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Abstract

Peripheral nerve injury induces the expression of many regeneration-associated
genes (RAGs), including transcription factors (TFs) such as ATF3, c-Jun and Sox11.
RAG expression is essential for successful axonal regeneration and a number of
microarray studies have provided insight in the RAG response. TFs can potentially
regulate the expression of many genes simultaneously, and some of the regulated
TFs may be in control of the RAG expression program. Furthermore, TFs may
regulate gene expression in a combinatorial manner. Therefore, TFs are interesting
candidates for delivery to injured CNS neurons targeting axonal regeneration. In
this chapter we apply medium-throughput cellular screening to study the effects
of combinations of TFs in two separate modules (module 1: ATF3, c-Jun, Smad1 and
STAT3; module 2: KLF7, Sox11, MEF2 and SRF) that were identified by an advanced
TF binding algorithm combined with literature. We show that overexpression of
TFs improves neurite growth in F11 cells and that combined overexpression of
certain TFs may be more effective at enhancing neurite outgrowth than expressing
single TFs.

Introduction
Many researchers have investigated the differences in regenerative capacity after
injury to the peripheral or central branch of the dorsal root ganglion (DRG). Injury
to the central axonal branch of the DRG results in relatively poor regeneration (2.1
± 0.5 mm/day of fastest growing axons) and axons halt at the dorsal root entry
zone, while robust regenerative outgrowth (4.6 ± 0.9 mm/day of fastest growing
axons) is observed after damage to the peripheral branch (Wujek and Lasek,
1983). Interestingly, the poor regenerative capacity of the central axons of DRG
neurons can be improved by a preceding peripheral lesion, often referred to as a
‘conditioning lesion’. (Chong et al., 1996;Chong et al., 1999;Neumann and Woolf,
1999;Richardson and Issa, 1984;Richardson and Verge, 1987). The conditioning
lesion effect is caused by the initiation of a neuron-intrinsic gene expression
program consisting of the upregulation of hundreds of regeneration-associated
genes (RAGs). In the last 25 years many RAGs have been identified, including a
number of transcription factors (TFs) such as ATF3 (Seijffers et al., 2006;Seijffers
et al., 2007), c-Jun (Broude et al., 1997;Raivich et al., 2004), STAT3 (Qiu et al.,
2005), Smad1 (Parikh et al., 2011;Zou et al., 2009), SOX11 (Jankowski et al.,
2006;Jankowski et al., 2009), NFIL3 (Macgillavry et al., 2009;Stam et al., 2007) and
several KLF family members (Blackmore et al., 2012;Moore et al., 2009).
TFs bind to specific sequences in the promoter region of their target genes,
known as TF binding sites (TFBS), and interact with the general transcriptional
machinery to, either positively or negatively, regulate transcription (Tjian, 1996).
Large gene expression programs, such as the one occurring during successful
regeneration, involve the regulation of hundreds of genes simultaneously and
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this is expected to be coordinated by multiple TFs. Therefore TFs are attractive
candidates to enhance the intrinsic regeneration capacity of injured CNS neurons.
Several studies have been performed to improve axonal regeneration of injured
neurons by overexpression of single TFs, sometimes demonstrating a modest
increase in outgrowth and sprouting (Bareyre et al., 2011;Gao et al., 2004;Parikh
et al., 2011;Seijffers et al., 2007). Individual TFs may regulate the expression of
several RAGs simultaneously, however, activation of the full RAG expression
program is essential for long distance axon regeneration. TFs can interact with
other TFs and form transcriptional complexes to regulate target gene expression
in a synergistic manner. Cooperation of multiple key regeneration-associated TFs
may therefore activate a larger part of the RAG program than individual TFs. We
therefore hypothesize that combinatorial overexpression of multiple regenerationassociated TFs in injured neurons will result in greater axonal regeneration than
overexpression of single TFs.
A number of microarray studies have been performed to characterize the
differential neuron-intrinsic RAG response after peripheral or central injury
(Macgillavry et al., 2009;Stam et al., 2007;Zou et al., 2009) [recently reviewed
in (Verhaagen et al., 2012)]. These gene expression patterns can be studied
using overrepresentation analysis of TFBS in which a comparison is made of the
frequency of TFBS in an experimental set of genes against a control set of nonregulated genes. This can be done using TFBS databases such as TRANSFAC
(Matys et al., 2006) and JASPAR (Portales-Casamar et al., 2010), or using more
advanced methods such as LLM3D (Geeven et al., 2011). A major difficulty with
TFBS analysis is that it may generate many false positive hits, as TFBSs are short
sequences consisting of only 5-30 nucleotides. However, when optimized it can be
a very powerful tool to gain insight into complex gene expression programs, such
as the RAG response upon axotomy. A novel optimized algorithm was developed
which combines over-representation analysis and conservation analysis of TFBS
in a microarray dataset of RAG promoters after injury to axons of the facial
nerve and DRG (Mason, unpublished findings). This analysis identifies TFBSs in
the promoter regions in a set of regulated RAGs that are over-represented and
conserved between multiple species compared to a set of non-regulated genes.
This bioinformatics approach identified multiple TFBSs such as AP1 (i.e. c-Jun and
ATF family), CRE, C/EBP, STAT3, SRF, NFIL3, Sox family, KLF family, and SMAD family
TFs, and TFBS for a novel TF that was not associated with regeneration before,
MEF2. We investigated two ‘modules’ of TFs that were grouped together based
on known properties and interactions and on the promoter analysis (Mason,
unpublished findings). Each module represents a combination of four TFs that
we hypothesize may act as central regulators of the RAG expression program by
interactions and synergistic effects.
Activating transcription factor 3 (ATF3), mothers against decapentaplegic
homolog 1 (SMAD1), AP-1 transcription factor (c-Jun) and signal transducer and
activator of transcription 3 (STAT3) are individually activated or upregulated
after peripheral nerve injury. Furthermore, analysis of a set of promoters of
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regulated RAGs after injury indicates that the binding sites for these TFs are
heavily over-represented compared to a set of non-regulated genes (Mason,
unpublished findings). This supports the idea that these TFs regulate a large part
of the RAG program. These four individual TFs have been shown to have effects
on regeneration in vivo or in vitro. Constitutive expression of ATF3 in transgenic
mice resulted in enhanced regeneration of peripheral sensory axons (Seijffers et
al., 2007). Conditional knockout mice lacking c-Jun show impaired facial nerve
regeneration indicating the importance of c-Jun for axon regeneration (Raivich et
al., 2004). Furthermore, STAT3 is involved in the response to axotomy (Qiu et al.,
2005) and overexpression of STAT3 induces a more rapid initial growth phase after
sciatic nerve injury or a central lesion (Bareyre et al., 2011). Activation of Smad1 by
overexpression of BMP4 was recently shown to promote axon growth in a central
lesion model (Parikh et al., 2011). However, none of these treatments targeting
single TFs was able to induce long distance regeneration after spinal cord injury.
There is a considerable amount of literature that suggests that these four
TFs are able to interact with each other and cooperate synergistically. The TFs
ATF3 and c-Jun can heterodimerize and form different AP-1 complexes (Hai and
Curran, 1991), and co-expression of c-Jun and ATF3 induces enhanced neurite
growth in PC12 and Neuro-2a cells (Pearson et al., 2003). Interactions between
c-Jun and STAT3 result in cooperative transcriptional activation (Zhang et al., 1999)
and synergistic promoter activation (Schuringa et al., 2001;Yoo et al., 2001). Coexpression of ATF3, c-Jun and STAT3 induces synergistic expression of DINE in
damaged neurons through interaction with the general transcription factor Sp1
(Kiryu-Seo et al., 2008). Furthermore, Smad family members can also interact
with AP-1 complexes to synergistically regulate c-Jun promoter activity (Wong et
al., 1999;Zhang et al., 1998). Synergistic activity of Smad 1 and STAT3 has been
demonstrated in foetal brain, in which Smad1 and STAT3 form a transcriptional
complex via the ubiquitous activator CREB-binding protein (Nakashima et al.,
1999). We hypothesize that co-delivery of these four TFs in injured neurons results
in synergistic activation of RAGs, leading to improved axonal growth.
The second module of TFs consists of myocyte enhancer factor 2 (MEF2), serum
response factor (SRF), Krüppel-like factor 7 (KLF7) and SRY box-containing factor
11 (Sox11). In the computational analysis of the RAG promoters we identified
two transcription factors, SRF and MEF2, which may be critical for initiation and
maintenance of the regenerative state, because both SRF and MEF2 binding
sites are significantly and highly overrepresented in the promoters of early-stage
regeneration-associated TFs (Mason, unpublished findings). Therefore, expression
of SRF and MEF2 together could potentially activate many other regenerationassociated TFs. Expression of SRF has been shown to be important for neurite
outgrowth (Wickramasinghe et al., 2008;Stern et al., 2013), while MEF2 has never
been linked to axonal growth before. Binding sites for Sox-family TFs and KLFfamily TFs are also over-represented in these RAG promoters (Mason, unpublished
findings). Expression of Sox11 is upregulated upon axotomy (Tanabe et al., 2003)
and impaired axon growth is observed following knockdown of Sox11 in cultured
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adult DRG neurons and in injured neurons in vivo (Jankowski et al., 2006). KLF7
is upregulated in regenerating mouse facial motor neurons and rat DRG neurons
(Nilsson et al., 2005;Zou et al., 2009) and promotes neurite outgrowth of retinal
ganglion cells (Moore et al., 2009). Interestingly, the Sp1 binding site for KLF7
(Lomberk and Urrutia, 2005) frequently co-localizes with SRF binding sites
(Valouev et al., 2008). In addition, SRF, MEF2, KLF- and Sox-family binding sites are
also over-represented in RAG genes belonging to Gene Ontology classes neuronal
differentiation (GO:0030182) and neurite morphogenesis (GO: 0048812). This
suggests that these factors are not only important for but may have an ongoing
role in the expression of RAGS.
In this study, we assessed the effects of over-expressing combinations of
TFs within these two modules on neurite outgrowth in a medium throughput in
vitro assay. We use our previously developed dual promoter AAV vector to coexpress TFs and farnesylated enhanced GFP (eGFPf), which is a modified form of
enhanced GFP (eGFP) that is actively transported along axons, in order to label
axons of transduced neurons (Fagoe et al., 2013) (see Chapter 3). We show here
that it is possible to increase neurite growth by F11 cells by overexpression of TFs.
Furthermore, we demonstrate that overexpression of multiple TFs may be more
effective at enhancing neurite outgrowth than overexpression of individual TFs.

Figure 1 Schematic representation of AAV dual promoter constructs. The AAV dual
promoter constructs contain the ITRs of AAV2 flanking the CMV and sCAG promoter
in a back-to-back manner. The sCAG promoter consists of the CMV enhancer and the
chicken beta-actin/globin-intron promoter (AGp). The shared CMV enhancer sequence
is positioned in between of the two promoters in correct orientation for sCAG. After the
sCAG promoter is a multiple cloning site (MCS) where the sequences of individual TFs
from both modules were inserted, followed by WPRE, and pA signal. The CMV promoter
is driving expression of eGFPf, linked by a short intron sequence (i), and pA signal at the
end. The control vector (eGFPf-only expressing) does not contain a transgene in the MCS.
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Results

Transcription factor overexpression
Plasmids
We generated eight expression constructs by inserting the sequences of
regeneration-associated TFs from both modules (module 1: ATF3, c-Jun, Smad1
and STAT3; module 2: KLF7, Sox11, MEF2 and SRF) into the multiple cloning site
of our previously developed AAV dual promoter vector pAGLWFI (Figure 1).
Each construct contains two promoters in a back-to-back configuration; the
short chicken beta-actin (sCAG) promoter driving expression of the TF and the
cytomegalovirus (CMV) promoter driving expression of eGFPf (Fagoe et al., 2013).
The control pAGLWFI vector contains the CMV promoter driving eGFPf expression
but does not harbour a transgene behind the sCAG promoter.
Validation of protein expression
In order to validate our vectors we transfected HEK 293T cells and performed
immunostainings to show protein expression from each construct compared to
controls. Successful overexpression was observed for all TFs from both modules
three days after transfection (Figure 2). For some TFs there was also endogenous
expression detected, however overexpression resulted in clear upregulation
exceeding endogenous levels. Taken together, these results indicate that the AAV
dual promoter vectors successfully express the TFs at the protein level.

Cellomics outgrowth assays
Screen 1
A first series of Cellomics screens was performed to examine the effects of TFs
from both modules (module 1: ATF3, c-Jun, Smad1 and STAT3; module 2: KLF7,
Sox11, MEF2 and SRF) on neurite outgrowth in F11 cells transfected with the AAV
dual promoter plasmids containing each TF (and eGFPf). F11 cells were transfected
with single TFs or a combination of TFs within one module, and fixed after 48
or 72 hours in culture. Images were acquired fully automated using a Cellomics
ArrayScan HCS reader and outgrowth parameters of eGFPf-positive neurites were
assessed using the Neuronal Profiling 3.5 algorithm.
For module 1, the average neurite length per neuron was significantly
increased in the ATF3, ATF3/Smad1, ATF3/STAT3, Smad1/STAT3, c-Jun/STAT3
and ATF3/Smad1/STAT3 overexpression conditions (P<0.05, P<0.01, P<0.001;
Two-Way ANOVA, Dunnett’s posthoc test; eGFPf vs. all) compared to the eGFPf
only control at 48 hours (Figure 3a). At 72 hours we observed enhanced average
neurite lengths for ATF3/Smad1, ATF3/STAT3, Smad1/c-Jun, ATF3/Smad1/STAT3,
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and interestingly also for the condition with all four TFs (P<0.05, P<0.01, P<0.001;
Two-Way ANOVA, Dunnett’s posthoc test; eGFPf vs. all). However, none of the
combinations performed better than ATF3 alone at 48 hours.

Figure 2 Overexpression of TFs in HEK 293T cells using AAV dual promoter plasmids. Hek 293T
cells were transfected with individual AAV dual promoter constructs expressing both a TF and
eGFPf (top row) or the control vector expressing eGFPf only (bottom row). (a) ATF3 and eGFPf
protein expression from the AAV dual promoter vector. Some endogenous expression is observed
in the control. (b) c-Jun and eGFPf protein expression from the AAV dual promoter vector. Some
endogenous expression is observed in the control. (c) Smad1 and eGFPf protein expression
from the AAV dual promoter vector. (d) STAT3 and eGFPf protein expression from the AAV dual
promoter vector. Some endogenous expression is observed in the control. (e) MEF2 and eGFPf
protein expression from the AAV dual promoter vector. (f) KLF7 and eGFPf protein expression
from the AAV dual promoter vector. (g) Sox11 and eGFPf protein expression from the AAV dual
promoter vector. (h) SRF and eGFPf protein expression from the AAV dual promoter vector.
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As shown in Figure 3b, for the second module consisting of KLF7, Sox11, MEF2
and SRF we observed much larger effects on neurite outgrowth (P<0.01, P<0.001;
Two-Way ANOVA, Dunnett’s posthoc test; eGFPf vs. all) at both 48 and 72 hours.
Many conditions containing one or multiple TFs show increased average neurite
length. Interestingly, all conditions where both KLF7 and MEF2 was overexpressed,
including the condition containing all four TFs, show more than 200% average
neurite length compared to the eGFPf-control.

Figure 3 Quantification of neurite outgrowth after combinatorial expression of module 1 and
2 transcription factors in Screen 1. F11 cells were transfected with individual or multiple AAV
dual promoter vectors expressing eGFPf and a TF (module 1: ATF3, c-Jun, Smad1 and STAT3;
module 2: KLF7, Sox11, MEF2 and SRF) or the control vector expressing eGFPf only. After 48 and
72 hours cells were fixed and eGFPf-positive neurites were traced using Cellomics. (a) Average
neurite length per neuron normalized to eGFPf at 48 hours was significantly enhanced in the
ATF3, ATF3/Smad1, ATF3/STAT3, Smad1/STAT3, c-Jun/STAT3 and ATF3/Smad1/STAT3 conditions
(* P<0.05, ** P<0.01, *** P<0.001; Two-Way ANOVA, Dunnett’s posthoc test; eGFPf vs. all) and at
72 hours in the ATF3/Smad1, ATF3/STAT3, Smad1/c-Jun, ATF3/Smad1/STAT3 and ATF3/Smad1/cJun/STAT3 conditions (* P<0.05, ** P<0.01, *** P<0.001; Two-Way ANOVA, Dunnett’s posthoc
test; eGFPf vs. all). Two independent assays with six wells per condition were performed. (b)
Average neurite length per neuron normalized to eGFPf at both 48 and 72 hours was significantly
enhanced in many conditions (** P<0.01, *** P<0.001; Two-Way ANOVA, Dunnett’s posthoc
test; eGFPf vs. all). Especially conditions that contain both MEF2 and KLF7 show large increases
in neurite length. Three independent assays with six wells per condition were performed.

Screen 2
Based on the results from Screen 1 and the strong evidence from the literature
that these factors would co-operate to promote regeneration we initiated a
parallel in vivo experiment with the TFs of module 1, where we have compared
the effects of ATF3 overexpression to combined overexpression of ATF3, Smad1,
c-Jun and STAT3 on axonal outgrowth after dorsal root and dorsal column injury
in the DRG model in vivo. The results of these experiments are described in
Chapter 5. Module 2 was followed up in a parallel research line by Callan Attwell.
Furthermore, we continued Cellomics screens for module 1 to confirm the results
from Screen 1.
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Figure 4a shows that we did confirm the effects of ATF3 alone, ATF3/Smad1,
ATF3/STAT3 and ATF3/Smad1/STAT3 on neurite length in this follow-up screen
(P<0.05, P<0.01, P<0.001; Two-Way ANOVA, Dunnett’s posthoc test; eGFPf vs. all).
Surprisingly, we found that the combination of all four module 1 TFs did not induce
enhanced outgrowth as we observed before in Screen 1. In addition, several
conditions containing c-Jun (c-Jun alone, c-Jun/Smad1 and c-Jun/ATF3/STAT3) now
show a significant decrease in the number of neurites (P<0.05, P<0.01, P<0.001;
Two-Way ANOVA, Dunnett’s posthoc test; eGFPf vs. all), as shown in Figure 4b.

Figure 4 Quantification of neurite outgrowth after combinatorial expression of module
1 transcription factors in Screen 2. F11 cells were transfected with individual or multiple
AAV dual promoter vectors expressing eGFPf and a TF (ATF3, c-Jun, Smad1 and STAT3) or
the control vector expressing eGFPf only. After 48 and 96 hours cells were fixed and eGFPfpositive neurites were traced using Cellomics. Five independent assays with three wells per
condition and two assays with six wells per condition were performed. (a) Average neurite
length per neuron normalized to eGFPf at 48 hours was significantly enhanced in the ATF3
alone and ATF3/Smad1 conditions (*P<0.05, ** P<0.01; Two-Way ANOVA, Dunnett’s posthoc
test; eGFPf vs. all) and at 72 hours in the ATF3 alone, ATF3/Smad1 and ATF3/Smad1/STAT3
conditions (** P<0.01, *** P<0.001; Two-Way ANOVA, Dunnett’s posthoc test; eGFPf vs. all).
Unexpectedly, we did not observe significant effects after overexpression of ATF3/Smad1/cJun/STAT3. (b) The number of neurites per neuron was significantly decreased in the c-Jun/
Smad1 condition at 48 hours and c-Jun alone, c-Jun/Smad1 and c-Jun/ATF3/STAT3 at 72 hours
(*P<0.05, ** P<0.01, *** P<0.001; Two-Way ANOVA, Dunnett’s posthoc test; eGFPf vs. all).

Discussion
Successful axonal regeneration requires the activation of hundreds of interacting
genes and proteins in a RAG gene expression program that is under tight control
by TFs. In this chapter, we tested the hypothesis that combinatorial overexpression
of multiple regeneration-associated TFs results in better neurite outgrowth in vitro
than individual TFs. We performed two series of medium throughput screens
using a Cellomics approach (Macgillavry et al., 2009;Nilsson et al., 2005;Stam et
al., 2007;Verhaagen et al., 2012) to automatically quantify neurite outgrowth after
overexpression of combinations of TFs in two modules that were identified by TFBS
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over-representation analysis in RAG promoters (Mason, unpublished findings) and
literature. We show that overexpression of certain individual TFs, such as ATF3
and KLF7, in F11 cells induces significant neurite outgrowth compared to eGFPf
controls. Overexpression of combinations of multiple TFs within the two modules
also led to enhanced neurite growth, however for module 1 combinatorial
overexpression was not significantly better than overexpression of ATF3 alone.
Overexpression of the classical regeneration-associated TF ATF3 indeed leads
to improved neurite outgrowth in cultured DRG neurons, superior cervical ganglion
neurons and PC12 cells (Nakagomi et al., 2003;Pearson et al., 2003;Seijffers et
al., 2006), while knockdown in differentiated F11 cells results in reduced neurite
outgrowth (Macgillavry et al., 2009). In transgenic mice overexpressing ATF3 in
DRG neurons, enhanced regeneration was observed after peripheral injury in vivo,
but not after a dorsal column lesion (Seijffers et al., 2007), indicating that ATF3 by
itself is not sufficient to fully mimic the conditioning lesion effect and promote
axon sprouting in the central nervous system. Although SMAD1, STAT3 and
c-Jun are also implicated in successful regeneration in literature, none of these
individual TFs were able to induce enhanced neurite outgrowth of F11 cells in our
assays. Activation of Smad1 through BMP4 has shown to improve axon growth in
DRG neurons in vitro and in vivo (Parikh et al., 2011;Zou et al., 2009). In our study
we have used a phospho-mimetic form of Smad1 in which two serine residues at
463 and 465 were replaced by glutamic acid. This form of Smad1 shows activity
independent BMP signalling (Fuentealba et al., 2007). A constitutively active form
of STAT3 (Shang and Waters, 2003) has been shown to increase neurite length
when expressed in cerebellar granule neurons in vitro (Smith et al., 2011) and
after overexpression in vivo there was an accelerated growth initiation observed
after dorsal root and dorsal column injury (Bareyre et al., 2011). However, we did
not observe an increase in neurite outgrowth using constitutively active forms of
Smad1 and STAT3 in our F11 screens. In vivo it has been shown that c-Jun contributes
to successful regeneration (Raivich et al., 2004) and there is much evidence to
suggest that c-Jun is an important component of transcriptional complexes that
may regulate RAG expression. In yeast two-hybrid and immunoprecipitation
experiments binding of c-Jun to STAT3 has been observed, and their co-expression
leads to a synergistic IL-6 dependent response (Schuringa et al., 2001;Yoo et al.,
2001;Zhang et al., 1999). Additionally, c-Jun can form heterodimers with ATF3
(Hai and Curran, 1991) and is able to interact with several Smad family members
(Wong et al., 1999;Zhang et al., 1998). Moreover, transcription factor SP1 acts
as scaffold protein for ATF3, c-Jun and STAT3 leading to transcriptional synergy
(Kiryu-Seo et al., 2008). In our assays, although in Screen 1 c-Jun seemed to have
a neutral influence on neurite growth, in the follow up screen it seemed to have
an unexpectedly negative effect on neurite outgrowth in general. We observed
that combinations that contain c-Jun do not perform better, and more specifically
c-Jun appears to have a negative effect on outgrowth by affecting the number
of neurites growing out F11 cells. A possible reason for this could be that c-Jun
needs to be phosphorylated in order to promote neurite outgrowth. Activation
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of c-Jun can occur through phosphorylation by several JNKs (Angel et al., 1988)
for example after axotomy (Lindwall et al., 2004;Kenney and Kocsis, 1998;Leah et
al., 1991). Although in vitro studies suggest that phosphorylation of c-Jun might be
important for neurite outgrowth of DRG neurons (Lindwall et al., 2004) this has
not shown to be functionally crucial for in vivo axonal regeneration (Ruff et al.,
2012;Brecht et al., 2005). Another explanation for why c-Jun seems to contribute
negatively to neurite growth could be that we used F11 cells in our screens,
which is a cell line that normally proliferates. In fibroblasts c-Jun has been shown
to induce cell cycle progression independent of phosphorylation (Wisdom et al.,
1999). The stimulation of cell division in F11 cells by c-Jun may have contributed to
impaired neurite growth in our assays.
In Screen 1 we show that overexpression of ATF3 alone and several
combinations containing ATF3, including the combination of all four module 1 TFs,
results in enhanced neurite length. Unexpectedly, in Screen 2 we could not find
an effect on neurite outgrowth of the full module containing ATF3, Smad1, c-Jun
and STAT3, as observed before in Screen 1. One explanation for this could be the
difference in setup of the assays. In Screen 2 all 15 conditions for each module of
four TFs were contained in one 96 well cell culture plate, while in Screen 1 the 15
conditions were divided over two separate 96 well cell culture plates. Therefore,
each plate in screen 1 contained an eGFPf-control condition which was used to
normalize average neurite lengths per neuron. In some assays we observed
differential growth of the eGFPf-condition between plates, which can lead to
variation in normalization values. However, we did observe increased neurite
outgrowth of the full module containing ATF3, Smad1, c-Jun and STAT3 compared
to the eGFPf-control condition in the same plate, which indicates that this effect
was genuine in Screen 1 and not an artefact of normalization. Thus, while there
were some differences in the technical design between the two screens these
are not sufficient to explain the differing effects of c-Jun. In other respects the
two screens were in agreement as Screen 2 did confirm the effects of ATF3 alone
and combinations of ATF3/Smad1, ATF3/STAT3 and ATF3/Smad1/STAT3 on neurite
growth.
Although literature and our TFBS analysis (Mason, unpublished findings) both
suggest that combinatorial action of the four classical regeneration-associated TFs
in module 1 could stimulate a larger part of the RAG network than a single TF,
we did not observe synergistic effects on neurite outgrowth in our F11 screen.
A possible explanation for the observed limited effects after overexpression of
TFs in module 1 could be that F11 cells already express these TFs. Indeed, we
observed positive immunostaining for ATF3, c-Jun, STAT3 and SMAD1 in F11 cells,
indicating that these cells express these TFs endogenously. An alternative could
be the use of cultured primary neurons, however in the case of DRG neurons the
isolation process unavoidably axotomizes these neurons leading to expression of
RAGs and creating a situation in which these neurons already show a regenerative
phenotype. Primary CNS cultures, such as cortical neurons or spinal cord motor
neurons, might be better for this purpose, but require more time and effort to
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culture. Furthermore, the use of primary neurons does increase the variability
between individual assays. Additionally, primary neurons are difficult to
transfect using standard transfection agents, although this can be overcome by
electroporation using AMAXA or the use of viral vectors.
Interestingly, we observed large effects after overexpression of the TFs in
module 2. Combinations that contained both MEF2 and KLF7, including the full
module condition, induced growth of neurites more than twice as long compared
to the controls and show significantly better outgrowth than MEF2 or KLF7 alone,
indicating that indeed combinations perform better than individual TFs. MEF2 is a
central regulator in diverse differentiation and developmental programs (McKinsey
et al., 2002), and is highly expressed in neurons but also found in other cell types
such as muscle (Andres et al., 1995;Lyons et al., 1995). In the nervous system, MEF2
has roles in neural crest development (Verzi et al., 2007), dendritic morphogenesis
(Fiore et al., 2009), synaptogenesis (Flavell et al., 2006) and neuronal survival
(Akhtar et al., 2012) but interestingly, has not been linked to axonal regeneration
before. The KLF family of TFs was recently linked to regeneration, and KLF7
specifically has shown to promote neurite outgrowth (Moore et al., 2009). In vivo
overexpression of a transcriptionally active form of KLF7 resulted in improved
regeneration in a spinal cord injury model (Blackmore et al., 2012). Our F11 screen
suggests that MEF2 and KLF7 have synergistic effects and together are responsible
for the largest part of the outgrowth observed with the full module, while Sox11
and SRF seem to contribute marginally. Sox11 is upregulated after peripheral
nerve injury, and absence of Sox11 leads to impaired neurite outgrowth in vitro
and in vivo (Tanabe et al., 2003;Jankowski et al., 2006;Jankowski et al., 2009),
showing that Sox11 is strongly associated with successful regeneration. However,
overexpression in our F11 assays did not lead to increased neurite outgrowth.
In the developing brain, SRF is critically involved in neuronal cell migration, axon
guidance and synaptic targeting, growth cone dynamics and axonal outgrowth.
In the adult brain, SRF functions in synaptic plasticity and learning and memory
(Knoll and Nordheim, 2009). These distinct roles in neuronal differentiation are
determined through activation by myocardin/MKL family cofactors (Pipes et
al., 2006;Knoll et al., 2006;Cen et al., 2004). Expression of SRF has shown to be
necessary for NGF-dependent neurite outgrowth in DRG neurons (Wickramasinghe
et al., 2008) and has been associated with axonal regeneration recently (Stern et
al., 2013). Overexpression of a SRF-VP16 fusion protein increases neurite length
of cultured DRG neurons (Wickramasinghe et al., 2008), while these effects could
not be replicated in our F11 assays. Although there was no significant effect for
either Sox11 or SRF alone, we observed increased neurite length after combined
overexpression of Sox11 and SRF compared to the eGFPf control, indicating that
there might be a role for Sox11 and SRF in axon regeneration.
In contrast to the TFs presented in module 1, there is no literature reporting
physical interactions between MEF2, SRF, KLF7 and Sox11, however it is known
that the Sp1 binding site of KLF7 (Lomberk and Urrutia, 2005) co-localizes
frequently with SRF binding sites (Valouev et al., 2008), indicating that these two
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TFs may cooperate to activate transcription. Indeed, in our neurite outgrowth
assays we observed synergistic neurite growth after combined overexpression of
KLF7 and SRF compared to SRF alone, however not compared to KLF7. Binding sites
for all four TFs are overrepresented in the promoters of RAGs and interestingly,
MEF2 and SRF binding sites are overrepresented in early-stage regenerationassociated TFs, indicating that these TFs could potentially activate many other
regeneration-associated TFs. Indeed, we observed additive effects on neurite
length after combined overexpression of MEF2 and SRF compared to MEF2 alone
or SRF alone. In addition, the binding sites of module 2 TFs are overrepresented
in RAGs belonging to Gene Ontology classes neuronal differentiation and neurite
morphogenesis, which suggests that these TFs might also have an ongoing role in
the expression of RAGs (Mason, unpublished findings).
Blackmore and colleagues engineered an constitutively activated form of KLF7
by linking it to VP16, suggesting that KLF7 needs to be transcriptionally active for
it to exert its function, and indeed they show increased regenerative sprouting
in a spinal cord injury model after overexpression of KLF7-VP16 (Blackmore
et al., 2012). However, data from our bioinformatics analysis suggests that wild
type KLF7 might be a transcriptional repressor, because KLF7 binding sites were
overrepresented in promoters of genes that are down-regulated during successful
regeneration (Mason, unpublished findings). KLF7 function could be cell typedependent since Blackmore and colleagues used primary cortical neurons and we
have used F11 cells in our screens. However, it would be interesting to look further
into whether wild type KLF7 indeed is a repressor of growth inhibitory genes.
In this chapter we studied the effects of several TFs on neurite outgrowth,
and show that combinatory overexpression of specific TFs enhances neurite
length in F11 cells. Although the combinations of TFs in module 1 do not lead to
synergistic effects on neurite outgrowth in our screens, extensive evidence in
literature indicates that ATF3, c-Jun, STAT3 and Smad1 play a significant role in
axonal regeneration and therefore justify further studies to identify their precise
functions. Furthermore, we found that the novel TF MEF2 and KLF7 together form
a powerful synergistic combination for neurite outgrowth. This supports the idea
that combinations of TFs may be more powerful than individual TFs in promoting
axon regeneration.

Materials and methods
Cell cultures
F11 and HEK 293T cells were grown in 10 cm well cell culture dishes (Greiner) in
Dulbecco’s modified eagle medium (DMEM; Invitrogen), 10% FCS and 1% PS. Cell
cultures were maintained by splitting them in a 1:10 ratio twice a week. Cells were
kept in 5% CO2 at 37°C in a water-jacketed incubator (NuAire IR autoflow).
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Plasmids

The dual promoter plasmid pAGLWFI contains the ITRs of AAV2 flanking the
CMV promoter and sCAG promoter, which consists of the CMV enhancer and
the chicken beta-actin/globin-intron promoter (AGp), in a back-to-back manner,
with the CMV enhancer sequence as a shared common element in between as
described (Fagoe et al., 2013). The CMV promoter is followed by a short intron
sequence (the first intron of mouse beta actin), followed by eGFPf and a BgH polyadenylation signal. After the sCAG promoter there is a multiple cloning site (MCS),
a WPRE, and the BgH poly-adenylation signal.
The ORF of each transcription factor was inserted into the MCS of pAGLWFI
to create an expression plasmid for each factor. For AAV-dual-eGFPf/ATF3 the
rat full length coding sequence of ATF3 was used from IMAGE clone 7100767; for
AAV-dual-eGFPf/c-Jun the rat full length coding sequence of c-Jun was used from
IMAGE clone 7124370; for AAV-dual-eGFPf/Smad1 the constitutive active form
of human Smad1 was used from pCS2-hSmadl-EVE (22993; Addgene); For AAVdual-eGFPf/STAT3 the constitutive active form of STAT3 was used from pMXsStat3-C (13373; Addgene); For AAV-dual-eGFPf/KLF7 the mouse full length coding
sequence was used from IMAGE clone 3499191; For AAV-dual-eGFPf/SOX11 the
mouse full length coding sequence was used from IMAGE clone 5716171; For AAVdual-eGFPf/MEF2 the MEF2c sequence was obtained from Dr. Eric N. Olsen; For
AAV-dual-eGFPf/SRF the SRF-VP16 sequence was obtained from Dr. David Ginty
(Originally from Dr. Ravi Misra).

Plasmid transfections
HEK 293T cells were seeded onto Poly-L-Lysine-coated coverslips in 24 well culture
plates (Greiner) in Dulbecco’s modified eagle medium (DMEM; Invitrogen), 10%
FCS and 1% PS. Cells were transfected using Polyethylenine (PEI; cat#23966-2,
Polysciences) in a 3:1 ratio for each plasmid (0.4 µg per well) in saline after 15 min
incubation at room temperature. The following day medium was changed in order
to prevent PEI cytotoxicity. Three days later cells were fixed using one volume of 8
percent PFA for 10 min at room temperature.

Immunocytochemical procedures
Coverslips containing transfected HEK 293T cells were washed in tris-buffered
saline (TBS) (pH 7.4), cells were incubated in 5% FCS, 1% bovine serum albumin
(BSA) and 0.1% Triton X-100 in TBS for 1 hour at room temperature to block
non-specific protein binding. Cell were incubated over night at 4°C in a mixture
containing primary antibodies diluted in blocking medium in TBS. Rabbit polyclonal
anti-ATF3 (1:400; SC-188, Santa Cruz Biotechnology, Heidelberg, Germany),
mouse monoclonal anti-SMAD1 (1:800; SC-7965; Santa Cruz Biotechnology),
rabbit polyclonal anti-C-JUN (1:200; SC-1694, Santa Cruz Biotechnology) or
rabbit polyclonal anti-STAT3 (1:400; SC-482; Santa Cruz Biotechnology) primary
antibodies were used to visualize ATF3, SMAD1, CJUN or STAT3, respectively.
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The cells were washed in TBS and incubated with donkey anti-rabbit Cy3
(Jackson ImmunoResearch, West Grove, PA) or mouse anti-rabbit Cy3 (Jackson
ImmunoResearch) diluted in blocking medium for 2 hours at room temperature.
Cells were washed and mounted onto microscope slides in Mowiol containing 0.1%
1,4-diazabicyclooctane. Photomicrographs were taken on an Axioplan microscope
(Zeiss, Sliedrecht, the Netherlands) at ×40 magnification.

Outgrowth assays
F11 cells were seeded in a 24 well cell culture plate for Screen 1 (Greiner,
Frickenhausen, Germany ) or directly into a 96 well cell culture plate for Screen 2
(Greiner) in DMEM (Invitrogen, Bleiswijk, the Netherlands) containing 10% FCS. The
next day the medium was changed to DMEM (Invitrogen) containing 2% FCS and
cells were transfected with the AAV dual vector plasmids (with 0.8 µg total DNA
per condition for 24 wells plates and 0.16 µg total DNA per condition for 96 wells
plates) using lipofectamine 2000 (Invitrogen) in Optimem medium (Invitrogen)
according to the manufacturer’s protocol. For experiments in 24 well cell culture
plates cells were passed into 6 wells of a 96 well cell culture plate (Greiner)
in neuronal culture medium (Neurobasal medium (Invitrogen) with 1x B-27
supplement (Invitrogen), 1% Glutamax (Invitrogen), 1% PS (Invitrogen) and 5 μM
cytosine arabinoside (AraC; Sigma) to kill dividing cells), one day after transfection.
The 15 conditions per module were divided over two 96 well cell culture plates, of
which only the 60 inner wells were used. The outer wells contained water to avoid
the inner wells from drying out. Cell density after passaging was approximately
1.000 transfected cells (based on counts of eGFPf -positive cells) per well. Cells
transfected in 96 wells plates were passed into new plates in neuronal culture
medium for each time point. All 15 conditions per module were positioned into
one 96 well cell culture plate to avoid plate effects. Cells were fixed by adding one
volume of 8% PFA after 48 hours or 72 hours. After washing in TBS, cell nuclei
were visualized using Hoechst (Invitrogen). Neurite outgrowth was quantified
using a Cellomics ArrayScan HCS Reader (Thermo Scientific, Pittsburgh, PA) using
the Neuronal Profiling 3.5 algorithm to trace eGFPf positive neurites from F11 cells
at ×5 magnification. We analyzed the parameter ‘mean neurite average length’ for
module 1 and 2 in Screen 1 and included the parameter ‘mean neurite total count’
in Screen 2.
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