prone dipeptide repeat (DPR)
proteins; poly(GA), poly(GR), poly(GP), poly(PR) and
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poly(PA) (21, 32, 39). Alongside RNA foci and DPR protein
aggregates, C9-FTD patients display inclusions of TAR
DNA-binding protein 43 (TDP43) in affected brain areas
(18, 19, 22, 27). The frontal cortex, hippocampus and cer-
ebellum are the most vulnerable regions to C9-FTD pathol-
ogy. While TDP43 pathology can be observed in several
FTD subtypes and related diseases, RNA foci and DPR
proteins are characteristic for C9-FTD, and therefore their
aggregation has been proposed to play a central role in the
neurodegenerative process.

The presence of protein aggregates in the cell can lead
to a disturbance in protein homeostasis that results in acti-
vation of signaling pathways aimed at counteracting this
disturbance. The endoplasmic reticulum (ER), as a major
site of protein homeostasis, plays a key role in protein
quality control. The presence of misfolded proteins and
protein aggregates activates the unfolded protein response
(UPR) in order to protect the cell from ER stress and
prevent the toxic accumulation of protein aggregates. The
UPR is regulated by three signaling cascades involving RNA-
activated protein kinase R (PKR)-like ER kinase (PERK),
activating transcription factor 6 (ATF6) and inositol requir-
ing enzyme 1 alpha (IREla) (15, 29). Once activated, PERK,
ATF6 and IREla set off a translationally and transcription-
ally regulated signaling network aimed at restoring protein
homeostasis in the ER. PERK auto-phosphorylates and in
turn phosphorylates eukaryotic initiation factor 2 alpha
(eIF2a), which halts protein synthesis whilst also activating
the transcription of proapoptotic factors such as CHOP
and the translation of ATF4 (2, 11, 12, 15). In human
brain tissue, activation of the UPR has been detected in
several neurodegenerative diseases including Alzheimer’s dis-
ease (AD), frontotemporal lobar degeneration with tau
pathology (FTLD-tau), Parkinson’s disease (PD) and ALS
(for review see (28)). Prominent UPR activation is associ-
ated with the accumulation of phosphorylated tau and has
been found in AD and FTLD-tau (14, 23, 31). In addition,
UPR activation markers are associated with granulovacuolar
degeneration (GVD), characterized by basophilic granules
predominantly in the hippocampal neurons in AD (1, 37).
Interestingly, it was recently shown that the prevalence of
GVD is increased in C9-FTD (26)

There is accumulating evidence supporting the link between
toxic dipeptides, UPR markers and neurodegeneration
(7, 25, 38). In human post mortem brain tissue, mRNA
levels of UPR proteins, ATF4 and CHOP are significantly
increased in the frontal cortex of ALS patients with the
C9orf72 repeat expansion compared to sporadic ALS patients
(38). In patients with frontotemporal lobar degeneration
with TDP43 inclusions, and without the C90rf72 repeat
expansion (FTLD-TDP), UPR activation markers phospho-
rylated PERK (pPERK) and phosphorylated IREla
(pIREla) were not observed in the frontal cortex and hip-
pocampus (23). To our knowledge there is no data on the
localization and levels of UPR markers in C9-FTD. To
this end we set out to study the presence of UPR in C9-FTD.
We assessed the presence of UPR markers, protein aggregates
and the presence of GVD in post mortem brain tissue
from C9-FTD cases and neurologically healthy controls.
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MATERIALS AND METHODS

Subjects

Brain samples from C9-FTD (n = 18), FTLD-TDP cases
without a repeat expansion mutation in the C9orf72 (n = 8)
and neurologically healthy control donors (n = 9) were
obtained from the Netherlands Brain Bank (Amsterdam,
the Netherlands), the Alzheimer Centre Rotterdam and
department of Neurology, Erasmus Medical Centre
(Rotterdam, the Netherlands), the department of pathology,
Amsterdam UMC (Amsterdam, the Netherlands), and the
Dutch Surveillance Centre for Prion Diseases, Department
of Pathology, University Medical Centre Utrecht (Utrecht,
the Netherlands) (Table 1: pathological and clinical data of
all donors).

All cases were neuropathologically assessed based on his-
tochemical stainings including hematoxylin and eosin, Congo
red, Bodian or Gallyas and methenamine silver and immu-
nohistochemical stainings including amyloid-beta, pTau,
3R-tau, 4R-tau, pTDP43, alpha-synuclein and p62. These
stainings were performed on formalin-fixed paraffin-
embedded (FFPE) brain tissue of multiple brain regions
including the frontal cortex, temporal pole, superior parietal
lobe, occipital pole, amygdala and the hippocampus.
Neuropathological staging of AD (NFTs) was evaluated
according to Braak and Braak (4)

Both clinical and neuropathological criteria for the disease
were met for FTD donors (16,20). Neurologically healthy
controls were donors who died without history of dementia,
psychiatric or neurological diseases. All donors or their next
of kin provided written informed consent for brain autopsy
and use of tissue and medical records for research purposes.
This study has been performed according to the Declaration
of Helsinki, and the procedures have been approved by the
local ethics committee (Amsterdam UMC, Amsterdam, the
Netherlands).

Immunohistochemical procedure

Paraffin embedded formalin-fixed tissue sections (5 pm thick)
were cut from the frontal cortex, hippocampus and cerebel-
lum from the FTD and control donors. After deparaffiniza-
tion, endogenous peroxidase activity was blocked with 0.3%
H,0, in phosphate buffer saline (PBS; pH 7.4) for 30 min.
Sections were then treated in 0.1 M citrate buffer (pH 6.0)
heated by autoclave (at 121°C for 10 min) for antigen
retrieval. Tissue sections were incubated overnight at room
temperature with primary antibodies directed against pTDP43
(1:8000; mouse, clone 11-9, Cosmo Bio, Japan), p62 (1:1000;
mouse, clone 3/P62 LCK LIGAND, BD Transduction
Laboratories, San Jose, CA, USA), ATS8 (1:800; mouse, clone
ATS, Thermo Fisher Scientific, MA, USA), casein kinase
1 delta (CKI18) (1:100; mouse, clone C-8, Santa Cruz
Biotechnology, Dallas TX, USA), poly(GA) (1:2000; rabbit,
Cosmo Bio), poly(GR) (1:8000; rabbit, Cosmo Bio), poly(GP)
(1:2000; rabbit, Cosmo Bio), pelF2a (1:500; rabbit, Sigma-
Aldrich, St. Louis, MO, USA), pPERK (1:12 800; rabbit,
Santa Cruz Biotechnology) and pIREla (1:10 000; rabbit,
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Table 1. Demographic information of donors used in study.

UPR Activation in C9orf72 Frontotemporal Dementia

Case no./neuropathological ~ Age of symptom

Clinical diagnosis/

diagnosis onset Age at death  Gender (M/F) PMD (h:min) Braak stage (NFT) cause of death

1. C9-FTD 51 56 F 3:00 n/a bvFTD

2. C9-FTD 54 63 M 4:45 1 PPA

3. C9-FTD 65 72 F 4:50 2 bvFTD

4. C9-FTD 39 42 F 5:45 n/a bvFTD/ALS

5. C9-FTD 60 68 F 6:50 2 bvFTD

6. C9-FTD 61 64 F 9:05 1 bvFTD/ALS

7. C9-FTD 69 75 M 6:25 1 bvFTD

8. C9-FTD 52 59 M 8:00 2 bvFTD/ALS

9. C9-FTD 53 60 M 5:05 1 bvFTD

10. CO-FTD 56 64 M 6:20 3 bvFTD

11. C9-FTD 71 74 F <12 2 bvFTD

12. C9-FTD 62 70 F 4:40 3 bvFTD

13. C9-FTD 60 67 F 6:45 3 bvFTD

14. C9-FTD 50 64 M 4:35 2 bvFTD

15. C9-FTD 45 52 F 8:16 1 bvFTD

16. C9-FTD 68 75 F 5:15 2 bvFTD/ALS

17. C9-FTD 40 47 F <12 0 FTD/CJD

18. C9-FTD 44 46 F <12 0 FTD/CJD

1. Control n/a 51 F <12 0 Aortic aneurysm

2. Control n/a 66 F <12 0 Heart failure

3. Control n/a 82 F <12 0 Heart failure

4. Control n/a 53 M <12 0 Fatal injury

5. Control n/a 70 M <12 0 Aspiration-related

6. Control n/a 39 F <12 0 Fatal injury

7. Control n/a 63 M <12 0 Cancer

8. Control n/a 65 M <12 0 Cancer

9. Control n/a 66 M <12 0 Heart failure

1. FTLD-TDP b5 66 M 5:20 0 bvFTD

2. FTLD-TDP 51 67 F 4:35 2 Schizoaffective
disorder

3. FTLD-TDP 58 69 M 5:20 0 svPPA

4. FTLD-TDP 52 63 M 7:35 2 nfPPA

5. FTLD-TDP 56 68 M 7:00 1 svPPA

6. FTLD-TDP 62 64 M 4:29 2 PPA

7. FTLD-TDP b5 61 F 6:30 0 bvFTD

8. FTLD-TDP 57 67 F 7:15 3 bvFTD

Abbreviations: F = female; M = male; n/a = not available; NFT = neurofibrillary tangles; PMD, post mortem delay.

Novus Biologicals, Centennial, CO, USA). Sections were
then washed with PBS and incubated with HRP-labeled
Envision (DAKO, Glostrup, Denmark) for 30 min. Color
was developed with 3,3’-diaminobenzidine (DAB; DAKO).
Sections were counterstained with haematoxylin and mounted
using Quick D (Klinipath; Duiven, the Netherlands).

Double-immunofluorescence

For double-immunofluorescence, sections were incubated
overnight with a combination of primary antibodies using
varying concentrations; p62 (1:1000; mouse), poly(GA)
(1:2000; mouse, Millipore, Burlington, MA, USA), poly(GR)
(1:1000; rat, Millipore), pPERK (1:6000; rabbit), pIREla
(1:10 000; rabbit) and CK18 (1:400; rabbit, Thermo Fisher
Scientific). Subsequently, sections were incubated with fluo-
rescent probed secondary antibodies diluted 1:250 for 1 h;
Goat Anti-Rabbit-594 (Invitrogen, Carlsbad, CA, USA),
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Goat Anti-Rat 488 (Invitrogen) and Goat Anti-Mouse 488
(Life Technologies, Carlsbad, CA, USA). Auto-fluorescence
was blocked with 0.2% Sudan Black for 5 min at room
temperature and then slides were mounted with DAPI
Fluoromount G (Southern Biotech, AL, USA).

Semi-quantitative assessment and statistics

To compare the relative presence of immunoreactivity between
control and C9-FTD cases, we applied a semi-quantitative
assessment. Immunopositive neurons were assessed in at least
5 microscopic visual fields using a x40 objective (400X
magnification) in one tissue section based on the following
criteria: 0 = absent, 1 = rare (1-10 positive cells), 2 = mod-
erate density (11-20) and 3 = high density (>21) of immu-
noreactive neurons per microscopic visual field. Neurons
were identified based on morphology and nuclear haema-
toxylin staining. For the medial frontal gyrus multiple visual
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fields were randomly selected in non-curved areas that con-
tained all six cortical layers. In this study the CAl/subiculum
and the dentate gyrus (DG) were assessed at the level of
the middle hippocampal region. Within the hippocampus,
adjoining visual subfields were assessed. CAl/subiculum
subfields were distinguished based on cell densities and rela-
tive thickness of the layers. For the cerebellum only the
granular layer was assessed and multiple visual subfields
were randomly selected. Statistical analyses were performed
using Graphpad Prism (version 7.0a). Semi-quantitative scores
were compared between C9-FTD and controls using Mann
Whitney U Test, where P-values <0.05 were considered sig-
nificant. Correlation assessment was performed using
Spearman’s correlation for nonparametric data. A P-value
<0.05 was considered significant.

RESULTS

Assessment of pathology and UPR activation
markers in C9-FTD

Comparing the 18 C9-FTD and 9 neurologically healthy
control cases, we found inclusions positive for p62, pTDP43
and the sense translated DPR proteins: poly(GA), poly(GR)

pTDP43

Frontal cortex

Hippocampus

Cerebellum

Figure 1. Neuropathology of C9-FTD in the frontal cortex, hippocampus
and cerebellum. Immunohistochemical analysis confirmed C9-FTD
cases in our study exhibited typical disease related pathology. The
frontal cortex and hippocampus showed a strong presence of pTDP43,
p62 and the DPR proteins poly(GA), poly(GR) and poly(GP) (A-J). In the
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and poly(GP) in the frontal cortex, hippocampus and cer-
ebellum of the C9-FTD cases (Figure 1). p62 and DPR
protein pathology was severe in all regions analysed, while
pTDP43 pathology was absent in the cerebellum. Moderate
presence of immunoreactivity for phosphorylated tau was
present in the hippocampus while it was almost absent in
the cerebellum (Table S1).

In the frontal cortex, pPERK, pIREla and pelF2a immu-
noreactivity was observed in C9-FTD cases (Figure 2A-C),
however, when compared to controls they did not reach
significance (Figure 2D). Within the C9-FTD cases no cor-
relation was observed in the frontal cortex between UPR
markers and different protein aggregates (p62, pTDP43,
Poly(GA), poly(GR) and poly(GP)). In the CAl/subiculum
region of the hippocampus a significant increase in pPERK
and pelF2a was observed in C9-FTD compared to controls
(P = 0.01 and P = 0.02, respectively), with no difference
seen in pIREla immunoreactivity (Figure 2E-H). No cor-
relation was observed in this area between UPR markers
and different protein aggregates.

The hippocampal DG was independently assessed and
showed increased levels of pPERK and pelF2a immunore-
activity in granule cells in C9-FTD, with pelF2a reaching
significance when compared to controls (P = 0.01)

poly(GR) poly(GP)

cerebellum no pTDP43 was seen, however, p62 and the DPR proteins
were in abundance (K-0). Cases 14 & 15 were used to illustrate
pathology (A-E and F-O respectively). Scale bar represent 50 pm (A-0),
and in insert 5 um. [Colour figure can be viewed at wileyonlinelibrary.
com]
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Frontal cortex

Hipp. CA1/Sub

Cerebellum

Figure 2. UPR activation markers in the frontal cortex, hippocampus
and cerebellum in C9-FTD and control cases are increased.
Immunohistochemistry showing presence of pPERK, pIRETa and
pelF2a in the frontal cortex, CA1/subiculum and DG of the hippocampus
and cerebellum in C9-FTD (A-C, E-G, I-K, M-0). Graphs display UPR
marker density scores in the frontal cortex (D), hippocampus CA1/
subiculum (H), hippocampus DG (L) and cerebellum granular layer (P),

(Figure 2I-L). Within the C9-FTD cases no significant cor-
relation was observed in this area between UPR markers
and different protein aggregates.

In the C9-FTD cerebellum, high levels of pPERK, pelF2a
and pIREla were observed in granule cells in the granular
layer, with pPERK and pelF2a reaching significance when
compared to controls (P = 0.01 and P = 0.045 respectively)
(Figure 2M-P). No pPERK, pIREla or pelF2a
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based on the criteria 0 = absent, 1 = rare (1-10 positive cells),
2 = moderate density (11-20) and 3 = high density(>21). To illustrate
UPR activation cases 2 (O, J), 6 (G), 9 (B), 11 (C), 14 (A) and 15 (E, F, I,
K, M, N) were used. Each dot represents a single cases. Scale bar
represent 50 um, and in insert 5 pm. *P < 0.05. [Colour figure can be
viewed at wileyonlinelibrary.com]

immunoreactivity was observed in the cerebellum of controls
(score = 0, Table S2).

UPR activation markers co-occur with p62 and
poly(GA)

Following the observation that UPR markers were increased
in C9-FTD cerebellum, the co- localization of UPR markers
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Figure 3. UPR activation markers in granule cells in the C9-FTD
cerebellum. Immunofluorescence staining of pPERK (red) and pIRET«a
(red) with p62 (green, A, B), poly(GA) (green, C, D) and poly(GR) (green,
E, F) in the granular cell layer of the cerebellum in C9-FTD. The UPR
activation markers (red) were upregulated in a subset of p62 and
poly(GA) positive granule cells (green). Though a subset of cells

with p62 and DPR protein aggregates was assessed
(Figure 3). Neurons positive for pPERK and pIREla were
also positive for p62, however, not all p62 positive neurons

168

expressed both the DPR proteins and the UPR activation markers, these
were not co-localized and were observed in different regions of the cell.
No poly(GR) positive cells were found to be positive for UPR activation
markers. Nuclei were stained with DAPI (blue). All images taken from
case 2. Scale bar represents 50 pm and in insert 20 um. [Colour figure
can be viewed at wileyonlinelibrary.com]

were positive for the UPR activation markers. In neurons
positive for both UPR markers and p62 the signals did
not co- localize, showing a different subcellular distribution

Brain Pathology 31 (2021) 163-173
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(Figure 3A,B). Similar findings were observed for poly(GA)
inclusions and the UPR activation markers; a subset of
cells were positive for both UPR and the DPR protein,
however, the majority of poly(GA) inclusion containing
neurons were negative for UPR markers (Figure 3C,D).
Poly(GR) inclusions and UPR markers were not observed
in the same neuron (Figure 3E,F). The small and partial
overlap between p62, the DPR protein pathology and UPR
markers in the C9-FTD cerebellum is reflected in the overall
assessment; C9-FTD cases scored 2 or higher for p62 and
DPR protein density, whereas the UPR activation marker
densities were much lower with only 4 of the 18 patients
scoring 2 or higher for UPR markers (Tables S1 and S2).

UPR markers are associated with GVD in
C9-FTD hippocampus and cerebellum

Previously, we have shown that UPR markers are associated
with GVD in AD (14). Using the GVD marker CKI18,
clear structures resembling GVD could be observed in the
granule cells of the DG in the hippocampus of C9-FTD
cases (Figure 4A,B). The granule cells in the granular layer
of the cerebellum in C9-FTD cases also showed a clear
presence of GVD (Figure 4C,D). Assessment of CK18 posi-
tive GVD structures in various brain regions showed no

UPR Activation in C9orf72 Frontotemporal Dementia

differences between control and C9-FTD cases in the frontal
cortex. The presence of CK18 positive GVD structures was
significantly upregulated in C9-FTD in the hippocampus
CAl/subiculum region and the DG, as well as in the cer-
ebellum (P < 0.01, P < 0.01 and P = 0.02 respectively)
(Figure 4E). Over all brain regions the densities of GVD
correlated well with the presence of UPR markers
(Table S2).

Within the DG of C9-FTD cases CK18 positive GVD
structures significantly correlated with the occurrence of p62
(P = 0.033), poly(GP) (P = 0.045), poly(GR) (P = 0.030),
and pPERK (P = 0.003). In addition, double-immunoflu-
orescence on C9-FTD hippocampal DG and cerebellum
showed co- localization of pPERK and pIREla with CK18
(Figure SA-D). CK18 was also observed in cells with p62,
but these markers did not show co- localization and not
all cells with p62 inclusions contained CK18 (Figure 5E,F).
In 8 FTLD-TDP cases without a repeat expansion mutation
in the C90rf72 gene no GVD was observed after Haematoxylin
and Eosin staining or CK18 immunohistochemistry.

DISCUSSION

The UPR has been suggested to be a common pathomecha-
nism in neurodegenerative diseases where accumulation of
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Figure 4. CK1$ positive GVD structures in granule cells of the dentate
gyrus in the hippocampus and granular layer in the cerebellum in
C9-FTD. In C9-FTD, multiple CK18 positive GVD structures were
observed in individual granule cells of the DG in the hippocampus (A, B).
Similar CK18 positive GVD structures were observed in granule cells of
the granular layer in the cerebellum (C, D). Occurrence of CK18 positive
GVD structures were not significantly increased in the frontal cortex of
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C9-FTD cases. In the hippocampal CA1/Sub and DG, as well as the
granular layer of the cerebellum the occurrence of CK18 positive GVD
structures were significantly increased in C9-FTD patients (e). Nuclei
were stained with haematoxylin (blue). Images taken of case 15 (for A,
B) and case 2 (C, D). Each dot represents a single case. Scale bars
represent 50 pm (A, C) and 5 um (B, D), *P < 0.05. [Colour figure can be
viewed at wileyonlinelibrary.com]

169

© 2020 The Authors. Brain Pathology published by John Wiley & Sons Ltd on behalf of International Society of Neuropathology.


www.wileyonlinelibrary.com

UPR Activation in C9orf72 Frontotemporal Dementia

Dentate Gyrus

Figure 5. In C9-FTD, pPERK and pIREa co-localize with CK1§ in the
dentate gyrus and cerebellum. Double-stainings were performed on the
dentate gyrus of the hippocampus and granular cell layer of the
cerebellum in C9-FTD. Double-staining of pPERK (red) and CK18 (green)
showed co-localization (yellow) or co-presence in granule cells (A, B).
Similar co- localization (yellow) was observed with pIRE1a (red) and

misfolded protein aggregates is a main pathological event.
In the present study, we have shown that the UPR activa-
tion markers, pPERK, pIREla and pelF2a are increased
in C9-FTD compared to control cases. This increase was
most pronounced in granular cells in the hippocampal DG
and the granular layer of the cerebellum. Similar to previ-
ous observations in AD hippocampus, we found the UPR
markers to be associated with the occurrence of GVD using
CK18 as marker for this specific type of pathology.

In this study, we found an increased presence of UPR
markers in C9-FTD in close association with the presence
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Cerebellum

IC

CK18 (green) in granule cells (C, D). P62 (green) did not show co-
localization with CK18 (red), although most granule cells show co-
presence (E, F). Nuclei were stained with DAPI (blue). Images taken of
cases 2 (B, D), 9 (F) and 15 (A, C, E). Scale bars represent 50 pm and in
insert 20 um. [Colour figure can be viewed at wileyonlinelibrary.com]

of DPR proteins. These results are in agreement with the
accumulating evidence that UPR activation is involved in
the pathogenesis of C9-FTD/ALS. Transcriptomic analysis
of C9-ALS brain tissue revealed upregulation of ER stress
and UPR related genes compared with brain tissue derived
from sporadic ALS patients (25). Increased levels of the
ER chaperone GRP78/BIiP is also observed in C90rf72 iPSC-
derived motor neurons compared with control-iPSC-derived
motor neurons (7). Recently, it was shown that RAN trans-
lation is regulated via phosphorylation of elF2a, which
indicates that activation of the UPR via the PERK pathway
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results in increased generation of DPR proteins (6, 10).
Moreover, inhibition of the pelF2a signaling pathway sup-
presses RAN translation and formation of DPR proteins
(6). In this study, we observed that DPR proteins in C9-FTD
are more abundant than UPR markers, favoring the hypoth-
esis that UPR activation occurs downstream of DPR protein
accumulation.

In C9-FTD cerebellum, UPR markers co-occurred with
poly(GA) and not with poly(GR) DPR proteins.
Interestingly, presence of the DPR protein poly(GA) in
primary neurons leads to increased levels of UPR stress
markers (38). This favors a strong linkage between the
presence of poly(GA) and UPR activation in neurons.
DPR proteins and UPR activation markers did not co-
localize at the subcellular level. This corroborates with
the observation that increased poly(GA) protein levels
outside the ER-Golgi compartment lead to an increase
in pPERK and other UPR markers in primary neurons
(38). In addition, UPR activation markers also co-occur
but do not show a subcellular co- localization with intra-
cellular pTau and alpha-synuclein accumulations in AD
and Parkinson’s disease, respectively (13, 14). We found
that whilst positivity for UPR activation markers is depend-
ent on the presence of poly(GA) aggregates, the majority
of aggregated poly(GA) in neurons are negative for UPR
markers in the C9-FTD cerebellum.

To our knowledge this is the first report showing the
presence of UPR markers and GVD in the cerebellum.
GVD primarily occurs in the pyramidal neurons of the
hippocampus and is increased in dementia, compared with
age-matched controls. The occurrence of GVD is most
extensively reported in AD, but has also been described in
Pick’s disease and Progressive Supranuclear Palsy (28, 30, 37).
In addition, GVD is strongly associated with (early) signs
of tau pathology as well as TDP43 pathology (14, 33). The
granules that characterize GVD most likely correspond to
a special type of autophagosome or disturbed endolysosomal
process (24, 36). Recently, it was reported that GVD is
more prevalent in the hippocampal CA2 region in FTLD/
ALS cases with C90rf72 mutation compared with sporadic
FTLD/ALS cases and control cases (26). The same study
also reported GVD-like structures in granule cells in the
hippocampal DG. The current study supports the increased
presence of GVD in C9-FTD hippocampal regions, includ-
ing the DG. Using haematoxylin—eosin stainings, Riku et
al did not observe GVD in the cerebellum of C9-FTD/
ALS donors (26). Also in the present study we were unable
to localize granular cells with GVD granules in the cerebel-
lum using a haematoxylin-eosin staining. Since the granular
layer of the cerebellum is dense with nuclei, it is plausible
the GVD structures could be overlooked without performing
an immunohistochemical analysis using a specific marker
for GVD. In this study, we found CKI18 positive GVD
structures in the cerebellum in almost all C9-FTD donors.
The selective vulnerability of granule cells for GVD could
be a unique hallmark for C9-FTD.

In the frontal cortex pelF2a is clearly present in the
cytoplasm, next to its presence in granules. Besides PERK,
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elF2a is also phosphorylated by different stress-related
kinases, that is, PKR (protein kinase double-stranded RNA-
dependent), GCN2 (general control non-derepressible-2), and
HRI (heme-regulated inhibitor) (9). The presence of a cyto-
plasmic pelF2a staining could be related to activity of PKR,
GCN2 and HRI. In addition, we find no significant increase
in levels of CKI18 positive GVD structures in the frontal
cortex, despite the presence of protein aggregates and neu-
rodegeneration in C9-FTD. In the present study, 3 out 14
C9-FTD cases show presence of CK18 positive GVD struc-
tures in the frontal cortex (Table S2). This frequency is
comparable with the earlier study by Riku and colleagues,
showing that approximately 15% of C9-FTD/ALS cases had
occurrence of GVD in the frontal cortex based on haematoxylin-
eosin staining or pTDP43 immunostaining (26). Previously,
we have shown that prion disease, characterised by sub-
stantial accumulation of PrP* and neurodegeneration in the
frontal cortex, is not associated with an increase in CK18
positive neurons (35). In general, the frontal cortex appears
to be less affected by GVD compared with other brain
regions like the hippocampal area.

In our study, UPR markers and GVD showed a pro-
nounced presence in the C9-FTD cerebellum. Patients with
the C9orf72 mutation do not show classical cerebellar dys-
function symptoms, such as ataxia, which presents with
incoordination of balance, gait, extremity and eye movements,
as well as dysarthria. It is surprising that the presence of
pathology in the cerebellum in C9-FTD cases cannot be
directly linked to the clinical signs of C9-FTD. In addition,
at the neuroimaging level C9-FTD patients have been found
to have substantially more atrophy in the cerebellum com-
pared to sporadic FTD patients and age-matched healthy
controls (3, 5). This paradox highlights how little is known
of the functions or the level of resilience of the
cerebellum.

In conclusion, we show that UPR activation markers
are increased in C9-FTD, most prominently in granule
cells in the hippocampal DG and granular layer of the
cerebellum. In C9-FTD we observed the presence of GVD
in the granule cells of the DG as well as the cerebellum,
a region normally unaffected by GVD. The prominent
presence of UPR markers and GVD in the cerebellum
indicates that both can occur independent from TDP43
and Tau pathology. Whether the presence of the UPR or
GVD in granule cells in the DG of the hippocampus
and cerebellum is causally involved in the neurodegenera-
tive process in C9-FTD or that they occur merely as a
downstream consequence due to the excessive presence of
DPR pathology needs to be resolved in future studies.
The presence of UPR markers and GVD in granule cells
in the DG and the cerebellum could be a unique feature
of C9-FTD.
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