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Summary 

Spinal cord injuries are most often irreversibly debilitating. So far, an effective treatment to 
promote spinal cord regeneration in humans remains elusive. Rodent models of spinal cord 
injury allow for the investigation of the physiological roadblocks to axonal regeneration 
following injury and the possibility of therapeutic intervention to overcome these roadblocks. 
Furthermore, insights gained from studying regeneration in the peripheral nervous system 
(PNS) and the spinal cord could be applied to the treatment of brain injuries or degeneration. 

Axotomy of peripheral neurons (sensory neurons and motor neurons) triggers an intrinsic 
cell body response (Lieberman, 1971) resulting in the simultaneous activation and repression 
of hundreds of genes in the neuron, these genes that are activated by axotomy in the injured 
neurons are usually referred to as regeneration-associated genes (RAGs) (Tetzlaff et al., 
1991; Smith and Skene, 1997; Kiryu-Seo and Kiyama, 2011; van Kesteren et al., 2011). The 
absence of a coordinated RAG response in central nervous system (CNS) neurons is a major 
reason for the failure of axon regeneration in the CNS. Transcription factors (TFs) jointly 
regulate the expression of multiple genes and may therefore be central to the regulation of 
the RAG program. In this thesis, I test the hypothesis that overexpression of a combination 
of certain regeneration-associated transcription factors in dorsal root ganglion (DRG) 
neurons could promote RAG expression and regeneration and/or functional recovery 
following a lesion of their axonal projections in the dorsal column (DC) of the spinal cord. We 
tested two sets of TFs, chosen either based on findings in the literature (Chapter 2) or 
selected based on a computational analysis of RAG gene promoters followed by in vitro 
screening for their effects on neurite outgrowth (Chapter 3). TFs were delivered to DRG 
neurons via direct injection of adeno-associated viral vectors (AAVs) harbouring the TFs of 
interest into the DRG of animals which subsequently received a DC lesion, followed by 
functional testing of recovery and finally histological analysis of axonal tracts (Chapters 2 and 
4). Finally, we utilised RNA sequencing (RNA-seq) to probe the mechanisms underlying our 
in vivo findings (Chapter 5). 

In Chapter 1, I discuss the DC lesion model, where the centrally projecting axons of the DRG 
are injured, and the unique properties of this model that make it relevant for the study of 
axonal regeneration, especially the neuron-intrinsic component (Attwell et al., 2018). The 
DRG neurons relay sensory information including pain, pressure and proprioception from 
their peripherally-projecting axonal branches, and along their CNS-projecting axon branches 
to the spinal cord or to the brain stem after ascending in the DC. The DRG can successfully 
regenerate its peripheral axons following injury but not its central branch axons. Remarkably, 
it was discovered that a so-called conditioning lesion (CL) of the peripheral axons (i.e., the 
sciatic nerve) prior to a central branch lesion drives axonal regeneration that can penetrate 
the DC lesion site. Gene expression profiling studies of the DRG neurons following peripheral 
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injury have revealed hundreds of RAGs. The discovery of the RAG program and the 
observation that the PNS extrinsic cellular environment is much more conducive to 
regeneration than the CNS environment, led to the distinction of neuron-intrinsic and 
neuron-extrinsic barriers to regeneration. The DC lesion model is well-suited to study both. 
Interventions to enhance neuron-intrinsic regeneration have utilized gene therapy for 
overexpression of RAGs in the DRG, with small effects on axonal outgrowth into the lesion 
but limited or no effect on functional recovery. Efforts to render the extrinsic environment 
more permissive to regeneration have improved the observed regeneration that can be 
promoted following a CL.  

The RAGs contain a number of TFs, some of which have been functionally linked with 
regeneration. In Chapter 2, we sought to utilise existing knowledge (reviewed in Verhaagen 
et al 2012 and Attwell et al 2018) as well as our own laboratories observations (Stam et al., 
2007; MacGillavry et al., 2009, 2011) to inform the selection of a number of TFs that are 
induced by nerve injury and had a high probability of physically or functionally interacting, 
therefore having a greater chance of driving RAG expression together than on their own. The 
TFs we selected were ATF3, c-Jun, Smad-1 and STAT3. The effects of these TFs were studied 
in vivo in a dorsal root (DR) and DC lesion model of axonal injury. We succeeded in delivering 
multiple TFs via dual promoter AAVs to the DRG. Our dual promoter AAV vector was designed 
to express the TF, alongside farnesylated GFP (eGFPf), which served as an effective axonal 
tracer in the DC lesion. In the DR injury model, we observed a faster rate of axonal outgrowth 
until the dorsal root entry zone (DREZ) of the spinal cord with the co-overexpression of ATF3, 
c-Jun, STAT3 and Smad1 and with the ATF3-only group. After 20 days, the eGFPf control
group’s axons had regenerated as far as the TF groups. Neither of the TF-treated groups
showed sensory recovery following DR lesion and there was no effect of either group on
regeneration following a DC lesion. We concluded that while RAG TF overexpression could
transiently enhance the speed of regeneration until the DREZ after DR lesion, the TFs we
selected to express in combination worked no better than ATF3 alone. This suggested that
ATF3, c-Jun, STAT3 and Smad1 are not an adequate combination of TFs to drive RAG
expression and promote regeneration of injured neurons to overcome the barrier of the
DREZ to the spinal cord, nor the DC lesion.

In Chapter 3, we sought to identify RAG-associated TFs based on transcription factor binding 
sites (TFBSs) within the promoter regions of known RAGs and I performed subsequent 
cellular screening for their effect on neurite outgrowth. To identify TFs that directly interact 
with the promoter sequences of RAGs, a TFBS overrepresentation analysis on the promoter 
regions of RAGs in a facial motor neuron (FMN) injury RAG dataset was performed (Mason 
et. al., manuscript in preparation). Similar to DRG neurons, FMNs are known to be able to 
successfully regenerate their axons after sustaining a lesion. This analysis identified nine TFs 
with TFBS that are overrepresented in RAG promoters, which are thus potentially directly 
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involved in RAG expression. These were ATF3, CEBPδ, c-Jun, KLF7, MEF2C, SMAD1, SOX11, 
STAT3 and SRF. Seven were described in the context of regeneration previously and two were 
novel (MEF2C and SRF). I systematically screened these TFs in vitro to evaluate their effect 
on total neurite outgrowth (an in vitro proxy of axon-regeneration) in a DRG-like cell line. The 
TFs were overexpressed by themselves, in all possible pairs and then selectively in higher 
number combinations. From this medium-throughput screen, I identified two combinations 
from these nine TFs, a pair (KLF7/MEF2C) and a triple combination (ATF3/KLF7/MEF2C) that 
increased total neurite outgrowth significantly (pairs compared to single TFs, triples 
compared to pairs of TFs, etc.). These data suggest that there are combinations of TFs that 
are capable of promoting neurite outgrowth more effectively together than when expressed 
alone.  

The single TFs KLF7, MEF2C, and the TF combinations KLF7/MEF2C and ATF3/KLF7/MEF2C 
that were discovered in Chapter 3 were studied in vivo in Chapter 4. The L4 and L5 DRGs of 
rats were injected with AAV5 vectors that each express a TF and eGFPf. These animals 
subsequently received cervical spinal (C4) lesions of the DC, as described in Chapter 1 and 6, 
and performed in Chapter 2. Animals in this experiment were evaluated for sensorimotor 
functional recovery for 11 weeks. At 11 weeks, a transganglionic tracer was injected in the 
sciatic nerve to label regenerating axons. Animals were sacrificed 1 week later. The TF 
combination KLF7/MEF2C significantly increased axonal sprouting, prevented axonal 
retraction, and in two independent ladder tasks showed significant functional recovery over 
11 weeks compared to controls that received AAV- eGFPf injections only. The triple TF 
combination ATF3/KLF7/MEF2C, surprisingly, did not result in better regenerative outcomes 
than the TF singles, double, or the controls, in contrast to in vitro results of Chapter 3. The 
promising improvements in axonal sprouting and functional recovery caused by KLF7/MEF2C 
indicate that we are one step closer to finding an optimal group of TFs, which, when 
overexpressed in the DRG neurons may be able to promote regeneration and recovery 
following injury of the DC of the spinal cord. 

In Chapter 5 RNA-seq experiments were performed to compare the changes in gene 
expression induced by overexpression of the TFs studied in Chapters 3 and 4 with the RAG 
program. To this end, a strategy was devised of simultaneously expressing each TF together 
with a unique fluorophore in DRG neurons, with the aim of identifying neurons which had 
been transduced by multiple TFs (and therefore expressed multiple coloured fluorophores) 
in DRG tissue sections (Chapter 5). After overexpressing individual TFs and TF combinations 
in DRG neurons, we successfully selectively laser capture micro-dissected (LCMd) transduced 
(and co-transduced) DRG neurons that were collected for RNA-seq analysis. We compared 
the gene expression changes induced by the TFs to a RAG dataset generated from selectively 
LCMd, large-diameter DRG neurons that had undergone peripheral nerve injury at two time-
points prior to LCM. Initial comparisons of significant differentially expressed genes induced 
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by TFs in comparison to RAGs did not reveal a marked overlap in expression changes except
for KLF7. In a cluster analysis of significantly expressed genes, it was interesting to note that
the TF groups, ATF3 alone, and ATF3/ KLF7/ MEF2C, induced very similar gene expression
changes, indicating a dominant effect of ATF3. This is in some ways similar to the
observations of Chapter 2, where the phenotype induced by 4 factors including ATF3 was the
same as that induced by ATF3 only.

Rather than looking at significant gene expression changes on an individual gene level, we
next plotted RAG expression changes induced by TF overexpression against the changes
induced by axotomy. We found that in all TF groups except MEF2C, there was a strong
correlation of TF induced fold-changes with axotomy-induced fold-changes. This indicates TF
overexpression-induced changes in expression are partially overlapping with the changes
induced by axotomy.

This analysis was followed by Weighted Gene Co-expression Network Analysis (WGCNA),
which considers the whole input of all gene expression to derive co-regulated gene clusters.
WGCNA indicated that all TF groups except MEF2C alone were regulating clusters of genes 
with well-established links to regeneration such as the STAT and MAPK axotomy-induced
signalling pathways, integrin signalling, cytoskeletal processes, and cell motility. With regards
to the hypothesis posed earlier that RAGs are primarily coordinated under control of TF
regulated gene expression, the RNA-seq analysis revealed that forty percent of genes 
(155/392) classified as strongly up-regulated by axotomy were regulated by all TF groups,
with the exception of MEF2C alone. This supports the hypothesis that certain combinations
of TFs can be key regulators of the RAG response to axotomy.

Interestingly, WGCNA revealed a class of 666 genes weakly regulated by axotomy as well as
specifically by the KLF7/ MEF2C group (and not the other TF groups). Gene ontology (GO)
analysis showed that this class of 666 genes contained genes involved in myofibril and muscle
contraction, consisting of myosins and actinins. These components of the contractile
apparatus may be important for axon extension. These genes, regulated by KLF7/ MEF2C
and not the other TF groups, will be important to characterize further to understand the in
vivo recovery demonstrated by this group in Chapter 4. 

Chapter 6 describes our functional testing optimisation (that preceded the functional testing
of Chapter 4) in which we evaluated the functional deficits caused by DC lesions at either the
cervical or thoracic level. The functional deficits were measured in five sensory or
sensorimotor functional tests, including one novel test, the inclined rolling ladder. Cervical
lesions caused longer-lived functional deficits than thoracic lesions, detectable up to 7 weeks 
following lesion, and whole time-course comparisons revealed significant deficits in most 
tests.
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The main findings of this thesis can be summarized as 
follows: 

• ATF3 promotes axon regeneration following a dorsal root
lesion but not after a dorsal column lesion (Chapter 2)

• The combination ATF3, c-Jun, STAT3 and Smad1 also
promotes regeneration following a dorsal root lesion but
there is no synergistic effect of the four factors (Chapter 2)

• The combination of the TFs KLF7 and MEF2C increased axonal
sprouting, prevented retraction, and improved functional
recovery in two sensorimotor ladder tasks following dorsal
column lesion (Chapter 4)

• Adding ATF3 to the dual combination KLF7/MEF2C abolishes
the effect on axonal regeneration (Chapter 4)

• Gene expression profiling of TF-overexpressing neurons
coupled with WGCNA analysis reveals that four of the five TF
groups derived from TFs identified in Chapter 3 regulate forty
percent of the genes that are strongly up-regulated by
axotomy, and finally, identifies a large cluster of genes weakly
regulated by both axotomy and KLF7/ MEF2C which merits
further investigation (Chapter 5)
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General discussion 

Towards a more complete understanding of the RAG-program 

To date, gene expression profiling studies have provided a near-complete understanding of 
the complex changes in gene expression that occur in DRG neurons following axotomy. Early 
studies used microarrays that contained probes for only several hundred or a few thousand 
genes (Costigan et al., 2002; Wang et al., 2002; Xiao et al., 2002; Boeshore et al., 2004; Stam 
et al., 2007). More recent studies used microarrays with a near genome-wide coverage of 
the rat/mouse genome or applied next generation RNA sequencing (RNA-seq) which will 
detect all existing transcripts, including coding and non-coding RNAs (Michaelevski et al., 
2010; Geeven et al., 2011; MacGillavry et al., 2011; Li et al., 2015; Gong et al., 2016; Hu et 
al., 2016). The picture of gene expression changes after axotomy generated by these studies 
could reasonably be assumed to be near complete. An in depth cross-analysis of these 
studies is outside of the scope of this discussion, but the following is a brief summary of the 
findings of these high-coverage studies of the peripheral nerve injury-induced gene 
expression program (also referred to as a conditioning lesion when performed prior to a 
central axon injury to promote regeneration). It should be noted that these studies have 
widely varying time-points after injury (ranging from 28 hours to 14 days, with 7 days being 
widely accepted as the peak of RAG expression, as described in Chapter 1), analysis 
methodology, and the format in which numbers of genes or over-represented gene ontology 
(GO) terms (addressed later in the discussion) are reported. Significantly regulated genes 
reported  after peripheral nerve injury in these studies, were ~1700 genes after 14 days 
(~1200 up, ~500 down) (Li et al., 2015), 1688 significantly regulated genes after 7 days 
(up/down-regulated not specified) (Gong et al., 2016), 2700 significantly regulated genes 
after 28 hours (1490 up, 1210 down) (Michaelevski et al., 2010) and 2845 genes after 7 days 
(up/down not reported) (Geeven et al., 2011). All studies mentioned, except Hu (2016), were 
performed on RNA isolated from whole DRGs, containing immune cells, fibroblasts, Schwann 
cells and satellite cells. Therefore, the changes in gene expression detected in these studies 
are not necessarily all neuron-intrinsic RAGs. Although the numbers of genes changing, and 
the reported gene lists are not fully concordant with one another (unpublished meta-analysis 
including some of the datasets form the previous studies, M Mason), we can nonetheless say 
that the genes of the RAG program are well defined experimentally. 

The most important recent technical refinement in RNA-seq is arguably the ability to 
sequence the transcriptome of single cells (scRNA-seq). Hu et al., (2016) used this technique 
on individual DRG neurons following axotomy to generate a DRG neuron-specific and neuron 
subtype-specific RAG program. They first characterised DRGs into subtypes with principle 
component analysis, and the subtype categorised as ‘large myelinated’ neurons (which 
includes proprioceptive neurons) was reported as having only 87 significantly differentially 
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• The combination ATF3, c-Jun, STAT3 and Smad1 also
promotes regeneration following a dorsal root lesion but
there is no synergistic effect of the four factors (Chapter 2)

• The combination of the TFs KLF7 and MEF2C increased axonal
sprouting, prevented retraction, and improved functional
recovery in two sensorimotor ladder tasks following dorsal
column lesion (Chapter 4)

• Adding ATF3 to the dual combination KLF7/MEF2C abolishes
the effect on axonal regeneration (Chapter 4)

• Gene expression profiling of TF-overexpressing neurons
coupled with WGCNA analysis reveals that four of the five TF
groups derived from TFs identified in Chapter 3 regulate forty
percent of the genes that are strongly up-regulated by
axotomy, and finally, identifies a large cluster of genes weakly
regulated by both axotomy and KLF7/ MEF2C which merits
further investigation (Chapter 5)
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General discussion 

Towards a more complete understanding of the RAG-program 

To date, gene expression profiling studies have provided a near-complete understanding of 
the complex changes in gene expression that occur in DRG neurons following axotomy. Early 
studies used microarrays that contained probes for only several hundred or a few thousand 
genes (Costigan et al., 2002; Wang et al., 2002; Xiao et al., 2002; Boeshore et al., 2004; Stam 
et al., 2007). More recent studies used microarrays with a near genome-wide coverage of 
the rat/mouse genome or applied next generation RNA sequencing (RNA-seq) which will 
detect all existing transcripts, including coding and non-coding RNAs (Michaelevski et al., 
2010; Geeven et al., 2011; MacGillavry et al., 2011; Li et al., 2015; Gong et al., 2016; Hu et 
al., 2016). The picture of gene expression changes after axotomy generated by these studies 
could reasonably be assumed to be near complete. An in depth cross-analysis of these 
studies is outside of the scope of this discussion, but the following is a brief summary of the 
findings of these high-coverage studies of the peripheral nerve injury-induced gene 
expression program (also referred to as a conditioning lesion when performed prior to a 
central axon injury to promote regeneration). It should be noted that these studies have 
widely varying time-points after injury (ranging from 28 hours to 14 days, with 7 days being 
widely accepted as the peak of RAG expression, as described in Chapter 1), analysis 
methodology, and the format in which numbers of genes or over-represented gene ontology 
(GO) terms (addressed later in the discussion) are reported. Significantly regulated genes 
reported  after peripheral nerve injury in these studies, were ~1700 genes after 14 days 
(~1200 up, ~500 down) (Li et al., 2015), 1688 significantly regulated genes after 7 days 
(up/down-regulated not specified) (Gong et al., 2016), 2700 significantly regulated genes 
after 28 hours (1490 up, 1210 down) (Michaelevski et al., 2010) and 2845 genes after 7 days 
(up/down not reported) (Geeven et al., 2011). All studies mentioned, except Hu (2016), were 
performed on RNA isolated from whole DRGs, containing immune cells, fibroblasts, Schwann 
cells and satellite cells. Therefore, the changes in gene expression detected in these studies 
are not necessarily all neuron-intrinsic RAGs. Although the numbers of genes changing, and 
the reported gene lists are not fully concordant with one another (unpublished meta-analysis 
including some of the datasets form the previous studies, M Mason), we can nonetheless say 
that the genes of the RAG program are well defined experimentally. 

The most important recent technical refinement in RNA-seq is arguably the ability to 
sequence the transcriptome of single cells (scRNA-seq). Hu et al., (2016) used this technique 
on individual DRG neurons following axotomy to generate a DRG neuron-specific and neuron 
subtype-specific RAG program. They first characterised DRGs into subtypes with principle 
component analysis, and the subtype categorised as ‘large myelinated’ neurons (which 
includes proprioceptive neurons) was reported as having only 87 significantly differentially 
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regulated genes 3 days post axotomy but 771 significantly differentially regulated genes 7 
days post-axotomy (420 up, 351 down). The approach we took in Chapter 5 shares some 
advantages with scRNA-seq in that we specifically laser-dissected large-diameter DRG 
neurons. This has the same benefit of mostly excluding non-neuronal cells, allowing us to 
generate a specific dataset for the neuronal type which exhibits the conditioning lesion effect 
of increased growth into a DC lesion of the spinal cord. Our own data from selectively 
dissected wide diameter DRG neurons 1 and 7 days following peripheral nerve injury 
identified 1278 significantly differentially regulated genes (597 up, 681 down) (Chapter 5). 
Both studies indicate less overall regulated genes than the studies which used whole DRG 
samples, this is presumably due to the incorporation of a wide range of neuronal and non-
neuronal cells in the samples of the earlier studies. It is likely that the genes identified in 
these two studies represent the RAG program specifically activated in large diameter 
neurons. 

The numbers of genes discussed above were based on analyses of significantly differentially 
expressed genes, whereas correlation analysis and WGCNA (described in Summary section, 
summary of Chapter 5), as performed in Chapter 5, appears to implicate many genes that are 
below significance in standard statistical testing but probably are in fact RAGs, as their 
expression profiles cluster into patterns which show similar, but weaker, expression changes 
to the significantly regulated RAGS after axotomy.  

A meta-analysis covering the smaller coverage microarray studies up until 2008, mentioned 
above, was performed by (Stam et al. 2008). This meta-analysis outlined Gene Ontology (GO) 
clusters which were broadly found in common between different studies including cellular 
metabolism, apoptosis, transcription, phosphate metabolism, intracellular transport, 
inflammatory response and cytoskeleton organisation. The more recent studies with large 
microarrays or RNA-seq, also included GO analyses (Geeven 2011, Li 2015, Gong, 2016 and 
Hu 2016) as did Chandran et al (2016) which performed a meta-analysis on a number of 
microarray studies (published and unpublished) on peripheral nerve injury. These larger 
microarray, or RNA-seq studies report many GO terms similar to those that Stam et al (2008) 
reported, with other notable terms mentioned in two or more of these studies including 
terms related to the JAK-STAT pathway, MAPK signalling, positive regulation of growth, cell 
adhesion and TGF-beta signalling. Our own GO analysis in Chapter 5, performed on the 
experimental groups expressing RAG-associated TFs, also indicated that several of these, or 
related GO classes were regulated after RAG-TF overexpression or peripheral nerve axotomy, 
such as those related to MAPK signalling, apoptosis, cell adhesion, translation and 
cytoskeleton. While the RAG program and its associated biological processes (GO) is now 
quite well defined, as described above, the mechanisms that regulate the RAG program are 
considerably less clear. Manipulating control of RAG expression to drive regeneration via 
gene therapy was the overall goal of this thesis. The RAG program is a complex network of 
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genes the expression of which is responding to peripheral injury, which results in the 
successful regeneration of the peripheral axon and restoration of function. Control of these 
RAGs is thought to be largely mediated by network convergence points, or regulatory ‘hubs’, 
and these hubs are most often TFs (see van Kesteren et al., 2011 for a gene network 
perspective on the RAG program) (van Kesteren et al., 2011).  

Activation of these hub TFs following peripheral nerve injury is thought to be mediated by 
retrograde signalling from the injured axon, relayed via signalling cascades that eventually 
reach the nucleus, activate RAG transcription and drive regeneration (Sun and He, 2010). 
Phosphoproteomic analysis discovered ~900 phosphoproteins in this retrograde signalling 
pathway and microarray analysis revealed 2700 differentially regulated genes in response to 
peripheral nerve injury (Michaelevski et al., 2010). The same study found ~400 redundant 
signalling networks (using network analysis performed with TRANSPATH) linked to 39 TFs 
(derived using TFBS enrichment analysis of clusters selected from differentially expressed 
genes). They selected the kinases Abl, AKT, p38 and PKC and found that their individual 
pharmacological perturbation in vitro resulted in decreased axonal outgrowth, while 
combination perturbation in most cases did not have synergistic effects on inhibiting neurite 
outgrowth and in fact had smaller effects than the individual treatments. The conclusion was 
that there are RAG network redundancies which provide robustness in response to injury 
and that multiple regulatory components regulate the network. This observation that trying 
to disrupt multiple points of the RAG network has less effect than individual perturbation, is 
similar to our in vivo observations where the combined overexpression of three TFs (Chapter 
4) or four TFs (Chapter 2) is less, or as effective in promoting axon growth in vivo as one
(ATF3) or two (KLF7/ MEF2C) TFs. We were however overexpressing genes in an attempt to
activate the RAG network rather than inhibiting parts of the RAG network.

A systems-level study, designed to uncover key regulators of the RAG program, used WGCNA 
to determine RAGs from of a number of peripheral nerve injury microarray datasets, followed 
by TFBS enrichment analysis that identified 62 RAG-associated TFs (listing 13 that were 
already described in literature in relation to regeneration). Eight TFs were identified as hub 
TFs in a strongly upregulated RAG module (Chandran et al., 2016). Validation of this analysis 
by in vitro overexpression of the TFs ATF3 and JUN in primary DRG neurons resulted in an 
increase of axon outgrowth following overexpression of ATF3 and c-Jun individually and 
synergistic effects on axon outgrowth when expressed together. These results recapitulated 
earlier results in PC12 cells (Pearson et al., 2003). Protein-protein interaction (PPI) network 
analysis identified 19 of their TFs as hub proteins of the RAG program. The study selected a 
drug, Ambroxol, which was known to target five of these predicted hub TFs. This drug had 
positive effects on axon outgrowth in the optic nerve after crush injury. Interestingly the 
predicted hub TFs included ATF3, C-Jun and SMAD which they suggest might functionally 
interact to promote RAG expression. 
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summary of Chapter 5), as performed in Chapter 5, appears to implicate many genes that are 
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expression profiles cluster into patterns which show similar, but weaker, expression changes 
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A meta-analysis covering the smaller coverage microarray studies up until 2008, mentioned 
above, was performed by (Stam et al. 2008). This meta-analysis outlined Gene Ontology (GO) 
clusters which were broadly found in common between different studies including cellular 
metabolism, apoptosis, transcription, phosphate metabolism, intracellular transport, 
inflammatory response and cytoskeleton organisation. The more recent studies with large 
microarrays or RNA-seq, also included GO analyses (Geeven 2011, Li 2015, Gong, 2016 and 
Hu 2016) as did Chandran et al (2016) which performed a meta-analysis on a number of 
microarray studies (published and unpublished) on peripheral nerve injury. These larger 
microarray, or RNA-seq studies report many GO terms similar to those that Stam et al (2008) 
reported, with other notable terms mentioned in two or more of these studies including 
terms related to the JAK-STAT pathway, MAPK signalling, positive regulation of growth, cell 
adhesion and TGF-beta signalling. Our own GO analysis in Chapter 5, performed on the 
experimental groups expressing RAG-associated TFs, also indicated that several of these, or 
related GO classes were regulated after RAG-TF overexpression or peripheral nerve axotomy, 
such as those related to MAPK signalling, apoptosis, cell adhesion, translation and 
cytoskeleton. While the RAG program and its associated biological processes (GO) is now 
quite well defined, as described above, the mechanisms that regulate the RAG program are 
considerably less clear. Manipulating control of RAG expression to drive regeneration via 
gene therapy was the overall goal of this thesis. The RAG program is a complex network of 
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genes the expression of which is responding to peripheral injury, which results in the 
successful regeneration of the peripheral axon and restoration of function. Control of these 
RAGs is thought to be largely mediated by network convergence points, or regulatory ‘hubs’, 
and these hubs are most often TFs (see van Kesteren et al., 2011 for a gene network 
perspective on the RAG program) (van Kesteren et al., 2011).  

Activation of these hub TFs following peripheral nerve injury is thought to be mediated by 
retrograde signalling from the injured axon, relayed via signalling cascades that eventually 
reach the nucleus, activate RAG transcription and drive regeneration (Sun and He, 2010). 
Phosphoproteomic analysis discovered ~900 phosphoproteins in this retrograde signalling 
pathway and microarray analysis revealed 2700 differentially regulated genes in response to 
peripheral nerve injury (Michaelevski et al., 2010). The same study found ~400 redundant 
signalling networks (using network analysis performed with TRANSPATH) linked to 39 TFs 
(derived using TFBS enrichment analysis of clusters selected from differentially expressed 
genes). They selected the kinases Abl, AKT, p38 and PKC and found that their individual 
pharmacological perturbation in vitro resulted in decreased axonal outgrowth, while 
combination perturbation in most cases did not have synergistic effects on inhibiting neurite 
outgrowth and in fact had smaller effects than the individual treatments. The conclusion was 
that there are RAG network redundancies which provide robustness in response to injury 
and that multiple regulatory components regulate the network. This observation that trying 
to disrupt multiple points of the RAG network has less effect than individual perturbation, is 
similar to our in vivo observations where the combined overexpression of three TFs (Chapter 
4) or four TFs (Chapter 2) is less, or as effective in promoting axon growth in vivo as one
(ATF3) or two (KLF7/ MEF2C) TFs. We were however overexpressing genes in an attempt to
activate the RAG network rather than inhibiting parts of the RAG network.

A systems-level study, designed to uncover key regulators of the RAG program, used WGCNA 
to determine RAGs from of a number of peripheral nerve injury microarray datasets, followed 
by TFBS enrichment analysis that identified 62 RAG-associated TFs (listing 13 that were 
already described in literature in relation to regeneration). Eight TFs were identified as hub 
TFs in a strongly upregulated RAG module (Chandran et al., 2016). Validation of this analysis 
by in vitro overexpression of the TFs ATF3 and JUN in primary DRG neurons resulted in an 
increase of axon outgrowth following overexpression of ATF3 and c-Jun individually and 
synergistic effects on axon outgrowth when expressed together. These results recapitulated 
earlier results in PC12 cells (Pearson et al., 2003). Protein-protein interaction (PPI) network 
analysis identified 19 of their TFs as hub proteins of the RAG program. The study selected a 
drug, Ambroxol, which was known to target five of these predicted hub TFs. This drug had 
positive effects on axon outgrowth in the optic nerve after crush injury. Interestingly the 
predicted hub TFs included ATF3, C-Jun and SMAD which they suggest might functionally 
interact to promote RAG expression. 
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Michaelevski et al (2011) and Chandran et al (2016) identified 39 TFs and 62 TFs involved 
promote axonal regeneration. This group of TFs was similar to the TF group (ATF3, C-Jun, 
Smad1 and STAT3) that we overexpressed in Chapter 2 (Fagoe et al., 2015) where we failed 
to find any synergistic effects in regulation of the RAG response. Common TFs between the 
studies were STAT3, JUN, SMAD, FOS and SP1. A novel TFBS analysis (LLM3D) of the RAG 
program indicated 18 identifiable TFs, which were knocked down with siRNA-mediated 
silencing of expression in F11 cells. Eight of these knockdowns (Nfil3, Ahr, Arnt, Hic1, Hif1a, 
Meis1, Pbx1, Pou5f1 and Pparg) significantly increased or decreased axon outgrowth 
(silencing of ATF3 decreased outgrowth, ATF3 was used as positive control), highlighting the 
importance of TFs in the regulation of axon outgrowth (Geeven et al., 2011). Another paper 
which investigated the role of TFs in the regulation of the RAG program performed ingenuity 
pathway analysis to model network effects of TFs on RAG expression over multiple time 
points from 0 to 14 days and describe three ‘transcriptional phases”- stress response 0-6h, 
pre-regeneration phase 9h-19h and regeneration 4d-14d (Li et al., 2015). The papers 
discussed present strong experimental evidence for the central role of transcription factors 
in regulation of the RAG program and therefore a logical target for manipulation with the 
intention of regulating the RAG program and activating regeneration. 

Overexpression of single RAG-associated TFs has been performed in DRG neurons in vivo with 
the aim of promoting regeneration by activating RAG expression. The results of 
overexpression of single TFs to promote regeneration in a DC lesion is described in Chapter 
1. Briefly, individual overexpression of the TFs CREB (Gao et al., 2004) and STAT3 (Bareyre et
al., 2011) were found to promote sprouting of the lesioned DC axons or penetration of the
lesion but no sustained regeneration. Overexpression of ATF3 failed to promote DRG central
branch regeneration after DC lesion, despite its positive effect reported on peripheral axon
regeneration (Seijffers et al., 2007; Fagoe et al., 2015)

Based on the experimental studies focused on the RAG program, we have a good 
understanding of the genes regulated and cellular processes that are modulated after 
peripheral nerve injury. It is clear that TFs are crucial to regulation of this RAG program, 
though how exactly they regulate this network is far from clear. In the section ‘Progress 
towards a combination of TFs able to drive RAG expression’ I will discuss the progress that 
has been made in understanding the transcriptional regulation of the RAG program. 

Progress towards a combination of TFs able to drive RAG expression. 

Based on the insights of the RAG program described in the section ‘Towards a more complete 
understanding of the RAG-program’, we reasoned that if enough of the key TFs could be 
activated in DRG neurons, the RAG program could be activated in the absence of a peripheral 
nerve lesion. The potential to profoundly alter the state of differentiation of a cell with a 
small number of TFs is highlighted by the fact that the co-overexpression of four TFs Oct3/4, 
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Sox2, c-Myc and KLF4, are able to reprogram a mature fibroblast back  into a state of induced 
pluripotency (Takahashi and Yamanaka, 2006). 

Guided by literature, we initially attempted to predict combinations of TFs that could 
promote regeneration. The group of TFs we selected in Chapter 2, ATF3, C-Jun, Smad1 and 
STAT3, did not promote more regeneration than ATF3 alone. This was unexpected because 
3 of these TFs have been shown to directly affect axon regeneration in vivo. Interestingly 
after we had completed our in vivo study on these 4 TFs (Chapter 2, Fagoe et al., 2015) the 
study by Chandran et al. (2016), discussed in the section ‘Towards a more complete 
understanding of the RAG-program’, predicted that ATF3, C-jun, STAT3 and SP1 might 
functionally interact to promote axonal regeneration. The authors suggest that SP1 binds the 
promoter and recruits ATF3, c-Jun and STAT3, which it interacts with. The absence of SP1 in 
our combination may explain the lack of synergy between the TFs we selected, although due 
to the relative ubiquity of SP1 expression in DRG neurons this is unlikely. A recent paper 
expressed artificially dimerised ATF3 and c-Jun in rat CNS neurons and mouse DRG neurons 
in vitro and found that the dimers are more effective at promoting axon outgrowth than co-
expression of ATF3 and c-Jun monomers (Danzi et al., 2018). In the DRG neurons, the non-
dimerised versions also promoted outgrowth. This could be because in the pro-regenerative 
cellular state of dissociated DRGs neurons (due to axotomy as a result of culturing), 
dimerization occurs more readily, for example due to the presence of other co-factors. As 
the DRGs we transduced in Chapter 2 were not in a regenerative state, it is possible that 
inadequate dimerization between TFs occurred in our experiment, and that this has a 
negative impact on potential synergistic effects. 

Other factors which could affect the ability of our TFs to synergise and effect regeneration 
may include timing of expression, levels of expression or the accessibility of genomic targets 
within chromatin (addressed in the section ‘The effect of chromatin accessibility on 
regeneration’). Profiles of levels of RAG expression, including TFs, at different time-points 
which utilize next generation RNA-seq methods could guide overexpression strategies in the 
future with regard to TF timing of expression. The study of Li et al (2015) reported expression 
profiles of well-known RAGs at multiple time-points up to 14 days including ATF3, Jun, 
SMAD1 and STAT4, and as mentioned above they describe three “transcriptional phases”- 
stress response 0-6h, pre-regeneration phase 9h-19h and regeneration 4d-14d. Another 
study which used RNA-seq to characterise gene expression after peripheral axotomy from 0h 
to 7 days identified 2 phases based on clustering of expression of genes (Gong et al., 2016). 
The first phase was comprised of genes that were highly expressed at 9 hours, then down-
regulated in later time-points (including calcium signalling and long-term potentiation GO 
terms), the second phase contained genes which were low activated at the early time-points 
(0-7days) then transited to high expression which was maintained in later time-points 
(including cell adhesion molecules, jak-STAT signalling GO terms and the TFs JUN and STAT4. 
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Michaelevski et al (2011) and Chandran et al (2016) identified 39 TFs and 62 TFs involved 
promote axonal regeneration. This group of TFs was similar to the TF group (ATF3, C-Jun, 
Smad1 and STAT3) that we overexpressed in Chapter 2 (Fagoe et al., 2015) where we failed 
to find any synergistic effects in regulation of the RAG response. Common TFs between the 
studies were STAT3, JUN, SMAD, FOS and SP1. A novel TFBS analysis (LLM3D) of the RAG 
program indicated 18 identifiable TFs, which were knocked down with siRNA-mediated 
silencing of expression in F11 cells. Eight of these knockdowns (Nfil3, Ahr, Arnt, Hic1, Hif1a, 
Meis1, Pbx1, Pou5f1 and Pparg) significantly increased or decreased axon outgrowth 
(silencing of ATF3 decreased outgrowth, ATF3 was used as positive control), highlighting the 
importance of TFs in the regulation of axon outgrowth (Geeven et al., 2011). Another paper 
which investigated the role of TFs in the regulation of the RAG program performed ingenuity 
pathway analysis to model network effects of TFs on RAG expression over multiple time 
points from 0 to 14 days and describe three ‘transcriptional phases”- stress response 0-6h, 
pre-regeneration phase 9h-19h and regeneration 4d-14d (Li et al., 2015). The papers 
discussed present strong experimental evidence for the central role of transcription factors 
in regulation of the RAG program and therefore a logical target for manipulation with the 
intention of regulating the RAG program and activating regeneration. 

Overexpression of single RAG-associated TFs has been performed in DRG neurons in vivo with 
the aim of promoting regeneration by activating RAG expression. The results of 
overexpression of single TFs to promote regeneration in a DC lesion is described in Chapter 
1. Briefly, individual overexpression of the TFs CREB (Gao et al., 2004) and STAT3 (Bareyre et
al., 2011) were found to promote sprouting of the lesioned DC axons or penetration of the
lesion but no sustained regeneration. Overexpression of ATF3 failed to promote DRG central
branch regeneration after DC lesion, despite its positive effect reported on peripheral axon
regeneration (Seijffers et al., 2007; Fagoe et al., 2015)

Based on the experimental studies focused on the RAG program, we have a good 
understanding of the genes regulated and cellular processes that are modulated after 
peripheral nerve injury. It is clear that TFs are crucial to regulation of this RAG program, 
though how exactly they regulate this network is far from clear. In the section ‘Progress 
towards a combination of TFs able to drive RAG expression’ I will discuss the progress that 
has been made in understanding the transcriptional regulation of the RAG program. 

Progress towards a combination of TFs able to drive RAG expression. 

Based on the insights of the RAG program described in the section ‘Towards a more complete 
understanding of the RAG-program’, we reasoned that if enough of the key TFs could be 
activated in DRG neurons, the RAG program could be activated in the absence of a peripheral 
nerve lesion. The potential to profoundly alter the state of differentiation of a cell with a 
small number of TFs is highlighted by the fact that the co-overexpression of four TFs Oct3/4, 
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Sox2, c-Myc and KLF4, are able to reprogram a mature fibroblast back  into a state of induced 
pluripotency (Takahashi and Yamanaka, 2006). 

Guided by literature, we initially attempted to predict combinations of TFs that could 
promote regeneration. The group of TFs we selected in Chapter 2, ATF3, C-Jun, Smad1 and 
STAT3, did not promote more regeneration than ATF3 alone. This was unexpected because 
3 of these TFs have been shown to directly affect axon regeneration in vivo. Interestingly 
after we had completed our in vivo study on these 4 TFs (Chapter 2, Fagoe et al., 2015) the 
study by Chandran et al. (2016), discussed in the section ‘Towards a more complete 
understanding of the RAG-program’, predicted that ATF3, C-jun, STAT3 and SP1 might 
functionally interact to promote axonal regeneration. The authors suggest that SP1 binds the 
promoter and recruits ATF3, c-Jun and STAT3, which it interacts with. The absence of SP1 in 
our combination may explain the lack of synergy between the TFs we selected, although due 
to the relative ubiquity of SP1 expression in DRG neurons this is unlikely. A recent paper 
expressed artificially dimerised ATF3 and c-Jun in rat CNS neurons and mouse DRG neurons 
in vitro and found that the dimers are more effective at promoting axon outgrowth than co-
expression of ATF3 and c-Jun monomers (Danzi et al., 2018). In the DRG neurons, the non-
dimerised versions also promoted outgrowth. This could be because in the pro-regenerative 
cellular state of dissociated DRGs neurons (due to axotomy as a result of culturing), 
dimerization occurs more readily, for example due to the presence of other co-factors. As 
the DRGs we transduced in Chapter 2 were not in a regenerative state, it is possible that 
inadequate dimerization between TFs occurred in our experiment, and that this has a 
negative impact on potential synergistic effects. 

Other factors which could affect the ability of our TFs to synergise and effect regeneration 
may include timing of expression, levels of expression or the accessibility of genomic targets 
within chromatin (addressed in the section ‘The effect of chromatin accessibility on 
regeneration’). Profiles of levels of RAG expression, including TFs, at different time-points 
which utilize next generation RNA-seq methods could guide overexpression strategies in the 
future with regard to TF timing of expression. The study of Li et al (2015) reported expression 
profiles of well-known RAGs at multiple time-points up to 14 days including ATF3, Jun, 
SMAD1 and STAT4, and as mentioned above they describe three “transcriptional phases”- 
stress response 0-6h, pre-regeneration phase 9h-19h and regeneration 4d-14d. Another 
study which used RNA-seq to characterise gene expression after peripheral axotomy from 0h 
to 7 days identified 2 phases based on clustering of expression of genes (Gong et al., 2016). 
The first phase was comprised of genes that were highly expressed at 9 hours, then down-
regulated in later time-points (including calcium signalling and long-term potentiation GO 
terms), the second phase contained genes which were low activated at the early time-points 
(0-7days) then transited to high expression which was maintained in later time-points 
(including cell adhesion molecules, jak-STAT signalling GO terms and the TFs JUN and STAT4. 
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With AAV vectors containing regulatable expression cassettes, currently being developed in 
our laboratory (Hoyng et al., 2014), it would be possible to achieve temporal regulation of a 
TF in DRG neurons. Greater control over the timing of TF overexpression in vivo may in the 
future allow us to deliver phased TF expression. 

Following the unsuccessful attempt to elucidate a TF combination capable of promoting DC 
regeneration based on the literature in Chapter 2, we took a bioinformatics driven approach 
based on TFBS analysis of RAGs. This generated a number of candidate TFs that we screened 
with a cellular neurite outgrowth assay. The neurite-outgrowth assay was successful in 
identifying a number of combinations of TF that significantly promoted neurite outgrowth in 
vitro, including KLF7, KLF7/ MEF2C and ATF3/ KLF7/ MEF2C (Chapter 3).  

The positive effects on axonal sprouting and functional recovery in vivo after overexpression 
of KLF7/ MEF2C (Chapter 4) indicates that our bioinformatics and in vitro screening approach 
(Chapter 3) allowed us to reveal active combinations of regulatory TFs from the RAG program. 
Subsequent RNA-seq, WGCNA and GO analysis (Chapter 5) provided insight into the gene 
expression changes behind the effects of this combination. The group of 666 genes up-
regulated following axotomy specifically following overexpression of KLF7/ MEF2C, included 
a set of myosin and muscle function related genes which also came up in the analysis of an 
unpublished study on regeneration in the facial motor nucleus neurons (Mason et al., 
unpublished). As mentioned in Chapter 5, myosins are associated with axonal growth 
(developmentally and in regeneration), maintenance of structure and function (Arnold and 
Gallo, 2014; Evans et al., 2017), and growth cone motility and guidance (Omotade et al., 
2017). These functions are in line with the sprouting we observed in lesioned axons at the 
DC lesion site in the KLF7/MEF2C group. How are these two TFs cooperating to specifically 
regulate this group of genes, as they did not effect these gene expression changes after 
individual overexpression? A possibility is that KLF7/MEF2C are co-occupying promoters of 
these genes. KLF6, which has almost exactly the same DNA binding domains as KLF7, when 
co-expressed with STAT3 was shown to increase neurite length in cultured cortical neurons 
(Wang et al 2018). Genome wide ATAC-sequencing analysis (Assay for Transposase-
Accessible Chromatin using sequencing, a method to determine chromatin accessibility of 
genes) indicated that both TFs frequently co-bind the promoter regions of pro-growth genes. 
For the genes that were specifically regulated by KLF7/MEF2C in our study, we could analyse 
promoter regions for the presence of TFBSs from each TF to determine co-occupancy as a 
likely regulatory mechanism. 

In vitro ATF3/KLF7/MEF2C was even more effective at increasing neurite outgrowth than 
KLF7/MEF2C, but this did not translate into regeneration or recovery in vivo as we describe 
in Chapter 4. It was striking how closely the ATF3 induced gene expression clustered with 
ATF3/ KLF7/ MEF2C gene expression in clustering analysis (cluster heatmap, Chapter 5, Figure 
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6). It appears that ATF3 may be in some way overwhelming the effects of KLF7/MEF2C. If a 
similar phenomenon occurred with ATF3 and c-JUN, STAT3 and SMAD1 (Chapter 2), this
would potentially explain why combined overexpression in vivo of ATF3, c-JUN, STAT3 and
SMAD1 did no better than ATF3 alone. The histology of Chapter 4 on sprouting at the DC
lesion site indicated that a plasticity-type local sprouting of intact axons most likely underlay
the recovery seen after KLF7/MEF2C overexpression. Perhaps ATF3, which did drive faster
regeneration in the dorsal root (Chapter 2), could be driving a process counteractive to
plasticity (such as long-distance growth) which inhibited the type of functional recovery
observed after overexpression of KLF7/MEF2C.

What is clear from the analysis of the genes regulated by different combinations of TFs is 
that the effect of combining single TFs on gene expression is not simply additive. The
regulated genes are not simply the combined targets of single TFs, rather a quite different
set of genes. The RNA-seq data from Chapter 5 will be particularly useful in building and
validating future models to predict what effect TF combinations might have on gene
expression. The analysis used to select TFs based on RAG expression data was looking at
individual binding sites, and we then manually screened combinations of TFs. It would be a 
logical next step to analyse RAG TFBSs for the presence of TFBSs from multiple TFs, and if
analysis predicted co-occupancy of KLF7/MEF2C or ATF3/KLF7/MEF2C binding sites, these
predictions could be validated using our Chapter 5 combinatorial TF overexpression data. It
would also be of considerable interest to determine which TFBSs are overrepresented in the
60% of the genes of the RAG program that were not regulated by any TFs, as discovered by
WGCNA analysis. TFs from this analysis could be added to KLF7/MEF2C, potentially activating
a larger percentage of the RAG program, with greater effects on regeneration.

Finally, while in vitro screening in F11 cells is useful, in vitro screening has its limitations.
These limitations include, the difficulty to accurately model regeneration following axotomy 
in a cell line and the fact that a differentiating cell resembles the developmental state more
closely than the mature state that we are interested in modulating in vivo, so the effects of
TF overexpression in activating regeneration in vitro do not accurately represent the in vivo
situation. Therefore, it may be more fruitful to screen TFs directly in vivo. With the advent of
single cell RNA-seq, it may be possible to screen multiple TFs in vivo for their ability to 
produce axotomy-like changes on gene expression in an efficient manner. An experimental
design could be comprised of the following steps: (1) DRGs would be co-transduced with
multiple AAV-RAG-TFs, each containing an RNA-seq-identifiable nucleotide sequence and a 
fluorophore to identify transduced neurons; (2) The transcriptomes of these neurons would
be individually sequenced; (3) The gene expression profile of each cell could then be
compared to the known RAG program, to find the individual cells with the greatest
concordance; (4) The responsible overexpressed TFs (and their subsequent gene expression
programs) could then be identified (based on their nucleotide sequence tag).
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With AAV vectors containing regulatable expression cassettes, currently being developed in 
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Accessible Chromatin using sequencing, a method to determine chromatin accessibility of 
genes) indicated that both TFs frequently co-bind the promoter regions of pro-growth genes. 
For the genes that were specifically regulated by KLF7/MEF2C in our study, we could analyse 
promoter regions for the presence of TFBSs from each TF to determine co-occupancy as a 
likely regulatory mechanism. 

In vitro ATF3/KLF7/MEF2C was even more effective at increasing neurite outgrowth than 
KLF7/MEF2C, but this did not translate into regeneration or recovery in vivo as we describe 
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regeneration in the dorsal root (Chapter 2), could be driving a process counteractive to 
plasticity (such as long-distance growth) which inhibited the type of functional recovery 
observed after overexpression of KLF7/MEF2C.  

What is clear from the analysis of the genes regulated by different combinations of TFs is 
that the effect of combining single TFs on gene expression is not simply additive. The 
regulated genes are not simply the combined targets of single TFs, rather a quite different 
set of genes. The RNA-seq data from Chapter 5 will be particularly useful in building and 
validating future models to predict what effect TF combinations might have on gene 
expression. The analysis used to select TFs based on RAG expression data was looking at 
individual binding sites, and we then manually screened combinations of TFs. It would be a 
logical next step to analyse RAG TFBSs for the presence of TFBSs from multiple TFs, and if 
analysis predicted co-occupancy of KLF7/MEF2C or ATF3/KLF7/MEF2C binding sites, these 
predictions could be validated using our Chapter 5 combinatorial TF overexpression data. It 
would also be of considerable interest to determine which TFBSs are overrepresented in the 
60% of the genes of the RAG program that were not regulated by any TFs, as discovered by 
WGCNA analysis. TFs from this analysis could be added to KLF7/MEF2C, potentially activating 
a larger percentage of the RAG program, with greater effects on regeneration. 

Finally, while in vitro screening in F11 cells is useful, in vitro screening has its limitations. 
These limitations include, the difficulty to accurately model regeneration following axotomy 
in a cell line and the fact that a differentiating cell resembles the developmental state more 
closely than the mature state that we are interested in modulating in vivo, so the effects of 
TF overexpression in activating regeneration in vitro do not accurately represent the in vivo 
situation. Therefore, it may be more fruitful to screen TFs directly in vivo. With the advent of 
single cell RNA-seq, it may be possible to screen multiple TFs in vivo for their ability to 
produce axotomy-like changes on gene expression in an efficient manner. An experimental 
design could be comprised of the following steps: (1) DRGs would be co-transduced with 
multiple AAV-RAG-TFs, each containing an RNA-seq-identifiable nucleotide sequence and a 
fluorophore to identify transduced neurons; (2) The transcriptomes of these neurons would 
be individually sequenced; (3) The gene expression profile of each cell could then be 
compared to the known RAG program, to find the individual cells with the greatest 
concordance; (4) The responsible overexpressed TFs (and their subsequent gene expression 
programs) could then be identified (based on their nucleotide sequence tag).  
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The effect of chromatin accessibility on regeneration. 

As described above, there has been progress in deciphering the RAG program and 
highlighting TFs as being central in their regulation. It is clear that a cell state shift from 
functioning as an intact neuron - receiving and transmitting information - to an injured 
neuron which needs to regenerate its severed axon does not happen in most CNS-neurons 
after axotomy, as the RAG program is not activated. Genes that are not normally needed in 
the mature neuron are packaged away tightly in heterochromatin. The peripheral axotomy 
response requires modification of this chromatin which allows for transcriptional binding and 
subsequent translation of these genes. Histone acetylation results in nucleosome 
disassembly and opening of chromatin and is thus pro-transcription, histone acetylation is 
effected by histone acetyltransferases (HATs), while histone deacetylases (HDACs) have the 
opposite effect. These mechanisms of epigenetic regulation are reviewed further in Shin and 
Cho, 2017; Danzi et al., 2018).  

Much attention has been given to this subject recently, initially in the cellular reprogramming 
field and more recently in regeneration (Cho et al., 2013; Finelli et al., 2013; Loh et al., 2017; 
Weng et al., 2017). Histone acetylation allows the relaxing of tightly bound heterochromatin, 
and hypoacetylation has been linked to a reduction of expression of RAGs in non-
regenerating DRG neurons (i.e. mature neurons) (Finelli et al., 2013). Histone acetylation can 
be induced pharmacologically and has been shown to enhance transcription of the RAG-TF 
Smad1. In cortical neurons, epigenetic profiling around promoter regions of RAGs indicated 
progressive epigenetic restriction associated with cellular maturation (Venkatesh et al., 
2016). It is likely that the epigenetic state of the neuron must be rendered permissive to 
transcriptional activation of RAGs. What is yet to be determined is whether TFs alone will be 
adequate to enact adequate conformational changes in chromatin for RAG transcription, or 
whether introduction of non-TF elements will be required (HATs such as PCAF for example) 
(Puttagunta et al., 2014).  

So-called ‘pioneer TFs’ are TFs that are able to bind heterochromatin and perform epigenetic 
modifications to allow gene expression. These pioneer TFs can act directly or recruit co-
factors to relax chromatin (i.e. via histone acetylation). Possibly, the right combination of 
RAG TFs, which included pioneer TFs, may well be adequate to both open the relevant 
chromatin and promote the RAG program, without the use of adjunct treatments. Members 
of the Jun and KLF family as well as STAT3, which are candidate TFs that arose from our TFBS 
analysis (Chapter 3), have known or predicted pioneer activity (Sherwood et al., 2014; 
Lamparter et al., 2017; Reiter et al., 2017). 

Multiple levels of regulation underlie the injury response in the DRG that leads to RAG 
expression and neuronal regeneration. We predict that an approach combining chromatin 
modification and stimulation of RAG expression by specific TFs may be required to induce 
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successful regeneration. First it will be necessary to open the relevant areas of chromatin 
and make the RAGs accessible, potentially with pioneer TFs. Secondly, once the RAGs are 
accessible, it will be necessary to express the appropriate RAG-TFs to drive the RAG 
expression required for neuronal regeneration.  

It is possible that tightly bound heterochromatin prevented some of the TFs we selected in 
the in vivo experiments of Chapter 2 and Chapter 4 from performing to their full potential in 
promoting RAG expression. As has been suggested in the discussion of Chapter 5, we know 
that the peripheral lesion results in the RAGs being made accessible (presumably due to the 
relaxation of heterochromatin). Therefore, overexpressing our selected RAG-TFs in DRG 
neurons that have been subjected to a peripheral nerve lesion could verify if their activity 
will be sufficient to increase or sustain the RAG program longer and subsequently result in 
central axon regeneration when their genomic targets are theoretically accessible.  

Technical advances in in vivo quantification of DC lesions 

Chapter 1 highlights the importance of the DC lesion as a model to study the effects of pro-
regenerative genes in vivo in field of neuronal regeneration. However, the in vivo 
experiments of Chapters 2 and 4 are incredibly time consuming due to the vast amount of 
time and skills required in reliably performing surgery (AAV vector delivery and lesioning), 
animal experimentation (functional testing and maintaining the well-being of the animals), 
histology (including perfusion, careful dissection of the spinal column and DRGs which are 
encased in bone, tissue freezing, cryosectioning and staining of  sections), quantitative 
imaging (in multiple channels for fluorescent imaging, and multiple tiles per section for high 
resolution images), image processing and finally data analysis. Recent technological advances 
in experimental procedures may allow a reduction in the labour required in future in vivo DC 
lesion experiments, resulting in a more rapid evaluation of in vivo effects and the possibility 
to screen the effects of more TFs and TF combinations.  

Gene delivery to DRG is neuro-surgically very time-consuming and skill-demanding. A typical 
operation aiming at delivering an AAV harbouring a specific TF takes about 1.5 to 2 hours. 
AAV-variants have recently been developed that can transduce DRG neurons by non-invasive 
intravenous delivery (Chan et al., 2017). Intravenous tail vein delivery of AAV is a simple non-
invasive procedure that takes about 5 to 10 minutes per mouse.  Combined with the use of 
neuron specific promoters, these new AAVs could provide an alternative method of gene 
delivery to DRG neurons with significantly reduced surgery time. 

While we get reasonable levels of co-expression of TFs after mixed injection of AAVs (Chapter 
2), we would ideally like to be able to express multiple TFs from the same vector, with a 
reporter. Polycystronic 2A (P2A) skipping vectors were reported to allow the co-expression 
of multiple genes in a single plasmid (Liu et al., 2017). In unpublished work we attempted 

259



M

The effect of chromatin accessibility on regeneration. 

As described above, there has been progress in deciphering the RAG program and 
highlighting TFs as being central in their regulation. It is clear that a cell state shift from 
functioning as an intact neuron - receiving and transmitting information - to an injured 
neuron which needs to regenerate its severed axon does not happen in most CNS-neurons 
after axotomy, as the RAG program is not activated. Genes that are not normally needed in 
the mature neuron are packaged away tightly in heterochromatin. The peripheral axotomy 
response requires modification of this chromatin which allows for transcriptional binding and 
subsequent translation of these genes. Histone acetylation results in nucleosome 
disassembly and opening of chromatin and is thus pro-transcription, histone acetylation is 
effected by histone acetyltransferases (HATs), while histone deacetylases (HDACs) have the 
opposite effect. These mechanisms of epigenetic regulation are reviewed further in Shin and 
Cho, 2017; Danzi et al., 2018).  

Much attention has been given to this subject recently, initially in the cellular reprogramming 
field and more recently in regeneration (Cho et al., 2013; Finelli et al., 2013; Loh et al., 2017; 
Weng et al., 2017). Histone acetylation allows the relaxing of tightly bound heterochromatin, 
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be induced pharmacologically and has been shown to enhance transcription of the RAG-TF 
Smad1. In cortical neurons, epigenetic profiling around promoter regions of RAGs indicated 
progressive epigenetic restriction associated with cellular maturation (Venkatesh et al., 
2016). It is likely that the epigenetic state of the neuron must be rendered permissive to 
transcriptional activation of RAGs. What is yet to be determined is whether TFs alone will be 
adequate to enact adequate conformational changes in chromatin for RAG transcription, or 
whether introduction of non-TF elements will be required (HATs such as PCAF for example) 
(Puttagunta et al., 2014).  

So-called ‘pioneer TFs’ are TFs that are able to bind heterochromatin and perform epigenetic 
modifications to allow gene expression. These pioneer TFs can act directly or recruit co-
factors to relax chromatin (i.e. via histone acetylation). Possibly, the right combination of 
RAG TFs, which included pioneer TFs, may well be adequate to both open the relevant 
chromatin and promote the RAG program, without the use of adjunct treatments. Members 
of the Jun and KLF family as well as STAT3, which are candidate TFs that arose from our TFBS 
analysis (Chapter 3), have known or predicted pioneer activity (Sherwood et al., 2014; 
Lamparter et al., 2017; Reiter et al., 2017). 

Multiple levels of regulation underlie the injury response in the DRG that leads to RAG 
expression and neuronal regeneration. We predict that an approach combining chromatin 
modification and stimulation of RAG expression by specific TFs may be required to induce 
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successful regeneration. First it will be necessary to open the relevant areas of chromatin 
and make the RAGs accessible, potentially with pioneer TFs. Secondly, once the RAGs are 
accessible, it will be necessary to express the appropriate RAG-TFs to drive the RAG 
expression required for neuronal regeneration.  

It is possible that tightly bound heterochromatin prevented some of the TFs we selected in 
the in vivo experiments of Chapter 2 and Chapter 4 from performing to their full potential in 
promoting RAG expression. As has been suggested in the discussion of Chapter 5, we know 
that the peripheral lesion results in the RAGs being made accessible (presumably due to the 
relaxation of heterochromatin). Therefore, overexpressing our selected RAG-TFs in DRG 
neurons that have been subjected to a peripheral nerve lesion could verify if their activity 
will be sufficient to increase or sustain the RAG program longer and subsequently result in 
central axon regeneration when their genomic targets are theoretically accessible.  

Technical advances in in vivo quantification of DC lesions 

Chapter 1 highlights the importance of the DC lesion as a model to study the effects of pro-
regenerative genes in vivo in field of neuronal regeneration. However, the in vivo 
experiments of Chapters 2 and 4 are incredibly time consuming due to the vast amount of 
time and skills required in reliably performing surgery (AAV vector delivery and lesioning), 
animal experimentation (functional testing and maintaining the well-being of the animals), 
histology (including perfusion, careful dissection of the spinal column and DRGs which are 
encased in bone, tissue freezing, cryosectioning and staining of  sections), quantitative 
imaging (in multiple channels for fluorescent imaging, and multiple tiles per section for high 
resolution images), image processing and finally data analysis. Recent technological advances 
in experimental procedures may allow a reduction in the labour required in future in vivo DC 
lesion experiments, resulting in a more rapid evaluation of in vivo effects and the possibility 
to screen the effects of more TFs and TF combinations.  

Gene delivery to DRG is neuro-surgically very time-consuming and skill-demanding. A typical 
operation aiming at delivering an AAV harbouring a specific TF takes about 1.5 to 2 hours. 
AAV-variants have recently been developed that can transduce DRG neurons by non-invasive 
intravenous delivery (Chan et al., 2017). Intravenous tail vein delivery of AAV is a simple non-
invasive procedure that takes about 5 to 10 minutes per mouse.  Combined with the use of 
neuron specific promoters, these new AAVs could provide an alternative method of gene 
delivery to DRG neurons with significantly reduced surgery time. 

While we get reasonable levels of co-expression of TFs after mixed injection of AAVs (Chapter 
2), we would ideally like to be able to express multiple TFs from the same vector, with a 
reporter. Polycystronic 2A (P2A) skipping vectors were reported to allow the co-expression 
of multiple genes in a single plasmid (Liu et al., 2017). In unpublished work we attempted 
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this P2A skipping approach which resulted in verifiable protein expression in vitro but 
unfortunately there was inadequate protein expression in vivo. We therefore returned to 
mixed viral injection, which remains the most reliable method of co-expression to date. We 
could of course reliably co-express two TFs in our dual vector (Fagoe et al., 2014) but would 
have to forgo our eGFPf reporter/ axonal tracer. 

Following delivery of a pro-regenerative gene to the desired neuronal population and 
subsequent lesioning of the spinal cord, the regeneration of the axons and function of the 
animals is currently extremely time consuming to quantify both histologically and 
functionally. Testing requires multiple experimenters to handle animals, make performance 
observations, process and analyse functional data and tissue. 

There are fully automated functional tests in development such as the RatBot, which, when 
installed in animals' home cages, can automatically quantify the success of reaching for a 
food pellet after stroke. This would also be relevant for SCI lesion models affecting the fore-
paws (Gadiagellan et al., 2016). Automated functional testing utilizing open source image 
analysis packages such as ‘DeepLabCut’ (Mathis et al., 2018) could potentially be applied to 
ladder crossing, or climbing of a ladder (perhaps similar to the horizontal ladder, or the 
inclined ladder, described in this thesis, Chapters 5 and 6) in the home cage. Adoption of 
automated behavioural analysis techniques will certainly accelerate as robotics and open 
source quantification software (including machine learning assisted video analysis) advance, 
become more affordable and production methods become more distributed (3D printing 
etc.). These advances will reduce testing time required by researchers as well as allow 
animals to perform freely at normal times of activity and free of the stress on regular 
handling. 

Currently, while functional recovery data can be obtained over multiple time-points, 
histology has to be performed terminally, at several post-lesion time-points to deduce rates 
of regeneration. This may also change in the near future with the ability to image 
regenerating axons in live animals, over time. Implantation of a chronic imaging window in 
the vertebrae for sequentially imaging live regenerating axons in the superficial DC is now 
possible with modern surgical advances and miniaturised imaging equipment (Tedeschi et 
al., 2016). This would allow better understanding of the dynamics of axonal regeneration and 
avoid the need for sacrificing groups of animals at multiple post-lesion time-points, reducing 
the number of animals required per experiment. One could imagine a similar chronic 
implantation capable of taking electrophysiological recordings of cord dorsum potentials on 
either side of a DC lesion, analogous to recording electrodes chronically implanted in the 
brain in rodents. Electrophysiological quantification of regeneration either longitudinally or 
terminally will be of a great help in determining the extent of recovery of signal transduction 
following regeneration (James et al., 2011). The advent of tissue clearing of the brain and 
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spinal cord, coupled with the delivery of fluorescent axonal labelling to DRGs alongside TFs,
as used in this thesis with AAV-eGFPf, is set to transform the quantification of regeneration
after DC lesion (and other SCI models). The ability to clear tissue, or even entire animals
(Ertürk et al., 2012; Soderblom et al., 2015) and then create 3D reconstructions of any area
of interest in the spinal cord will greatly expedite post mortem tissue quantification, reducing
the number of research hours required for these very time consuming experiments. High-
resolution reconstruction will be invaluable for identifying anatomical origins of
regeneration, potentially in alternative axonal regeneration/ remodelling pathways i.e. the
Clarke’s column or via other spinal neurons.

Concluding remarks

Finally, to address the question posed in the title of this thesis “Can gene therapy with
transcription factors drive axon regeneration?” The short answer is – not yet. In relation to 
the work of this thesis, the long answer is; in the first iteration of our experimental workflow,
which consisted of bioinformatics then in vitro screening and in vivo testing and validation,
and finally gene expression profiling; we were able to regulate forty percent of the genes
that we also determined were strongly up-regulated by peripheral axotomy. Also, we
observed an increase in axonal sprouting and the rate of functional recovery in spinal cord
injured rats treated with gene therapy mediated overexpression of KLF7/MEF2C, compared
to untreated rats. With future research in mind, it is conceivable, and I hope, that the full
program of regeneration-associated genes could be appropriately regulated by gene therapy
with transcription factors, ultimately to drive axon regeneration and recovery following
spinal cord injury.
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this P2A skipping approach which resulted in verifiable protein expression in vitro but 
unfortunately there was inadequate protein expression in vivo. We therefore returned to 
mixed viral injection, which remains the most reliable method of co-expression to date. We 
could of course reliably co-express two TFs in our dual vector (Fagoe et al., 2014) but would 
have to forgo our eGFPf reporter/ axonal tracer. 

Following delivery of a pro-regenerative gene to the desired neuronal population and 
subsequent lesioning of the spinal cord, the regeneration of the axons and function of the 
animals is currently extremely time consuming to quantify both histologically and 
functionally. Testing requires multiple experimenters to handle animals, make performance 
observations, process and analyse functional data and tissue. 

There are fully automated functional tests in development such as the RatBot, which, when 
installed in animals' home cages, can automatically quantify the success of reaching for a 
food pellet after stroke. This would also be relevant for SCI lesion models affecting the fore-
paws (Gadiagellan et al., 2016). Automated functional testing utilizing open source image 
analysis packages such as ‘DeepLabCut’ (Mathis et al., 2018) could potentially be applied to 
ladder crossing, or climbing of a ladder (perhaps similar to the horizontal ladder, or the 
inclined ladder, described in this thesis, Chapters 5 and 6) in the home cage. Adoption of 
automated behavioural analysis techniques will certainly accelerate as robotics and open 
source quantification software (including machine learning assisted video analysis) advance, 
become more affordable and production methods become more distributed (3D printing 
etc.). These advances will reduce testing time required by researchers as well as allow 
animals to perform freely at normal times of activity and free of the stress on regular 
handling. 

Currently, while functional recovery data can be obtained over multiple time-points, 
histology has to be performed terminally, at several post-lesion time-points to deduce rates 
of regeneration. This may also change in the near future with the ability to image 
regenerating axons in live animals, over time. Implantation of a chronic imaging window in 
the vertebrae for sequentially imaging live regenerating axons in the superficial DC is now 
possible with modern surgical advances and miniaturised imaging equipment (Tedeschi et 
al., 2016). This would allow better understanding of the dynamics of axonal regeneration and 
avoid the need for sacrificing groups of animals at multiple post-lesion time-points, reducing 
the number of animals required per experiment. One could imagine a similar chronic 
implantation capable of taking electrophysiological recordings of cord dorsum potentials on 
either side of a DC lesion, analogous to recording electrodes chronically implanted in the 
brain in rodents. Electrophysiological quantification of regeneration either longitudinally or 
terminally will be of a great help in determining the extent of recovery of signal transduction 
following regeneration (James et al., 2011). The advent of tissue clearing of the brain and 
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spinal cord, coupled with the delivery of fluorescent axonal labelling to DRGs alongside TFs, 
as used in this thesis with AAV-eGFPf, is set to transform the quantification of regeneration 
after DC lesion (and other SCI models). The ability to clear tissue, or even entire animals 
(Ertürk et al., 2012; Soderblom et al., 2015) and then create 3D reconstructions of any area 
of interest in the spinal cord will greatly expedite post mortem tissue quantification, reducing 
the number of research hours required for these very time consuming experiments. High-
resolution reconstruction will be invaluable for identifying anatomical origins of 
regeneration, potentially in alternative axonal regeneration/ remodelling pathways i.e. the 
Clarke’s column or via other spinal neurons. 

Concluding remarks 

Finally, to address the question posed in the title of this thesis “Can gene therapy with 
transcription factors drive axon regeneration?” The short answer is – not yet. In relation to 
the work of this thesis, the long answer is; in the first iteration of our experimental workflow, 
which consisted of bioinformatics then in vitro screening and in vivo testing and validation, 
and finally gene expression profiling; we were able to regulate forty percent of the genes 
that we also determined were strongly up-regulated by peripheral axotomy. Also, we 
observed an increase in axonal sprouting and the rate of functional recovery in spinal cord 
injured rats treated with gene therapy mediated overexpression of KLF7/MEF2C, compared 
to untreated rats. With future research in mind, it is conceivable, and I hope, that the full 
program of regeneration-associated genes could be appropriately regulated by gene therapy 
with transcription factors, ultimately to drive axon regeneration and recovery following 
spinal cord injury. 
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