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Elevated expression 
of the adhesion GPCR ADGRL4/
ELTD1 promotes endothelial 
sprouting angiogenesis 
without activating canonical GPCR 
signalling
David M. Favara1,2,6*, Ines Liebscher3, Ali Jazayeri4,7, Madhulika Nambiar4,8, Helen Sheldon2, 
Alison H. Banham5 & Adrian L. Harris2*

ADGRL4/ELTD1 is an orphan adhesion GPCR (aGPCR) expressed in endothelial cells that regulates 
tumour angiogenesis. The majority of aGPCRs are orphan receptors. The Stachel Hypothesis proposes 
a mechanism for aGPCR activation, in which aGPCRs contain a tethered agonist (termed Stachel) 
C-terminal to the GPCR-proteolytic site (GPS) cleavage point which, when exposed, initiates canonical 
GPCR signalling. This has been shown in a growing number of aGPCRs. We tested this hypothesis 
on ADGRL4/ELTD1 by designing full length (FL) and C-terminal fragment (CTF) ADGRL4/ELTD1 
constructs, and a range of potential Stachel peptides. Constructs were transfected into HEK293T 
cells and HTRF FRET, luciferase-reporter and Alphascreen GPCR signalling assays were performed. 
A stable ADGRL4/ELTD1 overexpressing HUVEC line was additionally generated and angiogenesis 
assays, signalling assays and transcriptional profiling were performed. ADGRL4/ELTD1 has the lowest 
GC content in the aGPCR family and codon optimisation significantly increased its expression. FL 
and CTF ADGRL4/ELTD1 constructs, as well as Stachel peptides, did not activate canonical GPCR 
signalling. Furthermore, stable overexpression of ADGRL4/ELTD1 in HUVECs induced sprouting 
angiogenesis, lowered in vitro anastomoses, and decreased proliferation, without activating canonical 
GPCR signalling or MAPK/ERK, PI3K/AKT, JNK, JAK/HIF-1α, beta catenin or STAT3 pathways. 
Overexpression upregulated ANTXR1, SLC39A6, HBB, CHRNA, ELMOD1, JAG1 and downregulated 
DLL4, KIT, CCL15, CYP26B1. ADGRL4/ELTD1 specifically regulates the endothelial tip-cell phenotype 
through yet undefined signalling pathways.

ADGRL4/ELTD1 is an orphan adhesion GPCR which is expressed in endothelial cells1,2 and smooth muscle 
cells3 where it regulates both physiological and tumour angiogenesis4. Its expression is induced by VEGFR and 
TGF-β4,5 and repressed by DLL44. Disruption of ADGLR4/ELTD1 expression reduced endothelial sprouting 
in vitro and caused vascular abnormalities incompatible with life in zebrafish embryos4. In mice, embryonic 
ADGRL4/ELTD1 knockout does not cause significant vascular defects6,7 which is thought to be due to the pres-
ence of additional genetic redundancy through an enlarged angiogenesis-gene repertoire in higher vertebrates8. 
ADGRL4/ELTD1 is overexpressed, compared to normal adjacent endothelium, in tumour-associated endothelial 
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cells in several common tumour types (head and neck, renal, colorectal, ovarian and brain cancers)4,5 as well as in 
glioblastoma tumour cells9. It is not expressed in the majority of tumour cell lines10. Systemic vascular ADGRL4/
ELTD1 silencing in mice implanted with human tumour xenografts (colorectal and ovarian cancers) decreased 
microvascular density and induced tumour shrinkage with increased survival without a detrimental systemic 
vascular effect4. In glioblastoma tumour cells, ADGRL4/ELTD1 silencing led to improved survival9,11,12. Para-
doxically, high ADGRL4/ELTD1 expression in patients treated with systemic anti-cancer treatment correlated 
with improved overall survival (head and neck squamous carcinoma, renal, colorectal and ovarian cancers)4. A 
potential explanation is that ADGRL4/ELTD1 is associated with a vascular stabilising effect with better tumoural 
drug delivery. This makes ADGRL4/ELTD1 a complex target to consider for therapy.

Like the majority of adhesion GPCRs, ADGRL4/ELTD1’s activation and signalling mechanisms remain 
unknown13. The Stachel hypothesis proposes that the majority of aGPCRS contain a tethered agonist (the Stachel) 
C-terminal to the GPCR-proteolysis site (GPS) cleavage point which, when exposed following N-terminal frag-
ment (NTF) modification (such as ligand binding to the NTF) is able to strike the receptor’s extracellular seven 
transmembrane (7TM) loops and initiate canonical GPCR signalling14. Since its publication, the Stachel hypoth-
esis has been employed to solve the canonical GPCR signalling and activation of a growing number of aGP-
CRs: ADGRG6/GPR126, ADGRD1/GPR13314, ADGRG1/GPR56, ADGRF1/GPR11015, ADGRG5/GPR11416, 
ADGRG2/GPR6417, ADGRL1/LPHN118, ADGRB1/BAI1, ADGRF5/GPR11619, ADGRL2/LPHN220. We tested 
whether the Stachel hypothesis applied to ADGRL4/ELTD1, and investigated the effect of ADGRL4/ELTD1 
upregulation on angiogenesis.

Results
Codon optimisation increased ADGRL4/ELTD1 expression.  After experiencing difficulties overex-
pressing the ADGRL4/ELTD1 protein (Fig. 1A) we observed that ADGRL4/ELTD1’s nucleotide sequence has a 
GC content of 34% (codon adaptation index 0.18), the lowest within the adhesion and secretin GPCR families 
(Figure S1A). The average GC content for coding sequences in Homo sapiens is 52%21. Wild type (WT) full 
length (FL) ADGRL4/ELTD1 was codon optimised (co) retaining its amino acid coding sequence and increas-
ing its GC content to 58% (codon adaption index 0.76), a level higher than the majority of compared receptors 
(Figure S1A) with the resulting co FL ADGRL4/ELTD1 producing a much higher level of protein expression 
compared to the original sequence when transfected into HEK293T cells. (Fig. 1A). Codon optimised versions 
of ADGRL4/ELTD1 were then used for all subsequent experiments.

ADGRL4/ELTD1 construct design and expression.  Two recombinant forms of co ADGRL4/ELTD1 
were created to test the tethered agonist hypothesis14: (1) a FL form—showing more or less basal activity; and (2) 
a C-terminal fragment (CTF) mutant, where everything N-terminal to the GPS consensus cleavage site (amino 
acids HL//T22,23) was removed—which was shown to induce constitutive activity in aGPCRs (Fig. 1B). To mini-
mise the risk of tags interfering with signalling, two series of constructs were designed with different tagging 
strategies: one contained both N-terminal HA and C-terminal FLAG tags, as used in the original studies14,24,25, 
whilst a second contained only a C-terminal GFP tag (Fig. 1B). Wild type ADGRL4/ELTD1’s signal peptide was 
included in all recombinant versions created (both FL and CTF forms).

Each was transiently transfected into HEK293T cells and assessed for expression of the appropriate protein 
tag at 48 h using FACS. The N-terminal HA tagged FL and CTF constructs were expressed on the cell surface 
with the FL construct having a higher surface expression than the CTF construct (55% vs. 30% positivity) (Fig-
ure S1B). FACS results for the whole cell C-terminally GFP tagged FL and CTF constructs showed equal overall 
fluorescence for both constructs (Figure S1B) that was greater than the WT equivalent (Figure S1C). Similar 
results for cell surface expression were obtained using an ‘in-house’ anti-ADGRL4/ELTD1 monoclonal antibody 
raised against the NTF4 (Figure S1C).

Confocal microscopy also showed surface and cytoplasmic GFP expression for both constructs (Figure S1D). 
Surface expression of ADGRL4/ELTD1’s N-terminal HA tagged constructs was comparable to that of HA tagged 
FL and CTF ADGRG6/GPR12614 as well as HA tagged P2Y12 (a Rhodopsin-like GPCR with very high surface 
expression) (Figure S1E).

Neither full length nor CTF ADGRL4/ELTD1 or ADGRL4/ELTD1’s Stachel peptides activate 
canonical GPCR signalling.  GPCR signalling assays were performed using three experimental approaches 
(see methods), assessing second messenger products or transcription factors downstream of specific G-protein 
pathway coupling. As all of these assays are accumulation assays, they were performed at 48 h following transfec-
tion to allow sufficient time for high levels of ADGRL4/ELTD1 surface expression.

HTRF FRET assays in transiently transfected HEK293T cells showed no Gαq or Gαs signalling activity from 
either FL or CTF ADGRL4/ELTD1 compared to an empty vector control (Fig. 1C), despite adequate cell surface 
expression and positive controls. Luciferase reporter assays (downstream of a wider range of G proteins) in 
similarly transfected HEK29T cells showed no sign of canonical GPCR signalling activity, despite proper posi-
tive controls (Fig. 1D), as did the Alphascreen system (Figure S1F). In summary neither FL nor CTF ADGRL4/
ELTD1 constructs (in differently tagged configurations) elicited any canonical GPCR signalling, despite adequate 
and appropriate localisation of expression, when compared to controls under conditions where signalling was 
observed for other aGPCRs.

We also investigated whether a peptide analogous to ADGRL4/ELTD1’s putative tethered agonist region could 
elicit canonical GPCR signalling. 21 peptides of varying length corresponding to the amino acid sequence begin-
ning at ADGRL4/ELTD1’s consensus GPS cleavage site and extending C-terminally to the predicted start of the 
first 7TM loop (Fig. 2A) were tested. Peptides were generally highly insoluble. After preliminary optimisation 
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and screening studies with all 21 peptides, subsequent studies focussed on peptides p10-20 (Fig. 2A) as most 
published Stachel peptides had been of a length within this range. The 11 selected ADGRL4/ELTD1 Stachel pep-
tides were then assayed for activation of co FL ADGRL4/ELTD1 transiently transfected in HEK293T cells using 
luciferase assays corresponding to all canonical GPCR signalling pathways. With peptide insolubility being of 
concern we wanted to include some additional peptide controls. Thus, phylogeny comparisons were conducted 
on the predicted GPS sequences of all human aGPCR family members to find the relative with the highest GPS 
similarity to ADGRL4/ELTD1’s GPS (ADGRA1/GPR123 does not contain a GPS domain and was not included) 
as it has been shown that aGPCRs that cannot be activated through their own tethered agonist can be induced 
through closely related Stachel peptides26. ADGRD1/GPR133 had the most similar GPS (Fig. 2B) and ADGRG5/
GPR114’s peptide (pGPR114) (Wilde et al., 2016) was chosen as an additional control peptide. Neither of these 
peptides showed Gαq, Gαs, Gαi, Gα12/13, or Gβγ pathway signalling activity with ADGRL4/ELTD1 (Fig. 2C).

Results from HTFR FRET assays performed in similarly transfected HEK293T cells as well as on non-trans-
fected HUVECS (which constitutively express WT FL ADGRL4/ELTD1) using all 21 Stachel peptides showed 
no Gαs or Gαi signalling (Figure S2A-B). In summary, ADGRL4/ELTD1 did not appear to activate any form of 
canonical GPCR signalling (Fig. 2D).

Figure 1.   Codon optimisation increases ADGRL4/ELTD1 expression but FL and CTF forms of ADGRL4/
ELTD1 do not activate canonical GPCR signalling. (A) Representative Western blot of co FL ADGRL4/ELTD1 
compared to wt FL ADGRL4/ELTD1. (B) ADGRL4/ELTD1 signalling construct design showing FL and CTF 
forms with different tagging strategies. (C) Gαq HTRF FRET assays in ADGRL4/ELTD1 transiently transfected 
HEK293T cells. Positive controls used were US28 for Gαq (p < 0.0001) and the CTF form of ADGRLG6/GPR126 
for Gαs (p < 0.0001) (D) Gαq, Gα12/13, Gαs luciferase assays in ADGRL4/ELTD1 transiently transfected 
HEK293T cells. Positive controls used were PMA/ionomycin for Gαq (p < 0.0001), US28 for Gα12/13 
(p < 0.0001) and the CTF form of GPR126 for Gαs (p < 0.0001). (Abbreviations: Pos CT = positive control; 
Neg CT = negative control; FL = full length; wt = wild type; co = codon optimised; CTF = C-terminal fragment; 
HA = hemagglutinin; GFP = green fluorescent protein).
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ADGRL4/ELTD1 overexpression induces sprouting angiogenesis and regulates the endothelial 
tip‑cell phenotype.  Although ADGRL4/ELTD1 knockdown has previously been shown to inhibit sprout-
ing angiogenesis in HUVECs4, the effect of overexpression remains unknown. This is biologically relevant to dis-
ease pathology as ADGRL4/ELTD1 is upregulated in endothelial cells found in the tumour microenvironment4. 
Functionality of the overexpressed co ADGRL4/ELTD1 protein was investigated in different batches of sta-
bly transduced low passage primary endothelial cells (Fig.  3A,B, Figure  S3A,B) which constitutively express 
WT ADGRL4/ELTD1 at a low level. Wild type ADGLR4/ELTD1 mRNA expression (distinguishable from co 
ADGLR4/ELTD1 at the transcript level) was similar for both control and co ADGRL4/ELTD1 transduced sam-
ples, showing that ADGRL4/ELTD1 protein overexpression did not exert negative feedback onto wild type 
ADGLR4/ELTD1 expression (Figure S3C).

ADGRL4/ELTD1 overexpression in HUVECs induced sprouting angiogenesis (increased total spheroid sur-
face area [24 h p = 0.002; 48 h p = 0.0008], increased the number of sprouts [24 h p = 0.002; 48 h p = 0.03] (Fig. 3C) 
and increased endothelial capillary tube formation (p = 0.03) (Fig. 3D). The fibrin gel bead assay showed that 
ADGRL4/ELTD1 overexpression inhibited vessel branching reducing vascular anastomoses/branches between 
adjacent vessels at the 3-week conclusion of the assay (p < 0.00001) (Fig. 3E). In both groups, lumen formation 

Figure 2.   ADGRL4/ELTD1’s putative Stachel peptides do not activate canonical GPCR signalling. (A) Design 
of the 21 putative ADGRL4/ELTD1 Stachel peptides. (B) Radial cladogram comparing similarity of all aGPCR 
GPS domains. (C) Gαq, Gαs, Gαi, Gα12/13, Gβγ Stachel peptide luciferase assays in HEK293T cells transfected 
with co FL ADGRL4/ELTD1. Positive controls used were the CHRM3/M3 GPCR receptor exposed to 10 µM 
carbachol for Gαq, Gαs, Gαi, Gα12/13, Gβγ (p < 0.0001) and GPR133 exposed to its Stachel peptide (p133) for 
Gαs (p < 0.0001). (D) Graphical summary of canonical GPCR signalling pathways investigated in this study. 
(Abbreviations: Pos CT = positive control; co = codon optimised; FL = full length; NTF = N-terminal fragment; 
CTF = C-terminal fragment).
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appeared to be similar (Fig. 3E). HUVEC proliferation was decreased with 40% fewer cells at 24 h (p = 0.01) and 
28% fewer cells at 48 h (p = 0.01) (Fig. 3F). There was no effect on endothelial cell migration (start of assay p NS; 
end of assay at 12 h p NS) (Figure S3D), or adhesion to various angiogenesis-associated extracellular matrix 
components (collagen I, collagen IV, laminin, vitronectin, fibronectin p NS for all) (Figure S3E) and matrigel 
(p NS) (Figure S3F).

Gαq, Gαs, Gαi HTRF FRET assays were performed in both ADGRL4/ELTD1 overexpression and control 
HUVECs and showed no significant induction of any Gαq, Gαs, or Gαi signalling (p NS for all) (Fig. 4A). Western 
blotting revealed no activation of the MAPK/ERK, PI3K/AKT JNK, JAK/HIF-1α, beta catenin, NOTCH and 
STAT3 pathways in ADGRL4/ELTD1 overexpressing HUVECs (Fig. 4B).

Microarray transcriptional profiling was performed on 2 batches of ADGRL4/ELTD1 overexpression and 
control HUVECS performed in duplicate (Fig. 4C) to investigate potential changes in gene expression that 
might be responsible for the functional changes in endothelial cell biology. This showed significant upregula-
tion of ANTXR1 (p = 0.009), SLC39A6 (p = 0.002), HBB (p = 0.04), CHRNA (p = 0.02) ELMOD1 (p = 0.0006), and 
downregulation of CCL15 (p = 0.0003) and CYP26B1 (p = 0.03) (Fig. 4D). Overexpressed FL codon optimised 
ADGRL4/ELTD1 was not detected as the microarray only had probes for wild type ADGRL4/ELTD1. A further 

Figure 3.   Co FL ELTD1/ADGRL4 stable overexpression in HUVECS induces the tip cell phenotype. (A) 
Illustration of full length codon optimised ADGRL4/ELTD1 within the pLenti6.2/V5-DEST lentiviral vector. 
(B) Stable overexpression of co FL ADGRL4/ELTD1 in HUVECs (batch 1) showed increased transcripts 
(qPCR), total protein (Western blot) and cell surface expression (FACS) compared to control HUVECs. 
HUVECS overexpressing co FL ADGRL4/ELTD1 showed (C) increased total spheroid surface area and number 
of sprouts, compared to controls at both 24 and 48 h; (D) increased capillary tube formation; (E) decreased 
number of vascular anastomoses/branches between adjacent vessels (arrowheads point to anastomotic 
branches); (F) reduced HUVEC proliferation.
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panel of genes recently shown to be upregulated by ADGRL4/ELTD1 knockdown in HUVECS27 were also tested, 
showing downregulation of DLL4 (p < 0.0001), and KIT (p = 0.003) and upregulation of JAG1 (p = 0.001) (Fig. 4E).

Discussion
We investigated ADGRL4/ELTD1 receptor signalling and found that ADGRL4/ELTD1 had the lowest GC con-
tent in the aGPCR family, did not show canonical GPCR signalling, and induced an endothelial tip-cell pheno-
type when overexpressed (as occurs in tumour-associated endothelium28). The finding that wildtype ADGRL4/
ELTD1’s GC content was the lowest in the aGPCR family is interesting from a functional and evolutionary 
perspective. Codon usage regulates mRNA stability and translational efficiency with optimal codons associated 
with abundant tRNAs for the cognate codon, and higher levels of protein expression, whilst those with low GC 
content and non-optimal codons are associated with low level expression29–31. ADGLR4/ELTD1’s non-optimal 
codon usage suggests that it has been evolutionary beneficial for endothelial and smooth muscle cells to tightly 

Figure 4.   ADGRL4/ELTD1 overexpression in HUVECS does not induce canonical GPCR or MAPK/ERK, 
PI3K/AKT JNK, JAK/HIF-1α, Beta-catenin and STAT3 signalling. (A) Gαq, Gαs, Gαi HTRF FRET assays in 
ADGRL4/ELTD1 overexpressing HUVECs showed no signalling. (B) Western blot showed no change in a 
range of non-GPCR signalling pathways: MAPK/ERK, PI3K/AKT JNK, JAK/HIF-1α, Beta-catenin and STAT3 
pathways. (C) Heatmap depicting significant differentially expressed genes following transcriptional profiling 
in FL ADGRL4/ELTD1 stable overexpressing HUVEC cells compared to control HUVECS. The intensity 
colouring (low = blue; high = red) represents the z-score for each gene. Boxes represent validated genes. (D) 
qPCR validation showed ANTXR1, SLC39A6, HBB, CHRNA, ELMOD1 upregulation, and CCL15 and CYP26B1 
downregulation. (E) qPCR of additional genes showed DLL4 and KIT downregulation and JAG1 upregulation. 
(Abbreviations: co = codon optimised; FL = full length).
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control ADGRL4/ELTD1 expression, despite natural selection generally opting for more optimal codon usage 
across the genome32. An example of this are the genes of the cell cycle, which have a low GC and non-optimal 
codon usage as a mechanism to tightly control expression33.

A recent publication suggested that ADGRL4/ELTD1 signals via the JAK/STAT3/HIF-1α pathway in glio-
blastoma to regulate proliferation and migration34 although this is not a known direct cascade for GPCRs. We 
did not observe any downstream signalling events in HEK293T, COS-7 or HUVEC cells, indicating that the 
interaction between ADGRL4/ELTD1 and the JAK/STAT3/HIF-1α pathway is specific for glioblastoma or other 
cancer cell types and does not apply within endothelial cells. Currently, the direct intracellular consequences of 
ADGRL4/ELTD1 activation remain unknown. This lack of signalling could potentially be due to: (1) lack of the 
endogenous Stachel sequence or insufficient stimulus for its exposure, (2) G protein-independent signalling (3) 
function via cell surface interactions.

ADGRB1/BAI1 and ADGRG1/GPR56 are two aGPCRS which induce G protein-coupled signalling through 
both the tethered agonist as well as through a non-tethered agonist mechanism35. For both receptors, both their 
CTF forms as well as a truncated form of the 7TM (without a tethered agonist sequence) signal constitutively but 
also differentially. For ADGRG1/GPR56, its CTF induced greater Gα12/13 and Gαq signalling than its 7TM form, 
whilst for ADGRB1/BAI1, its CTF induced greater Gα12/13 signalling whilst its 7TM form induced greater Gαq 
signalling35. However, even when Stachel-independent signalling was detected it did not reveal a signal that was 
absent in full length or Stachel-containing constructs. Thus, we believe it rather unlikely that 7TM constructs 
would reveal any signal in the investigated assays.

A few aGPCRs such as ADGRB1/BAI136 and ADGRB3/BAI337 mediate G protein-independent signalling 
via PDZ binding motifs on their intracellular portions36–38. ADGRB1/BAI1 can also activate RAC1 signalling 
through interactions with TIAM1, another regulator of RAC139.

Although ADGRL4/ELTD1 lacks a PDZ motif, interestingly its overexpression induced the expression of 
another ELMO protein family member, ELMOD1. ELMOD1 is a GTPase-activating protein, activates the GTP-
binding protein ARF6 to regulate actin assembly and membrane trafficking40. In endothelial cells, ARF6 is 
known to regulate angiogenesis, and does so by modulating the trafficking and recycling of VEGFR2 from the 
cell surface, ensuring adequate VEGFR2 expression41,42. Other known G protein-independent aGPCR signal-
ling components include GABPγ associating with ADGRB2/BAI2 and leading to VEGF induction43, ADGRC1/
Celsr1 forming a complex with Dishevelled, DAAM1 and PDZ-RhoGEF and ADGRA3/GPR125 influencing 
dishevelled and Wnt signalling44.

Another possible explanation for the lack of detectable signalling pathways is that other means of activation 
need to be employed to activate the receptor. Among them mechanical forces or incubation of the full length 
receptor with a ligand that has not yet been identified. Further, small molecule compounds have been shown 
to activate aGPCRs. Examples include beclomethasone dipropionate on GPR9745 or Gedunin- and Khivorin-
derivatives on GPR56 and GPR11446. It is possible that endogenous small molecules could activate ADGRL4/
ELTD1 irrespective of the existence of a functional tethered agonist. Also, ADGRL4/ELTD1’s function may 
act in trans as a ligand for other molecules as has been suggested for ADGRL1/LPHN147 or ADGRB1/BAI148. 
Future experiments are planned to determine whether ELTD1/ADGRL4’s NTF or 7TM regions are responsi-
ble for its angiogenesis phenotype seen when FL ELTD1/ADGRL4 is overexpressed in endothelial cells. This 
will be performed using two approaches: CTF form overexpression and 7TM-mutant form overexpression. 
Should CTF overexpression not induce an angiogenesis phenotype, this suggests that ADGRL4/ELTD1’s NTF 
is central to promoting its angiogenic effect with activity possibly influenced by NTF adhesion. Conversely, if 
7TM-mutant overexpression (FL ELTD1 truncated prematurely after the first or second 7TM loop) does not 
induce an angiogenesis phenotype, this would suggest that ADGRL4/ELTD1’s 7TM is central to promoting its 
angiogenic phenotype.

Limitations of our signalling analysis include the use of transient transfection and HEK293T cells which 
may not contain the cellular machinery necessary for ADGRL4/ELTD1 signalling. Despite this, the majority of 
published aGPCR Stachel papers have used these cells for GPCR signalling assays although they do not consti-
tutively express the receptor. ADGRL4/ELTD1’s Stachel peptides were all very water insoluble and difficult to 
dissolve. Various modifications were added to the N- and C- peptide termini to try and improve solubility with 
no effect. In contrast, some aGPCRs have more water-soluble Stachel peptides, for example GPR116’s p11619,26. 
However, Stachel peptides of GPR114 or GPR133 are similarly insoluble, yet they yield significant activation on 
full length and mutant aGPCRs14,16.

Our finding that ADGRL4/ELTD1 induced a tip phenotype in endothelial cells is opposite and complemen-
tary to the effect seen on ADGRL4/ELTD1 silencing4, as is the effect on the core angiogenic Notch genes DLL4 
and JAG1, and KIT. The finding that ADGRL4/ELTD1 overexpression decreases anastomoses suggests that 
there may be a failure to switch off the tip cell phenotype as vascular anastomoses occur when two sprouts led 
by endothelial tip cells meet and merge, with the resultant loss of the tip cell phenotype and induction of the 
stalk phenotype.

ADGRL4/ELTD1 overexpression also altered patterns of gene expression in HUVECs by inducing ANTXR1, 
SLC39A6, HBB and CHRNA1 and repressing CCL15. It is possible that some of the products of these genes may 
contribute to ADGRL4/ELTD1’s ability to promote angiogenesis. ANTXR1 is a transmembrane receptor that 
similarly to ADGRL4/ELTD1 is upregulated in tumour endothelial cells49 and which promotes tumour angio-
genesis and endothelial proliferation50. Similarly, to ADGRL4/ELTD1, ANTXR1 silencing in xenografts of diverse 
tumour origin reduced tumour size51. SLC39A6 is a zinc transporter associated with the metastasis of pancreatic, 
oesophageal, prostate and lung cancers52–54 however its link to endothelial biology remains unexplored. Interest-
ingly, ADGRL4/ELTD1 silencing was shown to inhibit the metastasis of ovarian cancer xenografts4.

HBB is the β-subunit of haemoglobin expressed by red blood cells. This is an interesting association consider-
ing the link between progenitor endothelial cells which develop into haematopoietic stem cells (HSCs) which 
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produce erythrocytes55. The association with the haemogenic endothelium is further strengthened through 
ADGRL4/ELTD1’s antagonistic relationship with KIT27, a positive regulator of haematopoietic stem cells56 and 
the endothelial niche57. Furthermore, ADGRL4/ELTD1 (along with ADGRG1/GPR56, another aGPCR) forms 
part of the transcriptional programme behind the transdifferentiation of haemogenic endothelial cells (HECs) 
to HSCs, which then produce the cells of the haematopoietic system58. This presents an exciting new direction 
of ADGRL4/ELTD1 research.

ADGRL4/ELTD1 upregulation in the tumour vasculature has been identified as a common finding in several 
different cancer types, where it has been hypothesised to promote tumour angiogenesis4. Here we show that 
ADGRL4/ELTD1 overexpression in normal primary endothelial cells does indeed have a pro-angiogenic effect. 
While we could not identify the signalling cascades utilised by ADGRL4/ELTD1, we identified several genes 
whose expression is altered on ADGRL4/ELTD1 overexpression providing possible mechanistic insights into how 
it may drive tumour angiogenesis. The further study of such markers related to ADGRL4/ELTD1 function will 
also provide valuable information for monitoring the efficacy of future therapies aiming to inhibit the expression 
and/or function of ADGRL4/ELTD1 in the tumour microenvironment.

Methods
Codon optimisation.  GC content, codon usage analysis and optimisation was performed using JCat59 and 
Biomart60. We transiently transfected both codon optimised (co) and wild type (WT) forms of full length (FL) 
ADGRL4/ELTD1 into HEK293T cells (which do not constitutively express ADGRL4/ELTD1) and analysed total 
cell ADGRL4/ELTD1 protein expression after 48 h. HEK293T cells were selected as the majority of aGPCR sig-
nalling experiments to date have been performed in these cells.

ADGRL4/ELTD1 construct design.  Conserved domains were mapped onto the ADGRL4/ELTD1 amino 
acid sequence using two predictive algorithms: SMART 201561 and NCBI Conserved Domain Search62. SignalP 
4.063 was used to determine the signal peptide. The CTF construct only contained ADGRL4/ETLD1’s sequence 
C-terminal to the GPS cleavage site (amino acids HL//THFAI) in addition to the signal peptide. Constructs were 
synthesised by Biomatik and then cloned into pcDNA3.1 plasmid vectors and verified by sequencing.

ADGRL4/ELTD1 putative Stachel peptide design.  Peptides analogous to the C-terminal end of the 
GPS cleavage site were designed, extending to the first predicted loop of the 7TM. Peptides were produced to 
a high purity (> 90%) by Biomatik. Peptides containing additional water-soluble molecules, in an attempt to 
increase solubilisation (biotin, PEG2, betaine and amino acids KKRR), were synthesised by Cambridge Research 
Biochemicals. Peptide sequences are listed in Supplementary Methods Table 1.

Cell lines and maintenance.  All cells, including cell biology assays using HUVECs, were cultured in tis-
sue culture incubators at 37 °C with a humidified atmosphere of 5% CO2 and 95% filtered atmospheric air; unless 
otherwise indicated. HUVECS pooled from multiple donors (Lonza) were cultured in EBM-2 (Lonza) sup-
plemented with EGM-2 (Lonza), changed every 48 h. HEK293T (Thermo Scientific) and GloResponse NFAT-
RE-luc2P HEK293 (Promega) cells were cultured in DMEM supplemented with 10% FCS and 1% L-glutamine 
(Lonza), changed every 48 h.

Western blotting.  Proteins in cell lysates were quantified, resolved by SDS-PAGE and then transferred 
to a PVDF membrane (Millipore). After blocking for 1 h in low fat milk, primary antibodies were added over-
night at 4 °C. Primary antibodies: ELTD1 (Sigma HPA025229) 1:1000; β-actin conjugated to HRP (Sigma 3854) 
1:10,000; Akt (Cell Signaling 9272) 1:1000; Phospho-Akt (Cell Signaling 4060) 1:1000; Beta Catenin (Cell Sign-
aling 8480) 1:1000; Cleaved Notch1 (Cell Signaling mAb 4147) 1:1000; c-Raf (Cell Signaling 53,745) 1:1000; 
Phospho-c-Raf (Cell Signaling 9427) 1:1000; HIF-1α (Novus Biologicals NB100-105SS) 1:1000; Phospho-Jak1 
(Cell Signaling 66,245) 1:1000; Jak1 (Cell Signaling 3344) 1:1000; Jak2 (Cell Signaling 3230) 1:1000; MEK1/2 
(Cell Signaling 4694) 1:1000; Phospho-MEK1/2 (Cell Signaling 9154) 1:1000; PI3 Kinase (Cell Signaling 4257) 
1:1000; Phospho-PI3 Kinase (Cell Signaling 4228S) 1:1000;Phospho-SAPK/JNK (Cell Signaling 9251) 1:1000; 
p38 MAPK (Cell Signaling 8690) 1:1000; Phospho-p38 (Cell Signaling 4511) 1:1000; Phospho-p44/42 MAPK 
(Erk1/2) (Cell Signaling 4370) 1:1000; Stat3 (Cell Signaling 4904) 1:1000; Phospho-Stat3 (Cell Signaling 9145) 
1:1000. After washing, a secondary antibody: Anti-rabbit conjugated to HRP (DAKO P044801-2) 1:2500 was 
applied. Membrane immunoreactivity was detected using ECL Prime (GE Healthcare), visualisation was per-
formed using an ImageQuant LAS4000 (GE Healthcare).

RNA analysis and qPCR.  RNA was extracted using RNeasy Mini Kit (Qiagen) and reverse transcription 
was performed using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems) according to 
the manufacturer’s guidelines. qPCR was performed using the SensiFAST SYBR No-ROX kit (Bioline). qPCR 
primers were designed using Primer-BLAST64 and were synthesised by Invitrogen. Samples were run using the 
7900HT Fast Real-Time PCR System (ThermoFisher) in a 384 well format. Primers are listed in Supplementary 
Methods Table 2.

Flow cytometry.  Cells were prepared for FACS using standardised FACS methods and measured using a 
BD FACSCalibur flow cytometer (BD Biosciences). Primary antibodies are listed in Supplementary Methods 
Table 3. Data was analysed using FlowJo 10.0.7 (FlowJo LLC).
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Confocal microscopy.  Confocal microscopy was performed using a Zeiss LSM 780 Confocal Microscope 
(Zeiss) using standard protocols. DAPI was used to stain nuclei. A 60 × oil lens was used with laser strength 
adjusted based on results from negative/positive controls. Every well imaged had a minimum of 6 images taken. 
Images were analysed using FIJI65.

Transient transfection.  HEK293T were transiently transfected using Lipofectamine LTX (Invitrogen) 
according to manufacturer’s guidelines (Thermo Scientific) over 48 h. Transfection efficiency was measured by 
analysing ADGRL4/ELTD1 expression by qPCR, Western blotting and FACS.

Signalling assays.  In brief, constructs were transiently transfected into HEK293T cells (co-transfection 
was performed when using the luciferase reported assays) and assayed at 48 h followed by FACS to determine 
ADGRL4/ELTD1 surface expression. For the Stachel peptide experiments in HEK293T cells, cells were tran-
siently transfected with co FL ADGRL4/ELTD1 for 48 h before being exposed to the ADGRL4/ELTD1 Stachel 
peptides for 30 min and commencing the signalling readout assays.

HTRF FRET assays.  Homogeneous Time-Resolved Fluorescence Resonance Energy Transfer (HTRF 
FRET) assays were performed for Gαq, Gαs and Gαi signalling. For Gαq signalling, Cisbio’s IP-1 assay (Cisbio) 
was performed. For Gαs and Gαi signalling, Cisbio’s cAMP assay (Cisbio) was performed. At 48 h post transfec-
tion, the HTRF FRET assay was run. For the Cisbio IP-1 assay, this involved adding the IP-1 stimulation buffer 
for 30 min followed by 60 min exposure to the IP1-d2 working solution and anti IP1-cryptate working solution 
for 60 min. For the Cisbio cAMP assay (for both Gαs and Gαi), this involved adding the cAMP stimulation 
buffer for 30 min followed by 60 min exposure to the cAMP-d2 working solution and cAMP-Cryptate work-
ing solution. For the cAMP assay (encompassing both Gαs and Gαi assays), the phosphodiesterase inhibitor 
3-isobutyl-1-methylxanthine (IMBX) was added to the medium at a final concentration of 0.5 mM in order to 
prevent cAMP degradation. Forskolin was also added at a final medium concentration of 10 μM to the Gαi ver-
sion of the Cisbio cAMP assay. All HTRF FRET assays were read with a HTRF compatible BMG CLARIOstar 
microplate reader (BMG Labtech).

Luciferase reporter assays.  In order to classify and compartmentalise experiments, the following lucif-
erase-reporter assays (Promega) were performed as per the manufacturer’s protocols in order to achieve a broad 
overlapping overview on the following signalling pathways: (1) NFAT-luciferase and NFκB-luciferase for Gαq; 
(2) SRF-RE-luciferase for Gα12/13; (3) CRE-luciferase and CREB-luciferase for Gαs and Gαi; and (5) SRE-lucif-
erase for Gα12/13, Gαi; Gβγ. Assays were read using a BMG FLUOstar (BMG Labtech). For the NFAT-luciferase 
assay, a HEK293 cell line stably expressing NFAT-luciferase (Promega) was used thus only requiring transfection 
with the GPCR plasmid. For the remainder of the luciferase reporters, dual transfection was performed (GPCR 
plasmid plus reporter plasmid). Constitutively active GPCRs as well as inducer compounds included in the 
protocols for each luciferase plasmid were used as positive controls. In brief, ELTD1 or control GPCR constructs 
plus reporter plasmids were transiently transfected into the HEK293T cells or COS-7 cells. For SRE-luciferase 
and SRF-RE-luciferase, DMEM with 5% FBS was removed and replaced with DMEM with 0.5% FBS (serum 
starved) 4 h following transfection. On the day of induction, SRE-luciferase transfected cells were stimulated 
with either an induction solution (40% FBS and 20 ng/ml phorbol myristate acetate (PMA) in DMEM) or a 
DMEM control solution. For SRF-RE-luciferase transfected cells, an induction solution (40% FBS in DMEM) or 
a control solution of DMEM was added. For CRE-luciferase transfected cells, an induction solution containing 
1 mM forskolin or a control solution of DMEM solution was added. For the above assays, results were read at 5 h. 
For the NFAT-luciferase assay, an induction solution (1 μM ionomycin and 10 ng/ml PMA) or a control solution 
(DMSO 1:1000 in DMEM with 5% FBS) was added with results being read 17 h later.

AlphaScreen assay.  PerkinElmer’s AlphaScreen cAMP assay (PerkinElmer) was performed as per the 
manufacturer’s protocols. In brief, cells were transfected as above. At 48 h, cells were incubated in medium con-
taining IBMX and then lysed in LI buffer (PerkinElmer). Plates were then frozen for 24 h at − 20 °C. The Alpha 
Screen cAMP assay kit was used to measure cAMP concentration as per the manufacturer’s guidelines. Accu-
mulation was measured in opaque-walled 96 well microplates (PerkinElmer) and read using the PerkinElmer 
EnVision plate reader (PerkinElmer).

Stachel peptide dilution and application.  ADGLR4/ELTD1’s Stachel peptides were first diluted with 
DMSO and then with 50 mM tris(hydroxymethyl)aminomethane (TRIS) (pH8) to yield a final peptide con-
centration of 1 mM peptide in 1% DMSO (DMSO alone used as control). Peptides were applied to HUVECS 
and transiently transfected HEK293T cells for 30 min before assessing canonical GPCR signalling activity as 
described above.

Cloning and lentiviral transduction.  Cloning was performed using the Mammalian Expression System 
with Gateway Technology (Invitrogen) following the manufacturer’s protocol. In brief, we cloned tagged and 
untagged codon optimised FL ADGRL4/ELTD1 into the pLenti6/V5-DEST lentiviral expression vector and 
assembled a virus-rich supernatant from transfected HEK293T cells, using the ViraPower Lentiviral Expression 
System (Invitrogen), that was used to transduce 3 differing batches of pooled low-passage HUVECs. After 48 h, 
media was replaced with EBM-2 supplemented with EGM-2 as well as blasticidin (4 μg/mL) (Gibco) selection. 
HUVECS were only used within 5 passages.
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Angiogenesis assays.  Hanging drop endothelial sprouting spheroid assay in matrigel.  ADGRL4/ELTD1 
overexpressing HUVEC spheroids (~ 500 cells each, 100 per 15 cm dish) were generated using the hanging-drop 
method (Kelm et al., 2003) and then embedded in matrigel (BD Biosciences). Spheroids were photographed (20 
images of each dish) using an AMG Evos XL Core digital microscope (Fisher Scientific) after 24 h and 48 h and 
a self-made stylus was used to accurately trace the outline of each spheroid which were then analysed using a 
script in FIJI65.

Fibrin gel bead assay.  This assay was performed as originally described66 using ADGRL4/ELTD1 overexpress-
ing HUVECS coated onto cytodex beads which were then embedded in a fibrin gel overlaid with fibroblasts. 
Medium was changed every 2 days with EGM2 (Lonza) and images were taken every second day. See supple-
mentary methods for further details.

Tube formation assay on matrigel.  Control and ELTD1 overexpressing HUVECS were plated at 5 × 104 cells/
well on top of 200 µl of matrigel in a 24-well plate (BD Biosciences) The plate was then placed within an Incucyte 
Imaging Incubator (5% carbon dioxide at 37 °C) (Essen BioScience) and 10 photos were taken per well every 
hour for 24 h. Tube formation was analysed by counting the number of complete polygons (comprising endothe-
lial tubes) in each image field. Results were analysed using FIJI.

Endothelial proliferation assay.  In this assay, control and ELTD1 overexpressing HUVECS were plated at 1 × 105 
cells per well (low confluence) into multiple 12-well plates. Every day, one plate was selected for photograph-
ing, harvesting and cell counting. This was repeated until both control and ELTD1 groups achieved confluence. 
Photographs were performed using an Incucyte Imaging Incubator (5% CO2 at 37 °C). Sixteen photographs were 
taken of each well, then cells were harvested and counted as described in the cell lines and maintenance methods 
section. Results were analysed using FIJI.

Endothelial migration assay.  Control and ELTD1 overexpressing HUVECS were seeded at 5 × 105 cells per well 
into a 24-well ImageLock plate (Essen BioScience) and grown to confluence. Once confluent, a scratch defect 
was introduced into each well using a 4 pin Essen Wound Maker (Essen BioScience) and scratches were imaged 
every 30 min, using an Incucyte Imaging Incubator (5% CO2 at 37 °C), until the defect had been repaired. The 
cell-free scratched images of each group at individual time points were then manually traced using the self-made 
stylus described above with the area quantified using FIJI.

MilliCoat extracellular matrix (ECM) adhesion assay.  This assay was performed using the MilliCoat ECM 
Screening Kit (Merck: ECM105) according to the manufacturer’s instructions, seeding 1 × 104 HUVECS into 
wells coated individually with the various ECM adhesion components (96-well format). Absorbance was read at 
560 nm using a FLUOstar optima microplate reader (BMG Labtech). microplate reader. Results were analysed 
using FIJI.

Matrigel adhesion assay.  Following matrigel solidification, control and ELTD1 overexpressing HUVECS were 
seeded at 1 × 104 cells into each well of a 96-well plate. After 1 h cells were washed 3 × with warmed PBS and the 
centre of each well was photographed using an AMG Evos XL Core digital microscope (Fisher Scientific). Images 
were analysed using FIJI.

Microarray analysis
Gene expression profiling analysis of ADGRL4/ELTD1 overexpressing HUVECs was performed by the Wellcome 
Trust Centre for Human Genetics (Oxford). Microarrays were performed by reverse transcribing extracted 
mRNA into cDNA, labelling the cDNA, and then hybridising the labelled target to the microarray chip. Raw 
data outputted from the Illumina microarray scanner (Illumina iScan) using a HumanHT-12 v4 Expression 
BeadChip Kit (Illumina) was analysed using using R (version 3.3.2) and Limma67. Differentially expressed genes 
were deemed statistically significant if they fulfilled standard microarray criteria: (1) an adjusted p value < 0.05; 
and (2) a fold change of > 2 < − 2. Visualisation was performed using “GGplot2”68. All microarray experiments 
were MIAME compliant69.

Statistical analyses using Prism
Prism 7 (Graphpad Software) was used to analyse results from all completed wet-lab experiments. For com-
parison of two unpaired groups, the unpaired Student’s t-test was used. For comparison of two or more groups, 
a one-way ANOVA was computed. Significance is denoted as: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.

Received: 23 February 2020; Accepted: 5 October 2020

References
	 1.	 Herbert, J. M., Stekel, D., Sanderson, S., Heath, V. L. & Bicknell, R. A novel method of differential gene expression analysis using 

multiple cDNA libraries applied to the identification of tumour endothelial genes. BMC Genomics 9, 153. https://​doi.​org/​10.​1186/​
1471-​2164-9-​153 (2008).

https://doi.org/10.1186/1471-2164-9-153
https://doi.org/10.1186/1471-2164-9-153


11

Vol.:(0123456789)

Scientific Reports |         (2021) 11:8870  | https://doi.org/10.1038/s41598-021-85408-x

www.nature.com/scientificreports/

	 2.	 Wallgard, E. et al. Identification of a core set of 58 gene transcripts with broad and specific expression in the microvasculature. 
Arterioscler. Thromb. Vasc. Biol. 28, 1469–1476. https://​doi.​org/​10.​1161/​ATVBA​HA.​108.​165738 (2008).

	 3.	 Nechiporuk, T., Urness, L. D. & Keating, M. T. ETL, a novel seven-transmembrane receptor that is developmentally regulated in 
the heart. ETL is a member of the secretin family and belongs to the epidermal growth factor-seven-transmembrane subfamily. J. 
Biol. Chem. 276, 4150–4157. https://​doi.​org/​10.​1074/​jbc.​M0048​14200 (2001).

	 4.	 Masiero, M. et al. A core human primary tumor angiogenesis signature identifies the endothelial orphan receptor ELTD1 as a key 
regulator of angiogenesis. Cancer Cell 24, 229–241. https://​doi.​org/​10.​1016/j.​ccr.​2013.​06.​004 (2013).

	 5.	 Dieterich, L. C. et al. Transcriptional profiling of human glioblastoma vessels indicates a key role of VEGF-A and TGFbeta2 in 
vascular abnormalization. J. Pathol. 228, 378–390. https://​doi.​org/​10.​1002/​path.​4072 (2012).

	 6.	 Xiao, J. et al. Augmented cardiac hypertrophy in response to pressure overload in mice lacking ELTD1. PLoS ONE 7, e35779. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00357​79 (2012).

	 7.	 Lu, S. et al. Developmental vascular remodeling defects and postnatal kidney failure in mice lacking Gpr116 (Adgrf5) and Eltd1 
(Adgrl4). PLoS ONE 12, e0183166. https://​doi.​org/​10.​1371/​journ​al.​pone.​01831​66 (2017).

	 8.	 Favara, D. M., Banham, A. H. & Harris, A. L. ADGRL4/ELTD1 is a highly conserved angiogenesis-associated orphan adhesion 
GPCR that emerged with the first vertebrates and comprises 3 evolutionary variants. BMC Evol. Biol. 19, 143. https://​doi.​org/​10.​
1186/​s12862-​019-​1445-9 (2019).

	 9.	 Towner, R. A. et al. ELTD1, a potential new biomarker for gliomas. Neurosurgery 72, 77–90. https://​doi.​org/​10.​1227/​NEU.​0b013​
e3182​76b29d (2013).

	10.	 Favara, D. M., Banham, A. H. & Harris, A. L. A review of ELTD1, a pro-angiogenic adhesion GPCR. Biochem. Soc. Trans. 42, 
1658–1664. https://​doi.​org/​10.​1042/​bst20​140216 (2014).

	11.	 Ziegler, J. et al. ELTD1, an effective anti-angiogenic target for gliomas: preclinical assessment in mouse GL261 and human G55 
xenograft glioma models. Neuro-Oncology 19, 175–185. https://​doi.​org/​10.​1093/​neuonc/​now147 (2017).

	12.	 Serban, F. et al. Silencing of epidermal growth factor, latrophilin and seven transmembrane domain-containing protein 1 (ELTD1) 
via siRNA-induced cell death in glioblastoma. J. Immunoass. Immunochem. 38, 21–33. https://​doi.​org/​10.​1080/​15321​819.​2016.​
12092​17 (2017).

	13.	 Hamann, J. et al. International union of basic and clinical pharmacology. XCIV. Adhesion G protein-coupled receptors. Pharmacol. 
Rev. 67, 338–367. https://​doi.​org/​10.​1124/​pr.​114.​009647 (2015).

	14.	 Liebscher, I. et al. A tethered agonist within the ectodomain activates the adhesion G protein-coupled receptors GPR126 and 
GPR133. Cell Rep. 9, 2018–2026. https://​doi.​org/​10.​1016/j.​celrep.​2014.​11.​036 (2014).

	15.	 Stoveken, H. M., Hajduczok, A. G., Xu, L. & Tall, G. G. Adhesion G protein-coupled receptors are activated by exposure of a cryptic 
tethered agonist. Proc. Natl. Acad. Sci. U.S.A. 112, 6194–6199. https://​doi.​org/​10.​1073/​pnas.​14217​85112 (2015).

	16.	 Wilde, C. et al. The constitutive activity of the adhesion GPCR GPR114/ADGRG5 is mediated by its tethered agonist. FASEB J. 
Off. Publ. Fed. Am. Soc. Exp. Biol. 30, 666–673. https://​doi.​org/​10.​1096/​fj.​15-​276220 (2016).

	17.	 Demberg, L. M., Rothemund, S., Schoneberg, T. & Liebscher, I. Identification of the tethered peptide agonist of the adhesion G 
protein-coupled receptor GPR64/ADGRG2. Biochem. Biophys. Res. Commun. 464, 743–747. https://​doi.​org/​10.​1016/j.​bbrc.​2015.​
07.​020 (2015).

	18.	 Muller, A. et al. Oriented cell division in the C. elegans embryo is coordinated by G-protein signaling dependent on the adhesion 
GPCR LAT-1. PLoS Genet. 11, e1005624. https://​doi.​org/​10.​1371/​journ​al.​pgen.​10056​24 (2015).

	19.	 Brown, K. et al. Epithelial Gpr116 regulates pulmonary alveolar homeostasis via Gq/11 signaling. JCI Insight 2, 1. https://​doi.​org/​
10.​1172/​jci.​insig​ht.​93700 (2017).

	20.	 Rothe, J. et al. Involvement of the adhesion GPCRs latrophilins in the regulation of insulin release. Cell Rep. 26, 1573-1584.e1575. 
https://​doi.​org/​10.​1016/j.​celrep.​2019.​01.​040 (2019).

	21.	 Milo, R., Jorgensen, P., Moran, U., Weber, G. & Springer, M. BioNumbers: the database of key numbers in molecular and cell biol-
ogy. Nucleic Acids Res. 38, D750-753. https://​doi.​org/​10.​1093/​nar/​gkp889 (2010).

	22.	 Langenhan, T., Aust, G. & Hamann, J. Sticky signaling–adhesion class G protein-coupled receptors take the stage. Sci. Signal. 6, 
re3. https://​doi.​org/​10.​1126/​scisi​gnal.​20038​25 (2013).

	23.	 Lin, H. H., Stacey, M., Yona, S. & Chang, G. W. GPS proteolytic cleavage of adhesion-GPCRs. Adv. Exp. Med. Biol. 706, 49–58. 
https://​doi.​org/​10.​1007/​978-1-​4419-​7913-1_4 (2010).

	24.	 Paavola, K. J., Stephenson, J. R., Ritter, S. L., Alter, S. P. & Hall, R. A. The N terminus of the adhesion G protein-coupled receptor 
GPR56 controls receptor signaling activity. J. Biol. Chem. 286, 28914–28921. https://​doi.​org/​10.​1074/​jbc.​M111.​247973 (2011).

	25.	 Ward, Y. et al. LPA receptor heterodimerizes with CD97 to amplify LPA-initiated RHO-dependent signaling and invasion in 
prostate cancer cells. Can. Res. 71, 7301–7311. https://​doi.​org/​10.​1158/​0008-​5472.​can-​11-​2381 (2011).

	26.	 Demberg, L. M. et al. Activation of adhesion g protein-coupled receptors: agonist specificity of Stachel sequence-derived peptides. 
J. Biol. Chem. 292, 4383–4394. https://​doi.​org/​10.​1074/​jbc.​M116.​763656 (2017).

	27.	 Favara, D. M. et al. ADGRL4/ELTD1 silencing in endothelial cells induces ACLY and SLC25A1 and alters the cellular metabolic 
profile. Metabolites 9, 287 (2019).

	28.	 Carmeliet, P. & Jain, R. K. Molecular mechanisms and clinical applications of angiogenesis. Nature 473, 298–307. https://​doi.​org/​
10.​1038/​natur​e10144 (2011).

	29.	 Quax, T. E., Claassens, N. J., Soll, D. & van der Oost, J. Codon bias as a means to fine-tune gene expression. Mol. Cell 59, 149–161. 
https://​doi.​org/​10.​1016/j.​molcel.​2015.​05.​035 (2015).

	30.	 Bazzini, A. A. et al. Codon identity regulates mRNA stability and translation efficiency during the maternal-to-zygotic transition. 
EMBO J. 35, 2087–2103. https://​doi.​org/​10.​15252/​embj.​20169​4699 (2016).

	31.	 Wu, Q. et al. Translation affects mRNA stability in a codon-dependent manner in human cells. eLife https://​doi.​org/​10.​7554/​eLife.​
45396 (2019).

	32.	 Yannai, A., Katz, S. & Hershberg, R. The codon usage of lowly expressed genes is subject to natural selection. Genome Biol. Evol. 
10, 1237–1246. https://​doi.​org/​10.​1093/​gbe/​evy084 (2018).

	33.	 Frenkel-Morgenstern, M. et al. Genes adopt non-optimal codon usage to generate cell cycle-dependent oscillations in protein 
levels. Mol. Syst. Biol. 8, 572. https://​doi.​org/​10.​1038/​msb.​2012.3 (2012).

	34.	 Li, J. et al. ELTD1 facilitates glioma proliferation, migration and invasion by activating JAK/STAT3/HIF-1alpha signaling axis. Sci. 
Rep. 9, 13904. https://​doi.​org/​10.​1038/​s41598-​019-​50375-x (2019).

	35.	 Kishore, A., Purcell, R. H., Nassiri-Toosi, Z. & Hall, R. A. Stalk-dependent and stalk-independent signaling by the adhesion G 
protein-coupled receptors GPR56 (ADGRG1) and BAI1 (ADGRB1). J. Biol. Chem. 291, 3385–3394. https://​doi.​org/​10.​1074/​jbc.​
M115.​689349 (2016).

	36.	 Stephenson, J. R. et al. Brain-specific angiogenesis inhibitor-1 signaling, regulation, and enrichment in the postsynaptic density. 
J. Biol. Chem. 288, 22248–22256. https://​doi.​org/​10.​1074/​jbc.​M113.​489757 (2013).

	37.	 Lanoue, V. et al. The adhesion-GPCR BAI3, a gene linked to psychiatric disorders, regulates dendrite morphogenesis in neurons. 
Mol. Psychiatry 18, 943–950. https://​doi.​org/​10.​1038/​mp.​2013.​46 (2013).

	38.	 Park, D. et al. BAI1 is an engulfment receptor for apoptotic cells upstream of the ELMO/Dock180/Rac module. Nature 450, 
430–434. https://​doi.​org/​10.​1038/​natur​e06329 (2007).

	39.	 Duman, J. G. et al. The adhesion-GPCR BAI1 regulates synaptogenesis by controlling the recruitment of the Par3/Tiam1 polarity 
complex to synaptic sites. J. Neurosci. Off. J. Soc. Neurosci. 33, 6964–6978. https://​doi.​org/​10.​1523/​jneur​osci.​3978-​12.​2013 (2013).

https://doi.org/10.1161/ATVBAHA.108.165738
https://doi.org/10.1074/jbc.M004814200
https://doi.org/10.1016/j.ccr.2013.06.004
https://doi.org/10.1002/path.4072
https://doi.org/10.1371/journal.pone.0035779
https://doi.org/10.1371/journal.pone.0183166
https://doi.org/10.1186/s12862-019-1445-9
https://doi.org/10.1186/s12862-019-1445-9
https://doi.org/10.1227/NEU.0b013e318276b29d
https://doi.org/10.1227/NEU.0b013e318276b29d
https://doi.org/10.1042/bst20140216
https://doi.org/10.1093/neuonc/now147
https://doi.org/10.1080/15321819.2016.1209217
https://doi.org/10.1080/15321819.2016.1209217
https://doi.org/10.1124/pr.114.009647
https://doi.org/10.1016/j.celrep.2014.11.036
https://doi.org/10.1073/pnas.1421785112
https://doi.org/10.1096/fj.15-276220
https://doi.org/10.1016/j.bbrc.2015.07.020
https://doi.org/10.1016/j.bbrc.2015.07.020
https://doi.org/10.1371/journal.pgen.1005624
https://doi.org/10.1172/jci.insight.93700
https://doi.org/10.1172/jci.insight.93700
https://doi.org/10.1016/j.celrep.2019.01.040
https://doi.org/10.1093/nar/gkp889
https://doi.org/10.1126/scisignal.2003825
https://doi.org/10.1007/978-1-4419-7913-1_4
https://doi.org/10.1074/jbc.M111.247973
https://doi.org/10.1158/0008-5472.can-11-2381
https://doi.org/10.1074/jbc.M116.763656
https://doi.org/10.1038/nature10144
https://doi.org/10.1038/nature10144
https://doi.org/10.1016/j.molcel.2015.05.035
https://doi.org/10.15252/embj.201694699
https://doi.org/10.7554/eLife.45396
https://doi.org/10.7554/eLife.45396
https://doi.org/10.1093/gbe/evy084
https://doi.org/10.1038/msb.2012.3
https://doi.org/10.1038/s41598-019-50375-x
https://doi.org/10.1074/jbc.M115.689349
https://doi.org/10.1074/jbc.M115.689349
https://doi.org/10.1074/jbc.M113.489757
https://doi.org/10.1038/mp.2013.46
https://doi.org/10.1038/nature06329
https://doi.org/10.1523/jneurosci.3978-12.2013


12

Vol:.(1234567890)

Scientific Reports |         (2021) 11:8870  | https://doi.org/10.1038/s41598-021-85408-x

www.nature.com/scientificreports/

	40.	 Krey, J. F. et al. ELMOD1 stimulates ARF6-GTP hydrolysis to stabilize apical structures in developing vestibular hair cells. J. 
Neurosci. Off. J. Soc. Neurosci. 38, 843–857. https://​doi.​org/​10.​1523/​jneur​osci.​2658-​17.​2017 (2018).

	41.	 Ikeda, S. et al. Novel role of ARF6 in vascular endothelial growth factor-induced signaling and angiogenesis. Circ. Res. 96, 467–475. 
https://​doi.​org/​10.​1161/​01.​res.​00001​58286.​51045.​16 (2005).

	42.	 Zhu, W. et al. Small GTPase ARF6 controls VEGFR2 trafficking and signaling in diabetic retinopathy. J. Clin. Investig. 127, 
4569–4582. https://​doi.​org/​10.​1172/​jci91​770 (2017).

	43.	 Jeong, B. C. et al. Brain-specific angiogenesis inhibitor 2 regulates VEGF through GABP that acts as a transcriptional repressor. 
FEBS Lett. 580, 669–676. https://​doi.​org/​10.​1016/j.​febsl​et.​2005.​12.​086 (2006).

	44.	 Li, X. et al. Gpr125 modulates Dishevelled distribution and planar cell polarity signaling. Development (Cambridge, England) 140, 
3028–3039. https://​doi.​org/​10.​1242/​dev.​094839 (2013).

	45.	 Gupte, J. et al. Signaling property study of adhesion G-protein-coupled receptors. FEBS Lett. 586, 1214–1219. https://​doi.​org/​10.​
1016/j.​febsl​et.​2012.​03.​014 (2012).

	46.	 Stoveken, H. M., Larsen, S. D., Smrcka, A. V. & Tall, G. G. Gedunin- and Khivorin-derivatives are small-molecule partial agonists 
for adhesion G protein-coupled receptors GPR56/ADGRG1 and GPR114/ADGRG5. Mol. Pharmacol. 93, 477–488. https://​doi.​
org/​10.​1124/​mol.​117.​111476 (2018).

	47.	 Promel, S. et al. The GPS motif is a molecular switch for bimodal activities of adhesion class G protein-coupled receptors. Cell Rep. 
2, 321–331. https://​doi.​org/​10.​1016/j.​celrep.​2012.​06.​015 (2012).

	48.	 Tu, Y. K., Duman, J. G. & Tolias, K. F. The adhesion-GPCR BAI1 promotes excitatory synaptogenesis by coordinating bidirectional 
trans-synaptic signaling. J. Neurosci. Off. J. Soc. Neurosci. 38, 8388–8406. https://​doi.​org/​10.​1523/​jneur​osci.​3461-​17.​2018 (2018).

	49.	 St Croix, B. et al. Genes expressed in human tumor endothelium. Science 289, 1197–1202 (2000).
	50.	 Reeves, C. V., Dufraine, J., Young, J. A. & Kitajewski, J. Anthrax toxin receptor 2 is expressed in murine and tumor vasculature and 

functions in endothelial proliferation and morphogenesis. Oncogene 29, 789–801. https://​doi.​org/​10.​1038/​onc.​2009.​383 (2010).
	51.	 Chaudhary, A. et al. TEM8/ANTXR1 blockade inhibits pathological angiogenesis and potentiates tumoricidal responses against 

multiple cancer types. Cancer Cell 21, 212–226. https://​doi.​org/​10.​1016/j.​ccr.​2012.​01.​004 (2012).
	52.	 Liu, Y. et al. Characterization of zinc influx transporters (ZIPs) in pancreatic beta cells: roles in regulating cytosolic zinc homeostasis 

and insulin secretion. J. Biol. Chem. 290, 18757–18769. https://​doi.​org/​10.​1074/​jbc.​M115.​640524 (2015).
	53.	 Cui, X. B. et al. SLC39A6: a potential target for diagnosis and therapy of esophageal carcinoma. J. Transl. Med. 13, 321. https://​doi.​

org/​10.​1186/​s12967-​015-​0681-z (2015).
	54.	 Lue, H. W. et al. LIV-1 promotes prostate cancer epithelial-to-mesenchymal transition and metastasis through HB-EGF shedding 

and EGFR-mediated ERK signaling. PLoS ONE 6, e27720. https://​doi.​org/​10.​1371/​journ​al.​pone.​00277​20 (2011).
	55.	 Swiers, G., Rode, C., Azzoni, E. & de Bruijn, M. F. A short history of hemogenic endothelium. Blood Cells Mol. Dis. 51, 206–212. 

https://​doi.​org/​10.​1016/j.​bcmd.​2013.​09.​005 (2013).
	56.	 Lennartsson, J. & Ronnstrand, L. Stem cell factor receptor/c-Kit: from basic science to clinical implications. Physiol. Rev. 92, 

1619–1649. https://​doi.​org/​10.​1152/​physr​ev.​00046.​2011 (2012).
	57.	 Azzoni, E. et al. Kit ligand has a critical role in mouse yolk sac and aorta-gonad-mesonephros hematopoiesis. EMBO Rep. https://​

doi.​org/​10.​15252/​embr.​20174​5477 (2018).
	58.	 Solaimani Kartalaei, P. et al. Whole-transcriptome analysis of endothelial to hematopoietic stem cell transition reveals a require-

ment for Gpr56 in HSC generation. J. Exp. Med. 212, 93–106. https://​doi.​org/​10.​1084/​jem.​20140​767 (2015).
	59.	 Grote, A. et al. JCat: a novel tool to adapt codon usage of a target gene to its potential expression host. Nucleic Acids Res. 33, W526-

531. https://​doi.​org/​10.​1093/​nar/​gki376 (2005).
	60.	 Guberman, J. M. et al. BioMart central portal: an open database network for the biological community. Database J. Biol. Databases 

Curation 2011, bar041. https://​doi.​org/​10.​1093/​datab​ase/​bar041 (2011).
	61.	 Letunic, I., Doerks, T. & Bork, P. SMART: recent updates, new developments and status in 2015. Nucleic Acids Res. 43, D257-260. 

https://​doi.​org/​10.​1093/​nar/​gku949 (2015).
	62.	 Marchler-Bauer, A. et al. CDD: NCBI’s conserved domain database. Nucleic Acids Res. 43, D222-226. https://​doi.​org/​10.​1093/​nar/​

gku12​21 (2015).
	63.	 Petersen, T. N., Brunak, S., von Heijne, G. & Nielsen, H. SignalP 4.0: discriminating signal peptides from transmembrane regions. 

Nat. Methods 8, 785–786. https://​doi.​org/​10.​1038/​nmeth.​1701 (2011).
	64.	 Ye, J. et al. Primer-BLAST: a tool to design target-specific primers for polymerase chain reaction. BMC Bioinform. 13, 134. https://​

doi.​org/​10.​1186/​1471-​2105-​13-​134 (2012).
	65.	 Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676–682. https://​doi.​org/​10.​1038/​

nmeth.​2019 (2012).
	66.	 Nakatsu, M. N., Davis, J. & Hughes, C. C. Optimized fibrin gel bead assay for the study of angiogenesis. JoVE, 3, 186. https://​doi.​

org/​10.​3791/​186 (2007).
	67.	 Smyth, G. K. Linear models and empirical bayes methods for assessing differential expression in microarray experiments. Stat. 

Appl. Genet. Mol. Biol. https://​doi.​org/​10.​2202/​1544-​6115.​1027 (2004).
	68.	 Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer, 2009).
	69.	 Brazma, A. et al. Minimum information about a microarray experiment (MIAME)-toward standards for microarray data. Nat. 

Genet. 29, 365–371. https://​doi.​org/​10.​1038/​ng1201-​365 (2001).

Author contributions
D.M.F., M.N. and H.S. performed the wet-lab experiments. I.L., A.J., H.S. provided wet-lab technical expertise 
and assistance. D.M.F., I.L., A.H.B., and A.L.H. conceived and designed the study. D.M.F., A.L.H. and A.H.B. 
drafted the manuscript. All authors contributed to critical revision of the manuscript and read and approved 
the final version.

Funding
DMF was funded by the Rhodes Scholarship, the Clarendon Scholarship and the Oppenheimer Memorial Trust. 
IL was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation—Projektnum-
mer 209933838—CRC1052, B6; FOR2149, P5), the Federal Ministry of Education and Research (IFB Adiposity 
Diseases Leipzig AD2-7102), the European Union (European Social Fund) and the Free State of Saxony. AHB 
and ALH were funded by Cancer Research UK and Breast Cancer Research Foundation (ALH). Funding bodies 
had no role in the study design, analysis, interpretation of data or writing of the manuscript.

Competing interests 
The authors declare no competing interests.

https://doi.org/10.1523/jneurosci.2658-17.2017
https://doi.org/10.1161/01.res.0000158286.51045.16
https://doi.org/10.1172/jci91770
https://doi.org/10.1016/j.febslet.2005.12.086
https://doi.org/10.1242/dev.094839
https://doi.org/10.1016/j.febslet.2012.03.014
https://doi.org/10.1016/j.febslet.2012.03.014
https://doi.org/10.1124/mol.117.111476
https://doi.org/10.1124/mol.117.111476
https://doi.org/10.1016/j.celrep.2012.06.015
https://doi.org/10.1523/jneurosci.3461-17.2018
https://doi.org/10.1038/onc.2009.383
https://doi.org/10.1016/j.ccr.2012.01.004
https://doi.org/10.1074/jbc.M115.640524
https://doi.org/10.1186/s12967-015-0681-z
https://doi.org/10.1186/s12967-015-0681-z
https://doi.org/10.1371/journal.pone.0027720
https://doi.org/10.1016/j.bcmd.2013.09.005
https://doi.org/10.1152/physrev.00046.2011
https://doi.org/10.15252/embr.201745477
https://doi.org/10.15252/embr.201745477
https://doi.org/10.1084/jem.20140767
https://doi.org/10.1093/nar/gki376
https://doi.org/10.1093/database/bar041
https://doi.org/10.1093/nar/gku949
https://doi.org/10.1093/nar/gku1221
https://doi.org/10.1093/nar/gku1221
https://doi.org/10.1038/nmeth.1701
https://doi.org/10.1186/1471-2105-13-134
https://doi.org/10.1186/1471-2105-13-134
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.3791/186
https://doi.org/10.3791/186
https://doi.org/10.2202/1544-6115.1027
https://doi.org/10.1038/ng1201-365


13

Vol.:(0123456789)

Scientific Reports |         (2021) 11:8870  | https://doi.org/10.1038/s41598-021-85408-x

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​85408-x.

Correspondence and requests for materials should be addressed to D.M.F. or A.L.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-85408-x
https://doi.org/10.1038/s41598-021-85408-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Elevated expression of the adhesion GPCR ADGRL4ELTD1 promotes endothelial sprouting angiogenesis without activating canonical GPCR signalling
	Results
	Codon optimisation increased ADGRL4ELTD1 expression. 
	ADGRL4ELTD1 construct design and expression. 
	Neither full length nor CTF ADGRL4ELTD1 or ADGRL4ELTD1’s Stachel peptides activate canonical GPCR signalling. 
	ADGRL4ELTD1 overexpression induces sprouting angiogenesis and regulates the endothelial tip-cell phenotype. 

	Discussion
	Methods
	Codon optimisation. 
	ADGRL4ELTD1 construct design. 
	ADGRL4ELTD1 putative Stachel peptide design. 
	Cell lines and maintenance. 
	Western blotting. 
	RNA analysis and qPCR. 
	Flow cytometry. 
	Confocal microscopy. 
	Transient transfection. 
	Signalling assays. 
	HTRF FRET assays. 
	Luciferase reporter assays. 
	AlphaScreen assay. 
	Stachel peptide dilution and application. 
	Cloning and lentiviral transduction. 
	Angiogenesis assays. 
	Hanging drop endothelial sprouting spheroid assay in matrigel. 
	Fibrin gel bead assay. 
	Tube formation assay on matrigel. 
	Endothelial proliferation assay. 
	Endothelial migration assay. 
	MilliCoat extracellular matrix (ECM) adhesion assay. 
	Matrigel adhesion assay. 


	Microarray analysis
	Statistical analyses using Prism
	References


