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Abstract
This article explore the avenues opened by single cell genomics in medical research and clinical
practice, with focus on brain and neurodevelopmental disorders such as autism.
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Cell identity and defining parameters

Cell identity is a challenging and elusive con-
cept defined with regard to cell type, cell line-
age and cell state. Central to cell identity
definitions are the phenotype and function that
allow categorization into cell types. A cell’s phe-
notypic individuality is confered by the unique
set of molecules it contains, such as DNA and
RNA, proteins, metabolites and a wide range of
other molecules. While cell identity is stable
during the lifetime of a normal cell, the state of
a cell is a dynamic set of different phenotypes
that occur in response to cell intrinsic and ex-
trinsic factors (Kosik, 2010; Mincarelli et al.,
2018).

Cells have been traditionally classified by
their shape and size (morphology), the anatom-
ical/tissue location and types of cell-to-cell in-
teractions. The technological advances in
molecular biology, namely interrogation of the
genome, transcriptome, epigenome and pro-
teome etc., lead to a new understanding of the
molecular structure and cell’s physiological
functions. Among these approaches, transcrip-
tome-wide gene expression profiling is the most
widely employed for cell classification, while of-
fering a comprehensive understanding of bio-
logical processes in health and disease
(Naumova, 2013; Xia and Yanai, 2019; Morris,
2019). Until recently, the majority of profiling
studies have analyzed large populations of
input cells, such approaches masking the cellu-
lar heterogeneity. This cell-to-cell variability can
be observed even in similar cell types as the re-
sult of differences between cell sub-types, ho-
meostatically regulated and/or stochastic
process variations. The field of single-cell ge-
nomics, including profiling of RNA, DNA or pro-
teins, has advanced rapidly in the last few years
and has generated new insights in many fields
including neurobiology, cancer and develop-
mental biology. The tehnological progress has
enabled high-throughput single cell or single
nucleus sequencing of thousands of individual
cells in a single experiment, allowing the study
of cell diversity in a sample without the loss of
information that occurs analyzing bulk tissue
samples. Since the first single cell RNA sequen-
cing (scRNA-seq) study was published (Tang et
al., 2009), the number of studies increased,
and new methods for single-cells isolation and
expression profiling from low amounts of RNA

were developed.

scRNA-seq is a powerfull tool to characterize
heterogeneous, complex and rare cell popula-
tions, to understand the relationships among
cells during different processes, and the func-
tional state of individual cells (Hwang et al.,
2018). Furthermore, as cell identity is defined
not only by its transcriptome, but also by the ge-
nome, epigenome, proteome etc., the multidi-
mensional / multi-omics analysis allows a
comprehensive understanding of single cell
functions (Macaulay et al., 2017; Song et al.,
2019). Considering the multiple phenotypic
layers that contribute to a cell’s identity, the
ability to dissect and accurately describe the in-
dividual cell’s genome, epigenome, transcrip-
tome, proteome, metabolome etc, separately or
combined in multi-omics assays, is essential for
understanding complex biological systems
(Kosik, 2010; Mincarelli et al., 2018; Morris,
2019).

Brain transcriptomics

The mammalian brain stands out as one the
most complex and challenging tissue; it con-
tains a large number of cells, categorized into a
wide range of cell types and subtypes, with
highly specialized or support functions. Tradi-
tionally, brain cells have been classified by a
combination of features such as anatomical lo-
cation, cell morphology, electrophysiological
properties, connectivity and gene expression
(Cuevas-Diaz Duran et al., 2017; Mu et al.,
2019). Gene expression studies, starting with
targeted assays based on PCR and FISH and ex-
panding to transcriptome-wide assays such as
microarray and RNA sequencing, greatly ad-
vance the mechanistic understanding of human
brain functionality in health and disease. Tran-
scriptomic studies revealed that brain gene ex-
pression processes are characterized by several
particuliarities that make brain unique among
other tissues and organs. Firstly, the number of
genes expressed is very high, around 80-95%
of protein-coding genes being expressed in the
human brain (Bae et al., 2015). Secondly, the
brain RNA populations are more diverse com-
pared to other tissues; also, there is a high level
of alternative splicing (de la Grange et al., 2010;
Naumova et al., 2013). Thirdly, the brain tran-
scriptome varies across different brain regions
reflecting the functional and anatomical differ-
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ences among these structures. The patterns of
gene expression define cell types and neuroan-
atomical structures, and highlight molecular
pathways with critical roles for the development
and function of the brain (Bae et al., 2015). Sin-
gle-cell analysis is critical for understanding the
heterogeneity of brain cells, their function and
state, as well as the regulatory networks within
brain cells (Cuevas-Diaz Duran et al., 2017). Sys-
tematic gene expression profilling studies hold
the promise of a better understanding of molec-
ular mechanisms involved in the control of cog-
nitive and behavioral functions, both in
neurotypic individuals and in disease states
(Naumova et al., 2013).

Brain genomics

The human brain is a highly heterogeneous
collection of neuronal and non-neuronal cells.
Gene expression changes, in response to exter-
nal stimuli or during development, have been
intensely studied in order to decipher the com-
plexity of the brain. In addition, somatic ge-
nomic differences among cells has also been
suggested to play a role in the functional diver-
sity of brain cells (Evrony, 2016).

Genetic variation within an organ or tissue
defines somatic mosaicism. The phenomenon is
well recognized in healthy individuals in im-
mune compartment cells involved in generating
diverse immune responses to antigens (O’Hual-
lachain et al., 2012) or in disease conditions,
such as cancer. Age related structural genomic
variation has been described in human brain
consisting of aneuploidy and retrotransposition
events (Yurov et al., 2005; Baillie et al., 2011).
Single cell genomic studies further contributed
by unveiling a high degree of genome variation
in human brain due to DNA copy number vari-
ants (CNVs) and single nucleotide sequence
variants (SNVs), in normal and diseased tissues
(Evrony et al., 2012; Cai et al., 2014; Lodato et
al., 2015). Mature neurons in the adult cortex of
normal individuals have an estimated 1500 so-
matic SNVs per cell, enriched in neurodevelop-
mental genes actively transcribed (Lodato et al.,
2015).

Neurodevelopmental disorders exemplified by
autism spectrum disorders

Autism spectrum disorders (ASDs) are com-
plex neurodevelopmental conditions character-

ized by impairments in communication and so-
cial interaction, and restricted, repetitive pat-
terns of behavior and interests (Lai et al., 2014).
ASD patients often present with co-morbidities
such as gastrointestinal problems, epilepsy, in-
tellectual disability, and motor abnormalities (Lai
etal., 2014). ASD is thus, not only a neuropsychi-
atric disorder, but a multiple systems condition.
As a neurodevelopmental disorder, different neu-
roanatomical anomalies have been reported in
ASD. Such patients often display an increased
size of the cortex during the toddler period fol-
lowed, in childhood and adolescence, by a re-
duction of the brain growth. Also, a larger
minicolumn width in younger children with ASD
has been reported (Donovan and Basson, 2017).
ASD has a strong genetic component and one
of the highest heritability among neuropsychia-
tric disorders (Smalley et al., 1988). The genetic
architecture of ASD is extremely heterogenous
in terms of alleles frequencies, patterns of in-
heritance and variant types (De Rubeis and
Buxbaum, 2015; Ramaswami and Geschwind,
2018). During decades of genetic studies, that
started with karyotyping and progressed toward
genome-wide chromosomal microarrays, whole
exome and whole genome sequencing, a wide
spectrum of genetic defects were identified,
from large chromosomal rearrangements and
CNVs to small insertions/deletions (indels), and
SNVs. The combination of chromosomal micro-
arrays and whole exome sequencing revealed
many ASD risk genes and highlighted the role
played by rare de novo mutations, detected in
10-20% of patients, in ASD susceptibility (Jeste
and Geshwind, 2014). Monogenic ASD-related
disorders, such as Rett syndrome, fragile X syn-
drome, tuberous sclerosis characterize one end
of the ASD genetic spectrum, where a single
gene mutation or a CNV affecting one gene have
a major phenotypic effect (Rylaarsdam and Gue-
mez-Gamboa, 2019). The opposite end of the
spectrum is the polygenic model that recog-
nizes the contribution of multiple, small effect,
common variants (lakoucheva et al. 2019). The
oligogenic model applies to ASDs with two or
more genetic defects, the joint effects of known
pathogenic variants and other rare variants
leading to clinical heterogeneity in term of sev-
erity and disease manifestations (lakoucheva et
al. 2019). Boyle et al. (2017) proposes another
complex genetic model, the omnigenic model,
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which involves highly interconnected cell regu-
latory networks. In this model, the disturbance
of ,peripheral” gene expression impairs the
normal regulation and function of ,,core” genes.
Somatic SNVs affecting known risk genes for
psychiatric disorders, such as autism, identified
in postmortem brains of affected individuals in-
dicate that this type of genetic alteration may
be associated with disease development
(D’Gama et al., 2015; Nishioka et al., 2019), al-
though further research is needed. It has also
been proposed that somatic mutations may act
as modifiers of germline variants, influencing
disease expression or penetrance (Nishioka et
al., 2019). Moreover, in a recent study, Rodin et
al. found an increased frequency of somatic
mutations in neural enhancers in ASD patients
cortex versus controls and hypothesize that mo-
saic enhancer mutations are potential contrib-
utors to ASD development (Rodin et al., 2020).
Taking into account the genetic heterogeneity
of ASDs, efforts have been made to identify
commonly affected pathways in order to ad-
vance the understanding of disease patho-
mechanisms for larger patients groups and to
pinpoint potential therapeutic targets. The anal-
ysis of genetic defects in ASD and the functions
of the affected proteins converged towards pro-
teins involved in synaptic development and
function and transcription regulation and chro-
matin remodeling (De Rubeis et al., 2014).
Whole-tissue RNA microarray and sequencing
studies revealed gene expression changes in
the brain of ASD patients in comparison to con-
trol samples (Voineagu et al., 2011; Parikshak et
al., 2016). Co-expression analyses of transcrip-
tomic data by Parikshak et al showed ASD asso-
ciated changes in gene co-expression modules,
with upregulation of modules involved in devel-
opment, inflammation and glial function and
downregulation of modules involved in synaptic
and neuronal function (Parikshak et al., 2016;
Bray, 2017). In brain samples of young ASD pa-
tients, downregulation of genes involved in
brain structure was noted. On the other hand, in
the brain of the adult patients with ASD, the
genes involved in cellular diferentiation are dys-
regulated, explaining the reduced brain size in
the ASD adult patients (Donovan and Basson,
2017). Furthermore, ASD individuals show a re-
duction of gene expression differences between
distinct brain regions (Parikshak et al., 2016;

Donovan and Basson, 2017). However, these re-
sults reflect the gene expression of bulk tissues
consisting of diverse cell populations and do
not describe the expression of specific genes in
specific neuronal cell types and sub-types. This
limitation has been overcomed by studying the
transcriptomes of single brain cells in ASD (Vel-
meshev et al., 2019). Velmeshev et al applied
single-nucleus RNA sequencing to analyse neu-
rons and glia from postmortem cortical tissue.
The most affected pathways in studied cells
were those involved in regulation of synapse
function, neuronal outgrowth and migration.
The study revealed that synaptic signaling of
upper-layer cortical projection neurons and mi-
croglia were affected in ASD patients. Further-
more, the data suggest that dysregulation of
specific sets of genes in cortico-cortical projec-
tion neurons is correlated with clinical severity
of the disease. The authors also highlight the
importance of single cell multi-omics assays
that will allow, for example, the analysis of
brain cell transcriptomic profile in the context of
the cellular genomic landscape, in order to
better understand the mechanisms of ASD and
design specific treatments targeting affected
cell types (Velmeshev et al., 2019).

Medical and research applications of single
cell approaches

Single cell assays brought an unprecedented
level of understanding of cell identity, its pro-
cesses and functions as well as communication
and interactions between cells. The challange of
single cell era is now the translation of this
wealth of information to clinical practice.

Single-cell transcriptomics has made a sub-
stantial contribution to the development of
comprehensive cell type atlases of different tis-
sues /organs. Great research efforts were ded-
icated to identifying and characterizing cells in
complex organs such as mouse brain (Carter RA
et al., 2018; Rosenberg et al., 2018; Saunders et
al., 2018; Zeisel et al., 2018.). In 2018, Han et
al. created Mouse Cell Atlas derived from com-
prehensive single-cell transcriptomic analysis.
This Atlas can be used for different applica-
tions, one example being the Mouse Cell Net-
work Atlas created by Suo et al. (2018), which
can be use forthe identification of regulatory
network structure of different cells and charac-
terisation of critical regulators for cell identity.
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The creation of a human brain cell atlas that in-
corporates well known parameters used for cell
type identification (anatomical location, mor-
phological and electrophysiological data, syn-
aptic and conectivity properties) alongside
information regarding their molecular identity,
developmental lineage, and contribution to
brain disease has proved challenging (Mahfouz
et al., 2017; Mu et al., 2019). A comprehensive
map of human and mouse brain gene expres-
sion has been developed by the Allen Institute
for Brain Science (Pollock et al., 2014), many
data being provided by microarray and more re-
cently single-cell RNA seq gene expression
studies. This resource also provides information
about the spatial and anatomic location of anal-
ysed cells. To reduce the paucity of relevant
human samples, datasets of previous studies
were integrated in Allen Human Brain Atlas;
therefore healthy and disease sample results
are available for multiple brain regions. Single
cell RNA sequencing data in corroboration with
results obtained by molecular profiling of genes
in bulk tissue samples, and data regarding mor-
phology, connectivity and physiology of cells
are essential for a correct characterization of
brain cell types. Data comparison of normal and
disease samples from the same brain regions
would help to understand the functions and in-
teractions of brain cells, providing insights into
the affected pathways in different cell types, in-
cluding the role of distinct cell types in disease.
The Human Cell Atlas, represents yet another
ambitious research endeavor that parallels The
Human Genome Project, and aims to provide a
reference map of human healthy and diseased
tissues (Regev et al., 2017; Rozenblatt-Rosen et
al., 2017). The generation of the Human Cell
Atlas will allow comparisons of diseased tissues
with a standard reference. New opportunities
are thus created for early accurate diagnosis
and precision medicine approaches (Strzelecka
etal., 2018).

The use of combined single-cell omics tech-
nologies to study brain tissue will generate in-
formation which can lead to identification of
candidate pathways involved in neurodevelop-
ment diseases, facilitating discovery of novel
biomarkers and creating new opportunities for
targeted therapies development. For example, it
is well known that many ASD genes are involved
directly or indirectly in synaptic structure and

function, leading to the concept of ASD as a
”synaptopathy” (Zoghbi and Bear, 2012). For
these patients, the development of a gene ther-
apy to modulate the expression of targeted pro-
teins within this network could be an efficient
approach to regain the normal function of
synapses.

Alongside a multitude of promises, the single
cell genomics field also faces many challenges
and has limitations that need to be addressed.
There are technical issues, statistical issues,
and biological factors which generate a high
variability of single cell sequencing data. The
quality of the results depends on the design,
implementation, assembly and interpretation of
the data, all of which raise challenges for proto-
col type selection, computational processing
and data analyses. With the technological ad-
vances for single cell isolation, -omics ap-
proaches and data integration, many of these
issues will be overcome. For some of the single
cell genomics limitations the solution lies in
using more than one -omic approach. For exam-
ple, the limitation in mutation detection sensi-
tivity by RNA sequencing, can be surpassed by
integration of multiple data sets from the same
cell, for example RNA and DNA sequencing. The
limitations in resolving spatial and time resolu-
tion can be solved by using in situ sequencing
and single cell approaches of organoids, re-
spectively.

Overall, it is to be hoped that multi-omics pro-
filing of single cells will advance precision medi-
cine, in accurate diagnostic assays and better
targeted therapies (Strzelecka et al., 2018).

Conclusions

Single-cell sequencing technologies, by accu-
rately studying multiple phenotypic levels of in-
dividual cells, enable researchers to refine cell
type classifications and to construct maps of
cells within different tissues and organs up to
the entire organism. Single cell studies reveal a
level of genomic and transcriptomic hetero-
geneity previously unrecognized.

Thus, the intimate understanding at single
cell level, in health and in disease, becomes
critical in the quest for new diagnostic, prog-
nostic or predictive biomarkers and molecular
therapeutic targets. ‘/
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