
Accepted Manuscript

A decay of the adaptive capacity of the Unfolded Protein Response exacerbates
Alzheimer’s disease

Yannis Gerakis, Claudio Hetz

PII: S0197-4580(17)30305-6

DOI: 10.1016/j.neurobiolaging.2017.09.012

Reference: NBA 10032

To appear in: Neurobiology of Aging

Received Date: 27 August 2017

Revised Date: 12 September 2017

Accepted Date: 14 September 2017

Please cite this article as: Gerakis, Y., Hetz, C., A decay of the adaptive capacity of the Unfolded
Protein Response exacerbates Alzheimer’s disease, Neurobiology of Aging (2017), doi: 10.1016/
j.neurobiolaging.2017.09.012.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.neurobiolaging.2017.09.012


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Peer Commentary forum 

A decay of the adaptive capacity of the Unfolded Protein Response 

exacerbates Alzheimer’s disease  

Yannis Gerakis1,2,3 and Claudio Hetz1,2,3,4,5* 

 

1 Biomedical Neuroscience Institute, Faculty of Medicine, University of Chile, Santiago, Chile 

2 Center for Geroscience, Brain Health and Metabolism, Santiago, Chile.  

3 Program of Cellular and Molecular Biology, Institute of Biomedical Sciences, University of Chile, 

Santiago, Chile  

4 Buck Institute for Research on Aging, Novato, CA, 94945, USA 

5 Department of Immunology and Infectious Diseases, Harvard School of Public Health, Boston, 

USA  

 

*Corresponding author: chetz@hsph.harvard.edu or chetz@med.uchile.cl. Website: www.hetzlab.cl 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Abstract 

Alterations in the buffering capacity of the proteostasis network is a salient feature of 

Alzheimer's disease (AD), associated with the ocurrence of chronic endoplasmic reticulum 

(ER) stress. To cope with ER stress, cells activate the unfolded protein response (UPR), a 

signal transduction pathway that enforces adaptive programs through the induction of 

transcription factors such as XBP1. A new study by Marcora and coworkers used a fly 

model to study amyloid β pathogenesis in the secretory pathway of neurons. Through 

genetic manipulation, authors identified a new role of XBP1 in the clearance of amyloid β 

and the improvement of neuronal function. However, although the activation of the UPR 

signaling was sustained overtime, the transcriptional upregulation of XBP1-target genes was 

attenuated during aging. This study suggests that aging has a negative impact in the ability 

of the UPR to manage proteostasis alterations in AD. 

 

Keywords: Alzheimer's disease, amyloid-β, unfolded protein response, XBP1, neurodegeneration, 

aging. 

 

Main text  

 

Neurodegenerative diseases are all characterized by the accumulation of protein aggregates in 

distinct brain areas. These diseases are now classified as protein-misfolding disorder (PMDs), and 

include Parkinson's disease, Huntington's disease, amyotrophic lateral sclerosis and Alzheimer's 

disease (AD) among others (Soto, 2003). Emerging evidence in the field suggests that a reduction 

of the proteostasis network buffering capacity during aging may operate as a risk factor to undergo 

neurodegeneration (Hetz and Saxena, 2017; Kaushik and Cuervo, 2015). In the context of AD, 

amyloid β peptide and hyperphosphorylated Tau constitute the main protein lesions characterizing 

disease histopathology and are associated with the development of synaptic dysfunction, axonal 

degeneration and brain inflammation (Haass and Selkoe, 2007). One node of the proteostasis 

network that is drastically affected in AD involves impairment in the folding capacity of the 

endoplasmic reticulum (ER). In fact, ER stress is a common feature of AD as reported in patient 

derived post-mortem brain tissue and various animals and cellular models of the disease (Cornejo 

and Hetz, 2013; Scheper and Hoozemans, 2015; Smith and Mallucci, 2016). ER stress was also 

suggested to be a major pathological signature in human stem cell derived-neurons from AD 

patients (Kondo et al., 2013). Altogether, these studies delineate a paradigm where proteostasis 
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defects and abnormal protein accumulation during aging lead to neuronal dysfunction and synaptic 

impairment, a process exacerbated in AD. In a recent issue of Neurobiology of Aging, Marcora et al. 

studied the activation of ER stress sensors in a fly model of amyloid β toxicity and explored the 

relationship between proteostasis dysfunction and aging (Marcora et al., 2017). Overall, this study 

provides evidence indicating that the loss of an efficient proteostasis control may worsen the toxic 

effects of amyloid β deposition and that the UPR, the main signaling pathway engaged by ER stress, 

could play an important role in this regard.  

 

 The maintenance of proteostasis relies on a sensitive and constant monitoring of fluctuations 

in proteome integrity to avoid proteotoxicity due to the accumulation of abnormal protein 

aggregates. The proteostasis network represents a dynamic integration of biological pathways that 

control the biogenesis, folding, trafficking and degradation of proteins (Balch et al., 2008). Brain 

aging is characterized by various cellular and molecular alterations impacting proteostasis balance, 

including the generation of oxidative stress, dysfunctional autophagy and proteasomal impairment. 

(Kaushik and Cuervo, 2015). Most of these features are found exacerbated in the AD brain, which 

may result in ER stress. Three different ER stress sensors mediate the activation of the UPR, known 

as activating transcription factor 6) (ATF6), protein kinase RNA-like ER kinase (PERK) and 

inositol-requiring protein 1 (IRE1) (Walter and Ron, 2011). These stress transducers drive a global 

adaptive response to restore homeostasis or engage cell death programs in damaged cells (Hetz et 

al., 2015). Activation of ATF6 enforces the transcription of chaperone and ER-associated 

degradation (ERAD) genes. PERK phosphorylates the eukaryotic initiation factor-2α (eIF2α), 

leading to a global inhibition of protein synthesis. EIF2α phosphorylation allows the expression of 

the transcription factor ATF4, which controls the induction of genes involved in protein folding, the 

antioxidant response, autophagy and apoptosis (Wang and Kaufman, 2016). IRE1α catalyzes the 

unconventional splicing of the mRNA encoding a transcription factor known as X-box binding 

protein 1 (XBP1), a central player of the UPR promoting cell survival through an increase of 

folding capacity and degradation of misfolded proteins (Hetz, 2012). However, under sustained ER 

stress, IRE1α may trigger apoptosis by activating JNK or by directly degrading a subset of mRNAs 

through a process termed regulated IRE1 independent decay (RIDD) (Maurel et al., 2014). In the 

context of experimental AD, UPR activation has been involved in distinct aspects of the pathology, 

including cell survival, stress resistance, synaptic dysfunction and amyloid β deposition (Figure 1) 

(Cornejo and Hetz, 2013; Scheper and Hoozemans, 2015; Smith and Mallucci, 2016). However, the 

possible relationship between ER stress and aging, the main risk factor to develop AD, has not been 

explored. 
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 The involvement of UPR signaling in AD pathogenesis is quite complex and the global 

picture of its functional role is still incomplete. For example, XBP1s overexpression in mouse 

models of AD is neuroprotective and associated with an improvement of synaptic plasticity (Cissé 

et al., 2016). This study is in agreement with a previous report indicating that XBP1s has an 

alternative function in the brain by controlling basal neuronal physiology, impacting learning and 

memory (Martínez et al., 2016). Conversely, PERK signaling has been shown to negatively impact 

synaptic plasticity in mouse models of AD through an inhibition of protein synthesis (Ma et al., 

2013). This is consistent with the fact that eIF2α phosphorylation has a pivotal role in storing 

information in the brain (Costa-Mattioli et al., 2007). In addition, ATF4 expression locally in axons 

of AD mice propagates degenerative signals on a cell-nonautonomous manner (Baleriola et al., 

2014). Furthermore, IRE1α was also recently identified as a contributor to neurodegeneration in an 

animal model of AD, where the genetic ablation of its RNAse domain led to a decrease of amyloid 

β levels in the brain and a reversion of the cognitive deficits (Duran-Aniotz et al., 2017). These 

unexpected results may be related to altered RIDD, raising the question about the balance between 

XBP1-dependent and -independent signaling events initiated by IRE1α. 

 

 Accumulating studies suggest that a decrease in the capacity to maintain normal proteostasis 

is one of the fundamental pillars of aging (Kennedy et al., 2014; López-Otín et al., 2013), 

highlighting the occurrence of ER disturbance as a central alteration (Martínez et al., 2017). Using a 

fly model of amyloid β toxicity, Marcora et al showed that aging exacerbates the deleterious effects 

of amyloid β accumulation, correlating with the development of behavioral alterations. Moreover, 

signs of UPR activation were reported on this model since the early stages of the disease and were 

maintained over time. Using functional approaches to define the significance of the UPR in this  

context, they confirmed the predicted finding that XBP1 deficiency accelerates disease progression 

and the accumulation of amyloid β, whereas down-regulating PERK in the same model was 

protective. However, the authors also reported an unexpected decrease in the expression of 

endogenous XBP1s transcriptional targets involved in the ERAD machinery when aged flies where 

analyzed. This reduced levels of UPR target genes occurred even when XBP1s was still activated 

by amyloid β accumulation and was correlated to the appearance of poly-ubiquitinated proteins and 

an impaired climbing behavior of the fly. Interestingly, the activity and stability of XBP1s in other 

systems is modulated by post-translational modifications such as sumoylations, acetylations or 

phosphorylation, in addition to epigenetic changes and genetic backgrounds (Hetz et al., 2015). 

However, the possible mechanisms underlying the attenuation of XBP1-dependent responses in AD 

flies remain to be established. Taken together, these findings suggest that aging impairs specific 

adaptive UPR responses, which may enhance the detrimental effects of PERK overactivation in 
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experimental AD.  

 

 Overall, the current studies added a new layer of complexity to the field by exploring the 

contribution of aging to ER stress and AD pathogenesis. The results provided by Marcora and 

colleagues suggest that strategies to enforce the prosurvival outputs of the UPR in brain diseases 

may be inefficient during aging. However, this hypothesis remains to be explored in mammals. In 

addition, most data relating ER stress with brain aging in mammals relies on correlative 

observations while functional studies to address this major question are still missing (Martínez et 

al., 2017). On the other hand, accumulating evidences indicate that overexpression of UPR 

components in various in vivo models can reverse or protect against features of experimental AD. 

For example, studies using the fly eye as a model system, demonstrated that enforcing the 

expression of XBP1s is protective against amyloid β and Tau toxicity (Casas-Tinto et al., 2011; 

Loewen and Feany, 2010). In agreement with these findings, a recent report successfully delivered 

XBP1s into the brain using recombinant viruses and reversed the cognitive deficits of a transgenic 

mouse model of AD (Cissé et al., 2016). Similar strategies have been employed with positive results 

in various pre-clinical mouse models of neurodegenerative diseases, indicating that UPR 

modulation represents a promising target for future therapeutic interventions (Hetz and Saxena, 

2017). However, little is known about the efficacy of theses approaches in the context of an aged 

animal. Because one of the limitations of transgenic models is the relatively early and massive 

accumulation of the disease-related protein, it has not been possible to assess the actual impact of 

aging on any external intervention aiming at reduce ER stress levels. Additionally, fundamental 

knowledge is lacking about how altered proteostasis during aging can modify amyloid β 

metabolism and Tau aggregation and its actual relation to synaptic dysfunction. Overall, 

accumulating evidences is starting to delineate the importance of proteostasis dysfunction during 

brain aging and neurodegenerative condition such as AD. However, most of the data available were 

generated by the use of simple model organisms such as C. elegans or D. melagonaster and 

functional studies in disease models that are closer to humans are still needed. The work presented 

by Marcora and colleagues sets the basis of an interesting proof-of-concept linking ER stress and 

aging in AD and encourage the development of new studies to elucidate the involvement of 

proteostasis impairment in aged mammals and brain diseases. Such approaches are predicted to 

provide important insights about the transition between normal aging and disease states related to 

protein misfolding. Since aging is the major risk factor to develop most neurodegenerative diseases, 

it is becoming clear that this central factor needs to be considered in future efforts to define 

pathological mechanisms and novel therapeutic strategies. 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Acknowledgments 

 

Supported by the FONDAP program 15150012, the US Office of Naval Research-Global (ONR-G) 

N62909-16-1-2003, the Millennium Institute P09-015-F, FONDEF ID16I10223, FONDEF 

D11E1007, the US Air Force Office of Scientific Research FA9550-16-1-0384, CONICYT-Brazil 

441921/2016-7. 

 

Competing Interests 

 
The authors declare that they have no competing interests. 

 
Bibliography  
 
Balch, W.E., Morimoto, R.I., Dillin, A., Kelly, J.W., 2008. Adapting proteostasis for disease 

intervention. Science, 319 (2008), pp. 916–919 
Baleriola, J., Walker, C.A., Jean, Y.Y., Crary, J.F., Troy, C.M., Nagy, P.L., Hengst, U., 2014. 

Axonally synthesized ATF4 transmits a neurodegenerative signal across brain regions. 
Cell, 158 (2014),  pp. 1159–1172 

Casas-Tinto, S., Zhang, Y., Sanchez-Garcia, J., Gomez-Velazquez, M., Rincon-Limas, D.E., 
Fernandez-Funez, P., 2011. The ER stress factor XBP1s prevents amyloid-β 
neurotoxicity. Hum. Mol. Genet., 20 (2011), pp. 2144–2160 

Cissé, M., Duplan, E., Lorivel, T., Dunys, J., Bauer, C., Meckler, X., Gerakis, Y., Lauritzen, I., 
Checler, F., 2016. The transcription factor XBP1s restores hippocampal synaptic 
plasticity and memory by control of the Kalirin-7 pathway in Alzheimer model. Mol. 
Psychiatry, 22 (2016), pp. 905–917 

Cornejo, V.H., Hetz, C., 2013. The unfolded protein response in Alzheimer’s disease. Semin. 
Immunopathol., 35 (2013), pp. 277–292 

Costa-Mattioli, M., Gobert, D., Stern, E., Gamache, K., Colina, R., Cuello, C., Sossin, W., 
Kaufman, R., Pelletier, J., Rosenblum, K., Krnjević, K., Lacaille, J.-C., Nader, K., 
Sonenberg, N., 2007. eIF2alpha phosphorylation bidirectionally regulates the switch 
from short- to long-term synaptic plasticity and memory. Cell, 129 (2007), pp. 195–206. 

Duran-Aniotz, C., Cornejo, V.H., Espinoza, S., Ardiles, Á.O., Medinas, D.B., Salazar, C., Foley, A., 
Gajardo, I., Thielen, P., Iwawaki, T., Scheper, W., Soto, C., Palacios, A.G., Hoozemans, 
J.J.M., Hetz, C., 2017. IRE1 signaling exacerbates Alzheimer’s disease pathogenesis. 
Acta Neuropathol., (2017), pp 1-18 

Haass, C., Selkoe, D.J., 2007. Soluble protein oligomers in neurodegeneration: lessons from the 
Alzheimer’s amyloid β-peptide. Nat. Rev. Mol. Cell Biol., 8 (2007), pp.101-112 

Hetz, C., 2012. The unfolded protein response: controlling cell fate decisions under ER stress 
and beyond. Nat. Rev. Mol. Cell Biol., 13 (2012), pp. 89–102 

Hetz, C., Chevet, E., Oakes, S.A., 2015. Proteostasis control by the unfolded protein response. 
Nat. Cell Biol., 17 (2015), pp. 829–838 

Hetz, C., Saxena, S., 2017. ER stress and the unfolded protein response in neurodegeneration. 
Nat. Rev. Neurol., 13 (2017), 477–491, pp. 829-838 

Kaushik, S., Cuervo, A.M., 2015. Proteostasis and aging. Nat. Med., 21 (2015), pp. 1406–1415.  
Kennedy, B.K., Berger, S.L., Brunet, A., Campisi, J., Cuervo, A.M., Epel, E.S., Franceschi, C., 

Lithgow, G.J., Morimoto, R.I., Pessin, J.E., Rando, T.A., Richardson, A., Schadt, E.E., 
Wyss-Coray, T., Sierra, F., 2014. Geroscience: Linking Aging to Chronic Disease. Cell, 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
159 (2014), pp. 709–713 

Kondo, T., Asai, M., Tsukita, K., Kutoku, Y., Ohsawa, Y., Sunada, Y., Imamura, K., Egawa, N., 
Yahata, N., Okita, K., Takahashi, K., Asaka, I., Aoi, T., Watanabe, A., Watanabe, K., 
Kadoya, C., Nakano, R., Watanabe, D., Maruyama, K., Hori, O., Hibino, S., Choshi, T., 
Nakahata, T., Hioki, H., Kaneko, T., Naitoh, M., Yoshikawa, K., Yamawaki, S., Suzuki, S., 
Hata, R., Ueno, S., Seki, T., Kobayashi, K., Toda, T., Murakami, K., Irie, K., Klein, W.L., 
Mori, H., Asada, T., Takahashi, R., Iwata, N., Yamanaka, S., Inoue, H., 2013. Modeling 
Alzheimer’s Disease with iPSCs Reveals Stress Phenotypes Associated with 
Intracellular A β and Differential Drug Responsiveness. Cell Stem Cell, 12 (2013), pp. 
487–496 

Loewen, C.A., Feany, M.B., 2010. The Unfolded Protein Response Protects from Tau 
Neurotoxicity In Vivo.  PLoS ONE, 5 (2010), e13084 

López-Otín, C., Blasco, M.A., Partridge, L., Serrano, M., Kroemer, G., 2013. The Hallmarks of 
Aging. Cell, 153 (2013),  pp. 1194–1217 

Ma, T., Trinh, M.A., Wexler, A.J., Bourbon, C., Gatti, E., Pierre, P., Cavener, D.R., Klann, E., 2013. 
Suppression of eIF2α kinases alleviates Alzheimer’s disease-related plasticity and 
memory deficits. Nat. Neurosci., 16 (2013), pp. 1299–1305 

Marcora, M.S., Belfiori-Carrasco, L.F., Bocai, N.I., Morelli, L., Castaño, E.M., 2017. Amyloid β42 
clearance and neuroprotection mediated by XBP1 signaling decline with aging in the 
Drosophila brain. Neurobiol. Aging. doi:10.1016/j.neurobiolaging.2017.08.012 

Martínez, G., Duran-Aniotz, C., Cabral-Miranda, F., Vivar, J.P., Hetz, C., 2017. Endoplasmic 
reticulum proteostasis impairment in aging. Aging Cell, 16 (2017), pp. 615–623.  

Martínez, G., Vidal, R.L., Mardones, P., Serrano, F.G., Ardiles, A.O., Wirth, C., Valdés, P., Thielen, 
P., Schneider, B.L., Kerr, B., Valdés, J.L., Palacios, A.G., Inestrosa, N.C., Glimcher, L.H., 
Hetz, C., 2016. Regulation of Memory Formation by the Transcription Factor XBP1. 
Cell Rep., 14 (2016), pp.1382–1394 

Maurel, M., Chevet, E., Tavernier, J., Gerlo, S., 2014. Getting RIDD of RNA: IRE1 in cell fate 
regulation. Trends Biochem. Sci., 39 (2014), pp. 245–254 

Scheper, W., Hoozemans, J.J.M., 2015. The unfolded protein response in neurodegenerative 
diseases: a neuropathological perspective. Acta Neuropathol., 130 (2015), pp. 315–331 

Smith, H.L., Mallucci, G.R., 2016. The unfolded protein response: mechanisms and therapy of 
neurodegeneration. Brain, 139 (2016), pp. 2113–2121 

Soto, C., 2003. Unfolding the role of protein misfolding in neurodegenerative diseases. Nat. 
Rev. Neurosci. 4 (2003), pp. 49–60 

Walter, P., Ron, D., 2011. The unfolded protein response: from stress pathway to homeostatic 
regulation. Science, 334 (2011), pp. 1081–1086 

Wang, M., Kaufman, R.J., 2016. Protein misfolding in the endoplasmic reticulum as a conduit 
to human disease. Nature, 529 (2016), pp. 326–335 

 

 
Legend 
 
Figure 1: Involvement of ER stress in AD. AD is characterized by the presence of aggregated 

proteins and synaptic dysfunction. Accumulating evidence indicates that proteostasis alterations are 

a hallmark of the disease, highlighting the occurrence of endoplasmic reticulum (ER) stress. 

Activation of the unfolded protein response (UPR) engages adaptive programs to recover ER 

proteostasis. However, under chronic ER stress, the UPR switches it signaling toward a cell death 

response (terminal UPR). In the context of AD, these different UPR outputs are described: (i) the 

expression of the UPR transcription factor XBP1s enhances the cognitive capacity of the brain and 
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also (ii) induces target gene involved in ER stress mitigation, whereas PERK signaling triggers  (iii) 

synaptic impairment and neurodegeneration. Aging may alter the ability of the adaptive phase of the 

UPR to recover proteostasis through XBP1s, which may in turn enhance the deleterious effects of 

PERK in AD.  
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