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Abstract.

Background: While Alzheimer’s disease (AD) pathology is associated with altered brain structure, it is not clear whether
gene expression changes mirror the onset and evolution of pathology in distinct brain regions. Deciphering the mechanisms
which cause the differential manifestation of the disease across different regions has the potential to help early diagnosis.
Objective: We aimed to identify common and unique endotypes and their regulation in tangle-free neurons in sporadic
AD (SAD) across six brain regions: entorhinal cortex (EC), hippocampus (HC), medial temporal gyrus (MTG), posterior
cingulate (PC), superior frontal gyrus (SFG), and visual cortex (VCX).

Methods: To decipher the states of tangle-free neurons across different brain regions in human subjects afflicted with AD,
we performed analysis of the neural transcriptome. We explored changes in differential gene expression, functional and tran-
scription factor target enrichment, and co-expression gene module detection analysis to discern disease-state transcriptomic
variances and characterize endotypes. Additionally, we compared our results to a tangled AD neuron microarray-based study
and the Allen Brain Atlas.

Results: We identified impaired neuron function in EC, MTG, PC, and VCX resulting from REST activation and reversal
of mature neurons to a precursor-like state in EC, MTG, and SFG linked to SOX2 activation. Additionally, decreased
neuron function and increased dedifferentiation were linked to the activation of SUZ12. Energetic deficit connected to NRF1
inactivation was found in HC, PC, and VCX.

Conclusions: Our findings suggest that SAD manifestation varies in scale and severity in different brain regions. We identify
endotypes, such as energetic shortfalls, impaired neuronal function, and dedifferentiation.
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INTRODUCTION

Alzheimer’s disease (AD) is a slowly progressive
neurodegenerative disorder characterized by signifi-
cant memory loss and cognitive decline, ultimately
leading to death [1]. While the study of autosomal-
dominant mutations in PSENI, PSEN2, and APP,
which cause familial Alzheimer’s disease (FAD),
has enhanced our understanding of AD pathogene-
sis, most cases (~95%) are due to non-autosomal,
sporadic Alzheimer’s disease (SAD) where the exact
etiology is not known [2, 3]. Though the histopatho-
logical hallmarks of AD, such as neuronal and
synaptic loss, diffuse brain atrophy, amyloid plaques,
and neurofibrillary tangles, are common to FAD and
SAD, their clinical manifestations are highly hetero-
geneous [4, 5]. In addition to an earlier age at onset,
FAD patients exhibit greater psychiatric changes,
seizures, bradykinesia, aphasia, and myoclonus than
those suffering from SAD [6]. Clinical markers are
also distinct, such as preferential amyloid deposi-
tion occurring in the cortex in SAD, in contrast with
FAD, as well as increased striatal tau accumulation
in FAD. Key reasons for the failure of AD drug tri-
als are the selection of patients and the timing of
intervention: while most AD knowledge has been
derived from studying FAD, clinical drug trials have
primarily been conducted on SAD patients already
exhibiting AD symptoms, potentially past the pointin
disease progression of symptom reversal [7, 8]. Fur-
thermore, by analyzing this cohort containing brain
regions with temporally distinct manifestations of
disease pathology (e.g., the entorhinal cortex (EC) is
affected by AD early, while the visual cortex (VCX)
is affected late), we can potentially use the brain
regions as a proxy for the temporal progression of
AD when identifying and characterizing endotypes.
Therefore, it is essential to stratify the SAD-specific
disease manifestations into subtypes and characterize
them in terms of endotypes, i.e., pathological mech-
anisms underlying the disease subtype [9]. Such an
approach would help us capture variations in disease
pathology and provide insights into disease progres-
sion. Further, it would help stratify AD according to
the severity as well as identify biomarkers and drug
targets. Recently, we identified repressor element 1
silencing transcription factor (REST)-mediated neu-
ron dedifferentiation and NRF1-linked mitochondrial
dysfunction as key disease endotypes in FAD patient
induced pluripotent stem cell (iPSC)-derived neurons
and postmortem brains [10]. Others have identified
inflammation, energy deficits, decreased oxidative

phosphorylation, and impaired DNA damage repair
as molecular mechanisms of AD [11-14].

Endotypes could pinpoint common and distinct
disease mechanisms in specific brain regions and
enhance our understanding of AD manifestation in
the human brain. Our work used differential gene
expression (DGE), gene set enrichment (GSE), tran-
scription factors (TF) activity, and co-expression
gene module detection to gain functional and mech-
anistic insights into distinct and shared endotypes
across different brain regions through secondary
analysis of the public mRNA microarray dataset
(GSE5281). We selected this dataset due to its
utilization of laser-microdissected, tangle-free neu-
rons from six brain regions—the entorhinal cortex
(EC), hippocampus (HC), medial temporal gyrus
(MTG), posterior cingulate (PC), superior frontal
gyrus (SFG), and visual cortex (VCX)—in SAD
patients along with age-matched healthy controls [15,
16]. The tangle-free neurons in an otherwise diseased
brain provide a unique opportunity to understand the
compensatory mechanisms in these neurons as well
as pathogenic mechanisms that precede the hallmark
lesions. Therefore, this dataset and our analysis pro-
vide a view into the SAD neuronal transcriptome
preceding tangle formation, allowing a unique insight
into potential mechanisms.

Liang et al. reported a widespread dysregulation
of metabolism and cellular transport/organization, as
well as that of unique processes such as biopoly-
mer modification and neurotransmitter secretion in
the SFG and energetic abnormalities in the PC in
their original analysis [16, 17]. Here, we demonstrate
that neuron function suppression (in the EC, MTG,
PC, and VCX), dedifferentiation of a mature neuron
to a neuronal precursor state (in the EC, MTG, and
SFG), and decreased energy production (in the HC,
PC, and VCX) are the key endotypes in SAD. Fur-
ther, we believe that activation of a known repressor
of neuron-specific genes, REST [18, 19] and tran-
scription factor SOX2, combined with inhibition of
NRF1 activity, possibly via transcriptional and post-
transcriptional mechanisms, regulate neuron function
suppression, dedifferentiation, and altered energet-
ics endotypes in SAD. We validate and extend these
findings in two key ways: by interrogation of tangle-
free and tangled SAD samples for the EC gathered
by Dunckley et al. (GSE4757) using microarray data
to assess the changes in endotypes with tangle pres-
ence, potentially correlating with temporal disease
progression; and by evaluating the mRNA expression
of key TFs in curated bulk HC RNA-seq data from
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the Allen Brain Atlas Aging, Dementia, TBI study
(ADT) [20]. Our analysis of the former revealed that
in the EC, tangled neurons have a further negative
enrichment for REST targets and neuron function rel-
ative to tangle-free neurons, suggesting that tangles
may compound existing disease-associated change in
SAD, while analysis of the latter identified REST and
SOX2 to be upregulated in the HC from Allen Brain
Atlas’ ADT bulk RNA-seq dataset.

METHODS AND MATERIALS

Data acquisition

Publicly available gene expression data, down-
loaded from NCBI GEO (GSE5281), were derived
from healthy age-matched, non-demented control
(NDC) and SAD postmortem human brain samples
[15, 16]. Fourteen NDC samples were collected from
subjects with Braak scores I-1I, while 34 SAD sam-
ples were collected from patients with Braak scores
III-VI. Control samples came from 10 males and
4 females while SAD samples from 15 males and
18 females. Roughly 500 histopathologically normal
neurons were collected by laser capture microdis-
section from each of the six brain regions for each
individual. The isolated neurons were assessed for
purity using GFAP expression and screened for tau
tangles using thioflavin-S fluorescence. The neurons
came from six brain regions: the EC, HC, MTG, PC,
SFG, and VCX, which were specifically chosen by
Liang et. al. due to their intimate association with
AD pathology and progression. The EC and HC were
chosen due to their affiliation with memory and learn-
ing and preferential tangle development in AD [15].
The EC, which acts as an interface between the HC
and the cerebral cortex and gives major input to the
HC, is one of the first brain regions to develop AD
pathology [15, 16, 21]. Additionally, the MTG and
SFG were selected because of their vulnerability to
neuritic plaque pathology, while the PC was chosen
due to it being an early epicenter of metabolic aber-
rancies in SAD. Finally, the VCX was chosen since
its abnormalities in SAD were known to be relatively
mild and would serve as a contrast to brain regions
with greater affected SAD pathology.

In the Liang et al. study, large layer II stellate
cells from EC and pyramidal neurons from the CA1
regions in HC were collected. EC layer II and CA1
pyramidal populations are among the earliest and
most impacted by tangle formation. Layer III pyra-
midal neurons were collected from the MTG, PC,

SFG, and VCX regions which are also preferentially
affected by tangle formation. Therefore, these spe-
cific neuron types were selected for RNA collection.
Total RNA was isolated from cell lysate and profiled
using the Affymetrix Human Genome U133 Plus 2.0
microarray (for more details, refer to [15, 16]).

Additionally, we used GSE4757, an additional
laser-capture microarray dataset containing post-
mortem, tangled and tangle-free EC neurons from
AD patients, to assess potential pathological changes
resulting from tangle presence [20]. A total of twenty
paired samples (10 tangle-free and 10 tangled), both
from the EC of SAD patients, were collected in the
above study. These neuron samples also came from
layer II and were selected for tangle presence using
the thioflavin-S staining.

Preprocessing and differential gene expression

For each sample, raw data was preprocessed using
rma (Robust Multichip Averaging Algorithm) from
the oligo R package [22]. Then, Imfit from limma
was used for DGE calculation, fitting linear models
based on least squares regression for each probe in
each condition [23]. Six contrasts were then made
with twelve conditions in a design matrix (NDC and
AD for each of the six brain regions) for GSE5281.
One contrast was made for tangled versus tangle-
free AD neurons for GSE4757 which accounted for
paired samples. Next, the eBayes function in limma
was used to reduce false positive detection and calcu-
late the moderated t-statistic and the adjusted p-value
across all genes. Six comparisons were performed
and recorded using the ropTable function. Differen-
tially expressed genes (DEGs) were defined as those
with a false discovery rate adjusted p-value less than
0.05. Expression data were visualized in R using
ggplot2 and nVennR packages in R [24-26].

Functional enrichment and transcription factor
analysis

Functional enrichment was performed using the
Jfgsea multilevel test from the fgsea package on the
moderated t-statistic ranked gene list for each brain
region [27]. MSigDB’s Hallmark and GOBP col-
lections were used for this enrichment. EnrichR’s
ENCODE ChEA Consensus (ECC) database was
used with the fgsea multilevel test for TF enrichment.
Further TF activity and motif analysis were per-
formed with ISMARA and the Swiss regulon database
to predict transcriptional regulation [28-31].
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Co-expression gene module detection

CEMiTool was used to identify gene co-
expression modules [32]. The parameters used
include: merge_similar = FALSE, p-value <0.05, net-
work_type = ‘signed’, and force_beta=TRUE. Over-
representation analysis (ORA) of CEMiTool modules
was performed using the hypergeometric test in the
tmod R package with Hallmark and GOBP collec-
tions for functional enrichment and with the ECC for
TF enrichment [33].

Allen Brain Atlas: Aging, Dementia TBI study

Allen Brain Atlas’ Aging, Dementia, TBI study
(ADT) bulk RNA-seq dataset was used to compare
the activity of key regulators identified in our anal-
ysis [34]. Non-demented samples with Braak scores
O-II were compared with probable and possible AD
samples with Braak scores III-VI. “Probable” and
“possible” AD is the language used by the Allen Brain
Atlas (ABA) to designate the likelihood of AD diag-
nosis. Probable AD is more certain than possible AD.
We included possible AD alongside probable AD to
investigate whether the severity of dysregulation in
certain gene classes (e.g., targets of a TF) increased
with disease progression. We focused on the HC as
that was the only brain region similar between ADT
and GSES5281. Samples with a history of previous
traumatic brain injury (TBI) were excluded from
the analysis due to a potential confounding effect
as the TBI status of patients from Liang et al. is
unknown.

RESULTS

Greater transcriptional changes in temporal and
inferior parietal lobes

To identify potential endotypes in SAD, we first
characterized transcriptomic data from human post-
mortem, tangle-free neurons from the EC, HC, MTG,
PC, SFG, and VCX brain regions (Fig. 1A). DGE
analysis was performed for each brain region compar-
ing AD with NDC using the /imma R package [23].
The MTG, PC, and EC showed the greatest number
of differentially expressed genes (DEGs) (Fig. 1B),
suggesting that SAD-related transcriptional changes
are prominent in temporal and inferior parietal lobes.
In addition, they also showed the greatest number of
unique DEGs (>900) (Fig. 1C). The complete list of

DEGs found in study can be found in Supplementary
File 1.

Energetics, dedifferentiation, inflammation, and
DNA repair involved in SAD

Functional enrichment using fgsea with the Hall-
mark and GO Biological Processes (GOBP) gene
set libraries revealed anomalies in key cellular func-
tions, with the highest enrichment observed for
pathways related to energetics and dedifferentiation
(Fig. 2A, B) [27-29]. Energetic processes, includ-
ing oxidative phosphorylation (Hallmark and GOBP)
and mitochondrial organization (GOBP), were sig-
nificantly negatively enriched in the PC, HC, and
VCX regions. In contrast, gene sets related to dedif-
ferentiation and non-ectodermal identification, such
as epithelial to mesenchymal transition (EMT) (Hall-
mark), circulatory system development (GOBP), and
tube morphogenesis (GOBP), were significantly pos-
itively enriched in the SFG. In the context of energy
deficits and increased dedifferentiation, it was no sur-
prise that a reduction in neuron function through
synaptic signaling (GOBP) was found in the EC,
MTG, PC, and VCX. In addition, an increase in
potentially genotoxic processes such as inflammatory
response (Hallmark), interferon-y response (Hall-
mark), and hypoxia (Hallmark) were observed in the
EC, MTG, and SFG; and a decrease in ameliora-
tive mechanisms such as DNA repair (Hallmark and
GOBP) was present in the HC, PC and VCX.

TF enrichment and TFs underlying the gene
expression were identified with fgsea using the
Encode ChEA Consensus (ECC) TF-target geneset
library [30] and with ISMARA TF activity prediction
[31], respectively [30, 31]. Targets of energetics, such
as those of TFs NRF1 and CREB1 were downregu-
lated in most brain regions, suggesting widespread
energy deficits (Fig. 2C) [35-37]. We also uncovered
a negative target enrichment and a positive TF activ-
ity for neural repressor REST, indicating inhibition
of genes that determine neuron identity and function
in EC, MTG, and SFG (Fig. 2C-D, Supplementary
Figure 1A) [38]. A further departure from neuron
identity was observed through target upregulation of
pluripotency-inducing factor SOX?2 in MTG and SFG
[39]. RELA, a subunit of canonical inflammatory TF
NFkB, was activated in most brain regions [40]. In
addition, target downregulation for DNA repair factor
BRCA1 was found in several brain regions, consis-
tent with BRCA1 depletion findings in postmortem
AD neurons of other human cohorts [41].
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Fig. 1. Differential Gene Expression in SAD laser-dissected neurons. (A) Top: neuron samples from NDC (Braak I-IT) and SAD patients
(Braak III-VI) were collected from the entorhinal cortex (EC), hippocampus (HC), medial temporal gyrus (MTG), posterior cingulate (PC),
superior frontal gyrus (SFG), and visual cortex (VCX) by Liang et al.; a dashed line around the brain region indicates interior anatomical
location. Bottom: table of the number of control and afflicted samples alongside age and gender breakdown. (B) Volcano plots of differential
gene expression across all 6 brain regions; the directional profile of DEGs is indicated in each sub-panel; the numbers indicate downregulated
(blue) and upregulated (red) DEGs, respectively; the horizontal red line indicates an adjusted p-value <0.05 cutoff for significance. (C)
Quasi-proportional Venn diagram of shared and unique DEGs between each brain region.

Energetics, dedifferentiation, and impaired
neuron function gene modules identified

Next, we employed CEMiTool to uncover co-
expressed gene modules that may encapsulate
endotypes and determine the brain regions in which
the modules were most active [32]. Five modules
(M1 to M5) were identified, and modules with more
than 100 genes (M1 to M4) were subjected to fur-

ther analysis (Fig. 3A). Functional enrichment of
each module was carried out using fgsea, and M1
was most significantly enriched in the EC, MTG,
PC, and VCX; M2 in the PC and VCX; M3 in the
EC, MTG, and SFG; and M4 in the HC, PC, and
VCX (Fig. 3B). Further, enrichment analysis of the
genes in each module using the tmod hypergeometric
test unveiled functional and transcriptional insights:
M1 is strongly enriched for neuron function terms
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Fig. 2. Functional enrichment, TF-target enrichment, and motif-based TF-activity prediction. Categories (gray): (1) Dedifferentiation, (2)
Energetics, (3) Neuron Function, (4) Inflammation, (5) Stress Response. A-C) Geneset enrichment analysis by fgsea in all six brain regions
using (A) Hallmark, (B) GOBP, and (C) ENCODE-ChEA Consensus (ECC) TF-gene target collection. GSEA score is the -logjo of the
adjusted p-value multiplied by the sign of the NES (net enrichment score). D) ISMARA TF activity prediction using the Swiss regulon motif
database across all six brain regions. ISMARA score is a function of the z-score, the direction of mean TF target expression change, and the
direction of Pearson correlation between TF gene expression and target gene expression. The red line delineates the ISMARA score of 2,

outside of which terms are considered significant.

such as synaptic signaling (GOBP), M2 is marginally
enriched for neuron development (GOBP), M3 is
enriched for non-ectoderm lineage terms and M4 is
enriched for energetics, namely, oxidative phospho-
rylation (GOBP) (Fig. 3C) [33].

TF-target enrichment largely concurs with func-
tional findings for each module. Here, M1 was
enriched for targets of neural repressor REST
(Fig. 3D). M2 was weakly enriched for targets of
antioxidant factor NFE2L2, REST, and inflamma-
tory factor SMAD4 [42, 43]. SOX2 targets were
enriched in M3 while NRF1 and CREB/1 targets were
enriched in M4. Further, targets of chromatin mod-
ifier SUZ12, a component of polycomb repressive

complex 2 (PRC2), were strongly enriched in M1
and to a lesser degree, in M2 and M3 [44]. Together,
the functional and TF-target enrichments link M1-M4
to disease endotypes. M1 and M2 represent neuron
function, but the former has a stronger link; M3 is
strongly associated with dedifferentiation, and M4 is
representative of energetics.

Further, we assessed module affiliation with bio-
logical programs by inspecting the top hub genes
for each module. Not surprisingly, M1, M3, and M4
were found to be associated with neuron function
(NSF, NELL2, SNAP9I), dedifferentiation or neu-
ronal precursor-like cell state (NOTCH2, ZIC2), and
energetics (TOMM?20, ATPSMC3, ATP5F1A) (Sup-
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libraries.

plementary Figure 2A, C, D) [45-51]. For the M2
module, the top hub genes were related to neuron
function, with the identification of synaptic genes
CHLI, NPTN, and neuronal transport gene WDR47
(Supplementary Figure 2B) [52-54].

Identifying potential regulators of endotypes

To identify potential regulators for each module,
we considered the differential expression of module-
specific targets of key TFs in regions where the
module was most significantly enriched. We consid-

ered REST for M1, SOX2 for M3, and NRF1 for
M4 based on their consistent enrichment across meth-
ods and functional relevance reported previously; we
did not find a strongly enriched TF in module M2.
Targets of REST and NRF1 are largely repressed
(Fig. 4A, C), while SOX2 targets are predominantly
upregulated (Fig. 4B). REST and SOX2 targets in
M1 and M3 were found to be enriched for neuron
functioning and dedifferentiation, respectively (Sup-
plementary Figure 1C, E). In contrast, NRF1 targets
in M4 were linked to oxidative phosphorylation and
related energetics terms (Supplementary Figure 1F).
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NRF1 targets that are in HC U PC U VCX.

Further, we looked at targets of chromatin modifier
SUZ12 in M1 and found them to be downregulated
(Supplementary Figure 1B) and enriched for neuron
function (Supplementary Figure 1D).

Tangles enhance EC endotypes

Further, we sought to identify the role tangles
may play in AD development. To this end, we used
GSE4757 to compare tangled neurons to tangle-free
neurons in the EC obtained from similar sporadic
AD brains. Differential analysis failed to identify
any DEGs, and this is additionally observed in the
multidimensional scaling (MDS) plot where no clear
clustering between the two conditions is evident
(Fig. 5A). In MDS space, the tangle and tangle-
free samples are identified, and no clear directional

shift is observed. We performed fgsea on a limma-
generated ranked list to uncover enrichment and
observe transcriptome-wide expression shifts in onto-
logical and transcriptional categories. This analysis
revealed that neuron function terms such as neu-
ron development (GOBP) and synaptic signaling
(GOBP) were negatively enriched (Fig. 5B). Addi-
tionally, the negative enrichment of REST targets
was also uncovered (Fig. 5C). Our results sug-
gest that tangles may amplify endotypes specific
to the EC such as impaired neuron function. There
are multiple possible reasons for this observation;
perhaps the presence of tangles could result in a
feedback loop that contributes to increased endotype
dysregulation in the same direction as tangle-free
SAD neurons relative to NDC, or it is possible that
tangle neurons have an earlier disease incipience
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Fig. 5. Comparison of key regulators in HC from AD, Demented, and Control samples. For GSE4757: (A) multidimension scaling (MDS)
comparing tangle-free and tangle samples; (B) ontological enrichment using GOBP library; and (C) TF-target enrichment using the ECC
library. For Allen Brain Atlas samples: (D) hippocampus (HC) z-score expression values from Allen Brain Atlas’ ADT data for NRF1,
REST, and SOX2 are plotted for two conditions (1) Non-demented control (NDC) (Braak I-II) and (2) probable AD samples (AD) (Braak
III-VI). Traumatic brain injury samples were excluded for all conditions assessed.

than tangle-free neurons. Nevertheless, involvement
of REST and impaired neuron function is still
observed.

Similar TF expression observed in the Allen
Brain Atlas dataset

To determine whether our findings extend beyond
this dataset to other AD cohorts, we compared our
findings with other publicly available curated RNA-
seq datasets, such as the Allen Brain Atlas’ Aging,
Dementia, TBI (ADT) study [34]. We matched the
ADT NDC cohort with Liang et al. NDC cohort
parameters and compared with putative HC AD

samples to query the expression levels of disease
endotype regulators, such as REST, SOX2, and NRF']
(Fig. 5D). The HC was the only brain region com-
mon between the ADT and GSE5281. The expression
profiles for REST and SOX2 coincided with our pre-
dictions based on the GSE5281 dataset, suggesting
common endotypes in these SAD cohorts. In contrast,
we did not observe a comparable downregulation of
NRF] expression in the putative SAD HC samples
in ADT. This may be because the ADT dataset used
tissue samples that were not filtered for specific cell
types and suggests that the loss of NRFI expression
and TF activity may be a neuron-specific feature of
AD.
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DISCUSSION

Studies on postmortem AD brains and brain imag-
ing of AD patients show that disease manifestation
varies in different brain regions [16, 55]. Studying this
differential manifestation of disease in different brain
regions will help decipher underlying mechanisms
and provide insights into the disease distribution in
the brain. It can also lead to better diagnostics and
therapeutics. In this study, we identified key endo-
types that are common and unique across six brain
regions in SAD neurons. We used multiple enrich-
ment approaches, TF analysis, and co-expressed gene
module detection to identify mechanistic endotypes
underlying AD. We found that suppression of neuron
function, activation of dedifferentiation, and ener-
getic deficits are the key disease endotypes in SAD
and discuss further their potential mechanism of
action below.

Loss of synaptic connections is one of the best
correlates of dementia and cognitive deficits in AD
[56]. Early aberrations in synaptic communication
and structure might be reversible, but not eventual
synaptic disintegration resulting in neuron death [56].
Synapse formation and maintenance is a neuron-
specific activity inhibited by REST in non-neuronal
and stem cell populations [19, 57]. REST is a repres-
sor of neuron-specific genes in non-neuronal cells
[18], and its increased activity in neurons indicates a
reversal of neuron identity (dedifferentiation) in AD.
FAD iPSC-derived neuron models showed that REST
drives neuronal dedifferentiation [10]. Our analy-
sis also suggests that REST activation orchestrates
the suppression of the neuron function endotype in
EC, HC, MTG, PC, and VCX. This is supported by
the observed repression of synapse-associated REST
targets such as SNAP25, which is linked to short-
term neuroplasticity and vesicle exocytosis [58].
The reduced mRNA expression of SNAP25 has also
been identified in other AD cohorts [59, 60]. Other
downregulated REST targets involved in synaptic
function include DPP6 and LAMPS [61, 62]. DPP6
is involved in synaptic development, and its inhibi-
tion is linked to impaired hippocampal memory, and
LAMPS regulates synaptic transmission in GABAer-
gic neurons [61, 62]. While REST activation may be
shared between FAD and SAD, specific REST target
involvement may vary between the conditions and
warrants additional investigation. Further, we iden-
tified involvement of neuron function genes NPTN,
CHLI, and WDR47 (Supplementary Figure 2B) in
PC- and VCX-linked module M2. NPTN and CHLI

have been linked to synaptic health through cellular
adhesion mechanisms, whereas WDR47 is involved
in axon and dendritic development alongside micro-
tubule homeostasis in neurons and is an essential
player in neuronal transport processes [52—54].

We observed the involvement of SUZI2 in
impaired neuron function and, to a lesser degree,
in the dedifferentiation endotypes. PRC2, of which
SUZ12 is a component, is a chromatin modifier that
promotes a repressed, closed chromatin state via
modulation of the H3K27 methylation [44]. Here,
we observed that SUZ12 targets were repressed
and enriched for neuron function terms such as
synaptic signaling (GOBP), GABAergic synap-
tic transmission (GOBP), and axon development
(GOBP) (Supplementary Figure 1D). Interestingly,
recent genomic analysis of cerebrospinal fluid (CSF)
from AD patients with normal CSF total-tau lev-
els has linked SUZ12 and REST to the repression
of synaptic plasticity genes [63]. Further, REST is
known to recruit the PRC2 complex, and we have
found that REST and SUZ12 have 42 gene targets in
common in M1 that are also differentially expressed
in the EC, MTG, PC, and VCX [64]. This suggests
chromatin modification and transcriptional binding
repression may be responsible for impaired neuron
functioning in SAD. Our observations are bolstered
by findings that chromatin landscape in hiPSC-
derived neurons from fibroblasts of SAD patients
display an immature neuronal state alongside chro-
matin changes indicative of dedifferentiation in FAD
models [10, 65]. While aging is linked to global
hypomethylation in neurons and this has been linked
to learning and memory decline, our findings indicate
that even compared to age-matched controls, SAD
samples exhibited SUZ12 mediated repression. Fur-
ther, epigenetic signature experiments in SAD human
fibroblast iPSC-derived neurons suggest that the AD
epigenome is in a state indicative of neuronal hypo-
maturity rather than accelerated aging [65]. Together,
the activation of PRC2 and REST are likely to con-
tribute to reversal of neuronal identity via epigenetic
and transcriptomic mechanisms [65].

While a quasi-dedifferentiated neuron may lose
its ability, to maintain the structure and function of
the synapse and long-term potentiation, and generate
action potentials, we observed activation of pluripo-
tency and non-ectoderm lineage programs [10, 66].
The pluripotency factor SOX2 was identified as a pri-
mary regulator of the dedifferentiation endotype in
the EC, MTG, and SFG. Activation of SOX2 target
genes such as MOBP, a marker of oligodendrocytes
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and ZIC2, a neural stemness gene, indicate a quasi-
precursor-like state. Dedifferentiation in astrocytes, a
cell type with a largely shared lineage with neurons,
has been coupled to inflammation and the activa-
tion of the canonical inflammatory factor NF«B [49,
67, 68]. Our analysis uncovered target upregulation
and increased TF activity of NF«B subunit RELA in
most brain regions, combined with non-ectodermal
term and pluripotency factor enrichment suggestive
of precursor-like reversion in neurons [40].

We compared tangled and tangle-free AD neurons
to gauge whether endotype involvement changed. No
DEGs were found using limma, and we hypothe-
size that this is because at late stage of AD, in the
most affected brain region (EC), the disease pro-
gression has likely reached a terminal stage in both
tangle and tangle free neurons. This is further illus-
trated by lack of condition-specific clustering on the
MBDS plot. Analysis using a limma-generated ranked
list, uncovered negative enrichment of neuron func-
tion and REST targets in tangled AD neurons in EC,
a region where we identified REST-mediated ded-
ifferentiation when comparing tangle-free AD and
NDC neurons. This reveals that tangle pathology
may accentuate endotype association and enhance
disease-associated transcriptomic dysregulation. It is
well known that accumulation of tau, a microtubule
protein involved in axonal transport, is neurotoxic
and can lead to neuron death; it is possible that tau
may additionally play a role in amplification of these
specific endotypes [69].

Our recent work on iPSC-derived neurons from
FAD patients has shown that dedifferentiation and
loss of neuronal function are the key endotypes,
and the same has been confirmed in young onset
AD patients without canonically defined familial
mutations [10, 70]. However, such characterization
has not been performed on postmortem, tangle-free
human SAD neurons. Other transcriptomic studies
from multiple brain regions in SAD have similarly
identified AD-related transcriptional changes in the
temporal lobe and found impaired neuron function-
ing through enrichment analysis. This has provided
unique insights into cell-type specific dysregulation
with disease progression and increased transcript
variant usage in AD [71, 72]. Further, another study
performed on SAD fibroblast derived-iPSC neurons
found transcriptomic and epigenetic indicators of
mature neuron identity reversal, concordant with our
findings in this study [65].

There is a tight coupling between energetics
and cellular processes, such as metabolic demands

and homeostasis [73]. Region-specific impaired glu-
cose utilization and mitochondrial dysfunction occur
several years before cognitive dysfunction in AD,
leading to oxidative stress, ATP depletion, and cell
injury [74]. The inactivation of NRF1, a master regu-
lator of mitochondrial gene expression, is responsible
for the energetics endotype. Its dysregulation con-
tributes to disease mainly in the HC, PC, and VCX.
Oxidative phosphorylation is a crucial process for
cellular energetics and survival powered by elec-
tron transport chain (ETC) enzyme complexes and
intermediate electron carriers, which all have been
implicated in AD [13, 75]. NRF1 regulates ETC
enzyme complex subunit genes, affecting ATP syn-
thesis [76]. In the HC and PC, downregulation
of NRFI1 targets such as NDUFAS8 (complex 1),
SDHB (complex II), UQCRCI (complex III), and
cytochrome C gene COX6 C implicate ETC anoma-
lies in the energetics endotype [77-79]. Another
NRF1 target and mitochondrial biogenesis regulator,
NAMPT, which modulates NAD™ synthesis, criti-
cal to oxidative phosphorylation is downregulated
in HC, PC, and VCX [80, 81]. NAMPT inhibition
has been linked to ATP reductions in HC of early
AD rodent models [81]. Oxidative phosphorylation
is associated with mature neuron identity, and suc-
cessful neuron differentiation requires an energetic
shift to oxidative phosphorylation [13]. Our enrich-
ment of NRF1 targets in module M4 demonstrates
oxidative phosphorylation linked ATP deficits (Sup-
plementary Figure 1F) and, thus, suggests a reversal
of neuron identity.

Additionally, it is known that metabolic conditions
such as diabetes increase the risk of developing AD
[82]. Our findings suggest that dysregulation of car-
bohydrate metabolism, primarily through oxidative
phosphorylation anomalies, is significant in the SAD
brain. While we lack the diabetic status of the subjects
in GSE5281, it has been suggested that improper car-
bohydrate processing in neurons, as observed in this
work, may be linked to AD pathogenesis [83]. Alter-
ations in carbohydrate metabolism, primarily that in
glucose utilization in the AD brain has already been
observed using fluorodeoxyglucose (FDG)-positron
emission tomography (PET) scans [84]. Hyperactiv-
ity of neurons is another metabolic aberration that has
been observed in neurons of pre-clinical AD, mild
cognitive impairment, and early stages of AD prior
to the neuronal loss yet we do not observe such indi-
cations in the tangle-free neurons we have chosen to
analyze [85]. Instead, our findings are suggestive of
a hypometabolic states consistent energetic deficit.
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Liang et al. found ETC-linked energetic abnor-
malities, such as downregulation of mitochondrial
translocase encoding genes, prominent in PC and
less so in VCX [17]. Using contemporary enrich-
ment methods alongside TF regulatory analysis and
co-expressed gene module detection, we could iden-
tify that energetics-related transcriptomic shifts affect
PC, HC, and VCX. While VCX is believed to
be relatively unaffected in early AD pathology,
transcriptomic evidence from another sporadic post-
mortem AD human cohort has similarly linked this
brain region to energetic shortfalls [70, 86]. A recent
functional MRI study has found disruption of face-
evoked visual processing and functional connectivity
networks in VCX, correlating with the severity of
AD cognitive symptoms [87]. Also, optical coherence
tomography has uncovered changes in central reti-
nal thickness alongside impaired visual function in
AD patients, indicating greater visual system involve-
ment in AD. These findings align with the early
pathogenic transcriptional shifts we observe in the
afflicted VCX [88].

We performed DEG analysis revealing that the
MTG, PC, and EC have the greatest number of unique
DEGs, yet we did not find any endotype unique
to these regions. This suggests that while endo-
types and regulatory dysfunction might be shared
between different brain regions, underlying patholog-
ical transcriptomic signatures may vary, explaining
the presence of a great number of unique DEGs. Addi-
tionally, it remains unknown why energetic deficits
are stronger in the PC, HC, and VCX than in the
MTG and EC. In the context of energy deficits and
increased dedifferentiation, we hypothesize that it is
likely that the brain is also exhibiting a reversal of
neuron identity. Oxidative phosphorylation is the pri-
mary energetic process in neurons and its reversal is
indicative of neuron precursor-like states [13]. This
is further bolstered by observing a transcriptome that
is indicative of dedifferentiation in these post-mitotic
neurons. Together this indicates that mature neuron
identity is being reversed.

Our analysis towards deciphering endotypes
extends the original analysis by Liang et al. both
in statistical and functional analysis methodology.
While Liang et. al relied on an unpaired two tailed
t-test in excel to find DEGs and focused primarily
on known AD pathology-associated pathways, our
work uses limma to leverage the expression patterns
of the entire dataset to identify differential expression,
paired with curated geneset libraries and unbiased
Functional Class Sorting-based geneset enrichment

tests [23]. Further, we compared the differentially
expressed gene probes between our analysis and that
done by Liang et al., revealing an increased number
of differential probes in our analysis (Supplemen-
tary Figure 3). We attribute this to improvements in
probe annotation and methods for differential expres-
sion testing since the publication of this dataset (i.e.,
limma).

While we have successfully characterized endo-
types and proposed potential regulatory mechanisms,
we are limited in this study by the lack of chromatin
topology data, preventing us from going beyond
gene expression and further elucidating brain region-
specific mechanisms at the epigenomic level. In
addition, the sole usage of microarray data for gene
expression suffers from limitations inherent to the
platform, such as increased background noise, biased
transcript pool, and lower sensitivity compared to
modern high-throughput sequencing methods [89].
Nonetheless, this dataset is unique because it comes
from six different brain regions and is derived from
tangle-free neurons instead of bulk tissue to gain
insights from a critical cell type in AD [15, 16].
The selection of tangle-free neurons lets us observe
molecular mechanisms that precede tangle formation.
Further, we addressed whether our findings translate
to other AD cohorts by comparing the gene expres-
sion of key TFs with the ADT cohort and found that
REST and SOX2 upregulation is present also in these
cohorts.

Our study points to common and unique mech-
anisms associated with different brain regions and
provides insights into their regulation in SAD. While
dedifferentiation and altered energetics are common
AD endotypes in all brain regions, it will be of interest
to identify the timing associated with the onset and
progress of these endotypes in different regions. We
expected to observe greater DGE in the temporal lobe
regions, such as the HC and EC, since the appearance
of AD pathology is observed earlier in these regions
[90]. These changes could predict the gene expression
alterations in other brain regions where AD pathology
manifests later (e.g., the SFG). While we sought to
identify the temporal changes of AD endotypes using
brain regions as a proxy for disease progression, our
work did not identify such relationship. Therefore, we
conclude that deciphering the temporal nature of dis-
ease progression will require additional information,
such as cognitive scores and disease duration infor-
mation. With the advent of single cell sequencing
approaches and spatial transcriptomics, analysis of
AD patient samples from a spectrum of brain regions
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like the six studied here will present an opportunity
to temporally map disease progression not only in
different brain regions but also help characterize cell
heterogeneity changes across the regions.

ACKNOWLEDGMENTS

This study was supported by National Insti-
tute of Health Grants, RO1 LM012595 (S.S.), RO1
HL108735 (S.S.), OT2 OD030544 (S.S.), and RO1
HL106579-07 (S.S.), a grant from the Chen Founda-
tion (S.S.) and the Joan and Irwin Jacobs Endowed
Professorship (S.S.).

FUNDING

This work was supported by the National Institutes
of Health.

CONFLICT OF INTEREST
The authors have no conflict of interest to report.
DATA AVAILABILITY

The data supporting the findings of this study
are openly available in GEO with accession IDs:
GSES5281 and GSE4757.

SUPPLEMENTARY MATERIAL

The supplementary material is available in the
electronic version of this article: https://dx.doi.org/
10.3233/ADR-220098.

REFERENCES

[1] Hendrie HC (1998) Epidemiology of dementia and
Alzheimer’s disease. Am J Geriatr Psychiatry 6, S3-18.

[2] Bali J, Gheinani AH, Zurbriggen S, Rajendran L (2012)
Role of genes linked to sporadic Alzheimer’s disease risk in
the production of B-amyloid peptides. Proc Natl Acad Sci
U S A109,15307-15311.

[3] Tang M, Ryman DC, McDade E, Jasielec MS, Buckles VD,
Cairns NJ, Fagan AM, Goate A, Marcus DS, Xiong C,
Allegri RF, Chhatwal JP, Danek A, Farlow MR, Fox NC,
Ghetti B, Graff-Radford NR, Laske C, Martins RN, Mas-
ters CL, Mayeux RP, Ringman JM, Rossor MN, Salloway
SP, Schofield PR, Morris JC, Bateman RJ; Dominantly
Inherited Alzheimer Network (DIAN) (2016) Neurological
manifestations of autosomal dominant familial Alzheimer’s
disease: A comparison of the published literature with the
Dominantly Inherited Alzheimer Network observational
study (DIAN-OBS). Lancet Neurol 15, 1317-1325. Erratum
in: Lancet Neurol. 2017 Jan;16(1):24.

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

Shepherd C, McCann H, Halliday GM (2009) Variations in
the neuropathology of familial Alzheimer’s disease. Acta
Neuropathol (Berl) 118, 37-52.

Roher AE, Maarouf CL, Kokjohn TA (2016) Familial prese-
nilin mutations and sporadic Alzheimer’s disease pathology:
Is the assumption of biochemical equivalence justified? J
Alzheimers Dis 50, 645-658.

Lippa CF, Saunders AM, Smith TW, Swearer JM, Drachman
DA, Ghetti B, Nee L, Pulaski-Salo D, Dickson D, Robitaille
Y, Bergeron C, Crain B, Benson MD, Farlow M, Hyman BT,
George-Hyslop SP, Roses AD, Pollen DA (1996) Familial
and sporadic Alzheimer’s disease: Neuropathology cannot
exclude a final common pathway. Neurology 46, 406-412.
Mullane K, Williams M (2013) Alzheimer’s therapeutics:
Continued clinical failures question the validity of the amy-
loid hypothesis-but what lies beyond? Biochem Pharmacol
85, 289-305.

Frautschy SA, Cole GM (2010) Why pleiotropic interven-
tions are needed for Alzheimer’s disease. Mol Neurobiol 41,
392-409.

Anderson GP (2008) Endotyping asthma: New insights into
key pathogenic mechanisms in a complex, heterogeneous
disease. Lancet 372, 1107-1119.

Caldwell AB, Liu Q, Schroth GP, Galasko DR, Yuan SH,
Wagner SL, Subramaniam S (2020) Dedifferentiation and
neuronal repression define familial Alzheimer’s disease. Sci
Adv 6, eaba5933.

Coppede F, Migliore L (2009) DNA damage and repair in
Alzheimer’s disease. Curr Alzheimer Res 6, 36-47.
Mamelak M (2017) Energy and the Alzheimer brain. Neu-
rosci Biobehav Rev 75, 297-313.

Traxler L, Lagerwall J, Eichhorner S, Stefanoni D,
D’Alessandro A, Mertens J (2021) Metabolism navigates
neural cell fate in development, aging and neurodegenera-
tion. Dis Model Mech 14, dmm048993.

Wyss-Coray T, Rogers J (2012) Inflammation in Alzheimer
disease-a brief review of the basic science and clinical lit-
erature. Cold Spring Harb Perspect Med 2, a006346.
Liang WS, Dunckley T, Beach TG, Grover A, Mastroeni
D, Walker DG, Caselli RJ, Kukull WA, McKeel D, Morris
JC, Hulette C, Schmechel D, Alexander GE, Reiman EM,
Rogers J, Stephan DA (2007) Gene expression profiles in
anatomically and functionally distinct regions of the normal
aged human brain. Physiol Genomics 28, 311-322.

Liang WS, Dunckley T, Beach TG, Grover A, Mastroeni
D, Ramsey K, Caselli RJ, Kukull WA, McKeel D, Mor-
ris JC, Hulette CM, Schmechel D, Reiman EM, Rogers J,
Stephan DA (2008) Altered neuronal gene expression in
brain regions differentially affected by Alzheimer’s disease:
A reference data set. Physiol Genomics 33, 240-256.
Liang WS, Reiman EM, Valla J, Dunckley T, Beach TG,
Grover A, Niedzielko TL, Schneider LE, Mastroeni D,
Caselli R, Kukull W, Morris JC, Hulette CM, Schmechel D,
Rogers J, Stephan DA (2008) Alzheimer’s disease is asso-
ciated with reduced expression of energy metabolism genes
in posterior cingulate neurons. Proc Natl Acad Sci U S A
105, 4441-4446.

Ballas N, Grunseich C, Lu DD, Speh JC, Mandel G (2005)
REST and its corepressors mediate plasticity of neuronal
gene chromatin throughout neurogenesis. Cell 121, 645-
657.

Gopalakrishnan V (2009) REST and the RESTless: In stem
cells and beyond. Future Neurol 4, 317-329.

Dunckley T, Beach TG, Ramsey KE, Grover A, Mastroeni
D, Walker DG, LaFleur BJ, Coon KD, Brown KM, Caselli


https://dx.doi.org/10.3233/ADR-220098

970

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[33]

[34]

A.O. Patel et al. / Endotype Characterization Across Brain Regions in Sporadic AD

R, Kukull W, Higdon R, McKeel D, Morris JC, Hulette C,
Schmechel D, Reiman EM, Rogers J, Stephan DA (2006)
Gene expression correlates of neurofibrillary tangles in
Alzheimer’s disease. Neurobiol Aging 27, 1359-1371.
Mesulam M-M (2000) Principles of Behavioral and Cog-
nitive Neurology, Oxford University Press, Oxford, New
York.

Carvalho BS, Irizarry RA (2010) A framework for
oligonucleotide microarray preprocessing. Bioinformatics
26, 2363-2367.

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth
GK (2015) limma powers differential expression analyses
for RNA-sequencing and microarray studies. Nucleic Acids
Res 43, e47.

Wickham H (2016) ggplot2: Elegant Graphics for Data
Analysis, Springer International Publishing.

Pérez-Silva JG, Araujo-Voces M, Quesada V (2018) nVenn:
Generalized, quasi-proportional Venn and Euler diagrams.
Bioinformatics 34, 2322-2324.

R Core Team (2022) R: A Language and Environment for
Statistical Computing.

Korotkevich G, Sukhov V, Budin N, Shpak B, Artyomov
MN, Sergushichev A (2021) Fast gene set enrichment anal-
ysis. bioRxiv 060012; doi: https://doi.org/10.1101/060012.
Liberzon A, Birger C, Thorvaldsdéttir H, Ghandi M,
Mesirov JP, Tamayo P (2015) The Molecular Signatures
Database (MSigDB) hallmark gene set collection. Cell Syst
1, 417-425.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H,
Cherry JM, Davis AP, Dolinski K, Dwight SS, Eppig JT,
Harris MA, Hill DP, Issel-Tarver L, Kasarskis A, Lewis S,
Matese JC, Richardson JE, Ringwald M, Rubin GM, Sher-
lock G (2000) Gene ontology: Tool for the unification of
biology. The Gene Ontology Consortium. Nat Genet 25,
25-29.

Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF,
Duan Q, Wang Z, Koplev S, Jenkins SL, Jagodnik KM,
Lachmann A, McDermott MG, Monteiro CD, Gundersen
GW, Ma’ayan A (2016) Enrichr: A comprehensive gene set
enrichment analysis web server 2016 update. Nucleic Acids
Res 44, W90-97.

Balwierz PJ, Pachkov M, Arnold P, Gruber AJ, Zavolan M,
van Nimwegen E (2014) ISMARA: Automated modeling
of genomic signals as a democracy of regulatory motifs.
Genome Res 24, 869-884.

Russo PST, Ferreira GR, Cardozo LE, Biirger MC, Arias-
Carrasco R, Maruyama SR, Hirata TDC, Lima DS, Passos
FM, Fukutani KF, Lever M, Silva JS, Maracaja-Coutinho
V, Nakaya HI (2018) CEMiTool: A Bioconductor pack-
age for performing comprehensive modular co-expression
analyses. BMC Bioinformatics 19, 56.

Weiner 3rd J, Domaszewska T (2016) tmod: An R
package for general and multivariate enrichment analy-
sis, PeerJ Preprints 4, €¢2420v1. https://doi.org/10.7287/
peerj.preprints.2420v1

Miller JA, Guillozet-Bongaarts A, Gibbons LE, Postupna N,
Renz A, Beller AE, Sunkin SM, Ng L, Rose SE, Smith KA,
Szafer A, Barber C, Bertagnolli D, Bickley K, Brouner K,
Caldejon S, Chapin M, Chua ML, Coleman NM, Cudaback
E, Cuhaciyan C, Dalley RA, Dee N, Desta T, Dolbeare TA,
Dotson NI, Fisher M, Gaudreault N, Gee G, Gilbert TL,
Goldy J, Griffin F, Habel C, Haradon Z, Hejazinia N, Hell-
stern LL, Horvath S, Howard K, Howard R, Johal J, Jorstad
NL, Josephsen SR, Kuan CL, Lai F, Lee E, Lee F, Lemon
T, Li X, Marshall DA, Melchor J, Mukherjee S, Nyhus J,

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

PendergraftJ, Potekhina L, Rha EY, Rice S, Rosen D, Sapru
A, Schantz A, Shen E, Sherfield E, Shi S, Sodt AJ, Thatra
N, Tieu M, Wilson AM, Montine TJ, Larson EB, Bernard
A, Crane PK, Ellenbogen RG, Keene CD, Lein E (2017)
Neuropathological and transcriptomic characteristics of the
aged brain. eLife 6, €31126.

Evans MJ, Scarpulla RC (1990) NRF-1: A trans-activator
of nuclear-encoded respiratory genes in animal cells. Genes
Dev 4, 1023-1034.

Scarpulla RC (2006) Nuclear control of respiratory gene
expression in mammalian cells. J Cell Biochem 97, 673-683.
Fusco S, Ripoli C, Podda MV, Ranieri SC, Leone L, Toi-
etta G, McBurney MW, Schiitz G, Riccio A, Grassi C,
Galeotti T, Pani G (2012) A role for neuronal cAMP
responsive-element binding (CREB)-1 in brain responses
to calorie restriction. Proc Natl Acad Sci U S A 109,
621-626.

Abrajano JJ, Qureshi IA, Gokhan S, Molero AE, Zheng D,
Bergman A, Mehler MF (2010) Corepressor for element-1-
silencing transcription factor preferentially mediates gene
networks underlying neural stem cell fate decisions. Proc
Natl Acad Sci U S A 107, 16685-16690.

Takahashi K, Yamanaka S (2016) A decade of transcrip-
tion factor-mediated reprogramming to pluripotency. Nat
Rev Mol Cell Biol 17, 183-193.

Ngo KA, Kishimoto K, Davis-Turak J, Pimplaskar A, Cheng
Z, Spreafico R, Chen EY, Tam A, Ghosh G, Mitchell S,
Hoffmann A (2020) Dissecting the regulatory strategies
of NF-«kB RelA target genes in the inflammatory response
reveals differential transactivation logics. Cell Rep 30,2758-
2775.e6.

Suberbielle E, Djukic B, Evans M, Kim DH, Taneja P, Wang
X, Finucane M, Knox J, Ho K, Devidze N, Masliah E, Mucke
L (2015) DNA repair factor BRCA1 depletion occurs in
Alzheimer brains and impairs cognitive function in mice.
Nat Commun 6, 8897.

Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh
Y, Oyake T, Hayashi N, Satoh K, Hatayama I, Yamamoto
M, Nabeshima Y (1997) An Nrf2/small Maf heterodimer
mediates the induction of phase II detoxifying enzyme genes
through antioxidant response elements. Biochem Biophys
Res Commun 236, 313-322.

Bornstein S, White R, Malkoski S, Oka M, Han G, Cleaver
T, Reh D, Andersen P, Gross N, Olson S, Deng C, Lu S-L,
Wang X-J (2009) Smad4 loss in mice causes spontaneous
head and neck cancer with increased genomic instability
and inflammation. J Clin Invest 119, 3408-3419.

Pasini D, Bracken AP, Hansen JB, Capillo M, Helin K
(2007) The polycomb group protein Suzl2 is required for
embryonic stem cell differentiation. Mol Cell Biol 27, 3769-
3779.

Littleton JT, Barnard RJ, Titus SA, Slind J, Chapman ER,
Ganetzky B (2001) SNARE-complex disassembly by NSF
follows synaptic-vesicle fusion. Proc Natl Acad Sci U S A
98, 12233-12238.

Aihara K, Kuroda S, Kanayama N, Matsuyama S, Tanizawa
K, Horie M (2003) A neuron-specific EGF family protein,
NELL2, promotes survival of neurons through mitogen-
activated protein kinases. Brain Res Mol Brain Res 116,
86-93.

Haucke V, Kozlov MM (2018) Membrane remodeling in
clathrin-mediated endocytosis. J Cell Sci 131, jcs216812.
Liang J-W, Fang Z-Y, Huang Y, Liuyang Z-Y, Zhang X-
L, Wang J-L, Wei H, Wang J-Z, Wang X-C, Zeng J, Liu R
(2018) Application of weighted gene co-expression network


https://doi.org/10.1101/060012
https://doi.org/10.7287/peerj.preprints.2420v1

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

A.O. Patel et al. / Endotype Characterization Across Brain Regions in Sporadic AD 971

analysis to explore the key genes in Alzheimer’s disease. J
Alzheimers Dis 65, 1353-1364.

XuL,Zhang M, ShiL, Yang X, ChenL, CaoN,Lei A,CaoY
(2021) Neural stemness contributes to cell tumorigenicity.
Cell Biosci 11, 21.

Di Maio R, Barrett PJ, Hoffman EK, Barrett CW, Zharikov
A, Borah A, Hu X, McCoy J, Chu CT, Burton EA, Hastings
TG, Greenamyre JT (2016) a-Synuclein binds to TOM20
and inhibits mitochondrial protein import in Parkinson’s
disease. Sci Transl Med 8, 342ra78.

Zech M, Kopajtich R, Steinbriicker K, Bris C, Gueguen
N, Feichtinger RG, Achleitner MT, Duzkale N, Périvier
M, Koch J, Engelhardt H, Freisinger P, Wagner M, Brunet
T, Berutti R, Smirnov D, Navaratnarajah T, Rodenburg
RIJT, Pais LS, Austin-Tse C, O’Leary M, Boesch S, Jech
R, Bakhtiari S, Jin SC, Wilbert F, Kruer MC, Wortmann
SB, Eckenweiler M, Mayr JA, Distelmaier F, Steinfeld R,
Winkelmann J, Prokisch H (2022) Variants in mitochon-
drial ATP synthase cause variable neurologic phenotypes.
Ann Neurol 91, 225-237.

Guseva D, Jakovcevski I, Irintchev A, Leshchyns’ka I, Syt-
nyk V, Ponimaskin E, Schachner M (2018) Cell adhesion
molecule close homolog of L1 (CHL1) guides the regrowth
of regenerating motor axons and regulates synaptic coverage
of motor neurons. Front Mol Neurosci 11, 174.

Beesley PW, Herrera-Molina R, Smalla K-H, Seidenbecher
C (2014) The Neuroplastin adhesion molecules: Key reg-
ulators of neuronal plasticity and synaptic function. J
Neurochem 131, 268-283.

Buijs RR, Hummel JJA, Burute M, Pan X, Cao Y, Stucchi R,
Altelaar M, Akhmanova A, Kapitein LC, Hoogenraad CC
(2021) WDRA47 protects neuronal microtubule minus ends
from katanin-mediated severing. Cell Rep 36, 109371.
Prvulovic D, Hubl D, Sack AT, Melillo L, Maurer K, Frolich
L, Lanfermann H, Zanella FE, Goebel R, Linden DEJ,
Dierks T (2002) Functional imaging of visuospatial process-
ing in Alzheimer’s disease. Neuroimage 17, 1403-1414.

de Wilde MC, Overk CR, Sijben JW, Masliah E (2016)
Meta-analysis of synaptic pathology in Alzheimer’s disease
reveals selective molecular vesicular machinery vulnerabil-
ity. Alzheimers Dement 12, 633-644.

Noh K-M, Hwang J-Y, Follenzi A, Athanasiadou R,
Miyawaki T, Greally JM, Bennett MVL, Zukin RS
(2012) Repressor element-1 silencing transcription fac-
tor (REST)-dependent epigenetic remodeling is critical to
ischemia-induced neuronal death. Proc Natl Acad Sci U S
A 109, E962-E971.

Antonucci F, Corradini I, Fossati G, Tomasoni R, Menna
E, Matteoli M (2016) SNAP-25, a known presynaptic pro-
tein with emerging postsynaptic functions. Front Synaptic
Neurosci 8, 7.

Jiao S-S, Shen L-L, Zhu C, Bu X-L, Liu Y-H, Liu C-H,
Yao X-Q, Zhang L-L, Zhou H-D, Walker DG, Tan J, Gotz
J, Zhou X-F, Wang Y-J (2016) Brain-derived neurotrophic
factor protects against tau-related neurodegeneration of
Alzheimer’s disease. Transl Psychiatry 6, €907.

Furuya TK, Silva PNO, Payao SLM, Bertolucci PHF, Ras-
mussen LT, De Labio RW, Braga ILS, Chen ES, Turecki
G, Mechawar N, Mill J, Smith M a. C (2012) Analysis of
SNAP25 mRNA expression and promoter DNA methylation
in brain areas of Alzheimer’s disease patients. Neuroscience
220, 41-46.

Lin L, Murphy JG, Karlsson R-M, Petralia RS, Gutzmann
1], Abebe D, Wang Y-X, Cameron HA, Hoffman DA (2018)
DPP6 loss impacts hippocampal synaptic development and

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(711

[72]

[73]

[74]

induces behavioral impairments in recognition, learning and
memory. Front Cell Neurosci 12, 84.

Tiveron M-C, Beurrier C, Céni C, Andriambao N, Combes
A, Koehl M, Maurice N, Gatti E, Abrous DN, Kerkerian-
Le Goff L, Pierre P, Cremer H (2016) LAMPS5 fine-tunes
GABAergic synaptic transmission in defined circuits of the
mouse brain. PloS One 11, e0157052.

Visser PJ, Reus LM, Gobom J, Jansen I, Dicks E, van der
Lee SJ, Tsolaki M, Verhey FRIJ, Popp J, Martinez-Lage
P, Vandenberghe R, Lleé A, Molinuevo JL, Engelborghs
S, Freund-Levi Y, Froelich L, Sleegers K, Dobricic V,
Lovestone S, Streffer J, Vos SIB, Bos I, ADNI, Smit AB,
Blennow K, Scheltens P, Teunissen CE, Bertram L, Zetter-
berg H, Tijms BM (2022) Cerebrospinal fluid tau levels
are associated with abnormal neuronal plasticity markers
in Alzheimer’s disease. Mol Neurodegener 17, 217.
Dietrich N, Lerdrup M, Landt E, Agrawal-Singh S, Bak
M, Tommerup N, Rappsilber J, Sodersten E, Hansen K
(2012) REST-mediated recruitment of polycomb repressor
complexes in mammalian cells. PLoS Genet 8, €1002494.
Mertens J, Herdy JR, Traxler L, Schafer ST, Schlachetzki
JCM, Bohnke L, Reid DA, Lee H, Zangwill D, Fernan-
des DP, Agarwal RK, Lucciola R, Zhou-Yang L, Karbacher
L, Edenhofer F, Stern S, Horvath S, Paquola ACM, Glass
CK, Yuan SH, Ku M, Sziics A, Goldstein LSB, Galasko D,
Gage FH (2021) Age-dependent instability of mature neu-
ronal fate in induced neurons from Alzheimer’s patients.
Cell Stem Cell 28, 1533-1548.¢6.

Koen JD, Srokova S, Rugg MD (2020) Age-related neural
dedifferentiation and cognition. Curr Opin Behav Sci 32,
7-14.

Irwin DJ, McMillan CT, Suh E, Powers J, Rascovsky K,
Wood EM, Toledo JB, Arnold SE, Lee VM-Y, Van Deer-
lin VM, Trojanowski JQ, Grossman M (2014) Myelin
oligodendrocyte basic protein and prognosis in behavioral-
variant frontotemporal dementia. Neurology 83, 502-509.
Gabel S, Koncina E, Dorban G, Heurtaux T, Birck C,
Glaab E, Michelucci A, Heuschling P, Grandbarbe L (2016)
Inflammation promotes a conversion of astrocytes into neu-
ral progenitor cells via NF-«B activation. Mol Neurobiol 53,
5041-5055.

Drewes G (2004) MARKIing tau for tangles and toxicity.
Trends Biochem Sci 29, 548-555.

Caldwell AB, Anantharaman BG, Ramachandran S,
Nguyen P, Liu Q, Trinh I, Galasko DR, Desplats PA, Wag-
ner SL, Subramaniam S (2022) Transcriptomic profiling of
sporadic Alzheimer’s disease patients. Mol Brain 15, 83.
Wang M, Roussos P, McKenzie A, Zhou X, Kajiwara Y,
Brennand KJ, De Luca GC, Crary JF, Casaccia P, Buxbaum
JD, Ehrlich M, Gandy S, Goate A, Katsel P, Schadt E,
Haroutunian V, Zhang B (2016) Integrative network analy-
sis of nineteen brain regions identifies molecular signatures
and networks underlying selective regional vulnerability to
Alzheimer’s disease. Genome Med 8, 104.
Marques-Coelho D, Iohan L da CC, Melo de Farias AR,
Flaig A, Brainbank Neuro-CEB Neuropathology Network,
Lambert J-C, Costa MR (2021) Differential transcript usage
unravels gene expression alterations in Alzheimer’s disease
human brains. NPJ Aging Mech Dis 7, 2.

Shetty P, Galeffi F, Turner D (2012) Cellular links between
neuronal activity and energy homeostasis. Front Pharmacol
3, 43.

Wang W, Zhao F, Ma X, Perry G, Zhu X (2020) Mitochon-
dria dysfunction in the pathogenesis of Alzheimer’s disease:
Recent advances. Mol Neurodegener 15, 30.



972

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

A.O. Patel et al. / Endotype Characterization Across Brain Regions in Sporadic AD

Misrani A, Tabassum S, Yang L (2021) Mitochondrial dys-
function and oxidative stress in Alzheimer’s disease. Front
Aging Neurosci 13,.

Smeitink J, van den Heuvel L, DiMauro S (2001) The genet-
ics and pathology of oxidative phosphorylation. Nat Rev
Genet 2, 342-352.

Bi R, Zhang W, Zhang D-F, Xu M, Fan Y, Hu Q-X, Jiang
H-Y, Tan L, Li T, Fang Y, Zhang C, Yao Y-G (2018) Genetic
association of the cytochrome c oxidase-related genes with
Alzheimer’s disease in Han Chinese. Neuropsychopharma-
cology 43, 2264-2276.

Rutter J, Winge DR, Schiffman JD (2010) Succinate dehy-
drogenase - Assembly, regulation and role in human disease.
Mitochondrion 10, 393-401.

Lunnon K, Keohane A, Pidsley R, Newhouse S, Riddoch-
Contreras J, Thubron EB, Devall M, Soininen H,
Kloszewska I, Mecocci P, Tsolaki M, Vellas B, Schalkwyk
L, Dobson R, Malik AN, Powell J, Lovestone S, Hodges
A (2017) Mitochondrial genes are altered in blood early in
Alzheimer’s disease. Neurobiol Aging 53, 36-47.

Kim JS, Yoon C-S, Park DR (2014) NAMPT regulates
mitochondria biogenesis via NAD metabolism and calcium
binding proteins during skeletal muscle contraction. J Exerc
Nutr Biochem 18, 259-266.

Xing S, Hu Y, Huang X, Shen D, Chen C (2019)
Nicotinamide phosphoribosyltransferase-related signaling
pathway in early Alzheimer’s disease mouse models. Mol
Med Rep 20, 5163-5171.

Baglietto-Vargas D, Shi J, Yaeger DM, Ager R, LaFerla FM
(2016) Diabetes and Alzheimer’s disease crosstalk. Neu-
rosci Biobehav Rev 64, 272-287.

Dewanjee S, Chakraborty P, Bhattacharya H, Chacko L,
Singh B, Chaudhary A, Javvaji K, Pradhan SR, Val-
lamkondu J, Dey A, Kalra RS, Jha NK, Jha SK, Reddy

[84]

[85]

[86]

[87]

[88]

[89]

[90]

PH, Kandimalla R (2022) Altered glucose metabolism in
Alzheimer’s disease: Role of mitochondrial dysfunction and
oxidative stress. Free Radic Biol Med 193, 134-157.
Marcus C, Mena E, Subramaniam RM (2014) Brain PET
in the diagnosis of Alzheimer’s disease. Clin Nucl Med 39,
e413-422; quiz e423-426.

Targa Dias Anastacio H, Matosin N, Ooi L (2022) Neu-
ronal hyperexcitability in Alzheimer’s disease: What are the
drivers behind this aberrant phenotype? Transl Psychiatry
12, 257.

Leuba G, Saini K (1995) Pathology of subcortical visual
centres in relation to cortical degeneration in Alzheimer’s
disease. Neuropathol Appl Neurobiol 21, 410-422.

Huang J, Beach P, Bozoki A, Zhu DC (2021) Alzheimer’s
disease progressively reduces visual functional network
connectivity. J Alzheimers Dis Rep 5, 549-562.
Salobrar-Garcia E, de Hoz R, Ramirez AI, Lopez-Cuenca I,
Rojas P, Vazirani R, Amarante C, Yubero R, Gil P, Pinazo-
Duran MD, Salazar JJ, Ramirez JM (2019) Changes in
visual function and retinal structure in the progression of
Alzheimer’s disease. PLoS One 14, ¢0220535.

Rao MS, Van Vleet TR, Ciurlionis R, Buck WR, Mittel-
stadt SW, Blomme EAG, Liguori MJ (2018) Comparison
of RNA-seq and microarray gene expression platforms for
the toxicogenomic evaluation of liver from short-term rat
toxicity studies. Front Genet 9, 636.

Braak H, Braak E (1995) Staging of Alzheimer’s disease-
related neurofibrillary changes. Neurobiol Aging 16, 271-
278; discussion 278-284.



