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Abstract

The neural regeneration process is driven by a wide range of molecules and pathways. Adherens junctions are critical cellular junctions for
the integrity of peripheral nerves. However, few studies have systematically characterized the transcript changes in the adherens junction
pathway following injury. In this study, a rat model of sciatic nerve crush injury was established by forceps. Deep sequencing data were an-
alyzed using comprehensive transcriptome analysis at 0, 1, 4, 7, and 14 days after injury. Results showed that most individual molecules in
the adherens junctions were either upregulated or downregulated after nerve injury. The mRNA expression of ARPC1B, ARPC3, TUBAS,
TUBA1C, CTNNA2, ACTN3, MET, HGF, NMEI1 and ARF6, which are involved in the adherens junction pathway and in remodeling
of adherens junctions, was analyzed using quantitative real-time polymerase chain reaction. Most of these genes were upregulated in the
sciatic nerve stump following peripheral nerve injury, except for CTNNA2, which was downregulated. Our findings reveal the dynamic
changes of key molecules in adherens junctions and in remodeling of adherens junctions. These key genes provide a reference for the se-
lection of clinical therapeutic targets for peripheral nerve injury.

Key Words: peripheral nerve regeneration; crushed sciatic nerve; RNA-seq; adherens junctions; remodeling of adherens junctions; Venn diagram;
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Introduction strategies to promote axon regeneration in the central ner-
Peripheral nerves have a striking capacity for regeneration ~ vous system (Camara-Lemarroy et al., 2010; Bosse, 2012;
compared with nerves in the central nervous system (Chen  Yu et al., 2015; Farkas and Monaghan, 2017; Li et al,, 2017).
et al,, 2007; Gu et al,, 2011, 2014). Understanding the mo-  After nerve injury, distal axons gradually degenerate and
lecular events in peripheral nerve regeneration might offer ~ eventually disappear, a process known as Wallerian degen-
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eration (Gaudet et al.,, 2011; Yu et al., 2016; Cheng et al,,
2017; Yi et al., 2017). Schwann cells divide and align longi-
tudinally along the basal lamina (Bhatheja and Field, 2006;
Masaki and Matsumura, 2010; Webber and Zochodne, 2010;
Morrissey and Sherwood, 2015). Schwann cells and basal
lamina tubes promote regenerating axon extension (Keynes,
1987; Doherty and Walsh, 1994; Reichert et al., 1994; Walsh
and Doherty, 1996; Zhang et al., 2008). Adhesion mole-
cules are critical for axonal regrowth and axon-axon or
axon-Schwann cell attachment (Fex Svennigsen and Dahlin,
2013). Numerous studies have reported changes in expres-
sion of adhesion molecules following sciatic injury (Ide,
1996; Fu and Gordon, 1997; Raivich and Makwana, 2007;
Patodia and Raivich, 2012).

Adhesion receptors (such as, E-cadherin and N-cadherin)
mediate homophilic recognition across the intercellular cleft,
and they link to a cytoskeletal network via catenins. These
core structural components form adherens junctions. Adher-
ens junctions play a key role in cell attachment, growth, and
migration (Niessen and Gottardi, 2008; Etienne-Manneville,
2011, 2012; Peglion et al., 2014; Woichansky et al., 2016; Ma-
linova and Huveneers, 2017). The adherens junction is regu-
lated by receptors and intracellular signaling (Padmanabhan
et al., 2015). For example, endocytosis and recycling of cell
surface E-cadherin are regulated by hepatocyte growth factor
(HGF) and the receptor tyrosine kinase Met (Anderson et al.,
2006). Met phosphorylates tyrosine residues in the cytoplas-
mic tail of E-cadherin, and thereby induces the internaliza-
tion of E-cadherin. Subsequently, E-cadherin is recycled to
sites of new cell-cell contacts. However, few studies, if any,
have systematically analyzed transcript changes of molecules
in the pathways of the adherens junction and in remodeling
of adherens junctions following peripheral nerve injury.

In the current study, we analyzed the molecular events in
adherens junctions and remodeling of adherens junctions
following peripheral nerve regeneration based on high
throughput RNA-seq data. We found distinct transcription
changes in different molecules in the pathways of adherens
junctions and remodeling of adherens junctions, which were
further confirmed by quantitative real-time polymerase
chain reaction (QRT-PCR). Our study aimed to reveal com-
prehensive transcript changes in the pathways of adherens
junctions and remodeling of adherens junctions.

Materials and Methods

Animals

Thirty adult, 2-month-old, male Sprague-Dawley rats,
weighing 180-220 g, were obtained from the Experimental
Animal Center of Nantong University, China (animal li-
cense number: SCXK (Su) 2014-0001 and SYXK (Su) 2012-
0031), and were used for deep sequencing. An additional 30
rats were used for qRT-PCR. This study was approved by the
Administration Committee of Experimental Animals, Jiang-
su, China (approval No. 20160229-007).

Establishment of sciatic nerve crush injury model
Thirty rats were randomly divided into five groups: 0, 1, 4,

7, and 14 days after sciatic nerve crush with 6 rats in each
group. The 0 day group was an uninjured group used as a
control. Rats were anesthetized and underwent one-side
sciatic nerve crush surgery as described previously (Yi et
al,, 2015; Xing et al., 2017). In brief, the left sciatic nerve at
mid-thigh level was crushed by forceps (RWD Life Science,
Shenzhen, China) three times at a constant force of 54 N for
10 seconds each time. Rats were sacrificed by cervical dislo-
cation at the respective time for each group.

Transcriptome sequencing and bioinformatic analysis
After 5-mm sciatic nerve segments were harvested from the
crush site, total RNA was extracted using TRIzol. Transcrip-
tome sequencing was performed as described previously (Yi
et al,, 2015). The abundances of genes at 0, 1, 4, 7, and 14
days after sciatic nerve crush were expressed as RPKM (reads
per kilobase transcriptome per million mapped reads) (Mor-
tazavi et al., 2008). Genes with a false discovery rate <0.001
and a fold change > 2 (log2 > 1) were defined as differential-
ly expressed genes (DEGs). DEGs were further uploaded to
QIAGEN’s Ingenuity® Pathway Analysis (IPA®, QIAGEN,
Valencia, CA, USA); the canonical signaling pathways ad-
herens junctions and remodeling of adherens junctions were
analyzed based on the Ingenuity Pathways Knowledge Base.

qRT-PCR

RNA samples from another set of 30 rats were extracted and
reverse-transcribed to cDNA with the Prime-Script reagent
Kit (TaKaRa, Dalian, China). The procedure was performed
as previously described (Yi et al., 2015). Relative mRNA
expression levels at 0, 1, 4, 7, and 14 days after sciatic nerve
crush were calculated via the comparative 2724 method,
in which 18s rRNA was used as a reference. The sequenc-
es of primers of target genes ARPC1B, ARPC3, TUBAS,
TUBA1C, CTNNA2, ACTN3, MET, HGF, NME1, ARF6
and reference gene 18s were listed in Table 1.

Statistical analysis

Statistical analysis was performed with GraphPad Prism
6.0 software (GraphPad Software. Inc., La Jolla, CA, USA).
Experimental outcomes were represented as the mean +
SEM. One-way analysis of variance and Dunnett’s multiple
comparisons were used to test differences among multiple
groups. P < 0.05 was considered statistically significant.

Results

Adherens junction and remodeling of adherens junction
canonical signaling pathways following nerve injury

We analyzed changes of gene expression profiles at 1, 4, 7,
and 14 days following injury with a rat sciatic nerve crush
injury model, and found 13,721, 14,321, 14,745, and 6979
DEGs compared with intact nerves, respectively (Yi et al.,
2015; Qin et al., 2016). With these DEGs, ingenuity pathway
analysis was applied to analyze diseases and functions. The
DEGs of injured nerves were highly enriched in cell-to-cell
signaling and interaction, cellular movement, and cellular
growth and proliferation (Yi et al., 2015).
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Figure 1 Schematic networks of adherens junction and
remodeling of adherens junction pathways.

The molecules with red outlines are those verified by quanti-
tative real-time polymerase chain reaction. HGF: Hepatocyte
growth factor; Met: MET Proto-Oncogene, receptor tyrosine
kinase; DNM: dynamin; NME1: NME/NM23 nucleoside di-
phosphate kinase 1; ARF6: ADP ribosylation factor 6; CTNN
B: beta-catenin; CTNN a: alpha-catenin; ARP2/3: actin relat-
ed protein 2/3 Complex; CLIP170: CAP-Gly domain contain-
ing linker protein 170.

Figure 2 Heatmap of differentially expressed genes (DEGs) in the adherens junction (A) and remodeling of adherens junction (B) pathways at

1, 4, 7, and 14 days post injury.

Red indicates upregulation and green indicates downregulation. Fold changes of DEGs were labeled on the right.
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Table 1 Primer pairs for quantitative real-time polymerase chain
reaction

Product
Primer Sequence (5'-3") size (bp)
ARPC1B Forward: ACA GCG TCA GTC AAATCT C 114
Reverse: CTG ACT CCA AGCTCTTCAC
ARPC3  Forward: TCG AGA GAC GAA AGACACG 101
Reverse: TCC TGT CCG CTT CAT TCT TA
TUBA8  Forward: CCA TAC CAC TCT GGA ACA C 115
Reverse: GCG GTT GAG GTT GGT ATA G
TUBA1C Forward: ACA ATG AGG CCA TCT ATGAC 110

Reverse: GGA AGC AGT GAT GGA AGA C
CTNNA2 Forward: ACA AAG GTC CGT CTG GTA 115
Reverse: TCC TTA GCG ATCTGC TCA C

ACTN3  Forward: GGG CATC TTT CAA CCA CTT 102
Reverse: CCA CCT CTC CCA GAT CAT A

MET Forward: CGG TCT CAA TAT CAG TGG TAG 110
Reverse: TAC TCT TGC GTC ATA GCG A

HGF Forward: CAA CAC AAA CAA CAG TAG GG 107
Reverse: ACA TTG CCT TGC AGT AAG A

NME1 Forward: TAA GCC TGG GAC CAT ACG A 100
Reverse: CAA ACT GAT CTC CTT CTC CG

ARF6 Forward: CCT CAT CTT CGC CAA CAA 108
Reverse: GGC TGC ACA TAC CAG TTC

18s Forward: CGG CTA CCA CAT CCA AGG AA 187

Reverse: GCT GGA ATT ACC GCG GCT

ARPCI1B: Actin related protein 2/3 complex subunit 1B; ARPC3:
actin related protein 2/3 complex subunit 3; TUBAS: tubulin alpha 8;
TUBAIC: tubulin alpha 1C; CTNNAZ2: catenin alpha 2; ACTN3: actinin
alpha 3; MET: MET proto-oncogene, receptor tyrosine kinase; HGF:
hepatocyte growth factor; NME1: NME/NM23 nucleoside diphosphate
kinase 1; ARF6: ADP ribosylation factor 6.

DEGs were enriched in the pathways of adherens junc-
tions and remodeling of adherens junctions at all four time
points (1, 4, 7, and 14 days after injury) (Table 2). The ad-
herens junction is a structure linking adhesion receptors to
the cytoplasmic skeleton, and is critical for peripheral nerve
regeneration. E-cadherin forms homodimers and interacts
with B-catenin, which further binds to a-catenin and links
to actin and tubulin. Actin can be bound by Actn3 (a-actinin
3), an actin-binding protein (Figure 1). Actin branching is
regulated by the ARP2/3 complex (Figure 1).

Transcription levels of most molecules in the adherens
junction are either continuously upregulated, downregulated,
or unaffected (Figure 2A). When analyzing the DEGs at dif-
ferent time points, 35.9% of genes were continuously upregu-
lated or downregulated at all time points (see the intersection
in red, Figure 3A; genes are listed in Table 3). These indicate
that an individual molecule in the pathway of the adherens
junction may have a consistent role during nerve recovery.

Adherens junctions are highly regulated by molecules
involved in remodeling of adherens junctions. HGF and the
receptor Met promote the process of endocytosis and recy-
cling of E-cadherin (Anderson et al., 2006). ADP-ribosyla-
tion factor-6 (ARF6) activated by Src also promotes inter-
nalization of E-cadherin (Peglion et al., 2014). Additionally,
NME] regulates ARF6-mediated endocytosis of E-cadherin

Table 2 Significance of adherens junction signaling and remodeling
of adherens junctions at each time point following peripheral nerve
injury

Number of differentially

—log (P-value)  Ratio expressed genes

Adherens junction signaling

1 day 4.74 0.363 53
4 days 4.28 0.349 51
7 days 3.75 0.267 39
14 days 3.39 0.212 31
Remodeling of adherens junctions

1 day 5.77 0471 32
4 days 4.42 0.426 29
7 days 1.67 0.25 17
14 days 1.72 0.206 14

Table 3 Overlapped differentially expressed genes (34 common
genes) in the adherens junction and remodeling of adherens
junction pathways

MRAS, ACTG2, MYH14, MYH7, MYLS9,
MET, CDH1, ACTG1, ARPC1B, MYO7A,
MYH11, TUBB2B, ACTR3, HGE
TUBB4A, ACVRIC, MYH1, TUBA4A,
TCF7L1, FGF1, TUBA1A, WAS, TCF7L2

ARPC1B, TUBB2B, ACTR3, HGF,
TUBB4A, ACTG2, TUBA4A, MET,
CDH1, TUBAIA, ACTG1

23 common genes in
the pathway of adherens
junction

11 common genes in the
pathway of remodeling of
adherens junction

MRAS: Muscle RAS oncogene homolog; ACTG2: actin gamma 2;
MYH: myosin heavy chain; MYL: myosin light chain; MET: MET
proto-oncogene, receptor tyrosine kinase; CDH1: cadherin 1; ACTG1:
actin gamma 1; ARPCIB: actin related protein 2/3 complex subunit 1B;
MYO7A: myosin VIIA; TUBB2B: tubulin beta 2B class IIb; ACTR3:
ARP3 actin related protein 3 homolog; HGF: hepatocyte growth factor;
TUBB4A: tubulin beta 4A class Iva; TCF7L1: transcription factor 7 like
1; FGF1: fibroblast growth factor 1; TUBAIA: tubulin alpha 1a; WAS:
Wiskott-Aldrich syndrome; TCF7L2: transcription factor 7 like 2.

(Figure 1). Similar to molecules in the adherens junction
pathway, molecules in the remodeling of adherens junctions
pathway also displayed continuous upregulation or down-
regulation (Figure 2B); 31.4% genes were upregulated or
downregulated in the pathway of remodeling of adherens
junctions at all time points (see the intersection in red, Fig-
ure 3B; genes are listed in Table 3).

qRT-PCR validation of genes in adherens junctions and
remodeling of adherens junction pathways

qRT-PCR was performed to further validate RNA-seq results
for individual genes. Studies have shown that N-cadherin
and E-cadherin are upregulated following injury in different
injury models (Hasegawa et al., 1996; Ide, 1996; Hatoko et
al., 2001; Tada et al., 2001a, b). We analyzed mRNA expres-
sion of multiple key molecules based on the significant bio-
logical functions. The ARP2/3 complex has seven subunits,
of which ARPC1B and ARPC3 were upregulated from day 1
to day 14 post injury (Figure 4A, B). TUBAS (a subtype of
a-tubulin) was also continuously upregulated, although the
degree of fold change was decreased (Figure 4C). However,
mRNA levels of TUBA1C (a subtype of a-tubulin) declined
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Figure 4 Quantitative real-time
polymerase chain reaction results for
molecules in the adherens junction
pathway.

(A-F) Relative mRNA expression of ARP-
C1B, ARPC3, TUBAS, TUBA1C, CTNNA2,
and ACTN3, respectively. *P < 0.05, **P <
0.01, kP < 0.001, vs. 0 day control. Data
are expressed as the mean + SEM (n = 3,
one-way analysis of variance and Dunnett’s
multiple comparisons). 18s rRNA was used
as an internal control. ARPC1B: Actin relat-
ed protein 2/3 complex subunit 1B; ARPC3:
actin related protein 2/3 complex subunit
3; TUBAS: tubulin alpha 8; TUBA1C: tu-
bulin alpha 1C; CTNNA2: catenin alpha 2;
ACTNS3: actinin alpha 3.

Figure 5 Quantitative real-time
polymerase chain reaction results for
molecules involved in the remodeling of
adherens junction pathway.

(A-D) Relative mRNA expression of MET,
HGF, NMEL, and AFR6, respectively. *P
< 0.05, **P < 0.01, ***P < 0.001, vs. 0 day
control. Data are expressed as the mean +
SEM (n = 3, one-way analysis of variance
and Dunnett’s multiple comparisons).
18s rRNA was used as an internal control.
MET: MET proto-oncogene, receptor tyro-
sine kinase; HGF: hepatocyte growth factor;
NME1: NME/NM23 nucleoside diphos-
phate kinase 1; ARF6: ADP ribosylation
factor 6.
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from day 4 postinjury compared with intact nerves (Figure
4D). Additionally, CTNNA2 (a-catenin) declined on day
1 postinjury and remained decreased (Figure 4E). ACTN3
was upregulated on days 1 and 7 (Figure 4F).

Multiple molecules were further identified in the pathway
of remodeling of adherens junctions. MET expression was
upregulated on day 1 postinjury, but no significant difference
was observed on day 4 or later (Figure 5A). The mRNA levels
of HGF, NME1, and ARF6 were increased at all time points
following injury (Figure 5B—D). The qPCR results of most
genes matched the RNA-seq results. These results confirm
the presence of distinct transcript changes in the pathways of
adherens junctions and remodeling of adherens junctions.

Discussion

This study systematically analyzed gene expression changes
involved in the pathways of adherens junctions and remod-
eling adherens junctions following peripheral nerve injury
and recovery. We found dissimilar expression patterns of
molecules in adherens junction and remodeling of adherens
junction pathways, and found that increases or decreases in
mRNA levels of most individual molecules in adherens junc-
tions were persistent compared with levels in intact nerves,
suggesting a sustained role of specific molecules during nerve
recovery. Our study suggests that the adherens junction may
play an important role in nerve regeneration, based on the
robust transcript alterations of individual molecules in adher-
ens junctions. Molecules in the adherens junction pathway
may be potential therapeutic targets for axon regeneration.

Interestingly, most adhesion molecules that were upregu-
lated or downregulated in the peripheral nerve injury in this
study are also expressed in the central nervous system, indi-
cating that a single molecule cannot account for the different
regeneration capacities in the central and peripheral nervous
systems. Studies have shown expression changes of adhesion
molecules following sciatic nerve injury (Ide, 1996; Fu and
Gordon, 1997; Raivich and Makwana, 2007; Patodia and
Raivich, 2012). However, few, if any, studies have reported
transcript or protein changes of adhesion molecules following
the spinal cord injury. It would be interesting to systematical-
ly compare the changes of adhesion molecules in the spinal
cord versus in peripheral nerves in future studies.

Based on the transcript changes after injury, peripheral re-
covery was divided into three phases: acute, sub-acute, and
post-acute stages (Yi et al., 2015). Following axon degenera-
tion, Schwann cells divide and align along the basal lamina.
Regrowing axons extend from the proximal site to the distal
site in the tubes provided by Schwann cells, a process lasting
until the post-acute stage. This process is consistent with
our finding that 34 upregulated or downregulated genes (23
genes in the adherens junction pathway and 11 genes in the
remodeling of adherens junctions pathway) were observed
at all of the different time points, indicating that these genes
might share similar functions throughout the whole process
for axon-axon and axon-Schwann cell interaction.

As a functional unit, adherens junctions play a vital role in
cell interaction, growth, and migration (Niessen and Gottar-

di, 2008; Etienne-Manneville, 2012). During regeneration,
axons attach to Schwann cells through multiple adhesion
molecules, including but not limited to the cadherin pro-
teins N-cadherin and E-cadherin. N-cadherin is upregulated
during peripheral nerve regeneration, which might mediate
adhesion of Schwann cells to axons (Letourneau et al., 1991;
Ide, 1996; Fu and Gordon, 1997). E-cadherin, catenins, and
F-actin in Schwann cells might maintain the growth and
function of compact myelin layers (Menichella et al., 2001;
Young et al., 2002; Tricaud et al., 2005; Perrin-Tricaud et
al., 2007; Gess et al., 2008; Lewallen et al., 2011; Basak et al.,
2015). A previous study has shown that the protein levels of
E-cadherin start to increase on day 3 after nerve suture (Tada
et al., 2001b). Tada et al. (2001a) have found that E-cadherin
expression is upregulated during nerve regeneration after
nonvascularized and vascularized nerve grafts. However, our
current study found that a cytoplasmic partner of cadherins,
a-catenin, is downregulated during nerve injury and regen-
eration, revealing distinct transcript changes in adherens
junctions. Distinct responses of transcription in adherens
junctions suggest that individual molecules might serve oth-
er functions besides intercellular adhesion. In addition, this
might also indicate that a single molecule might be regulat-
ed by multiple signaling pathways. For example, cytosolic
B-catenin is also regulated by the canonical Wnt signaling
pathway (Klinke et al., 2015). Hasegawa et al. (1996) have
shown that E-cadherin is enriched in proliferated Schwann
cells after nerve crush injury. Future studies will be needed
to further characterize the distribution of individual mol-
ecules in adherens junctions and investigate their specific
roles during peripheral nerve regeneration.

Our transcriptome analysis identified comprehensive
changes of adherens junctions during nerve regeneration.
The robust changes of molecules in adherens junctions may
be critical for cell-cell attachment, offering a basis for axon
regrowth.
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