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SUMMARY 
  

Human T-cell leukemia virus type-1 (HTLV-1) is the first pathogenic retrovirus discovered 

in human. Although HTLV-1-induced diseases are well characterized and linked to the 

encoded Tax-1 protein, there is currently no strategy to target Tax-1 functions with small 

molecules. Here, we report a comprehensive interaction map between Tax-1 and human 

PDZ domain-containing proteins (hPDZome), and we show that Tax-1 interacts with one-

third of them. This includes proteins involved in cell cycle, cell-cell junction and 

cytoskeleton organization, as well as in membrane complexes assembly. Using nuclear 

magnetic resonance (NMR) spectroscopy, we have determined the structural basis of the 

interaction between the C-terminal PDZ binding motif (PBM) of Tax-1, and the PDZ 

domains of DLG1 and syntenin-1. Finally, we have used molecular modeling and 

mammalian cell-based assays to demonstrate that Tax-1/PDZ-domain interactions are 

amenable to small-molecule inhibition. Thus, our work provides a framework for the 

design of targeted therapies for HTLV-1-induced diseases. 
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Highlights 
  

  
• A comprehensive interactome map of HTLV-1 Tax / human PDZ proteins 

• Structural basis of Tax-1 PBM binding to human DLG1 and syntenin-1 PDZ 

domains”. 

• Biological significance of inhibiting Tax-1 functions 

• Druggability of the Tax-1 / PDZ interface 
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Graphical abstract 
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INTRODUCTION 
  

Human T-cell lymphotropic viruses (HTLV-1 to -4) are members of Deltaretrovirus genus 

of the Retroviridae family.  The first human retrovirus to be isolated 40 years ago (Poiesz 

et al., 1981), HTLV-1 is the etiological agent of adult T-cell leukemia/lymphoma (ATL), an 

aggressive neoplasm, as well as HTLV-1-associated myelopathy (HAM).  HAM is also 

termed tropical spastic paraparesis (TSP) (HAM/TSP), an immune degenerative neuro-

logic syndrome.  HTLV-2 was discovered shortly after HTLV-1 (Kalyanaraman et al., 

1982), but has not been convincingly linked to lymphoproliferative disorders (Feuer and 

Green, 2005).  HTLV-3 and 4 were the latest identified (Calattini et al., 2005; Wolfe et al., 

2005), and their possible association with human diseases needs further investigation.  

Currently about 10-20 million people worldwide are infected with HTLV-1, and 1 to 10% 

will develop severe ATL or HAM/TSP diseases (Gessain et al., 1985; Hinuma et al., 1981; 

Pasquier et al., 2018).  For the last 40 years, ATL patients have been treated using chem-

otherapy-based approaches, but with very limited benefit the median survival rate being 

8-10 months (Bazarbachi et al., 2011; Cook and Phillips, 2021; Utsunomiya et al., 2015).  

Improved survival is achieved by antiviral therapies combining zidovudine and interferon-

alpha (Nasr et al., 2017), allogenic hematopoietic stem cell transplantation (Fuji et al., 

2016), or the use of monoclonal antibodies targeting CC chemokine receptor 4 (CCR4), 

which is frequently expressed in ATL patient samples (Ishida et al., 2015; Yoshie, 2005; 

Yoshie et al., 2002).  However, the above therapies are not fully effective, mainly due to 

clinical disease heterogeneity, discrepancies in treatment between countries, and lack of 

specific and universally targeted drugs (Cook and Phillips, 2021).  In contrast to ATL, no 

treatment is available for HAM/TSP patients.  Both HTLV-1-induced diseases are associ-

ated with high proviral loads.  Targeting viral replication, including re-positioning existing 

anti-human immunodeficiency virus (HIV) drugs, was investigated to decrease HTLV-1 

cell-to-cell transmission (Pasquier et al., 2018) and may lead to effective anti-HTLV-1 

therapies.   
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In addition to the essential retroviral genes gag, pol and env, HTLV-1 encodes regulatory 

proteins including Tax-1, Rex, p12I, p13II, p30II and HBZ.  The Tax-1 protein is a major 

determinant in HTLV pathogenesis and persistence.  The transforming activity of HTLV-

1 has been essentially attributed to the Tax-1 gene, which is able to induce leukemia-

lymphoma in transgenic mice (Hasegawa et al., 2006; Ohsugi et al., 2007).  The Tax-1 

protein is indeed a potent transcriptional activator of viral and cellular genes through as-

sociation with transcription modulators including CREB (Ohsugi et al., 2007) ,SRF (FuJiI 

et al., 1988; Winter and Marriott, 2007) , AP-1 (Yoshida, 2001), NF-kB (Ballard et al., 1988; 

Béraud et al., 1994; Leung and Nabel, 1988; Xiao et al., 2001), CBP/p300 (Harrod et al., 

1998; Kwok et al., 1996), PCAF (Jiang et al., 1999), and P-TEFb (Cho et al., 2010).  Thus, 

Tax-1 deregulates an array of cellular genes directly involved in T-cell proliferation 

(Albrecht et al., 1992; Crenon et al., 1993; Himes et al., 1993; Maruyama et al., 1987; 

Twizere et al., 2003), migration (Twizere et al., 2007), apoptosis (Taylor and Nicot, 2008), 

and cell-cycle (Neuveut and Jeang, 2000; 2002).   

 

Tax-1 is a multidomain protein harboring intrinsically disordered linker regions, encom-

passing residues 76 - 121, 252 - 275, and the C-terminal amino acids 320 -353 (Boxus et 

al., 2008).  Such modular organization ensures conformational plasticity and could explain 

dynamic hijacking of crucial cellular functions through interaction with a variety of targets.  

More than 200 cellular proteins have been reported to interact with Tax (Boxus et al., 

2008; Legros et al., 2009; Simonis et al., 2012a), including numerous signaling molecules 

such as IκB kinases (Harhaj and Sun, 1999; Jin et al., 1999), MAPK/ERK kinase  1 

(MEKK1) (Yin et al., 1998), TGF-beta activating kinase 1  (TAK1) (Wu and Sun, 2007), c-

Jun N-terminal kinase 1  (JNK), phosphatidylinositol 3-kinase and its downstream mes-

senger protein kinase B (Liu et al., 2001; Peloponese Jr and Jeang, 2006), protein phos-

phatases (Hong et al., 2007), GTP-binding proteins (Twizere et al., 2007; Wu et al., 2004), 

cytoskeleton components (Nejmeddine et al., 2005; Wu et al., 2004), cell cycle molecules 

(Haller et al., 2000; Haller et al., 2002; Kehn et al., 2005; Kehn et al., 2004), nuclear 

effectors such as histone and chromatin modifier enzymes (Kamoi et al., 2006; Legros et 
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al., 2011), and mini-chromosome maintenance proteins (Boxus et al., 2012).  The car-

boxyl terminus of Tax-1 harbors a PDZ-binding motif (PBM), which confers binding to a 

class of proteins containing a defined structure of ~90 amino acids known as PDZ (PSD-

95/Discs Large/ZO-1) domain (Sheng and Sala, 2001; Tonikian et al., 2008b).  PDZ-con-

taining proteins are modular polypeptides implicated in large protein complexes assem-

bly, mediating signaling, cell polarity, and communication (Hung and Sheng, 2002).  Our 

analysis of the human genome estimates the presence of 256 PDZ domains in 149 dis-

tinct proteins, excluding variants and isoforms (Belotti et al., 2013a).  To date, 14 PDZ 

proteins interacting with HTLV-1 Tax have been identified (Boxus et al., 2008; Yan et al., 

2009).  Tax-1-PDZ protein interactions have important implications in HTLV-1-induced 

leukemogenesis process.  In particular, it was shown that the Tax-1 PBM motif, which is 

not present in the HTLV-2 Tax counterpart, promotes transformation of rat fibroblasts and 

mouse lymphocytes in vitro (Higuchi et al., 2007; Hirata et al., 2004a; Tsubata et al., 

2005), as well as persistence of the HTLV-1 virus in vivo (Xie et al., 2006).   

 

In this study, we hypothesized that targeting Tax-1-PDZ interactions would provide novel 

anti-HTLV-1 transmission strategies, which could potentially be used to combat ATL and 

TSP/HAM diseases.  We therefore comprehensively mapped the Tax-1 interactome with 

human PDZ-containing proteins and found that about one third of the human PDZome is 

capable of specific interactions with Tax-1.  Using nuclear magnetic resonance (NMR) 

spectroscopy, we structurally characterized interactions between Tax-1 PBM and PDZ 

domains from two highly relevant host proteins, the human homolog of the drosophila 

discs large tumor suppressor (DLG1/SAP97) and syntenin-1.  Finally, we demonstrate 

that FJ9, a small molecule able to disrupt Tax-1-syntenin-1 interaction, inhibits several 

Tax-1 functions, including cell immortalization and HTLV-1 cell-to-cell transmission.   
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RESULTS 
  
A comprehensive interactome map of Tax-1 with human PDZ-containing proteins 

 

The Tax-1 viral oncogene is a hallmark of initiation and maintenance of HTLV-1-induced 

diseases.  However, the encoded Tax-1 protein is still viewed as “undruggable”, essen-

tially because of its pleiotropic effects on cellular systems and low expression levels in 

most HTLV-1-infected cells.  We reasoned that a detailed understanding of the Tax-1 

interactome could reveal druggable Tax-1 interactome modules, amenable to small mol-

ecule inhibition.  We have previously highlighted the function of Tax as a “hub” molecule, 

capable of interacting with several host cell complexes modules at the transcription, post-

transcription, and translation levels (Simonis et al., 2012b; Vandermeulen et al., 2021).  

To date, high throughput and small-scale focused studies identified 258 human proteins 

interacting with Tax-1 (Vandermeulen et al., 2021).  To comprehensively estimate the 

size of the Tax-1 interactome, we identified Tax targets based on motif-domain and do-

main-domain interactions and predicted 2401 human proteins, including 161 experimen-

tally validated partners, as potential targets for Tax (Figure 1A).  This suggests that about 

10% of the full human proteome could be affected by this viral oncoprotein through a well-

defined set of protein modules (Table S1).   

 

In order to understand the functional plasticity of the Tax interactome, we hypothesized 

that transient associations controlled by multi-domain scaffolding proteins are able to dy-

namically relocate Tax complexomes within the cell, as recently demonstrated for binary 

interactome yeast models (Lambourne et al., 2021).  In the context of Tax-1, human PDZ-

containing proteins appear as the best candidates connecting Tax-1 and host protein 

complexes located in different cellular compartments.  To generate a complete interac-

tome of Tax-1 with human PDZ-containing proteins, we combined three different sources 

of Tax-1 protein-protein interaction  (PPI) datasets (Figures 1B and S1A): (i) literature-
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curated high quality interactions (Figure S1B);  (ii) systematic yeast two hybrid interac-

tions obtained by testing a library of 248 individualized PDZ domains, orthogonally vali-

dated using Gaussia princeps luciferase complementation (GPCA) assay (Cassonnet et 

al., 2011); and (iii) GST-pulldown analyses of open reading frames  (ORFs) available in 

the human ORFeome collections (http://horfdb.dfci.harvard.edu/hv7/) (Figures S1C-D).  

Our map of the Tax-PDZ interactome (Figure 1B) contains 56 human proteins, represent-

ing 37% of the human PDZome (Belotti et al., 2013b), and a substantial increase from the 

14 already known human PDZ proteins directly interacting with Tax (Figure S1B).   

 

To further determine the relative implication of PDZ-containing proteins in the human in-

teractome, we used our recently released human binary reference interactome map  

(HuRI) (Luck et al., 2020), and ranked PDZ proteins according to the number of their 

direct interactors (“ first degree”) or indirect associations (“second degree”) (Table S2).  

The average first and second degrees of Tax-1 partners were 24 and 536 PPIs, respec-

tively, further emphasizing the scaffolding role of PDZ-containing proteins targeted by the 

viral Tax oncoprotein.   

 

To assess the overall biological significance of Tax-PDZ interactome, we investigated the 

expression of human PDZ protein coding genes in different relevant datasets: (i) expres-

sion data across 24 different T-cell lines (Figure 1C); (ii) differential expression data in 

HTLV-1-infected versus non-infected cells (Figure 1D); (iii) differential expression data in 

Jurkat cells expressing Tax-1 versus control cells (Figure 1E); (iv) mutational landscapes 

in ATL patient samples (Figure 1F); and (v) transcriptome data from a “gene signature” 

of ATL (Bazarbachi, 2016; Fujikawa et al., 2016)  (Figure 1G).  Finally, we performed 

spatial analysis of functional enrichment (SAFE) (Baryshnikova, 2016) using the above 

datasets and a STRING network of Tax-1/PDZ interactors (Table S2).  We identified five 

functional modules including nucleic acid binding, nuclear ubiquitin binding, regulation of 

cell cycle, cell-cell junction and cytoskeleton organization, and endocytic vesicles mem-

brane assembly (Figure 1H).  Thus, it appears that the described Tax-1/PDZ interactome 
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is implicated in various Tax functions, from early steps of T-cell infection by HTLV-1 to 

subsequent disease progression.   

 

The structural basis of Tax/ hDLG1 PDZ interactions 

 

To characterize the Tax-1-PDZ interactions at the molecular level, we first addressed the 

association between Tax-1 and the human homolog of the drosophila discs large tumor 

suppressor (hDLG1/SAP97).  hDLG1 is the first PDZ-containing protein identified to in-

teract with Tax-1 and other viral oncoproteins such as HPV 18 E6 and adenovirus E4-

ORF1 (Lee et al., 1997).  While the Tax-1-hDLG1 binding detailed here (Figures S2A-B) 

was also functionally validated by numerous previous studies (Aoyagi et al., 2010; Hirata 

et al., 2004b; Marziali et al., 2017; Suzuki et al., 1999), its structural basis remained un-

known.   

 

To obtain molecular-level details of Tax-1-hDLG1 interaction, we employed solution nu-

clear magnetic resonance (NMR) spectroscopy.  First, we studied binding of the last 10 

C-terminal amino acids of Tax-1 (Tax-1 10mer peptide: SEKHFRETEV) to the tandem 

PDZ1+2 domains of hDLG1.  Monitored in a series of [1H,15N] heteronuclear single-quan-

tum correlation (HSQC) experiments, binding of the natural-abundance, NMR-silent Tax-

1 10mer to the 15N labeled, NMR-visible hDLG1 PDZ1+2 leads to large spectral changes 

(Figures 2A-B).  When titrated with Tax-1 10mer, the HSQC peaks of 15N hDLG1 PDZ1+2 

progressively disappear and then reappear elsewhere in the spectrum at the end of the 

titration, a behavior symptomatic of the slow exchange NMR regime (Figure 2A).  For 

both PDZ domains, the strongest effects are observed for the residues in and around the 

canonical peptide binding site, formed by the β1/β2 loop, the β2 strand and the α2 helix 

(Figure 2B).  In particular, the largest binding shifts are detected for the PBM residues 

G235 and F236 of PDZ1 and G330 and F331 of PDZ2 (Figures 2A-B).  The resulting 

chemical shift perturbation maps illustrate the contiguous protein surfaces of both PDZ1 

and PDZ2 targeted by the Tax-1 10mer peptide (Figures 2C-D).   
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To investigate whether individual hDLG1 PDZ domains function as independent modules, 

we expressed and purified single PDZ domains (Figure S2A) and probed their Tax-1 bind-

ing properties by NMR spectroscopy.  Overall, the binding effects of Tax-1 10mer to PDZ1 

(Figures 2E-H) or PDZ2 (Figures 2I-L) domains are similar to those observed for the 

PDZ1+2 tandem (Figures 2A-D).  The interaction of Tax-1 10mer with PDZ2 is stronger 

than that with PDZ1 (KD of 0.9 μM and 2.7 μM, respectively; Figures 2H, L), which is in 

agreement with our GST-pulldown assay using a Tax-1 protein from HTLV-1 producing 

MT2 cells (Figure S2B).   

 

To narrow down further the Tax-1 binding requirements, we performed NMR experiments 

with the peptides corresponding to the last four and first six amino acids of the Tax-1 

10mer.  The C-terminal PBM fragment (ETEV) interacts with the 15N hDLG1 PDZ1+2 

tandem in the same way as the Tax-1 10mer (Figures S3A-D), while no binding of the N-

terminal 6mer peptide (SEKHFR) could be observed (Figures S4A-B).  These findings 

demonstrate that the four C-terminal residues of Tax-1, bearing the X-S/T-X-V binding 

motif, are necessary and sufficient for the interaction with the hDLG1 PDZ1 and PDZ2 

domains.  This interaction also requires a free C-terminal carboxyl group of Tax-1 as 

illustrated by smaller chemical shift perturbations and a 360-fold decrease of the binding 

affinity in NMR experiments with a chemically modified, C-terminally amidated peptide 

(Figures S4C-F).   

 

Finally, to assess the binding specificity, we performed NMR experiments with a peptide 

corresponding to the last 10 amino acids  of Tax-2 (NKEEADDNGD), encoded by another 

member of Deltaretroviruses, the HTLV-2 virus, which is not leukemogenic in human 

(Martinez et al., 2019).  Tax-2 protein has several structural similarities with Tax-1 but 

does not contain a PBM at its C-terminus.  Compared to Tax-1 10mer (Figure 2A), the 

interaction of the C-terminal Tax2 10mer peptide with 15N hDLG1 PDZ1+2 tandem does 

not induce binding shifts of residues G235, F236, G330, or F331 (Figures S2C-D).  In-

stead, it leads to chemical shift perturbations for several residues in discontinuous 
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patches at the side and the back of the protein, outside the canonical peptide binding 

sites (Figure S2E).  Stepwise addition of Tax2 10mer to 15N hDLG1 PDZ1+2 results in 

incremental shifts for some of the backbone amide resonances, a behavior typical for the 

NMR fast exchange regime.  The resulting binding curves are very shallow and do not 

saturate even at the 10-fold molar excess of the added peptide (Figure S2F), suggesting 

a very weak interaction (KD > 5 mM).  Overall, the very weak binding to several protein 

regions outside the canonical peptide binding sites suggests that the interaction of Tax2 

10mer with the hDLG1 PDZ1+2 tandem is aspecific.   

 

A crosstalk between Tax-1-PDZ interaction and membrane vesicles trafficking 
 
The above SAFE analysis highlighted endocytic vesicles membrane assembly as one of 

the enriched functions in the Tax-1/PDZ interactome (Figure 1G). The subnetwork of this 

function highlights syndecan binding protein 1  (SDCBP1 also known as syntenin-1), 

which has the highest connectivity in this subnetwork  (Figure 3A) and also in our recently 

released human interactome map (Luck et al., 2020)  (HuRI), http://www.  interactome-

atlas.org/).  Syntenin-1 is particularly relevant for viral infections as it controls extracellular 

vehicles (EVs, also called exosomes) formation and cell-to-cell communication (Imjeti and 

Menck, 2017; Kim et al., 2015).  A direct interaction between syntenin-1 and programmed 

cell death 6 interacting protein (PDCD6IP also called ALG-3 interacting protein X (ALIX) 

(Christ et al., 2016), was demonstrated and provided fundamental insights on the inter-

play between exosomes formation and the endosomal sorting complexes for transport  

(ESCRT) pathway (Baietti et al., 2012).  ALIX and other components of the ESCRT path-

way are recruited by structural proteins of enveloped viruses to facilitate budding (Göt-

tlinger et al., 1991; Hanson and Cashikar, 2012; Votteler and Sundquist, 2013).  Im-

portantly, Tax-1, which is a regulator protein, has been shown to localize into EVs from 

HTLV-1 infected cells.  These Tax-1-containing exosomes significantly contribute to viral 

spread and disease progression (Al Sharif et al., 2020; Pinto et al., 2019).  However, the 

molecular mechanisms controlling Tax-1 recruitment into EVs are unknown.  We there-

fore tested the possibility that syntenin-1 could mediate Tax-1 localization into exosomes.  

As shown in Figure 3B, a siRNA targeting syntenin-1 expression is associated with a 
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reduction of the Tax-1 amount in exosomes, in accordance with Tax-1 translocation from 

the cytoplasm to the nucleus (Figure 3C).  These findings suggest that syntenin-1 is re-

quired for Tax-1 translocation into EVs.  We have extensively characterized the Tax-

1/syntenin-1 interaction, as well as the interaction between Tax-1 and syntenin-2, using 

yeast two hybrid (Figure 3D), co-immunoprecipitations (Figure 3E), and GST-pulldown 

assays (Figure 3F).  It appears that both syntenin proteins interact with Tax-1, but not 

with HTLV-2 Tax lacking a PBM, further demonstrating the specificity of Tax-1 PBM for 

syntenin PDZ domains. Thus, thanks to its PDZ domains, syntenin-1 can act as a molec-

ular bridge, targeting Tax-1 to EVs via the ESCRT pathway.   

 

The structural basis of Tax/ syntenin-1 PDZ interactions 

 

To determine the structural basis of Tax-1/syntenin-1 interaction, we employed solution 

NMR spectroscopy using natural abundance Tax-1 10mer and isotopically labelled PDZ1, 

PDZ2 and tandem PDZ1+2 syntenin-1 domains (Figure 4A).  Addition of Tax-1 10mer to 
15N syntenin-1 PDZ1+2 leads to incremental chemical shift changes for some of the res-

onances, several of which progressively disappear in the course of the titration, which is 

symptomatic of the fast-to-intermediate NMR exchange regime.  The chemical shift per-

turbations map onto the canonical peptide binding sites of both PDZ1 (residues I125 and 

G126) and PDZ2 (residues V209, G210, F211 and F213) domains, encompassing the 

β1/β2 loop, the β2 strand, and the α2 helix (Figure 4A).  The binding effects are stronger 

for the PDZ2 domain and appear to extend to the back of the protein (residues T200, 

L232 and T266) (Figure 4B).  These findings are consistent with an earlier study of 

syntenin-1-peptide interactions by X-ray crystallography that highlighted a binding-in-

duced reorientation of the α2 helix(Grembecka et al., 2006a), which could explain the 

chemical shift perturbations of the residues at the back of PDZ2 (Figure 4B).  As for 

hDLG1 PDZ1+2 tandem, NMR experiments with the Tax-1 PBM 4mer and the control 

Nter 6mer peptides illustrate that, the four C-terminal residues of Tax-1 (ETEV) are nec-

essary and sufficient for the interaction with the syntenin-1 PDZ1 and PDZ2 domains 

(Figures S5).   
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To evaluate the binding contribution of each PDZ domain, we performed NMR experi-

ments with Tax-1 10mer and individually expressed syntenin-1 PDZ1 and PDZ2 domains.  

The chemical shift perturbation maps for isolated PDZ1 (Figures 4C-4E) and PDZ2 (Fig-

ures 4F-H) are similar to those for the PDZ1+2 tandem (Figures 4A-B).  As for hDlG1, a 

slight preference for the PDZ2 domain is observed, with KDs of 2.6 and 1. 6 mM for PDZ1 

and PDZ2, respectively (Figures 4E,4H).  

 
A small molecule inhibitor of Tax-1-syntenin-1 interactions 
 

To determine the extent to which small molecules could interfere with Tax functions via 

inhibition of Tax-1/PDZ interactions, we used FJ9 (Figure 5A), a previously characterized 

small molecule inhibitor (Fujii et al., 2007).  FJ9 was able to suppress b-catenin-depend-

ent tumor cell growth in a mouse model, following perturbation of the interaction between 

the Wnt receptor Frizzled-7  (Frz7) and Dishevelled Segment Protein 3  (DVL3), a PDZ-

containing protein overexpressed in several cancer cells (Fujii et al., 2007).  Inhibition of 

Wnt-b-catenin signaling pathway was also shown to induce cell death in ATL and HTLV-

1 transformed cell lines (Ying and Tao, 2009).  To examine whether FJ9 could also disrupt 

the Tax-1/PDZ binding, we sought to investigate the FJ9 interaction with syntenin-1 PDZ 

domains.  Unfortunately, the low FJ9 solubility in aqueous buffers precluded the binding 

analysis by NMR spectroscopy or other biophysical techniques.  However, we have suc-

cessfully performed an in silico molecular docking, which showed that FJ9 engages the 

canonical peptide binding site of syntenin-1 PDZ2 (Figure 5B).  The FJ9 molecule makes 

extensive intermolecular contacts, including hydrophobic interactions with syntenin -1 

residues V209, F211, I212, and F213 and a hydrogen bond with the backbone carbonyl 

atom of F211 (Figure 5B).  Interestingly, these are the key residues mediating the Tax-

1/syntenin-1 interaction (Figures 4A-B), suggesting that FJ9 competes with Tax-1 PBM 

for the binding to syntenin-1 PDZ domains.   

 

We next employed YFP-based bimolecular fluorescence complementation (BiFC) assay, 

which provides direct visualization and quantification of protein interactions in living cells 

(Hu et al., 2002). We fused the two YFP-BiFC fragments to the N- and C-terminal ends 
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of Tax-1 and syntenin coding sequences, respectively.  Pairs of fusion proteins were ex-

pressed in HEK293 cells, and fluorescent complementation was quantified by flow cytom-

etry.  As shown in Figures 5C-D, interaction between Tax-1 and syntenin-2 exhibited the 

highest rate of complementation (33%), compared to Tax-1 and syntenin-1 (14%).  This 

finding is consistent with our co-immunoprecipitation, pulldown, and co-localization as-

says showing stronger interactions with syntenin-2 (Figures 3E-G). To determine whether 

the small molecule FJ9 could disrupt the Tax-1/syntenin interaction, HEK 293 cells trans-

fected with Tax-1/syntenin-1 or Tax-1/syntenin-2 pairs of YFP-BiFC fused constructs 

were treated with 300 μM of FJ9 for 24h.  The FJ9 treatment drastically diminished the 

rate of fluorescence complementation (33% to 4% for Tax-1/syntenin-2 and from 14% to 

2,6% for Tax-1/syntenin-1) (Figures 5C-D) .  We therefore conclude that FJ9 efficiently 

disrupts Tax/syntenin complex formation in cells.   

 

The Tax-1 PBM has been shown to increase its oncogenic capacity in cell culture (Higuchi 

et al., 2007).  To examine whether FJ9 could inhibit the Tax-transformation activity, we 

infected a rat fibroblast cell line (Rat-1) with a VSV-G packaged lentiviral construct har-

boring the HTLV-1 tax gene and the blasticidin resistant gene (CS-EF-IB-Tax-1).  Cells 

were selected by blasticidin, and pools of resistant cells seeded for a colony formation in 

soft agar assay (CFSA) in the presence or absence of FJ9 (100 μM).  As shown in Figure 

5E, HTLV-1 Tax transformed Rat-1 cells form multiple large colonies in CFSA, as previ-

ously described (Higuchi et al., 2007).  In the presence of FJ9, Rat-1 cells formed much 

smaller colonies, and their number was reduced compared to the cells treated with the 

vehicle.  Thus, we conclude that FJ9 inhibits Tax-transformation activity in the Rat-1 

model (Figures 5E-F).   

  

To probe the role of the Tax/PDZ interaction in cell-to-cell HTLV-1 transmission, we per-

formed a co-culture experiment using Jurkat T-cell line reporter expressing luciferase un-

der the control of the 5'LTR HTLV-1 promoter, and an HTLV-1 producing cell line (MT2) 

or as negative control, a human T cell leukemia cell line (CEM) Figure 5G).  The reporter 

exhibits basal levels of luciferase expression, which increase following co-culture with 
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MT2 cells and transactivation of the 5'LTR by Tax.  We showed that at 100 μM, a dose 

which does not induce significant cell death compared to the vehicle (Figure 5H), FJ9 was 

able to inhibit HTLV-1 transmission, reducing Tax transactivation to the basal level (Figure 

5I). 

 

DISCUSSION 
 
Host factors as antiviral targets 
 
Despite the discovery of viruses in the early 1900s, and the demonstration of their path-

ogenicity in humans in early 1950s, the arsenal of antiviral drugs remains dangerously 

small, with only ~90 molecules available today (De Clercq and Li, 2016).  Those are bi-

ased towards viral enzymes, including polymerases, proteases, and integrases.  Further-

more, 95% of approved drugs target only 6 types of viruses (HIV-1, HCV, HBV, HSV, 

HCMV, and Influenza viruses), with HIV-1 covering the majority of available drugs.  As 

evidenced by the current coronavirus disease 19 (COVID19) pandemic, it is of utmost 

importance to anticipate emerging and re-emerging viral infections by identifying potential 

broad-spectrum antiviral drugs.  However, this task is rendered difficult by many formida-

ble challenges, among which are (i) the druggability of viral products, (ii) the antiviral drug 

safety, and (iii) a desirable high potency to limit the selection of resistant mutations.  High-

throughput mapping of host-virus PPIs and massively parallel genomic sequencing have 

accelerated the pace of discovery of key host targets, which are shared by different cat-

egories of pathogenic viruses, including RNA and DNA, or acute and persistent viruses 

(Rozenblatt-Rosen et al., 2012; Tang et al., 2013; Watanabe et al., 2014).  These host 

factors provide novel opportunities to prioritize antiviral drugs based on common host 

targets.  In this work, our goal was to demonstrate that one of such host determinants, 

the PDZ-domain containing proteins, could provide insights into how to identify small mol-

ecule inhibitors of viral-host PPIs.   
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Towards a virus-host-omes/chemo-interactomics pipeline 
 
The methodology used here defines a pipeline that could be applied to any pathogenic 

parasite of interest, without prior knowledge on the druggability of its encoded gene prod-

ucts.  First, we chose HTLV-1 Tax (Tax-1), a highly connected viral oncoprotein, and 

demonstrated that it has the potential to interact with 10% of the human proteome through 

defined interactome modules.  Second, we systematically mapped the interactome of 

Tax-1 with one of its cellular modules, the PDZ domain, and assessed the biological sig-

nificance of that particular portion of the Tax interactome by integrating expression and 

genomic data from HTLV-1-infected patients.  Third, we determined the structural basis 

of Tax-1 C-terminal motif binding to canonical sites of hDLG1 and syntenin-1 PDZ do-

mains.  Finally, we demonstrated that a small molecule targeting Tax-1-syntenin interac-

tions could inhibit Tax-1 functions in cellular models.   

 

Host targets prioritization  
 
By testing 248 out of 268 PDZ domains identified in 151 human proteins, our results es-

tablish the first comprehensive Tax-1-PDZ interactome, highlighting a set of 54 PDZ- do-

main containing proteins.  Comparative analyses with similar unbiased mapping for other 

viral proteins are now possible.  For example, hDLG1 and SCRIB have also been shown 

to interact with HPV E6, Ad9 E4orf1, IAV NS1, HTLV-1 Env, HIV-1 Env and HCV core 

proteins, but with different biological outcomes, including perturbations of cell polarity, 

signaling, or apoptosis (Thomas and Banks, 2018).  Interestingly, the conserved C-termi-

nal PBM motifs of these viral proteins highly correlate with viral pathogenicity, inde-

pendently of their substantial differences in genome content (RNA and DNA viruses) or 

mode of infection (acute and persistent families of viruses).  Other examples include 

syntenin-1 and PTPN13 able to interact with distant viral proteins such as HTLV Tax-1 

(this study), but also with coronaviral E, 3A and N proteins (Caillet-Saguy et al., 2021; 

Jimenez-Guardeño et al., 2014).  These pan-viral interactors may thus constitute ideal 

drug targets for the discovery of broad-spectrum antiviral inhibitors.  In fact we showed 
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that, compared to hDLG1, syntenin-1 PDZ domains exhibit low affinities for the Tax-1 

PBM peptide, as previously reported for other systems (Grembecka et al., 2006a; Lat-

ysheva et al., 2006).  The low affinity appears to be a general feature of the syntenin-1 

PDZ-mediated binding, underlying its role in orchestrating the dynamic interaction net-

works, capable of rapid response to environmental changes (Manjunath et al., 2018).  

Consistent with the above findings, we previously highlighted the importance of syntenin-

1 as a potential recruiter of proteins into extracellular vesicles (EV) (Luck et al., 2020).  

Here, we further demonstrate that through its PDZ domains syntenin-1 recruits Tax-1 into 

EV exosomes (Figure 3B), providing a mechanistic explanation for the presence of the 

Tax-1 protein in exosomes isolated from HTLV-1-infected cell lines, HAM/TSP or ATL 

patient samples (Barclay et al., 2017; Jaworski et al., 2014; Otaguiri et al., 2018).  A 

compelling hypothesis is that blocking syntenin-1/viral proteins interactions could elicit a 

two-pronged inhibitory activity:  (i) at the viral budding step of enveloped viruses replica-

tion, where syntenin-1 could connect viral particles to the ESCRT pathway (Göttlinger et 

al., 1991; Hanson and Cashikar, 2012; Votteler and Sundquist, 2013); and  (ii) in cell-to-

cell viral transmission and inflammatory immune response induction by exosomes con-

taining syntenin-1/viral proteins complexes (Otaguiri et al., 2018). Interestingly, a small 

molecule inhibitor of the syntenin-exosomal pathway was also shown to potentially inhibit 

tumor exosomal communication in breast carcinoma cells (Leblanc et al. 2020). 

 
Structural basis of Tax-1-PDZ interactions 
 
Structural insights are essential for design of small molecule inhibitors of interactions be-

tween viral proteins and cellular protein modules.  X-ray structures of hDLG1 PDZ1 and 

PDZ2 complexes with unrelated X-S/T-X-V containing peptides show that their C-terminal 

carboxyl group makes hydrogen bonds with the main-chain amide protons of the con-

served LGF residues  (L234-G235-F236 and L329-G330-F331 in hDLG1 PDZ1 and 

PDZ2, respectively) (Zhang et al., 2011).  Interestingly, in our NMR experiments with Tax-

1 10mer, the backbone amides of G235, F236, G330, and F331 experience the largest 

binding shifts (Figure 2.A-B). (Note that the L234 and L329 NH resonances were not 

observed in this work.) Moreover, the size and direction of those effects  (large downfield 
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shifts both in proton and nitrogen dimensions) are consistent with the formation of strong 

hydrogen bonds (Rance et al., 1983).  These findings suggest that the C-terminal part of 

Tax-1 adopts the canonical binding mode displayed in the X-ray structures of hDLG1 

PDZ-peptide complexes (Figure 2C-D) (Rance et al., 1983; Zhang et al., 2011).  Compar-

ison across different PDZ-peptide systems shows that hDLG1 residues G235, F236, 

G330, and F331 act as binding hot spots, which should be amenable to traditional drug 

discovery efforts aiming at designing potent small molecule binders.  As a proof-of-con-

cept, we demonstrated a clear correlation between PPI inhibition and impairment of Tax 

functions, including its transformation ability and HTLV-1 cell-to-cell transmission.  The 

combination of our experimental strategies should allow the development of anti-Tax-1 

compounds for future pre-clinical and clinical studies of drug candidates for treatment of 

HTLV-1-induced diseases.   

 

Limitations of the study 
 
In this work, we have only characterized one portion of the Tax-1 interactome, the 

PDZome, yet there are other host protein domains and motifs specifically interacting with 

HTLV-1 Tax (Table S1). Therefore, it will be important to obtain structural data for other 

interactions such as those involving CREB/ATF and NF-kB transcription factors, which 

are key drivers of the molecular mechanisms underlying HTLV-1 pathogenesis. Further-

more, the FJ9 small molecule used in this study is an indole-2-carbinol-based chemical 

scaffold compound that was previously identified to inhibit Frz7-DVL3 interaction (Fujii et 

al., 2007). We envisage that other chemical structures could mimic the Tax-1 PBM bind-

ing to PDZ domain. Subsequent follow-up studies, e.g. employing computational struc-

ture-based docking methodologies (Gorgulla and Boeszoermenyi, 2020), could poten-

tially identify more potent small-molecular inhibitors targeting the Tax-1/PDZ binding in-

terface. Finally, although it has been shown that the Tax-1 PBM is essential to sustain T-

cell proliferation in HTLV-1-infected humanized mice (Pérès and Blin, 2018), we did not 

examine the in vivo impact of inhibiting Tax-1 PBM-PDZ interaction using small molecule 

inhibitors. 
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Concluding remarks 
 
Despite 60 years of molecular virology research, the arsenal of antiviral drugs remains 

dangerously small, with only ~90 molecules available today (De Clercq and Li, 2016).  

Those are strongly biased towards a single virus, the human immunodeficiency virus  

(HIV) and its key enzymes (reverse transcriptase, protease and integrase).  As evidenced 

by the current pandemic caused by the severe acute respiratory syndrome coronavirus 

type 2 (SARS-CoV-2), novel antiviral drugs are needed to control viral infections effec-

tively, in addition to vaccines and public health measures.  Here we propose a predictive 

strategy based on prior interactome and structural information.  First, bioinformatic tools 

could be used to systematically merge information from viral sequences, predict and val-

idate viral products, and identify viral motifs and domains capable of interacting with host 

proteins.  Second, the predicted interactions could be experimentally validated using the 

methodologies such as those developed in this study, e.g, combining interactome map-

ping and structural characterization.  Third, identification of common host interactors 

across the well-known and emerging viruses might reveal promising targets for broad-

spectrum antiviral drugs.  Finally, potential small molecule inhibitors (repurposed or pre-

dicted) could be tested and validated in relevant biological settings.  This strategy will 

allow integration of knowledge on distant viruses that use similar mechanisms to perturb 

infected cells’ homeostasis and hopefully yield a comprehensive database of druggable 

viral-host protein pairs.   
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o RNA interference 
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o Immunofluorescence and confocal microscopy 
o qRT-PCR 
o Purification of exosomes 
o Tax-1 / SDCBP immunoprecipitation 
o Cellular localization of Tax-1 and SDCBP 
o Mutual effect of overexpression of Tax-1 and SDCBP 
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o Tax-1-induced transformation inhibition test by FJ9 
o Test for inhibition of cell-to-cell transmission of Tax-1 by FJ9 
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Figure Legends 
 
Figure 1. A comprehensive analysis of the Tax-1 interactome with human PDZ-con-
taining proteins. 
 (A). In silico prediction of interactions between Tax-1 domains and motifs and human proteins 
domains listed in Table S1. (B) A map of Tax-1-PDZ interactome. Red indicates overlap with 
known PPIs from the literature. (C) Expression of the interacting PDZ-containing protein genes 
across 24 different T-cell lines. (D) Differential expression data in HTLV-1-infected versus non-
infected T-cells (genes for which p<0.05 are shown). (E) Differentially expressed PDZ genes in 
Jurkat T-cells following induction of the Tax-1 expression (genes for which p<0.01 are shown). (F) 
PDZ genes mutated in ATL patient samples. (G) Differentially expressed PDZ genes in ATL patient 
samples relative to healthy carriers (genes for which p<0.05 are shown). (H) SAFE analysis of 
the Tax-1/ human PDZ proteins interactome. See also Figure S1, Tables S1 
 
 
Figure 2. NMR-observed binding of the C-terminal part of Tax-1 to hDLG1 PDZ do-
mains. 
The interaction of Tax-1 10 mer peptide with 15N hDLG1 (A-D) PDZ1+2 tandem or indi-
vidual (E-H) PDZ1 and (I-L) PDZ2 domains. (A,E,I) Overlay of selected regions of 1H,15N 
HSQC spectra showing large binding shifts for several backbone amide resonances. The 
spectra of the free and Tax-1 10mer-bound 15N hDLG1 PDZ domains are in black and 
red, respectively, with the chemical shift perturbations for the selected residues indicated 
by arrows. (B,F,J) Average amide binding shifts (Δδavg) at saturating amounts of Tax-1 
10mer. The horizontal lines show the average Δδavg and the average (avg) plus one 
standard deviation (stdev). Residues with large Δδavg are labelled. The secondary struc-
ture of the hDLG1 PDZ1 and PDZ2 domains, drawn from the PDB entries 3RL7 and 3RL8, 
respectively (Zhang et al., 2011), is shown above the plot. (C,D,G,K) Chemical shift map-
ping of the Tax-1 10mer binding. The molecular surfaces of hDLG1 (C,G) PDZ1 and (D,K) 
PDZ2 domains are colored by the Δδavg values (orange: Δδavg > avg; red: Δδavg > avg + 
stdev). Prolines and residues with unassigned backbone amide resonances are in grey. 
The modeled C-terminal part of the Tax-1 peptide, bound to the canonical PDZ site, is 
shown in sticks. (H,L) Binding of the Tax-1 10mer observed by isothermal titration calo-
rimetry (ITC). The top and bottom panels show, respectively, the raw data after the base-
line correction and the integrated data corrected for the heat of Tax-1 10mer dilution. The 
solid line in the bottom panel shows the best fit to a binding model with (H) the stochiom-
etry n = 1.03 ± 0.03, equilibrium dissociation constant KD = 2.7 ± 0.3 μM, and the binding 
enthalpy ΔH = -8.0 ± 0.3 kcal/mol and (L) n = 0.99 ± 0.02, KD = 0.9 ± 0.1 μM, and ΔH = -
10.4 ± 0.2 kcal/mol 
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Figure 3. A crosstalk between Tax-1-PDZ interactions and membrane vesicles traf-
ficking.  
(A) Tax-1 interactome with the cytoskeleton. (B) HEK293 cells transfected with Tax in the 
presence of a control siRNA or SDCBP siRNA. Exosomes were purified and character-
ized by western blot using indicated antibodies, in comparison with whole cell lysates. (C) 
Confocal microscopy examination of HeLa cells expressing Tax-1 in the presence of a 
control siRNA or SDCBP siRNA HTLV-1 Tax (Tax-1). Bars graphs indicate relative quan-
tification of the Alexa-fluor 488 intensities. (D) Tax-1 fused to the Gal4 DNA-binding (DB) 
domain, and SDCBP or SDCBP2 fused to Gal4 activating domain (AD) interact in yeast. 
(E) Tax-1 co-immunoprecipitates with SDCBP and SDCBP2 in transfected HEK293 cells. 
(F) Pulldown of indicated SDCBP (S1) and SDCBP2 (S2) domains fused to GFP using 
GST-Tax-1 bound to glutathione beads. 
 
Figure 4. NMR-observed binding of the Tax-1 10mer peptide to syntenin-1 PDZ do-
mains. 
The interaction of Tax-1 10mer with 15N syntenin-1 (A-B) PDZ1+2 tandem or individual (C-
E) PDZ1 and (F-H) PDZ2 domains. (A,C,F) Δδavg in the presence of 5 molar equivalents of 
Tax-1 10mer. Residues with backbone amides broadened beyond the detection limit upon 
complex formation are indicated by red bars. The horizontal lines show the average Δδavg 
and the avg + stdev. Residues with large Δδavg are labelled. The secondary structure of 
syntenin-1 PDZ1 and PDZ2 domains, drawn from the PDB entry 1W9E(Grembecka et al., 
2006b) , is shown above the plot. (B,D,G) Chemical shift mapping of the Tax-1 10mer bind-
ing. The molecular surfaces of syntenin-1 PDZ domains is colored by the Δδavg values (yel-
low: Δδavg > avg; orange: Δδavg > avg + stdev; red: broadened out upon binding). Prolines 
and residues with unassigned or strongly overlapping backbone amide resonances are in 
grey. The modeled C-terminal parts of the Tax-1 peptide, bound to the canonical PDZ sites, 
are shown in sticks. (E,H) NMR chemical shift titrations with the Tax-1 10mer peptide. Chem-
ical shift perturbations of the backbone amide atoms indicated in the plots were fitted simul-
taneously to a binding model with the shared KD (Equation 1). The solid lines show the best 
fits with (E) KD = 2.58 ± 0.45 mM for syntenin-1 PDZ1 and (H) KD = 1.55 ± 0.20 mM for 
syntenin-1 PDZ2. 
 
Figure 5. Perturbation of the Tax-PDZ interactions and inhibition of Tax-1 functions. 
(A) Structure of the small molecule FJ9. (B) Molecular docking of the small molecule FJ9 into 
the syntenin-1 PDZ2 domain (left), and detailed interactions between FJ9 and syntenin-1 
PDZ2 residues (right). The intermolecular hydrogen bond with the backbone carbonyl atom 
of F211 is indicated by a dotted line. (C) Positive HEK293 cells analyzed by FACS for fluo-
rescence intensities in the presence (300 µM) or absence (DMSO) of the FJ9 small molecule. 
(D) Quantification of positive BiFC cells from (C). (E) Transformation of Rat-1 fibroblast cells 
following Tax-1 expression and treatment with 100 µM of FJ9 in a six-well plate. (F) Quanti-
fication of Tax-1-transformed colonies from (E), considering a minimum diameter cut-off of 
0.25 mm. (G) Schematic representation of the co-culture infection and inhibition assay. (H) 
Viability test, as measured using trypan blue, of Jurkat-LTR-Luc cells treated with DMSO, 
100 µM or 300 µM of FJ9. (I) Quantification of cell-to-cell HTLV-1 transmission and inhibition 
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by the FJ9 small molecule. Statistical analyses were done using unpaired t-tests, where **** 
indicate a p value <0.0001, *** a p value <0.001, and ** a p value <0.01. 
Figure S1. A comprehensive analysis of the Tax-1 interactome with human PDZ-
containing proteins. 
(A) PPIs between Tax-1 and human PDZ domain-containing proteins identified by yeast 
2-hybrid (Y2H) and validated by GPCA, or using a pull-down assay (blue); and known 
PPIs from the literature (yellow). (B) Literature reported interactions between Tax-1 and 
human PDZ domain-containing proteins. (C) Heat maps of the Y2H assay by testing a 
library of 244 individualized PDZ domain-containing proteins fused to AD against DB-Tax-
1. A growth score of “0”, “1” or “2” indicates a null, weak or strong interaction, respectively. 
(D) Representative Y2H assay plate lacking tryptophan (Trp), leucine (Leu), and histidine 
(His) where a growth score of “0”, “1” or “2” indicates a null, weak or strong interaction 
between DB-Tax-1 and PDZ-domain-containing proteins fused to AD, respectively. (E) 
Representative GST-pull-down analyses of proteins encoded by Flag-fused open reading 
frames (ORFs) available in the human ORFeome collection. 
 
Figure S2. Validation of hDLG1 PDZ-Tax-1 interactions and NMR-observed binding 
of hDLG1 PDZ1+2 tandem to Tax 2. 
(A) Purified GST-fused hDLG1 PDZ1 domains. (B) GST-pulldown assay using Tax-1 pro-
tein from HTLV-1 producing MT2 cells. (C) Overlay of selected regions of 1H,15N HSQC 
spectra in the absence and presence of Tax2 10mer (black and orange, respectively). 
The labels identify the backbone amide resonances affected by the Tax-1 10mer binding 
(cf. Figure 2. (D) Δδavg of the hDLG1 PDZ1+2 in the presence of 6 molar equivalents of 
Tax2 10mer. The horizontal lines show the average Δδavg and the avg + stdev. (E,F) 
Chemical shift mapping of the Tax2 10mer binding. The molecular surfaces of hDLG1 (E) 
PDZ1 and (F) PDZ2 domains are colored by the Δδavg values as in Figure 2C,D. The 
modeled C-terminal part of the Tax-1 peptide, bound to the canonical PDZ site, is shown 
in sticks as a reference. (G) Chemical shift perturbations (Δδ) of the backbone N (left) 
and H (right) atoms for several hDLG1 PDZ1+2 residues indicated in the plots. The lines 
joining the symbols are only meant to guide the eye. 
 
Figure S3. Control hDLG1 PDZ NMR experiments with Tax-1 PBM 4mer and N-ter-
minal 6mer (6mer-N) peptides. 
(A) Overlay of 1H,15N HSQC spectra of the free and PBM 4mer-bound 15N hDLG1 
PDZ1+2 tandem (in black and blue, respectively), with the chemical shift perturbations for 
the selected residues indicated by arrows. (B) Δδavg of the hDLG1 PDZ1+2 at saturating 
amounts of PBM 4mer. (C,D) Chemical shift mapping of the PBM 4mer binding. The mo-
lecular surfaces of hDLG1 (C) PDZ1 and (D) PDZ2 domains are colored as in Figure 
2C,D. The modeled PBM peptide, bound to the canonical PDZ site, is shown in sticks. (E) 
The spectra of the 15N hDLG1 PDZ1+2 tandem in the absence and presence of 6mer-N 
(black and green, respectively).(F) Δδavg of the hDLG1 PDZ1+2 in the presence of 6 
molar equivalents of 6mer-N.The labels identify the sole residue with a significant binding 
shift.  
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Figure S4. Control NMR experiments with the C-terminally amidated Tax-1 10mer 
peptide (Tax-1mod). 
 (A) Overlay of 1H,15N HSQC spectra of 15N hDLG1 PDZ1 in the absence and presence 
of Tax-1mod peptide (black and red, respectively). The labels identify the backbone amide 
resonances affected by the Tax-1 10mer binding (cf. Figure 2E). (B) Δδavg of hDLG1 
PDZ1 at saturating amounts of Tax-1mod. (C) Chemical shift mapping of the Tax-1mod 
binding. The molecular surface of hDLG1 PDZ1 is colored as in Figure 2G. The modeled 
C-terminal part of the Tax-1 peptide, bound to the canonical PDZ site, is shown in sticks. 
(D) NMR chemical shift titration of 15N hDLG1 PDZ1 with the Tax-1mod peptide. Open 
and filled symbols refer to the chemical shift perturbations (Δδ) of the backbone H and N 
atoms, respectively, of F236 (squares), G240 (circles), I258 (triangles), I259 (diamonds), 
and L296 (stars). The curves were fitted simultaneously to a binding model with the 
shared KD (Equation 1). The solid lines show the best fits with the KD value of 951 ± 34 
µM. 

Figure S5. Control syntenin-1 NMR-experiments with Tax-1 PBM 4mer and 6mer-N 
peptides. 
 (A) Δδavg of 15N syntenin-1 PDZ1+2 tandem in the presence of 6 molar equivalents of 
PBM 4mer. Residues with backbone amides broadened beyond the detection limit upon 
complex formation are indicated by red bars. (B) Chemical shift mapping of the PBM 4mer 
binding. The molecular surface of syntenin-1 PDZ1+2 tandem is colored as in Figure 4B. 
The modeled PBM peptides, bound to the canonical PDZ sites, are shown in sticks. (C) 
Δδavg of the 15N syntenin-1 PDZ1+2 tandem in the presence of 7 molar equivalents of 
6mer-N. Several residues with significant binding shifts are labelled. 
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STAR*METHODS 
 
Key resources table 

REAGENT or RESOURCE SOURCE IDENTIFIER 
 Antibodies 
 Anti-Tax  Francoise Bex  Meertens et al., 

2004 
 Anti-GAPDH  Santa Cruz  PRID:   

AB_2107299 
 

 Anti-GST  Santa Cruz  PRID:sc-138 
 

 Anti-Flag  Sigma-Aldrich  F3165 
 Chemicals 
 Doxycycline hydrochloride  Fisher Scientific  Cat#10592-13-9 
 Protamine sulfate  MP Biomedicals  Cat#9009-65-8 
 Blasticidin S  Sigma-Aldrich  Cat# 15205 
 Hygromycin B  Sigma-Aldrich  Cat# 10843555001 

U13C6 Glucose  Cotercnet  Cat# CC860P10 
15N Ammonium chloride  Cotercnet  Cat# CN80P10 

 Experimental Models: Cell Lines   
 HeLa  ATCC  CRM-CRL-2 
 HEK293T  ATCC  CRL-3216 
 Jurkat  ATCC  CSC-C9455L 

ALL-SIL  DSMZ  ACC 511 
Be13  DSMZ  ACC 396 
CTV-1  DSMZ  ACC 40 
DND-41  DSMZ  ACC 525 
DU,528   CVCL_5617 
HPB-ALL  DSMZ  ACC 483 
H-SB2   CVCL_1859) 
Karpas 45   ECACC 06072602) 
KOPT-K1   CVCL_4965 
LOUCY  DSMZ  ACC 394 
MOLT  DSMZ  ACC 29 
P12-ICHIKAWA  DSMZ  ACC 34 
PEER  DSMZ  ACC 6 
PF-382  DSMZ  ACC 38 
SKW-3  DSMZ  ACC 53 
SUP-T11  DSMZ  ACC 605 
SUP-T13   CVCL_9973 
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SUP-T7   CVCL_A449 
C91  CVCL_0197 
MT2 Sigma-Aldrich  08081401 

 Experimental Models: Organisms/Strains  
S.cerevisiae:Strain background: MATa Y8800 (Yu et al., 2008)  N/A 
S.cerevisiae:Strain background: MATa Y8930 Yu et al., 2008)  N/A 
 E.  coli BL21 DE3 pyLysS Invitrogen  C602003 
 Recombinant DNA 
 pLenti-CMVtight-Blast-DEST Eric Campeau  Addgene#26434 
 pLenti CMV rtTA3 Eric Campeau  Addgene #26429 
 pLVX-Tet3G Clontech-Takara  Takara   

Cat#631187 
 psPAX2 Didier Trono  Addgene # 12260 
 pCMV-VSVG  (Stewart, 2003)  Addgene #8454 
 pLenti6 Tight-Tax This paper  N/A 
 pGEX6P-1 DLG1 PDZ1 Tonikian et., al 2008  Addgene# 103915 
 pGEX6P-1 DLG1 PDZ2 Tonikian et., al 2008  Addgene# 103916 
 pGEX6P-1 DLG1 PDZ3 Tonikian et., al 2008  Addgene # 103917 

 
 pGEX6P-1 DLG1 PDZ1+2 This Paper  N/A 
 pGEX6P-1 SDCBP1 PDZ1 This Paper  N/A 
 pGEX6P-1 SDCBP1 PDZ1 This Paper  N/A 
 pGEX6P-1 SDCBP1 PDZ1+2 This paper  N/A 
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Lead contact 
Further information and request can be directed to Jean-Claude Twizere (jean-
claude.twizere@uliege.be) 
 
Resource Availability 
Plasmids generated in this study are available upon request and approval of the Mate-
rial Transfer Agreement (MTA) by the University of Liege. 

METHOD DETAILS 
 
Predicting potential Tax interactors using in-silico motif-domain and domain-domain 
based strategy 
 
In order to predict potential human host targets of Tax-1, two approaches were combined 

similar to Zanzoni et al., 2017 (Zanzoni et al., 2017b). These were, i) Motif-domain based 

interaction inferences in which it was inferred that an interaction between human protein 

A and Tax, if Tax-1 possesses a short linear motif (SLiM), m that binds to a complemen-

tary domain d in protein A. For instance, with Tax having a PBM, if a given protein contains 

a PDZ domain, it is inferred as one of potential interactors of Tax. ii) Domain-domain 

based interaction inferences in which Tax and human host interactor protein A is pre-

dicted to interact with each other if Tax possesses an interaction domain d1 that binds 

with interaction domain d2 in host interactor protein A. For instance, the Zinc finger like 

domain in Tax-1 and it is known that zinc finger-like domains might bind to another zinc 

finger-like domain. Hence, a protein with zinc finger-like domain would be inferred as one 

of the potential interactors of Tax. All the templates for inferring motif-domain and domain-

domain based interactions were retrieved from three resources a) 3did Database (Mosca 

et al., 2014) b) ELMdb (Dinkel et al., 2012)  (Garamszegi et al., 2013) c) Garamszegi et 

al., 2013. In this case 535, 232 and  666 motif-domain template interactions were retrieved 

from 3did, ELMDb and Garamszegi et al., 2013(Garamszegi et al., 2013) respectively. 

Finally, an exhaustive list of 1311 motif-domain based template interactions were pre-

pared combining the three resources. Domain-domain and motif-domain interaction tem-

plates were downloaded from 3 did database, that currently stores 6290 high resolution 

interaction interfaces  
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Identification of Short linear motifs (SLiMs) in Tax protein sequence 
 
Short linear motifs in Tax sequence were searched using SLiMSearch 2.0 tool from SLiM-

Suite (Davey et al., 2011). SLiMSearch takes as input a set of motif consensus and search 

them against queried protein sequences, The motif consensus is represented as a regular 

expression and contains ordinary and special characters. Permitted ordinary characters 

are single-letter amino acid codes. The special characters are based on regular expres-

sion syntax as defined in the Eukaryotic Linear Motif resource(Kumar et al., 2020).To 

reduce the number of false positive instances of motif consensus, in our prediction 

method, only those motif instances which fall in disordered region of Tax sequence were 

retained. In order to detect motif instances, situated in disordered region of Tax sequence 

each motif instances was assigned a disorder score (DSc): 

𝐷𝑆! =$𝐷𝑆"

#

"$%

𝑙&  

 

Where, DSp is the IUPred disorder score of the residue at position p in Tax protein se-

quence, s is the start position of the consensus match, e is the end position of the con-

sensus match, l is the consensus match length. Motif instances whose disorder score 

was greater than 0.4 were retained (Zanzoni et al., 2017b; a). The rationale behind se-

lecting motif instances located in the disordered region is that the functional SliMs are 

largely located in the unstructured region of protein(Edwards et al., 2012; Fuxreiter et al., 

2007). 

 
Cell culture 

The HEK and HeLa cell lines were cultured in DMEM (Dulbecco's Modified Eagle's Me-

dium) containing 10% FBS (Fetal Bovine Serum), 10% glutamine and antibiotics (Penicil-

lin 100U / ml, Streptomycin 100 μg / ml). The lymphocyte cell lines (JURKAT, JURKAT-

LTR, JPX9, CEM, CTV1, MOLT16, HUT78) were maintained in culture in RPMI medium 

(Roswell Park Memorial Institute medium), 10% glutamine and antibiotics (Penicillin 100U 

/ ml, Streptomycin 100 μg / ml). The lymphocyte cell lines infected with HTLV-1 (MT2, 
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MT4, HUT102, C8145, C91PL) were cultured under the same conditions as the lympho-

cyte cell lines not infected with HTLV-1, in addition to the conditions of containment (bi-

osafety) level L3. All cells were incubated at 37 ° C with 5% CO2. 

Transient transfections 

HEK cells cultured to 80% confluency in DMEM were transfected using PEI. The medium 

was changed before transfection, and cells were collected 24 hours after transfection. 

HeLa cells were transfected using Lipofectamine 2000 reagent (Invitrogen) according to 

the manufacturer's instructions and collected 24 hours after transfection. Cells transfected 

with siRNAs were cultured in DMEM culture medium at 40-50% confluence. siRNA trans-

fection was performed with calcium phosphate using the ProFection® Mammalian Trans-

fection System (Promega) transfection kit according to the manufacturer's instructions. 

The culture medium was changed 24 hours post transfection and cells were harvested 

48 hours post transfection. 

Tax-1 Yeast 2 Hybrid with individual PDZ Domains 

Gateway cloning method was used to transfer the DNA encoding the PDZ domain into 

the AD yeast expression vector pACT2. All PDZ domains were transformed into the yeast 

haploid strain Y187 (MATa, ura3-52, his3-200, ade2-101, leu2-3, 112, gal4Δ, met-, 

gal80Δ, MEL1, URA3: GAL1UAS -GAL1TATA -lacZ). Similarly, the DNA fragment encod-

ing Tax-1 was cloned into the DB yeast expression vector pGBT9, then transformed into 

the haploid yeast strain AH109 (MATa, trp1-901, leu2-3, 112, Ura3 -52, his3-200, gal4Δ, 

gal80Δ, LYS2: GAL1UAS-GAL1TATA-HIS3, GAL2UAS-GAL2TATA-ADE2, URA3: 

MEL1UAS-MEL1TATA-lacZ, MEL1). The interactions between each PDZ and Tax-1 were 

tested by conjugation of the two strains of yeast. Briefly, overnight culture of the two types 

of yeast (of the opposite mating type) was performed. This in a selective medium favoring 

diploid yeast (liquid yeast extract-Peptone-Dextrose YPAD –W Tryptophan –L Leucine) 

supplemented with 10% PEG for 4 h at 30 ° C. With gentle stirring. After washing with 

water, the yeasts were placed on a solid Tryptophan-Histidine-Leucine (-WHL) selective 

medium for phenotypic assay. Diploid yeasts which proliferate on the -WHL medium indi-

cate an interaction between the two fusion proteins. 
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GST-pulldown 

To detect the Tax-1 partners by pulldown, PDZ domains were expressed in HEK293 cells. 

GST-Tax-1 or GST-Tax-2 protein as negative control were expressed separately and then 

purified with glutathione Sepharose beads. The beads now containing the fusion proteins 

were then incubated with PDZ-flag containing cell lysate. The detection of Flag by im-

munoblot indicates an interaction between Tax-1 and the PDZ domain protein 

Gaussia princeps luciferase complementation assay (GPCA)  

 HEK293 cells were seeded in 24-well plates, then transfected with GL1 and / or GL2 

plasmids expressing the fusion proteins 24 hours later. Luciferase activity was measured 

on the lysates in 96-well plates. The results were normalized relative to the value of the 

Luciferase control Renilla. The normalized luciferase ratio was calculated as follows: NLR 

= co-transfection luciferase value (GL1 + GL2) / (GL1 luciferase value alone + GL2 lucif-

erase value alone). An interaction is considered positive or validated when NLR ≥ 3.5. 

Cell lyses and luminescence measurements were performed in triplicate for each condi-

tion. 

Measurement of Luciferase activity 

Collected cells were lysed with the passive lysis buffer (Promega). For luciferase meas-

urements, 100 μl of the lysates were used, to which the substrates Firefly and Renilla 

stop & glo (Promega) were added. Luciferase measurements were performed in 96-well 

plates using an automated DLR machine. Firefly luciferase values were normalized to R-

luc values, and the calculated ratio represents luciferase activity. 

 
Synthetic Peptides 
 
The Tax-1 10-mer (SEKHFRETEV), Tax2 10mer (NKEEADDNGD), TAX-1 PBM 4-mer 

(ETEV), and Tax-1 N-ter 6-mer (SEKHFR) peptides were synthesized by Biomatik, Can-

ada, as acetate salts of >98% purity. 
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Expression and purification 

Plasmids harboring the PDZ domains of hDLG1 tandem PDZ1+2 and syntenin-1 (PDZ1, 

PDZ2 and Tandem PDZ1+PDZ2) were purchased from GeneScript,hDLG1 PDZ1,2 and 

3 were obtained from addgene (Tonikian et al., 2008a)  and transformed into E. coli BL21. 

A single bacterial colony was used to inoculate 5.0 mL LB and grown overnight at 37 °C, 

from which 1.0 mL was used as starter culture for expressing the proteins in 100 mL LB. 

For expression, the culture was grown at 37°C, shaking (180rpm) until OD600 reached 

0.4-0.6 then induced by addition of IPTG to a final concentration of 1.0 mM and further 

grown for 4 hrs under the same conditions. The isotopically labelled U-[13C,15N] or U-[15N] 

proteins were produced in E coli grown in the minimal medium following a published pro-

tocol (Volkov et al., 2013). GST-fused proteins were purified using glutathione sepharose 

4B beads (GE HealthCare) equilibrated in 1x Phosphate Buffered Saline (PBS) buffer. 

Bound proteins were eluted with 50 mM Tris, pH 8, 10 mM reduced glutathione. GST tag 

was then cleaved off using preScission protease (Sigma) overnight at 4°C. The mixture 

was then loaded back to the column equilibrated in PBS, and PDZ proteins were collected 

from the flow-through. These were further purified using a HiPrep 16/60 Sephacryl S-100 

HR size exclusion column, equilibrated in 20 mM NaPi pH 6.0, 50 mM NaCl, 2 mM DTT. 

 

Isothermal Titration calorimetry 

ITC measurements were carried out on an Microcal ITC200 calorimeter at 25 °C. All ex-

periments were performed in 10 mM Tris pH 8.0.  The PDZ proteins were     loaded into 

the sample cell at 20 μM concentration, and 250 μM of peptides (dissolved in the same 

buffer) were loaded into the syringe. Titrations comprised 26 × 1.5 μL injections of peptide 

into the protein, with 90 s intervals. An initial injection of 0.5 μL was made and discarded 

during data analysis. The data were fitted to a single binding site model using the Microcal 

LLC ITC200 Origin software provided by the manufacturer.  
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Nuclear Magnetic Resonance Spectroscopy 
 
All NMR spectra were acquired at 298 K in 20 mM sodium phosphate 50 mM NaCl pH 

6.0, 2 mM DTT and 10 % D2O for the lock on a Bruker Avance III HD 800 MHz spectrom-

eter (equipped with a TCI cryoprobe) or a Varian Direct-Drive 600 MHz spectrometer 

(fitted with a PFG-Z cold probe). The data were processed in NMRPipe(Delaglio et al., 

1995) and analyzed in CCPNMR(Vranken et al., 2005). The assignments of backbone 

resonances of the individual hDLG1 and syntenin-1 PDZ1 and PDZ2 domains were ob-

tained from 0.7-1.1 mM U-[13C,15N] protein samples using a standard set of 3D BEST 

HNCACB, HN(CO)CACB, HNCO and HN(CA)CO experiments and aided by the pub-

lished assignments(Cierpicki et al., 2005; Liu et al., 2007; Tully et al., 2012). Subse-

quently, the NMR assignments of the individual PDZ domains were transferred to the 

spectra of hDLG1 and syntenin-1 PDZ1+2 tandems and verified by standard triple-reso-

nance experiments. 

 

The chemical shift perturbation experiments and NMR titrations were performed by incre-

mental addition of 10 mM stock solutions of Tax peptides to U-[15N] or U-[13C,15N] protein 

samples at the initial concentration of 0.3 mM. At each increment, changes in chemical 

shifts of the protein resonances were monitored in 2D [1H,15N] HSQC spectra. The aver-

age amide chemical shift perturbations (Δδavg) were calculated as Δδavg = 

(ΔδN2/50+ΔδH2/2)0.5, where ΔδN and ΔδH are the chemical shift perturbations of the amide 

nitrogen and proton, respectively. 

 

The NMR titration curves were analyzed with a two-parameter nonlinear least squares fit 

using a one-site binding model corrected for the dilution effect(Kannt et al., 1996), Eq. 1 

: 

 

∆𝛿&'()'(* = 0.5∆𝛿+ ,𝐴 − /𝐴, − 4𝑅2 

𝐴 = 1 + 𝑅 + 𝐾-
[𝑝𝑒𝑝𝑡𝑖𝑑𝑒]+ + 𝑅[𝑝𝑟𝑜𝑡𝑒𝑖𝑛]+
[𝑝𝑒𝑝𝑡𝑖𝑑𝑒]+[𝑝𝑟𝑜𝑡𝑒𝑖𝑛]+

																												(1), 
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where Δδbinding is the chemical shift perturbation at a given protein/peptide ratio; Δδ0 is the 

chemical shift perturbation at 100 % peptide bound; R is the [peptide]/[protein] ratio at a 

given point; [protein]0 and [peptide]0 are the concentrations of the starting protein sample 

and the peptide titrant stock solution, respectively; and KD is the equilibrium dissociation 

constant.  

RNA interference 

The double stranded interfering RNAs (siRNAs) were purchased from Eurogentec (Liège, 

Belgium). The following siRNAs were used in this work:SDCBP sense (5’-GCAAGAC-

CUUCCAGUAUAA-3’), SDCBP anti-sense (5’-UUAUACUGGAAGGUCUUGC-3’), and 

control siRNA (5′-GGCUGCUUCUAUGAUUAUGtt-3’).  

 Immunoblots 

The cells were lysed and clarified by centrifugation. After incubating the lysate for 5 min 

at 100 ° C in the presence of Laemmli buffer, electrophoresis was carried out on 10% 

SDS-PAGE, followed by immunoblotting. The following antibodies were used: anti-Flag, 

anti-SDCBP, anti-tax and anti-ubiquitin. 

 Immunofluorescence and confocal microscopy 

HeLa cells were seeded on coverslips in 24-well plates for 48 hours. The cells were then 

washed three times at 37 °C with PBS, fixed with PBS-4% paraformaldehyde for 15 min, 

and then washed twice more with PBS. Cells were then permeabilized with PBS-0.5% 

Triton X-100 for 20 min, incubated with the PBS-FBS 20% blocking solution for 30 min, 

and then washed twice with PBS. After that, the cells were incubated with the correspond-

ing primary antibody diluted in PBS-Triton X-100 0.5% for 2 hours, washed 3 times with 

PBS, and incubated 1 hour with the corresponding Alexa conjugated secondary antibod-

ies (Invitrogen) diluted. 1/1000 in PBS-Triton. Finally, the cells were washed 3 times with 

PBS and mounted on glass coverslips with ProLonf Gold Antifade containing DAPI (life 

technologies). The slides were examined by confocal microscopy with Leica TCS SP2 or 
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Nikon A1R confocal microscope with a 60X objective. The images were taken with a res-

olution of 1024x1024 pixels and subsequently processed and assembled with LEICA LAS 

AF Lite 5 or A1R Software. 

 qRT-PCR 

Total RNA was extracted using the GeneJET RNA purification kit (Thermo scientific). To-

tal RNA was reverse transcribed with random primers using the RevertAid First Strand 

cDNA Synthesis Kit (Thermo Scientific). QPCR was performed using Roche's SYBER 

Green detection in the Lightcycler 480 (Roche). Quantification of mRNA was performed 

by relative normalization to the constitutive gene GAPDH. The relative expression levels 

were calculated for each gene using the ΔCt or ΔΔCt method. 

Purification of exosomes 

Exosomes were isolated from cell supernatants. First, 50-100 ml of the supernatants were 

centrifuged at 2000 xg for 20 minutes at room temperature to remove floating cells. Sec-

ond, the cell-free supernatant was then centrifuged at 12,000 xg for 45 minutes and fil-

tered (0.22 μm) to remove additional cell debris. Third, the samples were ultracentrifuged 

for 2 h at 100,000 g 4 ° C. The pellet containing the exosomes was washed with PBS, 

then centrifuge for an additional 2 hours at the same speed, and finally suspended in lysis 

buffer (50 mM Tris-HCl, 1% SDS, pH 7.5, supplemented with protease and phosphatase 

inhibitors). The lysate was stored at 4 ° C until use in Western blot. 

Tax-1 / SDCBP immunoprecipitation 

The interaction of Tax-1 with SDCBP was re-validated by immunoprecipitation. HEK 293T 

cells were transfected with Flag-Syntenin, Tax-1 and Tax-2. Fourty-eight hours after the 

transfection, the cells were lysed and protein expression verified by a Western blot, using 

specific anti-Tax-1 and anti-Flag antibodies. 
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Cellular localization of Tax-1 and SDCBP 

HeLa cells were transfected with constructs expressing Tax-1 and control siRNA or 

SDCBP siRNA. Cells were fixed, permeabilized and labeled with primary anti-Tax-1 anti-

bodies and secondary antibodies conjugated to Alexa 488 24 hours post transfection. 

These were then analyzed under a confocal microscope. Using Nikon A1R software, we 

quantified the intensities of ROI (regions of interest) which allowed to determine the cyto-

plasm / nucleus ratio of protein localization. Statistically significant data are indicated with 

* (P <0.05), ** (P <0.01), or *** (P <0.001). 

Mutual effect of overexpression of Tax-1 and SDCBP 

HeLa cells were transfected with constructs expressing Tax-1 and / or Flag-SDCBP.  The 

cells were fixed, permeabilized and labeled with anti-Tax-1 or anti-Flag antibodies and 

conjugated secondary antibodies Alexa 488 or Alexa 633 24 hours post transfection. 

These were then analyzed under a confocal microscope as described for the previous 

section. 

Molecular Docking 
 
The crystal structure of the complex of syntenin-1 PDZ2  and syndecan-4 peptide was 

retrieved from RSCB Protein Data Bank (PDB:1OBY) (Kang et al., 2003). Protein prepa-

ration wizard in the Schrodinger package was used to pre-process, minimize, and refine 

the protein (Sastry et al., 2013). With all water molecules removed, the missing hydro-

gen/side-chain atoms and appropriate charge and protonation state of the protein at pH 

7.0 were assigned using the Protein Preparation wizard module in Maestro (Bell et al., 

2012). Molecular dynamics simulations were performed using GPU-accelerated Amber 

18 software package(Lee et al., 2018). LEAP module and antechamber were used to 

optimize the protein and the inhibitor, respectively. Subsequently, the restrained electro-

static potential (RESP) (Dupradeau et al., 2010) and the general amber force field (GAFF) 

(Wang et al., 2004) were used to generate partial atomic charges and assign the force 

field parameters (Hornak et al., 2006). The system was neutralized by adding four Cl- 

ions. A TIP3P [28] water model of 10 Å distance was used, and the simulations were 

carried out using periodic boundary conditions.  The Particle Mesh Ewald (PME)(Harvey 
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and De Fabritiis, 2009) method was employed for long-range electrostatic interactions 

with a 12 Å cut-off. The SHAKE algorithm (Ryckaert et al., 1977) was used to constrain 

all the bonds to hydrogen atoms. A 2,500-step geometric minimization was performed to 

remove any possible steric clashes. The topology and coordinate files were generated, 

and the systems were subjected to 60ns MD simulations.  Finally, a post analysis of the 

MD trajectories was carried out by computing the binding energies, root-mean-square 

deviation (RMSD), and root-mean-square fluctuation (RMSF) using CPPTRAJ and 

PTRAJ modules (Roe and Cheatham III, 2013) implemented in the Amber 18 package. 

 
Tax-1-induced transformation inhibition test by FJ9 

To test the effect of FJ9 on the transformation of cells induced by the HTLV-1 virus, Rat-

1 cells were stably transduced (rat fibroblasts) with a vector lentiviral pTax-1-IB. A pool of 

resistant cells (5 × 103) was seeded in DMEM / 10% FCS containing 0.33% agarose, 

superimposed on a layer of 0.5% agarose in a 6-well plate with 100 μM of FJ9 or DMSO. 

After three weeks in culture, colonies that usually form "foci" were examined under a light 

microscope and photos taken to quantify the effect of FJ9. The Tax-1 induced foci count 

was performed using ImageJ software.  

Test for inhibition of cell-to-cell transmission of Tax-1 by FJ9 

Virus-producing cells (MT2) were co-cultured with cells containing the gene encoding lu-

ciferase under the control of the HTLV-1 LTR5’ viral promoter. The cells were grown for 

24 hours in the presence or absence of 100 μM of FJ9. Luciferase activation assay was 

performed as described previously. 

Test for inhibition of the interaction of Tax-1 with SDCBP by FJ9 

To estimate the ability of FJ9 to inhibit the interaction between Tax-1 and SDCBP, the 

fluorescent protein YFP was used. HEK 293T cells were transfected with the C terminal 

fragment of YFP protein fused to SDCBP and with the N terminal fragment of YFP fused 

to Tax-1., The cells were then treated with 300 μM FJ9 or DMSO 24 hours later and 

further cultured for an additional 24 hours before flow cytometry analysis. The results 

represent the mean and standard deviation of three independent experiments. 
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Statistical analysis 

The values of the graphs are presented as the mean ± standard deviation, calculated on 

at least three independent experiments. Significance was determined using a t test with 

two variables (comparison of means). The thresholds of value P (p value) are represented 

as follows; * = p <0.05; ** = p <0.01 and *** = p <0.001 
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Figure 1. A comprehensive analysis of the Tax-1 interactome with human PDZ-containing proteins.
(A). In silico prediction of interactions between Tax-1 domains and motifs and human proteins domains listed in Table S1. (B) A map of Tax-1-
PDZ interactome. Red indicates overlap with known PPIs from the literature. (C) Expression of the interacting PDZ-containing protein genes
across 24 different T-cell lines. (D) Differential expression data in HTLV-1-infected versus non-infected T-cells (genes for which p<0.05 are
shown). (E) Differentially expressed PDZ genes in Jurkat T-cells following induction of the Tax-1 expression (genes for which p<0.01 are
shown). (F) PDZ genes mutated in ATL patient samples. (G) Differentially expressed PDZ genes in ATL patient samples relative to healthy
carriers (genes for which p<0.05 are shown). (H) SAFE analysis of the Tax-1/ human PDZ proteins interactome. See also Figure S1, Tables S1
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Figure 2. NMR-observed binding of the C-terminal part of Tax-1 to hDLG1 PDZ domains.

The interaction of Tax-1 10 mer peptide with 15N hDLG1 (A-D) PDZ1+2 tandem or individual (E-H) PDZ1 and (I-L) PDZ2

domains. (A,E,I) Overlay of selected regions of 1H,15N HSQC spectra showing large binding shifts for several backbone

amide resonances. The spectra of the free and Tax-1 10mer-bound 15N hDLG1 PDZ domains are in black and red,

respectively, with the chemical shift perturbations for the selected residues indicated by arrows. (B,F,J) Average amide

binding shifts (Δδavg) at saturating amounts of Tax-1 10mer. The horizontal lines show the average Δδavg and the average

(avg) plus one standard deviation (stdev). Residues with large Δδavg are labelled. The secondary structure of the hDLG1

PDZ1 and PDZ2 domains, drawn from the PDB entries 3RL7 and 3RL8, respectively (Zhang et al., 2011), is shown above the

plot. (C,D,G,K) Chemical shift mapping of the Tax-1 10mer binding. The molecular surfaces of hDLG1 (C,G) PDZ1 and (D,K)

PDZ2 domains are colored by the Δδavg values (orange: Δδavg > avg; red: Δδavg > avg + stdev). Prolines and residues with

unassigned backbone amide resonances are in grey. The modeled C-terminal part of the Tax-1 peptide, bound to the

canonical PDZ site, is shown in sticks. (H,L) Binding of the Tax-1 10mer observed by isothermal titration calorimetry (ITC).

The top and bottom panels show, respectively, the raw data after the baseline correction and the integrated data corrected for

the heat of Tax-1 10mer dilution. The solid line in the bottom panel shows the best fit to a binding model with (H) the

stochiometry n = 1.03 ± 0.03, equilibrium dissociation constant KD = 2.7 ± 0.3 μM, and the binding enthalpy ΔH = -8.0 ± 0.3

kcal/mol and (L) n = 0.99 ± 0.02, KD = 0.9 ± 0.1 μM, and ΔH = -10.4 ± 0.2 kcal/mol
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Figure 3. A crosstalk between Tax-1-PDZ interactions and membrane vesicles trafficking.
(A) Tax-1 interactome with the cytoskeleton. (B) HEK293 cells transfected with Tax in the presence of a control siRNA or SDCBP
siRNA. Exosomes were purified and characterized by western blot using indicated antibodies, in comparison with whole cell
lysates. (C) Confocal microscopy examination of HeLa cells expressing Tax-1 in the presence of a control siRNA or SDCBP siRNA
HTLV-1 Tax (Tax-1). Bars graphs indicate relative quantification of the Alexa-fluor 488 intensities. (D) Tax-1 fused to the Gal4 DNA-
binding (DB) domain, and SDCBP or SDCBP2 fused to Gal4 activating domain (AD) interact in yeast. (E) Tax-1 co-
immunoprecipitates with SDCBP and SDCBP2 in transfected HEK293 cells. (F) Pulldown of indicated SDCBP (S1) and SDCBP2
(S2) domains fused to GFP using GST-Tax-1 bound to glutathione beads.
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Figure 4. NMR-observed binding of the Tax-1 10mer peptide to syntenin-1 PDZ domains.

The interaction of Tax-1 10mer with 15N syntenin-1 (A-B) PDZ1+2 tandem or individual (C-E) PDZ1 and (F-H) PDZ2 

domains. (A,C,F) Δδavg in the presence of 5 molar equivalents of Tax-1 10mer. Residues with backbone amides broadened 

beyond the detection limit upon complex formation are indicated by red bars. The horizontal lines show the average Δδavg

and the avg + stdev. Residues with large Δδavg are labelled. The secondary structure of syntenin-1 PDZ1 and PDZ2 

domains, drawn from the PDB entry 1W9E(Grembecka et al., 2006b) , is shown above the plot. (B,D,G) Chemical shift 

mapping of the Tax-1 10mer binding. The molecular surfaces of syntenin-1 PDZ domains is colored by the Δδavg values 

(yellow: Δδavg > avg; orange: Δδavg > avg + stdev; red: broadened out upon binding). Prolines and residues with 

unassigned or strongly overlapping backbone amide resonances are in grey. The modeled C-terminal parts of the Tax-1 

peptide, bound to the canonical PDZ sites, are shown in sticks. (E,H) NMR chemical shift titrations with the Tax-1 10mer 

peptide. Chemical shift perturbations of the backbone amide atoms indicated in the plots were fitted simultaneously to a 

binding model with the shared KD (Equation 1). The solid lines show the best fits with (E) KD = 2.58 ± 0.45 mM for 

syntenin-1 PDZ1 and (H) KD = 1.55 ± 0.20 mM for syntenin-1 PDZ2.
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Figure 5. Perturbation of the Tax-PDZ interactions and inhibition of Tax-1 functions. 
 
(A) Structure of the small molecule FJ9. (B) Molecular docking of the small molecule FJ9 into the syntenin-1 PDZ2 domain (left), 
and detailed interactions between FJ9 and syntenin-1 PDZ2 residues (right). The intermolecular hydrogen bond with the 
backbone carbonyl atom of F211 is indicated by a dotted line. (C) Positive HEK293 cells analyzed by FACS for fluorescence 
intensities in the presence (300 µM) or absence (DMSO) of the FJ9 small molecule. (D) Quantification of positive BiFC cells from 
(C). (E) Transformation of Rat-1 fibroblast cells following Tax-1 expression and treatment with 100 µM of FJ9 in a six-well plate. 
(F) Quantification of Tax-1-transformed colonies from (E), considering a minimum diameter cut-off of 0.25 mm. (G) Schematic 
representation of the co-culture infection and inhibition assay. (H) Viability test, as measured using trypan blue, of Jurkat-LTR-Luc 
cells treated with DMSO, 100 µM or 300 µM of FJ9. (I) Quantification of cell-to-cell HTLV-1 transmission and inhibition by the FJ9 
small molecule. Statistical analyses were done using unpaired t-tests, where **** indicate a p value <0.0001, *** a p value 
<0.001, and ** a p value <0.01. 
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Tax-1 protein partner 
(gene symbol) Gene ID UniProt ID PubMed ID HTLV-1 biology

DLG1 1739 Q12959 9192623 Cell cycle acceleration 
DLG4 1742 P78352 9482110

ERBB2IP 55914 Q96RT1 17100642
IL16 3603 Q14005 12620798 Cell cycle acceleration 

LIN7A 8825 O14910 9482110
LNX2 222484 Q8N448 22458338

MAGI1 9223 Q96QZ7 23279616 IL-2-independent growth 
MAGI3 260425 Q5TCQ9 15003862

PARD6A 50855 Q9NPB6 9482110
PDLIM2 64236 Q96JY6 19131544 Tax-mediated tumorigenesis 
SCRIB 23513 Q14160 17855372 Immune response suppression 
SNTB1 6641 Q13884 9482110
SNTB2 6645 Q13425 9482110

TAX1BP3 30851 O14907 9482110

A

B

Figure S1. A comprehensive analysis of the Tax-1 interactome with human PDZ-containing proteins.
(A) PPIs between Tax-1 and human PDZ domain-containing proteins identified by yeast 2-hybrid (Y2H) and validated by GPCA, or using a pull-
down assay (blue); and known PPIs from the literature (yellow). (B) Literature reported interactions between Tax-1 and human PDZ domain-
containing proteins. (C) Heat maps of the Y2H assay by testing a library of 244 individualized PDZ domain-containing proteins fused to AD against
DB-Tax-1. A growth score of “0”, “1” or “2” indicates a null, weak or strong interaction, respectively. (D) Representative Y2H assay plate lacking
tryptophan (Trp), leucine (Leu), and histidine (His) where a growth score of “0”, “1” or “2” indicates a null, weak or strong interaction between DB-
Tax-1 and PDZ-domain-containing proteins fused to AD, respectively. (E) Representative GST-pull-down analyses of proteins encoded by Flag-
fused open reading frames (ORFs) available in the human ORFeome collection.
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Figure S2. Validation of hDLG1 PDZ-Tax-1 interactions and NMR-observed binding of hDLG1 PDZ1+2 tandem to

Tax 2.

(A) Purified GST-fused hDLG1 PDZ1 domains. (B) GST-pulldown assay using Tax-1 protein from HTLV-1 producing MT2

cells. (C) Overlay of selected regions of 1H,15N HSQC spectra in the absence and presence of Tax2 10mer (black and

orange, respectively). The labels identify the backbone amide resonances affected by the Tax-1 10mer binding (cf. Figure 2.

(D) Δδavg of the hDLG1 PDZ1+2 in the presence of 6 molar equivalents of Tax2 10mer. The horizontal lines show the

average Δδavg and the avg + stdev. (E,F) Chemical shift mapping of the Tax2 10mer binding. The molecular surfaces of

hDLG1 (E) PDZ1 and (F) PDZ2 domains are colored by the Δδavg values as in Figure 2C,D. The modeled C-terminal part of

the Tax-1 peptide, bound to the canonical PDZ site, is shown in sticks as a reference. (G) Chemical shift perturbations (Δδ)

of the backbone N (left) and H (right) atoms for several hDLG1 PDZ1+2 residues indicated in the plots. The lines joining the

symbols are only meant to guide the eye.



Figure S3. Control hDLG1 PDZ NMR experiments with Tax-1 PBM 4mer and N-terminal 6mer (6mer-N) peptides.

(A) Overlay of 1H,15N HSQC spectra of the free and PBM 4mer-bound 15N hDLG1 PDZ1+2 tandem (in black and blue,

respectively), with the chemical shift perturbations for the selected residues indicated by arrows. (B) Δδavg of the hDLG1 PDZ1+2

at saturating amounts of PBM 4mer. (C,D) Chemical shift mapping of the PBM 4mer binding. The molecular surfaces of hDLG1

(C) PDZ1 and (D) PDZ2 domains are colored as in Figure 2C,D. The modeled PBM peptide, bound to the canonical PDZ site, is

shown in sticks. (E) The spectra of the 15N hDLG1 PDZ1+2 tandem in the absence and presence of 6mer-N (black and green,

respectively).(F) Δδavg of the hDLG1 PDZ1+2 in the presence of 6 molar equivalents of 6mer-N.The labels identify the sole residue

with a significant binding shift.



Figure S4. Control NMR experiments with the C-terminally amidated Tax-1 10mer

peptide (Tax-1mod).

(A) Overlay of 1H,15N HSQC spectra of 15N hDLG1 PDZ1 in the absence and presence of

Tax-1mod peptide (black and red, respectively). The labels identify the backbone amide

resonances affected by the Tax-1 10mer binding (cf. Figure 2E). (B) Δδavg of hDLG1 PDZ1

at saturating amounts of Tax-1mod. (C) Chemical shift mapping of the Tax-1mod binding.

The molecular surface of hDLG1 PDZ1 is colored as in Figure 2G. The modeled C-terminal

part of the Tax-1 peptide, bound to the canonical PDZ site, is shown in sticks. (D) NMR

chemical shift titration of 15N hDLG1 PDZ1 with the Tax-1mod peptide. Open and filled

symbols refer to the chemical shift perturbations (Δδ) of the backbone H and N atoms,

respectively, of F236 (squares), G240 (circles), I258 (triangles), I259 (diamonds), and L296

(stars). The curves were fitted simultaneously to a binding model with the shared KD

(Equation 1). The solid lines show the best fits with the KD value of 951 ± 34 µM.



Figure S5. Control syntenin-1 NMR-experiments with Tax-1 PBM 4mer and 6mer-N peptides.

(A) Δδavg of 15N syntenin-1 PDZ1+2 tandem in the presence of 6 molar equivalents of PBM 4mer. Residues with

backbone amides broadened beyond the detection limit upon complex formation are indicated by red bars. (B) Chemical

shift mapping of the PBM 4mer binding. The molecular surface of syntenin-1 PDZ1+2 tandem is colored as in Figure 4B.

The modeled PBM peptides, bound to the canonical PDZ sites, are shown in sticks. (C) Δδavg of the 15N syntenin-1

PDZ1+2 tandem in the presence of 7 molar equivalents of 6mer-N. Several residues with significant binding shifts are

labelled.


