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AbstRACt
ORF74 is a G protein-coupled receptor (GPCR) encoded by the Kaposi’s sarcoma-associated 
herpesvirus (KSHV) and expressed by infected host cells. The high constitutive activity of 
this receptor has been correlated with the initiation and progression of the angioprolifera-
tive tumor Kaposi’s sarcoma (KS). The inhibition of ORF74 could therefore be a new strategy 
for the development of therapeutics against KS. In search for such inhibitors we have per-
formed a structure-based virtual screening using a CXCR4-based homology model of ORF74. 
This has led to the identification of 5 compounds that inhibited 125I-CXCL8 binding to ORF74. 
Moreover, 4 of these compounds inhibited ORF74-induced PLC activation. However, these 
molecules also inhibit PLC activation independently of ORF74, and we cannot exclude that 
off-target effects play a role. This emphasizes the importance of counterscreening identified 
hits for non-specific effects.

IntROduCtIOn
Kaposi’s sarcoma (KS) is a heterogeneous and highly vascularized tumor characterized by 
proliferating spindle-shaped endothelial cell, infiltrating leukocytes and red blood cells. It 
is the most common malignancy in AIDS patients. Currently, KS is treated with anti-cancer 
or anti-viral therapies such as highly active antiretroviral therapy (HAART) [421]. However, 
HAART is not successful in all cases of AIDS-associated KS [422-424] and therefore new ther-
apeutic approaches are required. 

Kaposi’s sarcoma-associated herpesvirus (KSHV) is the etiological agent of KS as KSHV DNA, 
mRNA and proteins have been found in all forms of KS lesions [70, 425]. The viral G protein-
coupled receptor (vGPCR) ORF74 appears to be essential for KS development since ORF74 
expression is sufficient to induce tumors in transgenic mice closely resembling KS lesions in 
human [77, 78]. ORF74 shows highest sequence identity to the human chemokine receptor 
CXCR2 [236] (Table 1), but has some unique features. ORF74 can signal in the absence of 
ligands (i.e., ORF74 is constitutively active) to multiple signaling pathways including phos-
pholipase C (PLC) [147], but also binds various human CXC chemokines that can modulate 
this basal activity. For example, the CXCR2 chemokines act as full agonists (e.g. CXCL1) or 
(partial) low potency agonists (e.g. CXCL8), whereas the CXCR3 chemokine CXCL10 acts as 
an inverse agonist on ORF74 [145]. Mice expressing ORF74 mutants that lost constitutive 
activity or the capacity to bind chemokine agonists fail to develop tumors, showing that 
both ligand-independent and -dependent signaling properties of ORF74 are essential for 
tumorigenesis [154, 155]. ORF74 is only expressed in a fraction of tumor cells, but its cel-
lular signaling results in the expression and secretion of cytokines and growth factors that 
(de)regulate neighboring cells in a paracrine manner [83, 192]. Co-expression of ORF74 with 
the herpes simplex virus 1 thymidine kinase (HSV1-TK) using a bicistronic construct renders 
cells that form tumors in nude mice sensitive to the nucleoside analogue ganciclovir. Specific 
targeting of only the few ORF74-expressing cells in established tumors with ganciclovir also 
resulted in increased apoptosis of adjacent non-ORF74-expressing cells and consequently 
tumor regression [84]. ORF74 is therefore considered an attractive and relevant drug target 
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for the treatment of KS. However, unlike for most human chemokine receptors [426, 427] no 
small molecules directly targeting ORF74 have hitherto been reported.

In order to discover (novel) ligands for a protein target, structure-based virtual screening 
(SBVS) has been frequently applied in the past. Due to the tremendous advances in GPCR 
crystallography, the structures of many GPCRs (covering multiple classes) have recently 
been elucidated. These crystal structures allow for more accurate homology modeling of 
GPCRs without a known 3D protein structure (like ORF74) that can in turn be used for SBVS 
[428]. There have been multiple studies reporting the successful application of this tech-
nique on GPCRs [429, 430] e.g. for the A1 [431], H3 [432], CB2 [433], CXCR4 [434], glucagon 
[435] and C3a receptor [429]. 

Inhibitors (or activators) acting via non-specific mechanism form a major problem in drug 
discovery programs [436]. Scientists misguidedly test analogues of the false positive hits in 
an attempt to improve the binding affinity or activity. Fortunately, a growing awareness of 
these problems encourage scientist to counterscreen their hits for specificity, including in 
the GPCR field [437].    

In this paper we report the application of a homology model-based virtual screening on an 
in-house compound library with the aim to identify the first small-molecule inhibitors for 
ORF74. However, counterscreening these compounds for non-specific mechanisms revealed 
possible off-target effects as well.

MAteRIAls And MethOds

Residue numbering and nomenclature
The Ballesteros–Weinstein residue numbering scheme [438] was used throughout this man-
uscript. For explicitly numbered residues in specific receptors, the UniProt [439] residue 
number (accession code VGPCR_HHV8P) is given between brackets after the Ballesteros–
Weinstein residue number (e.g. Y3.32(125) in ORF74).

homology modeling of ORF74
The sequence of ORF74 was compared to the sequence of all 18 class A GPCRs that were 
crystallized at that point in time (PDB accessed at 18th of April 2013). ORF74 was most relat-
ed to both the chemokine receptor CXCR4 and also to the opioid receptors (Table 1). CXCR4 
has the highest sequence identity when comparing the transmembrane (TM) domain and 
helix 8 (H8) closely followed by the (opioid) κ receptor (21.6% compared to 21.2%), however 
the sequence similarity is higher for the κ receptor (49.4% compared to 42.9% for CXCR4, 
see Table 1). In order to choose between the two templates also the similarity and identity 
of solely the binding sites residues (54 residues as previously defined [440]) was compared. 
Comparison of the pocket residues show that both the sequence identity and similarity was 
higher for CXCR4 (22% and 50% respectively) than for κ receptor (20% and 46% respectively, 
see Table 1), therefore the small molecule (IT1t) bound crystal structure of CXCR4 [441] 
(PDB-code 3ODU) was chosen as a template for the construction of the ORF74 homology 
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model. Also the conservation of the cysteine residues in the N-terminus and TM7 between 
ORF74 and CXCR4 (Fig. S2), forming a disulfide bridge, is an important chemokine-receptor 
specific feature[442] that is not present in the structure of the κ receptor. The sequence of 
ORF74 was retrieved in fasta format (Uniprot accession code VGPCR_HHV8P) and aligned 
with the sequence of CXCR4 (as used in PDB entry 3ODU, after removal of the T4-lysozyme) 
using MOE [443]. The alignment was manually refined as guided by the alignment of Mon-
taner et al. [236] and Daiyasu et al. [444] and a PRALINE [445] alignment of all 18 crystal-
lized class A GPCRs with the sequence of ORF74. The resulting alignment was used as input 
for the homology modeling functionality of MOE. 10 main-chain models were generated 
and the side-chains were sampled 10 times at 310K, fine intermediate and fine final model 
refinement was performed using MMFF94x. The highest-ranking homology model was se-
lected for virtual screening.

Preparation of the virtual screening database
11 215 compound structures were obtained in SMILES format from our in-house database. 
Subsequently the ionization states at pH 7.4 were computed with cxcalc after which the 
compounds were protonated using standardizer (both are part of the JChem suite from 
ChemAxon [446]). The resulting compound structures were stored in SDF format. 3D con-
formations were generated using CORINA [447] and stored in SYBYL MOL2 format according 
to the GOLD conventions. 10 983 compounds remained after these steps (due to conversion 
errors for a selected set of compounds during this process), which were finally used for the 
prospective virtual screening.

Automated docking
The docking experiments were performed using PLANTS (version 1.2) [448]. PLANTS com-
bines an ant colony optimization algorithm with an empirical scoring function [449] for the 
prediction and scoring of binding poses in a protein structure. For each compound, clus-
ter of the poses was set to and RMSD of 1Å, 50 poses were calculated and scored by the 
chemplp scoring function at speed setting 2. The binding pocket was defined based on visual 
selection of the center of all TM helices at the height (with respect to the membrane) of 
the minor/major binding pocket, the radius was selected to enclose both the major and the 
minor pocket.

Prospective virtual screening
After docking the prepared in-house compound library in the homology model, the result-
ing ChemPLP scores were evaluated. Based on the score distribution a maximum ChemPLP 
score of -110 was selected for the first set of compounds. A second set of compounds was 
selected based on a maximum SCORE_NORM_CRT_HEVATOMS score of -32. This SCORE_
NORM_CRT_HEVATOMS score normalizes the ChemPLP score with respect to the cubic root 
of the number of heavy atoms. This was done to take into account that scoring functions 
generally enrich the docking score when compounds have more heavy atoms (thus making 
more contacts with binding site residues) [450]. The two sets were merged, resulting in 
a total of 205 unique compounds that were subsequently visually clustered and for each 
cluster the fragment with most negative PLANTS score was selected. Finally, 18 compounds 
were selected based on visual inspection of the best scoring binding pose for each of the 
compounds (mainly focused on discarding poses with buried polar atoms). 
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Materials
Dulbecco’s modified Eagle’s medium and trypsin were obtained from Sigma-Aldrich (St. 
Louis, MO, USA), fetal bovine serum (FBS) and penicillin/streptomycin were purchased from 
PAA Laboratories GmbH (Paschen, Austria). Earle’s inositol-free minimal essential medium 
was from Life Technologies (Carlbad, CA, USA). Na125I and myo-[2-3H]inositol (1 mCi/ml) 
were from PerkinElmer Life Sciences (Boston, MA, USA). Recombinant human chemokines 
were obtained from PeproTech (Rocky Hill, NJ, USA). Linear 25-kDa polyethylenimine (PEI) 
for transfection was purchased from Polysciences (Warrington, PA, USA). Poly-L-lysine and 
dimethyl sulfoxide (DMSO) was obtained from Sigma-Aldrich. The cell titer blue cell viability 
assay was obtained from Promega (Madison, WI, USA).

dnA constructs
The cDNA of ORF74 (Uniprot accession code VGPCR_HHV8P) with a silent G to T mutation 
at position 927) was a gift from Dr. Schwartz (University of Copenhagen, Denmark) and sub-
cloned into pcDEF3, which was a gift from Dr. Langer (Robert Wood Johnson Medical School, 
Piscataway, NJ). 

Cell culture and transfection
HEK293T cells were cultured at 37°C and 5% CO2 in DMEM supplemented with 10% FBS 
and 1% penicillin/streptomycin. Cells were transfected using polyethylenimine (PEI), as de-
scribed previously [451]. Briefly, 20 ng ORF74 (adjusted with empty pcDEF3 to a total amount 
of 5 µg DNA) was diluted in a total volume of 250 µl NaCl solution (150 mM). Next, 250 µl 
NaCl solution containing 30 µg PEI was added to the DNA solution, mixed and incubated for 
20 min at 22˚C. The mixture was added dropwise to the medium of adherent HEK293T cells. 
The next day, cells were trypsinized, resuspended and seeded in poly-L-lysine coated assay 
plates. 

screening compounds selected by sbVs
The 18 compounds selected by virtual screening were tested at 20 µM for their ability both 
to inhibit 125I-CXCL8 binding from ORF74-expressing HEK293T cells and to inhibit constitutive 
signaling of ORF74 as described under ‘Radioligand binding experiments’ and ‘Phospholi-
pase C activation assay’, respectively. Next, a ChemBioFinder [452] substructure search (on 
the methoxymethylenedibenzene moiety) and a LBVS with EDprints [453] were performed 
to find analogues of the single hit GBR-13398. It should be noted that most of the com-
pounds selected using the substructure search were also present in the SBVS hit list, they 
were, however, removed during the visual clustering step due to their similarity to GBR-
13398. The purity of all compounds was verified by liquid chromatography-mass spectrom-
etry (LC-MS). All experimentally validated hits had a purity of 92% or higher (see Table S1). 

Radioligand binding experiments
Radioiodination [125I] of CXCL8 was described previously [407]. Briefly, 5 μg human CXCL8 
and 0.5 mCi 125I-Na were incubated for 12 min at 22°C in 35 μl Labeling buffer (125 mM 
Tris-HCl pH 6.8, 150 mM NaCl) in a Iodo-Gen coated tube (Pierce Chemical Co., Rockford, 
IL, USA). Iodinated CXCL8 was separated from free iodine using a PD-10 column (GE Health-
care). Subsequently, the  specific activity of 125I-CXCL8 was determined using trichloroacetic 
acid protein precipitation [408]. 24 h post-transfection, ORF74-expressing HEK293T cells 
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were seeded in poly-L-lysine-coated 96-well plates (5·104 cells/well). The next day, displace-
ment binding experiments were performed by incubating intact cells with 100 pM 125I-CXCL8 
in binding buffer (50 mM HEPES (pH 7.4), 1 mM CaCl2, 5 mM MgCl2, 0.5% BSA in 1% DMSO 
in the absence or presence of indicated concentration unlabeled CXCL10 or compound for 
3 h at 4°C. Incubations were terminated by washing the cells three times with ice-cold bind-
ing buffer supplemented with 0.5 M NaCl and subsequently lysed and counted in a Wallac 
Compugamma counter. 

Assessment of the predicted binding mode of GbR-12818
Virtual assessment of the validity of the binding mode of GBR-12818 was performed by 
increasing the sampled conformational space of the protein and the ligand. In order to do 
this a refined homology model was constructed based on CXCR4 (PDB-code 3ODU) [353] in 
a similar manner. However, this time the side-chains were sampled 50 times at 310K result-
ing in a total of 500 homology models. GBR-12818 was docked into each of the CXCR4-based 
homology models and the binding mode with the highest ChemPLP score was selected for 
each of the homology models. Visual inspection of the highest scoring docking pose of GBR-
12818 in all homology models indicated a preferred binding mode for GBR-12818 (in-line 
with the docking pose obtained during the prospective SBVS). From all poses portraying 
this preferred binding mode the binding mode with the highest ChemPLP score was se-
lected for further refinement. This model was embedded in a POPC lipid membrane [454], 
TIP3P waters [455] were added (including in the protein cavities to prevent a hydrophobic 
collapse), and the resulting complex was neutralized with 150 mM NaCl. The CHARMM36 
force field[456] was used and ligand parameters were estimated using CGenFF [457]. Using 
NAMD (version 2.9, NAMD was developed by the Theoretical and Computational Biophysics 
Group in the Beckman Institute for Advanced Science and Technology at the University of 
Illinois at Urbana-Champaign) [458] the complex was equilibrated for 2 ns and the complex 
was simulated for another 2 ns.

Phospholipase C activation assay
24 h post-transfection, ORF74-expressing HEK293T cells were seeded in poly-L-lysine coat-
ed 48-well plates (1·105 cells/well). After approximately 7 h, medium was replaced with 
myo-[2-3H]-inositol (1 μCi/ml) in Earle’s inositol-free minimal essential medium (Gibco) sup-
plemented with 10% FBS and 1% penicillin/streptomycin. The next day, cells were incubated 
with indicated concentrations CXCL10 or 30 µM compound in assay buffer (20 mM HEPES, 
140 mM NaCl, 5 mM KCl, 1 mM MgSO4, 1 mM CaCl2, 10 mM glucose, pH 7.4, containing 0.1% 
BSA, 1% DMSO and 10 mM LiCl) at 37°C and 5% CO2 for 90 min. To activate PLC independent-
ly of ORF74, 10 mM NaF and 10 µM AlCl3 (AlF4

-) was added in addition to the compounds 
to untransfected HEK293T cells. After incubation, cells were placed on ice and stimulation 
buffer was aspirated. Generated [3H]-inositol phosphates (InsP) were extracted by incubat-
ing cells with ice-cold 10 mM formic acid for 90 min on ice, isolated by anion-exchange 
chromatography (Dowex AG1-X8 columns; Bio-Rad) and counted by liquid scintillation in a 
Packard liquid scintillation analyzer.

Cell viability assay
The Cell Titer Blue cell viability assay was performed according to the manufacturer’s in-
structions. Briefly, 24 h post-transfection, ORF74-expressing HEK293T cells were seeded in 
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white 96-well culture plates (5·104 cells/well). The next day, cells were incubated with in-
dicated concentrations compound in DMEM (supplemented with 1% DMSO) at 37°C and 
5% CO2 for 90 min. Next, 20 μl/well CellTiter-Blue Reagent was added and incubated for 3 
h at 37°C and 5% CO2 prior to the measurement of fluorescence (ex/em: 530/580 nm) on a 
Victor3 multilabel plate reader (Perkin Elmer). The obtained signal was corrected for back-
ground, as determined by the fluorescence in wells without cells.

data analysis
Sigmoidal concentration-response curves or bar graphs were plotted using Graphpad Prism 
6 software (GraphPad Software, San Diego). IC50 and EC50 values were determined by non-
linear regression. The IC50 values of CXCL10 obtained from the radioligand displacement 
curves were converted to Ki values using the method of Cheng and Prusoff [349]. Statistical 
analyses were performed using Graphpad Prism 6 software. 

Results 

homology model-based virtual screening
In order to find ligands for ORF74, a homology model was built for the virtual screening of 
an in-house compound library. Despite the shared homology with human CXCR2 (Table 1), 
ORF74 is missing several highly conserved residues compared to human chemokines and 
class A GPCRs. The highly conserved residues D2.50, S3.39, D3.49 (from the DRY motif), W4.50, W6.48 
and N7.49 (from the NPxxY motif) are replaced by S2.50(93), D3.39(132), V3.49(142), L4.50(169), C6.48(264), and 
V7.49(130) in ORF74, respectively. Moreover, the chemokine (and opioid) receptor TxP motif in 
TM2 is also not present. Interestingly, the mutation of D2.50 to S2.50(118) is paired with the mu-
tation of S3.39 to D3.39(160). This swap mutant, as identified by Montaner et al. [236], possibly 
disrupts the recently described conserved sodium ion binding site [459, 460]. The changes 
in this site are thought to result in constitutive active signaling by this viral GPCR [236, 460].

The quality of GPCR homology models for structure-based virtual screening can be signifi-
cantly improved by the consideration of ligand information [461-463]. In the absence of 

Table 1. Overview of sequence identity and similarity of ORF74 with CXCR2, the top 
5 most closely related crystallized GPCRs at that time (the opioid κ, δ, μ, and NOP 
receptor and CXCR4), and CCR5a.

a) The crystal structure of 
CCR5 was published after 
the creation of the ORF74 
homology model that was 
used for the prospective 
virtual screening. b) Pock-
et definition as reported 
earlier [440].
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ORF74 ligand information a ligand-free homology model was constructed based on the most 
closely related template that was available in the Protein Data Bank [464] (PDB) at that time, 
namely CXCR4 [441] (see ‘Materials and Methods’). The sequence of ORF74 could be prop-
erly aligned to CXCR4 by taking the conserved residues, the D2.50S/S3.39D swap mutant, and 
the conserved cysteines that form the disulfide bridges N-terminus-TM7 and TM3-ECL2 into 
account. The resulting alignment (Fig. S1) was subsequently used to construct the homology 
model of ORF74. 

The in-house compound library used for homology model-based virtual screening pre-
dominantly contains drug-like molecules that adhere to the rule-of-5 [465] (86%) and 18% 
adheres to the fragment-like rule-of-3 [466]. The physicochemical properties of the com-
pounds in this library have the following averages: a molecular weight of 305.9 dalton, a 
LogP of 2.9, 21.8 heavy atoms, 4.9 rotatable bonds, 1.4 H-bond donors, and 3.7 H-bond 
acceptors. The distributions of the physicochemical properties are given in Fig. S2. 

From the in-house compound library we screened 10,983 compounds against the homology 
model of ORF74 using molecular docking simulations with PLANTS. The scores of the ob-
tained docking poses were processed and 18 compounds [211, 212, 215] were subsequently 
selected from the set of highest-scoring compounds for experimental validation (see ‘Ma-
terials and Methods’). 

Figure 1. The molecular structures of the SBVS hit (GBR-13398) and the 5 first small molecule inhibitors of ORF74.
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These 18 compounds were tested for their ability to inhibit 125I-CXCL8 binding to ORF74 and 
to modulate constitutive PLC activation by ORF74, revealing one potential hit compound 
(GBR-13398) (Fig. 1). However, GBR-13398 unfortunately portrayed cytotoxicity (Support-
ing information Fig. S3) and was therefore eliminated from further pharmacological testing. 
We therefore searched for analogues of GBR-13398 by a substructure search and ligand-
based virtual screening (LBVS) using EDprints [453] as described in ‘Materials and Methods’. 
This resulted in the identification of 5 structural analogues of GBR-13398: GBR-11051, GBR-
11490, GBR-12797, GBR-12818 and GBR-12909 (Fig. 1). 

Pharmacological characterization
The hit compounds from the SBVS and a subsequent analogue search and LBVS were first 
tested for cytotoxicity in view of the foreseen whole cell ORF74 assays (125I-CXLC8 bind-
ing and inhibition of constitutive activity) (Supporting information Fig. S3). All compounds, 
with the exception of GBR-12797 and GBR-12818, significantly decreased cell viability at 
100 µM (albeit to a much smaller extent than GBR-13398 for which almost no cell viability 
was observed at 100 µM) as compared to vehicle-treated cells (dotted line). The 100 µM 
concentration was omitted in subsequent evaluations of these compounds. In contrast to 
GBR-13398, the selected hit compounds from the LBVS analysis did not significantly affect 
cell viability at 30 µM or 10 µM (Supporting information Fig. S3). These compounds were 
subsequently tested for their ability to inhibit 125I-CXCL8 binding to ORF74-expressing cells 
(Fig. 2). CXCL10 was able to displace 125I-CXCL8 with an affinity of 8.7 ± 0.2, which is in line 
with previously reported data [145] (Fig. 2A). GBR-11490, GBR-12818 (Fig. 2B), GBR-11051, 
GBR-12797 and GBR-12909 (Fig. 2C) inhibited 125I-CXCL8 binding to ORF74-expressing cells 
in a dose-dependent manner, albeit with high-micromolar IC50 values. The moderate affinity 
prevented the generation of full displacement curves.

binding mode assessment
To confirm the radioligand binding results, one of the hit compounds was chosen for assess-
ment of the docking pose in the ORF74 homology model through increased conformational 
sampling of the protein and the ligand. After docking GBR-12818 into a series of refined 

Figure. 2. Compounds inhibit CXCL8 binding to ORF74. Binding of 125I-CXCL8 to intact HEK293T cells expressing WT-
ORF74 was measured in the presence of increasing concentrations unlabeled CXCL10 (A), GBR-11490, GBR-12818, 
(B) GBR-11051, GBR-12797 or GBR-12909 (C). Data are shown as percentage of specific 125I-CXCL8 binding and rep-
resent pooled data of four independent experiments each performed in triplicate. Error bars indicate SEM values.
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homology models (see ‘Materials and Methods’) the highest-ranking homology model-
GBR-12818 docking pose combination was used for further investigation. This proposed 
binding mode of GBR-12818 (Fig. 3A) suggests that these inhibitors predominantly bind to 
the minor pocket [440] (between TMs 1, 2, 3, and 7). The diphenylmethane moiety targets 
a deep hydrophobic region between TMs 2, 3, and 7, whereas the piperazine has a H-bond 
and ionic interaction with E2.60(103) in this proposed binding mode. It should be noted that the 
binding mode of GBR-12818 is comparable to the binding mode that was obtained for the 
initial SBVS hit GBR-13398 (that was not pursued due to cytotoxicity), which can be ascribed 
to their high structural similarity. 

Currently, crystal structures of small molecule-bound chemokine receptors are available for 
CXCR4 and CCR5. Small molecule IT1t in CXCR4 binds to the minor pocket (Fig. 3B). Maravi-
roc in CCR5, however, binds to both the major [440] (between TMs 3, 4, 5, and 6) and the 
minor pocket (Fig. 3C). Both co-crystallized ligands have an ionic anchor in TM7 (E7.39), but 
IT1t also has an ionic interaction with an acidic residue in TM2 (D2.60). 

Figure 3. GBR-12818 binding mode. An overview of the ligand binding modes of the highest scoring docking pose of 
GBR-12818 in ORF74 (A) and the crystal structures of CXCR4 (B) and CCR5 (C) in complex with the small molecules 
IT1t and maraviroc, respectively. Sequence alignment (D) of the pocket residues of the human chemokine receptors 
and the viral GPCRs ORF74 and US28. Indicated are the minor pocket (blue), the major pocket (orange) and the 
interface between these pockets (gray). Contacts between the ligand and the protein as observed in the docking 
pose (A) and the crystal structures (B, C) are colored green. Important residues for ligand binding determined by 
mutagenesis studies [210, 441, 467-479] are colored gray.
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Inhibition of PlC activation
The ability of the identified compounds to inhibit constitutive ORF74 signaling was subse-
quently tested in a PLC activation assay. Expression of ORF74 in HEK293T cells resulted in an 
increased activation of PLC compared to mock-transfected cells (Fig. 4, dotted line). CXCL10 
inhibited ORF74-induced PLC activation almost completely (92.0% ± 0.6) compared to mock-
transfected cells (dotted line) in a dose-dependent manner with a potency (pEC50 = 8.1 ± 
0.1), which is in line with previous findings [145] (Fig. 4A). Since the compounds inhibited 
ORF74-induced PLC activation with relatively low potencies (pEC50 < 5, data not shown), 
they were further evaluated at single point concentrations (30 µM) (Fig. 4B). GBR-11490 and 
GBR-12818 reduced constitutive ORF74 signaling to PLC with almost 50%, while GBR-12797 
and GBR-12909 had significantly (p<0.001) smaller effects (30%) at 30 µM (Fig. 4B). On the 
other hand, GBR-11051 did not significantly modulate basal PLC activation of ORF74 at 30 
µM as compared to vehicle-treated cells (Fig. 4B). 

To test for target specificity, untransfected HEK293T cells were stimulated with 10 mM NaF 
and 10 µM AlCl3 (AlF4

-). AlF4
- stimulates PLC by nonspecifically activating G proteins via bind-

ing to the GDP-bound α-subunit and mimicking γ-phosphorylation of GTP [480]. In the ab-
sence of AlF4

-, the compounds had no significant effect on background PLC activation (Fig. 
4C). Stimulation with AlF4

- increased PLC activation (Fig. 4C), as expected. GBR-11490, GBR-
12818 and GBR-12797 inhibited AlF4

--induced PLC activation with 80%, whereas GBR-12909 
had a smaller effect (63% inhibition) (Fig. 4C). GBR-11051 did not significantly modulate PLC 
activation in response to AlF4

-. These results indicate that the compounds, with the excep-
tion of GBR-11051, inhibit PLC activation independently of ORF74. 

Figure 4. Compounds inhibit PLC activation independently of ORF74. HEK293T cells expressing WT-ORF74 (A, B) 
or untransfected HEK293T cells (C) were incubated with increasing concentrations CXCL10 (A), or 10 µM CXCL10 
(shaded bar) or 30 µM ORF74 compounds identified by SBVS (B, C) in the absence (white bars) or presence (black 
bars) of 10 mM NaF and 10 µM AlCl3 (AlF4

-) (C) and PLC activation was determined by measuring inositol phosphate 
accumulation. Data are shown as percentage of PLC activation in the absence of compounds (A, B) and the presence 
of AlF4

- (C) and represent pooled data of three independent experiments each performed in triplicate. Error bars 
indicate SEM values and dotted lines represent vehicle-treated mock- (A, B) or untransfected (C) cells. Significant 
differences in PLC activation between vehicle- and compound-treatment were determined by one-way ANOVA fol-
lowed by a Bonferroni test (* p ≤ 0.0001, ‘NS’ means not significant).
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In contrast to most human chemokine receptors, ORF74 is highly constitutively active. This 
chemokine-independent signaling might arise from several substitutions in the sequence of 
ORF74 at positions that are highly conserved in human (chemokine) GPCRs, including the 
swap mutant in the conserved sodium ion binding site [236, 460]. This constitutive activ-
ity results in the activation of proliferative, pro-inflammatory and angiogenic pathways via 
autocrine and paracrine mechanisms and has been correlated with the onset of KS [53]. 
Hence, inhibitors of constitutive ORF74 signaling represent attractive candidates for novel 
KS therapies. 

Finding small molecule inhibitors of chemokine receptors using homology models has prov-
en to be difficult and the affinity of the inhibitors identified is generally low [434, 481, 482]. 
Moreover, creating an accurate homology model of a ligand-chemokine receptor complex 
is challenging, as was revealed during the GPCR-dock 2010 challenge [463, 483]. These dif-
ficulties are also demonstrated by the homology model-based virtual screening for CXCR4 
inhibitors by Mysinger et al. [434] and Kim et al. [482], which both resulted in the identi-
fication of only one inhibitor that binds CXCR4 with (high)-micromolar affinity (IC50 = 107 
μM and IC50 = 5.5 μM, respectively) despite the availability of mutagenesis data and many 
known ligands that could be used to train and refine the homology models. It should be 
noted that the arrival of CXCR4 crystal structures [441] has provided new structural insights 
resulting in structure-based virtual screening studies with a much higher success rate [484, 
485].

In the present study, virtual screening using a CXCR4-based homology model of ORF74 re-
sulted in a single hit (6% hit rate) and a subsequent substructure search and ligand-based 
virtual screening ultimately resulted in 5 analogues of this hit that inhibited 125I-CXCL8 bind-
ing to ORF74. Moreover, 4 of these compounds seemed to inhibit constitutive ORF74 signal-
ing towards PLC but also inhibited PLC activation in response to AlF4

-, suggesting aspecific 
effects. Interestingly, the only compound that had no effect on PLC activation in response to 
AlF4

- (GBR-11051) also had no effect on ORF74-induced PLC activation, further supporting 
that the remaining 4 molecules show off-target effects. A cell viability assay excluded the 
possibility for cytotoxicity, but many other mechanisms might explain the non-specific ac-
tion of these small molecules. For example, the compounds might inhibit signaling proteins 
downstream of ORF74, such as G proteins or PLC. Alternatively, the compounds might form 
aggregates, that can directly interact with ([486]) and non-specifically inhibit (or occasion-
ally activate) proteins such as enzymes [437]. Aggregates typically form at micromolar con-
centrations [487] and optimization efforts are often unsuccessful. This might explain why 
our hits inhibited PLC activation only with relatively low potencies (pEC50 < 5). Furthermore, 
the compounds identified in the present study were originally designed as dopamine reup-
take inhibitors [488], but are also known to have affinity for several GPCRs including opioid 
and aminergic GPCRs [489]. This promiscuous behavior might reflect non-specific mecha-
nisms such as the formation of aggregates [486].

On the other hand, the hit compounds had a much larger effect on AlF4
--induced PLC activa-

tion as compared to ORF74-induced PLC activation, suggesting that the compounds acted 
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differently in ORF74-transfected cells as compared to AlF4
--treated untransfected cells. Fur-

thermore, our finding that the compounds inhibit 125I-CXCL8 binding to ORF74-expressing 
cells is consistent with a direct receptor interaction and is in line with the proposed binding 
mode of GBR-12818. However, it can not be excluded that these compounds non-specifi-
cally inhibit both 125I-CXCL8 binding and PLC activation via different mechanisms. A recent 
study indeed showed that aggregated compounds are able to interact with peptide ligands 
of GPCRs (i.e. chemokines) and was suggested to contribute to ligand sequestering [437]. 
However, whether association of aggregated compounds with peptide ligands affected re-
ceptor binding was not investigated. 

Taken together, we aimed to identify the first small-molecule inhibitors for ORF74 using a ho-
mology model-based and ligand-based virtual screening on an in-house compound library. 
Hit compounds inhibited both chemokine binding and PLC activation in ORF74-expressing 
cells, supporting an ORF74-mediated effect. Nevertheless, as the identified hit compounds 
also inhibit PLC activation independently of ORF74, we can not exclude that these com-
pounds act via non-specific mechanisms. This should be sorted-out before using these hits 
as lead compounds for future optimization efforts. 
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suPPORtInG InFORMAtIOn

Figure S1. The amino acid sequence alignment of ORF74 with the CXCR4 residues present in the CXCR4-IT1t crys-
tal structure (PDB-code 3ODU) that was used in order to create the ORF74 homology model.

Analytical HPLC-MS analyses were conducted using a Shimadzu 
LC-20AD liquid chromatograph pump system with a Shimadzu 
SPD-M20A diode array detector. MS detection was performed with 
a Shimadzu LCMS-2010 EV liquid chromatograph mass spectrom-
eter. The analyses were performed using the following conditions; 
Xbridge (C18) 5 μm column (50 mm × 4.6 mm) with solvent A (ace-
tonitrile with 0.1% formic acid) and B (water with 0.1% formic acid), 
flow rate of 1.0 mL/min, start 5% A, linear gradient to 90% A in 4.5 
min, then 1.5 min at 90% A, then a linear gradient to 5% A in 0.5 
min, then 1.5 min at 5% A, total run time of 8.0 min. Compound pu-
rities were calculated as the percentage peak area of the analyzed 
compound by UV detection at 230 nm.

Table S1. Purity data for each of the vali-
dated compounds.
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Figure S2. The distribution of the physicochemical properties for the in-house library that was used for the SBVS. 
The SBVS library predominantly contains drug-like molecules (86%) and 18% adheres to the fragment-like rule-
of-3.

Figure S3. Compounds are not toxic at 30 µM or higher. HEK293T cells expressing WT-ORF74 were vehicle-treated 
(dotted line) or were incubated with 100 µM (black bars), 30 µM (shaded bars) or 10 µM (white bars) compound 
identified by the SBVS and cell viability was determined by measuring the ability of living cells to convert a substrate 
into a fluorescent product. Data are shown as mean percentage of vehicle-treated cells and represent pooled data 
of three independent experiments each performed in triplicate. Error bars indicate SEM. Significant decreases in cell 
viability between vehicle- and compound-treated cells were determined by one-way ANOVA followed by a Bonfer-
roni test (^ p ≤ 0.05, * p ≤ 0.01, # p ≤ 0.0001).




