& frontiers

@ Check for updates

OPEN ACCESS

Inés Dinis Aires,
University of Coimbra, Portugal

Elisa Waxman,
Children's Hospital of Philadelphia,
United States

Darcie L. Moore
darcie.moore@wisc.edu

31 March 2023
25 May 2023
22 June 2023

Lear BP and Moore DL (2023)

Moving CNS axon growth and regeneration
research into human model systems.

Front. Neurosci. 17:1198041.

doi: 10.3389/fnins.2023.1198041

© 2023 Lear and Moore. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Neuroscience

Frontiers in Neuroscience

Mini Review
22 June 2023
10.3389/fnins.2023.1198041

Moving CNS axon growth and
regeneration research into human
model systems

Bo P. Lear and Darcie L. Moore*

Department of Neuroscience, University of Wisconsin-Madison, Madison, WI, United States

Axon regeneration is limited in the adult mammalian central nervous system
(CNS) due to both intrinsic and extrinsic factors. Rodent studies have shown that
developmental age can drive differences in intrinsic axon growth ability, such
that embryonic rodent CNS neurons extend long axons while postnatal and adult
CNS neurons do not. In recent decades, scientists have identified several intrinsic
developmental regulators in rodents that modulate growth. However, whether
this developmentally programmed decline in CNS axon growth is conserved in
humans is not yet known. Until recently, there have been limited human neuronal
modelsystems, and even fewer age-specifichuman models. Human invitro models
range from pluripotent stem cell-derived neurons to directly reprogrammed
(transdifferentiated) neurons derived from human somatic cells. In this review,
we discuss the advantages and disadvantages of each system, and how studying
axon growth in human neurons can provide species-specific knowledge in the
field of CNS axon regeneration with the goal of bridging basic science studies
to clinical trials. Additionally, with the increased availability and quality of ‘'omics
datasets of human cortical tissue across development and lifespan, scientists can
mine these datasets for developmentally reqgulated pathways and genes. As there
has been little research performed in human neurons to study modulators of
axon growth, here we provide a summary of approaches to begin to shift the field
of CNS axon growth and regeneration into human model systems to uncover
novel drivers of axon growth.

axon growth, axon regeneration, direct reprogramming, hPSCs, reprogramming,
development

1. Introduction

Damage to adult central nervous system (CNS) neuronal projections called axons, in spinal
cord injury (SCI) or optic nerve injury for example, results in little to no regeneration following
damage. SCI is a devastating injury that results in life-long disability with high rates of morbidity
and mortality, resulting in reduced quality of life, and a lifetime economic burden of
approximately 2—4 billion dollars (Bennett and Emmady, 2023). The lack of regeneration in adult
CNS axons is due to both an inhibitory environment and a lack of intrinsic axon growth in the
neurons themselves (Curcio and Bradke, 2018; Zheng and Tuszynski, 2023). Interestingly, there
is an age-dependent decrease in axon growth and regeneration ability in rodent CNS neurons
in vitro and in vivo around the time of birth (Bregman et al., 1989; Chen et al., 1995; Dusart et al.,
1997; Goldberg et al., 2002; Gwak et al., 2004; Blackmore and Letourneau, 2006; Genovese et al.,
2006; Siegenthaler et al., 2008; Moore et al., 2009; Mar et al., 2014). This largely has been
considered to be due to a downregulation of pro-regenerative networks and an upregulation of
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inhibitory gene expression networks in addition to developmental
changes in the environmental niche (Gao et al., 2004; Arlotta et al.,
2005; Wang et al., 2007; Moore et al., 2009; Geoftroy et al., 2016; Lu
etal,, 2020). Despite immense knowledge gained through identifying
modulators of axon regeneration in rodents, there is currently no
FDA-approved treatment for SCI (Perrin, 2014; Dietz et al., 2022). The
lack of concordance of results between preclinical rodent studies and
human clinical trials could be the result of the divergence of not only
the human and mouse transcriptome, but also cis-regulatory regions
(e.g., promoters, enhancers; Yue et al., 2014). Thus, it is important to
establish human studies to determine the conservation across species
of critical regulators of axon growth. Until recently, our ability to ask
these questions was limited by the inability to acquire and culture
human neurons of all ages. In this review, we summarize our current
knowledge of developmentally-regulated axon growth pathways in the
rodent CNS, human in vitro and in vivo models to study axon
regeneration, and finally human cortical tissue transcriptomic and
proteomic datasets available for mining developmentally-regulated
genes in human CNS neurons.

2. An age-dependent decline in rodent
CNS axon regeneration

It has been well-established that developmental age alters the
response of rodent CNS neurons to extrinsic and intrinsic factors that
limit adult but not embryonic axon growth and regeneration (Chen
et al.,, 1995; Bandtlow and Loschinger, 1997; Dusart et al., 1997;
Fawcett, 1997; Goldberg et al., 2002; Blackmore and Letourneau, 2006;
Blackmore et al., 2012; Venkatesh et al., 2016; Curcio and Bradke,
2018; Venkatesh et al, 2018; Wang Z. et al, 2018; Zheng and
Tuszynski, 2023). Extrinsically, CNS myelin contains inhibitory
proteins, such as NOGO, myelin-associated glycoprotein (MAG), and
oligodendrocyte myelin glycoprotein (OMGP) that limit adult axon
CNS regeneration through collapsing growth cones following injury,
but not embryonic CNS neurons (Waxman and Foster, 1980; Foran
and Peterson, 1992; Filbin, 2003; Yiu and He, 2006). Further, with
aging, there is an attenuated ability for local microglia and
macrophages to remove myelin debris resulting in prolonged
inflammation (Safaiyan et al., 2016; Cantuti-Castelvetri et al., 2018).
After the inflammation has stabilized, a glial scar forms, which is both
a mechanical barrier to axon regeneration, and also contains proteins
inhibitory to axon growth such as chondroitin sulfate proteoglycans
(CSPGs) released by reactive astrocytes and other cell types locally
(Snow et al., 1990; McKeon et al., 1999; Becker and Becker, 2002; Jones
etal., 2003; Tang et al., 2003; Yiu and He, 2006; Li et al., 2020). Further,
in rodent SCI models there is increased inflammation in older animals
as represented by an increase in monocyte-derived macrophages at
the lesion site (Stewart et al., 2021).

Intrinsically, development and age influence various pathways in
the neurons, from epigenome to transcriptome to translatome.
Originally, developmentally-regulated transcription factors (TFs) were
attractive targets because they can regulate an abundance of genes. For
example, Kriippel-like factors (KLF) 6 and KLF7, which promote
embryonic axon growth, are downregulated postnatally (Moore et al.,
2009; Blackmore et al., 2012; Wang Z. et al., 2018; Kramer et al., 2021),
whereas other members of the KLF family, such as KLF4 and 9, are
upregulated developmentally, and inhibit axon growth and
regeneration (Moore et al., 2009; Apara et al., 2017; Galvao et al., 2018;

Frontiers in Neuroscience

10.3389/fnins.2023.1198041

Trakhtenberg et al., 2018; Avila-Mendoza et al., 2020; Xu et al., 2021).
Knockdown of KIf4 and 9 can increase axon growth in adult
corticospinal tract (CST) neurons and retinal ganglion cells (RGCs;
Moore et al., 2009; Apara et al., 2017; Galvao et al., 2018; Trakhtenberg
etal, 2018). KLF9’s inhibitory function is partially mediated through
the MAPK pathway as the inhibition or inactivation of c-Jun
N-terminal kinase 3 (JNK3) and Dual-specificity phosphatase 14
(DUSP14) abolish KLF9’s inhibitory role in RGC axon regeneration
(Apara et al., 2017; Galvao et al., 2018). KLF4 acts through binding
signal transducer and activator of transcription 3 (STAT3) to block
STAT3’s DNA-binding activity, limiting expression of its downstream
regeneration-associated genes (RAGs) (Qin et al., 2013). In contrast
to KLF4, the pro-regenerative KLF6 has cooperative roles with STAT3
to promote regeneration through the co-occupancy of similar
regulatory regions of DNA (Wang Z. et al., 2018; Kramer et al., 2021).
These studies suggest that in the CNS, both developmentally regulated
growth-promoting and growth-repressing TFs act to drive changes in
axon growth and regenerative abilities.

In addition to developmentally regulated TFs, cell signaling
proteins such as insulin-like growth factor, cytochrome P450, and
cyclic adenosine monophosphate (cAMP) levels are all downregulated
during development (Gao et al., 2004; Arlotta et al., 2005; Wang et al.,
2007). cAMP is an example where intrinsic and extrinsic factors
collide, as cAMP downregulation in cerebellar and dorsal root
ganglion (DRG) neurons at postnatal day (P)3-4 leads to increased
inhibition of axon growth by myelin (Cai et al., 2002; Gao et al., 2004),
due to the reduced phosphorylation of cAMP- response element-
binding protein, and thus its effect on downstream genes such as
arginase I and interleukin 6 (Cai et al., 2002; Redmond et al., 2002;
Gao etal,, 2004; Cao et al., 2006; Deng et al., 2009). In these examples,
modulation of these age-dependent factors has been shown to improve
CNS axon growth and regeneration in rodent models.

The mammalian target of rapamycin (mTOR) pathway is a central
pathway that promotes growth through translational regulation (Ma
and Blenis, 2009; Saxton and Sabatini, 2017). During CNS neuronal
development, there is a downregulation of mTOR pathway activity,
detected through a decrease in phospho-S6 signal, a marker of mTOR
pathway activation (Liu et al., 2010; Teotia et al., 2019). The deletion
of negative regulators of the mTOR pathway such as phosphatase and
tensin homolog (Pten) and tuberous sclerosis 1 (TscI), promotes
robust axon regeneration in RGCs and CST neurons (Park et al., 2008;
Liu et al,, 2010). However, later studies found that whereas Pten
deletion in young animals (6 weeks) resulted in a strong regenerative
phenotype, the same deletion in middle-aged animals (12-18 months)
resulted in limited CST neuron axon regeneration (Geoffroy et al,,
2016,2017). This is thought to be due to the upregulation of eukaryotic
translation initiation factor 4E-binding protein 1 (4E-BP) during
aging which promotes cap-dependent translation of downstream
mRNAs. mTORCI is a repressor of 4E-BP, thus Pten deletion should
lead to increased activation of mMTORCI, and increased repression of
4E-BP. However, because 4E-BP expression is upregulated with age,
this prevents the downstream effects of Pten deletion, leading to the
lack of regeneration in older animals (Yang et al., 2014; Geoffroy et al.,
2016). Thus, Pten deletion, one of the hallmark gene manipulations
that promotes robust axon regeneration either singly (Park et al., 2008,
2010; Liu et al,, 2010; Du et al., 2015; Geoftroy et al., 2016) or in
combination with other treatments (Kurimoto et al., 2010; Sun et al.,
2011; de Lima et al, 2012; Lewandowski and Steward, 2014;
O'Donovan et al., 2014; Ohtake et al., 2014; Geoftroy et al., 2015; Jin
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etal,2015; Lim J. H. etal., 2016; Weng et al., 2018; Huang et al., 2019;
Xie et al, 2022), is hindered in the aged rodent CNS due to
age-dependent changes. Other mTOR pathway regulators are
developmentally regulated such as LIN28A, an RNA-binding protein,
which is downregulated by early postnatal development. Its
upregulation in both CST neurons and RGCs results in robust axon
regeneration and improved motor function in the injured mice
(Nathan et al., 2020).

It has been hypothesized that the reduced effectiveness of known
pro-regenerative transcription factors in aging rodent models may
be due to changes in chromatin accessibility. For example,
overexpression of pro-regenerative transcription factors such as JUN
and STAT3 have attenuated effects on adult CST axon regeneration,
despite their regenerative phenotypes when overexpressed in early
postnatal neurons in vitro (Lerch et al., 2014; Mehta et al., 2016;
Venkatesh et al., 2018). Similarly, with chromatin accessibility analysis,
the pro-regenerative TF KLF7 had reduced DNA binding in adult
cortical neurons due to changes in chromatin structure, and thus
decreased DNA accessibility (Blackmore et al., 2012; Venkatesh et al.,
2018; Pita-Thomas et al, 2021). These examples of reduced
effectiveness of TFs in adult neurons may be due to a general
developmental decrease in promoter accessibility of RAGs (Gaub
etal, 2011; Venkatesh et al., 2016). A possible mechanism underlying
these changes in DNA accessibility is through an age-dependent
decline in histone acetyltransferase CBP/p300 activity, which relaxes
chromatin and allows for transcriptional initiation (Gaub et al., 2010,
2011). Overexpression of p300 in adult injured RGCs, and to a lesser
extent in CNS upper motor neurons, promotes axon regeneration
through increased p300 interaction and acetylation of the promoter
regions of RAGs, leading to increased DNA accessibility and
transcription (Gaub et al., 2010, 2011; Muller et al., 2022). On a global
scale, transient pulsing of 3 out of the 4 Yamanaka reprogramming
factors (octamer-binding transcription factor 4 (OCT4),
sex-determining region Y box 2 (SOX2), and KLF4) in adult RGCs
reverted these neurons to an embryonic state, rejuvenating the
chromatin landscape, and resulting in increased optic nerve
regeneration post-injury (Lu et al., 2020). This increased regeneration
following transient reprogramming was mediated by tet
methylcytosine dioxygenase 1 (TET1) and TET2-dependent DNA
demethylation shifting the epigenetic landscape from an adult to an
embryonic state. Thus, a developmental switch in DNA accessibility
may act to limit CNS axon regenerative ability in the adult.

Tremendous progress has been made in identifying intrinsic and
extrinsic rodent regulators of CNS axon regeneration, yet we do not
know if these are conserved in human CNS neurons. For example, do
pathways like mTOR and cAMP mediate similar effects on human
axon growth? Is CNS axon growth and regeneration ability also
developmentally-regulated in humans, and if so, what are the
underlying changes that drive this phenotype? These are open
questions where little has been studied in the context of human
model systems.

3. Models to study human axon
growth

In the last two decades, with the advent of human pluripotent
stem cell (hPSC) technology which includes both human embryonic
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stem cells (hESCs) and induced pluripotent stem cells (iPSCs), and
direct reprogramming technologies, we have seen an increase in
human disease and therapeutic models that can now be applied to
studies of axon growth and regeneration.

3.1. Human pluripotent stem cell (hESC and
iPSC) models

HESCs are embryonic stem cells isolated from the inner cell mass
of a human blastocyst which can be cultured in vitro, and differentiated
into a wide variety of cells, including neurons (Figure 1; Shamblott
et al., 1998; Thomson et al., 1998; Keller and Snodgrass, 1999). To
avoid the ethical concerns of the source of hESCs, iPSCs have become
a strong alternative for creating human neurons (Figure 1). IPSCs are
generated from somatic cells using the overexpression of specific
proteins resulting in cellular, epigenetic, and transcriptomic
rejuvenation, and returning the original adult cell to a prenatal
epigenetic and cellular age.

HPSCs can be differentiated into diverse neural precursors,
neurons, and glial subtypes following the addition of various
combinations of small molecules and growth factors that mirror
developmental patterning [reviewed in (Kramer et al., 2013;
Chuang et al.,, 2015; Tao and Zhang, 2016)]. Both hPSCs and
hPSC-derived neural progenitor cells (NPCs) are highly
proliferative, allowing for the constant expansion of the starting
population, and the generation of large numbers of neurons.
However, depending on the desired final cell type, it can take
weeks to months for neurons to fully differentiate and mature
because this differentiation paradigm mimics development. A
shorter process to generate these subtypes of neurons is the
forced overexpression (direct reprogramming) of neurogenic
transcription factors or microRNAs in hPSCs without the natural
progression of development (Mertens et al., 2015, 2018; Tang
et al., 2017).

HPSC-derived cells can be cultured in 2D or 3D, with 2D systems
allowing for easy analysis of individual neuronal morphology,
whereas 3D models have the advantage of mirroring the in vivo
environment (Seo et al., 2022). A small number of studies have used
hPSC-derived neurons in 2D culture for high content screens to test
for compounds that could modulate intrinsic axon growth, as well as
for the impact of various substrates and scaffolds on axon growth
[hESC-derived neurons: (Lam et al., 2010; Shin et al., 2010), iPSC-
derived neurons: (Sirenko et al., 2014; Hancock et al., 2015; Sherman
and Bang, 2018)]. Recently, researchers have generated 3D motor
column organoids to model amyotrophic lateral sclerosis (ALS).
These 3D organoids contain a mixture of motor neurons and
interneurons, with key elements of spinal cord organization replicated
in this model such as motor neuron axons bundles exiting the
organoid together, similar to a motor nerve fascicle, and ventral
interneuron localization (Seo et al., 2022). Further, assembloids,
generated from organoids and spheroids of different structures such
as cerebral cortex, hindbrain/spinal cord, and skeletal muscle can
be assembled together, in efforts to model the entire cortex to muscle
functional circuitry (Giandomenico et al, 2019; Andersen
et al., 2020).

While all hPSC-derived models do a good job of modeling
developmental ages due to the rejuvenated age of hPSC-differentiated
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FIGURE 1

The most commonly used methods to make human neurons. Schematic illustrating the major methods of differentiating and direct reprogramming of
various cell types to human neurons (hESCs, iPSCs, somatic cells). In addition to the listed cell types for transdifferentiation, there are a multitude of
donor cells that can be directly reprogrammed to human neurons [reviewed in Kim et al. (2021)].

progeny, this may be a disadvantage if one wants to study adult human
neuron axon growth and regeneration.

3.2. Human cells as treatment: in vivo use
of hESC- and iPSC-derived neurons

The most common application of hPSC-differentiated
neurons is therapeutic transplantation for neurodegenerative
diseases. In Parkinson’s disease (PD), for example, there has been
great progress with midbrain dopaminergic progenitor
transplantation to replace the endogenous degenerated neurons
in animal models (Wang Y. K. et al., 2018; Piao et al., 2021; Tao
et al.,, 2021; Xiong et al., 2021), and now in clinical trials (Kim
et al, 2022). These hPSC-derived midbrain dopaminergic
progenitors transplanted into the midbrain of a PD mouse not
only extend their axons to different targets in the brain, but are
also capable of integrating into the local neuronal circuitry,
resulting in moderate recovery of PD-induced motor deficits
(Xiong et al., 2021). Similar results were seen with autologous
transplantation of iPSCs in non-human primates (Tao
et al., 2021).

Transplantation has also been used in efforts to treat SCIs.
Early studies transplanted rodent embryonic cortical neurons
with high intrinsic growth potential into the adult rodent cortex,
and observed neuron grafts extending long-range projections and
forming synapses with cortical and subcortical structures

(Fricker-Gates et al., 2002; Gaillard et al., 2007; Gaillard and

Frontiers in Neuroscience 04

Sauve, 2007; Falkner et al., 2016). With the advent of hPSC
technology, scientists have now generated chimeric animals
through transplantation of human cells in rodent and non-human
primate spinal cords (Nori et al., 2011; Lu et al., 2012, 2014a,b;
Kadoya et al., 2016; Li and Chen, 2016; Nagoshi and Okano, 2017;
Dulin et al., 2018; Okubo et al., 2018; Rosenzweig et al., 2018;
Kumamaru et al., 2018a,b; Kitagawa et al., 2022). For example,
Wertheim and colleagues generated hPSC-derived motor neurons
and created hydrogels from porcine extracellular matrix (ECM)
for transplantation into rodent spinal cord at the site of a
SCI. This transplant resulted in enhanced cell survival, reduced
inflammation and gliosis at the lesion site, and overall improved
motor outcomes (Wertheim et al., 2022). Transplantation of
hPSC-derived progenitors and neurons to the injury site not only
alters the local environment to be growth-permissive, but also
produces neurons that can integrate into the host neural circuitry,
acting as a relay to improve recovery post-SCI (Cizkova et al.,
2007; Usvald et al., 2010; van Gorp et al., 2013; Lu et al., 2014b,
2017; Okubo et al., 2018; Rosenzweig et al., 2018; Poplawski et al.,
2020). These are exciting prospects, however, additional
longitudinal studies need to be performed to evaluate how the
transplantation of hPSC-derived NPCs the
environment and circuitry over time. HPSC-derived NPCs

alter local
recently have moved into ongoing clinical trials for treatment of
patients with SCIs through transplantation at the site of injury
(Sugai et al., 2021; Kim et al., 2022), yet a key limitation in
moving from animal models to human models is the need to
generate clinical grade hPSCs. This process is extremely laborious
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and expensive, especially when generating autologous hPSCs
from patient cells (Kim et al., 2022). As a result, scientists have
been developing HLA-compatible iPSC lines to cover most of the
world’s population to reduce the need to generate autologous
hPSCs to prevent immune rejection (Rim et al., 2018; Jang et al.,
2019; Yoshida et al, 2023). The potential for large-scale
production of hPSC-derived neurons in combination with their
high intrinsic axon growth potential and plasticity supports these
cells as a good model for therapeutic treatments.

3.3. Direct reprogramming to create
age-specific human neurons

To ask if developmental and age-specific regulators drive
changes in human CNS axon regeneration requires the use of a
human neuronal model system that maintains age. Direct
reprogramming is the conversion of one somatic cell type into
another, or transdifferentiation (Figure 1; Mertens et al., 2015;
Tang et al., 2017; Xu et al., 2020; Vasan et al., 2021). This process
preserves both the epigenetic and transcriptomic age signature,
and cellular aging components of the donor cell (Mertens et al.,
2015; Tang et al., 2017). This is dissimilar to differentiated cells
from hPSCs, as both hESCs and iPSCs have epigenetic signatures
consistent with a prenatal age (Takahashi et al., 2007; Yu et al,,
2007; Horvath, 2013; Kramer et al., 2013; Mertens et al., 2015,
2021; Chen et al., 2019; Piao et al., 2021).

In recent years, in vitro directly reprogrammed neurons have
become a powerful tool to study the molecular underpinnings of
aging in neurons, and to model neurodegenerative diseases (Liu
etal., 2014; Fiesel et al., 2015; Lim S. M. et al., 2016; Liu M. L. et al.,
2016; Victor et al., 2018; Mertens et al., 2021; Vasan et al., 2021;
Oh et al., 2022). Direct reprogramming can be achieved through
overexpression of key transcription factors (El Wazan et al., 2019),
overexpression of microRNAs (Yoo et al., 2011; Victor et al., 2014;
Huh et al., 2016; Abernathy et al., 2017; Cates et al., 2021), genome
editing with CRISPR/Cas9 (Chakraborty et al., 2014; Chavez et al.,
2015; Savell et al., 2019), and small molecules (Cheng et al., 2015;
Dai et al., 2015; Li et al., 2015; Zhang et al., 2015; Gao et al., 2017;
Wan et al., 2018; Yang et al., 2019). Additionally, in vitro direct
reprogramming can transdifferentiate various cell types, such as
fibroblasts, astrocytes, and even T-cells (Zhang et al., 2015; Gao
et al.,, 2017; Tanabe et al., 2018; Wang et al., 2021) into diverse
neuronal types, such as glutamatergic (Ambasudhan et al., 2011;
Pangetal, 2011; Yoo etal., 2011; Aydin et al., 2019), dopaminergic
(Caiazzo et al., 2011; Pfisterer et al., 2011), spinal lower motor
(Sonetal., 2011; Liu L. et al., 2016; Tang et al., 2017), cholinergic
(Liuetal., 2013), serotonergic neurons (Vadodaria et al., 2016; Xu
et al, 2016), and RGCs (Wang et al., 2020). One of the strengths
of this system is that the age of the original cell is retained, making
it a better model to study age-specific effects. For example,
Huntington’s disease (HD) patient fibroblast-induced neurons
showed mutant huntingtin (HTT) aggregates and associated
mitochondrial and DNA defects, but patient fibroblasts
reprogrammed first to iPSCs, then transdifferentiated into
neurons, did not show any abnormalities (Victor et al., 2018). This
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was also recapitulated in another HD study with autophagy (Oh
et al., 2022). In the context of axon growth, this reprogramming
strategy enables the study of adult human neurons, however, a
major limitation of this system is the low yield of neurons
compared to hPSC-derived, and the limited starting material due
to passage exhaustion of somatic cells.

Each model discussed above has pros and cons based on the
specific scientific question being asked. HPSC-derived neurons may
be the best model for SCI and optic neuropathy transplantation, or
high content screens for modulators of axon growth. However, direct
reprogramming is a better strategy for studying age-specific regulation
of axon outgrowth.

3.4. Human cortical tissue datasets

Large sequencing datasets from human brain are useful
repositories for identifying gene expression changes in human
CNS neurons during development and throughout aging. Global
consortiums have been formed with the goal of identifying
transcriptomic and proteomic changes across development and
pathological states (PsychENCODE, BrainSpan, Brainseq,
SpaceTx, Human cell atlas, etc.). Using bulk RNA sequencing
(RNA-seq) and microarrays, multiple studies have published
developmentally-regulated transcripts and their expression
trajectories across time in various brain regions such as the
dorsolateral prefrontal cortex (Breen et al., 2018; Werling et al.,
2020), prefrontal cortex (Weickert et al., 2009; Colantuoni et al.,
2011; Jaffe et al., 2015), and other brain regions (Johnson et al.,
2009; Pletikos et al., 2014). These studies can be useful for
correlating key genes and pathways that change across lifespan.
However, the cell composition of bulk-dissected regions can vary
greatly during brain development and across regions, limiting
our understanding of cell type-specific contributions to gene
expression. Single cell RNA-seq (scRNA-seq) and single nuclei
RNA-seq (snRNA-seq), while often lacking depth and resolution
of gene expression, can provide neuronal type-specific
transcriptome and spatial localization data (Kang et al., 2011;
Nowakowski et al., 2017; Li et al., 2018; Zhu et al., 2018; Ramos
etal., 2022; Ament et al., 2023). Recent studies have demonstrated
that mismatches of proteomic data when superimposed on
transcriptomic data can occur, demonstrating post-
transcriptional regulation (Carlyle et al.,, 2017; Breen et al,,
2018). This has supported the need to generate human
proteomics data across aging. One method of addressing
this knowledge gap is through tissue proteomics as seen in
studies on postmortem tissue, spanning from gestational to adult
brain donors (Carlyle et al., 2017; Djuric et al., 2017; Pabba et al.,
2017; Breen et al., 2018; Wingo et al., 2019). Another
method is through ribosome profiling followed by sequencing
(Ribo-seq), which provides insight on the translational
regulation that leads to proteome diversity across human lifespan
(Duffy et al., 2022).

Transcription can be regulated at the epigenetic level through
controlling DNA accessibility. It is well known that during
development and aging, the chromatin landscape can reflect and
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control gene regulation (Ziffra et al., 2021; Ament et al., 2023).
DNA methylation is one aspect of epigenetic regulation and has
been studied in the human brain across development, aging, and
in diseased states (Jaffe et al., 2016; Li et al., 2018). Chromatin
accessibility can also be examined through assay for transposase-
accessible chromatin sequencing (ATAC-seq). A recent study
performing single cell ATAC-seq of the developing human
forebrain revealed cell-type and region-specific changes during
corticogenesis (Ziffra et al., 2021). Further, rapid advancements
in sequencing technology have led scientists to collaborate in
generating multi-omics datasets, integrating various types of
transcriptomic data with epigenomic data to provide a
comprehensive molecular view of human brain development and
aging (Li et al., 2018; Ament et al., 2023). By superimposing
epigenomic datasets on transcriptomic datasets, it is possible to
identify meaningful gene clusters that are similarly regulated
epigenetically, potentially revealing developmental changes in
DNA accessibility and master drivers of transcriptional programs
in human neurons.

All the datasets described above have been used primarily to
understand neurodevelopmental disorders, however, they are also
suitable for mining developmentally-regulated genes for human
axon growth and regeneration studies (Table 1).

TABLE 1 Human cortical sequencing datasets across lifespan.

10.3389/fnins.2023.1198041

4. Discussion: what do these human
model systems mean for the future of
axon regeneration studies?

The establishment of numerous techniques to make human CNS
neurons allows us to ask species-specific questions about regulators of
human axon growth. Each in vitro system has its unique positive attributes
and limitations suitable for answering specific types of questions. While
in vitro studies can provide a wealth of knowledge, the inability to study
human neurons in an intact in vivo nervous system, which has a dynamic
endogenous environment and age-specific signaling, cellular, and
structural changes, has limited the adaptation of human model systems
for studies of axon growth. However, developments in chimeric
transplantation of human cells into the rodent CNS to dynamically
visualize adult human axon growth in a systemic environment could take
us one step closer to an improved human in vivo model. Harnessing the
knowledge gained from these diverse human model systems and datasets
may reveal novel human-specific, cell type-specific regulators of axon
growth, as well as potentially identifying developmentally-regulated
factors that could influence this growth. Ultimately, adding human
systems to our studies of CNS axon growth and regeneration may
accelerate and increase the success of the transition of preclinical studies
to clinical trials.

Citation Year Ages Region Dataset
Johnson et al. 2009 18GW-23GW Multiple brain regions Microarray

Weickert et al. 2009 1IMO-50YO Prefrontal cortex Microarray
Colantuoni et al. 2011 Fetal(—0.5)-78.23YO Prefrontal cortex Microarray

Kang et al. 2011 5.7PCW-82YO Multiple brain regions scRNA-seq

Pletikos et al. 2014 10 PCW-82YO Multiple brain regions Bulk RNA-seq

Jafte et al. 2015 2nd trimester-50YO+ | Dorsolateral prefrontal cortex RNA-seq

Jaffe et al. 2016 14PCW-80YO Dorsolateral prefrontal cortex DNA methylation
Pabba et al. 2017 15Y0-88YO Orbitofrontal cortex, layer 2/3 Proteomics

Djuric et al. 2017 16GW-36GW Multiple brain regions Proteomics

Carlyle et al. 2017 Early infancy-42YO Multiple brain regions Proteomics*
Nowakowski et al. 2017 5.8PCW-37PCW Multiple brain regions scRNA-seq

Zhu et al. 2018 60PCD-11YO Multiple brain regions scRNA-seq

Lietal 2018 5PCW-64YO Multiple brain regions DNA methylation, CHIP-seq, snRNA-seq, scRNA-seq, Bulk RNA-seq
Breen et al. 2018 1MO-49.5YO Dorsolateral prefrontal cortex Proteomics RNA-seq
Wingo et al. 2019 58.5Y0-96.4YO Multiple brain regions Proteomics

Werling et al. 2020 6.14PCW-20YO Dorsolateral prefrontal cortex Bulk RNA-seq

Ziffra et al. 2021 18GW-21GW Multiple brain regions scATAC-seq

Dufty et al. 2022 12GW-82YO Dorsolateral prefrontal cortex Ribo-seq

Ramos et al. 2022 17GW-41GW Multiple brain regions snRNA-seq

Ament et al. 2023 4GW-68YO Multiple brain regions snRNA-seq, scCRNA-seq, RNA-seq, scATAC-seq, snmC-seq2, Patch-seq

Compilation of epigenetic, transcriptomic, and proteomic age-span studies using either bulk or single cell human cortical tissue. PCW = post conception week, PCD = post conception day,
GW =gestational week, YO =years old, MO = months old, ChIP-seq=chromatin immunoprecipitation sequencing, scRNA-seq = single cell RNA-seq, snRNA-seq = single nuclei RNA-seq, ribo-
seq =ribosome profiling RNA-seq, snmC-seq2 = single cell methylation RNAseq, scATAC-seq = single cell chromatin accessibility RNA-seq, patch-seq = patch seq.

*same samples as those from BrainSpan (Kang et al., 2011).
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