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Abstract

The secreted Ly-6/uPAR related protein-1 (SLURP1) is an anti-angiogenic and anti-inflammatory 

peptide highly expressed by the mucosal epithelial cells. SLURP1 is abundantly expressed by the 

corneal epithelial cells and is significantly downregulated when these cells are transformed and 

adapted for culture in vitro. Here we studied the effect of overexpressing SLURP1 in Human 

Corneal Limbal Epithelial (HCLE) cells cultured in vitro. The expression of DSP1, DSG1, TJP1 

and E-Cadherin was significantly upregulated in two different SLURP1-overexpressing HCLE cell 

(HCLE-SLURP1) clones. HCLE-SLURP1 cells also displayed a significant decrease in tumor 

necrosis factor-α (TNF-α)-induced upregulation of (i) IL-8 from 7.4- to 2.9- and 2.1-fold, (ii) 
IL-1β from 4.9- to 3.9- and 2.9-fold, (iii) CXCL1 from 9- to 3.3- and 5.5-fold, and (iv) CXCL2 

from 4.8- to 2.1- and 2.8-fold. ELISAs revealed a concomitant decrease in IL-8 levels in cell 

culture supernatants from 789 pg/ml in the control, to 503 and 352 pg/ml in HCLE-SLURP1 cells. 

Consistently, cytosolic IκB expression was elevated in HCLE-SLURP1 cells with a concurrent 

suppression of TNF-α-activated nuclear translocation of NF-κB. Collectively, these results 

elucidate the beneficial effects of SLURP1 in stabilizing the HCLE intercellular junctions and 

suppressing the TNF-α-induced upregulation of inflammatory cytokines by suppressing NF-κB 

nuclear translocation.
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1. Introduction

The secreted Ly6/urokinase type plasminogen activator receptor related protein-1 (SLURP1) 

is an 88 amino acids peptide member of the leukocyte antigen-6 (Ly6) family that is 

structurally similar to snake venom neurotoxins with distinct disulfide bonding pattern 

between 10 cysteine residues [1,2]. Deletions or mutations in SLURP1 cause Mal-de-

Meleda, an autosomal recessive palmoplantar keratopathy [3,4,5], features of which are 

recapitulated in the Slurpl-null mice [6]. SLURP1 serves as a ligand for α7 subunit of 

nicotinic acetylcholine receptor (nAChR) exerting antiproliferative effects on epithelial cells 

[7,8,9]. It is believed to fine-tune the physiologic regulation of keratinocyte functions 

through nAChR-mediated cholinergic pathways [10,11]. SLURP1 facilitates functional 

development of T cells, and suppresses TNF-α production by T-cells, IL-1 β and IL-6 

secretion by macrophages, IFN-γ-induced upregulation of ICAM-1, and IL-8 secretion by 

human intestinal enterocytes by serving as an allosteric antagonist of α7-nAchR [8,12,13],

SLURP1 is expressed abundantly in the corneal epithelium (CE), moderately in other 

mucosal epithelia, and at a relatively low level in the immune cells and sensory neurons, and 

secreted into the tear film, saliva, sweat, urine and plasma [1,2,13,14,15,16,17,18,19]. 

SLURP1 expression is markedly decreased in transformed cells suggesting that it protects 

against malignant transformation [20]. Consistently, SLURP1 can overcome the tumorigenic 

effect of tobacco-derived nitrosamine on immortalized oral epithelial cells in vitro and in 

nude mice in vivo [21,22]. Slurp1 is one of the most highly expressed transcripts in the 

mouse cornea [14,15]. Our previous studies demonstrated that SLURP1 contributes to the 

corneal immune privilege by serving as an immunomodulatory molecule. SLURP1 

scavenges extracellular urokinase-type plasminogen activator (uPA) [7,15,23], impedes with 

TNF-α-activated human umbilical vein endothelial cell (HUVEC) tube formation [24] and 

suppresses neutrophil binding, chemotaxis, and transmigration through human umbilical 

vein endothelial cells [25]. Though these studies elucidated the anti-angiogenic and anti-

inflammatory functions of SLURP1, the influence of SLURP1 on corneal epithelial cells 

where it is produced in abundance was not clear. In this report, we attempted to fill this gap 

by evaluating the effect of overexpressing SLURP1 on human corneal limbal epithelial 

(HCLE) cells cultured in vitro. Our results presented in this report elucidate the beneficial 

effects of SLURP1 on HCLE cells in stabilizing the intercellular junctions and suppressing 

the TNF-α-induced upregulation of inflammatory cytokines by suppressing nuclear 

translocation of NF-κB, the master regulator of inflammation.

2. Materials and Methods

2.1. Human donor corneas and cell culture

All studies with human tissues were conducted according to Declaration of Helsinki 

principles. Human corneas were sourced from donor corneal tissues rejected for transplants, 
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following the procedures approved by the University of Pittsburgh Committee for Oversight 

of Research and Clinical Training Involving Decedents (CORID ID # 889; PI: 

Swamynathan). Generation of Human Corneal Limbal Epithelial (HCLE) cells expressing 

SLURP1 (HCLE-SLURP1) by lentiviral transduction of CMV promoter-SLURP1 

expression cassette followed by blasticidin selection was described previously [7]. HCLE 

[26] and HCLE-SLURP1 cells were cultured in keratinocytes-serum free medium (KSFM) 

supplemented with calcium chloride (0.3 M), epidermal growth factor (0.2 ng/mL), and 

brain pituitary extract as earlier [7,26]. For studies with TNF-α treatment, medium was 

changed to KSFM with calcium chloride without epidermal growth factor (EGF) and brain 

pituitary extract for 16 hours before treating with TNF-α (10 ng/ml).

2.2. RNA Isolation, Reverse Transcription and Quantitative PCR

Total RNA was extracted from human donor corneas rejected for transplants or HCLE cells 

using EZ-10 mini-prep kit (Bio Basic Inc. Amherst, NY), cDNA was synthesized using 

Mouse Moloney Leukemia Virus reverse transcriptase (Promega, Madison, WI) and QPCR 

assays performed in duplicate using SYBRGreen reagents (Applied Biosystems) and 

validated primers with TBP as endogenous control as described previously [25]. The 

oligonucleotide sequence of the primers used is provided in Supplemental Table 1.

2.3. Immunoblots, Immunofluorescent Staining and ELISAs

Details of the antibodies used are provided in Supplemental Table 2. Equal quantity of 

proteins as quantified by bicinchoninic acid method (Pierce, Rockford, IL, USA) were 

electrophoretically separated on sodium dodecyl sulfate-polyacrylamide gels, transferred to 

polyvinylidene difluoride (PVDF) membranes and subjected to immunoblot analysis, and 

imaged using an Odyssey Scanner (LiCor Technologies) as described earlier [25].

Immunofluorescent staining was employed for visualizing the differences in expression and 

subcellular localization of different proteins. Confluent or near confluent HCLE or HCLE-

SLURP1 cells grown in 48 well plates were subjected to immunofluorescent staining and 

imaged using an Olympus IX81 confocal microscope (Center Valley, PA) as earlier [25].

To quantify IL-8 in culture supernatants, DuoSet ELISA development system for human 

IL-8 was used following the protocol suggested by the manufacturer (R & D Systems, 

Minneapolis, MN. Catalog # DY208–05). Supernatant was collected from HCLE and 

SLURP1-expressing clones treated with TNF-α (10ng/ml) for 4 hours.

2.4. Statistical Analyses

Mean values from at least three independent replicates with standard error bars or 

representative data from an individual experiment with at least three similar replicates are 

presented here. Statistical significance was measured using Student’s t-test, and differences 

deemed statistically significant if p values are less than or equal to 0.05.
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3. Results

3.1. SLURP1 is abundantly expressed in the human cornea and is significantly 
downregulated in HCLE cells cultured in vitro

SLURP1, normally highly expressed in mucosal epithelial tissues, is downregulated in 

rapidly proliferating transformed cells derived from these tissues [7,8,9]. Consistent with 

these reports, SLURP1 was significantly downregulated in the HCLE cells to 4.3% of that in 

the human corneas (Fig. 1A). To determine the beneficial effects of high level of SLURP1 
expression in CE cells, we lentivirally transduced HCLE cells with a CMV promoter-driven 

SLURP1 expression cassette and selected two different single-cell derived clones (HCLE-S7 

am HCLE-S14) as described earlier [7]. QPCR revealed a significant increase in SLURP1 
expressio in these cells compared with the wild type HCLE (HCLE-WT) cells (Fig. 1B). 

Thus, HCLE-WT HCLE-S7 and HCLE-S14 cells provide a good model to evaluate the 

effects of SLURP1 on CE cells and are employed in the rest of the experiments reported 

here.

3.2. Overexpression of SLURP1 in HCLE cells stabilizes HCLE cell junctions

Considering that Slurp1-null mice develop palmoplantar keratoderma with water barrier 

defect [6], we tested if overexpression of SLURP1 stabilizes the HCLE cell junctions. 

QPCR revealed significantly increased expression levels of DSG1, DSP, TJP1 and E-
Cadherin transcripts in HCLE-S7 and HCLE-S14 cells relative to that in HCLE-WT (Fig. 

2A). Immunoblots and their densitometric measurements using corresponding β-actin signal 

intensities confirmed the increased expression levels of DSG1, DSP-I, DSP-II, and E-

Cadherin proteins in HCLE-S7 and HCLE-S14 cells (Fig. 2B and 2C). Consistent with these 

results, immunofluorescent stain revealed sharply increased expression of DSG1, DSP, TJP1 

and E-CADHERIN at cell junctions of confluent HCLE-S7, and HCLE-S14 compared with 

the HCLE-WT cells (Fig. 2D). Taken together, these results suggest that SLURP1 stabilizes 

the epithelial cell junctional complexes and consequently, their barrier function.

3.3. Overexpression of SLURP1 suppresses TNF-α-induced upregulation of pro-
inflammatory cytokines IL-8, IL-1b, CXCL1 and CXCL2

As our previous studies identified an immunomodulatory role for SLURP1 [7,15,23,24,25], 

next we evaluated the expression of pro-inflammatory cytokines in HCLE-WT, HCLE-S7 

and HCLE-S14 cells. Sub-confluent HCLE-WT, HCLE-S7 and HCLE-S14 cells were 

stimulated with TNF-α for 4h, total RNA isolated and IL-8, IL-1b, CXCL1 and CXCL2 
transcripts quantified by QPCR. Though TNF-α stimulated the expression of these cytokines 

in all cell types, overexpression of SLURP1 resulted in a significant suppression of the TNF-

α-stimulated expression of IL-8, IL-1b, CXCL1 and CXCL2 transcripts in HCLE-S7 and 

HCLE-S14 compared with the HCLE-WT cells (Fig. 3A). Consistent with these results, 

ELISAs using cell culture supernatants revealed that SLURP1 overexpression resulted in a 

significant suppression of the TNF-α-stimulated secretion of IL-8 from 789 pg/ml in HCLE-

WT, to 503 and 352 pg/ml in HCLE-S7 and HCLE-S14 cells, respectively (Fig. 3B). 

Collectively, these results suggest that SLURP1 suppresses the TNF-α-stimulated 

production of inflammatory cytokines in HCLE cells.
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3.4. SLURP1 suppresses TNF-α-induced nuclear translocation of NFκB in HCLE-SLURP1 
cells by stabilizing cytosolic IκB

Given that NFκB is a master regulator of pro-inflammatory cytokine production [27,28], we 

next evaluated NFκB activity in these cells at different time points after stimulating with 

TNF-α. Immunofluorescent stain with anti-p65 antibody revealed that TNF-α-stimulation 

resulted in efficient nuclear localization of NFκB within 30 minutes in HCLE-WT which 

appeared to be incomplete in HCLE-S7 or HCLE-S14 cells (Fig. 4A). These differences 

were much more striking at 10 and 20 minutes after TNF-α-treatment (Fig. 4A). 

Immunofluorescent stain also revealed relatively higher IκB expression in HCLE-S7 and 

HCLE-S14 cytoplasm compared with the control HCLE-WT (Fig. 4A). To further confirm 

this, we performed immunoblots with nuclear and cytoplasmic lysates prepared from HCLE-

WT, HCLE-S7 and HCLE-S14 cells stimulated with TNF-α for 0, 10, 20 and 30 minutes 

with anti-NFκB and anti-IκB antibodies. Consistent with the lower level of NFκB activation 

in HCLE-SLURP1 cells suggested by immunofluorescent stain, immunoblots revealed 

decreased quantity of NFκB in nuclear lysate, with a concomitant increase in the IκB levels 

in HCLE-S7 and HCLE-S14 compared with the HCLE-WT cytosol (Fig. 4B). Immunoblots 

with the nuclear and cytosolic fractions were re-probed with anti-TATA binding protein 

(TBP) and anti-β-actin antibody, respectively, for normalization of loading. Densitometric 

quantification of immunoblots confirmed relatively lower levels of nuclear NFκB 

(normalized to corresponding TBP levels) and higher levels of cytosolic IκB (normalized to 

corresponding β-actin levels) in HCLE-S7 and HCLE-S14 cells compared with HCLE-WT 

(Fig. 4C). Taken together, these results suggest that SLURP1 suppresses TNF-α-induced 

nuclear translocation of NFκB by stabilizing cytosolic IκB.

4. Discussion

Previously, we demonstrated that SLURP1 contributes to corneal angiogenic- and immune-

privilege in healthy corneas where it is highly expressed [7,15,23,24,25]. Though SLURP1 

is abundantly expressed in vivo by the corneal epithelial cells, it is significantly 

downregulated when these cells are transformed and adapted for culture in vitro. In this 

report, we demonstrate that SLURPl-overexpressing HCLE cells display (i) stabilization of 

cell junctions as evidenced by elevated expression of DSP1, DSG1, TJP1 and E-Cadherin, 

(ii) decrease in TNF-α-induced upregulation of IL-8, IL-1β, CXCL1 and CXCL2, and (iii) 
elevated expression of cytosolic IκB with a concurrent suppression of TNF-α-activated 

nuclear translocation of NF-κB. Collectively, these results elucidate the beneficial effects of 

SLURP1 on HCLE cells in stabilizing the intercellular junctions and suppressing the TNF-

α-induced upregulation of inflammatory cytokines by suppressing NF-κB nuclear 

translocation.

Mucosal epithelial barrier safeguards the body against external toxins, antigens and 

infectious agents at multiple sites including the ocular surface. The CE barrier function, like 

that of other mucosal epithelial tissues, depends on protein complexes including 

desmosomes, adherens junctions and tight junctions that mechanically link adjacent cells 

and seal the intercellular space [29,30]. The data presented in this report provide evidence 

that SLURP1 stabilizes the CE barrier function by promoting the expression of desmosomal 
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DSG and DSP, adherens junction component E-Cadherin, and tight junction component 

TJP1. These results are consistent with the loss of water barrier function in Slurp1-null mice 

[6], and maintenance of skin and CE barrier function by KLF4 [31,32] which also promotes 

SLURP1 expression [23].

Our previous work [7,15,23,24,25] added SLURP1 to a class of molecules that regulate 

corneal angiogenic- and immune-privilege by impeding with angiogenic and inflammatory 

response to mild insults and are down-regulated in response to acute insults allowing 

protective inflammation [33,34,35,36,37,38,39,40,41]. Many of these molecules feed into 

the NFκB pathway that plays a key role in inflammation [27,28]. In resting cells, cytosolic 

IκB inhibits NFκB from translocating to the nucleus. Upon stimulation, IκB is degraded 

allowing nuclear localization of NFκB where it upregulates pro-inflammatory gene 

expression [27,28]. The data presented here provide evidence that SLURP1 suppresses the 

TNF-α-stimulated production of inflammatory cytokines in HCLE cells by stabilizing 

cytosolic IκB and suppressing the TNF-α-induced nuclear translocation of NFκB. This 

effect of SLURP1 appears to be independent of cell type, considering that SLURP1 has a 

similar effect on NFκB nuclear translocation in human umbilical vein endothelial cells [24]. 

As neutrophil chemokines IL-8, IL-1β, CXCL-1 and CXCL-2 are direct transcriptional 

targets of NFκB [27,28], a decrease in their TNF-α-stimulated expression is consistent with 

a decreased NFκB activity. This effect of SLURP1 in moderating inflammatory cytokine 

release further establishes the role of SLURP1 as an anti-inflammatory molecule that 

provides immune privilege to the ocular surface [7,23,24].

To summarize, our findings elucidate the beneficial effects of SLURP1 on HCLE cells in 

stabilizing the intercellular junctions by promoting the expression of proteins forming the 

junctional desmosomes, adherens junctions and tight junctions, and suppressing the TNF-α-

induced upregulation of inflammatory cytokines by impeding with NF-κB nuclear 

translocation. Such beneficial effects of SLURP1 may not be limited to corneal epithelial 

cell types. Considering that these junctional complexes and NFκB-mediated regulation of 

cytokine production are equally important in other mucosal epithelia such as the skin, colon 

and lung where SLURP1 is also expressed, we predict that the beneficial effects of SLURP 1 

are not only limited to the cornea but also extend to other mucosal epithelia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Campbell et al. Page 6

Biochem Biophys Res Commun. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DSP1 Desmoplakin-1

DSG1 Desmoglein-1

TJP1 Tight junction protein-1

TNF-α Tumor necrosis factor-α

CXCL chemokine ligand

HCLE human corneal limbal epithelial cell

nAChR nicotinic acetylcholine receptor

NF-κB Nuclear factor-κB

TBP TATA-binding protein
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Highlights

• SLURP1 is expressed highly abundantly in the human cornea and is 

significantly downregulated in human corneal limbal epithelial (HCLE) cells 

cultured in vitro.

• Overexpression of SLURP1 in HCLE cells stabilizes HCLE cell junctions.

• Overexpression of SLURP1 suppresses TNF-α-induced upregulation of pro-

inflammatory cytokines IL-8, IL-1b, CXCL1 and CXCL2 in HCLE-SLURP1 

cells.

• SLURP1 suppresses TNF-α-induced nuclear translocation of NFκB in 

HCLE-SLURP1 cells by stabilizing cytosolic IκB.
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Figure 1. SLURP1 expression in the human cornea, HCLE and HCLE-SLURP1 cells.
A). Comparison of SLURP1 expression in human cornea with that in the HCLE-WT cells by 

QPCR. B). Comparison of SLURP1 expression in HCLE-SLURP1 cells relative to that in 

the HCLE-WT cells (n=3; mean +/− standard error of mean shown). Statistical significance 

(*, p<0.05; **, p<0.005 and ***, p<0.005) is indicated.
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Figure 2. SLURP1 stabilizes HCLE cell junctions.
A). Expression levels of DSG1, DSP, TJP1 and E-Cadherin transcripts in HCLE-S7 and 

HCLE-S14 cells relative to that in HCLE-WT, measured by QPCR (n=6). B). Expression 

levels of DSG1, DSP-I, DSP-II, and E-Cadherin in HCLE-WT, HCLE-S7 and HCLE-S14 

cells, detected by immunoblots (n=3; representative images shown). The blots were re-

probed with anti-β-actin antibody for normalization of loading. C). Densitometry showing 

relative levels of E-CADHERIN, DSP-I and DSP-II, and DSG1, normalized to actin levels 

in corresponding blots (n=3; mean +/− standard error of mean shown). Statistical 

significance of the difference in expression levels between HCLE-S7 or HCLE-S14 and 

HCLE-WT is indicated (*, p<0.05; **, p<0.005 and ***, p<0.005). D). Immunofluorescent 

stain for DSG1, DSP, TJP1 and E-CADHERIN in confluent HCLE-WT, HCLE-S7, and 

HCLE-S14 cells (n=3; representative images shown). Scale bar: 50 μm.
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Figure 3. SLURP1 suppresses TNF-α-induced upregulation of IL-8, IL-1b, CXCL1 and CXCL2.
A). QPCR quantification of cytokine expression. HCLE-WT, HCLE-S7 and HCLE-S14 cells 

were stimulated with TNF-α for 4h, total RNA isolated and IL-8, IL-1b, CXCL1 and 

CXCL2 transcripts quantified by QPCR (n=6; mean +/− standard error of mean shown). B). 

ELISA for IL-8 in cell culture supernatants. Cell culture supernatants from unstimulated and 

TNF-α-stimulated HCLE-WT and HCLE-SLURP1 cells were subjected to ELISA for IL-8 

(n=3; mean +/− standard error of mean shown). Statistical significance of the response of 

HCLE-S7 and HCLE-S14 to TNF-α, compared with that of HCLE-WT is indicated (*, 

p<0.05; **, p<0.005 and ***, p<0.005).
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Figure 4. SLURP1 suppresses TNF-α-induced nuclear translocation of NFκB by stabilizing 
cytosolic IκB in HCLE cells.
A). Immunofluorescent stain with anti-p65 antibody revealed that TNF-α-stimulation 

resulted in rapid nuclear localization of NFκB (red) within 30 minutes in HCLE-WT, which 

was suppressed in HCLE-SLURP1 cells. Concomitantly, IκB (green) expression was 

relatively more intense in HCLE-SLURP1 cytoplasm compared with the HCLE-WT cells. 

Scale bar: 50 μm. B). Immunoblots. Nuclear and cytoplasmic lysates were prepared from 

HCLE-WT and HCLE-SLURP1 cells stimulated with TNF-α for 0, 10, 20 and 30 minutes, 

and probed with anti-NFκB or anti-IκB antibodies, respectively. Immunoblots with the 

nuclear and cytosolic fractions were re-probed with anti-TATA binding protein (TBP), and 

anti-β-actin antibody, respectively, for normalization of loading. C). Densitometry of 

immunoblots. Relative levels of nuclear NFκB (normalized to corresponding TBP levels) 

and cytosolic IκB (normalized to corresponding β-actin levels) are shown (n=3; mean +/− 

standard error of mean shown). Statistical significance of the response of HCLE-S7 and 

HCLE-S14 to TNF-α, compared with the response of HCLE-WT at the same time point is 

indicated (*, p<0.05; **, p<0.005 and ***, p<0.005).

Campbell et al. Page 14

Biochem Biophys Res Commun. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Human donor corneas and cell culture
	RNA Isolation, Reverse Transcription and Quantitative PCR
	Immunoblots, Immunofluorescent Staining and ELISAs
	Statistical Analyses

	Results
	SLURP1 is abundantly expressed in the human cornea and is significantly downregulated in HCLE cells cultured in vitro
	Overexpression of SLURP1 in HCLE cells stabilizes HCLE cell junctions
	Overexpression of SLURP1 suppresses TNF-α-induced upregulation of pro-inflammatory cytokines IL-8, IL-1b, CXCL1 and CXCL2
	SLURP1 suppresses TNF-α-induced nuclear translocation of NFκB in HCLE-SLURP1 cells by stabilizing cytosolic IκB

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

