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Abstract

A number of age-dependent degenerative diseases are caused by chronic endoplasmic reticulum
(ER) stress in vital cells. In many cases, the afflicted cells suffer from ER stress since birth, but the
death of irreplaceable cells occurs only late in life. Although our understanding of ER stress-
induced cell death has advanced significantly, most of the known mechanisms involve pathways
that signal within hours, and it remains unclear how these pathways regulate cell death that occurs
only decades later. Here, | highlight the conceptual issues and suggest ways to make sense of the
age-related effect of ER stress-induced cell death in degenerative diseases.
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Introduction

Endoplasmic reticulum (ER) is a cellular organelle that stores high levels of Calcium (Ca2*)
and where many membrane or secretory proteins undergo synthesis and folding before being
trafficked to their final destination. Various genetic or environmental conditions that perturb
the ER can cause cellular dysfunction and disease. In response, cells activate the Unfolded
Protein Response (UPR) to help cells to adapt to such stress within hours [1]. Conditions of
extreme or prolonged ER stress can cause cell death, and this aspect has drawn significant
interest as the death of cells often correlates with the onset of degenerative diseases, and
strategies to block such cell death can be developed for therapeutic purposes [2]. Examples
of diseases in which ER stress induced cell death occurs includes type | diabetes caused by
the death of beta-islet cells, Retinitis Pigmentosa (RP) caused by mutant rhodopsins, certain
forms of Charcot-Marie-Tooth disease caused by the death of Schwann cells, Amyotrophic
Lateral Sclerosis (ALS) and Parkinson’s Disease [3-8].

Much progress has been made regarding the signaling mechanisms by which cells trigger
apoptosis after suffering from ER stress (see below for details). The identified mechanisms
most often involve signaling pathways that are completed within hours, and it is unclear
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whether these models are applicable to late-onset degenerative disease, where cells die after
decades of chronic ER stress. Here, | will briefly review the current models of ER stress-
induced cell death, and highlight the importance of considering the timeline of events in
applying those models to age-related diseases.

The role of caspases in apoptosis and non-apoptotic events

There are a number of different cell death mechanisms that includes necrosis and autophagic
cell death, but many studies on ER stress response have focused on apoptosis that is
executed by caspases. A number of conditions first trigger the activation of initiator caspases
(caspase-2, -8, -9 and -10), which in turn, cleave and proteolytically activate effector
caspases (e.g. caspase-3) for apoptosis. Once effector caspases are fully activated, they cut
many other cellular proteins that collectively orchestrate a cell death program [9]. In
experimental settings, the molecular cascade leading to caspase-mediated apoptosis is
completed within hours.

Complicating this simple picture is the fact that caspases also have non-apoptotic roles. For
example, caspase-3 is involved in the differentiation of lens epithelial cells to lens fiber cells
[10], myoblasts to myotubes [11], osteoblasts to form bones [12], keratinocytes[13] and
erythrocytes [14]. Caspase-8, which associates with the Death Receptors with FADD to
activate caspase-3, is also involved in other branches of signaling, such as the activation of
NF-kB transcription factor [15, 16]. Caspase-2 mutant mice show apoptotic defects in
oocytes and B lymphoblasts [17], but also have other non-apoptotic phenotypes, which
include problems with DNA damage repair and G2/M checkpoint regulation in response to
ionizing irradiation [18, 19]. Drosophila genetics clearly shows the dual role of caspases in
cell death as well as in non-apoptotic roles: Apoptosis-mediating caspases are also involved
in sensory neuron differentiation [20], spermatid differentiation [21] and initiating signaling
cascades to induce non-autonomous cell proliferation [22]. Caspases can engage in such
non-apoptotic roles without killing cells, as there are feedback mechanisms that maintain
their activity at sub-threshold levels [23].

A number of initiator caspases have been implicated in the mediation of ER stress induced
apoptosis. These include caspase-12, caspase-9 and caspase-2 [24—26]. In ER stress
response assays performed in culture dish for a short period of time, it is reasonable to
interpret that these caspases directly execute cell death. However, active caspases should not
take decades to kill cells in degenerative diseases. In these age-related diseases, it is possible
that these UPR activated caspases may play non-apoptotic roles, indirectly affecting cell
death that occurs years after UPR activation.

Signaling pathways associated with ER stress

Three signaling pathways of the Unfolded Protein Response (UPR) attract most attention
when considering cellular ER stress response. These are the pathways initiated by ER stress
sensors, PERK, IRE1 and ATF6 [1]. Among these, the PERK branch is most frequently
studied in terms of cell death induction (Figure 1). PERK phosphorylates elF2alpha to
reduce the overall rate of translational initiation [27], and also activates downstream
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transcriptional factors, ATF4 and CHOP [28, 29]. CHOP mediates cell death in a number of
ER stress models, and knockout of this gene suppresses a few disease phenotypes associated
with excessive ER stress [3, 30]. A number of CHOP’s transcriptional targets are also
associated with mediating cell death. These include ErolL, GADD34 and Bim [25, 31, 32].
Bim is a BH3 only domain gene that initiates the mitochondrial pathway of apoptosis,
ultimately resulting in caspase-9 activation. Most recently, a study has found that a death
receptor gene, DRS5, is induced downstream of CHOP, thereby activating caspase-8 for
apoptosis induction [33].

Aside from the PERK-mediated UPR, studies have found evidence that IRE1 contributes to
ER stress-induced cell death (Figure 1). IRE1 has an RNase domain that is activated upon
ER stress, and Scott Oakes’ group has found that IRE1 cleaves microRNAs that normally
inhibit caspase-2 synthesis. Thus, in response to stress, caspase-2 levels build up and
contribute to cell death in cultured cells suffering from ER stress [34]. Consistently,
inhibition of IRE1 RNase suppresses ER stress-associated loss of beta islet cells and retinal
degeneration in animal models [35].

Sequence of events during age-related degeneration

Can these signaling pathways explain how ER-stress kills cells in age-related degenerative
disorders? A careful observer may notice that timeframe of events for UPR activation and
cell death induction may not coincide in many diseases.

In response to ER stress conditions in a culture dish, IRE1 signaling is activated within
hours, but their signaling activity returns to basal levels through negative feedback loops
within a day. Similarly, PERK activation induces ATF4 within hours, and ATF4’s
transcriptional targets are induced not long thereafter. PERK/ATF4 signaling also has
negative feedback loops that inhibit its activity within a day or two [1]. However, ER
stressed cells in degenerative diseases often trigger cell death years after exposure to chronic
stress. There is a clear difference in the timing of UPR activity and cell death induction.
Thus, it is likely that cell death is not triggered directly by the UPR signaling cascades, at
least in these age-related diseases.

Alternative ways to think about ER stress induced cell death in age-related

diseases

What is the trigger of cell death in age-related diseases caused by chronic ER stress? Worthy
of consideration is an alternative possibility that cell death is not directly triggered by the
UPR. Rather, there may be secondary signals that initiate cell death only later in life (Figure
2). What changes in later stages of life? It is helpful to note that a cell’s ability to handle
misfolded proteins decline with age [36]. According to this view, young cells are able to
cope with the misfolded proteins that underlie degenerative disease due to their robust
capacity of the UPR and the proteostasis network. As that capacity declines, a point of crisis
emerges, when the ER can no longer handle the amount of misfolded peptides generated in
cells (Figure 2). Those conditions may activate a distinct secondary cell death signal. Based
on the literature, one may speculate that Ca2* or Reactive Oxygen Species (ROS) serve that
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role. Such speculation is supported in part by studies that have examined how cholesterol
overload in macrophages trigger ER stress-induced cell death. The Tabas laboratory found
that kinases activated by CaZ* and ROS are required for the death of those macrophages [37,
38]. Independently, my own group had also screened for kinases involved in ER stress-
induced cell death, using a Drosophila model for Retinitis Pigmentosa. We uncovered two
kinases, Mekk1 and CDKS5, which can be activated by ROS in cells [39]. Thus, it is possible
that old cells under secondary crisis may have Ca2* leaking into the cytoplasm or ROS being
generated, that activates these cell death-triggering kinases.

Concluding Remarks

The issue of timing in ER stress-induced cell death has not been sufficiently resolved in the
field that frequently relies on cultured cells exposed to acute stress. There is no doubt that
cultured cells exposed to ER stress-causing chemicals have facilitated the elucidation of
detailed UPR mechanisms. However, it appears that these models are less suited to
understand age-related degenerative phenotypes, as these experimental conditions are
aggressive enough to breach the proteostasis threshold early, and activate within hours a
death signal that can otherwise take decades to activate. On the other hand, many age-related
degenerative diseases associated with ER stress show that the afflicted cells maintain their
function for many years, indicating that the degree of ER stress in those young cells, while
sufficient to activate adaptive UPR, is not enough to activate cell death. Some hints
regarding the nature of the late-acting cell death signaling pathways have now emerged.
Future studies may provide a better understanding of their temporal dynamics.
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Figure 1. A diagram of reported cell death pathways regulated by UPR
The signaling pathways by PERK, ATF4, CHOP and IRE1 (blue) have effectors that trigger

caspase-mediated cell death. These include caspases -9, -8, -2, and effector caspases, as well
as their upstream activators (red).
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Figure 2. A speculative model by which cell death signals are activated in late stages of life
Blue curve indicates cellular proteostasis capacity, which starts high in early life, but

declines with age. The x axis indicates age of individual. UPR can be most robustly
activated at this early stage for effective cellular quality control, but declines quickly through
feedback regulation (green). Disease causing mutant protein expression remains constant
(red line). At a late stage of life, there is a point where the proteostasis capacity begins to
decline below the misfolded protein levels (Crisis point: indicated with arrow). Such
conditions may activate a secondary signal that initiates cell death.
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