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Abstract

The native particulate guanylyl cyclase B receptor (pGC-B) activator, C-type natriuretic peptide 

(CNP), induces anti-remodeling actions in the heart and kidney through the generation of the 

second messenger 3’,5’ cyclic guanosine monophosphate (cGMP). Indeed fibrotic remodeling, 

particularly in cardiorenal disease states, contributes to disease progression and thus, has been a 

key target for drug discovery and development. Although the pGC-B/cGMP system has been 

perceived as a promising anti-fibrotic pathway, its therapeutic potential is limited due to the rapid 

degradation and catabolism of CNP by neprilysin (NEP) and natriuretic peptide clearance receptor 

(NPRC). The goal of this study was to bioengineer and test in vitro and in vivo a novel pGC-B 

activator, C53. Here we established that C53 selectively generates cGMP via the pGC-B receptor 

and is highly resistant to NEP and has less interaction with NPRC in vitro. Furthermore in vivo, 

C53 had enhanced cGMP-generating actions that paralleled elevated plasma CNP-like levels, thus 

indicating a longer circulating half-life compared to CNP. Importantly in human cardiac 

fibroblasts (HCFs) and renal fibroblasts (HRFs), C53 exerted robust cGMP-generating actions, 

inhibited TGFβ−1 stimulated HCFs and HRFs proliferation chronically and suppressed the 

differentiation of HCFs and HRFs to myofibroblasts. The current findings advance innovation in 

drug discovery and highlight C53 as a novel pGC-B activator with sustained in vivo activity and 

anti-fibrotic actions in vitro. Future studies are warranted to explore the efficacy and therapeutic 

opportunity of C53 targeting fibrosis in cardiorenal disease states and beyond.
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1. INTRODUCTION

C-type natriuretic peptide (CNP) is a hormone that shares structural similarities to the 

cardiac hormones, atrial natriuretic peptide (ANP) and b-type natriuretic peptide (BNP) [1]. 

CNP is abundantly expressed in the endothelium [2, 3] and kidneys [4–6] as well as the heart 

[7–9], but to lesser extent than ANP and BNP. CNP selectively binds with high affinity to 

the particulate guanylyl cyclase B (pGC-B) receptor and has fairly low affinity for the 

particulate guanylyl cyclase A (pGC-A) receptor [10, 11]. Through the generation of its 

second messenger cGMP, CNP mediates potent anti-fibrotic actions [12–15], while lacking 

comparable renal enhancing or blood pressure (BP) lowering properties compared to ANP or 

BNP. Despite these beneficial anti-fibrotic actions, CNP’s therapeutic potential is limited 

because of its short circulating half-life [16] predominantly due to rapid degradation by 

neprilysin (NEP) [17–19] as well as high affinity for the clearance receptor, NPRC [20, 21].

Currently, there is no selective pGC-B activator approved for clinical use. Given the anti-

fibrotic actions assigned to pGC-B activation in models of organ fibrosis including cardiac 

and renal fibrosis [12, 13, 22], the engineering of a selective pGC-B activator with a longer 

half-life may represent a breakthrough in drug discovery and therapeutics. Indeed, elegant 

studies by Pankow et al., have demonstrated that NPs with longer amino- and/or carboxyl- 

terminal amino acid (AA) extensions are resistant to NEP degradation [18], which in turn 

may contribute to enhanced biological actions. Studies have established that CNP is 

produced as a prohormone that is cleaved intracellularly by the enzyme, furin, to yield a 53-

AA intermediate form (C53) [23]. C53 is subsequently cleaved by an unknown enzyme to 

generate the 22-AA biologically active form CNP [1, 24, 25]. However, the biological and 

cGMP generation actions of C53 are undefined and may represent a therapeutic opportunity 

targeting pGC-B/cGMP pathway and multiorgan fibrosis.

In the current studies, we hypothesized that C53, the intermediate 53-AA form of proCNP 

processing would, 1) selectively activate pGC-B and generate cGMP in vitro; 2) be resistant 

to NEP degradation and have less interaction with NPRC; 3) have superior cGMP generating 

actions, but without significant renal enhancing or BP lowering actions in vivo, and 4) 

inhibit human cardiac and renal fibroblasts proliferation and differentiation to myofibroblast 

in vitro. To test these hypotheses, we synthesized C53 and performed in vitro receptor 

activation and cGMP generation studies in human embryonic kidney 293 (HEK293) cells 

overexpressing human pGC-B receptors and in human cardiac and renal fibroblasts. We also 

investigated its degradation by NEP and interaction with NPRC. Furthermore, we defined 

the cGMP generating, renal and BP actions of C53 compared with CNP in normal rats. 

Lastly, we defined the ability of C53 to chronically inhibit human cardiac and renal 

fibroblasts proliferation as well as differentiation to myofibroblasts. Notably, C53 has 

provided us the opportunity to understand the biology and importance of the pGC-B/cGMP 
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system as well as advance drug discovery targeting this cardiorenal protective pathway and 

beyond.

2. METHODS

2.1. CNP and C53 Synthesis

Human and rat CNP and C53 were synthesized at Phoenix Pharmaceuticals (Burlingame, 

CA) by solid phase peptide synthesis method. The human and rat CNP AA sequence, which 

is 100% conserved between the human and rat, is NH2-GLSKGCFGLKLDRIGSMSGLGC-

COOH. The human C53 AA sequence is NH2 - 

DLRVDTKSRAAWARLLQEHPNARKYKGANKKGLSKGCFGLKLDRIGSMSGLGC – 

COOH and rat C53 AA sequence is NH2 - 

DLRVDTKSRAAWARLLHEHPNARKYKGGNKKGLSKGCFGLKLDRIGSMSGLGC - 

COOH. There is 96% homology between human and rat C53, with 2 AAs being different, 

which are identified with an underline in the rat C53 sequence. Structures were confirmed 

by mass spectrometry, and high-performance liquid chromatography analysis confirmed 

purity to be >95%.

2.2. cGMP Generation in HEK293 Parental Cells and HEK293 Cells Transfected with 
Human pGC-B or pGC-A Receptor In Vitro

HEK293 cells were stably transfected with either human pGC-B or pGC-A (cDNA clones 

from Origene, Rockville, MD) using Lipofectamine (Invitrogen, Grand Island, NY). 

Receptors overexpression was verified with immunofluorescence and western blotting (data 

not shown). Parental (non-transfected) HEK293 cells were used as a control. The pGC-A 

receptor selectively binds BNP with high affinity and was used as a control for ligand-

receptor selectivity. Parental and pGC-B/-A transfected HEK293 cells were maintained in 

Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum, 100U/ml 

penicillin, 100U/ml streptomycin and 250ug/ml G418.

An in vitro cGMP assay was utilized as previously described [26]. Briefly, cells were seeded 

in 48-well plates and cultured overnight to reach 80–90% confluency. The treatment buffer 

that includes, Hank’s Balanced Salt Solution (HBSS) including 0.1% BSA, 2 mM HEPES 

and 0.5 mM 3-isobutyl-1-methylzanthine (IBMX - a non-specific phosphodiesterase 

inhibitor, Sigma, St. Louis, MO), was used in the all experiments. HEK293 cells received 

treatment buffer (vehicle) only was used as a negative control. Serial concentrations of CNP 

or C53 (10−10, 10−9, 10−8.5, 10−8, 10−7, 10−7.5 and 10−6 M) in HBSS were incubated with 

HEK293 parental and HEK293 transfected pGC-B or pGC-A cells for 10 min. After 

treatment, all cells were washed with phosphate buffered solution (PBS) once and lysed with 

0.1M HCl. Intracellular cGMP was measured in the lysate using a commercial cGMP 

ELISA kit (Enzo Life Sciences, Farmingdale, NY) as instructed by the manufacturer.

2.3. cGMP Generation in Human Primary Cardiac and Renal Fibroblasts

Human primary cardiac fibroblasts (HCFs, Catalog # 12375, Lot # 424Z011.9, PromoCell, 

Heidelberg, Germany), human primary renal fibroblasts (HRFs, Catalog # H-6016, Lot # 

F19M15, Cell Biologics, Chicago, IL) were maintained and sub-cultured according to the 
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manufacturer’s protocols. HCFs and HRFs purity were verified with vimentin 

immunostaining (Supplemental Figure 1). Passages 4–8 were used in the study. Briefly, the 

cells were grown in 6-well plates until 80% confluency and were then treated with treatment 

buffer (HBSS including 0.1% BSA, 2 mM HEPES and 0.5 mM IBMX) alone or with 

concentrations of CNP or C53 (10−8, 10−7 and 10−6 M) for 10 min. Cells were washed with 

PBS once and lysed with 0.1M HCl. Intracellular cGMP was measured in the lysate using a 

commercial cGMP ELISA kit (Enzo Life Sciences, Farmingdale, NY) as instructed by the 

manufacturer.

2.4. In Vitro Neprilysin Degradation Assay

CNP and C53 in vitro degradation by recombinant human NEP (R&D systems, 

Minneapolis, MN) was determined by cGMP generating activity in HEK293 pGC-B cells as 

utilized and described previously [26–28]. Briefly, 10−6 mol (15uL) CNP or C53 was 

incubated with 50 ng (15uL) recombinant NEP in 270uL Tris/0.1% BSA buffer (50 mM 

Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 0.1% bovine serum albumin). The 

incubation temperature was 37 °C and incubation time ranged from 30 to 480 min. At 0 min, 

peptides were incubated with buffer only. At each time point (0 to 480 min), 300uL 

perchloric acid (0.5 N) was added to the reaction aliquot to inactivate NEP and stop 

degradation, while 2.5 N NaOH was used to neutralize the solution. Residual peptide 

(diluted to concentration 10−8M) from the neutralized reaction aliquot was added to 

HEK293 pGC-B cells to determine the capability to generate cGMP using the same cGMP 

ELISA kit (Enzo Life Sciences, Farmingdale, NY) as described above. Degradation of CNP 

and C53 for each time point was calculated based on the loss of cGMP generating capability 

in HEK293 pGC-B cells compared to the basal cGMP generation at 0 min.

2.5. NPRC Interaction Assay

The interaction of the CNP and C53 with NPRC was determined by a AlphaScreen 

luminescence proximity assay as previously described with modifications [29]. HEK293 

cells stably transfected with the NPRC receptor (tagged with green fluorescence protein 

GFP) were harvested. The membrane protein fractions of NPRC transfected HEK293 cells 

and parental (non-transfected) HEK293 were isolated by ProteoExtract native membrane 

protein Extraction Kit (Calbiochem, San Diego, CA). The membrane protein of parental 

HEK293 was used as a background control. To determine the interaction of CNP and C53 to 

the NPRC receptor, a reaction mixture that consisted of 10 uL of CNP or C53 (10−7 M), 10 

uL of 2ug membrane protein fraction in assay buffer in each well was made, then mixed well 

and then incubated for 1 hour at room temperature. After incubation, 10 uL of 5nM of rabbit 

anti-CNP polyclonal antibody (Peninsula Laboratories, San Carlos, CA) and 10 ug/mL anti-

GFP acceptor beads (PerkinElmer Life Sciences, Waltham, MA) were added and incubated 

for 1 hour at room temperature. Finally, 10 uL of 10 ug/mL anti-Rabbit IgG donor beads 

(PerkinElmer Life Sciences, Waltham, MA) were added into each well and mixed well. The 

plate was then read by a EnSpire plate reader (PerkinElmer Life Sciences, Waltham, MA) 

every 30 min for 2 hours. The interaction signal between CNP or C53 with the NPRC 

receptor was determined by subtracting the signal of the parental HEK293 samples from the 

signal of NPRC transfected HEK293 samples.
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2.6. Acute Infusion In Vivo Study Protocol

We investigated the cGMP generating, renal and BP actions of equimolar low (4.55 pmol/kg/

min), medium (45.5 pmol/kg/min) and high (455 pmol/kg/min) dose CNP or C53 or vehicle 

(0.9% normal saline) [n=4/group] in normal male Fischer rats (approximately 2 months old; 

200–250 grams; Envigo, East Millstone, NJ). Studies were performed in accordance with the 

Animal Welfare Act and with approval of the Mayo Clinic Institutional Animal Care and 

Use Committee.

Rats were anesthetized with isoflurane (2–3% in oxygen) and were subjected to vessel and 

bladder cannulation for peptide/vehicle infusion, BP measurement, blood sampling and 

urine collection. A polyethylene (PE)-50 tube catheter was placed into the jugular vein for 

inulin, CNP/C53/vehicle intravenous (IV) infusion. The carotid artery was cannulated with a 

PE-50 tube catheter for BP measurement (Sonometrics, London, Ontario, Canada) and blood 

sampling. The bladder was accessed and cannulated with a PE-50 tube catheter for passive 

urine collection. After completion of the above procedural set up, a 30 min equilibration 

period was performed that included continuous IV inulin and saline infusion. After the 30 

min equilibration period the inulin and saline infusion was replaced by a continuous IV 

infusion (75 min including a 15 min lead-in period) of equimolar low (4.55 pmol/kg/min), 

medium (45.5 pmol/kg/min) and high (455 pmol/kg/min) dose of CNP, C53 or vehicle with 

inulin. BP was monitored and urine was collected during the 60 min clearance period. The 

infusion rate was weight adjusted and calculated as follows: rat weight (grams)*0.7/60/100 

ml/min. At the end of the 60 min urine clearance, blood and urine were collected to 

determine plasma CNP-like levels, plasma and urinary cGMP levels and glomerular 

filtration rate (GFR). Urinary sodium was measured with flame photometry (IL943, 

Instrumentation Laboratory, London, UK). Urine flow (UV) and urinary sodium excretion 

(UNaV) were calculated as urine volume or sodium clearance per min. Inulin concentrations 

were measured with anthrone method and inulin clearance was used to calculate GFR.

2.7. In Vivo CNP-Like Levels and cGMP Analysis

We measured plasma CNP and C53 levels using a radioimmunoassay (RIA). Plasma CNP-

like levels (CLL) were determined by a non-equilibrium RIA (Phoenix Pharmaceuticals, 

Burlingame, CA) as previously described [6, 30], using an antibody that detects any peptides 

containing CNP within its structure, which includes C53. The range of the standard curve 

was 0.5–128 pg and was used to calculate the concentrations of the samples which is 

reported in pg/mL. The conversion factor from pg/ml to pmol/L is as followed: 1 pg/mL = 

0.45 pmol/L. Cross reactivities were <1% with ANP and BNP. Plasma and urinary cGMP 

were measured with cGMP RIA (PerkinElmer Life Sciences, Waltham, MA) as described 

before [26].

2.8. Live Cell, Real Time Human Fibroblasts Proliferation Imaging and Analysis

HCFs and HRFs (same as above) proliferation assay was performed using the automated 

live-cell, real-time imaging and analysis IncuCyte Zoom system (Essen BioScience, Ann 

Arbor, MI). Fibroblast proliferation was monitored by time-lapse imaging and analyzed by 

the IncuCyte Zoom system software, enabling determination of fibroblast density (% 

confluence) over time. Briefly, 100 uL of cells were seeded in a 96-well plate, which 
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resulted in 1.5×104 fibroblasts/well and then cultured for 24 hours without starvation. The 

cells were then treated with PBS (vehicle) alone, 5 ng/mL of the profibrotic cytokine 

transforming growth factor beta 1 (TGFβ−1, R&D Systems, Minneapolis, MN) alone or 

TGFβ−1 (5 ng/mL) together with C53 at concentrations of 10−8, 10−7 or 10−6 M. Phase 

contrast images were taken continuously for 3 days as instructed by the manufacturer and 

data images were analyzed using the system’s software. The effect of C53 on HCFs or HRFs 

proliferation was compared to the TGFβ−1 alone group.

2.9. Fibroblast Proliferation Quantified by Cell Counting

HCFs and HRFs (prepared in a similar manner as described above) were counted before 

being seeded into 48-well plates with complete medium and then incubated at 37 °C, 5% 

CO2 overnight. The culture medium was replaced with fresh medium containing TGFβ−1 

(5ng/ml) alone or with C53 concentration of 10−8, 10−7 or 10−6 M and then incubated for 8 

or 72 hours. At 8 and 72 hours, the fibroblasts were trypsinized, stained with 0.2% trypan 

blue and then counted using a Cedex XS Analyzer (Roche, Indianapolis, IN).

2.10. Immunostaining of Vimentin & α-SMA

HCFs and HRFs were plated on 8-well glass slide chamber until reaching 60–70% 

confluency (Thermo Fisher Scientific, Waltham, MA). Cells were then growth-arrested by 

reducing the concentration of fetal bovine serum in the medium to 0.01% for 48 hours. Cells 

were later treated with TGFβ−1 (5 ng/ml) alone or with C53 (10−6 M) for 24, 48 and 72 

hours. For staining, cells were initially rinsed with PBS for 30 seconds at ambient 

temperature and then fixed in 4% formaldehyde for 20 min. Cells were then washed three 

times with PBS prior to permeabilization. Permeabilization was performed in PBS buffer 

containing 0.2% Triton X-100 on ice for 6 min. Cells were then rinsed with PBS and 

incubated with mouse monoclonal anti-α smooth muscle actin (α-SMA) antibody (1:200; 

Novus, Littleton, CO) or mouse anti-vimentin (1:100, Thermo Fisher Scientific, Waltham, 

MA) at 4 °C overnight. After PBS rinse, secondary anti-mouse IgG-TX antibody (1:500; 

Abcam, Cambridge, MA) was applied for 60 min at room temperature. Stained slides were 

then rinsed with PBS and were then mounted with mounting medium containing DAPI 

(Vectashield, Vector Laboratories, Burlingame, CA) to detect the nucleus. Cells were then 

visualized and photographed using confocal microscope (Nikon A50R, Melville, NY). α-

SMA staining was quantified with ImageJ (NIH, Rockville, MD). Briefly, α-SMA positive 

cells were measured as “Integrated Density”, and the surrounding area was measure as 

“background readings”. The calculation of the corrected total cell fluorescence (CTCF) as 

following: CTCF = Integrated Density – (Area of selected cell X Mean fluorescence of 

background readings).

2.11. α-SMA Western Blotting

HCFs and HRFs were cultured in 6-well plates and starved for 48 hours with 0.01% FBS 

medium after reaching 80% confluency. The cells were then treated with TGFβ−1 (5 ng/ml) 

alone or with C53 (10−6 M) for 24, 48 and 72 hours. Cell lysates were harvested at each 

indicated time point with 200uL NP-40 lysis buffer containing protease inhibitors. After 30 

min of lysing, the supernatant was collected after centrifuging. Supernatant from different 

groups were then used for western blotting. Anti-α-SMA antibody (1:1000, Cell Signaling, 
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Danvers, MA) and anti-rabbit IgG secondary antibody (Santa Cruz Biotechnology, Dallas, 

TX) were used for blotting. Western blotting stripping buffer (Thermo Fisher Scientific, 

Waltham, MA) was applied to remove antibodies before GAPDH blotting. GAPDH was 

used as loading control and anti-GAPDH antibody (Cell Signaling, Danvers, MA) and anti-

rabbit IgG secondary antibody (Santa Cruz Biotechnology, Dallas, TX) were used. 

Enhanced chemiluminescence (Thermo Fisher Scientific, Waltham, MA) signals after 

blotting were read by a ChemiDoc Imaging System (Bio-Rad, Hercules, CA). Band intensity 

and normalization was quantified with ImageJ according to the provided instructions (NIH, 

Rockville, MD).

2.12. Statistical Analysis

Data are expressed as mean±SEM. For in vitro studies, each experiment was performed in 

triplicate. Unpaired t-test was performed for comparison between groups. Two-way ANOVA 

was used to compare the main group effects of C53 and TGFβ−1 followed by Bonferroni 

post-test for the fibroblast proliferation experiments. GraphPad Prism 7 (GraphPad Software, 

La Jolla, CA) was used for the above calculations, and statistical significance was accepted 

as p<0.05.

3. RESULTS

3.1. In Vitro cGMP Generation in Parental and Human pGC-B or pGC-A Receptor 
Transfected HEK293 Cells

CNP and C53 cGMP generation in HEK293 cells overexpressing human pGC-B or pGC-A 

receptors are illustrated in Figure 1. We observed a dose response increase in cGMP levels 

with CNP or C53 treatment (Figure 1A) in HEK293 pGC-B cells with significant cGMP 

generation (compared to vehicle) at concentration 10−8.5 to 10−6 M. There was no difference 

observed in pGC-B receptor potency by C53 compared to CNP, though there appeared to be 

a modest, non-significant trend that C53 is more potent in concentrations ranging from 10−9 

to 10−7.5 M. In HEK293 pGC-A cells (Figure 1B), C53 generated minimal, yet significant 

cGMP levels from 10−8.5 to 10−6 M with peak levels at 10−6 M, which was markedly lower 

than that generated by C53 at 10−6 M in HEK293 pGC-B cells (Figure 1A). Whereas, CNP 

did not significantly generate cGMP levels in HEK293 pGC-A cells at any concentration. In 

contrast and for comparison, we observed a cGMP dose response with increasing 

concentration of the endogenous pGC-A activator, BNP, in HEK293 pGC-A cells (5±1 

pmol/mL at 10−10 M, 385±66 pmol/mL at 10−8 M and 1028±73 pmol/mL at 10−6 M), but 

not in HEK293 pGC-B cells. Moreover in parental HEK293 cells, C53 and CNP did not 

generate cGMP and levels were similar to vehicle treatment (Supplemental Figure 2). 

Together, these in vitro studies demonstrate that C53, like CNP, is a selective pGC-B 

activator and the elongated amino terminus of C53 does not impede the cGMP generating 

actions via the pGC-B receptor.

3.2. In Vitro Neprilysin Degradation and Interaction with the Clearance Receptor NPRC

Next, we tested our hypothesis that elongation in amino terminus renders C53 highly 

resistant to NEP, unlike CNP which is rapidly degraded by NEP. CNP and C53 degradation 

by NEP was determined by cGMP generation in HEK293 pGC-B cells, thus a reflection of 
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pGC-B activity. In our NEP degradation assay, CNP essentially lost all its pGC-B activity, 

thus degraded, by 30 min (Figure 2). Importantly and interestingly, we observed that C53 

maintained, and even enhanced, its pGC-B activity throughout the entire experiment lasting 

480 min. In all time points, pGC-B activity was significantly higher with C53 than CNP.

Additionally, we also investigated CNP and C53 interaction with NPRC, which is the non-

guanylyl cyclase receptor that is responsible for removing/clearing NP based pGC activators 

such CNP. By performing a modified AlphaScreen luminescence proximity assay, we 

demonstrated that there was a trend that C53 interacts less (AlphaScreen signal: 200±80) to 

NPRC than CNP (AlphaScreen signal: 431±150), but the difference was not statistically 

significant.

3.3. In Vivo Activity of CNP and C53 Infusion

Figure 3 reports plasma CNP-like levels (CLL) with low, medium and high equimolar dose 

CNP or C53 IV infusion as well as vehicle in normal rats. As expected, low, medium and 

high dose of CNP and C53 increased plasma CLL levels in a dose-dependent manner. 

Notably, medium and high dose of C53 infusion induced significantly higher CLL levels 

than equimolar medium and high dose CNP. This data suggests that C53 has a longer half-

life than CNP. Figure 4 illustrates plasma and urinary cGMP in response to low, medium and 

high dose CNP or C53 infusion and vehicle. Consistent with the CLL values, plasma and 

urinary cGMP levels also highlight C53’s more enhanced and sustained in vivo activity 

compared to CNP. In both plasma and urinary cGMP parameters, C53 medium and high 

dose groups significantly increased cGMP levels compared to equimolar dose CNP. 

Importantly, medium dose of C53 generated comparable cGMP values as high dose of CNP, 

thus documenting the superiority of C53 generating cGMP in vivo compared to CNP.

3.4. In Vivo Blood Pressure and Renal Function with CNP and C53 Infusion

Changes in mean arterial pressure (MAP) and renal function parameters are summarized in 

Table 1. There was a modest, non-significant, reduction in MAP with C53 and CNP infusion 

at all three doses compared to vehicle. Further, we observed no effect on GFR, natriuresis 

and diuresis with all three doses of C53 and CNP infusion compared to vehicle.

3.5. In Vitro cGMP Generation of CNP and C53 in Human Cardiac and Renal Fibroblasts

Next, we investigated cGMP generation in HCFs and HRFs after exposure to C53 and the 

results are shown in Figure 5. Consistent with the potency observed in HEK293 pGC-B 

cells, we observed that C53 increased intracellular cGMP levels in both HCFs and HRFs. 

Additionally, cGMP generation presented a dose-dependent manner in HRFs. Similar 

intracellular cGMP levels were seen in HCFs and HRFs when also treated with CNP 

(Supplemental Figure 3). It is of interest to note, that the cGMP values are 16-fold higher in 

HRFs compared to HCFs, thus potentially indicating more abundant pGC-B receptors and/or 

enhanced cGMP generating capabilities in these renal cells.

3.6. In Vitro Inhibition of Human Cardiac and Renal Fibroblasts Proliferation with C53

We next evaluated the anti-fibrotic effects of C53 in HCFs and HRFs stimulated by the 

potent fibrotic cytokine TGFβ−1 [31–33] using inhibition of fibroblast proliferation as the 

Chen et al. Page 8

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



primary output and was performed by live-cell, time-lapsed imaging for 72 hours. As shown 

in Figure 6, 10−6 M C53 treatment potently inhibited TGFβ−1induced HCFs proliferation 

compared to TGFβ−1 group, maintaining confluence levels similar to those imaged at 0 hr, 

and reaching significance from 8 to 72 hours. Although 10−8 and 10−7 M concentration of 

C53 did not significantly reduce HCFs proliferation, a trend with C53 (10−7 M) was 

observed. Further a similar favorable anti-proliferative effect was seen in HRFs as illustrated 

in Figure 7. With the same stimulation and treatment regime, 10−6 M concentration of C53 

also potently inhibited TGFβ−1 induced HRFs proliferation compared to TGFβ−1, reaching 

significance from 52 to 72 hours. Notably, in the absence of TGFβ−1 stimulation, C53 

(10−6M) had no effect on proliferation in HCFs and HRFs and were similar to vehicle 

treatment (Supplemental Table 1). To further corroborate our results described above, we 

also performed a separate set of experiments utilizing the classical cell counting method to 

determine effect of C53 on TGFβ−1 induced HCFs and HRFs proliferation. In these studies, 

10−6 M concentration of C53 suppressed TGFβ−1 induced proliferation in both HCFs and 

HRFs, as indicated by a lesser number of cells, at 72 hours (Supplemental Table 2), thus 

supporting the results we observed in Figures 6 and 7.

3.7. In Vitro Suppression of Human Cardiac and Renal Fibroblast Differentiation to 
Myofibroblasts with C53

Myofibroblasts are identified by the expression of α-SMA protein and Figures 8 and 9 

illustrates that TGFβ−1 induced the differentiation of both HCFs and HRFs to 

myofibroblasts at 24 hours by immunostaining and western blotting analysis. Here, we 

demonstrate that C53 at a concentration of 10−6 M significantly reduced the differentiation 

of HCFs and HRFs to myofibroblasts at 24 hours. However, this reduction of differentiation 

to myofibroblasts was not sustained at 48 and 72 hours (data not shown).

4. DISCUSSION

Here we present the in vitro and in vivo actions of a novel pGC-B activator, C53, that 

includes for the first time the anti-fibrotic actions in human cardiac and renal fibroblasts. 

Specifically, we report C53, like CNP, is a potent and selective pGC-B activator and its 

extended amino terminus markedly improved its resistance to NEP degradation and showed 

a favorable trend to have reduced interaction with NPRC, compared to CNP. Importantly, 

our in vivo normal rat studies demonstrated that C53 had marked cGMP generating actions 

that paralleled elevated plasma CLL, thus indicating a longer circulating half-life. This 

elevation in plasma and urinary cGMP was without significant hypotension. Finally, in 

HCFs and HRFs, C53 elevated intracellular cGMP, attenuated TGFβ−1 stimulated 

proliferation chronically and suppressed the differentiation to myofibroblasts. Together our 

findings support the concept that C53 may represent a novel anti-fibrotic therapeutic strategy 

for the heart and kidney via the pGC-B/cGMP pathway.

Peptide therapeutics represents a unique class of biopharmaceuticals that continues to evolve 

in drug discovery and development. We and others have been particularly interested in 

bioengineering innovative pGC-A and/or pGC-B peptide activators. This has been 

successfully accomplished by integrating key AAs from endogenous pGC ligands or 
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utilizing knowledge based on genetic alterations and prohormone processing/degradation to 

create novel biotherapeutics whose biological actions extend beyond native ligands, as well 

as, to overcome certain limitations such as short circulating half-life [26, 34–38]. In the 

current study, we took advantage of scientific knowledge related to proCNP processing [24, 

25] and the formation of a 53-AA intermediate peptide which is generally thought to be a 

storage form of CNP [2]. Our in vitro HEK293 cell studies clearly demonstrated that C53 

can activate the pGC-B receptor as intracellular cGMP was significantly elevated in dose-

dependent manner, with very minimal pGC-A activity at higher doses. These findings 

establish that C53 has biological activity that is selective for the pGC-B receptor, despite 

having an elongated amino terminus.

The clinical development and application of peptide-based drugs has been limited, in part, 

due to short circulating half-life [39]. Indeed, studies have shown that CNP is rapidly 

degraded by NEP as well as catabolized by NPRC and therefore is short-lived in vivo [16, 

17, 20]. Thus, we focused on the degradation and clearance of C53, as reduced NEP 

susceptibility and/or clearance by NPRC would enhance bioavailability. Elegant studies by 

Pankow and colleagues [18] have demonstrated that NEP-mediated degradation of NPs, the 

endogenous pGC-A or pGC-B ligands, is dependent in part, on the length of the amino 

and/or carboxyl termini. Our data demonstrated that C53, in the presence of NEP, mediated 

potent pGC-B activity and cGMP generation for 480 minutes. However CNP, in the presence 

of NEP, lost its ability to generate pGC-B mediated cGMP by 30 minutes, which is 

consistent with the known fact that CNP is highly susceptible to NEP degradation [18, 19, 

40]. Interestingly in the presence of NEP, C53 generated more than 100% pGC-B mediated 

cGMP activity throughout the entire 480 minutes, thus suggesting that NEP cleaves, at least 

some of, C53 into unknown molecular forms that has ability to activate cGMP via pGC-B 

greater than that of C53 or CNP. In addition to NEP, NPRC is receptor-mediated mechanism 

for CNP metabolism and previous reports showed CNP had a high binding affinity to NPRC 

[41, 42]. Our findings show that C53 interacted less with NPRC than CNP, thus providing 

evidence that C53 may be less likely to be metabolized by NPRC. Given this data, it is 

plausible to suggest that the extra 31 AAs on the amino terminus of C53 either lacks key 

NEP recognition sites and/or provides a protective structural conformation that prevents 

NEP and NPRC catabolism. Together, our in vitro data suggests C53 may have enhanced 

bioavailability, with superior biological properties, compared to CNP. However, future 

studies are warranted to elucidate the extent of the role of C53’s amino terminus and its 

ability to confer resistance to breakdown.

In our in vivo study using normal rats, we observed that acute IV infusion of C53 generated 

significantly higher CLL compared to equimolar infusion of CNP. This marked elevation in 

plasma CLL with C53 was paralleled with significantly elevated levels of plasma and 

urinary cGMP, the second messenger of pGC-B activation. Further, despite marked 

generation of cGMP with C53 infusion there was no significant effect on GFR, natriuresis, 

diuresis or the lowering of BP under these normal conditions. These results are consistent 

with previous studies in normal humans and canines demonstrating that cGMP generation 

with CNP infusion lacks significant renal actions or BP lowering effects [38, 43]. However, 

recent and fascinating studies with mouse models of cell-specific deletion of CNP or the 

pGC-B receptor [44–46] have suggested this signaling pathway may indeed have a role in 
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BP regulation. Thus, given complexity of the regulation of vascular tone and BP, further 

investigations are required to delineate whether C53 can alter BP chronically or under 

pathophysiology conditions such as hypertension [47]. Our current data supports the idea 

that the pGC-B/cGMP pathway may predominantly mediate cellular and tissue remodeling 

responses, unlike pGC-A/cGMP signaling which has immediate BP lowering and renal 

enhancing actions [1, 35]. Nonetheless, our in vivo results provide evidence that C53 has a 

longer circulating half-life and enhanced cGMP-generating capabilities compared to CNP. 

However, additional pharmacokinetic studies are needed to calculate t1/2 and Cmax to further 

confirm its prolonged half-life.

The CNP/pGC-B/cGMP pathway has been reported to be potent inhibitor of fibrosis, from 

an intrinsic compensatory protective response as well as a therapeutic in cardiorenal injury 

and disease states [6, 12, 13, 22, 30]. Indeed, fibrosis is a progressive process leading to 

increased risk for morbidity and mortality [31] of which there are no FDA approved 

therapies targeting pGC-B and organ fibrosis. Hence, there is unmet clinical need for the 

discovery and development of novel pGC-B/cGMP potentiating therapeutics for fibrotic 

remodeling. In our study, we chose the heart and kidney as two target organs for assessing 

the anti-fibrotic actions of C53. Using HCFs and HRFs, which possess an abundance of 

pGC-B receptors [9, 48], we observed that C53 significantly generated intracellular cGMP 

in vitro. Importantly, we mimicked a potential pathophysiological environment by 

stimulating HCFs and HRFs with TGFβ−1, which is an important driver of organ fibrosis 

and is activated in cardiorenal injury and disease states [49–51]. Herein, we observed that 

pharmacological treatment with C53 attenuated TGFβ−1 induced HCFs and HRFs 

proliferation over 72 hours. However pharmacological treatment with C53 suppressed the 

differentiation of HCFs and HRFs to myofibroblasts by TGFβ−1 for 24 hours. While our 

findings are the first to demonstrate the anti-fibrotic potential of C53 in the heart and kidney 

utilizing in vitro fibroblast studies, these results also suggest that C53 may have differential 

effects on two mechanisms of fibrosis (i.e. proliferation and differentiation) related to the 

development of fibrosis as seen in other studies [52]. Therefore, additional studies are 

warranted to define C53’s ability to target various fibrotic mechanisms with chronic therapy 

by employing in vivo models of fibrotic diseases in various organ systems as well as to 

investigate its effect on collagen expression levels and turnover.

While the present study has potential therapeutic implications targeting fibrosis of the heart 

and kidney, it also has some limitations worth noting. Although our in vitro NEP assay 

provides indirect evidence of C53’s resistance to NEP degradation, additional mass 

spectrometry-based studies are required to determine its proteolytic cleavage products. 

Further studies using direct receptor binding method such as radiometric ligand binding 

experiments or surface plasmon resonance (SPR) spectroscopy are warranted to determine 

the NPRC binding affinity of C53. Moreover, our in vivo studies were performed in normal 

rats. Thus, further studies are needed to define the biological actions of C53 under 

pathophysiological conditions that contribute to formation of cardiorenal fibrosis and to also 

investigate the therapeutic actions of C53 in vivo. Lastly, our acute infusion was 

administered intravenously and thus, other chronic delivery strategies such as subcutaneous 

administration, as successfully reported by Chen et al. [53], are warranted to demonstrate its 
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long-term therapeutic effects in fibrotic disease models and to support its potential clinical 

development.

5. CONCLUSION

In conclusion, C53 represents a novel pGC-B activator that was bioengineered to activate the 

protective pGC-B/cGMP signaling pathway and possesses enhanced cGMP generating 

actions, inhibits fibroblast proliferation chronically and suppresses the differentiation of 

fibroblasts to myofibroblasts. Together, our in vitro and in vivo studies provide new insights 

into the biology of CNP and drug discovery. Moreover, our findings establish that C53 is 

resistant to catabolism and has anti-fibrotic therapeutic potential via the pGC-B/cGMP 

pathway. The discovery of enhanced and sustained biological actions of C53 in vivo are 

encouraging and our data support further investigations to explore the efficacy of C53 in 

suppressing in vivo fibrotic remodeling of the heart, kidney and other organ systems.
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ABBREVIATIONS

AA amino acid

α-SMA alpha-smooth muscle actin

BP blood pressure

cGMP 3’,5’ cyclic guanosine monophosphate

CLL CNP-like levels

CNP C-type natriuretic peptide

pGC-A particulate guanylyl cyclase A receptor

pGC-B particulate guanylyl cyclase B receptor

GFR glomerular filtration rate

HCFs human primary cardiac fibroblasts

HEK293 human embryonic kidney 293
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HRFs human primary renal fibroblasts

MAP mean arterial pressure

NPs natriuretic peptides

NEP neprilysin

NPRC natriuretic peptide clearance receptor

TGFβ−1 transforming growth factor beta 1

UNaV urinary sodium excretion

UV urine flow
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HIGHLIGHTS

• The bioengineering of a novel and selective pGC-B/cGMP activator, C53

• C53 is highly resistant to NEP degradation and has less interaction with 

NPRC compared to CNP in vitro

• C53 has more sustained in vivo activity compared to CNP under normal 

conditions in rats

• Importantly, C53 treatment inhibits human cardiac and renal fibroblasts 

proliferation chronically and suppresses the differentiation to myofibroblasts 

stimulated by the profibrotic cytokine TGFβ−1

Chen et al. Page 17

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Generation of cGMP in HEK293 cells overexpressing human pGC-B (A) or pGC-A 

receptors (B) in response to 10−10, 10−9, 10−8.5, 10−8, 10−7.5, 10−7 or 10−6 M of CNP (red 

bars) or C53 (green bars), compared to vehicle. * p<0.05 vs vehicle.
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Figure 2, 
In vitro NEP degradation curve of C53 (green line) and CNP (red line) quantified by cGMP 

generating activity in HEK293 overexpressing human pGC-B. * p<0.05 vs 0 min, # p<0.05 

vs CNP.
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Figure 3, 
Plasma CNP-like levels (CLL) with CNP (red bars) and C53 (green bars) infusion in vivo. 

Three equimolar doses (low = 4.55 pmol/kg/min, medium = 45.5 pmol/kg/min and high = 

455 pmol/kg/min) of CNP or C53 was used and saline served as vehicle. * p<0.05 vs 

vehicle, # p<0.05 vs equimolar dose CNP.
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Figure 4, 
Plasma (A) and urinary (B) cGMP levels with CNP (red bars) and C53 (green bars) infusion 

in vivo. Three equimolar doses (low = 4.55 pmol/kg/min, medium = 45.5 pmol/kg/min and 

high = 455 pmol/kg/min) of CNP or C53 was used and saline served as vehicle. Urinary 

cGMP was calculated as cGMP excretion [urinary cGMP concentration (pmol/mL) X 

urinary volume rate (mL/min). * p<0.05 vs vehicle, # p<0.05 vs equimolar dose CNP.
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Figure 5, 
cGMP generation by C53 (green bars), at concentrations of 10−8, 10−7 or 10−6 M, in human 

cardiac fibroblasts (A) and human renal fibroblasts (B). Treatment buffer served as vehicle. 

* p<0.05 vs vehicle.
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Figure 6, 
Time-lapse imaging analysis of chronic inhibition of human cardiac fibroblasts (HCFs) 

proliferation over 3 days. (A) Quantification of the HCFs proliferation. HCFs proliferation 

was stimulated with TGFβ−1 (5 ng/mL) alone or with C53 at doses of 10−8, 10−7 or 10−6 M. 

(B) Representative phase objective confluence images, at 10X objective, of HCFs 

proliferation at time points 0, 24, 48, 72 hr. The upper panels are HCFs stimulated with 

TGFβ−1 alone and the lower panels are HCFs stimulated with TGFβ−1 in the presence of 

C53 treatment (10−6 M). # p<0.05 vs TGFβ−1.
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Figure 7, 
Time-lapse imaging analysis of chronic inhibition of human renal fibroblast (HRFs) 

proliferation over 3 days. (A) Quantification of the HRFs proliferation. HRFs proliferation 

was stimulated with TGFβ−1 (5 ng/mL) alone or with C53 at concentrations of 10−8, 10−7 

or 10−6 M. (B) Representative phase objective confluence images, at 10X objective, of HRFs 

proliferation at time points 0, 24, 48, 72 hr. The upper panels are HRFs stimulated with 

TGFβ−1 alone and the lower panels are HRFs stimulated with TGFβ−1 in the presence of 

C53 treatment (10−6 M). # p<0.05 vs TGFβ−1.
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Figure 8, 
Human cardiac fibroblasts (HCFs) or human renal fibroblasts (HRFs) differentiation into 

myofibroblasts as determined by α-SMA expression in the presence of TGFβ−1 (5ng/mL), 

with or without C53 at concentration of 10−6 M, for 24 hours by immunofluorescence. 

Representative images of immunostaining images and quantitation for expression (red) and 

DAPI (blue) in HCFs (A and B) and HRFs (C and D) at 0 and 24 hours. Scale bar = 100um.
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Figure 9, 
Human cardiac fibroblasts (HCFs) or human renal fibroblasts (HRFs) differentiation into 

myofibroblasts as determined by α-SMA expression in the presence of TGFβ−1 (5ng/mL), 

with or without C53 at concentration of 10−6 M, for 24 hours by western blot analysis. 

Representative immunoblot of α-SMA protein expression and quantitation in HCFs (A and 
B) and HRFs (C and D) at 24 hours.
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Table 1.

Blood pressure and renal function with CNP and C53 IV infusion

Variable CNP C53

Vehicle Low Medium High Low Medium High

ΔMAP, mmHg 2.2±2.9 −0.9±0.9 −1.9±0.5 2.5±1.0 −0.5±1.0 −1.4±1.1 −3.7±2.6

GFR, ml/min 1.1±0.1 1.2±0.1 1.2±0.2 1.3±0.1 1.2±0.1 1.5±0.1 1.1±0.2

UV, uL/min 10.0±0.1 11.3±1.0 10.0±0.9 9.8±0.3 13.3±2.0 11.3±0.8 13.5±2.0

UNaV, uEq/min 0.9±0.1 0.8±0.1 0.7±0.1 0.9±0.1 0.9±0.2 1.0±0.1 1.1±0.3

Equimolar dose of CNP and C53 is as follows: Low = 4.55 pmol/kg/min; Medium = 45.5 pmol/kg/min and High = 455 pmol/kg/min. ΔMAP: 
change in mean arterial pressure; GFR: glomerular filtration rate; UV: urine flow; UNaV: urinary sodium excretion rate. Data expressed as mean ± 
SEM.

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 May 01.


	Abstract
	INTRODUCTION
	METHODS
	CNP and C53 Synthesis
	cGMP Generation in HEK293 Parental Cells and HEK293 Cells Transfected with Human pGC-B or pGC-A Receptor In Vitro
	cGMP Generation in Human Primary Cardiac and Renal Fibroblasts
	In Vitro Neprilysin Degradation Assay
	NPRC Interaction Assay
	Acute Infusion In Vivo Study Protocol
	In Vivo CNP-Like Levels and cGMP Analysis
	Live Cell, Real Time Human Fibroblasts Proliferation Imaging and Analysis
	Fibroblast Proliferation Quantified by Cell Counting
	Immunostaining of Vimentin & α-SMA
	α-SMA Western Blotting
	Statistical Analysis

	RESULTS
	In Vitro cGMP Generation in Parental and Human pGC-B or pGC-A Receptor Transfected HEK293 Cells
	In Vitro Neprilysin Degradation and Interaction with the Clearance Receptor NPRC
	In Vivo Activity of CNP and C53 Infusion
	In Vivo Blood Pressure and Renal Function with CNP and C53 Infusion
	In Vitro cGMP Generation of CNP and C53 in Human Cardiac and Renal Fibroblasts
	In Vitro Inhibition of Human Cardiac and Renal Fibroblasts Proliferation with C53
	In Vitro Suppression of Human Cardiac and Renal Fibroblast Differentiation to Myofibroblasts with C53

	DISCUSSION
	CONCLUSION
	References
	Figure 1.
	Figure 2,
	Figure 3,
	Figure 4,
	Figure 5,
	Figure 6,
	Figure 7,
	Figure 8,
	Figure 9,
	Table 1.

