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The human brain consists of billions of cells
encompassing hundreds of distinct cell-types,
each with unique functions and properties.
Identification of the molecular architecture
of the brain has been revolutionized by next-
generation sequencing (NGS), as evident by
recent transcriptomic and genetic/epigenetic
studies. NGS paved the way to perform large-
scale, genome-wide sequencing studies on
human postmortem brain tissue, and this
offered an unprecedented opportunity to
elucidate the genetic bases of polygenic
neurological disorders, like Alzheimer’s
disease (AD).

AD is a highly prevalent neurodegenerative
disorder that manifests as significant
memory loss and other cognitive deficits,
and AD research has primarily focused on
amyloid beta (AB) and tau, the proteins that
make up the disease’s hallmark pathological
aggregates (amyloid plaques and
neurofibrillary tangles). Despite remarkable
advancements in our understanding of AR
and tau, we still lack effective therapeutics
for AD. Over the years, we have continued
to see disappointing results with several AB-
targeting treatments, discontinued in clinical
trials. Therefore, AD research has begun
to look for targets other than AR and tau.
Before genome-wide association studies
(GWAS), we had only identified rare causal
genetic mutations (APP, PS1/2), which are
not present in most afflicted individuals.
GWAS initially discovered only APOE as
an AD genetic risk factor for non-familial
(sporadic) AD cases, but quickly more and
more AD genetic risk variants were revealed.
A recent AD GWAS has identified more than
twenty AD-associated risk loci (TREM2,
BIN1, CLU, for example) across almost
100,000 individuals (Kunkle et al., 2019),
while another recent study has revealed sex-
dependency of AD GWAS loci (Fan et al.,
2020).

However, many AD genetic risk variants
are in non-coding regions, and currently,
biological interpretation of these AD risk
loci remains a large hurdle, impeding the
advancement of novel therapeutics. Thus, it
has become clear that functional genomic
approaches are necessary to further our
understanding of AD. Functional genomics
aims to unravel the biological functions of
genes and their encoded proteins through
high-throughput sequencing techniques,
and we examine genes at the network level,
rather than in isolation, to better recapitulate
the biological processes of the brain and to
identify biologically relevant gene targets.

To this end, there have been multiple
transcriptomic (microarray and RNA-
sequencing, RNA-seq) studies of human

AD, identifying AD dysregulated genes
and microRNAs. However, there is great,
inherent variability between human samples,
requiring large sample numbers to detect
robust disease-specific changes. Three large-
scale RNA-seq datasets on postmortem
human brain tissue, consisting of multiple
brain regions, were generated by the
National Institute on Aging’s Accelerating
Medicines Partnership-Alzheimer’s Disease
(AMP-AD) Target Discovery and Preclinical
Validation Project (Allen et al., 2018;
Mostafavi et al., 2018). Individual studies
of these datasets identified AD-associated
gene networks and found shared molecular
pathways between AD and another
tauopathy, progressive supranuclear palsy. In
addition, mRNA splicing was found altered
in AD (Raj et al., 2018). Most transcriptomic
studies, including the aforementioned
though, have limited their analyses to data
from a single brain tissue repository, which
can be a confounding variable.

While the AMP-AD consortium has propelled
the generation of large-scale genomic and
transcriptomic datasets, it has also led to
the development of new analytical tools
and thinking by making these datasets
accessible for other researchers. More
recent studies have begun to take a meta-
analytical approach to discover AD-specific
changes across several cohorts, significantly
increasing the number of samples. One
example is our group’s recent work in which
we applied consensus weighted gene co-
expression network analysis (c(WGCNA) to
the three AMP-AD cohorts (Mayo Clinic,
Mount Sinai, ROSMAP), identifying AD-
specific gene co-expression modules
conserved across the 1268 samples from the
respective brain tissue repositories (Morabito
et al., 2020). Unlike traditional WGCNA,
cWGCNA constructs only co-expression
modules found in all datasets, ignoring any
solely in one dataset. Additionally, many
transcriptomic studies have concentrated
on only one brain region, but we examined
data from multiple brain regions. While
we found brain region specificity in the
degree of gene co-expression changes in
AD, we effectively defined the disease-
associated transcriptional alterations
shared across brain regions. The AD gene
co-expression modules were also highly
preserved in human AD microarray datasets,
demonstrating the reproducibility of our
work.

In addition, RNA-seq now can be performed
at the single-cell level (single-cell RNA-seq,
scRNA-seq; single-nucleus RNA-seq, snRNA-
seq), and already scRNA-seq studies have
revealed the brain’s cellular heterogeneity

is far more complex than previously
thought (Tasic et al., 2018). It also has
been established that cell-type proportions
drastically change in the course of AD
progression, skewing RNA-seq data obtained
only at the tissue-level. There is significant
neuronal loss, while glial cells increase. Thus,
it is no surprise that AD downregulated
genes are related to neuron function or
that upregulated genes are related to glial
immune processes. Therefore, a few snRNA-
seq studies have been performed on human
AD samples, detecting cell-type specific
gene expression changes, and importantly,
these cell-type specific changes were often
incongruent to that at the tissue-level
(Grubman et al., 2019; Mathys et al., 2019;
Zhou et al., 2020). In addition, Mathys et al.
(2019) identified cell-type specific disease
transcriptional changes that were sex-
specific. However, the sample numbers of
these snRNA-seq studies have been limited
due to high costs. In order to combat this
limitation, our group integrated the large-
scale bulk tissue RNA-seq data with a smaller
snRNA-seq dataset, allowing us to define the
cellular context of the gene co-expression
changes occurring in AD (Morabito et al.,
2020). This provided us greater insight into
the AD dysregulated transcriptome, as we
were able to discern downregulated genes
related to mitochondria function were
neuron-specific and upregulated genes
involved in transcriptional regulation were
oligodendrocyte-specific. Although snRNA-
seq costs may decrease over time, we
foresee that the integration of bulk tissue
RNA-seqg and snRNA-seq will continue to
be valuable due to the inherent sparsity
of single-cell data and the high computing
power required for increasing cell numbers.

Further, the integration of multi-scale
datasets is critical for a thorough dissection
of the AD transcriptome and to yield novel
insights into disease biology. As previously
mentioned, AD genetic risk variants have
been identified by GWAS, and by intersecting
AD GWAS genes with transcriptomic data,
we and others have highlighted the role
of microglia in AD pathophysiology. We
found specific enrichment of AD GWAS
genes in a microglial module, and by also
looking at genes identified in GWAS of other
tauopathies, like progressive supranuclear
palsy, we found that this enrichment is
unigue to AD, suggesting that AD microglial
changes are associated with the presence
of both AB and tau pathology (Morabito et
al., 2020). Additionally, we examined GWAS
of multiple other neurological disorders and
unrelated traits, and we found enrichment
of multiple sclerosis GWAS hits in the same
microglial module, indicating similarities
in the disease biology of AD and multiple
sclerosis.

We also investigated the enrichment of
transcription factor binding sites in order
to identify potential regulators of AD gene
co-expression changes. The nuclear factor
kappa B (NFkB) pathway has been previously
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implicated in AD, and we established
RELA (NFkB p65 subunit) as a modulator
of both neuronal and non-neuronal AD
transcriptional changes (Morabito et al.,
2020). This was further supported by the
association of non-neuronal modules with
NFKB 1 (p50), which interacts with RELA in
canonical NFkB signaling. We additionally
found RELB (RELB Proto-Oncogene, NFKB
subunit) as a regulator of non-neuronal
modules, implicating the non-canonical
NFKB pathway as well. Further, we utilized
the NIH’s Library of Integrated Network-
Based Cellular Signatures database and
found Withaferin A, a drug that inhibits NFkB
signaling, as a modulator of one neuronal
and two non-neuronal modules.

Moreover, integrating epigenetic datasets
can help to further clarify the gene
regulatory programs mediating AD-
associated transcriptional changes. Previous
studies have identified AD-associated DNA
methylation, as well as H3K9ac marks
associated with AB or tau pathology (De
Jager et al., 2014; Klein et al., 2019). The
PsychENCODE consortium also has generated
large-scale human brain epigenetic datasets
(H3K27ac ChlP-seq, Hi-C). In our meta-
analysis, we examined the enrichment of
AD-associated methylation and H3K9ac
marks in our co-expression modules and
observed a striking lack of enrichment
in the same microglial module that was
enriched in AD GWAS hits (Morabito et
al., 2020). This was even more noticeable
since all other co-expression modules were
enriched in at least one of the epigenetic
annotations. Previous studies though
have indicated that histone modifications
regulate microglia activation, which would
seem to contradict our findings. However,
currently there have been no studies on
human AD brain samples examining cell-type
specific epigenetic changes, representing
a large gap in knowledge. While single-cell
transcriptomics has been able to identify
transcriptionally distinct disease-associated
cell states, it is imperative to understand the
gene regulatory programs controlling these
cell states to develop therapeutics targeting
diseased cell states.

It is important to note, though, that there
are several limitations when studying
postmortem human brain tissue, such
as postmortem artifacts and disease
comorbidity. Single-cell sequencing is
fairly new technology, and researchers are
still exploring how differences in tissue
processing can affect results. Additionally,
since AD is an aging disorder, many AD
brains are also diagnosed with disorders
like Lewy body dementia and hippocampal
sclerosis, making it difficult to determine
changes specific to AD. Another major
concern we would like to point out is that
postmortem human brain tissue cannot
concretely provide us information on disease
progression. Mouse models, however, can
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allow us to study disease progression but
have been criticized for their inability to fully
recapitulate human AD. The development
of new mouse models, informed by data
from diseased human samples, is critical
to advancing our understanding of AD, in
addition to discovering new therapeutics.
The Model Organism Development and
Evaluation for Late-Onset Alzheimer’s
Disease (MODEL-AD) consortium is
currently developing and extensively
characterizing novel AD mouse models and
promises to bring robust model systems of
neurodegeneration and AD biology.

As technology continues to advance, we will
continue to see the generation of new and
exciting data, but we emphasize that the
integration of multiple model systems, in
addition to multiple data modalities, is key to
advancing our knowledge of disease biology.
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