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Abstract

Atrial natriuretic peptide (ANP) is a cardiac hormone essential for normal blood pressure and 

cardiac function. Corin is a transmembrane serine protease that activates ANP. Recently, we 

identified proprotein convertase subtilisin/kexin-6 (PCSK6), also called PACE4, as the long-sought 

corin activator. Both corin and PCSK6 are expressed in cardiomyocytes, but corin activation 

occurs only on the cell surface. It remains unknown if cell membrane association is needed for 

PCSK6 to activate corin. Here we expressed corin deletion mutants in HEK293 cells to analyze the 

domain structures required for PCSK6-mediated activation. Our results show that soluble corin 

lacking the transmembrane domain was activated by PCSK6 in the conditioned medium but not 

intracellularly. Recombinant PCSK6 also activated the soluble corin under cell-free conditions. 

Moreover, PCSK6-mediated corin activation was not enhanced by cell membrane fractions. These 

results indicate that cell membrane association is unnecessary for PCSK6 to activate corin. 

Experiments with monensin that blocks PCSK6 secretion and immunostaining indicated that the 

soluble corin and PCSK6 were secreted via different intracellular pathways, which may explain 

the lack of corin activation inside the cell. We also found that the protein domains in the corin pro-

peptide region were dispensable for PCSK6-mediated activation and that addition of heparan 

sulfate and chondroitin sulfate or treatment with heparinase or chondroitinase did not alter corin 

activation by PCSK6 in HEK293 cells. Together, our results provide important insights into the 

molecular and cellular mechanisms underlying PCSK6-mediated corin activation that is critical for 

cardiovascular homeostasis.
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1. Introduction

Atrial natriuretic peptide (ANP) is a cardiac hormone essential for cardiovascular 

homeostasis (de Bold 2011; Kuhn 2016; Song et al. 2015; Theilig and Wu 2015). ANP 

regulates salt-water reabsorption and vascular tension to maintain normal blood volume and 

pressure. Moreover, ANP participates in vessel remodeling and lipid metabolism (Chen et al. 

2016; Cui et al. 2012; Ramos et al. 2015; Schlueter et al. 2014; Tokudome et al. 2009). 

Variants in the NPPA gene, encoding ANP, have been associated with cardiovascular and 

metabolic diseases (Fox et al. 2009; Lynch et al. 2009; Newton-Cheh et al. 2009; Rubattu et 

al. 2014; Song et al. 2015). Corin is a transmembrane serine protease that converts the ANP 

precursor, i.e. pro-ANP, to mature ANP (Armaly et al. 2013; Li et al. 2017). In mouse 

models, disruption of the Corin gene prevents the conversion of pro-ANP to ANP (Chan et 

al. 2005). Corin-deficient mice on high-salt diets had impaired renal sodium excretion and 

developed salt-sensitive hypertension and cardiac hypertrophy, indicating the importance of 

corin in regulating sodium homeostasis and cardiovascular function (Buckley and Stokes 

2011; Chan et al. 2005; Nigrovic et al. 2008; Wang et al. 2012b).

A trypsin-like serine protease, corin is synthesized as a single-chain zymogen with no 

detectable catalytic activity. Proteolytic cleavage at a conserved activation site, R801↓I802, 

converts corin into a two-chain active enzyme. Naturally occurring CORIN variants that 

impair corin zymogen activation have been identified in patients with hypertension and heart 

disease (Dong et al. 2013; Dong et al. 2014; Dries et al. 2005; Rame et al. 2009; Wang et al. 

2008; Zhang et al. 2014). Most recently, we reported that proprotein convertase subtilisin/

kexin-6 (PCSK6), also called PACE4 (Kiefer et al. 1991; Seidah et al. 2013), is the long-

sought protease responsible for corin activation in vivo (Chen et al. 2015). In PCSK6 

knockout mice, corin activation and pro-ANP processing were abolished (Chen et al. 2015). 

The mice exhibited a hypertensive phenotype similar to that in corin knockout mice. A 

PCSK6 variant with impaired corin activation activity was also found in hypertensive 

patients (Chen et al. 2015). These results indicate that PCSK6-mediated corin activation is 

critical for pro-ANP processing and normal blood pressure.

PCSK6 belongs to the proprotein convertase family that includes nine members, which are 

important for processing growth factors, hormones, adhesion molecules and cell surface 

receptors (Seidah and Prat 2012; Seidah et al. 2013; Turpeinen et al. 2013). Many of the 

PCSKs share similar substrate specificities, cleaving after single or paired basic residues 

(Rockwell et al. 2002; Seidah et al. 2013). The subcellular location of the PCSKs, however, 

varies widely; some are packaged in secretary granules; some are constitutively secreted; 

and some are membrane-bound (Seidah and Prat 2012; Seidah et al. 2013; Turpeinen et al. 

2013; Zhou et al. 1999). PCSK6 is a secreted protein and expressed in many cell types 

including cardiomyocytes and human embryonic kidney (HEK) 293 cells (Beaubien et al. 
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1995; Chen et al. 2015; Mayer et al. 2008; Nakagawa et al. 1993; Seidah et al. 2013; Tsuji et 

al. 1999). Previously, we found that PCSK6 activated corin on the cell surface but not inside 

the cell (Chen et al. 2015), leading to the question if the cell membrane association is 

required for PCSK6 to activate corin.

In this study, we conducted site-directed mutagenesis, cellular and biochemical experiments 

to examine the importance of the transmembrane domain and other extracellular domains of 

corin in PCSK6-mediated activation. Previous reports indicate that the binding to 

proteoglycans on the cell surface enhances PCSK6 activity (Mayer et al. 2008; Nour et al. 

2005; Tsuji et al. 2003). In this study, we also examined the effects of heparan and 

chondroitin on PCSK6-mediated corin activation. Findings for these studies should help to 

understand the biochemical and cellular mechanisms underlying corin activation.

2. Materials and methods

2.1. Cell culture

HEK293 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 

10% fetal bovine serum (FBS). HL-1 cardiomyocytes were a gift from William Claycomb of 

Louisiana State University Medical Center and cultured in Claycomb medium (Sigma) with 

10% FBS and 4 mM L-glutamine (Claycomb et al. 1998). All cells were cultured at 37°C in 

humidified incubators with 5% CO2.

2.2. Plasmid constructs

Plasmids expressing human corin wild-type (WT) and mutants including the activation 

cleavage site mutant R801A, pro-peptide domain deletion mutants and soluble forms of 

corin WT and the active site mutant S985A were described previously (Knappe et al. 2003; 

Liao et al. 2007). Plasmid expressing human PCSK6 was described recently (Chen et al. 

2015). Recombinant corin and PCSK6 proteins encoded by these plasmids contained a C-

terminal V5 or flag tag for protein detection.

2.3. Transfection, immunoprecipitation and Western blotting

Plasmids expressing corin WT and mutants or PCSK6 were transfected into HEK293 cells 

using FuGENE HD (Promega) reagents. The transfected cells were cultured at 37°C for 48–

72 h and lysed in a solution containing 25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM 

EDTA, 1% (v/v) NP-40, and 1% (v/v) protease inhibitor cocktail (Sigma). Recombinant 

corin and PCSK6 proteins in the cell lysates were analyzed by SDS-PAGE and Western 

blotting using antibodies against V5 (Invitrogen, R96025) and flag (Agilent Technologies, 

200471) tags. To analyze corin and PCSK6 proteins in the conditioned medium from the 

transfected cells, immunoprecipitation was performed with protein A-Sepharose beads 

(Thermo Fisher) and an anti-V5 antibody (Invitrogen, R96025) or an anti-PCSK6 antibody 

(Abcam, ab151562) followed by SDS-PAGE and Western blotting under reducing (with 

2.5% β-mercaptoethanol in sample buffer) or non-reducing (without β-mercaptoethanol) 

conditions. In Western blotting, glycerol-dehyde-3-phophate dehydrogenase (GAPDH) 

protein levels were analyzed using an antibody (Millipore, MAB374) as a control for protein 

sample loading. Western blots were exposed to X-ray films and protein bands were analyzed 
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by densitometry to quantify protein expression levels. The percentages of corin activation, 

i.e. the ratio of the cleaved corin protease domain fragment band vs. the corin zymogen 

bands, were calculated.

2.4. Stable cell lines expressing corin domain deletion mutants

Plasmids expressing corin deletion mutants were transfected into HEK293 cells cultured in 

6-well plates. After 12–24 h at 37°C, the cells were treated with 0.5% trypsin-EDTA, split 

into 100 mm-dishes, and cultured in DMEM with G418 (600 µg/mL). The culture medium 

was replaced every other day. After one week in culture, individual cell colonies were picked 

and expanded. The stable cells were analyzed by Western blotting to verify mutant corin 

protein expression using an antibody against a V5-tag, as described above.

2.5. Cell surface protein labeling

Transfected HEK293 cells expressing recombinant corin proteins in 6-well plates were 

washed with phosphate-buffered saline (PBS) and incubated with 1.5 mL (200 µM) of 

membrane impermeable Sulfo-NHS-SS-biotin (Thermo Scientific) for 5 min. A quenching 

solution (100 mM glycine, 2 mL) was added to the cells on ice. After 10 min, the cells were 

gently scraped into the solution, transferred into 15-mL tubes and centrifuged at 500 × g for 

3 min. The cells were washed with 1 mL of PBS and lysed with 100 µL of the lysis buffer 

containing 1% of protease inhibitor cocktail (Sigma). The lysed cells were kept on ice for 30 

min and centrifuged at 10,000 × g for 2 min at 4°C. The cell lysates were incubated with 

NeutrAvidin Agarose beads (Thermo Scientific) on a rocking platform for 1 h at room 

temperature. The beads were washed 3 times with 200 µL of a washing solution containing 

1% of protease inhibitors. Proteins bound to the beads were eluted with a Laemmli buffer 

(Bio-Rad) with 50 mM DTT. Protein samples were analyzed by SDS-PAGE and Western 

blotting to examine corin proteins.

2.6. Monensin treatment

Monensin, which disrupts protein trafficking in the secretory pathway, was used to inhibit 

endogenous PCSK6 secretion from HEK293 cells. HEK293 cells were incubated with 

monensin (0.2 and 2 µM, Sigma) at 37°C. After 8 h, the medium was replaced with fresh 

monensin-containing medium. After 40 h, the conditioned medium was collected and the 

cell lysate was prepared, as described above. PCSK6 protein in the conditioned medium and 

cell lysates was analyzed by Western blotting. To examine the effect of monensin on soluble 

corin activation by endogenous PCSK6 protein, HEK293 cells were transfected with the 

plasmid expressing soluble WT (sWT) corin and cultured at 37°C in the presence of 

monensin (0.2 and 2 µM) for 40 h. Soluble corin protein in the conditioned medium was 

analyzed by immunoprecipitation and Western blotting, as described above.

2.7. Immunostaining

To visualize recombinant PCSK6 and corin proteins in cardiomyocytes, cultured HL-1 cells 

were transfected with plasmids expressing human PCSK6 and WT or sWT corin. After 24 h, 

the cells were fixed with 3% paraformaldehyde for 15 min, permeabilized with 0.2% Triton 

X-100 for 5 min, and incubated with an anti-flag tag antibody (Cell Signaling, 14793) for 
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recombinant PCSK6 or an anti-V5 tag antibody (ThermoFisher, R96025) for recombinant 

corin proteins at 4°C for 12 h. Secondary antibodies used were Alexa 488 or 594-labeld 

antibodies (ThermoFisher, A11008 and A21203). The slides were mounted in a medium 

with DAPI to stain nuclei (Vector Laboratories, H1500). The stained cells were examined 

under a confocal microscope (Leica DM2500).

2.8. Activation of soluble corin by recombinant PCSK6 in cultured medium

HEK293 cells expressing soluble corin were cultured in DMEM with 10% FBS and 

monensin (2 µM) for 40 h. The presence of monensin inhibited PCSK6 secretion from the 

cells, thereby blocking soluble corin activation by endogenous PCSK6. In parallel, HEK293 

cells expressing recombinant PCSK6 were cultured in separate plates for 48 h. The 

conditioned medium was collected from both cell cultures and centrifuged to remove cell 

debris. The conditioned medium containing soluble corin was mixed with the conditioned 

medium containing recombinant PCSK6 and incubated at 37°C for 2 h. Corin protein 

fragments in the conditioned medium were immunoprecipitated and analyzed by SDS-PAGE 

and Western blotting.

2.9. Preparation of cell membrane fractions

Parental HEK293 cells were scraped off from culture dishes in the presence of a solution 

containing 25 mM Tris-HCl (pH 7.4) and 5 mM EDTA (pH 8.0). The cells were 

homogenized in a tube on ice. After agitation at 4°C for 30 min, the homogenate was 

centrifuged at 2,000 rpm for 5 min to remove cell debris. The supernatant was collected and 

centrifuged at 200,000 × g at 4°C for 1 h. The pellet containing cell membrane fractions was 

washed and re-suspended in a solution with 150 mM NaCl, 50 mM Tris-HCl (pH 8.0) and 

1% NP-40. Protein concentrations were determined by a Bradford assay, as described 

previously (Chen et al. 2010).

2.10. Effect of cell membrane fractions on soluble corin activation by PCSK6

HEK293 cells expressing soluble corin were cultured with 2 µM of monensin for 40 h. The 

conditioned medium containing soluble corin was collected and incubated with cell 

membrane fractions (1 and 10 µg) and the conditioned medium containing recombinant 

PCSK6 at 37°C. After 2 h, soluble corin proteins were immunoprecipitated and analyzed by 

Western blotting.

2.11. Effects of heparan and chondroitin on PCSK6-mediated corin activation in HEK293 
cells

HEK293 cells expressing WT corin were cultured in 6-well plates at 37°C in the presence of 

monensin (2 µM). After 48 h, the cells were washed with PBS. The conditioned medium 

containing recombinant PCSK6 was added to the cell culture together with heparan sulfate 

(Sigma H7640, 5 and 50 µg/mL) or chondroitin sulfate (Sigma C4384, 5 and 50 µg/mL). 

After incubation at 37°C for 2 h, the cells were washed and lysed. Corin protein fragments 

in the cell lysates were examined by SDS-PAGE and Western blotting. To verify the effects 

of heparan and chondroitin on protease activity, a tryptase assay was performed (Anower et 

al. 2013), in which 5 µg/mL of haparan sulfate or chondroitin sulfate was added to a 100 µL 
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of reaction mixtures with 5 ng of tryptase (Sigma) and 50 nM of chromogenic substrate 

S-2288 (Chromogenix). The reaction mixtures were incubated at 37°C for different time 

periods, during which tryptase activity was assayed by monitoring the absorbance at 405 nm 

in a plate reader. Each data point was assayed in quadruplicate in six experiments.

2.12. Effects of heparinase and chondroitinase on PCSK6-mediated corin activation in 
HEK293 cells

HEK293 cells expressing WT corin were cultured in 6-well plates at 37°C in the presence of 

monensin (2 µM). After 48 h, the cells were washed with PBS. The conditioned medium 

containing recombinant PCSK6 was added to the cell culture together with heparinase (I and 

III blend), which removes heparan sulfate chains (Sigma H3917, 0.015, 0.15 and 1.5 U/mL) 

or chondroitinase ABC, which removes chondroitin sulfate chains (Sigma C3667, 1.5 U/

mL). After incubation at 37°C for 2 h, the cells were washed and lysed. Corin protein 

fragments in the cell lysates were examined by SDS-PAGE and Western blotting.

2.13. Statistical analysis

Statistical analysis was done using the GraphPad Prism software. Comparisons between two 

groups were done by Student’s t test. One-way ANOVA followed by Tukey’s post test was 

used for comparisons among three or more groups. A P value of <0.05 was considered to be 

statistically significant. All data are expressed as means ± S.D.

3. Results

3.1. Activation of soluble corin in HEK293 cells

PCSK6 cleaves corin at Arg-801, converting corin into an active enzyme that consists of two 

chains linked by a disulfide bond (Fig. 1A) (Chen et al. 2015). When human WT corin was 

expressed in HEK293 cells and analyzed by Western blotting, the cleaved protease domain 

fragment (corin-p) appeared as an ~40-kDa band under reducing conditions (Fig. 1B). In 

corin R801A mutant (Fig. 1A), abolishing the activation cleavage site prevented the cleavage 

by PCSK6 and no corin-p band was detected on Western blots (Fig. 1B). The corin-p band, 

therefore, was used as an indicator for corin activation cleavage in our experiments. As 

reported previously, the corin activation cleavage was inhibited in HEK293 cells that were 

transfected with small interference RNA (siRNA) targeting the PCSK6 gene (Fig. 1C), 

indicating the importance of PCSK6 in corin activation (Chen et al. 2015).

Corin is a type II transmembrane protein with its C-terminal protease domain on the cell 

surface (Yan et al. 1999). Previously, PCSK6 was shown to activate corin on the cell surface 

(Chen et al. 2015). To examine if the cell membrane association is required for PCSK6-

mediated corin activation, we studied a soluble corin (sWT), in which the cytoplasmic tail 

and the transmembrane domain were replaced by a signal peptide from immunoglobulin κ 
chain (Fig. 1A and D). We included a soluble negative control, sS985A corin, in which the 

catalytic residue Ser was replaced by Ala (Fig. 1A). We expressed WT corin and mutants 

R801A, sWT and sS985A in HEK293 cells and analyzed corin proteins by Western blotting 

under reducing conditions. In cell lysates from the transfected HEK293 cells (Fig. 1E), both 
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sWT and sS985A were detected as a single band of ~130-kDa without the ~40-kDa corin-p 

band, indicating that sWT and sS985A were not activated inside the cell.

In parallel experiments, we biotin-labeled cell surface proteins in the transfected HEK293 

cells and analyzed corin proteins by Western blotting. We detected the activated and 

zymogen WT corin and single-chain R801A mutant in the biotin-labeled protein samples 

(Fig. 1F). No corin bands were detected in samples from sWT and sS985A (Fig. 1F), 

indicating that sWT and sS985A proteins were secreted and not present on the cell surface. 

In the conditioned medium from the same sets of the transfected cells, corin zymogen and 

corin-p bands from WT and corin zymogen band from R801A were detected (Fig. 1G). 

These fragments were derived from ADAM-mediated shedding of cell surface corin in the 

juxtamembrane region (Fig. 1A, arrowhead in WT), as reported previously (Jiang et al. 

2011). Similar corin zymogen and corin-p bands were also detected in the conditioned 

medium from the cells expressing sWT and the inactive sS985A (Fig. 1G), indicating that 

the secreted soluble corin proteins were activated in the conditioned medium.

3.2. Monensin blocked PCSK6, but not soluble corin, secretion in HEK293 cells

Monensin is an antibiotic that disturbs Golgi structures (Dinter and Berger 1998). Consistent 

with our previous findings (Chen et al. 2015), monensin inhibited PCSK6 secretion from 

HEK293 cells, as indicated by decreased PCSK6 levels in the conditioned medium, but not 

in cell lysates, in Western blotting analysis (Fig. 2A and B, lower panels). However, similar 

monensin treatment did not inhibit sWT secretion, as indicated by sWT protein in the 

conditioned medium, which appeared as a single zymogen band without the corin-p band 

(Fig. 2B, top panel). The results indicate that monensin blocked PCSK6 secretion, thereby 

preventing sWT corin activation in the conditioned medium.

3.3. Activation of soluble corin by exogenous PCSK6

To examine if PCSK6-mediated corin activation requires co-expression of PCSK6 and sWT 

corin in the same cells and to verify that sWT from the monensin-treated cells remains 

cleavable by PCSK6, we tested recombinant PCSK6 for sWT corin activation. HEK293 cells 

expressing sWT corin were treated with monensin to block endogenous PCKS6 secretion. 

The conditioned medium containing recombinant human PCSK6 was added to the cells and 

incubated at 37°C for 2 h. As indicated by Western blotting analysis, sWT corin activation 

increased in the presence of increasing volumes of recombinant PCSK6-containing medium 

(Fig. 2C and D). Similar results were also observed with the inactive sS985A corin (Figs. 

1A, 2C and D), which was used as a negative control to exclude the possibility of corin 

autocleavage in the conditioned medium. The results indicate that the soluble corin from the 

monensin-treated cells remained cleavable by PCSK6 and that PCSK6-mediated corin 

activation did not require co-expression of these two proteins in the same cells.

To determine if sWT corin can be activated by PCSK6 in the absence of HEK293 cells, we 

incubated the conditioned medium containing sWT corin with the conditioned medium 

containing recombinant PCSK6. Western blotting analysis showed increased sWT corin 

activation with increasing volumes of PCSK6-containing medium (Fig. 3A), indicating that 

the presence of the cells is unnecessary for PCSK6-mediated corin activation.
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We next examined if the cell membrane enhances PCSK6-mediated corin activation. The 

conditioned medium containing sWT corin and recombinant PCSK6 were incubated in the 

presence of crude cell membrane fractions isolated from parental HEK293 cells. In Western 

blotting analysis, sWT corin activation was detected when PCSK6-containing medium was 

added (Fig. 3B and C). The activation, however, was not enhanced in the presence of the 

crude cell membrane fractions (Fig. 3B and C).

3.4. Immunostaining of recombinant PCSK6 and corin proteins in HL-1 cardiomyocytes

The findings that sWT corin was not activated inside the cell and that monensin inhibited 

PCSK6, but not sWT, secretion suggested that PCSK6 and corin proteins may not encounter 

inside the cell. To test this hypothesis, we expressed recombinant human PCSK6 and WT or 

sWT corin in HL-1 cardiomyocytes. In immunostaining experiments, co-staining of PCSK6 

and WT or sWT corin proteins was found mostly near cell nuclei, possibly in the ER (Fig. 

4). Toward the cell periphery, there was little overlapping staining of PCSK6 and corin 

proteins in these cells (Fig. 4).

3.5. Activation of corin deletion mutants in HEK293 cells expressing recombinant PCSK6

Between the N-terminal transmembrane domain and the C-terminal serine protease domain 

of corin, there are two frizzled (Fz) domains, eight LDL receptor-like (LDLR) repeats and a 

scavenger receptor-like (SR) domain (Fig. 5A). To examine if these protein domains are 

required for PCSK6-mediated corin activation, we expressed corin deletion mutants lacking 

Fz, LDLR and SR domains, individually or in combination (Fig. 5A), in HEK293 cells 

stably expressing recombinant human PCSK6. Western blotting analysis of cell lysates from 

the transfected cells showed similar levels of the corin-p band in corin WT and mutants 

ΔFz1, ΔR1-4, ΔFz2 and ΔFz1-SR (Fig. 5B), indicating that Fz, LDLR and SR domains in 

the pro-peptide region of corin are not required for PCSK6 to activate corin.

3.6. Effects of heparan and chondroitin on PCSK6-mediated corin activation in HEK293 
cells

It has been reported that the binding of PCSK6 to heparan sulfate proteoglycans on the cell 

surface or in the extracellular matrix enhances PCSK6 activity (Mayer et al. 2008; Nour et 

al. 2005; Tsuji et al. 2003). We examined the effect of heparan sulfate and chondroitin 

sulfate on PCSK6-mediated corin activation. HEK293 cells expressing WT corin were 

incubated with recombinant PCSK6 in the presence or absence of exogenous heparan sulfate 

and chondroitin sulfate. In Western blotting analysis of cell lysates, corin activation was 

detected when the corin-expressing cells were cultured with PCSK6, as indicated by the 

corin-p band (Fig. 6A). When the cells were incubated with PCSK6 and heparan sulfate or 

chondroitin sulfate, corin activation was not enhanced, as indicated by similar levels of the 

corin-p band (Fig. 6A and B). As a control, heparan sulfate and chondroitin sulfate enhanced 

the activity of tryptase toward a peptide substrate (Fig. 6C), which was consistent with a 

previous report (Anower et al. 2013).
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3.7. Effects of heparinase and chondroitinase on PCSK6-mediated corin activation in 
HEK293 cells

It is possible that HEK293 cells express endogenous proteoglycans that are sufficient to 

enhance corin activation by PCSK6 under our experimental conditions. We next examined 

the effects of heparinase and chondroitinase on PCSK6-mediated corin activation in 

HEK293 cells. HEK293 cells expressing corin WT were incubated with recombinant 

PCSK6 in the presence or absence of heparinase and chondroitinase. In Western analysis of 

cell lysates, similar levels of the corin-p band were observed in the cells treated with or 

without heparinase and chondroitinase (Fig. 7A and B), indicating that heparinase or 

chondroitinase treatment did not inhibit corin activation by PCSK6.

4. Discussion

Zymogen activation is a key step in regulating the catalytic activity of trypsin-like proteases 

(Neurath 1984; Perona and Craik 1995). For most secreted serine proteases, zymogen 

activation occurs distantly from the protein production site. Trypsinogen, for example, is 

made in the pancreas but activated in the gut. Such a mechanism limits proteolytic reactions 

at intended locations. Corin is a member of the type II transmembrane serine protease 

(TTSP) family (Antalis et al. 2011; Bugge et al. 2009). All TTSPs have an N-terminal 

single-span transmembrane domain that anchors the C-terminal protease domain on the cell 

surface (Antalis et al. 2011; Bugge et al. 2009). Despite their structural similarities, the 

TTSPs appear to have distinct zymogen activation mechanisms. For example, matriptase, a 

TTSP essential for epithelial barrier function, is activated by prostasin, a 

glycosylphosphatidylinositol-anchored serine protease, in a reciprocal manner (Chen et al. 

2008; Friis et al. 2016; Netzel-Arnett et al. 2006; Szabo et al. 2016). Matriptase-2, a hepatic 

TTSP critical for iron metabolism, is autoactivated (Jiang et al. 2014; Stirnberg et al. 2010; 

Velasco et al. 2002). Our recent discovery of PCSK6 as a primary corin activator provides 

the first example of a PCSK family member in activating a TTSP (Chen et al. 2015).

PCSK6 is present in the trans-Golgi network and secreted through the secretory pathway 

(Nour et al. 2005; Tsuji et al. 2003). Previously, we found that PCSK6-mediated corin 

activation occurred on the cell surface but not intracellularly (Chen et al. 2015). It was 

unclear what prevents PCSK6 from activating corin inside the cell. It is possible that the cell 

membrane is required to enhance PCSK6-dependent corin activation. In blood coagulation, 

cell membrane association is known to enhance the activation of clotting serine proteases 

(Davie 2003; Mann et al. 2006). Alternatively, PCSK6 and corin may travel via different 

intracellular pathways, thereby preventing their encounter before reaching the cell surface.

To address these questions, we studied a soluble corin, in which the transmembrane domain 

was replaced by a signal peptide. In transfected HEK293 cells, the soluble corin remained as 

a one-chain zymogen in cell lysates (Fig. 1E) and activated soluble corin was detected in the 

conditioned medium (Fig. 1G). These results show that the transmembrane domain is 

unnecessary for corin activation. The results also suggest that lack of corin activation inside 

the cell is likely due to different intracellular pathways that separate PCSK6 and corin before 

they reach the cell surface. We verified this hypothesis with monensin, a Golgi-disturbing 

compound (Dinter and Berger 1998), which blocks PCSK6 secretion (Chen et al. 2015). In 
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transfected HEK293 cells, monensin inhibited PCSK6, but not soluble corin, secretion (Fig. 

2B). Moreover, the secreted soluble corin remained as one-chain zymogen in the conditioned 

medium (Fig. 2B), indicating that blocking endogenous PCSK6 secretion inhibited corin 

activation. When we added exogenous recombinant PCSK6 to the monensin-treated 

HEK293 cells, soluble corin activation was observed (Fig. 2C). The results are consistent 

with our previous findings that monensin inhibited PCSK6-meidated activation of WT corin 

with the transmembrane domain (Chen et al. 2015). These data indicate that corin, even in a 

soluble form, travels through an intracellular pathway that differs from that of PCSK6. 

Consistent with this idea, overlapping immunostaining of PCSK6 and WT or sWT corin 

proteins was found mostly near the nuclei, but not in the peripheral zones, in transfected 

HL-1 cardiomyocytes (Fig. 4).

If the transmembrane domain is not required for corin activation by PCSK6, will cell 

membranes enhance PCSK6-mediated corin activation? We examined soluble corin 

activation by PCSK6 in solution with or without crude membrane fractions from HEK293 

cells. We did not observe enhanced corin activation in the presence of the crude cell 

membrane fractions (Fig. 3B and C), suggesting that the primary function of the corin 

transmembrane domain is to anchor the protease on the cell surface but not to enhance 

zymogen activation or protease catalytic activity. Consistent with this idea, previous studies 

have shown that the transmembrane domain is not required for the catalytic activity of other 

TTSPs, such as enteropeptidase (Zheng et al. 1999), matriptase (Lee et al. 2000; Takeuchi et 

al. 2000), hepsin (Xuan et al. 2006), TMPRSS2 (Meyer et al. 2013), and human airway 

trypsin-like protease (Liu et al. 2013).

Human corin consists of 1,042 amino acids that are organized in distinct domains, including 

the Fz, LDLR and SR domains in the pro-peptide region (Hooper et al. 2000; Yan et al. 

1999). The functional significance of these protein domains remains unclear. In other 

trypsin-like proteases, protein domains in the pro-peptide region may interact with their 

activators. For example, the kringle 2 domain in prothrombin interacts with clotting factor 

Xa, which activates prothrombin (Taneda et al. 1994). In TMPRSS3, another TTSP, several 

naturally occurring mutations identified in deaf patients were located in the pro-peptide 

region, which prevented TMPRSS3 zymogen activation (Guipponi et al. 2002). We and 

others also reported naturally occurring mutations in hypertensive patients that are located in 

the corin pro-peptide region (Dong et al. 2013; Dong et al. 2014; Dries et al. 2005; Zhang et 

al. 2014). In functional studies, some of those corin mutants had reduced activities due to ER 

retention, poor intracellular trafficking and/or impaired zymogen activation (Dong et al. 

2013; Dong et al. 2014; Wang et al. 2008; Zhang et al. 2014). For example, the corin variant 

T555I/Q568P identified in African Americans with hypertension had reduced activity in 
vitro and in vivo (Dries et al. 2005; Wang et al. 2012a; Wang et al. 2008). The T555I/Q568P 

substitutions are located in the corin Fz2 domain. In this study, however, domain deletions in 

the corin pro-peptide region, including the Fz2 domain, did not prevent corin activation by 

PCSK6 in transfected HEK293 cells (Fig. 5). The biochemical mechanism by which the 

T555I/Q568P variant impairs corin activity remains unclear. It is possible that the protein 

domains in the corin pro-peptide region are not necessary for PCSK6-mediated activation. 

However, mutations in the corin pro-peptide region may alter the overall corin structure, 
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thereby impairing corin zymogen activation. Further studies are required to test such a 

hypothesis.

In many serine proteases, the binding to heparan sulfate proteoglycans alters the enzyme 

activity and substrate specificity (Liu et al. 2002; Marcum and Rosenberg 1987). It has been 

shown that PCSK6, via its C-terminal cysteine-rich domain, binds to heparan sulfate 

proteoglycans on the cell surface or in the extracellular matrix, which enhances PCSK6 

activity (Mayer et al. 2008; Nour et al. 2005; Tsuji et al. 2003). We examined the effect of 

heparan sulfate and chondroitin sulfate on PCSK6-mediated corin activation. In the 

transfected HEK293 cells expressing PCSK6, corin activation was not enhanced when 

heparan sulfate or chondoitin sulfate was added (Fig. 6). As controls, heparan sulfate or 

chondoitin sulfate did enhance the tryptase activity in a peptide substrate assay (Fig. 6). To 

test if HEK293 cells contain endogenous heparan or chondroitin sulfate proteoglycans that 

may be sufficient to promote PCSK6 activity, we treated HEK293 with heparinase, which 

removes heparan sulfate chains, or chondroitinase, which removes chondroitin sulfate 

chains. As indicated by Western blotting analysis, heparinase or chondroitinase treatment 

did not significantly alter PCSK6-mediated corin activation (Fig. 7). Additional studies are 

important to understand if and how PCSK6-mediated corin activation is regulated under 

physiological and pathological conditions.

In summary, we examined corin protein domains that are required for PCSK6-mediated 

activation. Our data show that in transfected HEK293 cells, the soluble corin lacking the 

transmembrane domain was activated by PCSK6 in the conditioned medium but not inside 

the cell, indicating that cell membrane association is unnecessary for PCSK6-mediated corin 

activation. The data support a cellular mechanism, in which corin and PCSK6 travel via 

separate intracellular pathways before their encounter on the cell surface. We also found that 

the protein domains in the corin pro-peptide region are not required for PCSK6-medicated 

activation. Moreover, addition of heparan sulfate and chondroitin sulfate or treatment with 

heparinase or chondroitiniase did not alter corin activation by PCSK6 in the transfected 

HEK293 cells. Together, our results provide new insights into the biochemical and cellular 

mechanisms underlying PCSK6-mediated corin activation that is important in regulating 

blood volume and pressure. Further studies are required to verify our findings in vivo such 

as transgenic or knock-in mouse models.
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Fig. 1. 
Analysis of soluble corin proteins expressed in HEK293 cells. (A) Schematic illustration of 

corin WT, R801A mutant, and soluble corin proteins sWT and sS985A that lacked the 

transmembrane domain. The transmembrane (TM), frizzled (Fz), LDL receptor (LDLR), 

scavenger receptor (SR) and protease domains are indicated. The catalytic residues His (H), 

Asp (D) and Ser (S) are shown. PCSK6 cleaves and activates corin at R801 (arrow). The 

cleaved protease domain fragment is connected to the pro-peptide region by a disulfide bond 

(s-s). ADAM-mediated shedding site in the juxtamembrane region is indicated by an 

arrowhead. In sWT and sS985A, the cytoplasmic tail and the transmembrane domain are 

replaced by the signal peptide (SP) from Igκ. (B) Western blotting analysis of WT and 

R801A corin proteins in HEK293 cell lysates under reducing conditions. (C) Western 

blotting analysis of corin activation in HEK293 cells transfected with non-targeting control 

siRNA (Ctr) or siRNA targeting the PCSK6 gene under reducing conditions. (D) Illustration 

of intracellular trafficking of PCSK6 and membrane-bound or soluble corin. (E) Western 

blotting analysis of WT, sWT, sS985A and R801A corin proteins in HEK293 cell lysates 

under reducing conditions. (F) Western blotting analysis of biotin-labeled cell surface corin 

in HEK293 cells under reducing conditions. (G) Western blotting analysis of corin proteins 

in the conditioned medium from HEK293 cells under reducing conditions. Data are 

representative of at least three independent experiments.
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Fig. 2. 
Secretion and activation of soluble corin in monensin-treated HEK293 cells. (A) Illustration 

of monensin inhibition of endogenous PCSK6 and soluble corin activation by exogenous 

PCSK6. SV, secretory vesicle. (B) Monensin blocked PCSK6 (lower panels), but not soluble 

corin (top panel), secretion in HEK293 cells, as indicated by Western blotting analysis. (C) 

Activation cleavage of sWT and sS985A corin in HEK293 cells treated with monensin and 

incubated with exogenous PCSK6. (D) Percentages of corin activation were calculated based 

on the densitometric analysis of corin zymogen and corin-p bands on Western blots. Values 

are mean ± S.D. (n=3 per group). **p<0.01 vs. control (0 mL PCSK6 CM).
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Fig. 3. 
PCSK6-mediated activation of sWT corin in solution with or without crude cell membrane 

fractions. (A) Western blotting analysis of sWT corin activation by PCSK6 in the 

conditioned medium. (B) Western blotting analysis of sWT corin activation by PCSK6 in 

solution in the presence of crude membrane fractions from parental HEK293 cells. (C) 

Percentages of sWT corin activation were calculated based on the densitometric analysis of 

corin zymogen and corin-p bands on Western blots. Values are mean ± S.D. (n=3 per group). 

**p<0.01 vs. control (0 µg membrane fractions, MF).

Chen et al. Page 18

Int J Biochem Cell Biol. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Immunostaining of recombinant PCSK6 and WT or sWT corin proteins in HL-1 

cardiomyocytes. Transfected HL-1 cells expressing recombinant PCSK6 and WT (top 

panels) or sWT (bottom panels) were immunostained for PCSK6 (green) and corin (red). In 

the enlarged panels (left), red arrowheads indicate corin staining, green arrowheads indicate 

PCSK6 staining, and yellow arrowheads indicate PCSK6 and corin co-staining. Scale bars: 

10 µm.
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Fig. 5. 
Activation cleavage of corin deletion mutants in HEK293 cells expressing recombinant 

PCSK6. (A) Illustration of corin mutants lacking protein domains in the pro-peptide region. 

(B) Western blotting analysis of corin proteins in cell lysates from HEK293 cells expressing 

recombinant PCSK6. Samples from vector-transfected HEK293 cells were used as a control. 

GAPDH levels were used as protein loading controls. Data are representative of at least five 

independent experiments.
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Fig. 6. 
Effects of heparan sulfate and chondroitin sulfate on WT corin activation by PCSK6. (A) 

Western blotting analysis of corin activation on the cell surface in transfected HEK293 cells 

incubated with PCSK6 in the absence or presence of heparan sulfate or chondroitin sulfate. 

(B) Percentages of corin activation were calculated based on the densitometric analysis of 

corin zymogen and corin-p bands on Western blots. Values are mean ± S.D. (n=3 per group). 

**p<0.01 vs. control (without PCSK CM, heparan and chondroitin). (C) Tryptase activities, 

as indicated by optical density (OD) absorbance in a peptide substrate assay performed with 

or without heparan sulfide or chondroitin sulfide. *p<0.05; **p<0.01 vs. tryptase only. Data 

are from six independent experiments.
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Fig. 7. 
Effects of heparinase and chondroitinase treatment on WT corin activation by PCSK6 in 

HEK293 cells. (A) Western blotting analysis of corin activation on the cell surface in 

transfected HEK293 cells that were treated with heparinase or chondroitinase and incubated 

with PCSK6. (B) Percentages of corin activation were calculated based on the densitometric 

analysis of corin zymogen and corin-p bands on Western blots. Values are mean ± S.D. (n=3 

per group). **p<0.01 vs. control (without PCSK CM, heparinase and chondroitinase).
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