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Abstract

The peripheral nervous system has the potential to regenerate after nerve injury owing to the intrinsic regrowth ability of neurons and the
permissive microenvironment. The regenerative process involves numerous gene expression changes, in which transcription factors play a
critical role. Previously, we profiled dysregulated genes in dorsal root ganglion neurons at different time points (0, 3 and 9 hours, and 1, 4
and 7 days) after sciatic nerve injury in rats by RNA sequencing. In the present study, we investigated differentially expressed transcription
factors following nerve injury, and we identified enriched molecular and cellular functions of these transcription factors by Ingenuity Path-
way Analysis. This analysis revealed the dynamic changes in the expression of transcription factors involved in cell death at different time
points following sciatic nerve injury. In addition, we constructed regulatory networks of the differentially expressed transcription factors
in cell death and identified some key transcription factors (such as STAT1, JUN, MYC and IRF7). We confirmed the changes in expression
of some key transcription factors (STAT1 and IRF7) by quantitative reverse transcription-polymerase chain reaction. Collectively, our
analyses provide a global overview of transcription factor changes in dorsal root ganglia after sciatic nerve injury and offer insight into the
regulatory transcription factor networks involved in cell death.
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Introduction
Peripheral nerve injury affects millions of people every year,
resulting in severe disability and a reduction in their quality
of life (Wu and Murashov, 2013). Unlike the central nervous
system, which is limited in its regenerative capacity, the
peripheral nervous system can regenerate following injury
owing to the intrinsic growth capacity of neurons and the
permissive growth environment established in large part by
Schwann cells (Barton et al., 2017; Boerboom et al., 2017).
Injuries to the peripheral nerve elicit a complex series of
changes at the molecular, cellular and tissue levels involving
neurons, glial cells, and the immune and vascular systems
(Faroni et al., 2015). However, because the post injury cel-
lular and molecular events are unclear, current therapeutic
strategies for peripheral nerve injury are mostly ineffective
(Scholz et al., 2009; Muheremu and Ao, 2015). Further in-
vestigation of the events and gene alterations after peripheral
nerve injury is needed to elucidate the underlying regulatory
mechanisms and to identify novel therapeutic targets.
Transcription factors (TFs) regulate gene transcription
by binding to specific DNA sequences (Barnes and Adcock,
1995) and are thereby able to switch on or off a large number
of genes, playing a critical role in multiple biological process-
es (Johnston et al., 2003; Palazon et al., 2014; Bhagwat and
Vakoc, 2015). Injury signals transmitted from the lesion area
trigger the damaged neurons to shift from the neurotransmit-
ter state to a regenerative state (Yu et al., 2013). This process
is accompanied by the rapid induction of TFs that trigger a
cascade of gene alterations associated with nerve regeneration
and a permissive microenvironment (Li et al., 2015). Nu-
merous studies show a pivotal role of TFs in peripheral nerve
injury (Patodia and Raivich, 2012; Yoon and Giger, 2016).
Previously, we performed RNA sequencing to profile
dysregulated genes in dorsal root ganglion (DRG) neurons
following peripheral nerve injury in rats (Gong et al., 2016).
In the present study, we further explore the changes in TFs
post nerve injury, and we analyze the enriched molecular
and cellular functions of these TFs. In addition, we focus on
the TF regulatory networks involved in cell death, which is
an important process after nerve injury.

Materials and Methods

Animals

A total of 18 adult male Sprague-Dawley rats (180-220 g), sup-
plied by the Experimental Animal Center of Nantong Universi-
ty of China, were used for the sciatic nerve crush injury model.
Briefly, the sciatic nerve was crushed with a pair of forceps with
an applied force of 54 N (three times, 10 seconds each time).
The rats were then randomly divided into six groups (n = 3
each) and killed by cervical dislocation at different time points
(0, 3 and 9 hours, and 1, 4 and 7 days after surgery). The L, ¢
DRGs were then removed and stored at —80°C. All experimen-
tal procedures involving rats were conducted in accordance
with the Institutional Animal Care Guidelines of Nantong
University, China, and were granted ethical approval by the
Administration Committee of Experimental Animals, Jiangsu
Province, China (approval No. 20150304-005).

TF identification and Venn diagram

After RNA sequencing, differentially expressed genes were
screened in DRG tissues at different time points (0, 3 and
9 hours, and 1, 4 and 7 days) following nerve injury (n =3
per group) (Gong et al,, 2016). Genes with false discovery
rate < 0.05 and fold change (compared with 0 hours or to
the previous time points) > 1.5 or < 0.67 were considered
differentially expressed genes. A list of Rattus norvegicus
transcription factor genes was obtained from the DBD da-
tabase [Transcription factor prediction database (Wilson
et al., 2008) (http://www.transcriptionfactor.org/index.
cgi?Home)]. Differentially expressed genes at each time
point were compared with the TF gene list, and common
genes were identified as differentially expressed TFs. The
Venn diagram online tool (http://bioinformatics.psb.ugent.
be/webtools/Venn/) was then used to analyze the intersec-
tions of TFs at each time point after nerve injury.

Ingenuity pathway analysis (IPA)

IPA, a powerful search and analysis software, can reveal the
significance of research data and identify new targets in bi-
ological systems (Kramer et al., 2014). Here, we used Com-
parison Analysis in IPA to compare TFs at the different time
points. We filtered Molecular and Cellular Functions in Dis-
eases and Functions with P < 10~ and an absolute Z-score val-
ue > 1. The results are shown as hierarchical clustering. A gene
heat map of certain enriched functions and gene & function
networks were also obtained by IPA analysis. The regulatory
relationship between TFs was also identified, and the TF net-
work was constructed using Cytoscape (Shannon et al., 2003).

Quantitative reverse transcription-polymerase chain
reaction (QRT-PCR)

Total RNA was isolated from DRG tissues at different
time points after sciatic nerve injury using Trizol reagent
(Invitrogen, Carlsbad, CA, USA), and the RNA was reverse
transcribed into cDNA with the Prime-Script reagent Kit
(TaKaRa, Dalian, China). qRT-PCR was performed for
quantification of gene expression with SYBR Premix Ex Taq
(TaKaRa) on an ABI StepOne system (Applied Biosystems,
Foster City, CA, USA) according to standard protocols. Each
sample was assayed in triplicate. Relative expression levels of

Table 1 The primers used in QRT-PCR

Product
Gene Primers Sequences size (bp)
STAT1 STAT1-Forward 5-AAA GGA AGC ACC 136
AGA ACC GAT-3'
STAT1-Reverse 5-CTC TGG AGA CAT GGG
AAG CA-3'
IRF7 IRF7-Forward  5-CTG ATG ACT GAG CGC 110
AAC CT-3'
IRF7-Reverse  5-GGG CTA TAC AGG AAC
ACG CA-3'

STAT1: Signal transducer and activator of transcription 1; IRF7:
interferon regulatory factor 7; qRT-PCR: quantitative reverse
transcription-polymerase chain reaction .
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Figure 1 Venn diagram of significantly differentially expressed transcription factors at 3 and 9 hours, and 1, 4 and 7 days compared with 0 hours.
The transcription factors overlapping the different time points are listed on the right. h: Hour(s); d: day(s).

Table 2 Changes in transcription factors following sciatic nerve
injury

3hours 9hours 1day 4days 7 days

Transcription factors (n) 12 11 35 53 63
Differentially expressed 313 221 594 1366 1485
genes (1)

Percentage of transcription 3.834  4.977 5.892 3.880 4.242

factors (%)

mRNA were quantified using the comparative 2™**“ method
(Livak and Schmittgen, 2001) and normalized against GAP-
DH. The primers used are listed in Table 1.

Statistical analysis

All data are expressed as the mean * SD. Statistical analyses
were performed using Prism 5 software (GraphPad, San
Diego, CA, USA). Unpaired two-tailed Student’s t-test was
used for comparison between time points after injury and 0
days for qRT-PCR. A value of P < 0.05 was considered sta-
tistically significant.

Results

Altered TFs in the DRG following peripheral nerve injury
Previously, we investigated the global transcriptome landscape
in DRG neurons at 0, 3 and 9 hours, and 1, 4 and 7 days fol-
lowing peripheral nerve injury. Because TFs are activated upon
injury to modulate gene expression, we focused on TF changes
based on our previous study (Gong et al,, 2016). As shown in
Table 2 and Additional Table 1, TFs were differentially ex-
pressed after nerve injury compared with 0 hours. The number
of differential TFs increased as the number of differential genes
increased. The percentage of differential TFs among all differ-
ential genes peaked at 1 day. The differentially expressed TFs
were compared at each time point by Venn diagram analysis.
This showed that after nerve injury, two TFs were differentially
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Figure 2 Hierarchical clustering of the enriched molecular and
cellular functions of differentially expressed transcription factors at
different time points using the Z-score.

Blue indicates negative regulation of the function, while orange indi-
cates activation. The cut-off criterion of enriched functions was P-value
<107 and an absolute Z-score value > 1. h: Hours; d: day(s).

expressed, signal transducer and activator of transcription 1
(STAT1) and interferon regulatory factor 7 (IRF7). Further-
more, a large number of differentially expressed TFs were com-
mon at 1, 4 and 7 days (Figure 1).
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Figure 3 Differential transcription factors involved in cell death.
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(A) Expression trend diagram of transcription factors involved in cell death by expression fold-change. Green indicates downregulation, while red
indicates upregulation. (B-D) Gene and function network of differentially expressed transcription factors in cell death at 3 hours (B), and at 1 (C)
and 4 (D) days. Green indicates downregulation, while red indicates upregulation. The expressional fold change at certain time points after injury
are shown below the symbol for the transcription factor. The blue lines indicate inhibition of the function, while the yellow lines indicate that the
regulation was inconsistent with the state of the downstream molecule. The grey line indicates that the effect was unclear. (E) The regulatory net-
work of differentially expressed transcription factors involved in cell death. The circles indicate transcription factors, while the arrows indicate the
relationships. The more a transcription factor interacts with another transcription factor, the larger the circle. h: Hour(s); d: day(s).
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Figure 4 STAT1 and IRF7
mRNA expression levels
measured by quantitative
reverse transcription-
polymerase chain reaction.
(A, B) Relative STAT1 and
IRF7 mRNA expression levels
at different time points, com-
pared with 0 hour. The red line
above the bar shows the expres-
sional trend revealed by RNA
sequencing. *P < 0.05, **P <
0.01, #**P < 0.001, vs. 0 h. Data
are expressed as the mean *
SD (n = 3, unpaired two-tailed
student’s t-test). STAT1: Signal
transducer and activator of
transcription 1; IRF7: inter-
feron regulatory factor 7; h:
hour(s); d: day(s).
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Enriched molecular and cellular functions of the
differentially expressed TFs

IPA was used for functional analyses of these differentially
expressed TFs at each time point, and focusing on Molecular
and Cellular Functions in Diseases & Functions. Figure 2
shows the hierarchical clustering of the enriched functions by
activation z-score (Additional Table 2). The blue color indi-
cates a negative regulation of the function, while orange indi-
cates activation. Additionally, from the clustering, we found
that functional enrichment of differentially expressed TFs was
similar at 4 and 7 days, consistent with the Venn diagram.
As shown in Figure 2, at the early stage after nerve injury
(3 hours), the differentially expressed TFs mainly regulated
cell death and cell viability, which are prerequisites for nerve
regeneration. Cell death was inhibited during nerve injury,
while cell viability and cell survival were promoted from day
1 after injury. Furthermore, other biological processes were
also enhanced from day 1 and day 4, such as differentiation of
the nervous system and leukemia cell regulation.

Regulatory network involved in cell death

A prerequisite for nerve regeneration is that the DRG neu-
rons survive the injury. Thus, finding effective measures to
inhibit cell death is of great importance. We therefore fo-
cused on TFs involved in cell death. Among the differential
TFs, 33 were involved in cell death. Their expressional fold
change trends are given in Figure 3A. STAT1 and IRF7 are
included in this list. As shown in Figure 2, cell death was
enriched at 3 hours, and 1 and 4 days after the injury. We
then constructed gene and function networks of these TFs in
cell death at these time points (Figure 3B). The green color
indicates that the TF was downregulated, while red indicates
increased expression. We also examined the regulatory re-
lationship between the TFs involved in cell death with IPA
and constructed a regulatory network with Cytoscape. As
shown in Figure 3C, genes at the base of the arrow regulate
genes at the tip (target). The more a gene interacts with other
genes, the larger the size of the gene circle. Some TFs, such as
STATI, JUN, MYC and IRF7, are particularly critical TFs.

Validation of STAT1 and IRF7 by qRT-PCR

Because STAT1 and IRF7 are key TFs differentially ex-
pressed at all time points after peripheral nerve injury, they
also serve as key nodes in the cell death regulatory network.
qRT-PCR was performed to validate the expressional chang-
es of these TFs. As shown in Figure 4, the bar represents the
expression of TFs at the indicated time point post peripheral
nerve injury, while the red line represents the expressional
changes revealed by RNA sequencing. The qRT-PCR results
were highly consistent with previous RNA sequencing data.
However, although both STAT1 and IRF7 were downreg-
ulated after nerve injury, expression of these TFs was high
at 9 hours compared with the other time points. This high
expression might be related to the balance of death and sur-
vival in DRG neurons. In addition, immunofluorescence for
STAT1 and IRF7 was performed in DRG sections, which
revealed that these TFs were mainly expressed in DRG neu-
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rons, although the expressional changes between 0 and 3
hours were not striking (data not shown).

Discussion

Peripheral nerves are commonly damaged after nerve inju-
ry, and to provide a permissive environment that facilitates
nerve regeneration, multiple cell types undergo changes in
gene expression that alter their phenotype (Barton et al.,
2017). For example, DRG neurons undergo a switch from
the neurotransmitter state to a regenerative state. DRG neu-
rons are primary afferent neurons that transmit sensory in-
formation from the periphery to the central nervous system.
The sciatic nerve, which is often investigated in peripheral
nerve injury models, has its neuronal somas mainly in L, 4
DRGs in rats (Richner et al., 2014).

Previously, we investigated global transcriptional changes
in DRGs after sciatic nerve injury by RNA sequencing. Dif-
ferentially expressed genes were then analyzed according to
trends in expressional changes, and two typical clusters were
selected for further analysis. However, it remained unclear
how these alterations in gene expression are regulated.

A number of TFs were dysregulated after injury. The Venn
diagram and the enriched molecular and cellular function
analyses by IPA revealed that the alterations could be divided
into two periods. In the early period following nerve injury
(3 and 9 hours), approximately 10 TFs were differentially ex-
pressed and mainly regulated cell death and cell viability. In
the later period (1, 4 and 7 days), the number of significantly
differentially expressed TFs increased. In addition to inhib-
iting cell death and enhancing cell viability, these TFs also
regulate nervous system differentiation and immune cell ac-
tivity, consistent with a previous study (McLachlan and Hu,
2014). Leukemia cell regulation was also enriched during this
period. It has been reported that leukemia inhibitory factor,
which induces the terminal differentiation of myeloid leuke-
mia cells and inhibits their proliferation, plays an important
role in peripheral nerve regeneration (Nicola and Babon,
2015). However, the relationship between leukemia cell regu-
lation and peripheral nerve injury has not been explored.

Although a favorable microenvironment facilitates axonal
regrowth after nerve injury, the capacity of damaged neurons
to survive and switch to a regenerative state is critical for nerve
regeneration and functional recovery (Navarro et al., 2007). It
has been reported that a significant amount of DRG neurons
eventually die after peripheral nerve injury (Lin et al., 2011).
Therefore, identifying key TFs involved in cell death might
provide gene targets for reducing the loss of DRG neurons and
improving their survival following peripheral nerve injury.

Here, we identified 33 differentially expressed TFs in-
volved in cell death in DRG tissues after sciatic nerve injury.
Consistent with previous studies, ATF3 and JUN, two clas-
sical TFs involved in axonal regeneration, were upregulat-
ed following nerve injury (Seijffers et al., 2007; Ruff et al.,
2012). STATT1 is a key modulator of cell death and has been
reported to be associated with neuronal cell death after ce-
rebral ischemia and spinal cord injury (Kim and Lee, 2007;
Osuka et al,, 2011; Wu et al., 2014). Although STAT1 can di-
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rectly interact with apoptotic proteins, it promotes cell death
mainly through a transcriptional mechanism involving
death-promoting gene activation (Kim and Lee, 2007). The
downregulation of STAT1 in DRG neurons following sciatic
nerve injury might protect against cell death and promote
their survival. IRF7, a member of the interferon regulatory
transcription factor family, has been shown to participate in
the transcriptional activation of virus-induced cellular genes.
In the central nervous system, IRF7 is upregulated following
axonal transection in the hippocampus and plays an import-
ant role in microglial polarization switching (Khorooshi and
Owens, 2010; Tanaka et al., 2015). However, in the present
study, IRF7 was downregulated after peripheral nerve injury,
which might prevent cell death. The roles and mechanisms
of action of these TFs deserve further investigation.

In conclusion, numerous TFs undergo changes in expres-
sion in DRG tissues after sciatic nerve injury. These differ-
ential TFs are enriched in cell death and viability at the early
period following nerve injury and later in nervous system
differentiation. In addition, we confirmed changes in two
key TFs, STAT1 and IRF7, which might serve as potential
targets for the treatment of peripheral nerve injuries.
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