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PURPOSE. In the present study, we aim to elucidate the underlying molecular mechanism
of endoplasmic reticulum (ER) stress induced delayed corneal epithelial wound healing
and nerve regeneration.

METHODS. Human limbal epithelial cells (HLECs) were treated with thapsigargin to induce
excessive ER stress and then RNA sequencing was performed. Immunofluorescence,
qPCR, Western blot, and ELISA were used to detect the expression changes of SLIT3
and its receptors ROBO1-4. The role of recombinant SLIT3 protein in corneal epithelial
proliferation and migration were assessed by CCK8 and cell scratch assay, respectively.
Thapsigargin, exogenous SLIT3 protein, SLIT3-specific siRNA, and ROBO4-specific siRNA
was injected subconjunctivally to evaluate the effects of different intervention on corneal
epithelial and nerve regeneration. In addition, Ki67 staining was performed to evaluate
the proliferation ability of epithelial cells.

RESULTS. Thapsigargin suppressed normal corneal epithelial and nerve regeneration
significantly. RNA sequencing genes related to development and regeneration revealed
that thapsigargin induced ER stress significantly upregulated the expression of SLIT3 and
ROBO4 in corneal epithelial cells. Exogenous SLIT3 inhibited normal corneal epithe-
lial injury repair and nerve regeneration, and significantly suppressed the proliferation
and migration ability of cultured mouse corneal epithelial cells. SLIT3 siRNA inhibited
ROBO4 expression and promoted epithelial wound healing under thapsigargin treat-
ment. ROBO4 siRNA significantly attenuated the delayed corneal epithelial injury repair
and nerve regeneration induced by SLIT3 treatment or thapsigargin treatment.

CONCLUSIONS. ER stress inhibits corneal epithelial injury repair and nerve regeneration
may be related with the upregulation of SLIT3-ROBO4 pathway.

Keywords: endoplasmic reticulum (ER) stress, SLIT3, ROBO4, corneal epithelial wound
healing, nerve regeneration

The intactness of the corneal epithelium and abundant
sensory innervation are vital for maintaining normal

physiological function of the cornea. Trauma, infection, dry
eye syndrome (DES), and keratitis can cause damage to the
corneal epithelium and nerves, and lead to visual impair-
ment.1,2 The regeneration of the corneal epithelium and
nerves in response to injury is essential for restoring normal
corneal function.

Recently, growing evidence has demonstrated the impact
of endoplasmic reticulum (ER) stress in the pathogenesis of
corneal epithelial – and neural defect – related diseases. ER
stress is usually indicated by the level of ER stress mark-
ers, such as GRP78, XBP1, ATF6, and CHOP.3–6 XBP1 serves
as a crucial marker within the IRE1/α-XBP1 pathway of the
UPR response and is essential for cell fate determination in
response to ER stress.7 CHOP maintains low levels of expres-

sion under non stress conditions; however, in ER stress
response, its expression is significantly increased through
IRE1-, PERK-, and ATF6-dependent transcriptional induc-
tion.8 Inhibiting ER stress mitigates DES9–11 and protects
against alkaline burn induced corneal injuries.12,13 One
of our previous studies confirmed excessive ER stress
(marked by a higher level of XBP1 and CHOP expres-
sion) in the process of corneal wound healing in diabetes;
specifically, inhibiting ER stress with 4-phenylbutyric
acid (4-PBA) significantly accelerates corneal epithelial and
nerve regeneration.14 Although the primary downstream
mechanisms are considered to be excessive inflammation
and programmed cell death triggered by ER stress, the
underlying molecular mechanism of ER stress affecting
corneal epithelial and nerve repair have not been eluci-
dated.
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Axon guidance molecules (AGMs), mainly including the
slit, netrin, ephrin, and semaphorin families, are known
to regulate axonal growth during development15–18 and
have been shown to play a crucial role in corneal wound
healing.19,20 Victor H. Guaiquil et al. found that following
corneal epithelial injury, many AGMs, such as semaphorins,
ephrins, and netrins, decreased and then quickly recov-
ered; moreover, corneal epithelial wound healing could be
promoted by semaphorin3A (Sema3A), ephrinB2 and netrin-
4.21 Semaphorin3C (Sema3C) and its receptor, neuropilin-2
(NRP-2), as well as netrin-1 and its receptor, adenosine2B,
accelerates corneal epithelial and nerve regeneration.22,23 By
contrast, ephrinA1 and ephrinA2 receptor signaling restrict
corneal epithelial wound healing.24 These studies indicate
that AGMs play a complex role in corneal regeneration.

The Slit guidance ligand (SLIT) family, including SLIT1,
SLIT2, and SLIT3, is a secretory family. These proteins
function by interacting with Roundabout receptors (ROBO)
receptors (ROBO1, ROBO2, ROBO3, and ROBO4). The
SLIT/ROBO signal was first discovered in the nervous
system, capable of regulating axonal guidance and remnants.
Recently, more and more studies have shown that the
SLIT/ROBO signal can also regulate other physiological and
pathological processes, such as angiogenesis, inflammatory
cell chemotaxis, tumor cell migration and metastasis, fibro-
sis, etc.25,26 Research in fruit flies found that JNK mediated
Slit-Robo2 signaling promotes epithelial wound healing.27 In
addition, a study in diabetic mice found that SLIT2 promotes
the regeneration of the corneal epithelium and nerves.28

In the present study, we induced ER stress in human
limbal epithelial cells (HLECs) using thapsigargin (TG)
and performed RNA sequencing to identify potential key
molecules involved in ER stress affecting corneal regener-
ation. We found that ER stress caused significant changes in
AGMs, with SLIT3 and its receptor, ROBO4, being particu-
larly elevated. Therefore, in the present study, we investi-
gated the role of ER stress in regulating corneal epithelial
and nerve regeneration through the SLIT3-ROBO4 pathway.

MATERIALS AND METHODS

Animals

Male C57BL/6J mice (8–10 weeks old) were obtained from
Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). All animal experiments were conducted according
to the guidelines and statements of the American Soci-
ety for Visual and Ophthalmic Research regarding the use
of animals in ophthalmic and visual research and were
approved by the ethics committee of the Shandong Eye
Institute. The anesthetized mice were injected subconjunc-
tivally with 5 μL of TG (50 μm/mL), a classic ER stress

agonist (MedChemExpress, Monmouth Junction, NJ, USA),
or SLIT3 (100 ng/mL; R&D Systems, Minneapolis, MN, USA)
24 hours before and 0 hours after corneal epithelial scraping.
ROBO4-specific siRNA (20 mmol/L), SLIT3-specific siRNA
(20 mmol/L; GenePharma Company, Suzhou, China) or
nonspecific control (NC) siRNAs were injected 24 hours
and 4 hours before and 0 hours after wounding. The SLIT3
and ROBO4-specific siRNA sequence listed in Table 1 were
synthesized using GenePharma.

Corneal Epithelial Wound Healing

The mice were administered general anesthesia through
an intraperitoneal injection of 0.6% pentobarbital sodium,
followed by the topical application of proparacaine
hydrochloride eye drops. A 2.5 mm diameter area of the
central corneal epithelium was scraped using an electric
handheld epithelial scraper (Alger Co., Lago Vista, TX, USA).
Subsequently, ofloxacin eye ointment was used to prevent
infection. The wound healing progression was monitored
using fluorescein sodium staining, and photographs were
taken with a slit lamp microscope (Topcon, Tokyo, Japan).
The image analysis software ImageJ was used to measure
the corneal epithelial defect area in each group.

Cell Culture and Treatment

The corneal ring left over from corneal transplantation
surgery in the eye bank was used for the primary culture
of HLECs. The limbal corneal epithelium was removed after
being digested with 15 mg/mL dispase Ⅱ (Roche, Indi-
anapolis, IN, USA) in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Carlsbad, CA, USA) overnight at 4°C.
Next, the epithelium was digested into single cells using
0.25% trypsin / 0.02% EDTA at 37°C for 15 minutes. The
cells were subsequently suspended in DMEM/F-12 medium
supplemented with 10% fetal bovine serum (Gibco, Grand
Island, NY, USA), insulin-transferrin-selenium (Invitrogen),
1% nonessential amino acids (Invitrogen), 0.1 nM cholera
toxin (Sigma, St. Louis, MO, USA), 2 nM 3,3′,5-triiodo-l-
thyronine sodium salt (Sigma), 0.4 ng/mL dexamethasone
sodium phosphate (Wako, Osaka, Japan), 2 mM l-glutamine
(Invitrogen), penicillin-streptomycin (Hyclone, Logan, UT,
USA), 10 ng/mL recombinant human epidermal growth
factor (EGF; R&D Systems), and 10 μM Y27632 (stem cells).
The primary cells were cultured on dishes coated with a 3T3
feeder layer and passaged after 80% to 90% confluence. The
passaged HLECs were treated with or without 400 nm/mL
TG for 24 hours.

A mouse corneal epithelial stem/progenitor cell line
(TKE2) was provided by Dr. Tetsuya Kawakita of Keio
University (Tokyo, Japan). Mouse TKE2 has been applied

TABLE 1. Mouse SLIT3 and ROBO4 siRNA Sequences

Forward Primer (5′−3′) Reverse Primer (5′−3′)

SLIT3 siRNA1 CUGGACAGAAAUAACAUCATT IGAUGUUAUUUCUGUCCAGTT
SLIT3 siRNA2 GCUGGCUUAAGUUCUGUGATT UCACAGAACUUAAGCCAGCTT
SLIT3 siRNA3 GUGUGAGACAAACAACGAUTT AUCGUUGUUUGUCUCACACTT
SLIT3 siRNA4 CAUGCAGUAAUAACAUUGUTT ACAAUGUUAUUACUGCAUGTT
ROBO4 siRNA1 GGCCAAGACUAUGAAUUCATT UGAAUUCAUAGUCUUGGCCTT
ROBO4 siRNA2 GCUGCUACUAGGCAUUACUTT AGUAAUGCCUAGUAGCAGCTT
ROBO4 siRNA3 CAGCUUCUGAGGACAAUGUTT ACAUUGUCCUCAGAAGCUGTT
ROBO4 siRNA4 CAACAACCUAUGGCUAUAUTT AUAUAGCCAUAGGUUGUUGTT
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TABLE 2. The Antibodies Used in the Experiment

Antibodies Supplier Code

Ki67 Abcam ab16667
SLIT3 Affinity DF9909-100
ROBO4 Affinity DF14939
TUBB3 Biolegend 657404
CHOP Affinity AF6277
XBP1 Proteintech 24868-1-AP
Alexa Fluor 488 Invitrogen A-21206
Alexa Fluor 488 Invitrogen A-21202

in the research of cell biology of corneal epithelial cells.29–32

The mouse TKE2 cells were cultured in KSFM basal medium
(Gibco/Thermo Fisher Scientific Inc., Waltham, MA, USA)
supplemented with human keratinocyte growth supplement
(HKGS; Gibco) and recombinant human EGF (5 ng/mL; R&D
Systems) at 37°C with 5% CO2. This cell line has been char-
acterized in our previous studies.33,34 Finally, the TKE2 cells
were treated with recombinant at a concentration of 100
ng/mL SLIT3 or 400 nm/mL TG.

Cell Proliferation and Migration Analysis

To detect the effect of TG on the proliferation of HLECs or
mouse TKE2 cells, the cells were digested into single cells
using 0.25% trypsin / 0.02% EDTA after 24 hours of treatment
of TG, and the cell number was counted. To detect the effect
of SLIT3 on the proliferation of mouse TKE2 cells, the latter
were treated with SLIT3 protein at a final concentration of
100 ng/mL for 24 hours and measured using a CCK-8 assay
kit (Bioss, Beijing, China).

For the migration assay of mouse TKE2 cells, the cells
were cultured to confluence and scraped with a 200 μL
pipette tip. Subsequently, the cells were washed 3 times
with phosphate-buffered saline (PBS), and exogenous SLIT3
protein was added at a final concentration of 100 ng/mL.
Photographs of the samples were taken after 0 hours and
24 hours, and the percentage of the closed area was calcu-
lated using ImageJ.

Immunofluorescence Staining

For immunofluorescence staining, a frozen section (7 μm)
of the treated cells was fixed in 4% paraformaldehyde
for 20 minutes at room temperature, permeabilized, and
blocked for 1 hour in PBS using 5% BSA and 0.1% Triton
X-100, followed by primary antibody incubation overnight
at 4°C. The samples were then incubated with a fluorescein-
conjugated secondary antibody for 2 hours at room temper-
ature. The proportion of Ki67-positive cells in the corneal

limbus and wound margin was calculated by counting the
number of Ki67 positive–stained cells and DAPI-stained
cells. The relative expression of CHOP, XBP1, SLIT3, and
ROBO4 was calculated by performing a quantitative analy-
sis of the fluorescence intensity using ImageJ. The antibodies
used in this assay were shown in Table 2.

Whole-Mount Staining of Corneal Nerves

For corneal whole-mount staining, the corneas were
dissected and fixed with 4% paraformaldehyde for 1 hour at
4°C. The corneas were permeabilized and blocked with PBS
containing 0.3% Triton X-100 and 5% BSA overnight at 4°C,
and then incubated with TUBB3 antibodies overnight. The
staining was observed and captured using a ZEISS confocal
microscope (ZEISS, Jena, Germany), and the nerve density
was calculated using ImageJ.

RNA Sequencing

After 24 hours of culture with TG-treated or without TG-
treated HLECs, the cells were collected and sent to a biotech
company (Oebiotech Biomedical Technology Co., LTD.,
Shanghai, China) for RNA sequencing. The sequencing was
performed using the Illumina HiSeq 4000 high-throughput
sequencing platform. Finally, GSEA, volcano plot, and heat
map analyses were conducted using oebiotech.com.

Reverse Transcription Quantitative PCR

Complete RNA was extracted using a TransZol Up Plus
RNA kit (Transgen Biotech, Beijing, China). The cDNA was
synthesized by reverse transcription using complementary
DNA and using a HiScript III RT SuperMix Kit (R323-01;
Vazyme, Nanjing, China). A ChamQ Universal SYBR qPCR
Master Mix (Vazyme Biotech Co., Ltd., Nanjing, China) and
a Rotor-Gene Q Real-Time PCR cycler (Qiagen, Germany)
were used to perform real-time PCR. The primers listed
in Tables 3 and 4 were synthesized using GenePharma.
The expression of human and mouse β-actin was used for
normalization to calculate the mRNA levels of each sample.
The 2-��ct method was used to analyze the relative expres-
sion levels of mRNA.

ELISA Analysis

After 24 hours of treatment with or without TG, the mouse
TKE2 cells were collected. After thorough lysis, centrifu-
gation was performed at 3000 rpm for 10 minutes, and
the supernatant was collected. The concentration of SLIT3
protein was determined using the Mouse SLIT3 ELISA Kit
according to the instructions (FanKeW, Shanghai, China).

TABLE 3. Mouse Primer Sequences Used for qPCR

Genes Forward Primer (5′−3′) Reverse Primer (5′−3′)

Slit1 GTCAGTGCCCCCTGCAGTAC TGTCACCCGTGTAACCTAGCAT
Slit2 GCGAGTTCGAGCCAGCTATG ACTTTAGGGCTTCCTCCATCCA
Slit3 GCCAAAGGATGTGACTGAACTGTA GTGGGACATGTTGCTGAAGGT
Robo1 CGCCTCCTGAAGACACACAA ACACTGTATCGGATCCCAGGAA
Robo2 TTCTTCCTGCAAGCGCGTAT TGATCGCTCTGACCATAAACAAG
Robo3 GGAATAGCTGGCTTAGGAAGCA GTGGCCCCAGACTGTGGAT
Robo4 TCGTGGAGCTTCCAGTCATG GGGCTAGGACAGGAGAGGAAAG
β-Actin ACGGCCAGGTCATCACTATTG AGAGGTCTTTACGGATGTCAACGT
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TABLE 4. Human Primer Sequences Used for qPCR

Genes Forward Primer (5′−3′) Reverse Primer (5′−3′)

SLIT1 GCGGCTATAAGGGTCGAGACT TGTTCACCCCACAGGTTGGT
SLIT2 GGTGAACACTGCGACATCGA GAGGACCATGGGTGGAGAAA
SLIT3 GAGAGGGAGCTTTCGATGGA GTCATTACTCACACAGCCGATCA
ROBO1 TAGTTCTTCGGACGGCTCCTT GTGGGCCTAGGGCACTGA
ROBO2 TCCATGGCTTGCTGATTCTTG CCATCTGAGAGCATCGTTGCT
ROBO3 GCCAGTACGCTCCTCCAGAGT CTAGGCAGCTCAGTTCACAAGAAG
ROBO4 GCAGCTGAGGGCTACCTTGA CTGTGATCCATCCTGTGTTTTAGG
β-ACTIN GGGAAATCGTGCGTGACATT GGAACCGCTCATTGCCAAT

Measurements were taken at an absorbance of 450 nm
using a microplate reader (Molecular Devices, Sunnyvale,
CA, USA).

Western Blot

The supernatant from mouse corneal epithelium after lysis
and centrifugation were collected and used for Western blot
detection. Then, 50 μg of protein were electrophoresed on
a 7.5% SDS-PAGE gel, and then transferred to a polyvinyli-
dene fluoride (PVDF) membrane (Millipore, Billerica, MA,
USA). The PVDF membrane was blocked with 5% skim milk
at room temperature for 2 hours. TBST was used for 3 times
of washing, each for 10 minutes, followed by overnight incu-
bation with anti-ROBO4 antibody (1:2000; Affinity, Jiangsu,
China) at 4°C. On the next day, the membrane was incubated
for 2 hours at room temperature with an HRP-conjugated
secondary antibody (1:4000; Proteintech, Shanghai, China).
The blots were visualized using the Bio-Rad Molecular
Imager Che-miDoc XRS system (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Nonmuscle β-actin (1:4000; Proteintech,
Shanghai, China) was used as a loading control.

TUNEL Assay

To detect the cells death levels in TG treated mouse cornea,
HLECs, and mouse TKE2 cells, we used a in situ cell
death detection kit (Roche Applied Science, Penzberg, Upper
Bavaria, Germany) and performed as per the manufacturer’s
instructions.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8
(GraphPad Software Inc.). The data are presented as mean
± SD. Paired t-tests were utilized to compare differences
between the two groups, whereas an analysis of variance
(ANOVA) was used to compare differences among three or
more groups. Each experiment was repeated at least three
times to ensure reproducibility.

RESULTS

TG-Induced ER Stress–Impaired Corneal
Epithelial and Nerve Regeneration

To evaluate the pathological effects of ER stress after corneal
injury, we induced corneal ER stress by subconjunctivally
injecting TG, a commonly used ER stress inducer. Here, we
found that TG induced higher expression levels of ER stress
markers Xbp1 and Chop in corneal epithelium (Supplemen-
tary Figs. S1A–S1C). We found that the healing of the corneal

epithelium was significantly suppressed by TG treatment
(Fig. 1A). Compared with normal corneas, the healing rates
decreased by 34.76 ± 8.62% and 16.56 ± 1.53% 24 hours
and 36 hours after injury, respectively (Fig. 1B). The Ki67-
positive cells in the limbus and central wound margin were
markedly reduced in the TG-treated corneas during wound
healing (Figs. 1C, 1D). In addition, we performed corneal
nerve whole-mount staining and found that TG significantly
hindered the repair of the corneal nerves (Fig. 1E, Supple-
mentary Figs. S2A, S2C). The peripheral nerve density of
TG treated corneas decreased by 85.79 ± 0.54%, 45.13 ±
1.73%, and 12.64 ± 0.95% and the central nerve density
of TG treated corneas decreased by 100%, 74.87 ± 2.13%,
and 19.34 ± 1.64% compared with normal corneas at 24
hours, 5 days and 30 days after epithelial scraping, respec-
tively (Fig. 1F, Supplementary Figs. S2B, S2D). These results
demonstrated that TG-induced ER stress directly impaired
both corneal epithelial wound healing and nerve regenera-
tion. By the way, although significantly delayed compared to
the control group, after TG treatment, the defect of corneal
epithelium was closed at 48 hours after scraping and the
nerves were gradually recovering.

TG-Induced ER Stress Inhibited the Proliferation
Ability of HLECs and Mouse TKE2 Cells

The primary cultured HLECs and mouse TKE2 cells were
treated with 400 nm TG for 24 hours, and the mRNA expres-
sions of ER stress associated genes XBP1 and CHOP were
found to be upregulated (see Supplementary Figs. S1D, S1E).
We observed that TG caused an obvious change in cell
morphology, from regular cobblestone-like shapes to irreg-
ular shapes (Fig. 2A). Cell counting revealed that TG signif-
icantly reduced the number of cells (Fig. 2B). The prolifera-
tion marker of Ki67 staining showed that the Ki67 positive
cells were reduced dramatically in HLECs after TG treat-
ment (Figs. 2C, 2D). Similar changes in cell morphology
and decreased proliferation were also observed in mouse
TKE2 cells after TG treatment (Figs. 2E–H). These findings
suggested that TG-induced ER stress impaired the growth
ability of corneal epithelial cells. Here, we used TUNEL stain-
ing analysis to evaluate the programmed cell death level
of TG treated corneal epithelial cells. We found that TG
induced cell death in wounded corneas, however most of
the TUNEL positive cells were distributed in the corneal
stroma (Supplementary Fig. S3A). After 24 hours of TG treat-
ment, no TUNEL positive apoptotic cells were found in both
HLECs and mouse TKE2 cells (Supplementary Figs. S3B,
S3C). KEGG analysis of transcriptome data revealed that
genes downregulated by TG in HLECs exhibit a high enrich-
ment of cell cycle related genes (Supplementary Fig. S3D),
suggesting that under the concentration and treatment time
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FIGURE 1. TG-induced ER stress inhibited corneal epithelial and nerve regeneration. (A) After epithelial scraping, the remaining wound
defect was stained with fluorescein sodium and photographed at 0 hours, 24 hours, 36 hours, and 48 hours. (B) The epithelial defects at 24
hours and 36 hours were quantified as the percentage of defect area relative to the original wound area (n = 4/group). (C) Ki67-staining of
corneas of the control and TG-treated groups 24 hours after injury. (D) The percentage of Ki67-positive cells (%) at the limbus and wound
margin was calculated (n = 4/group). (E) Whole-mount corneal staining of TUBB3 24 hours after epithelial scraping; the representative
areas of the central and peripheral corneas are presented below. (F) Statistics of nerve density in central and peripheral corneas in the
control and TG-treated groups 24 hours post-wounding using ImageJ (n = 4/group). ***P < 0.001.

of this experiment, TG may inhibit cell growth by affecting
the cell cycle.

TG-Induced ER Stress Upregulated SLIT3 and
ROBO4 Signaling in HLECs

To further investigate the potential molecular mechanism,
we conducted RNA sequencing. The GSEA analysis, a
powerful analytical method that compares gene sets across
biological states and detects statistically significant differ-
ences,35 confirmed that TG induced an excessive ER stress
response in HLECs (Fig. 3A). Subsequently, according to
KEGG analysis, we focus on the differential genes related
with development and regeneration. We found that axon
guidance–related genes constituted a substantial portion,
with significant upregulation of SLIT3 expression (Fig. 3B).
A volcano plot illustrating SLIT–ROBO signaling showed
significant upregulation of SLIT3 and ROBO4 expression

(Fig. 3C). We then performed qPCR to test the expression
of SLIT1–3 and ROBO1–4, and the results were consistent
with the RNA sequencing data: significant upregulation of
SLIT3 and ROBO4 in the TG-treated group was observed
(Figs. 3D, 3E).

TG-Induced ER Stress Increased SLIT3 and
ROBO4 Expression in Mouse TKE2 Cells and
Wounded Mouse Corneal Epithelium

We verified whether TG can also induce upregulation of the
Slit3-Robo4 pathway in mouse TKE2 cells. The qPCR and
immunofluorescence staining results showed that the mRNA
and protein level of Slit3 and Robo4 in TG-treated mouse
TKE2 cells were upregulated markedly (Figs. 4A–C). In addi-
tion, through ELISA assay, we found that the concentration
of SLIT3 in the lysis solution of TG treated mouse TKE2 cells
was increased significantly (Fig. 4D). To detect the effect of
ER stress on SLIT3 and ROBO4 expression during corneal
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FIGURE 2. Effects of TG-induced ER stress on HLECs and mouse TKE2 cells growth. (A) Morphological changes in HLECs under light
microscopy after the induction of ER stress. (B) Cell count statistics of HLECs after TG treatment for 24 hours (n = 4/group). (C) Ki67-
staining of HLECs of the control and TG-treated groups after 24 hours. (D) The number of Ki67-positive cells at HLECs was calculated and
represented as a percentage of Ki67-positive cells (%; n = 4/group). (E) Morphological changes in mouse TKE2 cells under light microscopy
after the induction of ER stress (n = 4/group). (F) Cell count statistics of mouse TKE2 cells after TG treatment for 24 hours. (G) Ki67-staining
of mouse TKE2 cells of the control and TG-treated groups after 24 hours. (H) The number of Ki67-positive cells at mouse TKE2 cells was
calculated and represented as a percentage of Ki67-positive cells (%; n = 4/group). ***P < 0.001.
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FIGURE 3. Transcriptional profiling of HLECs subjected to ER stress. (A) Gene set enrichment analysis (GAES) of ER stress response–
related genes. (B) Heat map of genes related to development and regeneration according to KEGG analysis. (C) Volcano plot of RNA
sequencing data comparing the SLIT–ROBO signaling pathway–related gene transcripts in the control and TG-treated HLECs. The red dots
represent upregulated genes, and the blue dots represent downregulated genes; adjusted P < 0.05 and |log2FC|>1. (D, E) The qPCR
detection of mRNA expression of SLIT1–3 and ROBO1–4. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001. n = 3/group for RNA
sequencing.
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FIGURE 4. TG treatment upregulated the expression of SLIT3 and ROBO4 in mouse TKE2 cells and wounded corneas. (A) The qPCR
detection of Slit3 and Robo4 mRNA expression in mouse TKE2 cells after TG treatment (n = 3/group). (B, C) After 24 hours of treatment, the
cells were collected for SLIT3 and ROBO4 staining and the relative protein expression of SLIT3 and ROBO4 were analyzed (n = 4/group).
(D) The protein concentration of SLIT3 in mouse TKE2 cells lysis solution was detected through ELISA (n = 3/group). (E) Relative mRNA
expression of Slit3 and Robo4 in mouse wounded corneal epithelium with or without TG treatment 24 hours after epithelial scraping. (F, G)
Representative images of SLIT3 and ROBO4 staining in wounded corneas of control and TG-treated mice at 24 hours post-wounding and
the relative protein expression in limbus and wound margin were analyzed (n = 4/group). ***P < 0.001.

wound healing in vivo, healed corneas with or without TG
treatment were collected at 24 hours post-wounding and
subjected to qPCR and immunofluorescence staining. The
results indicated that TG treatment induced higher mRNA
and protein expression of SLIT3 and ROBO4 in the epithe-
lium of wounded corneas (Figs. 4E–G).

Application of SLIT3 Delayed Corneal Epithelial
and Nerve Regeneration

To explore the effect of SLIT3 on corneal epithelial repair
and nerve regeneration, we performed corneal epithelial
curettage in mice subconjunctivally injected with recombi-
nant SLIT3 protein. The unhealed areas in exogenous SLIT3–
treated corneas were larger than those in normal corneas,
as shown in Figure 5A. The epithelial defect areas in the
normal and SLIT3-treated groups were 30.25 ± 0.75% and
62.26 ± 8.15% at 24 hours and 0.78 ± 0.52% and 6.58 ±
1.70% at 36 hours after wounding, respectively (Fig. 5B).
On the contrary, inhibition of SLIT3 by application of SLIT3-
specific siRNA partially reversed TG-induced delayed of
corneal wound healing (Figs. 6A, 6B). Compared with the
untreated group, the proportion of Ki67-positive cells in the
limbus and wound margin of the SLIT3-treated group were
decreased significantly (Figs. 5C, 5D), indicating a reduction
in proliferation ability due to SLIT3.

The proliferation and migration abilities of cells are
crucial for epithelial wound healing, here, we studied the
effect of SLIT3 on the proliferation and migration in mouse
TKE2 cells. The CCK8 detection results showed that SLIT3
significantly decreased the proliferation ability of mouse
TKE2 cells (Supplementary Fig. S4A). Consistently, the prolif-
eration marker of Ki67 expression in SLIT3 treated group
was reduced (Supplementary Figs. S4B, S4C). Next, a scratch

experiment was performed to verify the effect of SLIT3 and
TG on cell migration. Compared to the control group, SLIT3-
treatment inhibited the cell migration significantly, and TG
treatment with or without SLIT3 almost completely blocked
the migration ability of cells (see Supplementary Figs. S4D,
S4E).

We further examined TUBB3 staining 24 hours and 5
days after epithelial scraping and found that SLIT3 inhib-
ited nerve regeneration (Fig. 5E, Supplementary Fig. S5A).
SLIT3 reduced the nerve density in the peripheral cornea by
58.98 ± 2.87% and 46.61 ± 1.52% 24 hours and 5 days after
injury, respectively; and SLIT3 reduced the nerve density in
the central cornea by 100% and 75.25 ± 2.89% 24 hours
and 5 days after injury, respectively (Fig. 5F, Supplementary
Fig. S5B). These findings proved that SLIT3 suppressed the
regeneration of the corneal epithelium and nerves dramati-
cally, similar with the effects of TG.

ROBO4 Receptor Mediated the Inhibitory Effect
of TG and SLIT3 on Corneal Epithelial and Nerve
Regeneration

SLIT3 treatment dramatically enhanced the mRNA and
protein level of ROBO4 in mouse corneal epithelium wound
healing (Supplementary Figs. S6A–S6C) and in cultured
mouse TKE2 cells (Supplementary Figs. S6D–F). To verify
whether TG induced ER stress increases ROBO4 levels
through SLIT3, the SLIT3-specific siRNA was used. The
results showed the enhancement of SLIT3 and ROBO4
induced by TG was significantly inhibited by SLIT3-specific
siRNA (Fig. 6C), indicating that TG promotes the increase of
ROBO4 expression through SLIT3.

To demonstrate that ER stress–induced SLIT3 exerts
inhibitory effects on corneal repair through its recep-
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FIGURE 5. Effect of recombinant SLIT3 protein on corneal epithelial and nerve repair. (A) Subconjunctival injections of SLIT3 or control
solvent were performed after scraping a 2.5 mm diameter area of the corneal epithelium. The remaining defect was stained with fluorescein
sodium and photographed at 0 hours, 24 hours, 36 hours, and 48 hours after injury (n = 4/group). (B) Epithelial defects at 24 hours and
36 hours were quantified as the percentage of defect area relative to the original wound area. (C) Representative images of Ki67 staining of
limbus and wound margin in the control and SLIT3-treated corneas. (D) The percentage of Ki67-positive cells of limbus and wound margin
in the control and SLIT3-treated corneas was calculated (n = 4/group). (E) The corneal nerves in the control and SLIT3-treated groups
were detected using whole-mount TUBB3 staining 24 hours after epithelial scraping (n = 4/group). The total (upper) and locally magnified
(lower) figures are presented. (F) The peripheral and central nerve density in the control and SLIT3-treated groups was calculated through
Image J analysis. ***P < 0.001.

tor ROBO4, we used specific siRNA to knock down the
expression of ROBO4 in mouse corneas. Knocking down
ROBO4 completely alleviated the inhibitory role of SLIT3
in epithelial repair (Figs. 7A, 7B). The effectively knock-
ing down of ROBO4 by siRNA was demonstrated by West-
ern blotting assay (Figs. 7C, 7D). The Ki67-staining results
showed that knocking down ROBO4 significantly restored
the proliferative capacity of the epithelial cells inhibited
by SLIT3 (Figs. 7E, 7F). To investigate the recovery role
of ROBO4 knockdown on SLIT3-suppressed nerve regen-
eration, we performed TUBB3 immunostaining. The results
indicated that knocking down ROBO4 effectively attenu-
ated the inhibitory effect of SLIT3 on nerve regeneration
(Figs. 7G, 7H). These findings suggest that the inhibitory
effects of SLIT3 on corneal epithelial and nerve regenera-
tion were mediated through its receptor, ROBO4.

Considering that TG-induced ER stress significantly
upregulated the expression of SLIT3 and ROBO4, we
hypothesized that ER stress impacts corneal epithelial
wound healing and nerve regeneration through the SLIT3–
ROBO4 signaling pathway. To validate this hypothesis, we
used ROBO4 siRNA under TG-induced ER stress. Results
from the epithelial scraped assay and subsequent stain-
ing demonstrated that knocking down ROBO4 partially
reversed the inhibitory effects of TG on corneal epithe-
lial healing (Figs. 8A, 8B). Western blotting results demon-
strated the effectively knocking down of ROBO4 by siRNA
(Figs. 8C, 8D). TG induced Ki67 expression was reversed
by ROBO4-specific siRNA (Figs. 8E, 8F). In addition, corneal
peripheral nerve regeneration delayed by TG was partially
recovered by ROBO4-specific siRNA (Figs. 8G, 8H). These
findings indicate that ER stress inhibits corneal epithelial
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FIGURE 6. TG inhibited corneal epithelial wound healing through SLIT3. (A) SLIT3-specific siRNA partially blocked the inhibitory effect
of TG on corneal epithelial wound healing (n = 4/group). (B) Epithelial defects at 24 hours were quantified as the percentage of defect area
relative to the original wound area. (C) The qPCR detection of Slit3 and Robo4 in mouse wounded corneal epithelium after TG treatment
(n = 4/group), ***P < 0.001.

FIGURE 7. Effect of ROBO4 siRNA on SLIT3-inhibited corneal epithelial and nerve regeneration. (A, B) ROBO4-specific siRNA effec-
tively blocked the inhibitory effect of SLIT3 on corneal epithelial wound healing (n = 4/group). (C, D) Western blot assay showed that SLIT3
induced increased ROBO4 expression was inhibited by ROBO4-specific siRNA. (E, F) ROBO4-specific siRNA increased the proportion of
Ki67-positive cells in SLIT3-treated healing corneal epithelium (n = 4/group). (G, H) ROBO4-specific siRNA reversed the inhibitory effect
of SLIT3 on nerve regeneration (n = 4/group). ***P < 0.001.

healing and nerve regeneration through the upregulation of
the SLIT3–ROBO4 pathway to a certain degree.

By the way, the activity of four specific siRNAs for SLIT3
and ROBO4 synthesized by GenePharma was validated
using a TG-treated corneal epithelial injury model, and ulti-
mately selected SLIT3-specific siRNA4 and ROBO4-specific
siRNA3, which had the most significant recovery effect on
TG-inhibited corneal epithelial wound healing in the subse-
quent experiments (Supplementary Fig. S7).

DISCUSSION

ER stress plays a significant role in corneal pathology, affect-
ing the regeneration of the epithelium and nerves, but
the specific molecular mechanism remains unclear.14,36 This
study aims to investigate the potential molecular mecha-
nisms underlying the ER stress–induced delayed repair of
the corneal epithelium and nerves. TG, a cell-permeable
sesquiterpene lactone derived from the plant thapsiagar-
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FIGURE 8. Effect of ROBO4 siRNA on TG-inhibited corneal epithelial and nerve regeneration. (A, B) The inhibition of corneal epithelial
wound healing induced by TG was partially reverted by ROBO4-specific siRNA application (n = 4/group). (C, D) Western blot assay showed
that application of ROBO4-specific siRNA inhibited TG induced increased ROBO4 expression. (E, F) The proportion of Ki67-positive cells
in wounded corneal epithelium, reduced by TG, was partially restored by the application of ROBO4-specific siRNA (n = 4/group). (G, H)
Peripheral corneal nerve density reduction during wound healing due to TG was partially restored by ROBO4-specific siRNA (n = 4/group).
***P < 0.001.

ganic, can induce ER stress by specifically inhibiting ER
Ca2+-ATPase, making it a suitable inducer for studying the
mechanisms of ER stress.37,38 Here, we induced ER stress in
the cornea in vivo by subconjunctival injection of TG and
found that ER stress leads to delayed wound healing in the
corneal epithelium and nerve regeneration. These findings
are consistent with previous research on the effects of ER
stress on corneal epithelial and nerve repair.14,39 We further
induced ER stress using TG in cultured HLECs and mouse
TKE2 cells. There is a correlation between the morphol-
ogy and function of cells. A study showed that cell size of
human corneal epithelial cells are associated with stem cell
property and proliferative capacity.40 TG treated HLECs and
mouse TKE2 cells displayed irregular elongated shapes and
enlarged size, which may be related to the decreased stem
cell activity and proliferation ability in TG treated cells.

To gain more insight into the mechanism of ER stress
intervention in regeneration, we performed RNA sequenc-
ing on cells with or without TG treatment. Through KEGG

analysis, we found that the genes related to development
and regeneration were mainly enriched in axonal guidance
factors. In particular, the expression levels of SLIT3 and
ROBO4, a protein–receptor pair,41 were markedly increased.
Immunofluorescence and qPCR experiments also confirmed
the significant upregulation of SLIT3 and ROBO4 in TG-
treated TKE2 cells in vitro and in mice corneal epithelium in
vivo, suggesting that the SLIT3–ROBO4 pathway may be a
downstream pathway of ER stress inhibiting corneal repair.
Studies in various tissues have found a regulatory relation-
ship between AGMs and ER stress; most of these studies
reported the inhibitory effect of AGMs on ER stress, includ-
ing molecules of the netrin, ephrin, and semaphorin fami-
lies.42–46 However, in the study of neurons, it was found
that ER stress has a degradation effect on netrin-1.47 To our
knowledge, this study is the first report on ER stress regu-
lating the SLIT family.

In the SLIT family, SLIT2 has been shown to promote
diabetic corneal epithelial repair according to our group’s
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previous study28 and inhibit corneal neovascularization.48

However, the roles of SLIT1 and SLIT3 in the cornea have
not been studied. SLIT3 is a protein secreted by the SLIT
family of glycoproteins and is often considered a proangio-
genic factor.49,50 Several studies have confirmed that SLIT3
can regulate bone formation and regeneration by promot-
ing angiogenesis.51–54 Here, we found that the cornea as an
avascular tissue has low expression of SLIT3; however, under
ER stress, SLIT3 expression in the corneal epithelium was
greatly increased. Exogenous SLIT3 supplementation signif-
icantly inhibited corneal epithelial wound healing, and, on
the contrary, TG caused a delay of corneal wound healing
that was reversed by inhibition of SLIT3. Given that corneal
epithelial repair relies on the proliferation and migration
of corneal epithelial cells, we conducted in vitro experi-
ments to study the effect of SLIT3 on the proliferation and
migration of mouse TKE2 cells. The results indicated that
SLIT3 may suppress corneal re-epithelialization by inhibiting
the proliferation and migration ability of corneal epithelial
cells. In line with our findings, previous research showed
that SLIT3 overexpression significantly reduces granulosa
cell proliferation.55 In terms of neural repair, recent stud-
ies have shown that SLIT3 plays a crucial role in control-
ling the formation of new neural bridges and proper axon
regeneration after peripheral nerve transection injuries,56 as
well as in peripheral nerve repair after injury.57 The cornea
is the most densely innervated tissue of the body; after
corneal injury, the regeneration of the local sensory nerves
is regulated by numerous complex molecules.19,20 Differ-
ent AGMs have distinct effects on corneal nerve growth.
For example, during early development, both Sema3A and
SLIT2 are involved in preventing nerves from entering the
corneal stroma. However, in the later stages of development,
Sema3A continues to negatively regulate nerve entry into the
corneal epithelium, whereas SLIT2 actively regulates nerve
growth by increasing nerve branching within the corneal
epithelium.58 However, there are currently no reports on the
effect of SLIT3 on corneal nerve innervation. The present
study revealed that SLIT3 inhibits the regeneration of nerve
fibers during corneal wound healing, indicating that it acts
as a negative regulator for corneal nerve fiber regeneration.
These findings suggest that ER stress may impair normal
corneal regeneration by inducing SLIT3 overexpression.

SLIT3 primarily exerts its effects through binding to its
receptors, which include ROBO1, ROBO2, ROBO3, and
ROBO4.41 Our RNA sequencing data and in vitro/vivo exper-
imental validation demonstrate a significant upregulation
of ROBO4 expression in corneal epithelial cells under ER
stress. In multiple studies on angiogenesis, it has been
reported that there is a SLIT3-ROBO4 pathway.50,59–61 Stud-
ies in vascular endothelial cells have shown that ligand SLIT3
inhibits ROBO4 shedding to enhance ROBO4 signaling.62 In
the present study, we found that the increased expression of
SLIT3 and ROBO4 induced by TG were significantly inhib-
ited by SLIT3-specific siRNA, indicating that TG induced
ER stress enhanced ROBO4 expression by SLIT3. However,
the interaction mechanism between SLIT3 and ROBO4
in corneal epithelial cells still needs to be elucidated in
future research. ROBO4-specific siRNA effectively restored
ER stress and SLIT3 delayed corneal epithelial and nerve
repair, suggesting that ER stress–induced SLIT3 overexpres-
sion may suppress the regeneration of corneal epithelium
and nerves mainly through ROBO4 receptors. Zhang et al.
found that ROBO4 deficiency accelerates skin wound heal-
ing.63 Cai et al. showed that inhibition of ROBO4 expression

promotes the proliferation and migration of human brain
microvascular endothelial cells (HBMECs).64 These studies
indirectly support our conclusions. However, we have not
yet identified the downstream mechanisms by which SLIT3–
ROBO4 signaling affects corneal epithelial repair and nerve
regeneration under ER stress.

In summary, our findings confirmed that ER stress inhibits
corneal epithelial and nerve regeneration by activating the
SLIT3–ROBO4 pathway. This study reveals a new mecha-
nism by which ER stress regulates disease pathology and
provides a new potential target for the treatment of corneal
wound healing.
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