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Ciliary Neurotrophic Factor 
Promotes the Migration of Corneal 
Epithelial Stem/progenitor Cells by 
Up-regulation of MMPs through the 
Phosphorylation of Akt
Jialin Chen1, Peng Chen2, Ludvig J. Backman1, Qingjun Zhou2 & Patrik Danielson1,3

The migration of limbal epithelial stem cells is important for the homeostasis and regeneration of 
corneal epithelium. Ciliary neurotrophic factor (CNTF) has been found to promote corneal epithelial 
wound healing by activating corneal epithelial stem/progenitor cells. However, the possible effect of 
CNTF on the migration of corneal epithelial stem/progenitor cells is not clear. This study found the 
expression of CNTF in mouse corneal epithelial stem/progenitor cells (TKE2) to be up-regulated after 
injury, on both gene and protein level. CNTF promoted migration of TKE2 in a dose-dependent manner 
and the peak was seen at 10 ng/ml. The phosphorylation level of Akt (p-Akt), and the expression of 
MMP3 and MMP14, were up-regulated after CNTF treatment both in vitro and in vivo. Akt and MMP3 
inhibitor treatment delayed the migration effect by CNTF. Finally, a decreased expression of MMP3 
and MMP14 was observed when Akt inhibitor was applied both in vitro and in vivo. This study provides 
new insights into the role of CNTF on the migration of corneal epithelial stem/progenitor cells and its 
inherent mechanism of Up-regulation of matrix metalloproteinases through the Akt signalling pathway.

The cornea plays an important role in the visual system. It protects the eye from outside insults and infections, 
and maintains the normal function of the eye by refracting the light. Cornea epithelium is located at the anterior 
corneal surface and has a stratified squamous structure. The limbal stem cells (LSCs) are located in the basal 
limbal epithelium, which is thought to be important for the corneal epithelium replenishment through “XYZ 
hypothesis”; in which X refers to the proliferation of basal limbal epithelial cells, Y to the migration of transient 
amplifying cells (TACs) towards the centre of cornea, and Z to the desquamation of terminally differentiated 
cells1. This limbal theory has recently been strongly supported by the lineage tracing of cytokeratin 14 positive 
(K14+​) LSCs, which has demonstrated the centripetal migration process directly by multicolour2,3. The migration 
of LSCs is not only an important step for the normal homeostasis of corneal epithelium, but also for the corneal 
epithelial regeneration. It has been found that upon corneal wounding, cells migrate from the limbus and contrib-
ute to the corneal repair4. Moreover, patients with loss of LSCs, or dysfunction thereof, often suffer from corneal 
neovascularization, loss of corneal transparency, and visual impairment5–7.

Ciliary neurotrophic factor (CNTF) is one of the neurotrophic factors belonging to the IL-6 family. It is known 
that the Jak-STAT pathway is involved in CNTF signalling, in which CNTF binds to its receptor and forms a 
trimeric receptor together with leukemia inhibitory factor (LIF)-receptor subunit and gp130. Subsequently, Jak 
1/2 is activated and STAT1 and/or STAT3 is phosphorylated and translocated into the nucleus to initiate gene 
transcription8. As a neurotrophic cytokine, CNTF has been shown to regulate the neuron survival, neurogenesis, 
differentiation of retinal stem cells, and nerve regeneration9–12. The cornea is one of the most densely innervated 
tissues in the body. It has recently been reported that CNTF promotes corneal epithelial wound healing through 
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the activation of STAT3 in corneal epithelial stem/progenitor cells13. Furthermore, Akt (Protein kinase B) sig-
nalling was also activated after CNTF treatment13. However, the biological effect of activated Akt has not been 
clarified.

CNTF has been shown to stimulate migration in various cell types, such as endogenous progenitors during 
myelin repair14 and neuronal migration in vitro15. The expression of CNTF has not been detected in normal 
human cornea by immunofluorescence16. However, it has been shown to be elevated in oxidative stressed corneal 
endothelium17, and in diseases such as in pterygeal tissues18 and keratoconus (KC) cornea19. Even so, CNTF 
expression in the cornea after injury has yet not been reported, and it is furthermore unknown whether CNTF 
promotes the migration of corneal epithelial stem/progenitor cells during the repair process. In the present study, 
we show that mouse corneal epithelial stem/progenitor cell migration is promoted after CNTF treatment, and that 
this is mediated by matrix metalloproteinases (MMPs) through Akt signalling activation.

Results
Injury causes up-regulated expression of CNTF.  The expression of CNTF was observed by immuno-
fluorescent staining in the mouse corneal epithelial stem/progenitor cell line (TKE2) (Fig. 1a). After the scratch 
injury, the gene expression of Cntf increased after 1 hour, and reached a peak after 6 hours by approximately 3-fold 
as compared to 0 hour (Fig. 1c). The protein level of CNTF increased from 6 hours, and reached approximately an 
8-fold increase at 48 hours (Fig. 1d,e). Notably, the cells within the scratch injury area showed higher expression 
of CNTF after 16 hours, as compared to the non-injured area (Fig. 1f–h).

CNTF promotes the migration of mouse corneal epithelial stem/progenitor cells.  To evaluate 
the effect of CNTF on the migration of TKE2 cells, dose-dependent experiments was carried out. Different con-
centration of CNTF (0, 5, 10, 20, 50 ng/ml) was used to treat the cultured cells for 24 hours following the scratch 
injury (Fig. 2a). The migration percent peaked at 35.2 ±​ 5.3% in the 10 ng/ml CNTF treated group, as compared 
to 15.5 ±​ 5.6% in the control group (Fig. 2b). This promotion effect decreased gradually at higher concentration, 
i.e. 20 and 50 ng/ml (Fig. 2b). There was no difference in the cell proliferation and apoptosis after 24 hours in cells 

Figure 1.  The expression of CNTF is up-regulated after injury. The cultured TKE2 cells were stained with 
CNTF (a), compared to negative control (b). (c) Gene expression of Cntf at post-injury 0 h, 1 h, 3 h, 6 h, 12 h, 
24 h and 36 h was compared. The levels of Cntf are normalized to the 0 h time point. ‘h’ indicates hours.  
(d,e) Protein was extracted and evaluated at 0 h, 6 h, 12 h, 24 h, 36 h and 48 h after scratch. The levels of CNTF 
are normalized to the 0h time point. ‘h’ indicates hours. (f–h) The injury area of cultured cells was stained with 
CNTF at 16 h post scratching. h is the merged pictures of (f,g). Dash line indicates the edge of scratch caused 
by the tip. n =​ 3 per group. The experiments were performed three times with similar results. Statistical analysis 
was performed using One-way ANOVA and Bonferroni post hoc test. *Significant difference between two time-
points at p <​ 0.05; **Significant difference between two time-points at p <​ 0.01.
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treatment with 10 ng/ml CNTF as compared to control (Fig. 2c and Supplementary Fig. 1), which excludes the 
possible interference of proliferation on cell migration at this time point.

Akt and matrix metalloproteinases mediate the migration caused by CNTF.  The expression 
of p-Akt was up-regulated after TKE2 cells were treated with 10 ng/ml CNTF for 10 and 15 minutes (Fig. 3a). 
Western blot experiments showed that CNTF induced the expression of MMP3 protein by 1.8-fold and MMP14 
protein by 1.4-fold (Fig. 3b). Stronger fluorescence of MMP3 was observed in the CNTF group as compared to 
control (Fig. 3c). The Mmp3 gene expression was up-regulated by 1.5-fold after 24 hours of treatment with CNTF 
(Fig. 3d).

To prove the mediation role of p-Akt and MMPs on cell migration caused by CNTF, Akt or MMP3 inhibitor 
was used to treat TKE2 cells in the scratch injury model in the presence of CNTF or not (Fig. 3e). The migration 
rate decreased by 28% when cells were treated with Akt inhibitor together with CNTF as compared to CNTF 
alone, and the MMP3 inhibitor together with CNTF decreased the migration by 31% as compared to CNTF alone. 
There was no significant difference between control group and inhibitors alone treatment.

Akt regulates MMP3 and MMP14 in mouse corneal epithelial stem/progenitor cells.  To see if 
Akt regulated the expression of MMP3 and MMP14 in migration, cells treated with CNTF or CNTF together 
with the Akt inhibitor were collected and analysed on the level of gene and protein. It was seen that Mmp3 
gene expression was decrease by 42% in the Akt inhibitor group as compared to CNTF alone (Fig. 4a). The 
Immunofluorescence results confirmed this in the protein level (Fig. 4c). In Western blot quantification it was 
seen that the MMP3 protein level was decrease by 41% in the Akt inhibitor group as compared to CNTF alone 
(Fig. 4b). For MMP14, 32% and 45% decrease in expression was found in the gene (Fig. 4a) and protein level 
(Fig. 4b,d), respectively, after the treatment of Akt inhibitor as compared to CNTF alone.

Akt contributes to the elevation of MMP3 and MMP14 in vivo.  In the results of animal experiments, 
CNTF accelerated the repair of corneal epithelial wound. The defect area was smaller in the CNTF treated group 
as compared to the control group at 24, 48, and 72 hours after the scrape of corneal epithelium (Fig. 5a). By 
Immunofluorescence, stronger staining intensity of p-Akt, MMP3 and MMP14 was observed in the regenerated 
region of corneal epithelium after 48 hours treatment with CNTF (Fig. 5b–d). The staining intensity of p-Akt, 
MMP3 and MMP14 was less evident in the region of the corneal stroma, as compared to in the regenerated 
region of corneal epithelium. Akt inhibitor was injected subconjunctivally before the application of CNTF and 
the scrape of corneal epithelium. It was found that Akt inhibitor treatment attenuated the promotion of CNTF on 
the elevation of MMP3 and MMP14 (Fig. 5c,d). Moreover, the regulation effect of Akt on the expression of MMP3 
and MMP14 was also found in corneal epithelium scraped mice in the absence of CNTF (Supplementary Fig. 2).

Figure 2.  CNTF promotes migration of mouse corneal epithelial stem/progenitor cells. (a) Mouse TKE2 
cells were incubated with 0, 5, 10, 20 and 50 ng/ml CNTF for 24 hours after the scratch was performed. Pictures 
at 0 hour and 24 hour were captured. (b) Image-Pro Plus 6.0 quantified the gap area and the migration percent 
was calculated. n ≥​ 3 per group. The experiments were performed three times with similar results. Statistical 
analysis was performed using One-way ANOVA and Bonferroni post hoc test. **Significant difference between 
two groups at p <​ 0.01. (c) The proliferation rate was measured between the control and 10 ng/ml CNTF treated 
group at 24 hour after injury. ‘Ctrl’ indicates control group. n =​ 5 per group. Statistical analysis was performed 
using Student’s t-test. N.S.No significant difference between two groups at p ≥​ 0.05.
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Discussion
This study elucidates the cell migration effect of CNTF in corneal epithelial stem/progenitor cells, and its inher-
ent signalling mechanism through Akt and MMPs. CNTF promoted TKE2 cell migration in a dose-dependent 
manner in vitro and accelerated the corneal epithelial wound healing in vivo. Treatment with CNTF induced the 
expression of Akt phosphorylation (p-Akt), MMP3, and MMP14 both in vitro and in vivo. The effect of CNTF 
on cell migration was decrease by treatment of Akt and MMP3 inhibitors. Moreover, Akt inhibitor treatment 
reduced the expression of MMP3 and MMP14, both on gene and protein level in vitro as well as in vivo. The 
results of this study suggest a new role of CNTF in corneal epithelial stem/progenitor cells, which supports a 
regeneration-promoting effect of CNTF in corneal epithelium.

CNTF is one of the neurotrophic factors that have been found in diseased corneas18,19. Neurotrophic factors 
are a family of polypeptides with similar function in protecting the survival of the neurons, mainly including 
neurotrophins, glial cell-line derived neurotrophic factor family ligands (GFLs), and neuropoietic cytokines20. 

Figure 3.  Akt and MMPs mediate the migration caused by CNTF. (a–d) Mouse TKE2 cells were treated with 
10 ng/ml CNTF. (a) The expression of p-Akt was analysed by Western blot. (b) The expression of MMP3 and 
MMP14 was analysed by Western blot and quantified relative to β​-Actin. (c) Immunofluorescence staining was 
performed to analyse the expression of MMP3. NTC, negative control; Ctrl, control group; CNTF, CNTF treated 
group. The right column is the merged picture of left column and middle column. (d) qPCR was performed to 
analyse the expression of Mmp3. (e) Confluent monolayer of TKE2 cells was scraped and treated with 10 ng/ml  
CNTF or not for 24 hours. For Akt or MMP3 inhibition, cultured TKE2 cells were pretreated with 40 μ​M Akt 
inhibitor for 30 minutes before CNTF treatment, or treated with 10 ng/ml CNTF simultaneously with 5 μ​M  
MMP3 inhibitor, for 24 hours. Cells treated with only Akt inhibitor or MMP3 inhibitor were also used as 
control. Image-Pro Plus 6.0 quantified the gap area at 0 hour and 24 hour and the migration percent was 
calculated. Akti, Akt inhibitor; MMP3i, MMP3 inhibitor. n =​ 3 per group. The experiments were performed 
three times with similar results. (b,d) Statistical analysis was performed using Student’s t-test. (e) Statistical 
analysis was performed using One-way ANOVA and Bonferroni post hoc test. *Significant difference between 
two groups at p <​ 0.05. **Significant difference between two groups at p <​ 0.01.
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Figure 4.  Akt regulates the expression of MMP3 and MMP14 in mouse corneal epithelial stem/progenitor 
cells. (a) The mRNA level of Mmp3 and Mmp14 was evaluated by qPCR after Akt inhibitor treatment together 
with CNTF as compared to CNTF alone. Akti, Akt inhibitor treatment. (b) The protein level of MMP3 and 
MMP14 was evaluated by Western blot. (c,d) The expression of MMP3 and MMP14 after Akt inhibitor 
treatment was evaluated by immunofluorescence staining. The right column is the merged picture of left 
column and middle column. n =​ 3 per group. The experiments were performed three times with similar results. 
Statistical analysis was performed using Student’s t-test. *Significant difference between two groups at p <​ 0.05. 
**Significant difference between two groups at p <​ 0.01.

Figure 5.  Akt contributes to the elevation of MMP3 and MMP14 in vivo. Normal mice were injected 
subconjunctivally with 50 ng CNTF or PBS (control group) after the scrape of corneal epithelium. Six mice 
were used in each group (n =​ 6). Immunofluorescence intensity of p-Akt, MMP3 and MMP14 was compared 
between groups in the regenerated region of corneal epithelium at 48 hour post scratching. Representative 
figures are shown. (a) The defect area of corneal epithelium was evaluated after 24, 48 and 72 hours by 0.25% 
fluorescein sodium under a BQ900 slit lamp. ‘h’ indicates hours. (b) Immunofluorescence staining was carried 
out to compare the expression of p-Akt. The right column is the merged picture of left column and middle 
column. (c,d) For Akt inhibition, the mice were injected with the Akt inhibitor 24 hours before CNTF injection. 
Immunofluorescence staining was carried out to compare the expression of MMP3 (c) and MMP14 (d) between 
groups.
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Neurotrophic factors are secreted by abundant nerve fibres, which are important for the maintenance and repair 
of cornea21. Degenerative neurotrophic keratitis could be formed if the neurotrophic system is disrupted, with 
decreased corneal sensitivity and repair ability22,23. It has recently been reported that CNTF promotes corneal 
epithelial healing by activating corneal epithelial stem/progenitor cells13. The expression of stem cells markers, 
such as Δ​NP63 and TCF4, are regulated by STAT3 after CNTF treatment. The phosphorylation level of Akt is 
also elevated by CNTF, but do not contribute to the activation of limbal stem cells13. However, the activation of 
Akt signalling is known to be important for corneal epithelial healing, which is down-regulated in diabetes24,25. 
The involvement of Akt activation has been reported in the promotion of diabetic corneal epithelial healing by the 
neuropeptide substance P (SP)26 and by TGFβ​327. Our current study explored the role of p-Akt after CNTF treat-
ment in the migration of corneal epithelial stem/progenitor cells, and it turned out that it is of great importance 
to the effect of CNTF in cornea epithelial regeneration.

The phosphorylation level of STAT3 is elevated both in vitro and in vivo after CNTF treatment13. We have 
found that a STAT3 inhibitor reduces the migration effect of CNTF on TKE2 cells (Supplementary Fig. 3a,b). 
However, the expression of MMP3 and MMP14 was not decreased after the treatment of STAT3 inhibitor 
(Supplementary Fig. 3c–f), which indicates that STAT3 signalling in itself participates in the cell migration pro-
cess, but through other signalling mechanisms than MMP3 and MMP14. Further work needs to be performed to 
elucidate the mechanism of STAT3 in the migration of corneal epithelial stem/progenitor cells.

The MMP family contains a group of extracellular enzymes that have been widely reported in extracellular 
matrix (ECM) degradation, which is involved in various would healing processes, such as in skin and cornea28. 
The main functions of MMPs in corneal wound healing are to facilitate the keratocytes to repopulate the wound 
area and to assist in re-epithelialization29,30, which is related to cell proliferation and migration30. It has been 
found that there is increased gene expression of Mmp1, Mmp9, Mmp10, Mmp12 and Mmp13 in the mice cor-
neal epithelium after corneal abrasion injury31, and the expression of Mmp1, Mmp3, Mmp7 and Mmp12 were 
increased in rat corneal epithelial cells during Wnt 7a-induced wound healing32. Nevertheless, the role of MMPs 
in epithelial migration has only been clearly demonstrated for a few members of the MMP family, especially 
concerning epithelial migration in the cornea33. The role of MMP9 in corneal epithelial cell migration has been 
mostly investigated28,34,35. However, in our preliminary study, the gene expression of Mmp9 was detected in a 
very low level in the TKE2 cells both with and without CNTF treatment. The similar phenomenon was observed 
in Mmp13 gene expression, which has been found to be involved in the migration of keratinocytes36. There are 
many reports about MMP14 in the invasion of different cancers, such as hepatocellular carcinoma37, tongue 
squamous cell carcinoma38, and lung cancer39. It is noticed that MMP14 could activate other MMPs, including 
MMP928. However, the role of MMP14 in corneal epithelial cell migration is not known. Also, the effect of MMP3 
in epithelial migration is poorly defined. Recently, Gao and colleagues showed that the migration of corneal 
epithelial cells is enhanced by the combination of topographically patterned substrates and electric fields, in a 
MMP3-dependent manner40, which indicates the possible importance of MMP3 in epithelial migration. In the 
present study, the expression of MMP3 and MMP14 were up-regulated after CNTF treatment both in vitro and in 
vivo, and their expression was decreased by Akt inhibitor treatment. Furthermore, the MMP3 inhibitor blocked 
the migration effect caused by CNTF. Since a specific inhibitor for MMP14 was not used in this study, it does not 
say whether inhibition of MMP14 specifically would decrease the migration effect of CNTF. However, based on 
the current data, it is clear that CNTF promotes corneal epithelial stem/progenitor cell migration at least partially 
through MMP3.

It is considered, that decreased corneal nerve fibre density after corneal injury contributes to the delayed 
repair effect because of the loss of trophic influences22,23. Some studies have reported the spatial localization of 
different neurotrophic factors in cornea16,19. However, the biological function demonstrated in animal studies 
or human clinics and its inherent mechanism have not been well elucidated. Nerve growth factor (NGF) is a 
well-known neurotrophic factor, which was discovered half a century ago and has been studied intensively since 
then. It has been reported that NGF treatment could promote the repair of the cornea, and restore its integrity, 
in patients who suffer from neurotrophic corneal ulcers41. The effect of CNTF in cornea epithelial repair and its 
mechanism are demonstrated by the present study combined with the previous one13. As the structure similarity 
and the regulation effect of neurotrophic factors in neurons and other cell types are similar, it is worth to study the 
roles of other neurotrophic factors in the physiological and pathological conditions of cornea, and their potential 
for future applications in clinic.

In summary, the current study explored a new role of CNTF in promoting cell migration of corneal epithelial 
stem/progenitor cells in vitro and repair of corneal epithelial wound in vivo. The migration was promoted by 
CNTF in a dose-dependent manner through an Akt and MMP signalling mechanism, since the effect of CNTF 
on cell migration was decrease by treatment of Akt and MMP3 inhibitors. Moreover, Akt inhibitor treatment 
reduced the expression of MMP3 and MMP14, on both gene and protein level, in vitro as well as in vivo. This 
study provides new insights into the mechanisms of CNTF on the migration of corneal epithelial stem/progenitor 
cells and the repair of corneal epithelium.

Methods
Cell culture.  Mouse corneal epithelial stem/progenitor cell line (TKE2) was purchased from Public Health 
England (Cat No: 11033107), and cultured in keratinocyte serum-free medium (KSFM, Life technologies, Grand 
Island, NY, USA) supplemented with bovine pituitary extract (BPE) and epidermal growth factor (EGF) accord-
ing to manufacturer’s instructions. This cell line42 was confirmed for positive expression of p63α​, p40, K15, K17, 
ABCG2, TCF4 and Bmi-1, and for negative expression of K12. Cells were starved overnight in fresh KSFM (with-
out BPE and EGF) before the treatment of CNTF (R&D Systems, San Diego, CA). The cultured cells were treated 
with 10 ng/ml CNTF and inhibitors for the measurement of p-Akt, MMP3 and MMP14 in mRNA accumulation 
and protein expression.
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For Akt, STAT3 and MMP3 inhibition, cultured TKE2 cells were pretreated with 40 μ​M Akt inhibitor 
(Calbiochem, #124012, La Jolla, CA) or 100 μ​M STAT3 inhibitor (Calbiochem, #573096) for 30 min before CNTF 
treatment, or treated with 10 ng/ml CNTF simultaneously with 5 μ​M MMP3 inhibitor (Calbiochem, #444218) 
for 24 hours.

Evaluation of CNTF expression after scratch and cell migration assay.  Cell migration experiments 
were carried out in 6 well plates by doing a scratch in a confluent monolayer of TKE2 cells using a 1ml tip in the 
centre of the culture dish. To evaluate the expression of CNTF after injury, samples were collected for qPCR and 
Western blot analysis at different time-point after the scratch.

The effects of CNTF and certain inhibitors on cell migration were evaluated. After the scratch, cells were 
cultured with KSFM medium supplemented with different concentration of CNTF (0, 5, 10, 20, 50 ng/ml) for 
24 hours. The inhibitors were used as mentioned above. Pictures at 0 hour and 24 hours were captured. Image-Pro 
Plus 6.0 quantified the gap area and the migration percent was calculated.

Cell proliferation assay.  Cell proliferation was measured using the CellTiter 96®​ AQueous One Solution Cell 
Proliferation Assay (Promega, Fitchburg, WI, USA). Cells cultured for 24 hours with or without the treatment 
with 10 ng/ml of CNTF were incubated in CellTiter 96®​ AQueous One Solution Reagent in a 5% CO2 incubator at 
37 °C for 1 hour. The absorbance of the culture medium was measured at 490 nm. The data was shown relative to 
the control group, which was cultured for 24 hours without CNTF treatment.

qPCR.  Total RNA was extracted from cultured cells using RNeasy®​ Mini Kit (Qiagen, Venlo, The Netherlands). 
cDNA were synthesized using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, 
USA). qPCR was carried out using SYBR®​ Green reagents and the ViiA™​ 7 Real-Time PCR System (Applied 
Biosystems). All primers (Invitrogen, Carlsbad, CA, USA; Table 1) were designed using primer 5.0 software. 
Representative results are displayed as target gene expression normalized to Glyceraldehyde 3-phosphate dehy-
drogenase (Gapdh).

Western blot analysis.  Cultured cell samples were lysed in RIPA buffer. Protein was extracted and quan-
tified using Bio-Rad Protein Assay (Bio-Rad, Hercules, CA, USA). Protein samples were loaded into pre-cast 
polyacrylamide gel (Bio-Rad) and ran for 1 hour at 150 V and later transferred to a PVDF Blotting Membrane 
(GE Healthcare, Little Chalfont, Buckinghamshire, UK) for 1 hour at 100 V. The blots were blocked in 5% bovine 
serum albumin (BSA) in TBST for 1 hour, and incubated with primary antibodies (Table 2) at 4 °C overnight. 
After washed with TBST for three times, the blots were incubated with a HRP-linked secondary antibody 
(Table 2) for 1 hour. After an additional wash in TBST for three times, the blots were incubated with ECL (GE 
Healthcare) to visualize the bands using Odyssey®​ Fc Dual-Mode Imaging System (LI-COR, Lincoln, NE, USA). 
The integrated density of the bands was quantified with ImageJ.

Immunofluorescence.  Frozen sections or cultured cells were fixed in 3.7% (v/v) paraformaldehyde. After 
permeabilization and blocking, the samples were immunostained with the primary antibody (Table 2) overnight 

Genes 5′-3′ Primers Production size (bp)

Gapdh
Forward GCAAATTCAACGGCACAG

141
Reverse CACCAGTAGACTCCACGAC

Cntf
Forward ACCACAGGCATATTTCGTCA

144
Reverse GGTGGAAGGATAATGCCCTA

Mmp3
Forward CAGACTTGTCCCGTTTCCAT

173
Reverse GGTGCTGACTGCATCAAAGA

Mmp14
Forward GTACTACCGGTTCAATGAAGAAT

192
Reverse GGATACCCTGGCTCTACCTTC

Table 1.   Primer sequences of mouse genes used for qPCR.

Antibody Company Code

CNTF Abcam ab10833

p-Akt Cell signaling #4060

MMP3 Abcam ab53015

MMP14 Abcam ab51074

Polyclonal Swine Anti-Rabbit 
Immunoglobulins/TRITC Dako R0156

Anti-rabbit IgG Cell signaling 7074s

Donkey anti-goat IgG-CFL 488 Santa Cruz sc362255

Donkey anti-goat IgG-HRP Santa Cruz Sc-2020

Table 2.   Antibodies used for immunofluorescence staining and Western blot.
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at 4 °C, followed incubation with fluorescein-conjugated secondary antibody (Table 2). DAPI staining was used 
to reveal the nuclei of the cells.

Animal experiments.  Six 6–8 weeks old male C57BL/6 mice for each group were used for the experiments 
(n =​ 6). Shandong Eye Institute approved the study protocol, which was in accordance with the Association for 
Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision 
Research. Under general anesthesia, the entire corneal epithelium, including the limbal region, was scraped with 
algerbrush II corneal rust ring remover (Alger Co, Lago Vista, TX). Subsequently, 50 ng CNTF, or PBS as control, 
was injected subconjunctivally. The defect area of the corneal epithelium was evaluated after 24, 48 and 72 hours 
using 0.25% fluorescein sodium under a BQ900 slit lamp (Haag‐Streit, Bern, Switzerland). For Akt inhibition, 
normal mice were injected subconjunctivally with Akt inhibitor (0.65 μ​g/eye, Calbiochem, #124012, La Jolla, CA) 
24 hours before the injection of CNTF and the scrape of corneal epithelium.

Statistical analysis.  All the experiments were carried out using at least three replicates and all the experi-
ments were performed successfully at least three separate times. Quantitative data are presented as mean ±​ SD. 
Statistical analysis was performed using Student’s t-test when comparing two groups. One-way ANOVA and 
Bonferroni post hoc test were performed for comparison between more than two groups. Values of p <​ 0.05 were 
considered statistically significant.

References
1.	 Thoft, R. A. & Friend, J. The X, Y, Z hypothesis of corneal epithelial maintenance. Invest Ophthalmol Vis Sci. 24, 1442–1443 (1983).
2.	 Di Girolamo, N. et al. Tracing the fate of limbal epithelial progenitor cells in the murine cornea. Stem Cells 33, 157–169 (2015).
3.	 Amitai-Lange, A. et al. Lineage tracing of stem and progenitor cells of the murine corneal epithelium. Stem Cells 33, 230–239 (2015).
4.	 Di Iorio, E. et al. Isoforms of DeltaNp63 and the migration of ocular limbal cells in human corneal regeneration. Proc Natl Acad Sci 

USA 102, 9523–9528 (2005).
5.	 Lavker, R. M., Tseng, S. C. & Sun, T. T. Corneal epithelial stem cells at the limbus: looking at some old problems from a new angle. 

Exp Eye Res. 78, 433–446 (2004).
6.	 O’Callaghan, A. R. & Daniels, J. T. Concise review: limbal epithelial stem cell therapy: controversies and challenges. Stem Cells 29, 

1923–1932 (2011).
7.	 Pellegrini, G. et al. Long-term restoration of damaged corneal surfaces with autologous cultivated corneal epithelium. Lancet. 349, 

990–993 (1997).
8.	 Segal, R. A. & Greenberg, M. E. Intracellular signaling pathways activated by neurotrophic factors. Annu Rev Neurosci. 19, 463–489 

(1996).
9.	 Linker, R. A. et al. CNTF is a major protective factor in demyelinating CNS disease: a neurotrophic cytokine as modulator in 

neuroinflammation. Nat Med. 8, 620–624 (2002).
10.	 Rhee, K. D. et al. CNTF-mediated protection of photoreceptors requires initial activation of the cytokine receptor gp130 in Muller 

glial cells. Proc Natl Acad Sci USA 110, E4520–4529 (2013).
11.	 Wen, R., Tao, W., Li, Y. & Sieving, P. A. CNTF and retina. Prog Retin Eye Res. 31, 136–151 (2012).
12.	 Leibinger, M., Andreadaki, A., Diekmann, H. & Fischer, D. Neuronal STAT3 activation is essential for CNTF- and inflammatory 

stimulation-induced CNS axon regeneration. Cell Death Dis. 4, e805 (2013).
13.	 Zhou, Q. et al. Ciliary neurotrophic factor promotes the activation of corneal epithelial stem/progenitor cells and accelerates corneal 

epithelial wound healing. Stem Cells 33, 1566–1576 (2015).
14.	 Vernerey, J., Macchi, M., Magalon, K., Cayre, M. & Durbec, P. Ciliary neurotrophic factor controls progenitor migration during 

remyelination in the adult rodent brain. J Neurosci. 33, 3240–3250 (2013).
15.	 Liu, H., Liu, G. & Bi, Y. CNTF regulates neurite outgrowth and neuronal migration through JAK2/STAT3 and PI3K/Akt signaling 

pathways of DRG explants with gp120-induced neurotoxicity in vitro. Neurosci Lett. 569, 110–115 (2014).
16.	 Qi, H. et al. Patterned expression of neurotrophic factors and receptors in human limbal and corneal regions. Mol Vis. 13, 1934–1941 

(2007).
17.	 Koh, S. W. Ciliary neurotrophic factor released by corneal endothelium surviving oxidative stress ex vivo. Invest Ophthalmol Vis Sci. 

43, 2887–2896 (2002).
18.	 Hong, S. et al. Expression of neurotrophic factors in human primary pterygeal tissue and selective TNF-alpha-induced stimulation 

of ciliary neurotrophic factor in pterygeal fibroblasts. Exp Toxicol Pathol. 60, 513–520 (2008).
19.	 Chung, E. S. et al. Expression of neurotrophic factors and their receptors in keratoconic cornea. Curr Eye Res. 38, 743–750 (2013).
20.	 Deister, C. & Schmidt, C. E. Optimizing neurotrophic factor combinations for neurite outgrowth. J Neural Eng. 3, 172–179 (2006).
21.	 Ueno, H. et al. Dependence of corneal stem/progenitor cells on ocular surface innervation. Invest Ophthalmol Vis Sci. 53, 867–872 

(2012).
22.	 Muller, L. J., Marfurt, C. F., Kruse, F. & Tervo, T. M. Corneal nerves: structure, contents and function. Exp Eye Res. 76, 521–542 

(2003).
23.	 Wang, F., Gao, N., Yin, J. & Yu, F. S. Reduced innervation and delayed re-innervation after epithelial wounding in type 2 diabetic 

Goto-Kakizaki rats. Am J Pathol. 181, 2058–2066 (2012).
24.	 Xu, K. & Yu, F. S. Impaired epithelial wound healing and EGFR signaling pathways in the corneas of diabetic rats. Invest Ophthalmol 

Vis Sci. 52, 3301–3308 (2011).
25.	 Yu, F. S., Yin, J., Xu, K. & Huang, J. Growth factors and corneal epithelial wound healing. Brain Res Bull 81, 229–235 (2010).
26.	 Yang, L. et al. Substance P promotes diabetic corneal epithelial wound healing through molecular mechanisms mediated via the 

neurokinin-1 receptor. Diabetes 63, 4262–4274 (2014).
27.	 Bettahi, I. et al. Genome-wide transcriptional analysis of differentially expressed genes in diabetic, healing corneal epithelial cells: 

hyperglycemia-suppressed TGFbeta3 expression contributes to the delay of epithelial wound healing in diabetic corneas. Diabetes 
63, 715–727 (2014).

28.	 Joo, C. K. & Seomun, Y. Matrix metalloproteinase (MMP) and TGF beta 1-stimulated cell migration in skin and cornea wound 
healing. Cell Adh Migr. 2, 252–253 (2008).

29.	 Chang, J. H. et al. Matrix metalloproteinase 14 modulates signal transduction and angiogenesis in the cornea. Surv Ophthalmol. doi: 
10.1016/j.survophthal.2015.11.006 (2015).

30.	 Lyu, J. & Joo, C. K. Expression of Wnt and MMP in epithelial cells during corneal wound healing. Cornea 25, S24–28 (2006).
31.	 Gordon, G. M. et al. Comprehensive gene expression profiling and functional analysis of matrix metalloproteinases and TIMPs, and 

identification of ADAM-10 gene expression, in a corneal model of epithelial resurfacing. J Cell Physiol. 226, 1461–1470 (2011).
32.	 Lyu, J. & Joo, C. K. Wnt-7a up-regulates matrix metalloproteinase-12 expression and promotes cell proliferation in corneal epithelial 

cells during wound healing. J Biol Chem. 280, 21653–21660 (2005).
33.	 Chen, P. & Parks, W. C. Role of matrix metalloproteinases in epithelial migration. J Cell Biochem. 108, 1233–1243 (2009).



www.nature.com/scientificreports/

9Scientific Reports | 6:25870 | DOI: 10.1038/srep25870

34.	 Blanco-Mezquita, T. et al. Nerve growth factor promotes corneal epithelial migration by enhancing expression of matrix 
metalloprotease-9. Invest Ophthalmol Vis Sci. 54, 3880–3890 (2013).

35.	 Tseng, H. C. et al. IL-1beta promotes corneal epithelial cell migration by increasing MMP-9 expression through NF-kappaB- and 
AP-1-dependent pathways. PLoS One 8, e57955 (2013).

36.	 Paes, C. et al. The Pseudomonas aeruginosa quorum sensing signal molecule N-(3-oxododecanoyl) homoserine lactone enhances 
keratinocyte migration and induces Mmp13 gene expression in vitro. Biochem Biophys Res Commun. 427, 273–279 (2012).

37.	 Li, T. et al. miR-150-5p inhibits hepatoma cell migration and invasion by targeting MMP14. PLoS One 9, e115577 (2014).
38.	 Jia, L. F. et al. miR-34a inhibits migration and invasion of tongue squamous cell carcinoma via targeting MMP9 and MMP14. PLoS 

One 9, e108435 (2014).
39.	 Xu, M. & Wang, Y. Z. miR133a suppresses cell proliferation, migration and invasion in human lung cancer by targeting MMP14. 

Oncol Rep. 30, 1398–1404 (2013).
40.	 Gao, J. et al. Biomimetic stochastic topography and electric fields synergistically enhance directional migration of corneal epithelial 

cells in a MMP-3-dependent manner. Acta Biomater. 12, 102–112 (2015).
41.	 Micera, A. et al. Nerve growth factor involvement in the visual system: implications in allergic and neurodegenerative diseases. 

Cytokine Growth Factor Rev. 15, 411–417 (2004).
42.	 Kawakita, T., Shimmura, S., Hornia, A., Higa, K. & Tseng, S. C. Stratified epithelial sheets engineered from a single adult murine 

corneal/limbal progenitor cell. J Cell Mol Med. 12, 1303–1316 (2008).

Acknowledgements
The authors thank Dr. Sandrine Le Roux and Dr. Wei Zhang for technical assistance and scientific advice. 
Financial support was obtained by P.D. from the national Swedish Research Council (grant no. 521-2013-2612), 
the J.C. Kempe and Seth M. Kempe Memorial Foundations, the Swedish Society of Medicine, the Cronqvist 
foundation, the foundation Kronprinsessan Margaretas Arbetsnämnd för synskadade (KMA), the foundation 
Ögonfonden, and Västerbotten County Council (VLL ‘Spjutspetsmedel’). Financial support was furthermore 
provided to P.D. through a regional agreement (ALF) between Umeå University and Västerbotten County 
Council. Q.Z. was partially supported by the Shandong Provincial Nature Science Fund for Distinguished Young 
Scholars (JQ201518), Shandong Science & Technology Development Plan (2014GSF118015) and National 
Natural Science Foundation of China (81470610, 81300742).

Author Contributions
J.C., Q.Z. and P.D. conceived the idea and designed the experiments. J.C. and P.C. performed experiments. J.C., 
P.C., L.B., Q.Z. and P.D. analysed the data. J.C., L.B. and P.D. wrote the manuscript. P.D. financially supported the 
study and finally approved the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Chen, J. et al. Ciliary Neurotrophic Factor Promotes the Migration of Corneal 
Epithelial Stem/progenitor Cells by Up-regulation of MMPs through the Phosphorylation of Akt. Sci. Rep. 6, 
25870; doi: 10.1038/srep25870 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Ciliary Neurotrophic Factor Promotes the Migration of Corneal Epithelial Stem/progenitor Cells by Up-regulation of MMPs thr ...
	Results

	Injury causes up-regulated expression of CNTF. 
	CNTF promotes the migration of mouse corneal epithelial stem/progenitor cells. 
	Akt and matrix metalloproteinases mediate the migration caused by CNTF. 
	Akt regulates MMP3 and MMP14 in mouse corneal epithelial stem/progenitor cells. 
	Akt contributes to the elevation of MMP3 and MMP14 in vivo. 

	Discussion

	Methods

	Cell culture. 
	Evaluation of CNTF expression after scratch and cell migration assay. 
	Cell proliferation assay. 
	qPCR. 
	Western blot analysis. 
	Immunofluorescence. 
	Animal experiments. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ The expression of CNTF is up-regulated after injury.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ CNTF promotes migration of mouse corneal epithelial stem/progenitor cells.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Akt and MMPs mediate the migration caused by CNTF.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Akt regulates the expression of MMP3 and MMP14 in mouse corneal epithelial stem/progenitor cells.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Akt contributes to the elevation of MMP3 and MMP14 in vivo.
	﻿Table 1﻿﻿. ﻿  Primer sequences of mouse genes used for qPCR.
	﻿Table 2﻿﻿. ﻿  Antibodies used for immunofluorescence staining and Western blot.



 
    
       
          application/pdf
          
             
                Ciliary Neurotrophic Factor Promotes the Migration of Corneal Epithelial Stem/progenitor Cells by Up-regulation of MMPs through the Phosphorylation of Akt
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25870
            
         
          
             
                Jialin Chen
                Peng Chen
                Ludvig J. Backman
                Qingjun Zhou
                Patrik Danielson
            
         
          doi:10.1038/srep25870
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep25870
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep25870
            
         
      
       
          
          
          
             
                doi:10.1038/srep25870
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25870
            
         
          
          
      
       
       
          True
      
   




