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Abstract 

Apelin is a well-established mediator of survival and mitogenic signalling through apelin 

receptor (Aplnr) and have been implicated in various cancers, however little is known 

regarding Elabela (ELA/APELA) signalling, also mediated by Aplnr, and its role and the role 

of the conversion of its precursor proELA into mature ELA in cancer are unknown. Here we 

identify a function of mTORC1 signalling as an essential mediator of ELA that represses 

kidney tumour cells growth, migration and survival. Moreover, sunitinib and ELA show 

synergistic effect in repressing tumour growth and angiogenesis in mice. The use of site 

directed mutagenesis and pharmacologic experiments provide evidence that the alteration of 

the cleavage site of proELA by Furin induced improved ELA anti-tumorigenic activity. 

Finally, cohort of tumours and public data sets revealed that ELA is only repressed in the 

main human kidney cancer subtypes namely clear cell, papillary, and chromophobe renal cell 

carcinoma. While Aplnr is expressed by various kidney cells, ELA is generally expressed by 

epithelial cells. Collectively, these results show the tumour-suppressive role of mTORC1 

signalling mediated by ELA and establish the potential use of ELA or derivatives in kidney 

cancers treatment. 
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Introduction 

Renal cell carcinoma (RCC) is one of the most common malignancies worldwide accounting 

for 140,000 cancer-related deaths and 330,000 new cases a year (1). Various environmental 

and daily life risk factors for RCC are well established, including hypertension, obesity and 

several chronic kidney diseases. In adults, malignant kidney tumors mainly arise from the 

renal parenchyma and renal pelvis (2). RCC is classified into clear cell RCC (ccRCC), 

papillary RCC, and chromophobe RCC subtypes (2). Accounting for up to 75% of all RCCs, 

ccRCC is predominantly sporadic and only 5% are associated with hereditary syndromes (von 

Hippel-Lindau disease (VHL)) (2). Up to 50% of renal cancer patients develop metastatic 

disease, which remains incurable with <28 months median survival (3). Only limited 

successful treatment procedures are currently available due to the lack of thorough 

understanding of the basic molecular pathways involved in RCC carcinogenesis and 

genetically pertinent animal models (4). Currently, signalling pathways that promote RCC 

metastatic progression are subject to various studies and tyrosine kinases have emerged as 

important determinants of RCC neoplasia (3–5).  

The apelin peptides and their cognate G-protein-coupled receptor known as apelin receptor 

(Aplnr) play a key role in apoptosis, cell proliferation, angiogenesis, metabolic disorders and 

various cancers (6, 7). Following Aplnr activation, a wide range of signalling pathway 

activation mediates these biological processes. These include, phosphorylation of protein 

kinase B (AKT), ERK1/2 (8), calcium mobilization (8, 9), cAMP (6), and nitric oxide 

synthase (NOS) (10). Previously, two groups separately identified Elabela (ELA)(11, 12)  , as 

a new Aplnr ligand. Human ELA cDNA encodes a pre-proprotein of 54 amino acid (aa) 

residues. Following the removal of the signal peptide, the proprotein (proELA) of 32aa  

(ELA32) is converted to mature peptide 11aa (ELA11) by the proprotein convertases (PCs) 

(11–15). This well-conserved ELA gene (APELA) was initially associated with early cardiac 
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development. Loss of APELA resulted in phenotype similar to deficient Aplnr gene but 

different from APLN gene, suggesting a functional link between ELA and Aplnr (8, 16).  ELA 

is able to activate Aplnr in vitro, and activation of Aplnr by apelin signalling pathway was 

shown to rescue ELA deficiency (11, 12). Hence, we could consider that ELA and Aplnr 

interaction might be involved in a series of yet uncharacterized signals responsible for various 

physiopathological mechanisms, as recently reported for the ELA loss that promotes 

preeclampsia and cardiovascular malformations (17). Herein, we report that ELA gene and 

protein are systematically repressed in the main human kidney cancers. Activation of Aplnr 

by ELA and uncleaved ELA precursor peptide (mut ELA) induce inhibition of cell survival in 

an mTORC1-dependent manner. We also demonstrate that tumour cell proliferation and 

motility are repressed by ELA and more efficiently by mut ELA that selectively affect Aplnr 

affinity and internalization/recycling during its interaction with Aplnr. Our results highlight 

the tumour suppressor features of ELA and mut ELA and identify the new role of mTORC1 

activation by ELA in these processes, suggesting the potential use of ELA and/or derivatives 

as a therapeutic approach in kidney cancers. 
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Results  

Repressed expression of ELA in human kidney cancer patients  

The Cancer Genome Atlas datasets (TCGA) analysis on ELA gene (APELA), APLN and 

APLNR expression levels in various tumours and their corresponding normal tissues, revealed 

that APELA expression is up-regulated in colon, lung, stomach, thymoma cancers and does 

not vary in the other type of cancer tissues analysed except in kidney cancer tissues (Figure 

1A). We found that APELA is systematically down regulated in all renal cancer types 

analysed including chromophobe RCC (n = 66), papillary RCC (n = 289) and ccRCC (n = 

531) when compared with normal kidney tissues (n = 25, n = 32, and n = 72, respectively). 

APLN and APLNR expression was up-regulated in ccRCC and down-regulated in papillary 

RCC (Figure 1A-1B). A negative correlation between APELA and the marker of cellular 

proliferation KI67 expression was also noted in TCGA data set in all these renal cancer types 

(r = -0.58, n = -0.41 and n = -0.33 for chromophobe RCC, papillary RCC and ccRCC, 

respectively) (Figure 1C). In contrast, the expression of APLN was positively correlated with 

KI67 expression in these kidney cancer subtypes (r = 0.28, r = 0.41 and r = 0.11, respectively 

(Figure 1C) and APLNR expression was positively correlated with KI67 only in ccRCC (r = 

0.27). Similarly, analysis of tissues obtained from RCC patients with different cancer grades 

revealed that ELA mRNA expression is frequently strongly down regulated in renal cancer 

samples while compared to normal tissues (Figure 1D). ELA was differentially repressed in 

more than 80% of the kidney cancer samples examined. Of the patients analysed, up to 30% 

showed no ELA expression. Further analysis revealed that APLNR expression remained 

unchanged in 20%, repressed in approximately 45% and increased in 20% of tumour patients 

(Figure 1E). We also detected ELA (Figures 1F) and APLNR (Figure 2A) proteins in 

macroscopically normal kidney tissues. Quantitative analysis of the immunohistochemistry 

staining in RCC and their matched normal kidney tissues indicated that the average of ELA 
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protein staining is reduced (Figure 1F, and Supplementary Figure-1). These finding 

suggest that the expression of ELA is negatively correlated with human renal cancer. Indeed, 

when we analysed and quantified the expression of Ki-67 protein (Figure 2B), we observed a 

negative correlation between ELA and Ki-67 expression (r = −0.774, p<0.001). In some 

patients the reduced expression of ELA was associated with reduced APLNR expression 

(Figures 1F, -2A and Supplementary Figure-2). Double-label immunostaining in human 

kidney sections revealed that while ELA did not co-localize with endothelial cells and 

hematopoietic cells, specifically overlapped in the tubule epithelial cells area, which was 

detected using the anti-cytokeratin antibody (Figure 2C). In contrast APLNR was expressed 

in all these cells (Figure 2D). Taken together, these data suggest that APELA may play a role 

in human renal cancer.  

 

Inhibition of cell survival and the malignant phenotype by ELA and unprocessed ELA 

precursor (mut ELA) 

The ELA32 protein precursor (32 aa) is cleaved at two proprotein convertase-cleavage sites 

RX(K/R)RQ (18–20), namely R
31

/R
32

 and R
42

/R
43

 to generate mature ELA11 peptide (11 

ELA32) (Figure 3A). Through Genbank databases we found that this cleavage sites are 

conserved in all analysed species (Supplementary Table 1), suggesting the biological 

importance of the proteolytic maturation of proELA (ELA32) by the proprotein convertases. 

To determine the role of ELA and proELA processing by these proteases on the malignant 

phenotype, lentiviral vectors were first used to deliver and stably express ELA and 

unprocessed proELA (mut ELA, in which the two cleavage sites were mutated to S
31

/S
32

 and 

S
42

/S
43 

(Figure 3A), respectively in the kidney cancer cells Renca and Caki-2. The 

proliferation of cells stably expressing ELA and mut ELA, were analysed using the IncuCyte 

Live Cell Analysis System (Figure 3B-3C). As illustrated, expressing of ELA and mut ELA 
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in these cells significantly decreased their confluence rate, suggesting the autocrine action of 

ELA and mut ELA in these cells. Interestingly, expression of ELA or mut ELA in Renca cells 

induced APLNR expression and repressed APLN expression (Supplementary Figure-3). The 

confluence rate of mut ELA-expressing cells was further inhibited compared to ELA-

expressing cells and control cells (Figure 3B-3C). To confirm the autocrine effect of ELA on 

cell proliferation, we generated HEK 293 cells stably overexpressing APLNR (HEK-

APLNR). In agreement with our previous results, stable expression of ELA or mut ELA in 

HEK-APLNR cells repressed their confluence rate compared to controls (Figure 3D). To 

directly evaluate the effect of ELA on tumour cells growth in vivo, we first investigated 

whether secreted ELA by renal cells resulted in sustained tumour repression in a syngeneic 

mouse model developed with subcutaneously implanted murine Renca cells in BALB/c mice. 

Mice were inoculated subcutaneously with control cells, and the same cells stably expressing 

ELA. As illustrated in Figure 3E, expression of ELA in Renca cells reduced their ability to 

induce tumour growth. Injection of Renca cells into the subcapsular space in the kidney of 

mice resulted also in a decrease of tumour growth in mice bearing ELA-tumours 

(supplementary Figure-4). Similarly using the human kidney cancer cells ACHN as a 

second model, we found that stable expression of mut ELA in these cells using lentiviral 

vectors inhibited their ability to mediate tumour growth in nude mice (Figure 3F).  We next 

evaluated cell migration in a wound-healing assay and observed that while Renca and HEK-

APLNR control cells closed the wound (~45 % for Renca and ~80% for CaKi-2 cells) within 

24 h, ELA and mut ELA expressing cells inefficiently closed the wound over the same time 

frame (~27 % for Renca and ~42% for HEK-APLNR cells) (Figure 3G-3H).  Next, we 

investigated whether ELA and mut ELA expression in cancer cells induced cell death. 

Apoptosis was examined in Renca and HEK-APLNR cells in the presence of serum or 

following serum starvation using an AnnexinV apoptosis detection kit. We observed that 
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apoptosis levels were elevated in cells stably expressing ELA or mut ELA versus controls 

(Figure 3I-3J). Relatively greater effect was observed with mut ELA. Further experiments 

revealed that ELA and mut ELA expression in Renca cells increased the levels of cleaved 

caspase 3 and PARP (Figure 3K). This suggests the involvement of these apoptotic 

molecules in ELA and mut ELA-induced cell death. Collectively, the database, the patient 

tissue analyses, and the in vivo results shown here are consistent with the potential tumour 

suppressor function of ELA in kidney. 

 

Regulation of AKT, ERK and mTORC1 activation by ELA and mut ELA  

AKT, ERK and mTOR kinases form a complex pathway, which regulates a diverse array of 

cellular functions, most prominently cell growth, migration and survival. Therefore, we 

examined whether ELA and mut ELA expressing tumour cells display autocrine regulation of 

these pathways. Renca cells were first serum starved for short (3h) and long (24h) time 

periods, lysed and analysed by western blot using phosphospecific antibodies. For 

comparison, after 24h of starvation, cells were stimulated with serum (S). Compared to 

control cells, we found that expression of ELA or mut ELA in Renca cells induced mTORC1 

activation, as seen by the dramatic increase in the activation of mTORC1 substrate S6K 

(Figure 3L) and the S6K substrate S6 (Figure 3M). Indeed, mTORC1 is necessary for the 

phosphorylation of Thr
389

 in S6K and as illustrated in Figure 3L, the phosphorylation of 

Thr
389

 was up-regulated in ELA and mut ELA expressing cells. Analysis of NFB activation 

in these cells revealed that ELA and mut ELA had no effect on its activation (Supplementary 

Figure 5). In contrast, analysis of AKT (Thr
308

 and Ser
473

) and ERK activity under the same 

conditions revealed their repressed activity in ELA and mut ELA expressing cells (Figure 

4A-4B). To further investigate the repressed ERK and AKT activation mediated by ELA and 

mut ELA, we analysed ERK and AKT activation following treatment of HEK-APLNR cells 
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with mature ELA11, ELA32, and mut ELA32 peptides during short time periods. We 

observed that while these peptides were able to induce rapid (5 min) phosphorylation of AKT 

(Figure 4C) and ERK (Figure 4D), this activation was rapidly repressed and decreased over 

time. These results suggest that activation of APLNR by ELA peptides that activate mTORC1 

is associated with rapid repression of AKT and ERK activation. In agreement with these 

results, treatment of control HEK cells and HEK-APLNR cells with ELA peptides, revealed 

that while ELA11, ELA32, and mut ELA32 induced weak effect on AKT and ERK activation 

in control HEK cells, overexpression of APLNR in these cells induced rapid (10 min) ERK 

and AKT activation that was repressed over time in HEK-APLNR cells (3h) (supplementary 

Figure 6). In contrast, increased activation of 4EBP-1 and S6K was observed at 3h in ELA 

peptides-treated HEK-APLNR cells while compared to ELA peptides-treated control HEK 

cells (supplementary Figure 6). To confirm that the mut ELA peptide is not cleaved by 

Furin   produced by HEK-APLNR cells during treatment, we performed in vitro digestion 

assay. Incubation of ELA32 peptide with recombinant human Furin   (0.2×10
−4

U) 

predominantly generated the mature ELA11 form as assesses by immunoblotting assay, 

suggesting that R
31

/R
32

 and R
42

/R
43

 sites are cleaved simultaneously (Figure 4E). In contrast, 

Furin   failed to cleave the mut ELA32 peptide (Figure 4F) at all the time points analysed.  

 

Cell survival and autophagy inhibition by ELA and mut ELA  

mTORC1 controls cell proliferation, survival, and metabolism by integrating a variety of 

signals from growth factors and nutrients (21). We investigated whether the activation of 

mTORC1 plays a mechanistic role in apoptosis induced by ELA and mut ELA. In agreement 

with this possibility, ELA and mut ELA expression in Renca cells induced caspase 3 cleavage 

and rapamycin treatment of these cells was sufficient to inhibit caspase 3 cleavage (Figure 

4G). Accordingly, we observed that while ELA and mut ELA induce the two mTORC1 

targets, S6K and 4EBP1, in the absence or presence of serum, rapamycin inhibits S6K 
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(Figure 4H) and 4EBP1 (Figure 4I) activation. We next explored whether apoptosis upon the 

activation of mTORC1 by ELA and mut ELA is linked to autophagy inhibition. For this 

purpose, we examined the levels of the autophagic marker LC3-II, and the aggregation of a 

GFP-LC3 construct upon autophagosome formation. We first observed that there was no 

reduction in LC3 levels in ELA and mut ELA expressing cells compared to control cells 

during serum starvation, suggesting the inhibition of autophagy in these cells (Figure 4J). To 

confirm that autophagy acts downstream of ELA pathways, we next used the Osteosarcoma 

U2OS cells stably expressing GFP-LC3 a well-established cell model to study autophagy, 

particularly autophagosome formation (22). Thereby, incubation of the U2OS cells stably 

expressing a GFP-LC3 construct with ELA11, ELA32 and mut ELA32 peptides (100nM) 

displayed a decrease in the number of GFP-LC3 aggregates compared to non-treated cells 

(Figure 5A), showing an increase in autophagosome formation. These cells express APLNR 

but not ELA (supplementary Figure 7). To clarify the role of mTORC1 on the blockage of 

autophagy by ELA and mut ELA, we inhibited mTORC1 pathway using rapamycin. As 

shown in Figure 5B mTORC1 inhibition by rapamycin repressed ELA- and mut ELA-

mediated inhibition of autophagy flux, as determined by the increase in the amount of GFP-

LC3 aggregates. In agreement with this finding, the autophagic protein Sequestosome-1 

(SQSTM1, p62) accumulated in ELA and mut ELA expressing Renca cells was inhibited by 

rapamycin (Figure 5B). Thus, the apoptotic cell death mediated by ELA- and mut ELA-

induced activation of mTORC1 is linked to the inhibition of autophagy. These results indicate 

that mTORC1 activation by ELA- and mut ELA is responsible for the inhibition of autophagy 

and cell death. The use of TCGA expression analysis to examine the correlation between 

APELA and mTOR interactors AKT, ERK, and S6K showed that the expression of APELA is 

positively correlated with mTOR expression in chromophobe RCC (r = 0.25, p = 0.016) and 

ccRCC (r = 0.42, p = 5.12 x 10
-27

).  APELA and S6K expression positively correlated in 
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papillary RCC (r = 0.27, p = 1.26 x 10
-6

) and ccRCC (r = 0.34, p = 1.27 x 10
-17

). In contrast, a 

negative correlation was noted between APELA and AKT in chromophobe RCC (r = -0.61, p = 

1.1 10
-10

) and ccRCC (r = -0.23, p = 1.33 x10
-8

) (Figure 5C). These results suggest that ELA 

is also involved in the regulation of the expression of mTORC1 network proteins. 

 

Repression of Thapsigargin (TG)-induced SOCE by ELA and mut ELA 

Store-operated Ca
2+

 entry (SOCE) is a mechanism for Ca
2+

 influx across the plasma 

membrane activated in response to depletion of intracellular Ca
2+

 stores, mostly in the 

endoplasmic reticulum (ER). To evaluate the effect of ELA and mut ELA on Ca
2+

 

mobilization, HEK-APLNR cells were incubated with ELA or mut ELA peptides (100nM) 

and Ca
2+ 

release and entry were measured. Cells were loaded with fura-2, pre-incubated with 

or without ELA32 and mut ELA32 peptides and then stimulated with 1μM TG to deplete the 

ER and activate SOCE. We observed that while the presence of ELA and mut ELA had no 

effect on Ca
2+

 release, these peptides inhibited Ca
2+

 entry into cells (Figure 5D-5F). These 

observations, together with the findings that ELA peptides are able to regulate mTORC1 

activation indicate that ELA and mut ELA play a key role in the repression of different 

pathways involved in the malignant phenotype (Figure 6). 

 

Synergistic effect between sunitinib and mut ELA on tumour growth repression 

Previous studies have shown that ELA and APLNR interaction stimulates human umbilical 

vein endothelial cells (HUVECs) to form tube-like structures in vitro in a mechanism different 

from APLN and APLNR interaction (23). Thus, we sought to evaluate these findings and 

expand our analysis to further evaluate ELA and mut ELA in the context of tumour 

angiogenesis. We first used the chicken chorioallantoic membrane (CAM) assay to determine 

the effects of ELA32 and mut ELA32 peptides. As shown in Figure 7A-7B the incorporation 

of ELA32, or mut ELA32 compared to vehicle alone resulted in induced growth of blood 
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vessels. Similarly, using the aortic ring assay (Figure 7C-7D), we found that ELA32 and mut 

ELA32 peptides increased microvessel outgrowth compared to untreated aortic rings. Finally, 

to determine the direct effect of ELA and mut ELA on tumour angiogenesis, we compared the 

ability of ELA and mut ELA-expressing cells to induce vessel formation following their 

subcutaneous implantation in mice. Although ELA and mut ELA expressing cells repressed 

tumour growth (with a potent effect observed in mut ELA expressing cells) (Figure 7E), the 

developed tumours were characterized by an increase in the number of blood vessels, as 

assessed by CD31 staining quantification (Figure 7F-7G). To confirm that ELA and mut 

ELA derived from tumour cells inoculated in mice are directly involved in the observed 

increased tumour angiogenesis, we evaluated the ability of media derived from ELA and mut 

ELA-expressing Renca cells to induce angiogenesis in vitro using the capillary-like tube 

formation assay. Consequently, HUVECs were seeded and incubated with media derived 

from Renca control cells or expressing ELA or mut ELA for 18h. We observed that media 

derived from ELA and mut ELA-expressing cells significantly induced HUVECs to form 

capillary-like tubes compared to control conditioned media (Figure 7H-7I). We next 

evaluated whether the observed anti-tumorigenic effect of ELA peptides is linked to tumour 

vessels normalization, a process previously reported to reduce abnormalities in tumour 

microenvironment and ultimately tumour progression repression (24). Thereby, the leakiness 

of blood vessels in control cells, ELA and mut ELA-expressing ACHN cells derived tumours 

were determined after FITC-dextran perfusion using confocal microscope. While the tumour 

vascular network in control tumours showed extensive leakiness. In contrast vascular 

permeability to FITC-dextran was significantly reduced in ELA and mut ELA-expressing 

cells derived tumours (Figure 7J). To repress the ability of ELA-mediated tumor 

angiogenesis in mice, we next used the angiogenesis inhibitor sunitinib (Sutent). We found 

that administration of sunitinib in mice (40mg/kg) more inhibits tumor growth (Figure 7L). 
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The use of anti-CD31 immunostaining to determine blood vessel density within Renca 

tumors, revealed that in contrast to mut ELA-derived tumours that displayed reduced tumor 

growth associated with high vessel density (Figure 7L-7N), in the presence of sunitinib the 

developed tumours exhibited markedly lower vessel densities and tumour growth. Thereby, 

the combination of mut ELA and sunitinib appears to be highly effective. 

 

mut ELA rapidly induces human APLNR recycling on the cell surface 

To investigate the importance of ELA precursor cleavage by the proprotein convertases 

during APLNR internalization, we used HEK-APLNR cells over-expressing GFP-APLNR 

fusion protein and examined APLNR intracellular localization in response to ELA11, ELA32 

and mut ELA32 peptide treatment. In the absence of these peptides, APLNR localized mainly 

to the cell surface, as visualized by GFP staining (Figure 8A). Cells stimulation with ELA 

peptides for 30-120 min induced the formation of large intracellular vesicles clearly visible in 

the cytoplasm of ELA-32 and mut ELA32-treated cells. Only small vesicles were observed in 

ELA11-treated cells. In ELA32-treated cells, the majority of APLNR was internalized, 

compared to ELA11-treated cells and mut ELA32-treated cells (with reduced amount), which 

still showed APLNR on their cell surface (Figure 8A). To characterize the behaviour of the 

APLNR-vesicles after internalization, cells were treated with ELA peptides and GFP location 

was analysed at different time points after the peptides washout (Figure 8B). In cells treated 

with ELA11, the APLNR-vesicles recycle rapidly and fused with the plasma membrane after 

30min of the washout. After 1h the majority of the APLNR-vesicles were localized to the cell 

membrane. In ELA32-treated cells, a larger part of the vesicles remained in the cytoplasm 

after 120 min of the washout. In ELA32mut-treated cells APLNR-vesicles return to the cell 

surface 1h after the washout with a less amount retained in the cytoplasm compared to 

ELA32-treated cells (Figure 8B). These findings suggest that the internalization of APLNR is 



 14 

less efficient with ELA11 as ligand and mut ELA32 recycles relatively faster than ELA32 to 

the cell surface (Figure 8B).   

 

Docking computations of ELA11, ELA32 and mut ELA32 peptides against APLNR. 

To explore the possible specific APLNR interaction with ELA11, ELA32 and mut ELA 

docking simulations were performed using various in silico approaches. Among the different 

3D structures of the peptide-receptor complex generated in silico, the most favourable one in 

term of predicted binding energy values and after structural analysis of the molecular 

interactions inserts the C-terminal end of the peptides inside the so-called canonical ligand-

binding pocket of the receptor (Figure 9A-9B). The overall orientation of these 3 peptides in 

this region of the receptor is similar to the experimental APLN mimetic peptide-receptor X-

ray structure (25). However, for the N-terminal region of the ELA32 (or mut ELA32) peptide, 

two main positions were initially identified after docking computations. In the APLNR 

experimental structure co-crystallized with a peptide, two main grooves were observed and 

were referred to as groove 1 and groove 2 (Figure 9B) (25). The C-terminal region of the 

APLN-like peptide was found deeply inserted into Site 1 and to protrude outside the receptor 

making several favourable interactions with Site 2 (Figure 9A-9B). The docking results 

indicated equally favourable contacts for the entire N-terminal region of the ELA32 (or mut 

ELA32) peptide with the areas of groove 1 or with Site 2 when the peptide was linear (i.e., the 

internal disulfide bond was not created). Thus, the N-terminal ELA32 (or mut ELA32) 

peptide residues were either in groove 1 for some models or into Site 2 for some other 

predicted complexes. This result is understandable as there are several positively charged 

residues in this region of the ELA32 peptide while the receptor has many negatively charged 

amino-acids in both regions. Moreover, the predicted interaction energy values were relatively 

similar on both sides. However, when the ELA32 disulfide bond was created and the peptide 
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redocked with Surflex-Dock or the Autodock suite, favourable interactions with both, Site 2 

and with groove 1 were predicted. This orientation of the ELA32 and mut ELA32 peptides 

would seem reasonable as the peptide remains above the membrane whilst electrostatically 

interacting with polar phospholipid head groups (i.e., the positively charged regions of several 

positively charged residues of the ELA32 peptide could be at about 5-6 Å of the polar 

phospholipid heads).  

 

APLNR Affinity and ELA peptides-induced conformational changes of APLNR  

To assess and compare the affinity and ligand-induced conformational changes of APLNR in 

response to ELA11, ELA32 and mut ELA32, we performed Plasmon Waveguide Resonance 

(PWR). The PWR sensor was pre-treated with polylysine to allow cell fragments capture by 

electrostatic interaction between polylysine positive charges and the negative charges 

provided by the GAGs in the cell membrane surface. Cell fragments were captured by 

pressing the polylysine pre-treated sensor against cells growing in 6-well plates. Mass gain 

following cell fragments deposition was monitored by PWR spectral changes that are 

reflected in shifts in the resonance angle to higher angles with both the p- (perpendicular to 

the sensor surface) and s- (parallel to the sensor surface) polarized light (Figure 9C). 

Following cell membrane fragments capture, the ligand was added in an incremental fashion 

and spectral changes were monitored for both polarizations with time. Following ligand 

affinity analyses, the hyperbolic saturating curves revealed that ELA11 possesses the lowest 

affinity (Figure 9D) (highest KD of about 90 nM) for the cell membrane fragments compared 

to ELA32 (Figure 9E) and mut ELA32 (Figure 9F) affinity (KD of about 3nM and 0.8nM, 

respectively). Statistical analyses revealed that while the difference between ELA11 and 

ELA32 or mut ELA32 is highly significant, the difference between ELA32 and mut ELA32 is 

not significant (supplementary Figure 8A). To investigate whether ELA32 and mut ELA32 
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could displace ELA11 separately, cell membrane fragments captured in PWR sensor were 

first treated with 200nM of ELA11 and ELA32 or mut ELA32 were added at various 

concentrations. ELA32 and mut ELA32 are able to bind APLNR with a similar affinity 

despite the pre-incubation with ELA11 (supplementary Figure 8B). These findings indicate 

that either ELA32 and mut ELA32 binding site is independent of ELA11 site (non-allosteric) 

or these peptides are able to bind to the same site but due to the considerably higher affinity of 

ELA32 and mut ELA32 compared to ELA11 they displaced ELA11. By following the 

spectral changes induced by ligand binding with the two polarizations (p and s) (Figure 9C), 

information on the magnitude of the receptor conformational changes is obtained along the 

receptor axes. ELA11 induces very different receptor conformational changes in APLNR 

compared to ELA32 and mut ELA32 (supplementary Figure 8C). ELA11 induces 

conformational changes that are of smaller magnitude for both polarizations and that are more 

isotropic (magnitude of the signal for p- and s- are similar) than those of ELA32 and mut 

ELA32. The latter induce similar conformation of the receptor (supplementary Figure 8D). 

Pre-incubation of cell fragments with ELA11 did not alter the receptor conformational 

changes mediated by ELA32 and mut ELA32. The use of cell membranes derived from HEK 

cells lacking APLNR under the same conditions failed to induce any significant receptor 

conformational changes (Supplementary Figure 8E). 
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Discussion   

Our studies identify ELA as an important positive regulator of mTORC1 that induced tumour 

repression. The repressed ELA expression level in the analysed renal cancer patient 

specimens and public data sets supports the relevance of this mechanism in kidney cancers. 

TCGA RNA sequencing data sets revealed that ELA expression is systematically down 

regulated in the main kidney cancer subtypes and negatively correlated with Ki-67. We 

observed that in kidney cancer cells ELA induced apoptosis and repressed cell proliferation 

and migration. These mechanisms involve the activation of downstream mTORC1 signal 

pathways and inhibition of autophagy, as demonstrated by ELA-mediated the activation of 

two bona fide downstream targets of mTORC1, namely, S6K and 4EBP1 and the 

accumulation of p62. In agreement with these findings, inhibition of mTORC1 by rapamycin 

was recently shown to promote cell survival upon amino acid starvation (26) elucidating, at 

least in part, the inefficacy of mTORC1 inhibitors observed in several treated patients. Indeed, 

aberrant activation of mTORC1 pathway was found in up to 80% of human cancers and 

repression of this pathway was initially proposed in various clinical studies as pertinent 

strategy for cancer treatments (27). However, inhibition of mTORC1 activation by rapamycin 

analogues showed modest effects in clinical setting (27). While targeting mTORC1 in patients 

seems to limit tumour growth it increases resistance to apoptosis leading to an enhanced 

resistance to cancer therapy. In addition, genetic inactivation of p62 was recently found to 

promote a more aggressive phenotype in tumour-bearing mice as a result of the activation of 

wide range of genes involved in neoplasia (28). Increasing evidence suggests that the 

mTORC1/S6K axis activation mediates potent negative feedback loops that control upstream 

signalling through various tyrosine kinase receptors in both normal and cancer cells (29). 

Suppression of these feedback loops by inhibitors of mTORC1/S6K causes compensatory 

over-activation of upstream signalling nodes, including PI3K, AKT and ERK that potentially 
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oppose the anti-proliferative effects of these inhibitors leading to drug resistance (29, 30). 

Therefore, removal of negative feedback by anticancer drugs is a major obstacle that limits 

the achievement of various targeted therapies (30). In our model, ELA induces AKT and ERK 

activation followed by their rapid repression, suggesting the implication of mTORC1/S6K 

activation in these processes. Similarly, calcium is considered as an activator of autophagy 

(31) and regulator of gene transcription involved in cell proliferation, migration and resistance 

to apoptosis. AKT and ERK seemed to act downstream of SOCE, thereby by reducing SOCE, 

ELA may also participate in the reduced activity of ERK and AKT through this pathway. 

 

Although many proteins are processed by the proprotein convertases, the cleavage of some is 

not required for their functions (32). In contrast, the cleavage of other substrates was found to 

be critical for the mediation of their functions (19, 33–39). Our findings demonstrate that the 

blockade of proELA processing (mut ELA) seemed to increase the biological activity of ELA 

probably due to its high stability and/or its affinity to APLNR. Structural analysis was 

performed on the previously reported crystal structure of the APLNR (25) was performed. 

This class of GPCR receptor has two conserved disulfide bonds involving C19 and C281 and 

C102 and C181 in the extracellular region. The apelin-like peptide co-crystallized with the 

receptor was found to be deeply inserted into Site 1 and to protrude outside the receptor in the 

area of Site 2. The ELA11 peptide docks with favourable binding scores in an orientation 

similar to the apelin-like peptide. Furthermore, part of the N-terminal sequence of the ELA32 

peptide fitted well in the Site 2 region of the receptor similar to the experimental apelin-

receptor structure while the longer ELA32 (or mut ELA32) N-terminal part is likely to fold 

back in the region of groove 1. With this orientation, the ELA peptides, like the APLN-like 

peptide, would be relatively distant from the N-glycosylated APLNR. Several additional 

hydrophobic and electrostatic contacts were noticed when comparing ELA32 and ELA11. 
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This is consistent with the higher affinity of ELA32 versus ELA11 previously reported (40) 

and was further validated here using Plasmon Waveguide Resonance analysis that also 

identified higher affinity of mut ELA32 for APLNR. The two Furin   sites of ELA32 

(R31/R32 and R42/R43) do not seem to have strong interactions with the receptor and bend 

away from the protein molecular surface. Therefore, they can be cleaved by Furin   before 

and/or during ELA32-APLNR interaction. Although a substitution of arginine by serine 

residues in the mut ELA32 did not affect the affinity (i.e., the Arg in the wild-type peptide 

should not contact significantly the receptor as predicted here), it prevented the conversion of 

ELA32 to ELA11 that may promote a longer interaction of the unprocessed ELA32 (mut 

ELA) with APLNR. In addition, following APLNR activation by ELA peptides, mut ELA 

seemed to mediate rapid APLNR internalization and recycling at the cell surface and thereby 

quickly permitting available cell surface receptors for new activation.  

 

Although reduced tumour size and tumour cell apoptosis were induced by ELA and mut ELA, 

there was an increase in tumour neovascularisation in ELA and mut ELA tumours. The 

reasons for this opposing anti-tumorigenic and pro-angiogenic functions of ELA/mut ELA are 

not presently clear, but several mechanisms may be postulated. The ability of ELA to mediate 

“vascular normalization” as revealed by the reduced vascular permeability observed in the 

ELA-expressing cells-derived tumours may be a contributing factor. Indeed, attenuation of 

vessels permeability in tumours was reported to mediate the improvement in the tumour 

microenvironment, the delivery and efficacy of exogenously administered therapeutics (24). 

Accordingly, in our study, we also found that anti-tumorigenic effect of ELA was more potent 

in the presence of sunitinib.  The ability of ELA/mut ELA to repress AKT and ERK activation 

may be a second causal factor. Indeed, various components of the PI3-kinase signalling 

pathway can exert either pro- or anti-angiogenic effects, depending on the experimental 
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conditions. For example, the role of endothelial AKT1, the main AKT isoform found in 

endothelial cells; deficiency of AKT1 in mice showed increased sensitivity to VEGF and 

induced tumours grow more rapidly with increased neovasculasization (41). This suggests 

that repression of endothelial AKT1 activity increases tumour angiogenesis as confirmed by 

the use of PI3-kinase inhibitor (42). On the other hand, treatment of mice bearing tumours 

with rapamycin to represses AKT1 in endothelial cells resulted in normalization of 

vasculature and marked reduction in tumour angiogenesis (43, 44), demonstrating the 

irregularity in vascular response to AKT1 inhibition (45). Regardless, these studies, in 

addition to ours, strongly suggest that activation of mTORC1 and inhibition of PI3K/AKT 

pathway in addition to reduced vascular permeability by ELA is a viable potential therapeutic 

approach. However, we also observed that targeting tumour angiogenesis using sunitinib 

constitute an adjuvant option to enhance the effect of ELA on tumour repression. In summary, 

our data point to a cell-autonomous tumour suppressive function for ELA signalling through 

mTORC1 in synergy with other tumour suppressors to inhibit growth in the main renal cancer 

subtypes. Further studies should be aimed at resolving the question of whether the tumour 

suppressor function of ELA can be exploited to target specific or all kidney tumours subtypes. 
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Methods 

Cell culture 

The BALB/c syngeneic kidney carcinoma Renca cell line, the human embryonic kidney 293 

(HEK 293) cells, the human renal carcinoma Caki-2 and ACHN cell lines (purchased from 

ATCC) and the human U2OS cells stably expressing GFP-LC3 (Kindly provided by Eyal 

Gottlieb, Cancer research UK, Glasgow, UK) were grown at 37 °C in 5% CO2 in Dulbecco’s 

modified Eagle’s medium (DMEM, Life technology) supplemented with 10% foetal calf 

serum (FCS), 100 U ml
−1

 penicillin and 100 μg ml
−1

 streptomycin. All cell lines were 

determined to be free of Mycoplasma. 

 

Constructs and cell infections 

Lentiviral vectors construction and production were performed by the "Vect'UB" facility of 

the TMB-Core (Bordeaux University). The human ELA cDNA was cloned into a 

multicistronic self-inactivating lentiviral vector containing a tdTomato reporter gene 

(pRRLsin-MND-hPGK-tdTomato-WPRE) under the control of the myeloproliferative 

sarcoma virus enhancer. Mutagenesis was carried out using PCR to generate the mut ELA 

cDNA (where the two cleavage site of ELA precursor peptide namely R
31

/R
32

 and R
42

/R
43

 

were replaced by S
31

/S
32

 and S
42

/S
43

). The human APLNR cDNA was cloned into pEGFP-N1 

vector to generate the APLNR-pEGFP-N1 vector. All constructs were verified by sequencing. 

Renca, ACHN, and Caki-2 (5x10
4 

cells/well) cell lines were seeded in twenty-four-well plates 

with polybrene at 8 μg/ml. Lentivirus encoding for wild type ELA, mut ELA, or only 

tdTomato, were added to the medium at Multiplicity Of Infection (MOI) 5 or MOI 10. Cell 

infection rates were observed 72h later using a fluorescent microscope. HEK 293 cells were 

transfected with pEGFP-N1 empty vector or containing APLNR cDNA using Lipofectamine 

2000 (Invitrogen) according to the manufacturer's instructions. Stable HEK 293 cells 
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expressing APLNR-GFP (HEK-APLNR) were selected using G418 (GIBCO). In other 

experiments, HEK-APLNR cells stably expressing empty vector, or containing ELA or mut 

ELA cDNA were generated using lentiviral vector construction, as described above. 

 

Patient samples  

For frozen tissues, renal tumours (22 non-identifiable ccRCC patients with different grades) 

and their corresponding normal tissues were obtained after resection. After surgery, tissue 

specimens were immediately transferred onto ice and snap-frozen in liquid nitrogen until used 

for further analysis. 

 

Animal models 

Mice were housed in ventilated carousel racks and provided with sterile food and drink water. 

Control Renca or ACHN cells or the same cells stably expressing ELA or mut ELA were 

injected into the flank of female BALB/c and nude mice, respectively. Tumour size was 

determined by collecting length and width measurements, and calculating the tumour volume 

(mm
3
) as (tumour length × (tumour width)

2
) × 0.52. In other experiments, control Renca cells, 

and ELA-expressing Renca cells were implanted into the sub-capsular space of BALB/c mice. 

When mice were sacrified, tumours from each animal were collected, and used for RNA 

and/or histopathological studies when required. 

 

RNA extraction and real time PCR 

Total RNA was extracted with an RNA isolation kit (Macherey-Nagel) including DNase 

treatment (Qiagen), according to the manufacturer’s instructions. The RNA quality for human 

samples was checked using Agilent RNA 6000 Nano kit according to the manufacturer’s 

instructions (Agilent) and was reverse transcribed using the high capacity cDNA reverse 
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transcription kit (Applied Biosystems, Courtaboeuf, France). The later was used for real time 

PCR in the presence of specific primers and Power SYBR Green PCR Master Mix (Applied 

Biosystems) (46). The qPCR data were acquired with the StepOnePlusTM Real-Time PCR 

System (Applied Biosystems, Courtaboeuf, France). The expression levels were normalized to 

mouse or human GAPDH.  

 

Immunostaining and confocal microscopy 

Paraffin-embedded sections from kidney cancer patients and their corresponding non-

cancerous tissues were deparaffinized and rehydrated. Antigens were retrieved by boiling 

sections in 10 mM citrate buffer (pH 6.0) for 20min. Sections were blocked with 5% milk in 

PBS containing 0.5% Triton X-100 and were stained with un-conjugated antibodies for 

15 min at 4°C, washed twice with PBS before incubation with fluorochrome associated 

secondary antibodies. In other experiments double-label immunostaining was performed.  

Frozen sections derived from control Renca cells, ELA or mut ELA expressing cells-injected 

mice were stained with un-conjugated antibodies and fluorochrome associated secondary 

antibodies. GFP-LC3 expressing U2OS cell line (2x10
5
 cells) was grown on coverslips with 

the respective treatments for 72 h. Thereafter, cells were fixed with 4% paraformaldehyde in 

PBS for 30min at room temperature. All samples were mounted with Prolong containing 

DAPI (Invitrogen) and confocal immunofluorescence images were taken using the inverted 

microscopes Nikon C2si Eclipse Ti-S with NIS-ElementsAR software (Nikon Instruments 

Europe B.V.). 

 

Immunoblotting   

Western blot analysis was performed as previously described (47). Briefly, after their 

respective treatments, cells were lysed at 4°C with lysis buffer (20 mM Hepes (pH 7.5), 
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150 mM NaCl, 0.5% Triton X-100, 6mM β-octylglucoside, 10μg ml
−1

 aprotinin, 20μM 

leupeptin, 1 mM NaF, 1 mM DTT and 100 μM sodium orthovanadate). In other experiments 

ELA or mut ELA peptides were incubated alone or with recombinant Furin   for indicated 

time periods at 37°C in an enzymatic buffer (25mM Tris, 25mM MES, 2.5mM CaCl2, pH7,5) 

(46) . Lysates or digested peptides were loaded on 10% SDS–PAGE gel and transferred by 

electroporation to nitrocellulose membrane. Membranes were incubated with indicated 

primary antibodies that were revealed by horseradish peroxidase-conjugated secondary 

antibodies (Amersham, Pharmacia Biotech) and Enhanced Chemiluminescence (ECL+Plus, 

Amersham Pharmacia Biotech) according to the manufacturers' instructions. After imaging, 

band quantification was performed using ImageJ software (National Institutes of Health) and 

protein levels were normalized to Actin.  

 

Vascular permeability assay 

Mice with developed tumours were injected with 0.5 mg of FITC-dextran in 200 μl of PBS 

via intravenous tail vein injection (7). After 30 min post-injection, mice were sacrificed and 

tumour tissues were submerged in 4% paraformaldehyde for 24 h at 4°C. Samples were 

mounted with Prolong containing DAPI (Invitrogen) and examined by confocal microscopy.  

 

Calcium mobilization measurement  

HEK-APLNR cells were loaded with fura-2 and resuspended in Hepes Buffer Saline (HBS). 

At the time of the experiment, 250μM EGTA was added. Cells were pre-incubated for 8 min 

in the absence or presence of 100nM of ELA or mut ELA and then stimulated with 1μM 

Thapsigargin (TG) to deplete endoplasmic reticulum (ER) Ca
2+

 stores. CaCl2 (1mM) was 

added to the medium to initiate Ca
2+

 entry and measurement using a Cary Eclipse 
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Spectrophotometer (Varian Ltd., Madrid, Spain) with excitation wavelengths of 340 and 380 

nm and emission at 505 nm. 

 

Proliferation assay 

Proliferation assay for indicated cells were performed using IncuCyte live-cell microscopy 

incubator (Essen Bioscience). After their respective treatments cells (2 × 10
5
) were detached 

with trypsin/EDTA and placed in the IncuCyte incubator and phase contrast images were 

taken at regular intervals over a course of 48h. Results were calculated by the IncuCyte 

Software and presented as confluence relative to time 0. Images were taken with a × 4 

objective. Four images were taken from each well and each condition had more than 6 wells.  

 

Apoptosis 

Apoptosis was measured by means of flow cytometry. After staining with Annexin V using 

the Annexin V-FITC Apoptosis Detection Kit (Abcam), following manufacturers' 

instructions. Cells were analysed by flow cytometry (BD Accuri C6) (46). 

 

Tube-like formation assay 

HUVECs were seeded at a density of 25 x 10
3
 cells per well onto chamber slides (Labtek) 

previously coated at 37 °C with Geltrex (Gibco) for 30 min to allow polymerization. For the 

tube formation assay, media derived from control cells, ELA or mut ELA expressing cells 

cultured in serum free media for 24h were added directly after seeding the HUVECs. Tube 

formation was documented by Nikon epifluorescence microscopy.  
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Wound healing assay 

Cells were seeded in six-well plates and allowed to grow until they reached 90% confluence 

(2 × 10
6
 cells per well of each cell line). The cell monolayer was scratched with a sterile 

micropipette tip and the wound region was allowed to heal by cell migration. The area that 

remained clear of cells after 8 and 24h was quantified with Image J and compared with the 

area of the wound at time zero. 

 

Aortic ring assay 

6-week-old male mice were anesthetized with isofluorane for 5min before being killed. The 

descending aorta was isolated, cleared of adventitia and placed in serum-free Opti-MEM 

(Gibco) with 1 × antibiotic/antimycotic (Gibco, 100 × stock solution). Aortas were sectioned 

into ∼25 rings of 0.5mm thickness and placed in fresh serum-free Opti-MEM with 1 × 

antibiotic/antimycotic for 1 h at 37°C. ELA and mut ELA were diluted to 100 nM in Opti-

mem medium and added to rings for overnight incubation at 37°C. Rings were washed in 

PBS, and embedded in 2.5 mg ml
−1

 fibrin supplemented with 37.5 μl ml
−1

 of 1 mg ml
−1

 

aprotinin per ml of fibrinogen. EBM-2 medium supplemented with 0.2% FCS and 25ng ml
−1

 

VEGF-A was added to each well. Medium was changed on day 4, then every other day. 

 

Chick chorioallantoic membrane (CAM) angiogenesis assay 

Fertilized eggs were allowed to mature ex ovo. A small incision was made in the eggshell on 

day 3 of development and 7 days later ELA and mut ELA peptides (100nM) were added to 

the CAM tissue. On day 17, the CAMs were excised and fixed at RT for 30 min using 4% 

paraformaldehyde. Immunohistology in toto was performed for vessels staining. Images of 

CAM vessels were acquired using a Zeiss Axiophot epifluorescence microscope and collected 

images were analysed using the ImageJ software. 
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Internalization assay 

HEK293A cells stably expressing human EGFP-APLNR fusion protein (HEK293-APLNR) 

were serum starved for 24h and treated for various time points with ELA11, ELA32 or mut 

ELA32 peptides at 100nM. After formaldehyde treatment, cells were analysed by 

fluorescence microscopy. For washout experiments, HEK293-APLNR cells were incubated 

with indicated peptides. Media was replaced and cells were imaged 30min, 60min and 120min 

after the washout. Confocal immunofluorescence images were taken using inverted 

microscope (Nikon Instruments Europe B.V.) 

 

TCGA database and data acquisition 

Expression data of ELA gene (APELA), APLN, APLNR and other genes and the sample 

metadata were extracted from TGCA Pancan project through Xena (http://xena.ucsc.edu/). In 

brief, we used the RNAseq data quantified at the gene level with RSEM (48), normalized and 

log2(x+1) transformed. Types of cancer (“primary disease”) without normal samples (“Solid 

Tissue Normal”) were excluded. Expression of APELA, APLN and APLNR was compared 

between normal and tumoral tissues in various cancers with Unpaired t tests. To calculate 

Pearson correlations with associated p-values we analysed the expression data between pairs 

of genes separately per each primary disease. 

 

Docking computations and structural analyses 

ELA11, ELA32 and mut ELA peptides running from residues Q23 to P54 (or Q1 to P32 after 

removal of the signal peptide) as well as shorter versions of the peptide were generated in 3D 

with PEP-FOLD3 (49) using constraints from the APLNR receptor and with Surflex-Dock 

(50) and AutoDock (51) via the MTiOpenScreen server (52). Over 300 linear peptide 

structures were first generated in the presence of the receptor with PEP-FOLD3 using 

http://xena.ucsc.edu/
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different parameters and peptide lengths. The best structures in term of energetic parameters 

and after structural analysis were kept and compared with about 100 Surflex-Dock or 

AutoDock poses of the full length peptide, ELA11, ELA32 and mut ELA, linear peptide and 

peptide with the internal disulfide bond formed. The crystal structure of the apelin receptor in 

complex with a 17 amino-acid apelin mimetic peptide was taken from the Protein Data Bank 

(53) (PDB entry 5VBL (25). Some missing side chains and residues were rebuilt using the 

SWISS-MODEL server (54) and the resulting receptor structure energy minimized with 

MMTK (http://dirac.cnrs-orleans.fr/MMTK.html). Structural analysis was performed with 

Chimera and PyMOL (https://www.schrodinger.com). Prediction of the orientation of the 

receptor structure with respect to the lipid bilayer was done using the PPM server (55). 

Analysis of the protonation state for the titratable residues of the receptor was performed with 

the PCE server (56). 

 

Plasmon Waveguide Resonance (PWR) 

PWR was used to follow receptor conformational changes upon ligand addition to HEK-

APLNR cell membrane fragments overexpressing the apelin receptor immobilized in the 

sensor surface. PWR measurements were performed in a homemade instrument functioning at 

a fixed wavelength of 632nm and variable incident angle with an angular resolution of about 

0.5 milli degrees. The polarization angle of the incident light is placed at 45° to allow both p- 

(parallel to the incident light and perpendicular to the sensor surface) and s- (perpendicular to 

the incident light and parallel to the sensor surface) polarized light resonances to be obtained 

within a single angular scan. The sensor consists of a BK-7 prism coated with silver and silica 

to support waveguide. All measurements were performed at 22°C. 

 

Cell fragment immobilization in the PWR sensor and ligand titration 

https://www.schrodinger.com)/
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Adhesion of cell fragments on the PWR sensor (silica outlayer) was performed as previously 

reported (57). Briefly, the sensor silica surface was activated by Plasma cleaner for 2min 

(Diener) and incubated with polylysine solution (0.1mg/mL) for 40min. Cells grown to less 

than 50% confluence were covered with water to induce osmotic swelling and the glass 

coverslip of the sensor was placed directly on top of cells. Pressure is applied for about 2min 

on the glass slide or prism to induce cell rupture and caption of cell fragments. After that they 

are removed ripping off cell fragments containing specially the upper membrane. The PWR 

cell sample (a teflon block with a volume capacity of 250μl) is placed in contact with the 

sensor containing the immobilized cell fragments and filled with PBS. After cell fragment 

deposition there are positive shifts in the resonance minimum position that are correlated with 

the total mass gain occurring. We have observed spectral shifts that correlate with those 

observed for the deposition of lipid model membrane. In the case presented here, there are 

areas of the sensor covered with cell membranes and others uncovered, the PWR signal takes 

into account both covered and uncovered areas as the laser spot makes about 0.5mm in 

diameter. At same time, covered areas include both lipids and proteins, so possess a higher 

mass than that of a pure lipid membrane.  Following stabilization of the signal (no changes in 

the resonance minimum position with time), the ligand is added in an incremental fashion to 

this chamber and spectral shifts followed with time. Ligand affinity to the receptor present in 

the cell membrane fragments is calculated by plotting the shifts in the resonance minimum 

position as a function of ligand concentration and fitting using a hyperbolic function that 

describes ligand binding to a protein (single site) (Graph Pad Prism). Since from one 

experiment to another the amount in mass of cell membrane fragments and therefore receptor 

quantities vary which reflects in the magnitude of the ligand-induced spectral changes, the 

data is normalized relative to the spectral shifts observed due to cell fragment deposition. 
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Reagents and antibodies  

Information on all antibodies and reagents used in this study are in supplementary Methods 

file. 

 

Statistics 

Data are presented as the mean ± s.e.m. The 2-tailed Student’s t, 1 or 2-way ANOVA with 

Tukey’s multiple comparison tests were used to analyze the data.  The Pearson coefficient 

was calculated to determine the correlation between the normally distributed ELA and protein 

expressions in human tumours. The statistical significance level is illustrated with P-values. A 

P value of less than 0.05 was considered statistically significant. 

 

Study approval  

All tumour specimens collected were obtained from frozen and formalin-fixed paraffin-

embedded (FFPE) tissues with the approval by the relevant Ethics Committee (Bergonié 

Institute, Bordeaux, France). Informed signed consents were obtained from all patients. All in 

vivo experiments were approved by the Animal Housing and Experiment Board of the 

University of Bordeaux and performed in compliance with the French guidelines for 

experimental animal studies. 
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Figure 1. ELA is down regulated in renal cancers. (A), TCGA data set analysis of ELA, 

APLN and APLNR expression in various cancers and their corresponding normal tissues. (B), 

ELA is systematically repressed in the renal cancer subtypes chromophobe RCC (n = 66), 

papillary RCC (n = 289) and ccRCC (n = 531) compared to normal kidney tissues (n = 25, n = 

32 and n = 72, respectively), as assessed by TCGA. (C), TCGA analysis identifies a negative 

correlation between ELA and KI67 expression in all these renal cancer types. APLN 

expression was positively correlated with KI67 in all subtypes, and APLNR was positively 
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correlated with KI67 only in ccRCC. (D), Relative expression of ELA mRNA level in 22 pairs 

of ccRCC tumours and their corresponding adjacent non-cancerous tissues. (E), Relative 

expression of APLNR mRNA in the same samples is given for comparison. The relative 

amounts of mRNA were normalized against GAPDH mRNA and expressed relative to mRNA 

abundance in non-cancerous tissue for each patient assigned 1 (mean ± s.e.m.; n = 22). (F), 

Representative immunofluorescence images of renal tumour samples and adjacent healthy 

tissues from three patients (patients 1, 3 and 13) derived from (D-E) that were stained with 

anti-ELA and Dapi. Unpaired t tests were used to analyse the data. ***P < 0.001, ****P < 

0.0001. NS: not significant. Scale bar, 150 μm. 
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Figure 2. Expression of ELA by renal epithelial cells. (A), Representative 

immunofluorescence images of renal tumour samples and adjacent healthy tissues from three 

patients derived from (1D-1E) that were stained with anti-APLNR, anti-Ki67 and Dapi. (B), 

The correlation between ELA and Ki67 expression in tumour samples was determined by 

immunofluorescence following staining intensity analysis (Supplementary Figure-1) using 

Spearman’s correlation analysis. The test revealed a negative correlation between the 

expression of ELA and Ki67 (n= 11, r= - 0.774, p < 0.001). (C), Representative confocal 

images of sections of human kidney tumours (n=3) subjected to immunofluorescence double 

labelling of ELA and cytokeratin (CK), CD31 or CD34. (D) Co-staining of APLNR and CK, 

CD31 or CD34 in the same tumours. Scale bar, 100 μm. DAPI is in blue. 
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Figure 3. Repression of the malignant phenotype and increased activation of mTORC1 

signalling by ELA.   (A), Primary structure of the 54 amino acids (ELA32) of human pre-

proEla containing the signal peptide (SP) and ELA precursor (ELA32). The two proprotein 

convertase cleavage sites R
31

/R
32

 and R
42

/R
43

 that generates the ELA peptides are indicated. 

(B-D) Growth curves of control Renca (B), Caki-2 (C) and HEK-APLNR cells (D) or stably 

expressing ELA or mut ELA cDNA. Cells were plated at low confluency for time-lapse 

phase-contrast videomicroscopy using an Incucyte microscope and cell proliferation was 
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monitored by automated confluency analysis at set intervals post plating (means, n = 6 wells 

per group, 3 independent experiments). (E), Tumour growth curves over time from 

representative experiment of subcutaneously injected syngeneic BALB/c mice with Renca 

cells or the same cells stably expressing ELA (n = 7 mice/group, 3 independent experiments). 

(F), Subcutaneously injected nude mice with the human ACHN cells or the same cells stably 

expressing mut ELA (n = 7 mice/group).  (G), Cell migration was analysed by scratch-wound 

assay. Control Renca and Caki-2 cells or stably expressing ELA or mut ELA monolayers 

were subjected to scratch-wounds and imaged after 8 h and 24 h (n = 6 wells per group, 3 

independent experiments). Scale bar, 100 μm. (H), Quantification of wound closure after 24 h 

of indicated control cells and the same cells stably expressing ELA or mut ELA. (I), FACS 

scatter plots of control cells and the same cells stably expressing ELA or mut ELA incubated 

for 24 h in the absence of serum and stained with Annexin V (n = 3 wells per group, 3 

independent experiments). (J) Quantification of apoptosis in Renca and HEK-APLNR cells 

(Annexin V-positive cells) under these conditions is shown. (K), Renca control cells, 

expressing ELA or mut ELA were analysed for cleaved pro-apoptotic proteins caspase 3 (c 

caspase 3) and PARP by immunoblotting. (L-M), Western blot analysis of the activation of 

S6K-pT389 (L) and S6-pS235/236 (M), in control, ELA and mut ELA expressing cells 

starved for the indicated time period or in the presence of serum (S). Results in K, L, M are 

representative of 3 independent experiments each. The mean ± SEM values are shown. 1 or 2-

way ANOVA with Tukey’s multiple comparison tests were used to analyze data in B, C, D, H 

and J. Unpaired t tests were used to analyse the data in E and F. *P < 0.05, **P < 0.01, ***P< 

0.001.   
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Figure 4. Repression of AKT and ERK activation by ELA and inhibition of ELA-

induced mTORC1 signalling by rapamycin. (A-B), Western blot analysis of the activation 

of AKT (A) and ERK (B) in control, ELA and mut ELA expressing cells starved for the 

indicated time period or in the presence of serum (S). (C-D), Control, Renca cells were serum 

starved and incubated with ELA11, ELA32 or mut ELA32 peptides for indicated time periods 

and the activation of AKT (C) and ERK (D) were analysed by Western blot analysis. (E, F), 

Western blotting analysis using an anti-ELA antibody of wild type proELA32 (E) and mut 

ELA (F) (cleavage sites R
31

/R
32

 and R
42

/R
43

 were replaced by S
31

/S
32

 and S
42

/S
43

) peptides 

incubated with Furin  (0.2×10
−4

U) for 6 or 24 h. (G) Western blot analysis of cCaspase 3 

upon rapamycin treatment of control, ELA and mut ELA expressing cells for 24 h in the 

absence or presence of serum. Graphs show quantification of cCaspase3. (H, I), Western blot 

analysis of the activation of S6-pS235/236 (H) and 4EBP1 (I) in control, ELA and mut ELA 

expressing cells in the absence and presence of rapamycin and/or serum. (J), Western blot 

analysis of the levels of LC3 in control, ELA and mut ELA expressing cells. Bars denote the 
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corresponding percentages of phosphorylated proteins (n=3), expressed LC3 protein (n=3) or 

cleaved caspase 3 (n=3). All results shown are representative for at least 3 independent 

experiments. 
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Figure 5. Inhibition of mTOR-mediated autophagy blockade and calcium mobilization 

by ELA. (A), GFP-LC3 expressing U2OS cells in the presence or absence of 100nM ELA-11, 

ELA-32 or mut ELA-32 peptides and/or Rapamycin for 24 h. Autophagosome formation upon 

GFP-LC3 aggregation (white arrows) was determined using microscopy. The scale bar 

represents 25 μm. (B), Western blot analysis of the levels of the autophagy protein P62 in 

control, ELA and mut ELA expressing cells in absence (24h) or presence of serum and/or 

rapamycin. (C), TCGA data set analysis of correlated expression between APELA and mTOR 

interactors AKT, ERK, and S6K in indicated renal cancer subtypes compared to normal kidney 

tissues. (D) Traces of calcium mobilization in HEK/APLNR cells pre-incubated for 8 min in 

the absence or presence of 100 nM ELA-32 or mut ELA-32 peptides. (E, F) The 

corresponding percentages of Thapsigargin (TG)-induced Ca
2+ 

release (E) and Ca
2+ 

entry (F) 

are represented as mean±s.e.m (n=3). Bars denote the corresponding percentage of 

accumulated P62 (n=3). 1-way ANOVA with Tukey’s multiple comparison tests were used to 

analyze the data. NS: not significant, ***P< 0.001. All results shown are representative for at 

least 3 independent experiments.  
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Figure 6. Schematic representation of proposed ELA-APLNR signalling in kidney cells. 

ELA activates APLNR, which induces rapid, and transit AKT and ERK activation that 

activates mTOR targets S6K and 4EBP1 and inhibits autophagy, cell survival, proliferation 

and migration. Calcium (ca
++

) inhibition following ELA/APLNR interaction is also indicated. 

The negative-feedback loop (NGL) from mTORC1 and S6K to AKT and ERK is shown. 
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Figure 7.  Synergistic effect between mut ELA and sunitinib on tumour growth and 

angiogenesis repression.  (A), Capillaries of vehicle (Control), ELA and mut ELA peptides-

treated CAMs (100nM). (B), Quantification of vascularized area relative to control untreated 

CAMs assigned 100% (n=6-8). The scale bar represents 2.5 mm for upper panel and 200μm 

for the lower panel. (C), Representative images of untreated (Control), ELA, mut ELA 

peptide-treated aortic rings (100nM). Scale bar indicates 250 μm for the upper panel and 

50μm for the lower panel. (D), Quantification of aortic ring vascular sprout surface per aortic 

ring relative to control untreated aorta (100%) (n=6-7). (E), Progression of subcutaneous 

tumours induced by Renca control cells, expressing ELA or mut ELA cells in syngeneic 

BALB/c mice (n=7 per group). (F), Developed tumours shown in (E) were analysed for 

angiogenesis using an anti-mouse CD-31 monoclonal antibody. (G), Quantification of 

vascularized area relative to control tumours assigned 100% (n=6). (H), Analyses of tube-like 

structure formation in the presence of media derived from Renca control cells, ELA and mut 

ELA expressing cells. (I), Quantification of tube formation via determining the number of cell 

cluster connections (tube number, n=6). Scale bar, 200μm. (J), Confocal images of sections 

from mice with developed ACHN tumours injected with FITC-dextran. (K), Quantification of 

vascular permeability to FITC-dextran relative to control tumours assigned 100% (n=3). (L), 
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Mice were injected subcutaneously with control Renca cells or the same cells stably 

expressing mut ELA  (2×10
5
 cells)  (n=7 per group). One week after tumour cells injection, 

vehicle or sunitinib were administered every 2 days by oral gavage. Tumour size (L), and 

angiogenesis (M, N), were determined in the end of the experiments. All results shown are 

representative for at least 3 independent experiments. The mean ± SEM values are shown. 1 

or 2-way ANOVA with Tukey’s multiple comparison tests were used to analyze data. **P < 

0.01, ***P< 0.001.   
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Figure 8. Effect of ELA peptides on APLNR recycling. (A), HEK293 cells expressing 

APLNR-EGFP were analysed under confocal microscopy after activation with ELA peptides 

(100 nM) at indicated time periods. Scale bar, 20μm. White arrows indicate internalized 

receptors and red arrows cell surface receptors. (B), HEK-APLNR cells were treated with 

ELA peptides and analysed 30min, 60min or 120min after washout of the peptides. Scale bar, 

50μm. All experiments were repeated 3 times.  
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Figure 9. Docking peptides into APLNR and Plasmon Waveguide Resonance. (A), ELA 

peptides were docked into the experimental APLNR structure. Colored spheres show the 

predicted position of the membrane. Two conserved disulfide bonds present in this family of 

receptors are shown in orange. The receptor (yellow) was shown to have two main grooves, 1 

(red) and 2 (blue). Overall, the best predicted binding poses for the ELA peptide (blue tube) 

insert the C-terminal region in the canonical binding pocket region (Site 1) while the N-

terminal region would seem to fold back inside the groove 1 area. A disulfide bond in the 

ELA peptide is shown in magenta, this bond is not present in the apelin-like peptide co-

crystallized with the APLNR receptor. ELA Arg residues that were mutated to serine in the 

present study to avoid cleavages by Furin  are shown in cyan. (B), View from the extracellular 

side. Proposed position of the ELA peptides at the surface of the receptor, top, ELA11, 

bottom, mut ELA32. The receptor is shown as a solid surface and the peptide as ribbon. Site 1 
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represents the canonical binding pocket in this family of receptors. The ELA11 peptide is 

essentially inserted into the receptor site 1 while the longer ELA32 and mut ELA32 peptides 

protrude more outside the receptor and make several favourable interactions with residues of 

Site 2 and fold back in the region of groove 1. One conserved disulfide bond in the receptor is 

shown (orange) to facilitate the reading of the figure. The mutated residues in ELA32 are 

shown in cyan. These residues point away from the receptor. (C), Schematic representation of 

APLNR with perpendicular p-polarized light (p-pol) to indicate vertical elongation of the 

receptor and parallel s-polarized light (s-pol) for horizontal elongation of the receptor on the 

cell membrane. (D-F), Binding curve for ELA11 (D), ELA32 (E), and mut ELA32 (F) 

interaction with APLNR in HEK-APLNR. D, E and F are representative for 3 independent 

experiments and graphs with ean±s.e.m are shown in the supplementary Figure 7 (n=3). 

Unpaired t tests were used to analyse the data.  **P < 0.01, ***P< 0.001.  
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