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Abstract

Whether a cell lives or dies is controlled by an array of intercepting and dynamic molecular
pathways. Although there is evidence of neuronal loss in Alzheimer’s disease (AD) and multiple
programmed cell death (PCD) pathways have been implicated in this process, there has been no
comprehensive evaluation of the dominant pathway responsible for cell death in AD. Likewise, the
relative dominance of survival and PCD pathways in AD remains unclear. Here, we present the
results of hypothesis-driven bioinformatic analysis of PCD and survival pathway activation in
paired methylation and expression data from the middle temporal gyrus as well as expression from
laser-captured cells from the middle temporal gyrus and hippocampus. The results not only
indicate activation of cell death pathways in AD—of which apoptosis is responsible for the largest
fraction of upregulated genes—»but also of cell survival pathways. These results are indicative of a
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complex balance between survival and death pathways in AD that future studies should work to
delineate at a single cell level.

1. Introduction

Alzheimer’s disease (AD) is the most prevalent form of neurodegeneration (Mayeux and
Stern, 2012), conventionally characterized by the accumulation of protein conglomerates
intra- and extracellularly (Bierer et al., 1995; Blennow et al., 1996; Serrano-Pozo et al.,
2011), impaired synaptic function and loss (Blennow et al., 1996; Forner et al., 2017;
Masliah et al., 1994; Scheff et al., 1990; Scheff and Price, 1993; Serrano-Pozo et al., 2011),
and neuron death (Andrade-Moraes et al., 2013; Serrano-Pozo et al., 2011; Simi¢ et al.,
1997; Troncoso et al., 1996). Large losses of neurons in the hippocampus and cerebral
cortex have been reported in AD (Andrade-Moraes et al., 2013; Simi¢ et al., 1997) and
volumetric changes, presumably caused by neuronal loss, have been observed in the AD
brain (Chan et al., 2001; Schuff et al., 2012). Neuronal cultures treated with amyloid beta
(AP), one of the neurotoxic pathological hallmarks of AD, also show high rates of cell death
(Han et al., 2017; Kadowaki et al., 2005; Nieweg et al., 2015). Moreover, the prevalence of
cell death markers in AD neurons increase with disease severity, suggesting a direct impact
of cell death on cognitive decline and an opportunity for pharmaceutical intervention
(Troncoso et al., 1996). That said, the exact cell death pathway responsible for neuron death
in AD is an unresolved issue. Apoptosis (Albrecht et al., 2009; Selznick et al., 1999; Silva et
al., 2014; Stadelmann et al., 1999; Su et al., 2001; Troncoso et al., 1996), autophagy (Piras
et al., 2016; Theofilas et al., 2018), and necroptosis (Caccamo et al., 2017; Ofengeim et al.,
2017)—among other pathways—are all potentially responsible for neuron death in AD.
However, it remains unclear which pathway is dominant or, potentially, if there is a
combinatorial effect between co-activated death pathways.

There are currently twelve recognized programmed cell death (PCD) pathways that can be
further divided into three general categories: type | apoptotic, type Il autophagic, and type
111 necrotic PCD (Galluzzi et al., 2018). Of these, apoptosis is perhaps one of the best
mechanistically defined PCD pathway and is characterized by caspase activation, chromatin
condensation, nuclear fragmentation, and the formation of apoptotic bodies (Elmore, 2007;
Galluzzi et al., 2018). Apoptosis can be further separated into two distinct but intersecting
pathways: intrinsic apoptosis, which is activated by intracellular stress and results in
permeabilization of the mitochondrial membrane through caspase activation (Galluzzi et al.,
2018; Green and Llambi, 2015), and extrinsic apoptosis, which is precipitated by
extracellular stimuli communicated through transmembrane death receptors and the
formation of the death-inducing signaling complex (DISC) (Fulda and Debatin, 2006;
Galluzzi et al., 2018). Alternatively, cells can also undergo autophagic or necroptotic PCD.
Macroautophagy, hereafter referred to simply as autophagy, is characterized by the
formation of double membrane structures, known as autophagosomes, and the digestion of
enveloped intracellular material (Galluzzi et al., 2018; Green and Llambi, 2015). Because
autophagy is activated under nutrient deficient conditions and can promote cellular survival
in some circumstances, it has been contested whether autophagy is truly a PCD pathway
(Galluzzi et al., 2018). That said, it has been demonstrated that not only are elements of the
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autophagic pathway necessary and sufficient to induce cell death but that autophagy can also
catalyze the activation of and cooperate with other PCD pathways (Denton et al., 2012;
Galluzzi et al., 2018; Green and Llambi, 2015). Necroptosis—a form of necrosis—is
distinguished by activation of the RIP kinase cascade (Galluzzi et al., 2018; Li et al., 2012),
formation of the necrosome (Galluzzi et al., 2018; Li et al., 2012), and loss of plasma
membrane integrity resulting in cell death (Linkermann and Green, 2014).

Evidence suggests that apoptosis is heightened in AD brains (Albrecht et al., 2009; Selznick
etal., 1999; Silva et al., 2014; Stadelmann et al., 1999; Su et al., 2001; Troncoso et al.,
1996). TUNEL staining, a proxy for apoptosis, is higher in AD neurons (Silva et al., 2014;
Troncoso et al., 1996) and levels of caspase 3, an executioner caspase, has also been reported
to be elevated in AD neurons from the entorhinal cortex, frontal cortex, and hippocampus
(Selznick et al., 1999; Stadelmann et al., 1999; Su et al., 2001). In addition to its function in
apoptosis, caspase 3 can also cleave APP, the precursor to the amyloid plaques present in
AD (Zhang et al., 2011). Caspases 1, 6, 7, 8, and 9 are also have been suggested to be
involved in AD pathogenesis (Albrecht et al., 2009; Burguillos et al., 2011; Matsui et al.,
2006; Rohn et al., 2002; Thawkar and Kaur, 2019). Aside from apoptosis, research suggests
that autophagy (Piras et al., 2016; Theofilas et al., 2018) and necroptosis (Caccamo et al.,
2017; Ofengeim et al., 2017) also occur at a higher rate in AD. LC3, a macroautophagic
marker is higher in AD neurons in both familial and sporadic AD cases (Piras et al., 2016;
Theofilas et al., 2018) and, in the case of familial AD, these changes correlated with levels
of tau hyperphosphorylation (Piras et al., 2016). Transcriptomic and proteomic changes to
the RIPK pathway have also been reported in AD neurons, suggesting activation of
necroptosis (Caccamo et al., 2017; Ofengeim et al., 2017). This is particularly interesting
because, although autophagy can cooperate with other PCD pathways and be activated
simultaneously, necroptosis and other PCD pathways are mutually exclusive (Denton et al.,
2012; Galluzzi et al., 2018; Green and Llambi, 2015). Additionally, it is also possible
neurons are undergoing cell cycle reentry in AD: several cell cycle proteins have been found
to be elevated in AD hippocampal neurons while multiple cell cycle inhibitors have been
shown to be suppressed (Busser et al., 1988; Yang et al., 2003).

Despite PCD activation and neuron loss in AD, evidence also indicates that neurons can
survive for decades with AD pathology (Morsch et al., 1999). It is currently projected that
AD development may start significantly earlier—perhaps decades—before clinical
presentation (Bloss et al., 2008; Okonkwo et al., 2012; Talboom et al., 2019), suggesting
compensatory pathways are activated to counteract the neurotoxic effects of the disease.
Multiple intersecting pathways that respond to cytotoxic stress, promote cellular repairs, and
inhibit cell death may be candidates for a compensatory mechanism in AD. These include
the PIBK/AKT (Brunet et al., 2001; Cardone et al., 1998; Heras-Sandoval et al., 2014;
Morita et al., 2015), the MAPK (Kim and Choi, 2015; Wagner and Nebreda, 2009), and NF-
kB (Bours et al., 2000; Lawrence, 2009; Nikoletopoulou et al., 2013; Pires et al., 2018)
signaling pathways. The PI3K/AKT pathway strongly promotes survival and suppresses
apoptosis (Cardone et al., 1998; Heras-Sandoval et al., 2014), regulates autophagy through
AKT-mediated phosphorylation of mTOR (Heras-Sandoval et al., 2014; Morita et al., 2015),
and suppresses apoptosis directly through phosphorylation of apoptotic proteins (Cardone et
al., 1998; Heras-Sandoval et al., 2014) as well as indirectly through regulation of pro-
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apoptotic gene expression (Brunet et al., 2001). Likewise, both MAPK/ERK and NF-xB
pathways can be activated in response to stress and promote cellular survival through
indirect and direct mechanisms (Kim and Choi, 2015; Lawrence, 2009; Pires et al., 2018;
Wagner and Nebreda, 2009). Although all three signaling pathways discussed above may
mitigate the cellular stress present in AD and promote cell survival, they may also lead to
neuropathology and, in the case of MAPK and NF-xB, cell death. Hyperactivation of the
PI3K/AKT pathway has been reported in AD (Heras-Sandoval et al., 2014) as well as higher
levels of phosphorylated proteins downstream of AKT—including tau (Griffin et al., 2005).
Moreover, both have been implicated in AD pathogenesis. Expression and phosphorylation
of p38, a MAP kinase, increased in neuronal culture exposed to Ap;_4» and correlated with a
decrease in apoptosis (Song et al., 2004) while kinases from the other two branches of the
MAPK pathway, JNK and ERK1/2, have also been implicated in AD (Kim and Choi, 2015).
Likewise, NF-xB regulates the expression of amyloid processing enzymes p- and y-
secretase (Chami et al., 2012) and is activated in response to AB1_4 in neuronal cell culture
(Shi et al., 2016; Song et al., 2004), potentially representing a cyclic mechanism of amyloid
accumulation in AD.

Understanding the combinatorial roles of PCD and stress-activated survival pathways in AD
is critical to understanding the origin and progression of the disease. To date, no
comprehensive census of PCD or stress-activated survival pathway activation in AD has
been conducted. In order to survey pathway activation in AD, we compiled gene lists from
nine pathways curated databases (Fabregat et al., 2017, 2014; Kanehisa et al., 2017, 2016;
Mi et al., 2010; Thomas et al., 2003) and tested respective pathway activation in AD in
multiple -omic datasets, using gene expression and methylation of pathway components as a
proxy for regulated pathway activation/suppression. All pathways selected have defined
roles in either PCD or acute stress-activated survival—hereafter referred to simply as
“death” and “survival” pathways, respectively. Additionally, senescence was included among
the survival pathways because evidence suggests that a form of neuronal senescence occurs
in AD (Baker and Petersen, 2018; Chinta et al., 2015; Tan et al., 2014) and activation of
senescence in AD may be related to cellular stress (Baker and Petersen, 2018; Chinta et al.,
2015; Rufini et al., 2013) but senescent pathway activation alone is insufficient to cause cell
death (Galluzzi et al., 2018). The data tested included paired DNA methylation and gene
expression data from the middle temporal gyrus from age-matched AD cases and non-
diseased (ND) controls (Piras et al., 2019), gene expression from laser-captured micro-
dissected (LCM) neurons from the middle temporal gyrus and hippocampus from AD and
ND brains (Liang et al., 2007), and RNA sequence data from LCM hippocampal neurons
and glia (Mastroeni et al., 2017). The integration of these data allows for an investigation of
1) the regulatory and comparative significance of DNA methylation to death and survival
pathway activation in AD, 2) neuron-specific changes in death and survival pathways across
brain regions, and 3) cell-type specific changes to the selected pathways in AD. Together,
this analysis represents a robust endeavor to approximate pathway activation among multiple
death and survival pathways, illuminating a complex balance between cell death and survival
in AD.
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2. Materials and Methods

2.1. Study Approval and Consent

Written informed consent for autopsy was obtained for all cases in compliance with
institutional guidelines of Banner Sun Health Research Institute. Banner Sun Health
Research Institute review board approved this study including recruitment, enroliment, and
autopsy procedures. All donors and their respective next-of-kin consented to brain autopsy
for the purpose of research analysis as participants in the Arizona Study of Aging and
Neurodegenerative Disorders/Banner Sun Health Research Institute Brain and Body
Donation program (Beach et al., 2015).

2.2. Sample Description

Banner Sun Health Research Institute Brain and Body Donation Program provided 404
samples from the middle temporal gyrus (area 21) consisting of 225 cases with Alzheimer’s
disease (AD) and 179 non-demented (ND) cases. The tissue was collected within hours of
death (average postmortem delay = 2.6 hours) and stored at —80 °C. The diagnosis of AD
was based on clinical assessment and subsequent examination postmortem by a board-
certified neuropathologist, with AD defined as “intermediate” or “high” classification with
National Institute on Aging Reagan Institute criteria (Ball et al., 1997). More AD cases are
female than male (55.1% compared to 42.5% of ND cases) and the mean age of the AD
cases was 83.28 years +/- 8.00 (compared to 84.18 +/- 7.68 in ND). There was no
significant difference in the age distribution (XZ =51.57, p-value = 0.148) between AD and
ND samples.

2.3. Hypothesis Testing: Pathway and Gene Selection

Rather than conduct an unbiased analysis, only genes from pathways of interest with robust
curated pathways were selected for analysis and compared among the datasets, allowing for
a hypothesis-testing approach (Figure 1). Five established cell death (intrinsic apoptosis,
extrinsic apoptosis, necroptosis, necrosis, and autophagy) (Denton et al., 2012; EImore,
2007; Galluzzi et al., 2018; Green and Llambi, 2015; Linkermann and Green, 2014) and
three survival pathways (PISK/AKT, NF-xB, and JNK signaling axes) were identified from
existing literature for their respective influence on cell death or survival in the event of acute
stress (Brunet et al., 2001; Cardone et al., 1998; Heras-Sandoval et al., 2014; Kim and Choi,
2015; Lawrence, 2009; Morita et al., 2015; Pires et al., 2018; Wagner and Nebreda, 2009).
Nine-hundred and twenty-eight genes were selected from 15 curated pathways representing
eight pathways pooled from three databases (KEGG (Kanehisa et al., 2017, 2016),
Reactome (Fabregat et al., 2014), and PANTHER (Mi et al., 2010; Thomas et al., 2003)).
Minimal gene overlap is present between death and survival pathways (Supplemental Fig
3B) or amongst individual pathways (Supplemental Fig 3C-D), indicating that the selected
pathways each represent a unique set of genes distinguishable from other pathways. An atlas
of significant genes from pathways selected from this study, their pathway 1D, and the
database of origin can be found in Supplemental Table 1. These genes of interest were then
analyzed in each of the datasets and only significantly differentially methylated or expressed
genes (adjusted p-values < 0.05) were compared among the datasets.
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2.4. Methylation Microarray Preparation

Approximately ~76 mg of MTG from each of 404 cases was treated with lysis buffer to
decompose the tissue (100 mM Tris.HCI pH 8.5, 5mM EDTA, 0.2% SDS, 200 mM NacCl,
100 ug/ml Proteinase K (Sigma)) and incubated overnight at 55°C. A handheld pestle mixer
(Kontes) was used periodically during incubation to further disassemble the tissue. The
samples were treated with 4 uL of RNase A (Qiagen, 19101) at room temperature for 30
minutes. An equal volume of phenol/chloroform/isoamyl alcohol (Sigma, P3803) was added
to each sample and samples were vortexed and subsequently rocked for five minutes. The
samples were then centrifuged at room temperature for 10 minutes (10,000 RPM). The
aqueous phase was collected and treated with ethanol overnight at —20°C. The precipitate
was isolated and resuspended in 50 uL of TE buffer (pH 8.0) and stored at —20 °C. One
microgram (1 ug) of extracted genomic DNA was treated with bisulfite. Bisulfite-treated
DNA was then amplified using whole-genome amplification using a hexamer primer.
Samples were randomly assorted among nine lllumina Infinium 450K arrays and annealed.
The chips were read using the iScan System.

2.5. Methylation Microarray Normalization and Analysis

The raw light-intensity values were extracted from the .idat files using R (version 3.4.2) and
normalized using the minfi (version 1.23.4) (Aryee et al., 2014) and sva (version 3.26.0)
(Gagnon-Bartsch et al., 2013; Gagnon-Bartsch and Speed, 2012) packages. Bisulfite
conversion rate was assessed per sample via the wateRmelon package (version 1.28.0) and
the distribution of the bisulfite control probes were graphically assessed using minfi. A
histogram of the sample bisulfite conversion rate is available in supplemental figures (Fig
S1). Poorly performing probes (detection p-value > 0.05) and probes located on either sex
chromosome were removed from the dataset (remaining samples = 404; remaining probes =
389,849. Methylation data from the nine arrays were combined and functional
normalization, which was employed to remove unwanted variation using the lllumina 450K
control probes, in concert with background normalization, performed using the NOOB
algorithm (minfi) (Aryee et al., 2014). In addition to functional normalization, the ComBat
algorithm was used to remove batch effects from the data (sva version: 3.30.1) (Gagnon-
Bartsch and Speed, 2012). Differentially methylated positions (DMPs) and regions (DMRS)
related to diagnosis (AD or ND) were identified using the minfi dmpfinder and bumphunter
algorithms, respectively. Benjamini-Hochberg and g-values were used to filter significantly
differentially methylated loci prior to being cross-referenced with genes of interest. All
significant sites CpGs were cross-referenced with the potential confounding SNPs provided
by Illumina. Rather than removing the CpGs from the analysis, significant probes with a
confounding SNP within 10 base pairs of the CpG and a minor allele frequency greater than
0.05 were marked in the supplemental materials (Supplemental Table 2). Raw and
normalized DNA methylation data have been deposited in the Gene Expression Omnibus
(GEO) database (accession: GSE134379).

2.6. Acquisition and Analysis of Opensource Datasets

In addition to the methylation data, three additional expression datasets were retrieved either
through GEO or the supplemental data of the associated publication. The accessory datasets
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include expression data from the middle temporal gyrus derived from a subset of the
samples used in the methylation array (GSE132903) and LCM neurons from the same brain
region (GSE5281) as well expression array data from multiple cell types laser-capture
micro-dissected from the hippocampus (Mastroeni et al., 2017) (Table 1). No additional
normalization or batch correction was performed after acquisition. Linear models were
constructed in R with gene expression as a function of patient diagnosis (AD or ND) using
the eBayes function from the /imma package. In the case of the LCM hippocampus data,
significant findings reported by the original authors were simply integrated into the analysis.
All p-values were FDR-corrected and reported besides expression changes in supplemental
data (Supplemental Tables 3-8).

3. Results

3.1. DNA Methylation Changes in Death and Survival Pathways in AD Middle Temporal

Gyrus

Of the 1112 unique genes (2190 lllumina 450K probes) associated with a statistically
significantly differentially methylated CpG in the AD middle temporal gyrus (adjusted p-
value < 0.05), 72 genes (97 probes) fell within at least one of the nine curated cell death and
survival pathways selected for the study. Among the 72 significant differentially methylated
genes from the curated pathways, there was no significant trend in methylation status (x2 =
0.06; p-value = 0.8084). Further, there was no significant discrepancy between hypo- and
hypermethylation between death and survival pathways among these genes (XZ =1.41;p-
value = 0.2348). Most of the significantly differentially methylated genes are exclusively
included in the selected survival—rather than death—pathways (survival = 70.6%; death =
20.6%; both = 8.8%). Aside from MAPK pathway, in which the majority of genes (60.0%)
are hypermethylated, the remaining three survival pathways consist of mostly
hypomethylated genes in AD (NF-xB = 75.0%; senescence = 71.4%; PISK/AKT = 62.5%),
suggesting the possibility that these genes have higher expression levels in AD (Fig 2A).
Interestingly, the reverse is true for the majority of the programmed cell death genes. Aside
from the necrotic and necroptotic pathways, in which all the significant genes are
hypomethylated (necroptosis = 4; necrosis = 2), at least fifty percent of genes in the
remaining pathways are hypermethylated (autophagic cell death = 80.0%; extrinsic
apoptosis = 72.7%; intrinsic apoptosis = 50.0%), indicating potential suppression of these
pathways in AD.

3.2. Correlated Gene Methylation and Expression in AD Middle Temporal Gyrus

Expression data were generated from the middle temporal gyrus of half of the same samples
used in the methylation study using an lllumina HT12 V4 beadchip (Piras et al., 2019). Five-
hundred and forty-five of the statistically significant differentially expressed genes
intersected with at least one of the selected pathways used in this study. Of these, 58.0% and
42.0% displayed an increase and decrease, respectively, in expression in AD at statistically
significant levels (X2 = 14.24; p-value = 0.0002). The majority of the differentially
expressed genes fell within the MAPK/ERK pathway (218 genes) followed by senescence
(85), extrinsic apoptosis (56), and intrinsic apoptosis (55) (Fig 3A). In the majority of the
cell death and survival pathways, excluding autophagic death and the MAPK/ERK pathway,
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the number of genes with elevated expression was higher than those with lower expression
per pathway (Fig 3A). Both cell death and survival pathways were statistically significantly
more likely to contain genes with heightened expression in AD (cell death pathways: XZ =
12.97, p-value = 0.0003; survival pathways: Xz = 6.05, p-value = 0.0139).

Because the expression data from the middle temporal gyrus were derived from a randomly
selected subset of the samples used to generate the methylation data, it is particularly
interesting to compare the two for the purpose of identifying genes that are both
differentially methylated and expressed in AD (adjusted p-value < 0.05). Forty-nine genes
(68.1% of the significant methylation and 8.4% of the significant expression results) from
the selected pathways were both significantly differentially methylated and expressed in AD.
Within these genes, there is a significant negative correlation between methylation and
expression (Pearson r=-0.32, p-value = 0.0234). Approximately three quarters of the
shared forty-nine genes had changes in expression that were consistent with the methylation
profiles of the genes (hypomethylation and increased expression vs. hypermethylation in
decreased expression) (Fig 2B). The majority of the congruent genes (hypomethylation and
increased expression or hypermethylation and decreased expression) fall within one of the
survival pathways (65.3%), particularly MAPK/ERK signaling (Fig 2C).

Because DNA methylation can influence gene regulation and expression, the consistency
between methylation and expression in this subset of genes may be indicative of a consistent
regulatory change in AD rather than stochastic dysregulation. Moreover, the preponderance
of congruent survival genes (65.3%)—genes that are both significantly hypomethylated and
have increased expression or hypermethylated and have decreased expression—between the
middle temporal gyrus methylation and expression results may be suggestive of systematic
regulatory changes of these pathways at the epigenomic level. Such genes include regulators
of the NF-xB pathway activation, /KBKE and IFIHI, which are both hypomethylated/
increased in AD as well as multiple receptors that promote the activation of MAPK/ERK
and PI3K/AKT signaling (CACNA1G, CACNAZDI, RAC1, RASGRP1, SYNGAFI), all of
which are hypermethylated/decreased in AD. Although a smaller proportion of the
congruent genes are involved in death pathways, those that are (hypo/inc: STAT3; hyper/
dec.: MADD, PRKCB, PRKCD) are potent regulators of cell death. Together, these results
are indicative of a systematic and regulated changes in activity of death and survival
pathways in AD.

3.3. Expression Profiles from LCM Neurons Mirror Homogenate Data

To further isolate the neuron-specific changes in AD, gene expression data from LCM
neurons from the middle temporal gyrus and hippocampus were acquired from GEO
(accession = GSE5281) (Liang et al., 2007) and analyzed for AD-related expression
changes. In total, 284 (increased expression in MTG = 32.7%) and 150 (increased
expression in HC = 62.7%) genes in LCM neurons from middle temporal gyrus and
hippocampus, respectively, were significantly differentially expressed (FDR < 0.05) in AD
and fell within one of the selected pathways. Except for the necrosis pathway, most of the
genes in selected pathways were downregulated in AD middle temporal gyrus neurons (Fig
3B), mirroring the expression changes in survival pathway genes observed in middle
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temporal gyrus homogenate data (Fig 3A). In contrast, all the pathways in the LCM neuron
hippocampus data have more upregulated genes than not (Fig 3C). Ninety-three genes were
significantly differentially expressed in both the hippocampus and middle temporal gyrus
neurons and, of these, the expression of 75% were significantly positively correlated among
brain regions (Pearson r=0.59, p-value = 3.818E-10). Senescence (15 genes) and intrinsic
apoptosis (7 genes) were enriched among the shared upregulated genes while MAPK genes
(25 genes) were enriched in the shared downregulated genes.

One hundred and eighty-seven significantly differentially expressed genes (p-adjusted value
< 0.05) were shared between the middle temporal gyrus homogenate and LCM middle
temporal gyrus neuron data. The log,-transformed fold change among the shared genes was
significantly positively correlated (Pearson’s r= 0.6030; p-value < 2.2E-16) and over three
quarters of the genes had consistent directional change in expression between the two
datasets (increased expression: 53; decreased: 91) (Fig 4A). Among the shared genes,
expression changes were significantly related to pathway type (survival, death, or both) (x 2
= 13.00; p-value =0.0015). Forty-nine percent of shared upregulated genes are involved in
survival pathways (XZ = programmed cell death pathways (X2 =40.07; p-value =
1.995E-09), illustrating possible survival pathway activation and death pathway
transcriptomic suppression middle temporal gyrus neurons in AD. Notably, several
regulators of cell cycle and senescence are included among the upregulated genes
(ANAPCI16, ETS1, CCND1, CMGC, CDKNZC, FZR1I) in addition to CFLAR, whose gene
product has been implicated in directly preventing caspase-mediated apoptosis (Fig 4B).
Likewise, several cell death genes—particularly those involved in the regulation and
initiation of intrinsic apoptosis—are decreased in AD neurons (BCL2L2, BCL2L 10,
CDKNZA, PRKCB, PRKCE, YWHAZ, and YWHAH) (Fig 4B). These data are indicative
that the activation of survival and inhibition of death pathways in the middle temporal gyrus
homogenate results have, to some extent, a neuronal source.

3.4. Death and Survival Pathways in LCM Neurons and Glia

The middle temporal gyrus homogenate data represents an amalgam of expression profiles
from multiple cell types besides neurons. In order to approximate the contribution of
nonneuronal cells to the effect on cell death and survival pathway expression in the middle
temporal gyrus homogenate data, genes from the selected pathways were cross-referenced
with the significant gene lists from hippocampal neurons, astrocytes, and microglia RNA
sequencing data (Mastroeni et al., 2017). Because few significant genes were identified
(microglia: SRC; neurons: MCM5 and /F/H1), the enrichment analysis was expanded to
include nominal genes (unadjusted p-value < 0.05). Across all three cell types, the MAPK
pathway had the highest level of nominally differentially number of genes (neurons: 26,
astrocytes: 10, microglia: 26) (Fig 3D-F). Parallel to the middle temporal gyrus dataset, the
death pathway genes were mostly downregulated in neurons and astrocytes (Fig 3E-F).
Likewise, the trend of increased expression in survival pathway gene expression in all three
cell types mirrored the middle temporal gyrus homogenate data. Similarly, there was
minimal overlap among the nominally differentially expressed AD genes in the hippocampal
neuron and glial data (Fig S5). Only one gene, DFFA, was differentially expressed in all
three cell types (HC neurons logFC: —2.16; HC microglia log,FC: —2.63; HC astrocytes

Neurobiol Aging. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brokaw et al.

Page 10

log,FC: 4.33). Despite, the lack of overlap among the hippocampal datasets, a large
proportion of differentially expressed genes in the hippocampus overlap with the significant
results from the middle temporal gyrus homogenate data. Overall, 48.3%, 41.5%, and 35.5%
of the nominally differentially expressed genes from the hippocampal microglia, neurons,
and astrocytes, respectively, were significantly differentially expressed in the middle
temporal gyrus homogenate expression data. In all three cell types, most genes that intersect
the middle temporal gyrus homogenate data are within the MAPK pathway (microglia: 10
genes; neurons: 8; astrocytes: 5). However, in both microglia and neurons, the senescence
pathway was also enriched (13.3% and 21.4% of nominal genes overlapping with the middle
temporal gyrus in microglia and neurons, respectively).

4. Discussion

Many death pathways have been suggested to be responsible for neuron death in AD,
including apoptosis, autophagy, and necroptosis (Albrecht et al., 2009; Caccamo et al., 2017,
Ofengeim et al., 2017; Piras et al., 2016; Selznick et al., 1999; Silva et al., 2014; Stadelmann
etal., 1999; Su et al., 2001; Theofilas et al., 2018; Troncoso et al., 1996). Of the curated cell
death pathways selected for this study, intrinsic and extrinsic apoptosis combined had the
highest number of significant genes across all the datasets (Figs 2 and 3). These genes
include essential pro-apoptotic genes such as CASP8and B/D, which are both
hypomethylated and have higher expression in AD cases in the middle temporal gyrus
homogenate data (Supplemental Table 3). Multiple caspases (CASPZ2, CASP3, CASP6, and
CASP7), members of the Bcl2 gene family (BBC3and BAK1), and p53 associated genes
(7P53AP1 and TPF3BP2) were expressed at significantly higher levels in the AD middle
temporal gyrus. Additionally, other pro-apoptotic genes (APAF1, APIF, ATF4, DDIT3,
DFFB, GZMB, HRK) were expressed at significantly elevated in AD middle temporal gyrus
while multiple anti-apoptotic genes have significantly reduced expression in the AD (BAG/,
BCL2L 10, BCL2L2 PRKCE, YWAHB, YWHAE, YWHAG, YWHAH). The single neuron
expression profiles from both the hippocampus and the middle temporal gyrus are reflective
of similar changes in expression among apoptotic genes (Supplemental Tables 4-5).
Together, these results are suggestive of an upregulation of apoptotic pathways in AD
neurons. In contrast, although some autophagic (A7G3, ATG101, ATG12, ATG16L2,
MLST8, RHEB, STK11, SQSTMI) and necroptotic (R/PK1and MLKL) genes were also
upregulated in AD, far fewer were significant than in the apoptotic pathways (Figs 2 and 3),
suggesting that apoptosis may be more dominant in AD neurons than the other forms of cell
death examined in this study. This does not exclude an assistive role for autophagy which
has been previously demonstrated to activate and cooperate with apoptosis (Denton et al.,
2012; Galluzzi et al., 2017; Green and Llambi, 2015)—although this is not necessarily the
case for necroptosis. The inhibitory, mutually exclusive relationship between apoptosis and
necroptosis (Galluzzi et al., 2018) and the relatively small number of significant pro-
necroptotic genes found in the analysis suggests that in AD necroptosis accounts for a
smaller percentage of cell death than apoptosis.

Survival pathways also display patterns of DNA methylation and gene expression that
suggest activation in AD. In particular, the MAPK pathway had the largest number of
significant genes across all the datasets (Figs 2 and 3). In the middle temporal gyrus
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homogenate data, multiple MAP kinases (MAPK1, MAPK3, MAPK7, MAPK10, MAPK14)
and MAPK -activated kinases (MAPKAPZ2 and MAP3K11I) are present at significantly
higher levels in AD in addition to a number of genes that promote MAPK pathway activity,
including ARRBI1, ARRBZ, BRAF, ERRB2-4, KSR2, RAF1, RASAI-3 and WDR83
(Supplemental Table 3). Additionally, essential genes in the PI3K/AKT and NF-xB are also
upregulated, suggesting possible activation of these pathways in AD. Multiple subunits of
the PIBK/AKT complex (PI3KAPIL, PIK3CA, PIK3CD, PIK3CG, PIK3R1, PIK3R2) are
expressed at significantly higher levels in the middle temporal gyrus homogenate data in
addition to the NF-xB activator /F/H2, which is also hypomethylated, and two subunits of
the NF-xB complex (VFKB1 and NFKBIA). Increased expression of activators of the
MAPK, PI3K/AKT, and NF-xB pathways are reflected in the LCM neurons from the middle
temporal gyrus and, to a lesser extent, hippocampus (Supplemental Tables 4-5). Senescence,
which was included among the survival pathways because it is activated in response to stress
but does not necessarily result in cell death, had one of the highest proportions of genes with
increased expression across the examined datasets (Fig 3). Multiple genes that regulate the
cell cycle or promote senescence were hypomethylated in AD in the middle temporal gyrus
(CDK2, CDKN1B, SERPINEI) or demonstrated higher expression in AD across multiple
datasets (middle temporal gyrus homogenate: ANAPC4, ANAPC11, ANAPC16, CCND],
CCND3, CCNE, CDC16, CDC25A, CDC27, CDK2, CDK4, CDK6, CDKN1, CDKNZB,
CDKNZ2C, CHEK?Z, FZR1, RAD9A, SERPINE1, middle temporal gyrus neurons: ANAPCS,
ANAPCI6, CCNAIL, CCNBZ2, CDK1, CDK6, CDKNZA, hippocampal neurons: ANAPCS,
CDC25A, CDKE6), supporting the hypothesis of possible cell cycle reentry and a senescent-
like state in AD neurons (Baker and Petersen, 2018; Busser et al., 1988; Chinta et al., 2015;
Tan et al., 2014; Yang et al., 2003). That said, most of the datasets examined also had a
sizeable number of significant genes with lower expression from all four pathways (Fig 3),
indicating the activation of these pathways is not ubiquitous or absolute. Instead, combined
with the upregulated cell death genes explored in the previous section, these findings suggest
a dynamic interplay between cell survival and death pathway activation within the AD brain.

The high-throughput integrative nature of this study that lent power to simultaneously
evaluate nearly a dozen pathways across multiple datasets has natural limitations. All of the
data employed were derived from either homogenates (Piras et al., 2019) or LCM cells that
were pooled per sample prior to array preparation (Liang et al., 2007) or sequencing
(Mastroeni et al., 2017). Thus, it is unclear whether the tension between cell death and
survival pathways indicated by the data is the result of a balance occurring within individual
cells or among a population of cells each in a different stage of disease progression. It is
indisputably the case that different cell types have distinct roles in AD progression and, to
some extent, this is reflected in the differential expression patterns of nominal genes in the
LCM neurons and glia (Fig 3 D—F). However, the minimal number of significant genes,
which was likely a result of limited sample size (Mastroeni et al., 2017), made it difficult to
assess this effect. Likewise, the lack of significant genes in the LCM hippocampal neuron
sequencing data as well as platform differences are likely responsible for the lack of overlap
between the hippocampal neuron datasets (Supplemental Figure 4). Finally, all the data are
reflective of a static snapshots of gene methylation and expression. Thus, it is ill-equipped to
probe the dynamism of and interactions among these pathways or investigate trends in
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pathway activity over time. For instance, when activated under acute stress, both NF-xB and
MAPK have a positive effect on cell survival while chronic activation over an extended
period of time of these pathways can result in cell death (Bours et al., 2000; Lawrence,
2009; Wagner and Nebreda, 2009)—a transition that this study is ill-equipped to delineate.
A complete understanding of the interaction and contribution to AD progression of the
pathways examined in this study can only result from rigorous experimentation.

This study presents a unique hypothesis-testing approach of a selected set of curated
pathways—rather than a global inventory of significant genes—performed on multiple
homogenate and cell type specific datasets. The results, although not conclusive, suggest a
complex balance between survival and death pathway activity among populations of cells
and, perhaps, within a single cell in AD (Fig 5). Further laboratory work is necessary to
delineate the extent of pathway activation in AD, define potential transitional points in
pathway activity during disease progression, and determine whether survival and death
pathways are coactivated in individual cells in AD. We believe our findings provide a useful
framework for future work that, instead of looking at singularly at one pathway, addresses
global interactions among multiple pathways on a cellular and tissue level, leading to a
comprehensive molecular understanding of the balance between cell death and survival in
AD.
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. Five PCD pathways contain upregulated genes in Alzheimer’s disease (AD)
across multiple datasets

. Of these pathways, apoptosis has the largest proportion of upregulated genes

. Pathways attributed to cell survival also contain genes that are upregulated in
AD

. These results suggest a balance between cell death and survival pathway
activity in AD
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Hypothesis-Testing Analysis Pipeline. Curated genes from three databases (KEGG,
Reactome, and PANTHER) were retrieved for eight pathways selected for their role in either
promoting or hindering cell death. These unique 928 genes of interest were then analyzed in
one of six datasets that can be divided into two wings: 1) analysis of homogenate expression
and methylation data from the middle temporal gyrus (MTG) and, 2), cell type specific
expression data from LCM cells from the MTG and hippocampus (HC). From these six
datasets, the methylation/expression levels from only the significant genes of interest were
compared between the datasets. Relative pathway activation in AD was inferred by the
methylation/expression status of significant components contributed by each of the six
datasets, allowing for a pathway-rather than gene-centric interpretation of the results.
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Fig 2.

Integration of Middle Temporal Gyrus Methylation and Expression Data. Relative
methylation changes per pathway are represented in Figure 2A for all genes associated with
a statistically significant differentially methylated CpG (FDR < 0.05). Hypomethylated
genes (AD methylation < ND) are counted below the x-axis while hypermethylated genes
(AD > ND) are reported above. Figure 2B is a scatterplot of 49 genes that are both

significantly differentially methylated and expressed

(FDR < 0.05) in the AD middle

temporal gyrus. Genes are shaped and colored depending on pathway type (death = red
circles; survival = blue squares; both = purple triangles). The relationship between
methylation (hyper- or hypomethylated) and expression (increased or decreased) is
significantly correlated for this subset of genes (Pearson’s r=-0.32, p-value = 0.0234). A
table of congruent significant genes (hypermethylated and decreased expression or
hypomethylated and increased expression) is provided in Figure 2C.
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Fig. 3.

Gene Expression Changes in Middle Temporal Gyrus (MTG) and Hippocampus (HC) in
AD. The bar plots represent number of genes with an increased (above the x-axis) or
decreased (below) per pathway in AD. Results derived from the same study are encircled:
MTG homogenate expression (GSEI32903) (Piras et al., 2019), LCM neuron expression
from the MTG and HC (GSE5281) (Liang et al., 2007), and LCM glia and neuron
expression from the HC(Mastroeni et al., 2017). Note that the significance cutoff for Figures
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3A-C is FDR < 0.05 but, due to limited significant results in the HC glia and neurons, an
unadjusted alpha of 0.05 was applied to genes in Figures 3D-F.
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B Significant Differentially Expressed Genes
Shared Between MTG Homogenate and Neurons
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Integration of Expression Data from the Hippocampus and Middle Temporal Gyrus. The
log, transformed fold-change (logoFC) of shared significant genes (adjusted p-value < 0.05)
between MTG homogenate (GSE132903) and LCM MTG neurons (GSE5281) are
significantly positively correlated (Pearson’s r= 0.6030; p-value < 2.2E-16) (Fig 4A). Genes
with positively correlated expression (Q1 = increased and Q3 = decreased) are represented
as word clouds in Figure 4B. Word color corresponds to gene pathway type (survival = blue,
death = read, both = purple) and size is the product of the log, fold change in between the
datasets. Data are reported similarly for LCM MTG and HC neurons (GSE5281) (Fig 4C-

D).
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sustained activation results in cell death
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Fig 5.

leance Between Cell Death and Survival Pathway Activation in AD Neurons. Arrows
represent the relative contribution of pathway upregulation (represented by green arrows
above the x-axis) and downregulation (red arrows below the x-axis) in AD neurons. The size
of arrows is proportional to the average pathway contribution to total significant genes from
the middle temporal gyrus homogenate methylation and expression results (Sections 3.1 and
3.2) in conjunction with those from LCM neurons (Section 3.3). On a cellular level, we
hypothesize a transition from elevated survival to death pathway activity in AD neurons as
the disease progresses—especially as the MAPK and NF-xf pathways that, under acute
stress conditions promote cell survival, are activated chronically and begin to favor neuron
death.
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All additional data sources used in the analysis can be accessed via public databases (GSE132903 and
GSE5281) or through the original publication (Mastroeni et al., 2017).

1D Brain Region Cell Type Sample Size Platform Citation
(AD/ND)
GSE132903 | Middle temporal gyrus Homogenate 97/98 Illumina HumanHT-12 (Piras et al., 2019)
V4.0 Array
GSE5281 Middle temporal gyrus Neurons 10/13 16/12 Affymetrix hgU133 Plus (Liang et al., 2007)
and Hippocampus 2.0 Array
Hippocampus Neurons, 6/6 Illumina HiSeq 2000 (Mastroeni et al., 2017)
Astrocytes,
Microglia
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