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Abstract

PURPOSE. Retinal neurodegeneration, characterized by apoptotic photoreceptor cell death, is
associated with several ocular pathologies which remain the chief causes of irreversible
blindness. Given the lack of reversible treatment options, neuroprotection has been an important
focus of investigation. Recent studies have shown that apoptosis can be halted and reversed in a
process known as “anastasis ”. This study aims to determine if anastasis can occur in

photoreceptors and if so, what may control this mechanistically.

METHODS. 661W mouse photoreceptor cells were treated with staurosporine (STS) for 15

hours to induce apoptosis. The drug was subsequently removed and replaced with fresh media,
and cells were allowed to recover for 24 or 48 hours. MTT and Crystal violet assays were
performed to assess cell viability and proliferation/morphology, respectively. PARP/cleaved-
PARP expression in cells was measured using Western blotting. RT-PCR was conducted to

evaluate relative mRNA expression of three early-response genes associated with anastasis

(IER5, EGR1, FOS).

RESULTS. After 48 hours of recovery in fresh media, photoreceptors that exhibited hallmarks of
apoptosis, regained healthy cell morphology. PARP-1 (mean Fold change=0.968, p<0.05) and
Cleaved-PARP-1 (mean Fold change=0.685, p<(0.05) protein expression significantly decreased
in recovery cells, matching that of untreated controls. Compared to treatment-induced apoptotic
cells, recovered cells demonstrated increased cell proliferation and enrichment of IERS5, EGR1,

and FOS, early-response genes associated with anastasis (Mean relative mRNA expression:

IERS: 5.860, p<0.05; EGR1: 0.899, p<0.05; FOS: 3.000, p<0.05).

CONCLUSIONS. Our data suggests that photoreceptors can recover from apoptosis, and that

they show the hallmark signs of anastasis.
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Introduction

Introduction.

The typical mammalian retina contains a variety of neuron types, all which play a role in
the transmission of visual information to the brain. The retina converts a light stimulus into a
nerve impulse, which is carried to the brain via the optic nerve, making it a key functional
component of the central nervous system (Marchesi et al., 2021). Of particular relevance to this
study are retinal photoreceptors (PR) cells because of their involvement in the pathology of
neurodegenerative disorders. Photoreceptors, specifically rods and cones, are specialized light-
sensitive neurons that serve as the initial components of the visual system. They are found at the
back of the retina, adjacent to the retinal pigment epithelium (RPE) and convert light stimuli into
electrical signals to further activate the visual pathway (Liton et al., 2023).

Retinal neurodegeneration is related to several ocular pathologies (including glaucoma,
age-related macular degeneration (AMD), and diabetic retinopathy (DR)), which remain the
chief and most frequent causes of irreversible blindness. Such diseases result in the progressive
degeneration and death of retinal cells, ultimately leading to vision loss (Schmidt et al., 2008).
Whilst the causes and exact clinical classifications of each retinal disease differ, previous
research proposes that they all do share some of the molecular pathways which ultimately result
in cell death (Murakami et al., 2013). Cell death in the retina can be induced by several factors
such as oxidative stress, DNA damage from ultraviolet light A (UVA), retinal phototoxicity, and
metabolic stress (Yu et al., 2022; Olivares-Gonzalez et al., 2021; Frangon & Torriglia, 2023).
Such factors trigger death pathways, including apoptosis (Type I), autophagy (Type II), and
necrosis (necroptosis) (Type IIT) (Murakami et al., 2013). The former is of particular interest in

the present study, with particular emphasis on the photoreceptor cell.

Overview of Cell Death — with a focus on Apoptosis.

As aforementioned, three main pathways (apoptosis, autophagy, and necrosis) are
associated with cell death. Apoptosis has typically been considered the primary pathway by
which photoreceptors die in response to stress and other noxious stimuli (Chinskey et al., 2014).
However, current studies continue to examine the roles of other processes — namely, necrosis,

autophagy, and inflammation — in contributing to cell death (Chinskey et al., 2014). This study



focuses on the apoptotic pathway, as it has been studied extensively and is the primary pathway
implicated in cell death from stress.

Apoptosis, often deemed “programmed” or “signal dependent” cell death, is a critical
component of a multitude of biological processes (Green and Llambi, 2015). Dysregulation of
apoptosis may result in excessive or insufficient activation of the apoptotic pathway, playing a
key role in various conditions including several types of cancer, neurodegenerative diseases, and
ischemic damage (Elmore, 2007).

A hallmark and key physical identifying feature of apoptosis is its distinct morphology
which has been thoroughly examined via light and electron microscopy (Elmore, 2007). As
opposed to other types of cell death, apoptosis is characterized by pyknosis, the degeneration of a
nucleus due to chromatin condensation (Harvey, 2012). This leads to cell shrinkage, and these
smaller cells have a denser cytoplasm and more tightly packed organelles. Additionally,
membrane blebbing is observed in late-phase apoptotic cells (Coleman et al., 2001; Green and
Llambi, 2015). Morphologically, blebbing causes asymmetrical protrusions and bulges of the
plasma membrane and these membrane blebs, along with some cytoplasm and nuclear fragments,
eventually break away from the cell forming apoptotic bodies (Stillwell, 2016). These distinct
physical changes which occur during apoptosis are orchestrated by caspase activation, which
subsequently promotes ROCK1 protein to form blebs and transfer DNA fragments into blebs
(Coleman et al., 2001). On the subcellular level, apoptosis causes karyorrhexis or nuclear
fragmentation which results in the breakup of chromatin. Such changes can be identified via

electron microscopy (Harvey, 2012).
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Figure 1. Morphological Changes (Membrane Blebbing) during Apoptosis (Stillwell, 2016).

Moreover, many previous studies frequently divide apoptosis into the intrinsic and

extrinsic pathways. The intrinsic (mitochondrial) pathway is the most common of the two



mechanisms in vertebrates (Green and Llambi, 2015). Cellular stressors — such as DNA damage,
growth factor deprivation, endoplasmic reticulum (ER) stress, excessive reactive oxygen species
(ROS), and oncogene activation — activate it (Green and Llambi, 2015; Ketelut-Carneiro and
Fitzgerald, 2022). In this pathway, multiple BCL-2 family proapoptotic protein interactions
tightly modulate apoptosis by regulating mitochondrial outer membrane permeabilization
(MOMP) (Ketelut-Carneiro and Fitzgerald, 2022). Typically, cytochrome c is strictly located in
the mitochondrial intermembrane space but, MOMP inadvertently triggers cytochrome c release
to the cytoplasm from the mitochondrial intermembrane space (Chipuk et al., 2006; Green and
Llambi, 2015). Here cytochrome ¢ binds to apoptotic protease-activating factor (APAF-1)
prompting the conversion of dATP to dADP of the Apafl cofactor, enabling 7 APAF1-dATP-
cytochrome-c units to oligomerize into an active apoptosome (Green and Llambi, 2015).
Furthermore, the APAF-1 apoptosome comprises of caspase recruitment domains (CARD)
which bind to pro-caspase-9 CARD, activating it. Activated caspase-9 then cleaves procaspase-3
and pro-caspase-7, leading to the execution phase and finally cell death (Ketelut-Carneiro and
Fitzgerald, 2022).

The extrinsic (death receptor-mediated) pathway is categorized by death receptors on the
plasma membrane which respond to extracellular signals from neighboring cells, the
environment, or the immune system, and induce death (Ketelut-Carneiro and Fitzgerald, 2022).
Specific cell surface receptors recognize their corresponding death ligand, which include Fas
ligand (FASL), tumor necrosis factor (TNF), and TNF-related apoptosis-inducing ligand
(TRAIL-1/2). Upon ligation, the intracellular region of such death receptors mobilizes adaptor
molecules and other cytoplasmic factors, which interact and use the death-inducing signaling
complex (DISC) to activate pro-caspase-8 (Green and Llambi, 2015; Ketelut-Carneiro and
Fitzgerald, 2022). Activated caspase-8 then activates caspase-3 and caspase-7 by cleaving their
inactivated pro- forms, allowing them to initiate the execution pathway and elicit cell death
(Ketelut-Carneiro and Fitzgerald, 2022).

The intrinsic and extrinsic pathways both end at caspase-3 activation, thus converging on
the final pathway of apoptosis: the execution phase. Caspases- 3, 6, and 7 operate as
“executioner” (effector) caspases, activating cytoplasmic endonuclease and proteases which
degrade nuclear material, and cytoskeletal and nuclear proteins respectively (Slee et al., 2001;

Elmore, 2007; Holland and Cleveland, 2012). This final pathway is what triggers the distinctive



biochemical and morphological changes of apoptosis including blebbing and cell shrinkage,
along with phagocytosis of apoptotic bodies (ApoBDs) by macrophages and parenchymal cells
(Elmore, 2007). Caspase activation is defined by quick and massive cellular demolition through
multiple caspase-mediated apoptotic pathways because it amplifies death signals (Riedl and Shi,
2004). Ultimately, caspase cascades cause organelle fragmentation, DNA damage caused by
DNases, and further increased MOMP due to BID cleavage (Taylor et al., 2008; Green and
Kroemer, 2004; Chipuk et al., 2006). The robust damage triggered by caspases is why the
execution (caspase-mediated) phase was formerly deemed irreversible (Riedl and Shi, 2004;

Taylor et al., 2008; Tang et al., 2018).
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Figure 2. Molecular Mechanisms of the Intrinsic and Extrinsic Pathways of Apoptosis. Pathways converge
at activation of caspase-3 and caspase-7, the onset of the execution phase (Modified from Ketelut-Carneiro and
Fitzgerald, 2022).

Key points along the apoptotic pathway have been extensively studied and later classified
as apoptotic markers. Cleaved Caspase-3 and cleaved Poly(ADP-ribose) polymerase (PARP),
once activated, are essential proteins which play crucial roles along the apoptotic pathway.
Hence, they are considered as biomarkers of apoptosis and can be assessed to reveal whether
apoptosis is occurring and to what extent (Karamitopoulou et al., 2007; Chaitanya et al., 2010;

Ward et al., 2008). Activated Caspase-3 is part of the execution phase and is responsible for the



cleavage of many downstream targets, resulting in the previously mentioned prototypical
apoptosis morphology. Caspase-3 facilitated cleavage of the inhibitor of caspase-activated
DNAse (ICAD) pathway ultimately prompts chromatin condensation and DNA fragmentation
(Eskandari and Eaves, 2022; Enari et al., 1998; Larsen and Serensen, 2017). In addition, ROCK 1
cleavage by caspase-3 yields cell shrinkage (Eskandari and Eaves, 2022; Elmore, 2007).
Caspase-3, along with caspase-7, is also a player in yet another typical event: the proteolytic
cleavage of poly(ADP-ribose) polymerase-1 (PARP-1) (Los et al., 2002). PARP-1 is a nuclear
enzyme which, under normal conditions, contributes to DNA stability and transcriptional
regulation via the DNA base excision repair (BER) system (Los et al., 2002; Hong, 2024).
Cellular stresses prompt PARP-1 to attach poly(ADP ribose) polymers to repair DNA damage
(Chaitanya et al., 2010). However, caspase mediated cleavage of PARP-1, within the nuclear
localization signal adjacent to the DNA-binding domain, terminates its activity and subsequently
attenuates DNA repair (Mashimo et al., 2021). PARP-1 is cleaved into 2 fragments: a 24-kDa
fragment and an 89-kDa fragment (Mashimo et al., 2021). The latter bears the catalytic domain
and is released to the cytosol due to diminished DNA binding affinity (Chaitanya et al., 2010).
On the other hand: the 24-kDa fragment remains in the nucleus and irreversibly binds to
damaged DNA regions, preventing different PARP and other DNA repair enzymes from binding,

and further suppressing chromosome repair (Chaitanya et al., 2010).

Relevance.

The above discussion regarding cell death expressed that poorly regulated apoptosis is an
essential determinant in a variety of neurodegenerative diseases and some cancers, among other
pathologies (Elmore, 2007). Put simply, cancer is a disease characterized by failed apoptosis.
Unable to respond appropriately to cellular growth control signals, cells divide uncontrollably
(Cooper, 2000). This continuous, unregulated proliferation of cancer cells leads to abnormalities
in both cell behavior and accumulation resulting in tumors and tissue masses (Cooper, 2000).
Prior studies indicate the survivability and viability of various cell types, even after the
appearance of morphological and biochemical hallmarks of cell death (Mohammed et al., 2022;
Acuner Ozbabacan et al., 2012). One study, perhaps the ‘pioneering’ study of anastasis, by Tang
et. al found that ethanol treated HeLa cervical cancer cells could survive apoptosis induction

(Mohammed et al., 2022; Tang et al., 2018). Interestingly, it was not that removal of ethanol



prevented the induction of apoptosis from occurring at all; indeed, characteristic features of
apoptosis (MOMP, activated caspase-3, and DNA damage) were present (Mohammed et al.,
2022; Tang et al., 2018). Apoptosis was triggered, but the pathway did not go to completion. The
HeLa cancer cells reverted to their typical morphology and cancer cell function was also restored
(Mohammed et al., 2022; Tang et al., 2018). Thus, Tang et. al coined the term “anastasis”
(resurrection), to describe the phenomenon of survival and rescue of cells on the verge of death
(Tang et al., 2018).

Seeing as anastasis is a prospective mechanism for cell recovery, it also emerges as an
area of interest in retinal neuroprotection. As previously mentioned, retinal neurodegenerative
disease prognoses are all based on the loss of photoreceptor cells (Schmidt et al., 2008).
Research in ophthalmological interventions for such conditions such as glaucoma, AMD, and
DR have advanced, and there are some measures which attempt at slowing disease progression.
But, to date, there are no actually curative treatments for true disease prevention nor for disease
reversal (Murakami et al., 2013; Fabre et al., 2022; Patel et al., 2023). Consequently, retinal
neuroprotection remains a critical area of research, and anastasis could be a new avenue for
potential treatment mechanism of which to investigate. Stimulating anastasis may allow for
photoreceptor preservation and survival, assisting in prolonged retinal function (Tang et al.,
2018). Much of the research on anastasis has been done in cancer cells, and therefore it has not
been thoroughly studied in photoreceptors. To begin investigation of potential anastasis in PR

cells, this study first enlists in a critical review of anastasis literature.

Anastasis in Cancer Cells: Literature Review.

REVERSIBILITY OF APOPTOSIS

Until recent times, apoptosis has been considered an extremely rapid and largely
irreversible process, deemed to “commit a cell to death” within 10 to 15 minutes of pathway
initiation (Elmore, 2007; Green, 2005). Executioner caspase activation, in particular, was
considered the “point of no return,” in which cells that reached this stage supposedly had no
chance of survival (Sun et al., 2017; Green and Kroemer, 1998). However, research into cancer
cell survival during chemotherapy has challenged the accuracy of previous theories. Typically,
reemergence of cancer during and after treatment has been linked to: inadequate drug penetration

into tumors, apoptotic pathway deficiency, or anticancer drug resistance (Minchinton and



Tannock, 2006; Letai, 2008; Dean et al., 2005), but newer research highlights a different
possibility: the reversibility of apoptosis after toxin removal, even after apoptotic pathway
initiation occurs.

In one study, Tang et al. triggered apoptosis in HeLa cells following treatment with
jasplakinolide, evidenced by: morphological changes in cells’ cytoplasm and nucleus, protease
caspase activation, and cleavage of pro-caspase-3 (Tang et al., 2009). Upon wash and removal of
the drug, the cells were re-cultured in fresh media for 24 hours, and it was found that HeLa cells
could survive even after induction of apoptosis: 92% of the 96% of cells which exhibited
shrinkage and were considered apoptotic, recovered their normal morphology within a recovery
period of 24 hours (Tang et al., 2009). Moreover within 72 hours and 168 hours of recovery,
treated HeLa cells showed no significant difference in caspase and mitochondria activity,
respectively, compared to untreated controls. Cells were also able to proliferate following toxin
removal, even though caspase-3 (an execution caspase) had been activated (Tang et al., 2009).
Normal levels of caspase and mitochondrial activity, along with evidence of cell division suggest
that HeLa cells which were apoptotic, recovered their cancer cell function; the characteristic
morphological and biochemical hallmarks of apoptosis which were present during treatment
disappeared (Tang et al., 2009). Similar results have been observed across different cancer cell
lines and using different drugs, indicating reversibility of apoptosis is a common occurrence

amongst cancer cells.

SIGNIFICANCE OF ANASTASIS

Anastasis (Avaotdong), Greek for “rising to life” or “resurrection,” is defined as “a
natural cell recovery phenomenon that rescues cells from the brink of death” (Tang et al., 2018).
Initial findings from Tang et al. spurred research in the novel field of anastasis because, contrary
to prior belief, they showed that cancer cells could regain their function even after the onset of
the apoptotic pathway (Tang et al., 2009; Sun and Montell, 2017). Further investigation suggests
that anastasis may apply to other types of cell death and is a principle of intrinsic recovery:
ceasing death stimulation is adequate to recover cell function in vitro and in vivo (Tang et al.,
2018).

Interestingly, research also found that the percentage of cells exhibiting nuclear

fragmentation significantly increased the longer they were treated with the apoptotic reagent



(Tang et al., 2009). The degree of nuclear fragmentation inversely corresponds to the
recuperation and capacity of cell proliferation following the recovery period, indicating that the
former may be the “apoptotic landmark event,” whereafter apoptosis truly becomes irreversible
(Tang et al., 2009). This finding raises a potential question which requires further investigation if
anastasis is to be the basis of neurodegenerative therapies: how late, is too late, for cell function

recovery? What is the final checkpoint between anastasis and cell death?

MECHANISM OF ANASTASIS
The exact mechanism of anastasis is still uncertain, but studies have proposed various

strategies which cells could employ to regain normal morphology and function — based on the

apoptotic features present in cells at a given point in time and whether recovery still occurs once
that part of the pathway is reached (Figure 3). Single cell live microscopy studies established that
cells showing signs of cytochrome c release into the cytoplasm, mitochondrial fragmentation,
and membrane blebbing (occurring downstream of caspase activation of ROCK1), were able to
recover (Tang et al., 2018; Tang et al., 2015). Similar reversibility of apoptosis following
cytochrome c release and caspase-3 activation is also observed in vivo in apoptotic
cardiomyocytes (Tang et al., 2018; Narula et al., 1999). Despite this caspase-3 activation,
cardiomyocytes exhibited normal nuclear morphology indicating apoptosis did not go to
completion (Kanoh et al., 1999).

Whilst evidence alludes to the viability of anastasis even after cytochrome c release and
mitochondrial damage, how this is possible requires clarification considering the mitochondria
provides the cell with necessary energy required for cellular functions. Thus, anastatic cells must
have at least some mitochondrial function remaining to provide energy at the start of the
recovery process. Tang et al. propose that energy requirements are fulfilled by surviving, semi-
functional mitochondria, raising the notion that cytochrome c release is not an “all-or-nothing”
circumstance as previously thought (Tang et al., 2018; Goldstein et al., 2000). Now, incomplete
mitochondrial outer membrane permeabilization (iIMOMP) demonstrates only partial cytochrome
c release causing only minimal caspase activation, which is inadequate to fully execute cell death
(Ichim et al., 2015). The exact mechanisms which permit outer membrane integrity are still
unclear, but upregulation of antiapoptotic BCL-2 family proteins potentiates mitochondrial

viability and survival (Mohammed et al., 2022; Frenzel et al., 2009). Mitochondria in anastatic



cells eventually do indicate recovery by the late stage; fragments re-fuse together, allowing
normal tubular structure to reform and they can once again carry out metabolic processes,
allowing for further cell recovery (Tang et al., 2018; Tang et al., 2009; Tang et al., 2017; Tang et
al., 2012).

Even more recently, it is suspected that anastatic cells upregulate expression of certain
candidate genes to ‘clean up’ and reverse the initial MOMP-caused damage. Degradation of
damaged mitochondria and removal of residual cytosolic cytochrome ¢ occurs via autophagy
(Ding and Yin, 2012; Mohammed et al., 2022). The autophagic proteins, ATG12 and SQSTMI,
which mediate mitophagy and mitochondrial homeostasis were found to be upregulated when no
caspase pathway activity was present (Tang et al., 2018; Radoshevich et al., 2010; Villa et al.,
2017; Geisler et al., 2010; Okatsu et al., 2010). This indicates that nonfunctional mitochondria
are eliminated by anastatic cells via mitophagy as part of the recovery mechanism. ATG12 also
drives cytochrome ¢ degradation and heat shock protein (HSP) chaperones (HSP27 and HSP70)
inhibit any further release from the mitochondria (Mohammed et al., 2022; Colell et al., 2007,
Gama et al., 2014; Paul et al., 2002; Mosser et al., 2000). Furthermore, studies establish that
various heat shock proteins and heme oxygenase prevent DNA destruction, additional leakage of
apoptogenic agents, and eliminate free radicals, to reinstate healthy activity (Tang et al., 2018;
Ravagnan et al., 2001; Gurbuxani et al., 2003; Kalinowska et al., 2005; Gozzelino et al., 2010).

As previously stated, newer evidence points to the reversibility of apoptosis even after
caspase activation during the execution phase. Tang HL, et al. determined, using time-lapse live
cell microscopy and a caspase biosensor, that human cervical cancer cells which showed caspase
activation after ethanol-based apoptosis induction, were able to recover (Tang et al., 2018; Tang
et al., 2012). The cells reversed mitochondrial fragmentation, membrane blebbing, and pyknosis
to regain normal structure and function (Tang et al., 2018; Tang et al., 2015; Tang et al., 2012).
It is proposed that recovery is achieved through HSP mediated suppression of caspase-3,
caspase-7, and caspase-9 activity. HSP27 binds inactivated procaspase-3, thus preventing
caspase-9 from cleaving it to caspase-3, the active form (Tang et al., 2018; Pandey et al., 2000).
HSP27, HSP70, and HSP90 halt apoptosome formation, ensuing inactivation of caspase-9 and
the rest of the caspase cascade (Figures 2-3), (Tang et al., 2018; Pandey et al., 2000; Beere et al.,
2000).
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DNA damage is also a key feature of apoptosis, and for proper cell revival and survival, it
too must be reversed. Tang et al. found that when mouse liver cells and NIH3T3 fibroblasts
underwent ethanol-induced apoptosis, they exhibited AIF and EndoG release & ICAD and PARP
cleavage, all which are associated with DNA breakage and degradation (Tang et al., 2018; Joza
et al., 2001; Li et al., 2001; Enari et al., 1998). Yet these same cells regained function after
recovery in fresh media (Tang et al., 2018), and showed a decrease in nuclear accumulation of
AIF and EndoG and a decrease in cleaved- ICAD and PARP expression back to pre-apoptosis
levels, indicating that DNA destruction is stopped and DNA repair is promoted in anastasis
(Tang et al., 2012; Chaitanya et al., 2010). Another proposed mechanism suggesets that anastatic
cells upregulate murine double minute (MDM?2), a ubiquitin ligase inhibitor of p53, which
represses the pro-apoptotic ability of p53, thereby preventing DNA damage (Tang et al., 2018;
Tang et al., 2017; Momand et al., 1992). Expression of MDM?2 also activates the X-linked
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inhibitor of apoptosis protein (XIAP), ultimately terminating the death response (Tang et al.,
2018; Gu et al., 2009). In addition, cell cycle arrest — crucial for DNA repair — is promoted
during anastasis (Tang et al., 2018; Branzei and Foiani, 2008; Tang et al., 2017). With all said,
even though cell function was restored, anastatic cells did display a high presence of
micronuclei, a marker of DNA damage (Tang et al., 2018; Holland and Cleveland, 2012),
signaling that remaining unrepaired DNA and resulting chromosomal aberrations are possible.

Interestingly, late stage anastasis unfolds even after cell fragmentation and formation of
apoptotic bodies (Figure 1) (Tang et al., 2018; Tang et al., 2015). The mechanism behind re-
fragmentation and cell structure restoration is uncertain, but surface exposure of
phosphatidylserine (PS) seems to be vital for such re-fusion (Tang et al., 2018; Helming et al.,
2009). In non-apoptotic, healthy cells, PS is localized to the inner plasma membrane (Tang et al.,
2018). But it migrates to the outer plasma membrane during apoptosis, exposing itself as an ‘eat
me’ signal which prompts phagocytosis (Tang et al., 2018; Arandjelovic and Ravichandran,
2015; Elliott and Ravichandran, 2016). However, in anastasis, recovering cells actively modulate
PS surface-exposure; PS is exposed for a few hours, allowing for repair, but then removed to
prevent phagocytosis (Tang et al., 2018; Helming et al., 2009; van Den Eijnde et al., 2001; Tang
et al., 2012; Tang et al., 2015).

PROPOSED BIOMARKERS OF ANASTASIS

Evaluating the mechanism of anastasis by looking at if anastasis occurs at various
hallmarks of the cell death cascade, does provide relevant insights. Transcription is highly active
during anastasis allowing for necessary proteins to be synthesized to repair damage in anastatic
cells (Tang et al., 2018). However, without knowing specific markers of anastasis, it will prove
difficult to manipulate and assess the pathway in other cell types. To address the deficit in
knowledge, Sun et al. conducted RNA sequencing (RNAseq) on untreated (control) cells,
apoptotic cells, and recovering cells (at various time points of 1, 2, 3, 4, 8, or 12 hours) and
observed that, compared to untreated cells, anastatic cells had 900-1,500 genes with increased
abundance (> 1.5-fold) at each time point (Sun et al., 2017). Subsequent principal component
analysis (PCA) revealed anastatic cells self-congregate into 2 groups based on recovery time: a
cell group recovered for 1-4 hours (early stage), and a cell group recovered for 8 or 12 hours

(late stage) (Sun et al., 2017). Notably, both anastasis groups are entirely distinctive from
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untreated and apoptotic cells (Sun et al., 2017). Moreover, transcriptional profiling revealed early
response genes are upregulated during early recovery, while late response genes are upregulated
later in the recovery process (Sun et al., 2017). Further gene ontology (GO) enrichment analysis
characterized the genes into categories illustrating their function, which is essential for better
understanding sow the anastasis mechanism works.

Enriched early-response genes are primarily categorized by cell cycle control and

99 ¢

transcription level activity: “regulation of cell death,” “cellular response to stress,” “regulation of

99 ¢

cell proliferation,” “regulation of programmed cell death,” “chromatin modification,” and
“regulation of transcription,” the latter of which was the most greatly upregulated (Sun et al.,
2017). Early-response genes classifications reveal that anastasis involves prompting growth-
arrested cells (stuck in G1 phase) to reenter the cell cycle and begin dividing again. Furthermore,
because transcription was highly upregulated, it is extremely feasible that transcription factor
production is associated with progression of early-stage anastasis (Sun et al., 2017). Sun et al.
further identified that such genes were upregulated in specific pathways — namely cell cycle and
pro-survival cascades — including, TGFp, MAPK, p53 and Wnt signaling (Sun et al., 2017).

By contrast, enriched late-response genes are entirely associated with posttranscriptional
functions such as endocytosis, RNA transport, splicing, and ribosome biogenesis (Sun et al.,
2017). Late-response clusters also show upregulation in “focal adhesion” and “actin cytoskeleton
regulation” related genes, indicating possible anastatic cell migration during cell proliferation
(Sun et al., 2017; Tang et al., 2018).

Moreover, recovering cells displayed prolonged upregulation of proangiogenic factors
(TGFB, Snaill, PGF/VEGFA, ANGPTLA and EphR) during both the early- and late- stages of
anastasis, but especially during the latter (Sun et al., 2017; Tang et al., 2018; Tang et al., 2009).
It is suspected that such factors drive angiogenesis (the growth of new blood vessels from
existing ones) and vascular permeability — meliorating anastasis by increasing nutrient supply

and cellular waste degradation (Tang et al., 2018; Guo et al., 2014; Simons et al., 2016).
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Figure 4. A selection of some of the early response genes (molecular signatures) of anastasis investigated by
Sun et al., 2017. These genes were upregulated in STS-induced apoptosis recovered cells. The three
highlighted markers are the genes further studied in this thesis.

The transcriptional and gene profiles associated with early-stage recovery are relatively
consistent across cell lines and apoptosis inducing agents. Whilst there is some variation in the
exact genes involved: for example, of the 69 genes found to be upregulated in EtOH-treated
HelL a recovered anastatic cells, 44 were also enriched in STS-treated cells and 63 were enriched
in EtOH-treated H4 cells, indicating there is a commonality of many response genes (Sun et al.,
2017).), and the same gene categories are upregulated across the board (Sun et al., 2017).

Out of the 44 genes shown to be upregulated in STS-induced intrinsic-path apoptosis, a
subset was selected by us for further investigation and three are discussed in this thesis: IERS,
EGRI, and Fos (Figure 4). The roles of these genes, specifically, in regards to anastasis have not
been well studied in the literature. Having said that, [IERS5, EGR1, and FOS and their functions
have been studied in other contexts, such as apoptosis. Immediate early response 5 (IERS)
regulates the cellular response to mitogenic signals (Williams et al., 1999). Further study
proposes that overexpression of IERS leads to suppression of cell growth and augmented
cisplantin- or irradiation- induced apoptosis, as a result of increased caspase-3 and PARP
cleavage (Yang et al., 2016; Williams et al., 1999). Early growth response-1 (EGR1) is a
regulatory early-response gene, activated via the MAPK signaling pathway, that is broadly
expressed across various cell types (Wang et al., 2021; Ding et al., 2021). It plays a role in
multiple cellular processes including growth, differentiation, proliferation, apoptosis, and wound
healing (Wang et al., 2021; Ding et al., 2021). However, the regulatory functions which activated
EGRI1 performs is dependent on the cell type (Wang et al., 2021; Kim et al., 2011). c-Fos (FOS)

is also an early gene, which encodes a transcription factor and thus regulates the expression of
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many other genes. Growth and differentiation factors or external cellular stresses activate FOS
— hence it is involved in cell proliferation, differentiation, and apoptosis (Poon et al., 2000;
Sheng and Greenberg, 1990; Franza et al., 1988).

Intriguingly, a portion of the early-response genes associated with anastasis were
upregulated before anastasis itself had even begun — likely contributing to the quick rate of cell
recovery following stress removal. mRNA transcripts of some genes which were found to be
enriched within the first hour of anastasis, were already observed having increased levels of
transcript expression during apoptosis compared to untreated cells (Sun et al., 2017). Upon
further investigation, Sun et al. observed that even whilst apoptosis is occurring, cells position
themselves for potential anastasis onset by upregulating genes which are degradation-protective
and accordingly synthesize mRNA (Sun et al., 2017). Thus, soon after apoptosis induction
ceases, cells immediately begin synthesizing necessary recovery proteins (Sun et al., 2017). On
the contrary, if apoptosis persists, early-response mRNAs will be degraded and cells proceed to

death (Sun et al., 2017).

POTENTIAL HALLMARKS OF ANASTASIS

Whilst much more research is needed to draw conclusions, plausible characteristics of
anastasis have been identified based on observation in research (Figure 5) (Tang et al., 2018).
These emerging functions of anastasis, carry considerable biological potential in different
contexts: some in which promoting anastasis is beneficial and others in which preventing
anastasis is advantageous. Reactivation of gene expression following removal of a death inducer
is a hallmark of anastasis (Tang et al., 2018). Arrest of cell death executioners (caspases) and
restoration of cell function are implicated in cryoprotection and tissue recovery (Tang et al.,
2018), whist increased angiogenesis and cell migration are likely associated with cancer
metastasis and re-emergence during chemotherapy (Tang et al., 2018; Sun et al., 2017; Salvucci

and Tosato, 2012; Barquilla and Pasquale, 2015).
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Figure 5. Hallmarks of Anastasis. Potential identifiers and features of anastasis as proposed by Tang et al.
(Tang et al., 2018).

Previous Photoreceptor Studies: Rescue & Neuroprotection — Why Anastasis.

To date, anastasis in photoreceptors is a novel concept and consequently, it is not well
described in current retina literature. Nonetheless, attempts and investigations of neuroprotection
and PR rescue — which is the overarching goal of looking at anastasis in the context of the retina
— have been, and continue to be, broadly examined in the literature. Previous efforts in
achieving neuroprotection have taken many approaches; a few examples include treatment with
neuroprotective agents, interference with apoptosis, and stem cell therapies (Murakami et al.,
2013; Barkana and Belkin, 2004; Usategui-Martin and Fernandez-Bueno, 2021). However, each
has had its respective challenges; clinical usage of inhibitory drugs is limited due to cross-
involvement of treatment targets with other parts of the nervous system (Barkana and Belkin,
2004). Moreover, secondary neurodegeneration may also be caused by an excessive production
of multiple substances, making targeting only one rather ineffective for overall treatment
outcomes (Barkana and Belkin, 2004). Stem cells therapies do show promise as well, but
defining which neurotrophic factors are critical for therapeutic effects, optimal doses, and
delivery methods must all still be evaluated (Pardue et al., 2018; Usategui-Martin and

Fernandez-Bueno, 2021). In addition, previous pharmacological targeting of apoptosis has been
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largely unsuccessful in achieving neuroprotection (Murakami et al., 2013). Thus, retinal
neuroprotection remains an active and hopefully promising area of research (Schmidt et al.,
2008) and anastasis may be a new additional area of study, offering a potential target mechanism

for treatment.

Present Study.

As evidenced by the literature, retinal neuroprotection is a significant area of research
interest in the quest for treating various stages of neurodegenerative diseases associated with
photoreceptor cell death. Previous attempts of pharmacological targeting of apoptosis have been
unsuccessful in yielding neuroprotective measures (Murakami et al., 2013). Thus, inspired by
cancer cells, this study aims to investigate whether anastasis is relevant to photoreceptor cells —
and if so by what mechanism — to establish whether it holds any therapeutic potential in the
treatment of retinal neurodegeneration.

Because anastasis has been primarily studied in cancer cells, we looked towards cancer
research, which suggests that anastasis operates via upregulation of pro-survival pathways to
block progression of death pathways, allowing for cell rescue (Tang et al., 2018). Based on the
literature we hypothesize that an anastasis mechanism of cell recovery could work in the retina.
Ergo, to investigate whether anastasis is indeed applicable to photoreceptor cells: we will
perform a series of experiments which assess hallmarks of apoptosis. First, we will chemically
apply stress to the photoreceptors and ensure that characteristic biochemical and morphological
apoptotic markers are present. We will then examine whether upon removal of stress, the cells
recover and revert to normal character by re-assessing the presence (or lack thereof) of apoptotic
markers. If anastasis appears to be relevant to photoreceptors, we would expect to see a reduction
of previously present signs of apoptosis. Moreover, if anastasis is shown to be applicable to the
retina, the mechanism of — namely Zow — cell recovery occurs after stress removal must then
be determined.

Accordingly, this thesis is a small portion of the research and experiments performed as
part of a larger project conducted by the Zacks lab to critically investigate anastasis in

photoreceptor cells.
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Methods

661 W Mouse Retinal Photoreceptors & Cell Culture.
The 661W cone photoreceptor (PR) cell line, provided by Dr. Muayyad Al-Ubaidi
(University of Oklahoma Health Sciences Center, Oklahoma City, OK, USA), was used for in

vitro experiments. This mouse-derived cell line expresses multiple markers of cone
photoreceptor cells and is broadly used as a model for studying macular degeneration, a
neurodegenerative disease (Sayyad et al., 2017; Wheway et al., 2019). The cells were maintained
and cultured in a Dulbecco's Modified Eagle Medium (DMEM) (Gibco, cat# 11885-084), which
also contained 10% FBS (Corning, cat# 35-015-CV) and 1% Penicillin-Streptomycin (Gibco,
cat# 15140122), 32 mM putrescine, 40 pL/L B-mercaptoethanol, 40 uM hydrocortisone 21-
hemisuccinate, and 40 uM progesterone. Cells were split and cultured as needed and were

incubated at 37°C in a humidified atmosphere of 5% CO, and 95% air.

Drug Treatment.

Apoptosis was initiated in 661 W cells using staurosporine (STS) (ALX-380-014-M001,

Enzo) a known apoptosis inducer and potent cell-permeable protein kinase inhibitor (Anon
PubChem, n.d.). Staurosporine binds to the ATP binding site and inhibits various protein kinases
(PKC, CDKl/cyclin B, CDK2/cyclin A, CDK4/cyclin D, CDK5/p25, GSK-3f3, and Pim-1) and
topoisomerase I, resulting in apoptosis and cytotoxicity (Anon PubChem, n.d.). Staurosporine
has been shown to trigger apoptosis primarily via the intrinsic signaling pathway (Malsy et al.,
2019). Drug treatment was prepared as a stock solution with 1mM staurosporine in DMSO
(Dimethyl sulfoxide), and then further diluted. Concentrations of 0.05, 0.1, 0.2, 0.3, 0.4 (uM)
were assessed using MTT and Crystal Violet assays for efficacy in inducing apoptosis, and 0.05
uM was decided upon as the treatment concentration.

Once an appropriate concentration was determined, photoreceptor cells were treated as
follows, also schematized in Figure 6: Control cells were placed in normal DMEM culture
medium. Treatment cells were treated with 0.05 uM staurosporine for 15 hours and then
collected. Recovery (Anastasis) cells were treated with 0.05 uM staurosporine for 15 hours. At
the 15-hour time point, the drug treatment was removed, cells were washed with PBS, and fresh

DMEM was added. Recovery cell samples were collected at two different timepoints: 24 hours
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after media change and 48 hours after media change. Endpoint cells were treated with

staurosporine indefinitely until they were collected at the same time points as the Recovery cells.

Control:
15 hours
Cells + DMEM > Collect @ 15 hours
Treatment (Apoptosis) Group:
15 hours
Cells + Treatment
(Staurosporine/DMSO > Collect @ 15 hours
Recovery (Anastasis) Group:
15 hours 24 OR 48 hours
(Stgslrls;;-rriizgfﬂrgo < Cells + DMEM »  Collect
i Remove Drug, PBS Wash of Recovery Time
End Point:
Cells + Treatment 15 hours 24 OR 48 hours
(Staurosporine/DMSO > No Changes Made > Collect

Figure 6. Experimental treatment methods for Control, Treatment, Recovery, and End Point groups.
Collection of the Control and Treatment groups occurred at 15hrs, following treatment. Recovery group had
the drug removed and replaced with fresh media at 15hrs, and collection occurred at either 24 or 48 hours after
media change. End Point group was treated and subsequently incubated with no changes made, and then
collected at the same time as the Recovery group.

MTT Assay.
After collection, cells were washed with PBS. Subsequently, the MTT solution was

added to each of the wells containing cells. MTT solution was prepared with the reagent
Thiazolyl blue tetrazolium bromide (Sigma — M5655-100MG) (25mg) into PBS (50 mL). Cell
plates were then lidded and covered with foil and incubated at 37° for 3 hours. Dark-blue
formazan crystals formed, based on mitochondrial dehydrogenase enzyme activity, and were
retained only within viable cells. The resulting crystals were dissolved in isopropanol and the
absorbance of the crystal solution was measured at 540 nm using a calorimeter, to evaluate

mitochondrial activity and thus indirectly assess cell viability. MTT was used to assess cell
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viability in order to determine if the staurosporine drug treatment concentration induced

apoptosis or not. (Methods based on lab protocol).

Crystal Violet: Assay & Imaging.
Crystal Violet solution (0.5% Crystal Violet (Sigma C6158 — 50g) in 20% methanol) was

added to cells after washing them with PBS. Cells were then incubated for 15 minutes, allowing
crystals to form, and subsequently rinsed with water. To view cell morphology, EVOS was used
to image and photograph the wells. The crystals were then resuspended in methanol and the
absorbance of the resulting solution was measured at 595 nm to determine if there is cell
proliferation based on the detection of adherent cells (Feoktistova et al., 2016). (Methods based

on lab protocol).

RNA Isolation, cDNA Preparation, & gRT-PCR.

Total RNA was extracted from retinal tissue using the RNeasye Plus Micro kit (Qiagen
Sciences, cat# 74034), according to the manufacturer's Quick-Start protocol. Samples were
prepared and RNA concentration and quality were evaluated using the NanoDrope
Spectrophotometer. Following this, complementary DNA (cDNA) was synthesized the total
RNA using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher, cat# 4368814)
using the manufacturer’s recommended protocol. Real-Time Quantitative Reverse Transcription
PCR (qRT-PCR) was performed using CFX384 Touch (Bio-Rad), utilizing the specified primer
sequences:

Fast SYBRTM Green Master Mix (Applied Biosystems, cat# 4385612).

Puml (Forward: ACAGCCTGCCAACACGTCCTTG, Reverse:

CCACTGCCAGTGTTGGAGTTTG)

Pum 1 was used as a housekeeping gene (control) to normalize the different experimental RNA
samples. The total reaction volume used for qRT-PCR was 10uL. Relative gene expression
levels of IERS, EGR1, and FOS were assessed via the AACt method of qPCR assay data
analysis. The forward and reverse RNA sequences of [IERS, EGR1, and FOS — the genes of

interest (Anastasis markers) — used were:
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IERS (Forward: ACGCGTCACCAGGTCTTTTC, Reverse:
TGTAGGCGGGATCAGGTCTT)

EGRI (Forward: TTCAATCCTCAAGGGGAGCCQG, Reverse:
CGATGTCAGAAAAGGACTCTGTGG)

FOS (Forward: GTGAAGACCGTGTCAGGAGG, AGTTGATCTGTCTCCGCTTGQG)

The PCR cycling conditions consisted of an initial denaturation at 25°C for 10 minutes, followed

by 37°C for 2 hours, and then 85°C for 5 minutes.

Western Blot.

During collection, cells were first harvested and scraped from plates, and total protein
was then extracted from cells via cell lysis. RIPA buffer (Sigma, cat# R0278) containing
phosphatase and protease inhibitors (Thermo Scientific, cat # A32957 and A32955, respectively)
was used to lyse the cells and retinal tissues. Protein concentration was assayed using the RC
DC™ Protein Assay Kit (Bio-Rad, cat# 5000120). Subsequently, 20 pg of protein was loaded
into each well. Using a 4% to 15% SDS-PAGE (Mini-PROTEAN TGX; Bio-Rad, cat#
4561086), proteins were separated and thereafter transferred to a polyvinylidene fluoride
membrane (PVDF; Bio-Rad, cat# 1620177). The membranes were then blocked with 5% bovine
serum albumin (BSA; Sigma, cat# A7906) in tris-buffered saline (TBS; Bio-Rad, cat# 1706435),
and incubated overnight, at 4°C, with the primary antibody. The following primary antibodies
were used: anti-mouse CHOP (1:1000; Cell Signaling Technologies, cat# 2895); anti-rabbit
pIRE1 (1:1000; Novus Biologicals, cat# NB100-2323SS; anti-mouse BiP/Grp78 (1:1000; BD
Biosciences, cat# 610979); anti-mouse mono-and poly-ubiquitinated conjugates (1:1000; Enzo
Life science, cat# BML-PW8810); anti-mouse caspase 3 (1:1000; Novus Biologicals, NB100-
56113); anti-mouse HIF1 (1:1000; R&D systems, cat# MAB1536), anti-rabbit FUNDC1
(1:1000; Novus Biologicals, cat# NBP1-81063), anti-rabbit PINK1 (1:1000; Novus Biologicals,
cat# NB100-493), anti-rabbit PARKIN (1:1000; Novus Biologicals, cat# NBP2-67017), anti-
mouse PGC-1 (1:500; SantaCruz, cat# sc-517380) and anti-mouse NRF2 (1:500; SantaCruz, cat#
sc-365949). Membranes were washed three times with a solution of 0.1% Tween-20 in TBS
(TBS-T), followed by incubation with the appropriate secondary antibody for 1 hour. The
secondary antibody used was either anti-rabbit IgG, HRP linked; (1:5000; Cell Signaling
Technologies, cat# 7074S), or anti-Mouse IgG (1:8000; GE healthcare Lifesciences, cat#
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NA931). Gel loading controls consisted of anti-mouse- -actin antibodies, since -actin is
expressed in all eukaryotic cells and is unaffected by most cellular treatments (Zhang et al.,
2012). Proteins were quantified using single bands located within the pertinent molecular-weight
region of each respective protein which was studied. Lastly, membranes were developed using
the SuperSignalTM West Pico PLUS Chemiluminescent Substrate (Thermo Scientific, cat#
34580,) and the resulting blots were imaged using the cSeries Capture Software (¢c500; Azure

Biosystems). Western blots were quantified using ImageJ2 software.

Statistical Analysis Methods.

Data and results are represented as the mean =+ standard error of the mean (SEM).
Statistical analysis of all experimental data was performed using GraphPad Prism 10.1.0
statistical software (GraphPad). For MTT and Crystal Violet assays for concentration kinetics,
Western Blot analysis of PARP, and RT-PCR experiments: One-way ANOVA (Analysis of
variance) with repeated measures (along with the Brown—Forsythe test), succeeded by Tukey’s
Multiple Comparisons, was used to complete statistical analysis. For Crystal Violet assays for
24- and 48-hours recovery: 2-way ANOVA and post hoc Tukey’s Multiple Comparisons test
were used to complete statistical analysis. Statistical significance for all tests completed is
denoted in the figures by asterisks (*): *p < 0.05; **p < 0.01; ***p <0.001; ****p < 0.0001. ns

indicates no statistical significance.
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Results

MTT: Cell Viability Assay for Concentration Kinetics.

Mouse photoreceptors were treated with staurosporine to stress the cells and trigger the
cell death pathway. Whilst previous studies have shown that staurosporine is able to induce
apoptosis, the exact concentration required to induce the pathway in 661 W mouse photoreceptors
has not been established (Malsy et al., 2019). To determine the optimal concentration for
treatment to induce apoptosis, but not completely kill all of the cells, MTT was performed, and
cell viability was assessed. Figure 7 compares the amount (in percentage) of viable cells treated
with different concentrations of staurosporine, along with the control group which was only
included cells with fresh DMEM media. As shown in the figure, all treatments resulted in a
decrease in the amount (%) of viable cells. Thus, it was confirmed that staurosporine

successfully induced apoptosis.
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% Viable Cells

Figure 7. Decrease in the percent (%) of viable cells after 15-hour treatment with staurosporine. Percent of
viable cells were normalized to the control (DMEM only) of 100% (N=6). Treatment with all concentrations of
staurosporine significantly reduced cell viability. Data are shown as means + SEM, along with individual
replicate points. One-way ANOVA and Tukey’s Multiple Comparisons test were used for statistical analysis.
Significance is denoted by **** | for p < 0.0001.

The results also indicate that treatment concentrations of 0.4puM and 0.5uM resulted in
the greatest decrease, with an average of only 34.2% and 25.15% of cells being viable and
therefore 65.8% and 73.85% cell toxicity, respectively (Figure 7). However, these concentrations

killed too many cells. It was decided that approximately 30-40% cell toxicity was the amount
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necessary for experiments, and treatment with 0.05uM resulted in a mean 72.5% viable cells and
27.5% cell toxicity, compared to control cells with 100% cell viability (Figure 7). This was close
to the desired cell toxicity. Because it was the minimum concentration which induced sufficient
cell toxicity, 0.05uM was selected as the treatment concentration to be used in proceeding

experiments.

Crystal Violet Staining. Cell Proliferation Assay for Concentration Kinetics.

Crystal Violet assay was the second measure used to ensure that apoptosis was induced in
photoreceptor cells and that 0.05uM was an adequate concentration for treatment. Because cell
death causes adherent cells to detach from cell culture plates, this measure was used to indirectly
quantify cell death and establish the variability in cell proliferation following application of
death inducing agents (Feoktistova et al., 2016). Attached cells, which can proliferate, are

characteristic of healthy cells.
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Figure 8. Decrease in percent (%) of surviving cells and cell proliferation after 15-hour treatment with
staurosporine and DMEM only control. Percent of attached cells were normalized to the control (DMEM
only) of 100% (N = 6). Treatment with all concentrations of staurosporine (0.05, 0.1, 0.2, 0.3, 0.4 uM)
significantly reduced the amount of surviving attached cells. Data are shown as means + SEM, along with
individual replicate points. One-way ANOVA and Tukey’s Multiple Comparisons test were used for statistical
analysis. Significance is denoted by **, for p < 0.0/ and ****, for p < 0.0001.

All staurosporine treatment concentrations exhibited a significant decline in the
percentage of attached cells, and therefore a decline in cell proliferation as well. A drug

concentration of 0.05uM resulted in a mean 72.74% (p < 0.01) of attached cells and a 26.26%
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decrease in proliferation, compared to control cells with 100% surviving attached cells (Figure
8). It was decided that approximately a 30% decrease in cell proliferation was required for
experimental toxicity treatments, so 0.05uM was again deemed sufficient and selected for

subsequent treatment concentrations.

Morphology.

Apoptotic cells have unmistakable and visible structural changes which are caused and
mediated by caspase activation (Green and Llambi, 2015). Thus, morphological evaluation
served as another method to determine whether apoptosis occurred, as well as to monitor the
physical health of recovering cells. Crystal violet staining followed by imaging was used to
detect apoptosis. Changes in photoreceptor cell morphology occurred after 15 hours of

staurosporine (0.05uM) treatment and again after 48 hours of recovery in fresh DMEM media
(Figure 9).

Figure 9, a-c. EVOS imaging of cells after Crystal Violet staining: Control (a), Treatment with staurosporine
0.05uM for 15hrs (b), and Anastasis group with 48hrs recovery time (c).
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Figure 10, a-c. Close up selections of some photoreceptor cells captured by EVOS imaging of cells after
Crystal Violet staining, to identify changes in morphology: Control (a), Treatment with staurosporine 0.05uM
for 15hrs (b), and Anastasis group with 48hrs recovery time (c).

The violet regions represent the photoreceptor cells. Control cells (Figure 9a) showed a
normal healthy morphology, as cells are elongated and circular plasma membranes are evident.
Upon closer inspection, many of the healthy cells connected with each other, indicating proper
cell-cell communication (Khalili and Ahmad, 2015; Alberts et al., 2002). Following treatment
with 0.05uM staurosporine, photoreceptor cells exhibited morphological changes (Figure 9b). A
decrease in the violet stained regions was observed: many cells were no longer proliferating and
were therefore not stained. Some cells fully reached the end of apoptosis and died, but many
cells were on the path towards apoptosis as indicated by their altered morphology. The stained
treatment cells showed a skeletal, shrunken structure instead of a rounded shape like the control
cells (Figure 10a,b). Treatment cells also appeared misshapen with blebbed membranes as
opposed to ones which are clear and rounded. Cellular contents were less visible in treatment
cells (Figure 10b). Accordingly, imaging findings further confirmed that apoptosis was
successfully induced by staurosporine in 661 W photoreceptors, evidenced by morphological

changes characteristic of apoptotic cells.
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Anastasis/recovery group showed increased crystal violet staining and cell proliferation
compared to treatment cells (Figure 9b,c). Connections between some cells also seemed to re-
form. Cell membranes also recovered a clearly visible rounded shape and no membrane blebbing
was visible (Figure 10c). Cellular contents were also evidently present in anastasis/recovery
cells. The morphology of anastasis group cells also appeared more similar to control cells than
treatment cells, even though apoptosis had been triggered by staurorporine in former group as
well. Indeed, cells in the anastasis/recovery actually began showing signs of recovery to healthy
morphology as early as 6 hours after staurosporine was removed and replaced with fresh
DMEM. Anastasis group photoreceptors showed a more normal morphology after recovery, but
whether or not the cells functioned normally (in the manner of healthy cells), remained to be

investigated.

Crystal Violet Assay of Cells following 24 hours of Recovery.

To verify if the morphological changes after recovery were actually indicative of cell
health, cell proliferation was evaluated for anastasis (recovery) group cells which were exposed
to STS for 15 hours and then incubated in fresh DMEM for 24 hours, to recover. Crystal violet
assay was performed to address if photoreceptor cells were recovering functions of healthy cells
after the stressor (staurosporine) was removed. Statistical analyses revealed that there was no
significant difference in the percent of surviving attached cells between anastasis cells and
treatment cells at any of the tested staurosporine concentrations (Figure 11, a-b). These results
indicated that there was no cell proliferation found in the anastasis group cells, and that the first

24 hours in fresh media was a recovery period.
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Figure 11, a-b. 24 hours of recovery time (following 15-hour treatment with staurosporine) did not result in
any significant change in the percent (%) of surviving cells, compared to treatment cells without recovery.
Percent of attached cells were normalized to the control (DMEM only) of 100% (N = 6). All cell groups in
Control measure were treated with only DMEM. Endpoint cells in the concentration groups were treated with
drug for 35 hours. They did not receive a fresh media change and served as second control measure. Data are
shown as means + SEM. 2-way ANOVA and Tukey’s test for multiple comparisons were used for statistical
analysis. Lack of significance is denoted by ns (not statistically significant).

Crystal Violet Assay of Cells following 48 hours of Recovery.

Because no proliferation was found at the 24-hour recovery timepoint, 48 hours of
recovery was thence investigated. Crystal violet staining was conducted at this timepoint and
increased staining in the photoreceptor cells of anastasis recovery cells as compared to treatment
group photoreceptors was observed in all tested drug concentrations. The percent of surviving
attached cells indicate the quantity of cells and it can be inferred that after 48 hours of recovery,
photoreceptors were proliferating (dividing). Accordingly, the level of cell proliferation in 48-
hour recovery cells trended above that for each of the respective concentration matched
treatment cells (Figure 12a). Significant cell proliferation was found following recovery after
treatment with: 0.02uM (p < 0.05), 0.03uM (p < 0.0001), 0.04uM (p < 0.0001), 0.05uM (p <
0.001) (Figure 12b). The findings support the conclusion that 48-hour recovery resulted in the
increased presence of healthy cells and recovery of some characteristic normal cell functions,

namely ability for cell division.
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Figure 12, a-b. 48 hours of recovery time (following 15-hour treatment with staurosporine) resulted in a
significant increase in the percent (%) of surviving cells and cell proliferation, compared to treatment cells
without recovery. Percent of attached cells were normalized to the control (DMEM only) of 100% (N = 6). (a)
Data presented as a line graph across staurosporine treatment concentrations. (b) Data presented as a bar
graph, illustrating comparisons between cell proliferation of Treatment cells and Recovery cells. All cell
groups in Control measure were treated with only DMEM. Endpoint cells in the concentration groups were
treated with drug for 35 hours. They did not receive a fresh media change and served as second control
measure. Data are shown as means + SEM. 2-way ANOVA and Tukey’s test for multiple comparisons were
used for statistical analysis. Significance is denoted by *, for p < 0.05 and ****_ for p < 0.0001.
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Western Blot & Changes in PARP Expression after 48 hours of Recovery.

To further confirm if cell function was recovered after removal of the cellular stressor
(0.05uM staurosporine for 15hrs), immunoblotting was used to detect the presence of PARP
protein and cleaved-PARP protein in both treatment-only and recovery+treatment photoreceptor
cells (Figure 13a). A thicker and darker band, representing cleaved-PARP protein expression,
was visible in the blot for treatment-only and recovery-+treatment cells. Increased cleaved-PARP

levels has been associated with a greater presence of apoptosis (Chaitanya et al., 2010; Ward et

al., 2008) (Figure 13).
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Figure 13. Western blot analysis of PARP and cleaved-PARP protein levels in Control, Treatment (0.05uM
staurosporine, 15hrs), and Recovery+Treatment cells (0.05uM staurosporine 15hrs and recovery 48hrs).
Cells treated with DMEM only were used as controls. S-actin served as loading controls.
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Figure 14, a-b. 48 hours of recovery time in DMEM following 15 hours of staurosporine treatment
significantly reduced PARP and Cleaved-PARP expression in 661W mouse photoreceptor cells.
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(a) Quantification of relative PARP protein levels (fold change) based on densitometry of the Western blot

(N = 3). Data are shown as means + SEM, along with individual replicate points. One-way ANOVA and
Tukey’s Multiple Comparisons test were used for statistical analysis. Significance is denoted by *, for p <
0.05. (b) Quantification of relative Cleaved-PARP protein levels (fold change) based on densitometry of the
Western blot (N = 3). Data are shown as means + SEM, along with individual replicate points. One-way
ANOVA and Tukey’s Multiple Comparisons test were used for statistical analysis. Significance is denoted by
* for p < 0.05.

PARP expression in control DMEM only photoreceptor cells was assessed to establish a
baseline of expected PARP levels in healthy cells (Figure 14a). The fold change in PARP protein
levels was normalized to the control (Fold change = 1). Treatment-only cells showed a
statistically significant increase in PARP protein levels (mean Fold change = 1.966, p < 0.05) in
comparison to both the control and the recovery+treatment cells. Recovery-+treatment cells
(mean Fold change = 0.968) had a significant difference in PARP-1 protein expression when
compared to Treatment-only cells (p < 0.05), but not compared to control (p = 0.912, ns) (Figure
14a). Significant increase in protein levels of PARP-1 in treatment-only cells (represented by a
mean fold change value larger than control=1 (1.977 > 1)), compared to control and recovery,
suggested presence of cell stress increased PARP-1 levels. Healthy cells (control) showed lower
levels of PARP-1 protein. Recovery+treatment cells (48hrs in fresh DMEM) showed reduced
PARP-1 protein expression compared to treatment-only cells, the latter of which were
representative of apoptotic cells. Indeed, recovery group did not exhibit a significant change in
PARP-1 levels compared to healthy control cells, which were neither stressed nor death induced.

Low baseline expression of cleaved-PARP, indicative of healthy cells, was detected in
control DMEM only photoreceptor cells and the fold change in cleaved-PARP levels was
normalized to the control (Fold change = 1) (Figure 14b). Treatment-only cells displayed a
significant increase in cleaved-PARP-1 protein expression (mean Fold change =2.017, p < 0.05)
compared to control and recovery+treatment cells. The significantly greater levels in treatment-
only cells compared to both the control and recovery cells indicated that apoptotic stress was
associated with increased cleaved-PARP-1 expression. Recovery-+treatment cells (mean Fold
change = 0.689) were found to have significantly decreased cleaved-PARP-1 protein levels
compared to treatment only cells (p < 0.05), but not compared to control cells (Figure 14b).
Healthy cells exhibited significantly lower levels of cleaved-PARP-1 protein in comparison to

treatment-only cells, but no significant difference was found between control and
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recovery+treatment cells (Figure 14b). These results indicate that recovery-+treatment cells,
representative of anastatic cells, show cleaved-PARP-1 expected of healthy cells.

These findings support the conclusion that after 48 hours of recovery, photoreceptor cells
which were stressed no longer show PARP-1 nor cleaved-PARP-1 protein levels expected of

apoptotic cells. The results reveal that cells in recovery may demonstrate principals of anastasis.

Real-Time Polymerase Chain Reaction (RT-PCR) of IERS5, EGRI1, & FOS after 48 hours of

Recovery.
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Figure 15, a-c. Relative mRNA expression levels of anastasis markers: IERS5 (a), EGRI (b), and FOS (c) in
661W mouse photoreceptor cells, normalized to Puml, used as the housekeeping gene (N = 2). Cells treated
with DMEM only were used as controls. Endpoint cells were treated with STS for 35 hours (continuously until
collection). Data are shown as means + SEM, along with individual replicate points. One-way ANOVA and
Tukey’s Multiple Comparisons test were used for statistical analysis. Significance is denoted by *, for p < 0.05
; ¥* for p < 0.01. *** ; for p < 0.001 and ns (no significance).

A gene expression profile associated with anastasis has been described (Sun et al.). We
used qRT-PCR to assess if we could detect a similar gene expression profile in our cells. mRNA
expression of IERS was significantly increased in treatment-only and recovery+treatment group
PRs in comparison to untreated control cells (p < 0.0/ and p < 0.001, respectively). mRNA
transcript level was also significantly greater in recovery+treatment cells compared to treatment-
only cells (p < 0.05). (Mean relative mRNA expression of IERS was: control = 1, treatment-only
=4.003, recovery+treatment = 5.860).

Treatment-only cells, representative of apoptotic cells, showed a significant decrease in
EGRI1 transcript expression compared to control (p < 0.01) and recovery-+treatment (p < 0.05)

cells. There was no significant difference found between the mRNA expression in untreated
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control cells and recovery+treatment cells (ns, p = 0.3326). (Mean relative mRNA expression of
EGR1 was: control = 1, treatment-only = 0.594, recovery-+treatment = 0.899).

Recovery-+treatment group cells showed a significantly greater expression of FOS mRNA
compared to all other experimental groups (p < 0.05). On the other hand, there was no
significant difference in FOS transcript expression found between control and treatment-only
cells. (Mean relative mRNA expression of Fos was: control = 1, treatment-only = 1.657,

recovery+treatment = 3.000).
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Discussion

In this study we demonstrated that anastasis is a viable and applicable mechanism in
661W mouse photoreceptor cells. In the experiments performed, after treatment with
staurosporine, cells began showing signs of death/apoptosis and then subsequently recovered
after stress removal.

Until now, anastasis has not been studied in ophthalmologic nor retinal research and so
present findings are compared to cancer research. As observed in many studies, apoptosis is
markedly characterized by certain distinct morphological changes. Crystal violet staining
illustrated apoptotic features — such as condensed and shrunken cells, deformed shape, and
membrane blebbing — occurred after treatment, confirming apoptosis induction. After 48 hours
of recovery in fresh media with the stress removed, apoptotic cells no longer showed a
morphological profile of apoptosis. Instead rounded, integrate membranes with clearly visible
cellular contents were observed, similar to what was viewed in control (untreated, healthy) cells.
Morphological recovery and cell reformation are fundamental physical signs of anastasis (Tang
et al., 2009; Tang et al., 2012), and these results indicate anastasis occurs in photoreceptors. It is
to be noted though, that we allowed PRs to recover for 48 hours before assessing morphology,
whereas other studies witnessed structural changes beginning at 24 hours after apoptotic stimuli
were removed (Tang et al., 2009).

Furthermore, biochemical evidence representative of anastasis was also observed in the
crystal violet assays we performed. After being allowed to recover for 48 hours in fresh media,
previously-apoptotic (now recovered) photoreceptor cells showed a significantly increased
amount of viable and attached cells compared to the amount shown by apoptotic cells. This
finding indicates that when apoptotic stress is removed, cell proliferation increases, which is an
archetypal characteristic of anastatic cells as described in previous studies (Tang et al., 2009;
Tang et al., 2012). Whilst our results at 48-hours do suggest anastasis mediated proliferation
occurs, the observed time frame varies in comparison to other studies. Notably, no significant
difference in the amount of healthy, attached cells between apoptotic cells and cell which had 24
hours of recovery in fresh DMEM were found in our 24-hour crystal violet assay results. Based
on this, there was no cell proliferation observed, in the 24-hour recovery group cells, to which
we concluded that 24 hours in fresh media was not enough time to regain dividing functions of

healthy cells. Again, the fact that prior studies used cancer cells and/or different apoptosis
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inducers must be considered, but time frame differences were noted. Tang et al. found that
jasplakinolide-induced HeLa cells showed cell proliferation within 24 hours after the stress
inducer was removed and even more increased proliferation by the 48-hour mark (Tang et al.,
2009). Similarly, in EtOH treated HeLa cells, the numbers of cells increased during the first 11
hours of recovery, remained stable for a period, and then increased again at around 30 hours of
total recovery time (Sun et al., 2017). Both these findings differ from our observations because
no signs of increased cell proliferation, that could be associated with anastasis, were observed in
photoreceptors recovered within 24 hours. However, our results indicated that the first 24 hours
was a necessary recovery period — in which anastasis was underway — before photoreceptors
began proliferating, as observed by the 48-hour recovery mark. Additionally, Sun et al. observed
two stages (early and late) of anastasis (Sun et al., 2017), which we did not in our experiments.
Whether two phases exist in photoreceptors will need further investigation of time points,
especially if the onset of various phases of recovery in anastasis (e.g. cell proliferation) in PRs is
later than in cancer cells. Nonetheless, our results do confirm that anastasis likely occurs in
photoceptor cells and signs of healthy cell function appear after 48 hours of recovery, evidenced
by an increase in cell proliferation.

PARP-1 and cleaved-PARP-1 protein expressions are indicative of healthy versus
stressed cells. Our western blot analysis confirmed that apoptosis-induced cells have
significantly greater levels of both PARP and cleaved-PARP protein compared to untreated,
healthy cells. Cells allowed to recover in fresh media for 48 hours, on the other hand, showed a
significant decrease in PARP and cleaved-PARP expression compared to apoptotic cells but no
significant difference compared to untreated cells. These results expound that when allowed to
recover, cells actively alter protein expression to shift to survival mechanisms. Interestingly, as
mentioned previously, whilst healthy cells have normal levels PARP-1 to detect and repair DNA
damage, cells with significant DNA damage have significantly elevated PARP-1 levels
(Chaitanya et al., 2010). Increased activation of PARP-1 is linked to cell death and
overexpression of PARP family proteins, such as tankyrase-2, causes cell toxicity (Wang et al.,
2003; Kaminker et al., 2001). Overexpression of PARP is a sign of apoptosis, especially with
evidence implicating apoptosis-inducing factor (AIF) as one of the downstream signaling
elements in PARP-1 dependent apoptosis (Yu et al., 2002; Hong, 2024). Thus, our results

indicate that control cells exhibited the expected baseline expression of PARP-1 required for
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normal DNA repair. On the other hand, apoptotic (treatment-only) cells displayed significantly
increased PARP-1 levels. Following recovery, PARP-1 expression in cells significantly
decreased and protein levels were found to be no significantly different than those of healthy
cells These findings suggest that anastasis proceeded in photoreceptor cells and that following
recovery, cells were able to regain normal PARP-1 regulation.

The presence of cleaved-PARP-1 is another strong predictor and distinguisher between
healthy and apoptotic cells. Evidently, a myriad of previous studies associated caspase-3
facilitated cleavage of PARP-1 with various neurodegenerative and neurological diseases
(Chaitanya et al., 2010). Caspase-mediated apoptosis is characterized by the cleavage of key
function and survival proteins, such as PARP-1, by caspases (Fischer et al., 2003; Kaufmann et
al., 1993; Tewari et al., 1995). Consequently, increased levels of cleaved-PARP indicate greater
activation of the apoptosis pathways. Our results found that healthy photoreceptors expressed the
expected low baseline levels of cleaved-PARP protein, whereas apoptotic cells had significantly
greater expression. After 48 hours of recovery, photoreceptors displayed significantly decreased
cleaved-PARP-1 expression than during apoptosis, suggesting that the apoptotic pathway was
less activated in cells undergoing anastasis. Furthermore, recovery cells and control cells were
found to have no significant difference in cleaved-PARP-1 protein levels. These findings suggest
that after a recovery period, photoreceptor cells were able to reverse apoptosis induction by no
longer upregulating PARP-1 and cleaved-PARP-1 expression and revert their protein levels back
to expected levels of healthy cells.

IERS, EGR1, and FOS were genes tested based on a paper by Sun et al., suggesting that
they are part of an “anastasis profile” of gene expression changes which could serve as markers
for anastasis. The exact functions and mechanisms of these genes in anastatic cells remain to be
elucidated. With that being said, we found that IERS mRNA expression was significantly greater
in cells undergoing anastasis compared to both apoptotic and control cells. Another study also
found hyperexpression of IERS in anastatic cells compared to control cells (Sun et al., 2017). In
regards to EGR1, it has been shown to be an anastasis marker (Sun et al., 2017), but there are
contradictory reports if its expression induces apoptosis or if it is protective (Dong et al., 2022;
Yietal., 2018; Sun et al., 2017; Tang et al., 2017; Huang et al., 1998). Our results found that
apoptosis-induced cells exhibited significantly less mRNA expression of EGR1 compared to

control cells. However, after the stressor was removed and cells were allowed to recover for 48
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hours, anastatic cells showed the same EGR1 expression as controls, suggesting that in this case
EGR1 may have protective effects. Our findings differ from other studies which found that
EGRI1 gene expression was upregulated (Fold change > 1) compared to untreated, control cells
(Tang et al., 2017; Sun et al., 2017). We also observed that FOS expression was significantly
greater in recovery cells in comparison to both control and apoptotic cells. These results are
similar to previous findings where some studies also reported detecting significant upregulation
of FOS gene expression in anastatic cells compared to untreated, control cells (Tang et al., 2017;
Sun et al., 2017).

Whilst this study does introduce a promising, novel concept to photoreceptor cells, there
are still some major limitations. Primarily, anastasis has mostly been studied either in cancer
cells or in vitro. This study, too, employs a cell culture model to evaluate and examine the
mechanism. Anastasis has yet to be demonstrated in human retinal tissue, but in order to even
consider therapeutic uses for anastasis, human relevance will have to be tested.

Additionally, recent studies have revealed that non-apoptotic death mechanisms —
autophagy and necroptosis — are also greatly active processes involved in cell death (Murakami
et al., 2013). A study by Murakami et al. observed both apoptotic and non-apoptotic pathways to
have direct implications in photoreceptor cell death in retinal detachment (RD) (Murakami et al.,
2013), and one by Mitter et al. indicates deficiencies in autophagy may play a role in age-related
macular degeneration (AMD) (Mitter et al., 2012). Consequently, the possibility likely exists that
additional death processes, on top of apoptosis, will also require regulation to achieve full
neuroprotection. With that said, it seems mechanisms by which cells can reserve and survive
necroptosis, which is caspase-independent, may exist (Mohammed et al., 2022; Grootjans et al.,
2017). Nevertheless, because apoptotic, autophagic, and necrotic pathways are all involved in
photoreceptor cell death, targeting all three mechanisms in combination is likely the most
effective and promising neuroprotective strategy against retinal neurodegeneration.

Accordingly, for the overarching goal regarding treatments for substantial PR loss and
resulting neurodegeneration, mechanisms protecting against all three death pathways should be
examined. Even within apoptosis itself, this study only investigated the intrinsic pathway —
likewise, anastasis in the extrinsic pathway remains to be elucidated. Previous studies have
indicated that during apoptosis cells upregulate certain genes in preparation for anastasis, but if

stress continues these mRNAs are degraded and apoptosis continues (Sun et al., 2017).
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Additionally, studies propose the degree of nuclear fragmentation appears to be a potential
indicator of the irreversible point of apoptosis (Tang et al., 2009). Ergo, next steps also include
testing more time points along the apoptotic pathway and death cascade to determine the latest
point the stressor can be removed for anastasis to still occur. Moreover, when STS was the
apoptosis inducer used, Sun et al. observed the presence of 44 early-response genes in anastasis,
as well as a subset even in apoptosis (Sun et al., 2017). Likewise, further studies could examine
the expression of more of such markers in photoreceptor cells to gain better understanding of the
mechanisms of anastasis. Potential markers of interest could include proangiogenic factors such
as TGFp, Snaill, and PGF, as they have been predicted to enrich anastasis by stimulating
nutrient supply, blood vessel growth, and degradation of cellular waste — all which may be vital
in recovering photoreceptors (Sun et al., 2017; Tang et al., 2018).

Limitations notwithstanding, this study also has its strengths. We demonstrated that
anastasis occurs in retinal photoreceptor cells, which — when allowed to recover — regain

normal morphology and cell functions.
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Appendix

Raw Data from MTT Assay at Varyving Drug Concentrations

Control
100
100
100
100
100
100

Raw Data from Crystal Violet Assay at Varving Drug Concentrations

0.05pM

70.35519
69.95769
74.44279
79.23323
68.07947
72.94618

0.1pM

59.28962
62.76446
65.82467
69.32907
52.98013
56.37394

0.2pM

63.25137
63.04654
69.39079
75.07987
52.31788
57.64873

0.3uM
57.24044
60.6488
65.3789
68.37061
53.24503
56.79887

Control
100
100
100
100
100
100

0.05pM

60.17029328
60.44025157
87.50584932
76.52851867
75.50857599
76.27603103

0.1pM

58.75118259
59.62264151
89.98596163
80.05744768
84.52333466
72.31523071

0.2pM

54.99842321
57.57861635
97.09873655
79.68814116
64.02074192
63.25030625

0.3uM
50.61494797
48.71069182
70.4258306
66.43414034
64.81850818
67.33360555

Raw Data from Crystal Violet Assay after 24hrs Recovery

Treatment group.

Control
0.02pM
0.03pM
0.04pM
0.05pM

100

84.42467
60.45772
53.21043
46.85315

100
84.1068
62.74634
58.10553
45.39097

Anastasis - Recovery (24hrs) group.

Control
0.02pM
0.03pM
0.04pM
0.05pM

100

80.06206
73.50659
70.28704
45.49263

End Point group.

Control
0.02pM
0.03pM
0.04pM
0.05pM

100
56.0419
50.16835
43.02282
30.49009

100

80.52754
72.96354
69.16214
35.61404

100
86.32789
69.87296
69.14701
33.1337

100

90.08264
67.57788
62.11062
43.03878

100
85.49263
68.96819
66.09775
29.0384

100

75.33265
72.72262
55.88536
29.02866

48

100

71.64654
64.78067
61.34774
42.27591

100

85.02715
68.03724
69.00698
39.90344

100

74.45514
72.57983
58.74303
27.83376

0.4pM

37.43169
43.15938
45.46805
31.62939
23.17881
24.36261

0.4pM

45.53768527
42.29559748
81.60973327
59.25318014
53.64978061
70.11024908

100
80.29243
66.815
65.60712
52.89256

100
80.44996
59.8526
58.99922
39.41198

100

79.70348
70.80777
62.93456
21.86094

0.5pM
19.2623
22.28491
31.20357
33.86581
24.37086
25.92068

100
79.78385
64.78067
64.58996
51.8754

100

81.22576
59.34833
60.35687
38.76259

100
51.82882
51.2436
43.48939
39.48061



Raw Data from Crystal Violet Assay after 48hrs Recovery

Treatment group.

100 100

78.66498 81.37441
44.52894 62.36967
81.58006 51.37441
31.09421 34.02844

100 100

95.09124 94.43582
93.18941 93.27122
88.17785 93.71118
74.14546 82.50518

100 100
68.15729 56.4441
63.96813 78.67495
70.34181 58.20393

Control 100
0.02pM 56.53595
0.03pM 65.45285
0.04pM 35.57423
0.05pM 30.39216
Anastasis - Recovery (48hrs) group.
Control 100
0.02pM 94.96366
0.03pM 79.9325
0.04pM 89.09657
0.05pM 78.71236
End Point group.
Control 100
0.02pM 76.40187
0.03pM 72.19626
0.04pM 60.64382
0.05pM 43.71755

52.17168 56.90994

100
77.5463
42.96296
46.2963
37.68519

100
92.69395
93.09566
86.06578
80.1406

100
57.77052
43.4346
52.7994
55.36028

Raw Data from Western Blot of PARP after 48hrs Recovery

PARP
Control
1
1
1

Cleaved-PARP
Control
1
1
1

Treatment
2.541243
1.544441
1.812122

Treatment
1.978329
2.585321
1.487752

49

100 100*
82.51366 79.78385*
73.72081 64.78067*
53.50224 64.58996*
42.57327 51.8754*

100 100*

93.71311 81.22576*
87.40056 59.34833*
85.91224 60.35687*
68.89915 38.76259*

100 100*
62.86887 51.82882*
66.41006 51.2436*
58.71183 43.48939*
50.39774 39.48061*

Treatment + Recovery
1.11811

0.895587

0.890831

Treatment + Recovery
0.236763
0.803743
1.013938



Raw Data from RT-PCR after 48hrs Recovery

IERS
Control
1
1

EGRI1
Control
1
1

FOS
Control
1
1

Treatment
3.93953475759807
4.0675966417752

Treatment
0.633384444403067
0.554721711095046

Treatment
1.56969400675752
1.74432364532369

50

Treatment + Recovery
6.37463898484774
5.34461047299617

Treatment + Recovery
0.947724351149127
0.849837464982425

Treatment + Recovery
2.77133653919264
3.2288375094763

End Point
1.63879184501778
1.54514557909436

End Point
0.73347184870588
0.80718966809818

End Point
1.20194760802633
1.92568357129139



