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ABSTRACT: Despite the recent advances in cancer therapeutics, highly aggressive cancer forms, such as glioblastoma (GBM), 
have still very low survival rates. The intracellular scaffold protein syntenin, comprising two PDZ domains, has emerged as a novel 
therapeutic target in highly malignant phenotypes including GBM. Here, we report the development of a novel, highly potent and 
metabolically stable peptide inhibitor of syntenin, KSL-128114, which binds the PDZ1 domain of syntenin with nanomolar affinity. 
KSL-128114 is resistant towards degradation in human plasma and mouse hepatic microsomes and displays a global PDZ domain 
selectivity for syntenin. An X-ray crystal structure reveals that KSL-128114 interacts with syntenin PDZ1 in an extended non-
canonical binding mode. Treatment with KSL-128114 showed an inhibitory effect on primary GBM cell viability and significantly 
extends survival time in a patient-derived xenograft mouse model. Thus, KSL-128114 is a novel promising candidate with thera-
peutic potential for highly aggressive tumors, such as GBM. 

INTRODUCTION 
Protein-protein interactions (PPIs) are vital for most bio-
chemical and cellular processes and offer attractive opportu-
nities for therapeutic intervention. In particular, disrupting 
intracellular signalling transduction via inhibition of scaf-
folding proteins comprising postsynaptic density protein-95 
(PSD-95)/discs-large/zona occludens-1 (PDZ) domains has 
gained considerable attention.1 The human proteome con-
tains 266 PDZ domains in 152 proteins and is one of the 
largest class of protein domains facilitating PPIs.2 The intra-
cellular scaffold protein syntenin, also known as melanoma 
differentiation associated gene-9 (mda-9) or syntenin-1, 
comprise two PDZ domains, flanked by intrinsically disor-
dered N- and C-terminal regions.3-4 The primary function of 
syntenin is to transduce and propagate extracellular stimuli 

via transmembrane proteins and receptors, such as the 
syndecans, Frizzled 7 or CD63 (Figure 1), by mediating the 
assembly of intracellular multimeric signalling complexes.5 
Additionally, numerous binding partners and effectors down-
stream of syntenin have been identified including c-Src, 
focal adhesion kinase (FAK), p38 mitogen-activated protein 
kinase (MAPK) and nuclear factor-kappa B (NF-ΚB).5 Thus, 
syntenin-dependent signalling pathways regulate a plethora 
of molecular pathways, which directly or indirectly facilitate 
cell invasion. This is reflected in the therapeutic relevance of 
syntenin as a promoter of cancer cell migration and metasta-
sis.5 A key step in cancer cell invasion is the degradation of 
extracellular matrix via matrix metalloproteinases (MMPs).6 
Syntenin promotes the expression of MMP2 by activating 
the expression of the transcription factor NF-ΚB through a c-
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Src dependent pathway in glioblastoma (GBM)7 and mela-
noma.8 In addition, the syntenin-syndecan-ALIX signalling 
pathway has a vital role in the formation of endosomal in-
traluminal vesicles, which are released into the extracellular 
space as exosomes.9-10 Exosomes can regulate tumorigenesis 
by transferring signalling components to surrounding cells to 
induce remodelling of the extracellular matrix and promote 
angiogenesis and tumour cell proliferation.11-15 Noteworthy, 
syntenin was recently shown to be mandatory for the activity 
of the oncogene Src in exosomal cell-to-cell communica-
tion.15 In several cancer types, including melanoma, GBM, 
breast cancer and urothelial cell cancer, there is a direct 
correlation between increased syntenin expression and the 
advancement of tumour grades.5 Thus, syntenin acts as a 
facilitator of both intracellular and extracellular pathways of 
cancer cell invasion and progression and therefore serves as 
an attractive and novel therapeutic intervention point in 
cancer.  
Here, we developed a high affinity peptide-based inhibitor of 
syntenin, KSL-128018, and explored its therapeutic poten-
tial. The optimized peptide binds in a non-canonical PDZ 
binding mode, as demonstrated by a co-crystal X-ray struc-
ture of KSL-128018 and PDZ1 of syntenin and show a pref-
erence towards syntenin PDZ1 in a global selectivity screen 
of 255 PDZ domains. The peptide was further developed to 
comprise cell permeable properties and showed improved in 
vitro plasma and microsomal stability. Finally, we demon-
strated that by applying this competitive inhibitor of 
syntenin, inhibition of primary GBM cell proliferation in 
vitro and remarkably prolonged survival from 25 to 45 days 
in a patient-derived xenograft GBM mouse model was 
achieved. 

 

Figure 1. Schematic illustration of syntenin dependent protein-
protein interactions. Syntenin (blue) interacts with the extreme 
C-terminal of multiple interactions partners (grey and red) via 
its two PDZ domains. Several of these protein-protein interac-
tions mediate and promote cancer progression. By applying a 
syntenin inhibitor (black triangle) and subsequently uncouple 
the protein complex, the connection between receptor activation 
and cancer progression, is inhibited. 

 
 
 
 

 
RESULTS 
Design and characterization of novel high affinity peptide 
inhibitors of syntenin. Recently, using phage display tech-
nology, a heptameric peptide (-6SHWTIDI0) was identified to 
bind to syntenin with low µM affinity.16 Here, we aimed to 
optimize the reported inhibitor addressing its drug-like prop-
erties, such as affinity, stability, toxicity and cell permeabil-
ity. First, we determined the inhibitory binding constant (Ki) 
of the phage display peptide in a fluorescence polarization 
(FP) assay to be 2.1 µM towards syntenin PDZ1-2 tandem. 
Second, to improve affinity and stability for this peptide, a 
range of modifications was introduced into the peptide, 
including N-terminal truncations, Ala, D-amino acid, single 
proteinogenic and non-proteinogenic amino acid substitu-
tions (Figure 2A,B). This provided several insights, includ-
ing the importance of the Trp side chain at position -4, which 
is not included in the canonical peptide-PDZ binding inter-
face. Generally, L-amino acids were preferred over the corre-
sponding D-amino acids, which were only allowed in posi-
tions -5 and -6. The importance of hydrophobic side chain 
interactions at positions 0, -2 and -3 was addressed by incor-
porating either proteinogenic or non-proteinogenic amino 
acids. Several hydrophobic side chains could be accommo-
dated at these positions resulting in no or minor effects on 
the affinity with Ki values ranging from 0.7-15.3 µM (Figure 
2C and Table S1). Gratifyingly, by combining a tert-butyl 
glycine (Tle) at position -3 with a cyclohexyl glycine (Chg) 
at position -2, providing SHW(Tle)(Chg)DI (KSL-128018), 
a significant synergistic affinity effect was achieved. Peptide 
KSL-128018 had a 50-fold increase in affinity corresponding 
to a Ki value of 40 nM (Figure 2D and Table S1). The Kd of 
the TAMRA-labelled KSL-128018 peptide to syntenin 
PDZ1-2 was determined to 30 nM (Table S1). This is to the 
best of our knowledge, the most potent monomeric inhibitor 
reported for any PDZ domain. To obtain further insight into 
the binding kinetics, we prepared a biotin labelled version of 
peptide KSL-128018, biotin-PEG2-SHW(Tle)(Chg)DI and 
analysed this peptide by surface plasmon resonance (SPR). 
The apparent Kd value towards PDZ1-2 of syntenin was 
determined to 170 nM (Figure S1), which is consistent with 
the Ki value of 190 nM determined by FP (Table S1). The 
apparent association (kon) and dissociation rate constant (koff) 
was determined to 3.1×105 M-1s-1 and 0.05 s-1, respectively, 
which corresponds to both a fast association and dissociation 
with the protein. Using SPR, the selectivity of this peptide 
towards syntenin PDZ1-2 over syntenin-2 PDZ1-2 was also 
addressed and showed that KSL-128018 is 440-fold more 
selective for syntenin PDZ1-2 (Figure S1). In order to make 
peptide KSL-128018 cell-permeable, five different CPP tags, 
including TAT (amino acid sequence 47-57) and 
polyArg8,17-19 (peptides 1-4) (Figure 2E and Table S2), were 
introduced into the N-terminal of peptide KSL-128018 pre-
serving a free C-terminal carboxylate, which is critical for 
binding. The addition of CPP tags only had a minor effect on 
affinity, resulting in Ki values ranging from 250-452 nM 
(Figure 2E and Table S2).
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Figure 2. Structure-activity relationship (SAR) study and characterisation of in vitro metabolic stability. (A) Sequence of the phage dis-
play-derived parent peptide referred to as WT and heat-map of Ala and D-amino acid scan. The colours represent the binding affinity to 
syntenin PDZ1-2 determined by fluorescent polarisation (FP). (B) Structures of the amino acid side chains introduced as single substitu-
tions. Structures highlighted in a blue box represent the substitutions generating an improved affinity compared to the parent peptide. (C) 
Binding affinities (Ki) for peptides comprising a single substitution or (D) double substitutions. (E) Sequences of cell-penetrating peptides 
and its binding affinities towards syntenin PDZ1-2. Blue box represents KSL-128018. (F) In vitro stability of selected cell-penetrating 
peptides in human plasma and (G) hepatic mouse microsomes over time. Data is presented as mean ± SEM, n≥3. N.B. indicates a Ki >500 
µM. 
X-ray crystal structure and amide-to-ester mutations 
reveal a non-canonical binding mode. To obtain molecular 
insight into the binding mode of peptide KSL-128018, an X-
ray co-crystal structure of the syntenin PDZ1 domain in 
complex with KSL-128018 was determined at a resolution of 

1.86 Å (PDB ID: 6AK2). KSL-128018 binds to the canonical 
PDZ binding site located between the β2 sheet and α2 helix. 
(Figure 3A-B and Figure S2). In the canonical binding mode 
of  
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Figure 3. Molecular mapping of the KSL-128018/syntenin interaction. (A) X-ray crystal structure of syntenin PDZ1 in complex with 
KSL-128018 (PDB 6AK2). (B) Zoom-in of the syntenin binding site. KSL-128018 (blue sticks) forms multiple hydrogen bond interactions 
(black dotted lines) to syntenin (grey). Five water molecules (red spheres) are coordinated in the binding pocket. (C) The side chain of 
Trp-4 in KSL-128018 forms hydrogen bond interaction with the backbone of Trp169 and Chg-2 forms a π−π interaction with His175 in 
syntenin PDZ1. (D) Structural overview of KSL-128018. X indicates position of single amide-to-ester backbone substitution. (E) Fold 
change in affinity of depsipeptides compared to KSL-128018. Number indicates the position of amide-to-ester substitution. (F) Heat map 
of the relative binding energy, ∆∆G, of the amide-to-ester backbone substitutions. 

PDZ domains, amino acid side chains in position 0 and -2 of 
the ligands, as well as the C-terminal carboxylate moiety, are 
the primary contributors of binding.20-22 However, KSL-
128018 demonstrates a more complex binding profile, in-
volving significant contributions from amino acid side chains 
in position 0, -1, -2 and -4 (Figure S2C). The side chains of 
Ile127, Arg128, Leu129, Ser131, Val132, Asp133, which are 
located in the β2 strand and His175 in α2 helix of syntenin 
are key residues for the molecular interaction with KSL-
128018 (Figure 3C and Figure S2C). A number of hydrogen 
bond interactions between PDZ1 and peptide KSL-128018 
were identified, including side chain-side chain interaction 
between Arg128 and Asp-1, side chain-backbone interaction 
between Trp-4 and Trp169, backbone-backbone interactions 
between amino acids in position 0 and -2 to Leu127, Leu129, 
respectively, and the C-terminal carboxylate to the backbone 
of Ile125, Gly126 and Leu127 (Figure 3B, F). Interestingly, 
several water molecules were observed in the binding site 
and mediate interactions between the peptide ligand and the 
protein through hydrogen bonds (Figure 3B and Figure 
S2D), thus stabilizing the protein-inhibitor complex. To 
further assess the importance of the hydrogen bonding net-
work, we systematically introduced amide-to-ester substitu-
tions into the backbone of peptide KSL-128018. An amide-
to-ester substitution removes a NH hydrogen bond and re-
duces the hydrogen bond acceptor capacity of the carbonyl 
by ca. 50%.23 We synthesized the six depsipeptide analogues 
(Figure 3D), where each backbone amide bond in peptide 
KSL-128018 was substituted with an ester bond. Subse-
quently, the determined binding affinities of the depsipep-
tides to syntenin revealed that an ester bond between either 
amino acids in position 0 and -1 or -2 and -3  led to reduction 

of binding affinity by >300-fold with Ki values >30 µM. 
Introduction of an ester bond between amino acids -1 and -2, 
-3 and -4, and -4 and -5 led to a decrease in affinity by 20-25 
fold (Figure 3E and Table S2), which is consistent with 
hydrogen bonding network shown in the X-ray crystal struc-
ture (Figure 3B,F). In summary, an interplay between the C-
terminal carboxylate, side chains of amino acids in position 
0, -1, -2 and -4 and the backbone amide bonds between 
amino acids 0, -1 and -2, -3 are the primary determinants for 
the very high affinity of peptide KSL-128018 to syntenin. 
Inhibitors show global preference for syntenin and abil-
ity to pull-down syntenin from brain lysate. PDZ domains 
are known for being capable of binding to several different 
peptide ligands,21 thus the selectivity profile of biotinylated 
KSL-128018 was assessed by screening 255 single human 
PDZ domains by the hold-up assay.24 Gratifyingly, the high-
est affinity for this peptide among the 255 PDZ domains was 
towards syntenin PDZ1 (binding intensity (BI) = 0.96) (Fig-
ure S3A). No affinity for syntenin PDZ2 was detected and 
thus highlighting the preference for PDZ1. Additional bind-
ing partners were detected, albeit with lower affinity (Figure 
S3A). The robustness of the hold-up assay was validated by 
comparing BI values obtained for selected PDZ domains 
from the PDZome screen with the corresponding Kd values 
obtained by FP assays (Figure S3B). The correlation coeffi-
cient for the low affinity binders (Kd ≤1 µM) was determined 
to r = 0.78, which is in line with previously reported data (r = 
0.76).24  
 
 

Chg-2 Tle 
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Figure 4. In vitro and in vivo characterisation of KSL-128114. (A) Cell viability of A2058 melanoma cells, (B) patient-derived glioblas-
toma (GBM) cells, (C) MCF-7 breast cancer cells and (D) HT29 colon adenocarcinoma cells treated with increasing concentrations of 
peptides KSL-128018 (black) or KSL-128114 (blue) for 72 h. Data is presented as mean ± SD, n≥3. (E) Intraluminal budding of mCherry-
syntenin filled endosomes. Representative confocal micrographs of MCF-7 cells co-transfected with wild-type mCherry-syntenin (mCh-
Synt; red in merge) and Cerulean-Rab5Q79L (Ce-Rab5Q79L; blue in merge) and treated with 10 μM of KSL-128114 or vehicle. (F) Quan-
tification of the number of Ce-Rab5Q79L endosomes filled with mCherry-syntenin after treatment with 0.1, 5 and 10 μM of KSL-128114 
or vehicle (0.01% DMSO in sterilized water) for 24 h. Data is presented as mean ± SD. Two independent experiments were performed and 
at least 40 RAB5(Q79L) endosomes were examined in each experiment. (G) KSL-128018 can pull-down syntenin from brain lysate. Ana-
logues of peptide KSL-128018 or the scrambled negative control peptide, bearing an N-terminal Cys as chemical handle, was immobilised 
using epoxy reactive resin and used to pull-down syntenin from whole mouse brain lysate. Representative Western blot analysis verified 
the identity of syntenin. Two independent experiments were performed using brain lysate from two individual mice. (H) Kaplan-Meier 
survival curves for mice intracranially injected with patient-derived GBM cells pre-treated with KSL-128018 (black) or KSL-128114 
(blue) and (I) median survival. n=6, *p <0.05. 

Detection of ligand-protein interaction in vitro does not 
necessary translate into target engagement in a complex 
cellular environment. Thus, we examined if an immobilized 
version of peptide KSL-128018 could be used to enrich 
syntenin from mouse brain lysate and subsequently validate 
the results from the PDZome screen. Satisfyingly, peptide 
KSL-128018, but not a non-binding scrambled control pep-
tide, could recover and enrich full length syntenin from the 
complex whole brain cellular mixture (Figure 4G).  
 
In vitro metabolic stability. Peptide ligands are generally 
susceptible to proteolytic degradation in biological fluids, 
which is a major challenge for peptide-based drugs.25 We 
therefore determined the in vitro stability of the parent pep-
tide, KSL-128018, KSL-128114 and peptides 1-4 in human 
plasma. The phage display-derived parent peptide showed a 
half-life of 8.5 min in human plasma, whereas the optimized 
peptide KSL-128018 had a >170-fold improved stability, 
with a T1/2 >24 h (Figure 2F). In addition, the CPP-tagged 

peptides comprising only L-amino acids in the CPP se-
quence, showed a half-life of 1-2 h. By incorporating both L- 
and D-amino acids, as in peptides 1 and 2, the half-life in-
creased to >24 h, and during the 24 h timeframe used for the 
assay, we could not detect differences in stability between 
the cyclic TAT containing peptide (1) and the linear counter-
part (2), as both peptides were extremely stable. Another 
potential route for peptide drug elimination is through hepat-
ic clearance, thus we analysed the stability of the same pep-
tides in mouse hepatic microsomes. All seven peptides, the 
parent peptide, KSL-128018, KSL-128114 and 1-4, had T1/2 

>60 min, compared to the control (propanol) with a half-life 
of 35 min (Figure 2G), thus indicating that hepatic clearance 
is not likely to be an issue for the peptides described here.  
  
In vivo activity of inhibitor. Syntenin is known to influence 
cancer progression5 and regulate exosomal biogenesis by 
supporting the formation of intracellular vesicles inside 
multivesicular bodies in a PDZ-dependent manner.9-10,15 As a 
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measure of the effects of our peptide inhibitors on the 
syntenin-mediated exosomal pathway, we first investigated 
the ability of the peptides to inhibit the intracellular endoso-
mal budding of syntenin employing a MCF-7 cell line as 
previously described. This method validates target engage-
ment at a cellular level and also provides a measure of the 
cell permeability properties of these peptides, as they have to 
permeate the cell membrane to inhibit this interaction.26 
MCF-7 cells overexpressing mCherry-labelled syntenin and 
Rab5 Q79L, a constitutively active Rab5 that develops en-
larged cytoplasmic vesicles in which endosomal budding 
takes place, was subjected to increasing concentrations of the 
five cell penetrating peptides, KSL-128114 and 1-4, over 24 
h. Peptides KSL-128114 and 1-4 all showed an inhibitory 
effect on the fluorescent signal from syntenin and thus on 
endosomal budding, with peptides KSL-128114, 1, 3 and 4 
showing a dose dependent inhibition (0.1, 5 and 10 µM, 
Figure 4E and Figure S4). This concentration range for CPP-
containing peptides is comparable with previously reported 
concentrations (5-150 µM) required to permeate cancer 
cells.27-28 Thus, peptides KSL-128114 and 1-4 permeate 
MCF-7 cells and inhibit syntenin dependent endosomal 
budding. 
Next, we examined the anti-neoplastic effect of peptides 
KSL-128114, 1 and 2. Highly invasive human melanoma 
cell line (A2058), colorectal adenocarcinoma (HT29) and 
breast adenocarcinoma (MCF-7) cells (Figure S5) were 
treated with increasing concentrations of peptides KSL-
128018, KSL-128114, 1 or 2 for 72 h. Treatment with all 
three peptides carrying a CPP moiety, KSL-128114, 1 or 2, 
but not peptide KSL-128018, resulted in a decreased cell 
viability of human melanoma cells in a dose dependent man-
ner and had no or limited effect on the colon or breast cancer 
cells (Figure 4A and Figure S5). In particular, peptide KSL-
128114 inhibited all melanoma cells at a concentration of 20 
µM. KSL-128018 showed no inhibitory effect, suggesting 
that this peptide do not permeate cell membranes and under-
lines the importance of the CPP motifs. Peptide KSL-128114 
was further assessed using two patient-derived GBM cell 
cultures, GBM001 and GBM002. Gratifyingly, GBM cell 
viability was significantly reduced after treatment with KSL-
128114 in a dose dependent manner (Figure 4B and Figure 
S6). We then tested the effects of KSL-128018 and KSL-
128114 on normal human astrocytes (NHA) and human 
embryonic kidney 293 (HEK293) cell lines. Similarly, as 
observed with other cell lines, KSL-128018 exhibited no 
inhibition to NHA and HEK293 cells, whereas KSL-128114 
showed a slight decrease in cell viability in the highest con-
centrations tested  (Figure S6). In addition, we addressed the 
cell-permeability and distribution of TAMRA-conjugated 
KSL-128114 in the cytosol of GBM002 cells (Figure S7); we 
observed a clear time and concentration dependent uniform 
distribution of KSL-128114 in the cytoplasm of the cells. 
Altogether, these results substantiate the importance of 
syntenin in melanoma and glioblastoma pathogenesis.  
We next examined if KSL-128114 could uncouple native 
syntenin dependent PPIs in vivo and hence inhibit the pro-
gression of GBM. First, patient-derived GBM cells, previ-
ously shown to form infiltrative malignant tumours in 
mice,29 were pre-treated with KSL-128114, before stereotac-
tically implanted into the right frontal lobes of mice. Ani-
mals were monitored daily for neurological impairment and 
weight loss, to which point they were sacrificed. Gratifying-

ly, animals receiving peptide KSL-128114 showed a remark-
able and significant prolonged survival (median survival = 
45.5 days), compared to animals treated with the control 
peptide KSL-128018 (median survival = 34 days) (Figure 
4H, I), or DMSO (median survival = ca 25 days).29 This 
confirms the important function of the CPP tag and demon-
strates the applicability of peptide KSL-128114 as a novel 
tool compound for deciphering the role of syntenin in GBM 
progression.  
 
DISCUSSION AND CONCLUSIONS 
The critical role of syntenin in cancer pathogenesis has be-
come increasingly evident. Therefore, syntenin is considered 
as a potential, novel therapeutic target for inhibition of can-
cer cell invasion and metastatic spread. In particular, in-
creased expression of syntenin has a direct clinical correla-
tion with shorter survival in patients with glioblastoma, 
breast cancer and uveal melanoma.5,7,30-31 Despite the intri-
guing role of syntenin in cancer, only two low affinity inhibi-
tors have been described.32-33 In general, developing inhibi-
tors for PDZ domain proteins have proven to be a challenge, 
and so far only a limited number of small molecule PDZ 
domain inhibitors have been developed for putative drug 
targets, such as PSD-95, dishevelled, protein interacting with 
Cα-kinase 1 (PICK1) and very recently also for syntenin.33-35 
However, these small molecules generally suffer from low 
affinity to the PDZ domain protein, which hamper them as 
attractive drug leads. In contrast, peptide-based PDZ inhibi-
tors have shown great promise, exemplified by the 20-mer 
PSD-95 peptide inhibitor, NA-1,36 which is currently under-
going phase III clinical studies for the treatment of acute 
cerebral ischemia brain damage. Similarly, a high affinity 
dimeric peptide-based PSD-95 inhibitor has shown great 
promise and is currently entering Phase I clinical studies.37 
Inspired by the recent progress in the development of pep-
tide-based PDZ domain inhibitors, we exploited a heptamer-
ic peptide recently identified by phage display.16 This led to 
the discovery of peptide KSL-128018, with a marked in-
crease in affinity towards syntenin with Kd of 30 nM and a 
distinct preference for syntenin PDZ1 over 254 human PDZ 
domains. This peptide is to the best of our knowledge, also 
the most potent monomeric peptide-based inhibitor of any 
PDZ domain. PDZ domains are typically classified accord-
ing to the tetrameric consensus recognition sequences within 
the C-terminal of their peptide binding partners.20 According 
to the single previously determined X-ray crystal structure of 
a peptide ligand (TNEFYF) bound to syntenin PDZ1, only 
the amino acids in position 0 and -1 are located in the bind-
ing site.38 Interestingly, peptide KSL-128018 shows an unu-
sual affinity dependence based on side chains in position 0, -
1, -2 and -4. This indicates that additional interaction sites 
are formed, spanning outside the canonical binding site. 
Such a non-canonical binding mode is further supported by 
introduction of backbone amide-to-ester substitutions in 
position 0 to -4 of the peptide inhibitor, which result in a 20 
to >300-fold decrease in affinity. The extended binding 
mode was confirmed by an X-ray crystal structure of peptide 
KSL-128018 in complex with syntenin PDZ1. Backbone 
hydrogen bonds have previously been shown to play a pivot-
al role in peptide-PDZ interactions.39-40 Our observations for 
peptide KSL-128018 show an intriguing involvement of the 
backbone amide bonds, compared to both the PDZ1-
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TNEFYF interaction and other reported PDZ-peptide inter-
actions.38-39,41  
As syntenin is an intracellular target, a successful delivery 
strategy of peptide KSL-128018 had to be integrated into the 
peptide design. A number of different drug candidates con-
jugated to CPPs are currently in clinical trials, exemplified 
by TAT conjugation in NA-136 and AM-111,42 which has 
recently passed phase II clinical studies. We investigated the 
effect of conjugating different CPP sequences in the N-
terminal of peptide KSL-128018 on cell permeability, by 
evaluating the effect on syntenin endosomal budding and 
cancer cell viability. The number of endosomes undergoing 
syntenin budding (as a measure of exosome biogenesis)9-10,15 
in breast cancer cells was decreased upon treatment with any 
of the five CPP conjugated peptides, KSL-128114 and 1-4, 
in a dose dependent manner. The concentration needed to 
observe an inhibitory effect of the number of formed exo-
somes are in line with what has previously been reported for 
TAT-conjugated cargo into HeLa cells.28 Recent efforts have 
suggested that cyclized TAT can have an improved uptake 
profile.28 We did not observe that cyclisation of TAT in-
duced a more efficient inhibition of endosomal budding and 
nor did it have a beneficial effect on cell viability of A2058 
melanoma cells. Proteolytic degradation is a general concern 
for peptide-based drugs43 and therefore metabolic stability in 
both human plasma and mouse hepatic microsomes was 
evaluated for the CPP-tagged inhibitors and used as a guide 
to which inhibitors should be pursued further. CPP conjugat-
ed peptides comprising a combination of both L- and D-
amino acids had a greatly improved metabolic stability pro-
file in human plasma and mouse microsomes, whereas no 
effect of cyclisation of the CPP moiety was observed. Col-
lectively these studies identified compound KSL-128114 as a 
lead compound with very high affinity to syntenin, high 
metabolic stability, and efficient ability to inhibit cancer cell 
viability.  
Understanding the benefits and limitations of GBM in vivo 
and ex vivo models is crucial for the preclinical development 
of efficacious inhibitors. Here, we have utilized patient-
derived GBM xenograft models, which is arguably superior 
to cell line derived GBM models. Commonly, cell line-based 
models grown in serum containing media show poor geno-
typic and phenotypic resemblance to their parent tumours.44 
Recently, a small molecule inhibitor of syntenin was de-
scribed to inhibit the progression of GBM in both a patient-
derived GBM xenograft model as well as in a cancer cell line 
(U1242) based GBM xenograft model. The overall survival 
for the control treated mice in the two models differed signif-
icantly (19 and 41 days, respectively),33 highlighting the 
importance of using and comparing appropriate GBM mod-
els. The small molecule inhibitor, 113B7 was administered 
i.p. (30 mg/kg) to patient-derived GBM xenograft mice three 
times per week for two weeks. The mean overall survival of 
these animals was determined to <25 days.33 Here, we show 
that treatment with KSL-128114 has a superior survival 
profile, compared with 113B7 in a similar in vivo model, 
with a median survival of 45 days. Noteworthy, KSL-128114 
was only given to patient-derived GBM cells as a single pre-
treatment dose (50 µM) prior to tumour establishment. 
Clearly, additional in vivo studies, including variations of 
timing and route of administration, are required to fully 
explore the therapeutic perspectives of KSL-128114. 

In conclusion, we have designed and synthesized a high 
affinity monomeric peptide-based inhibitor targeting the 
scaffold protein syntenin. The inhibitor displays high meta-
bolic stability, cell penetrating properties, inhibits cell prolif-
eration of melanoma and primary GBM cells in a dose-
dependent manner and significantly extend the survival time 
in patient-derived GBM-bearing mice. This peptide inhibitor 
is a novel lead for treatment of glioblastoma and could be-
come a valuable pharmacological tool for further deciphering 
the crucial role of syntenin in cancer progression and the 
development of metastasis. Future studies should focus on 
determining the downstream cell signalling pathways effect-
ed by inhibition of syntenin and if treatment combined with 
radiation can prolong the survival even further. Further re-
search will also be required to elucidate if syntenin can be 
exploited as a drug target for treatment of glioblastoma in 
patients. Specifically, for KSL-128114 studies addressing in 
vivo blood-brain barrier permeation, as well as in vivo toxici-
ty and studies of pharmacodynamic and pharmacokinetic 
properties, are required.  
 
EXPERIMENTAL PROCEDURES 
Materials and Methods. Preloaded Wang resin, preloaded 2-
chlorotrityl resin, 2-cholortrityl chloride resin and 9-
fluorenylmethoxycarbonyl (Fmoc) protected amino acids were 
purchased from Iris Biotech. 5,6-carboxytetramethylrhodamine 
(TAMRA) was obtained from Anaspec. Organic solvents were 
of analytical grade or higher. Preparative and semi-preparative 
reverse phase high performance liquid chromatography (RP-
HPLC) was performed on a Waters 2545 system using a C18 
column (Agilent Zorbax 300 SB-C18, 21.2 mm × 250 mm or 
9.4 × 250 mm) and a linear binary mobile phase comprising 
Buffer A (95% H2O, 5% acetonitrile, 0.1% trifluoroacetic acid 
(TFA)) and Buffer B (95% acetonitrile, 5% H2O, 0.1% TFA) 
with a flow rate of 20 ml/min or 5 ml/min, respectively. Analyt-
ical RP-HPLC was performed using a C18 column (Waters 
Acquity UPLC BEH C18 21 × 50 mm) and a linear binary 
mobile phase comprising Buffer A and Buffer B with a flow rate 
of 0.45 ml/min. α-Hydroxy acids were purified by silica gel 
chromatography on a CombiFlashFr (Teledyne ISCO) by using 
a linear binary mobile phase comprising dichloromethane 
(DCM):methanol (10:1). LC-MS analysis was performed on an 
Agilent 1200 HPLC system coupled to an Agilent 6410 Triple 
Quadruple Mass Spectrometer using electron spray ionization 
(ESI), a C18 column (Agilent Zorbax Eclipse XBD-C18, 4.6 × 
50 mm) and a linear binary mobile phase comprising 95% H2O, 
5% acetonitrile, 0.1% formic acid (FA) and 95% acetonitrile, 
5% H2O, 0.1% TFA. All peptides were ≥95% pure as deter-
mined by UPLC and LC-MS. 

 
Peptide synthesis. The peptides were synthesised using Fmoc-
based solid phase peptide synthesis (SPPS) using either manual 
or automated (Liberty Blue, CEM) synthesis. Fmoc-protected 
amino acids (4 eq. in relation to functional groups on resin) were 
dissolved in 4 eq. 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU) or 4 eq. 2-
(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronoium hex-
afluorphosphate (HATU) and 8 eq. diisopropylethylamine 
(DIPEA) in dimethylformamide (DMF) and added to the resin. 
The reaction was monitored by the ninhydrin test and allowed to 
proceed, or recoupled, until desired coupling efficiency was 
obtained. Fmoc-deprotection was carried out by treating the 
resin with 20% piperidine in DMF for 2 × 2 min followed by 
flow wash with DMF. The N-termini of compounds KSL-
128018, KSL-128114 and 1-4 were acetylated by treating the 
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free N-terminal with 50 eq. acetic anhydride, 30 eq. DIPEA in 
DMF for 2 × 5 min followed by flow wash with DMF. The 
peptide was obtained by treating the resin with 
TFA/H2O/triisopropylsilane (TIPS) (95:2.5:2.5) for 2 h, fol-
lowed by filtration, TFA evaporation and precipitation using 
ice-cold diethyl ether. The peptide was centrifuged and lyophi-
lised to obtain the crude peptide as TFA salt.  

 
Synthesis of cyclic TAT-peptide. Glu(allyl) and Lys(alloc) 
were introduced at position -8 and -18, respectively, in peptide 1 
to exploit orthogonal side chain cyclisation on resin. The allyl 
and alloc protection groups were removed by treating the resin 
with 20 eq. PhSiH3, 0.2 eq. Pd(PPh3)4 in DCM under N2 for 2 × 
15 min followed by extensive flow wash with DCM. The resin 
was treated with 2 eq. HATU, 2 eq. DIPEA in DMF for 2 h. The 
deprotection and side chain cyclisation were verified by ninhy-
drin test and LC-MS (Table S3). 

 
Peptide purification and characterisation. The peptides were 
purified using a preparative or semi-preparative RP-HPLC 
system. The molecular weight and the purity of the peptides 
were confirmed by LC-MS and UPLC (214 nm) (Figure S8 and 
Table S3). For cell-based assays and in vivo experiment, the 
peptides were prepared as HCl salts by dissolving the peptide in 
50 mM HCl followed by lyophilisation. This procedure was 
repeated three times, to finally obtain the peptides as a HCl salt. 

 
Synthesis of α-hydroxy acids. Six depsipeptides were synthe-
sised by replacing individual α−amino acids with the corre-
sponding α-hydroxy acids, respectively. Trp(Hoc), Ile and 
Asp(cHx) were converted into α-hydroxy acids by dissolving 1 
eq. of the α-amino acid in a mixture of dioxane/H2O/TFA 
(1:1:0.1) under nitrogen. The reaction was allowed to cool to 
0°C before addition of 2 eq. of tert-butylnitrite. After 24 h the 
solvent was removed in vacuo and the residue was purified by 
gel filtration chromatography to afford the α-hydroxy acid.  
(S)-3-(1-((Cyclohexyloxy)carbonyl)-1H-indol-3-yl)-2-
hydroxypropanoic acid (HO-Trp(Hoc)-OH) was obtained as 
white solid (820 mg, 58%). 1H NMR (400 MHz, CDCl3) δ 8.17 
(t, J = 10.0 Hz, 1H), 7.62 – 7.56 (m, 2H), 7.40 – 7.27 (m, 2H), 
5.03 (tt, J = 8.7, 3.8 Hz, 1H), 4.59 (dd, J = 7.2, 4.0 Hz, 1H), 3.36 
– 3.07 (m, 2H), 1.84 – 1.30 (m, 10H). 13C NMR (100 MHz, 
CDCl3) δ 177.2, 135.6, 130.6, 125.2, 124.9, 124.5, 122.9, 119.3, 
115.5, 70.1, 63.2, 31.8, 30.0, 25.4, 23.8.  
(2S,3R)-2-Hydroxy-3-methylpentanoic acid (HO-Ile-OH) was 
obtained as white solid (660 mg, 50%). 1H NMR (400 MHz, 
CDCl3) δ 4.18 (d, J = 3.7 Hz, 1H), 1.96–1.83 (m, 1H), 1.50–
1.23 (m, 2H), 1.03 (d, J = 6.9 Hz, 3H), 0.93 (t, J = 7.4 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 179.6, 74.8, 39.1, 23.8, 15.5, 
11.9.  
(S)-4-(Cyclohexyloxy)-2-hydroxy-4-oxobutanoic acid (HO-Asp-
OH) was obtained as yellowish oil (822 mg, 38%). 1H NMR 
(400 MHz, CDCl3) δ 4.88–4.77 (m, 1H), 4.54 (dd, J = 6.1, 4.8 
Hz, 1H), 2.95–2.80 (m, 2H), 1.90–1.67 (m, 4H), 1.57–1.24 (m, 
6H). 13C NMR (100 MHz, CDCl3) δ 176.4, 171.0, 74.4, 67.2, 
38.6, 31.6, 25.4, 23.8.  
The conversion of His was performed by treating 3 mmol Boc-
His(Bom) with 9 ml TFA for 20 min followed by evaporation. 
The α-hydroxy histidine was isolated by addition of 30 ml 
water, followed by lyophilisation and RP-HPLC purification.  
(S)-3-(1-((Benzyloxy)methyl)-1H-imidazol-5-yl)-2-
hydroxypropanoic acid (HO-His(Bom)-OH) was obtained as 
white solid (414 mg, 50%). 1H NMR (400 MHz, MeOD) δ 8.97 
(t, J = 2.0 Hz, 1H), 7.41–7.28 (m, 6H), 5.83–5.71 (m, 2H), 4.67 
(d, J = 1.8 Hz, 2H), 4.54–4.47 (m, 1H), 3.36 (dd, J = 4.3, 1.0 Hz, 
1H), 3.23–3.14 (m, 1H). 13C NMR (100 MHz, MeOD) δ 175.8, 
137.6, 136.9, 132.9, 129.7, 129.4, 129.0, 78.0, 73.1, 70.2.  

The α-hydroxy acids of Tle and Chg were commercially availa-
ble.  

 
Synthesis of depsipeptides. Depsipeptide Ile0ι was manually 
synthesised by Fmoc-based SPPS strategy by swelling 0.1 mmol 
2-chlorotrityl chloride resin in dry DCM for 1 h, followed by 
addition of 4 eq. (2S,3R)-2-hydroxy-3-methylpentanoic acid and 
8 eq. DIPEA in dry DCM. The reaction was allowed to proceed 
for 1 h at room temperature and the resin was subsequently 
washed with DCM and DMF. The reaction was repeated twice. 
The ester bond formation was achieved by dissolving 5.5 eq. of 
Fmoc-Asp(tBu) in 1 ml DCM/DMF (1:1) and 5 eq. N,N′-
diisopropylcarbodiimide (DIC), which was cooled on ice for 15 
min before the mixture was added to the resin together with 0.1 
eq. 4-dimethylaminopyridine (DMAP) and 2 eq. N-ethyl-
morpholine (NEM). The reaction was agitated for 1 h at room 
temperature after which the resin was washed with DCM and 
DMF. The coupling step was repeated twice. Subsequent Fmoc 
deprotection, coupling steps and cleavage from the resin were 
carried out as described above.  
Depsipeptides Chg-2ϕ and Tle-3ϖ were synthesised on 0.1 
mmol preloaded Fmoc-Ile-Wang resin by Fmoc-based SPPS. 
The resin was swelled in DMF for 1 h followed by Fmoc-
protection, as described above. Coupling of 5.5 eq. α-hydroxy 
acid was carried out by premixing the α-hydroxy acid in 1 ml 
ice cold DCM/DMF (1:1), 5 eq. DIC and 6 eq. hydroxybenzotri-
azole (HOBt) for 15 min before addition to the resin together 
with 2 eq. NEM. The reaction was allowed to agitate for 20 min 
at room temperature and the resin was subsequently washed 
with DCM and DMF. The coupling was repeated twice. The 
ester bond formation and subsequent Fmoc-deprotection, cou-
pling steps and cleavage from the resin were carried out as 
described above. 
Depsipeptides Asp-1δ, Trp-4ω and His-5η were manually syn-
thesised by Boc-based SPPS on 0.1 mmol preloaded Boc-Ile-
PAM resin. In general, the resin was swelled in dry DCM for 1 
h and Boc deprotection was carried out by neat TFA for 2 × 1 
min followed by washes with DCM and DMF. Coupling of 4 eq. 
α-amino acids were carried out in 4 eq. HBTU, 8 eq. DIPEA in 
dry DMF for 30 min. For coupling of the α-hydroxy acid in 
compound Asp-1δ, 5.5 eq. (S)-4-(cyclohexyloxy)-2-hydroxy-4-
oxobutanoic acid was dissolved in 9 ml DCM/DMF (1:1), 5 eq. 
DIC and 6 eq. HOBt on ice. After 15 min the mixture was added 
to the resin together with 2 eq. NEM followed by agitation for 
20 min at room temperature. The resin was drained and washed 
with DCM and DMF. Ester bond formation was achieved by 
dissolving 5.5 eq. of the subsequent Boc-protected amino acid in 
1 ml DCM/DMF (1:1) and 5 eq. DIC on ice for 15 min before 
the mixture was added to the resin together with 0.1 eq. DMAP, 
2 eq. NEM and agitation was allowed for 1 h at room tempera-
ture. The resin was washed with DCM and DMF and the cou-
pling was repeated twice. The final cleavage of the peptide was 
achieved by treating the resin with anhydrous hydrogen fluoride 
(HF)/p-cresol/resorcinol (9:0.5:0.5) for 1 h at 0°C on a HF 
reaction apparatus (Peptides International). The crude peptide 
was precipitated with ice-cold diethyl ether and centrifuged at 
3500 rpm at 4°C for 15 min. The supernatant was discarded and 
the pellet was dissolved in Buffer A/B (50:50) followed by 
lyophilizing and RP-HPLC purification.  
The synthesis of depsipeptide Trp-4ω was performed as above 
with minor modifications. The coupling of the α-hydroxy acid 
was achieved by dissolving 5.5 eq. (S)-3-(1-
((cyclohexyloxy)carbonyl)-1H-indol-3-yl)-2-hydroxypropanoic 
acid in 5 eq. DIC, 6 eq. HOBt and 2 eq. NEM for 15 min and the 
ester bond was formed by repeating the coupling of the subse-
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quent Boc protected amino acid four times followed by depro-
tection of Boc (6 × 1 min).  
Depsipeptide His-5η was synthesized as above except the cou-
pling of (S)-3-(1-((benzyloxy)methyl)-1H-imidazol-5-yl)-2-
hydroxypropanoic acid was achieved by addition of 3.8 eq. 
DIPEA, 4. eq HOBt and 4 eq. DIPEA for 1 h. The ester bond 
was formed by repeating the coupling of the subsequent α-
amino acid four times. All six depsipeptides were characterised 
using LC-MS and UPLC (Table S3). 

 
Protein expression. Syntenin PDZ1-2 was cloned into a pETM-
11 vector, expressed in BL21 (BE3) polyLysS cells and purified 
using HisTrap FF column. Syntenin PDZ1 was cloned in a pET-
21b vector, expressed in BL21 (DE3) cells and purified using 
Ni-NTA Superflow column (Figure S9). 

 
Fluorescence polarisation assay. To determine the dissociation 
constant (Kd) of the fluorescent probes (TAMRA-NNG-
SHWTIDI and TAMRA-NNG-SHW(Tle)(Chg)DI), solutions of 
increasing concentrations of syntenin PDZ1-2 in 25 mM 
HEPES, 0.15 M NaCl, 1 mM β-mercaptoethanol, pH 7.4 were 
prepared. The protein solutions were diluted with 200 nM 
TAMRA-NNG-SHWTIDI or TAMRA NNG-
SHW(Tle)(Chg)DI, in black flat bottom low-binding 384-well 
plates (Corning), to generate a final fluorescent probe concentra-
tion of 100 nM. The samples were incubated for 5 min at room 
temperature. The fluorescent polarisation was read on a Tecan 
Safire2 plate-reader at excitation/emission of 530/585 nm. The 
data was fitted to a non-linear one-site saturation binding curve 
in Prism 6 to determine the Kd value. To resolve the affinities 
for the unlabelled peptides, 100 nM syntenin PDZ12, 100 nM 
TAMRA-NNG-SHWTIDI or TAMRA-NNG-
SHW(Tle)(Chg)DI and increasing concentrations of cold pep-
tide was prepared in black flat bottom low-binding 384-well 
plates. The fluorescent polarisation was determined as describe 
for the saturation binding experiments. Data was fitted to a 
sigmoidal dose-response curve in Prism 6 by using the equation 
Y = Bottom + (Top-Bottom)/(1+10(logIC50-X)-Hill Slope), where X is 
the cold ligand concentration in log units. The generated IC50 
values was converted to Ki values, as previously described (30).  

 
Surface plasmon resonance (SPR). KSL-128018 was biotin 
labelled on the N-terminal and immobilised on a streptavidin 
sensor chip. Increasing concentrations of syntenin-1 PDZ1-2 
and syntenin-2 PDZ1-2 were freshly prepared and analysed on a 
BIAcore T200. Sensorgrams were collected and the Kd values 
were determined based on the ratio of the association and disso-
ciation rate constants, as previously described.45 

 
High-throughput screening of the human PDZome. To de-
termine the PDZ binding profile of peptide KSL-128018, 255 
single human PDZ domains were expressed and screened 
against the N-terminal biotinylated peptide KSL-128018, as 
previously described.46  

 
Crystallization and structure determination. PDZ1 domain 
was concentrated to 15 mg/ml in 20 mM Tris-HCl, pH 7.5, 150 
mM NaCl, 3 mM DTT, and 0.01% NaN3.Then, it was mixed 
with peptide KSL-128018 at a 1:1 molar ratio and complex 
crystals were grown at 16 °C in a 1.5 μl micro batch under oil 
containing equal volumes of protein solution and mother liquor 
(0.2 M ammonium sulfate, 0.1 M sodium acetate trihydrate, pH 
4.6, 30% polyethylene glycol monomethyl ether 2,000]. Crystals 
were cryo-protected in reservoir solution supplemented with 
17% (v/v) ethylene glycol. Diffraction data for the syntenin 
PDZ1 and peptide inhibitor complex were collected at 1.8 Å 
resolution, respectively, at beam line 5C at Pohang Accelerator 

Laboratory (PAL), Korea. Data were processed and scaled using 
HKL2000.47 The space groups of syntenin PDZ1/KSL-128018 
complex was determined as C121 (a= 95.58 Å, b= 38.396 Å, c= 
56.777, α=γ=90°, β=92.523°) and structures were solved using 
the molecular replacement method with the program PHENIX48. 
The crystallographic model was built using the COOT 48 pro-
gram and refined in PHENIX.49 The statistics for structure 
refinement are summarized in Table S4. The coordinates of 
syntenin PDZ1/KSL-128018 complex has been deposited to the 
protein data bank with the accession code 5YA7. 

 
Pull-down of syntenin from brain lysate. Mouse brain lysate 
was prepared from adult C57BL/6 animals. Brains were re-
moved after cervical dislocation and rapidly homogenized in 20 
mM HEPES, 100 mM KCH3COOH, 40 mM KCl, 5 mM EGTA, 
5 mM MgCl2, 5 mM DTT, 1 mM PMSF, 1% Triton X and 
protease inhibitor Roche complete, pH 7.2, using a piston ho-
mogenizer and centrifuged at 10.000 × g for 15 min. The super-
natant was flash-frozen in liquid nitrogen and stored at -80°C 
until further use. Analogues of peptides KSL-128018 and the 
non-binding scrambled peptide bearing an additional N-terminal 
cysteine reactive group for immobilization, were loaded on 
magnetic Dynabeads M-270 epoxy resin beads.  (Life Technol-
ogies). The resin slurry was prepared according to manufactur-
er’s protocol. The peptides were dissolved in 10% DMSO, 2 M 
ammonium sulfate in PBS, 10 mM TCEP, pH 7.6 and incubated 
with the resin for 48 h at 37°C. The peptide coated resin was 
incubated with brain lysate for 15 min at 37°C. Isolated proteins 
were eluted by boiling the beads in Laemmli buffer containing 
10 mM TCEP. The eluate was analysed by SDS-PAGE followed 
by Western blot against syntenin by using the primary antibody 
C3 at a dilution of 1:1000 (Santa Cruz Biotechnologies). 

 
In vitro plasma stability. Human plasma was preheated at 37°C 
for 15 min before spiked with a final concentration of 0.2 mM 
parent peptide, KSL-128018 and the six cell-penetrating ana-
logs. Samples were collected after 0, 1, 2, 4, 6 and 24 h or after 
0, 2, 5, 10, 30 and 60 min, depending on stability. The com-
pounds were extracted from the plasma by either pre-treatment 
with 6M urea for 10 min followed by addition of 20% trichloro-
acetic acid (TCA) or pre-treatment with 26 mg guanidine hydro-
chloride (GuHCl) followed by addition of 10% TCA in acetone. 
The samples were centrifuged at 13400 rpm for 10 min and the 
supernatant was analysed by UPLC (214 nm). The area under 
the curve (AUC) was determined and normalized to time point 0 
h. The half-life (T1/2) was determined by fitting the data to a 
one-phase decay equation in Prism 6. The data is represented as 
the mean of three individual experiments ± SEM.  

 
In vitro hepatic clearance. Peptides were incubated in mouse 
hepatic microsomes supplemented with 1 mM NADPH and 3 
mM MgCl2 for up to 60 min. The peptides were extracted from 
the microsomes and analysed by UPLC. and 5 mM parent pep-
tide, KSL-128018 and the six cell-penetrating analogs at 37°C 
for 0, 5, 10, 15, 30, 45 and 60 min. The peptides were extracted 
by pre-treatment with 6 M urea for 15 min followed by addition 
of 100 µl acetonitrile or by pre-treatment with 6 M GuHCl for 
15 min followed by addition of 100 µl 10% TCA in acetone. 
The samples were centrifuged at 13400 rpm form 15 min before 
analysed by UPLC (214 nm). The AUC was determined and 
normalized to time point 0 min. The data was fitted to a one-
phase decay equation to determine the T1/2. The data is present-
ed as mean of three individual experiments ± SEM.   
 
Cancer cell viability. The effect of peptides KSL-128018 and 
KSL-128114 was tested on a highly invasive human melanoma, 
A2058 (ATCC: CRL-11147), colorectal adenocarcinoma, HT29 
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(ATCC: HTB-38) and breast adenocarcinoma, MCF-7 (ATCC: 
HTB-22), cell lines as previously described.50 The inhibitory 
effect of peptides KSL-128018 and KSL-128114 was further 
evaluated using two primary GBM cells, GBM001 and 
GBM002. The glioblastoma cells were maintained through 
subcutaneous xenografting in the flanks of BALB/c (nu/nu) 
mice. Tumors were dissected out and dissociated using papain 
dissociation system (Worthington Biochemical). Acutely (max 
culture time 24 h post dissection from mice) dissociated cells 
were cultured in Neurobasal A media supplemented with B27 
supplement minus vitamin A (Invitrogen), epidermal growth 
factor and basic fibroblast growth factor (10 ng/ml, Invitrogen). 
Cells were cultured at 37 °C in an atmosphere of 5% CO2. 
Acutely dissociated single cells were plated into a 96-well plate 
at 3000 cells/well in triplicates. Next day, vehicle or peptide 
inhibitor was added and cell viability was measured after 72 h 
using CellTiter-Glo Luminescent Cell Viability Assay 
(Promega). Results were calculated as relative fold change in 
ATP with each group internally normalized to the respective 
vehicle control. The experiments were performed three times in 
triplicate and the data is presented as mean ± SD.  
 
 
MTT cell viability assay. The human embryonic kidney cell 
line HEK293 (ATCC) was maintained in Dulbecco’s modified 
Eagle medium (DMEM, Thermo Fisher Scientific) supplement-
ed with 10 % fetal bovine serum (FBS, Thermo Fisher Scien-
tific) and 100 U/mL penicillin-streptomycin (Thermo Fisher 
Scientific). All cultures were incubated at 37 °C in humidified 
atmosphere of 95 % air and 5 % CO2. The viability of HEK293 
cells was determined by measuring the reduction of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) 
to formazan. Cells were seeded to 10,000 cells/well in 96-well 
plates pre-coated with 0.02 mg/mL poly-D-lysine and incubated 
for 24 h at 37 °C. Culture media was then replaced with fresh 
media containing different concentrations of either solvent (i.e. 
DMSO) or peptide of interest. After incubation for 24 h, media 
was carefully replaced with culture media containing 0.5 mg/mL 
MTT and cells incubated for 4 h at 37 °C. After incubation, 
medium was carefully removed and the generated formazan was 
solubilized in DMSO. Absorbance was measured at 570 nm 
using an automatic plate reader (Microplate reader Tecan Sa-
fire2, Cisbio). Results were calculated as relative fold change in 
cell viability within each group internally normalized to the 
respective vehicle control (Figure S6). 

Inhibition of microsomal budding. The inhibition of syntenin-
dependent intraluminal vesicle (ILV) budding was determined 
as previously described 51. Briefly, MCF-7 cells (ATCC: HTB-
22) were grown in DMEM/F12 (1:1) medium supplemented 
with 10% fetal calf serum. The cells were transfected the day 
after plating with mCherry-syntenin and Ce-RAB5(Q79L) using 
Fugene HD (Roche). Cells were treated for 24 h with vehicle 
(0.1% DMSO in sterilised water) or with increasing concentra-
tions of KSL-128018, KSL-128114 or 1-4. The number of 
mCherry-syntenin filled Ce-RAB5(Q79L) endosomes were 
analysed with confocal microscopy. The data is presented as the 
mean of two individual experiments, where at least 40 endo-
somes were examined in each experiment.   

 
Peptide cytoplasmic distribution. Patient-derived GBM002 
cells were grown on Geltrex-coated (A1413202-Thermo Fisher 
Scientific) coverslips and treated with vehicle (DMSO) or in-
creasing concentrations of KSL-128114-TAMRA. After 2 and 
24 h of treatment, cells were fixed with 4% PFA (paraformalde-
hyde) in PBS 1× and the nuclei were stained with 4,6-diamino-
2-phenylindole (DAPI, D9542-Sigma Aldrich). The acquisition 

and analysis of the images were performed using Zeiss LSM 
800 Confocal microscope. 
 
In vivo xenograft GBM mouse model. Patient-derived GBM 
cells were pre-incubated with 50 µM KSL-128018 or KSL-
128114 for 24 h to allow for uptake. 24 h later 10,000 viable 
cells (trypan blue method was employed to exclude dead cells 
prior counting, using Countess automated cell counter, Life 
Technologies) were stereotactically implanted into the right 
frontal lobes of NMRInu-F mice (female, 8 weeks). Mice were 
monitored daily for neurological impairment and weight loss, at 
which point they were sacrificed. GBM animal study described 
were approved by the Danish Regulations for Animal Welfare 
(Protocol Number 2012-15-2934-00636). 
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Figure S1. SPR assays. Peptide 46 is selective for syntenin-1 PDZ1-2 over syntenin-2 PDZ1-2. (A) Representative 
binding sensorgram of immobilized peptide 46 and increasing concentrations of syntenin-1 PDZ1-2 or (B) syntenin-2 
PDZ1-2. Red line indicates 5 µM. Data is presented as response units (RU) over time. 



S4 
 

 
Figure S2. X-ray crystal structure of syntenin PDZ1 in complex with KSL-128018. (A) Molecular surface diagram 
of syntenin PDZ1 (colored according to electrostatic potential) bound to KSL-128018 (yellow sticks). Positively 
charged regions of syntenin are shown in blue, and negatively charged regions are in red. The electrostatic potential 
surfaces were generated by PyMOL. (B) Ribbon diagram of syntenin PDZ1. A 2mF0-DFC electron density map 
(yellow) calculated at 1.86 Å resolution and contoured at 1.0 residues are shown of KSL-128018 (green). (C) Direct 
hydrogen bonding (purple dotted lines) between syntenin PDZ1 (light blue) and KSL-128018 (green). The residues of 
PDZ1 binding site are shown in sticks (cyan). (D) The inter-molecular interaction between KSL-128018 (green) and 
water molecules (blue). 
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Figure S3. PDZome binding profile. (A) Binding intensity (BI) for peptide 46 towards 255 single human PDZ 
domains determined by HTS holdup assay. Tandem syntenin PDZ1-2 (blue) and PSD-95 PDZ1-2 were used as positive 
and negative control, respectively. PDZ domains are named according to gene name in UniProt followed by the 
individual number of PDZ domain in the specific protein. Syntenin-1 PDZ1 is named SDCBP_1 (blue striped). Data is 
presented as mean ± SD, n=3. (B) Validation of BI by fluorescent polarization of selected PDZ proteins. Data is 
presented as mean ± SD, n=3. 
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Figure S4. Intraluminal budding of mCherry-syntenin. (A) Confocal micrographs of MCF-7 cells co-transfected 
with wild-type mCherry-syntenin (mCh-Synt; red in merge) and cerulean-Rab5Q79L (Ce-Rab5Q79L; blue in merge). 
Cells were treated for 24 hours with vehicle (0.01% DMSO in sterilized water) or with 10 μM of peptides 1-4 (B) 
Quantification of the number of Ce-Rab5Q79L endosomes filled with mCherry-syntenin. MCF-7 cells were treated 24 h 
with vehicle (0.01% DMSO in sterilized water) or with increasing concentrations (0.1-10 μM) of peptides 1-4. Two 
independent experiments were performed and at least 40 RAB5(Q79L) endosomes were examined in each experiment. 
Data is presented as mean ± SD. 
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Figure S5. Cancer cell viability. (A) A2058, (B) MCF-7, (C) MRC-5 (control) and (D) HT-29 cells were treated with 
increasing concentrations of KSL-128018, KSL-128114 or 1-4 for 72h. Data is presented as mean ± SD, n>3. 
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Figure S6 Cell viability assays. (A) Normal human astrocytes (NHA) and (B) HEK293 cells were treated with 
increasing concentrations of KSL-128018, KSL-128114 for 24 h. Data is presented as mean ± SD, n>3. Cell viability 
was addressed either using (A) CellTiter-Glo Luminescent or (B) MTT cell viability assays. 
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Figure S7. Representative confocal microscopy images. Confocal micrographs of patient-derived GBM002 cells 
treated with vehicle (DMSO) or increasing concentrations (10, 15, 20, 25 and 30 µM) of TAMRA-KSL-128114 (red) at 
(A) 2 and (B) 24 hours after treatment. Nuclei were counterstained with DAPI (blue). Images were captured using 40x 
objective. Scale bar 20 µm. 
  



S10 
 

 
Figure S8. Expression, purification and characterization of recombinant expressed syntenin PDZ1-PDZ2. (A) 
4-12% Bis-Tris SDS-PAGE image showing the expression and Ni affinity purification (M, Novex Sharp pre-stained 
protein standard, a. Uninduced cells, b. Induced cells, c. Soluble cell fraction, d. Insoluble cell fraction, e. Cell lysate 
applied on HisTrap, f. Flow-through from HisTrap, g. Wash of HisTrap column, h. Purified syntenin PDZ1-PDZ2 
tandem. (B) Characterisation by LC-MS (top: UV trace at 224 nm, mid: mass spectrum, bottom: deconvoluted mass 
(expected mass: 21710.0 Da). 
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Figure S9. Characterisation of KSL-128018, KSL-128114 and peptides 1-4. (A) Chromatogram of KSL-128018 
analysed by UPLC (UV 214 nm), purity ≥95%. (B) Chromatogram of KSL-128114 analysed by UPLC (UV 214 nm), 
purity ≥95%. (C) Chromatogram of peptide 1 analysed by UPLC (UV 214 nm), purity ≥95%. (D) Chromatogram of 
peptide 2 analysed by UPLC (UV 214 nm), purity ≥95%. (E) Chromatogram of peptide 3 analysed by UPLC (UV 214 
nm), purity ≥ 95%. (F) Chromatogram of peptide 4 analysed by UPLC (UV 214 nm), purity ≥95%.  
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Figure S10. (A) Western blot for Syntenin-1 and GAPDH from HT29, A2058 and MCF7 cell lysates (10 µg each). (B) 
Quantification of syntenin-1 expression in 10 µg cell lysate from HT29, A2058 and MCF7 cells, n=4; mean ± SD. 
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Table S1. Binding affinities of peptide ligands towards syntenin PDZ1-2. 
 

Sequence Compound Ki (µM) Sequence Cmpd Ki (µM) 
SHWTIDI WT       2.1 ± 0.32 SH(1Nal)TIDI 26     18.5 ± 0.2 

TAMRA-NNG-SHWTIDI 5       0.84 ± 0.80* SH(B-3)TIDI 27       7.0 ± 0.3 
SHWTIDI-NH2 6 >250   SHWVIDI 28       2.0 ± 0.1 

  HWTIDI 7       3.9 ± 1.6 SHWSIDI 29       6.1 ± 0.2 
     WTIDI 8       5.9 ± 1.4 SHW(Tle)IDI 30       0.67 ± 0.01 
         TIDI 9 >103.5 SHWIIDI 31       1.5 ± 0.05 
AHWTIDI 10       1.5 ± 0.3 SHWYIDI 32       2.7 ± 0.2 
SAWTIDI 11       4.8 ± 0.9 SHWTTDI 33 >500 
SHATIDI 12 >103.5 SHWTVDI 34     15.3 ± 1.7 

SHWAIDI 13       9.2 ± 2.5 SHWT(Tle)DI 35       5.6 ± 0.1 
SHWTADI 14     71.6 ± 18.1 SHWT(Chg)DI 36       0.82 ± 0.02 
SHWTIAI 15     36.1 ± 5.9 SHWTIEI 37       5.5 ± 0.5 

SHWTIDA 16 >103.5 SHWTIDT 38    280 ± 33.2 
sHWTIDI 17       3.5 ± 0.26 SHWTIDV 39        4.9 ± 0.3 
ShWTIDI 18       2.3 ± 0.29 SHWTID(Tle) 40        3.6 ± 0.2 
SHwTIDI 19      58.2 ± 15.3 SHWTID(Chg) 41        2.2 ± 0.05 
SHWtIDI 20 >500 TAMRA-NNG-SHW(Tle)(Chg)DI 42        0.031 ± 0.025* 
SHWTiDI 21 >500 SHW(Tle)(Chg)DI KSL-128018        0.040 ± 0.003† 
SHWTIdI 22 >500 D(Chg)(Tle)HIWS 43 >500† 
SHWTIDi 23 >500   HW(Tle)(Chg)DI 44       0.21 ± 0.02† 
SHFTIDI 24    47.1 ± 5.5      W(Tle)(Chg)DI 45       0.22 ± 0.01† 
SHYTIDI 25   124.3 ± 35.0 Biotin-PEG2-C-SHW(Tle)(Chg)DI 46       0.19 ± 0.01† 

TAMRA – 5/6-carboxytetramethylrhodamine, 1Nal – β-(1-naphtyl)-alanine, 3Bta – β-(3-benzonthienyl)-alanine, Tle – tertbutyl 
glycine, Chg – cyclohexyl glycine, FP – fluorescent polarisation and SPR – surface plasmon resonance. Single lower case letter 
indicates D-amino acid. *Data is presented as Kd. †Ki values are determined using peptide probe 42, as probe 5 generated a negative 
Ki value due to limitations in the FP assay. Data is presented as mean ± SEM, n≥3. 
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Table S2. In vitro characterisation of peptides.  
 
Sequence Name/ 

Position of 
substitution 

Compound Ki  

(µM) 
T1/2  

Plasma 
(h) 

T1/2  

Clearance 
(min) 

Ac-rRrGrKkRr-SHW(Tle)(Chg)DI KSL-128114 - 0.30 ± 0.028 >24 >60 
Ac-c[KrRrGrKkRrE]-SHW(Tle)(Chg)DI cyclic TAT- 

KSL-128018 
1 0.27 ± 0.031 >24 >60 

Ac-KrRrGrKkRrE-SHW(Tle)(Chg)DI linear TAT- 
KSL-128018 

2 0.47 ± 0.030 >24 >60 

Ac-RRRRRRRRR-SHW(Tle)(Chg)DI Arg9-KSL-
128018 

4 0.45 ± 0.073 1.8 >60 

Ac-YGRKKRRQRRR-SHW(Tle)(Chg)DI TAT(47-57)- 
KSL-128018 

3 0.25 ± 0.039 1.0 >60 

SHW(Tle)(Chg)Dι  0 47 >30 NA NA 
SHW(Tle)(Chg)δI -1 48 1.67 ± 0.23 NA NA 

SHW(Tle) δDI -2 49 >30 NA NA 
SHWϖ(Chg)DI -3 50 2.42 ± 0.12 NA NA 

SHω(Tle)(Chg)DI -4 51 2.50 ± 0.19 NA NA 
SηW(Tle)(Chg)DI -5 52 0.30 ± 0.024 NA NA 

Ki values are based on the Kd value of probe 39 and presented as mean ± SEM. D-Amino acids are denoted with lowercase letters. Ac 
indicates N-terminal acetylation and c indicates side chain to side chain cyclisation between K and E. NA indicates data not 
available. Position of amide-to-ester substitution is highlighted using Greek letters. 
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Table S3. Characterization of peptides. Peptides were analyzed by LC-MS and UPLC (UV 214 nm). Purity was 
determined based on AUC determination from UPLC. 
 
Sequence Compound  Purity  

(%) 
Calculated 

[M+H] + 
Observed 
[M+H] + 

SHWTIDI WT >95 872.0 871.5 
SHW(Tle)(Chg)DI KSL-128018 >95 910.1 909.5 

Ac-rRrGrKkRr-SHW(Tle)(Chg)DI KSL-128114 >95 1102.0 1101.4 
Ac-c[KrRrGrKkRrE]-SHW(Tle)(Chg)DI 1 >95 1221.7 1221.2 

Ac-KrRrGrKkRrE-SHW(Tle)(Chg)DI 2 >95 1230.7 1230.3 
Ac-YGRKKRRQRRR-SHW(Tle)(Chg)DI 3 >95 1247.7 1247.0 

Ac-RRRRRRRRR-SHW(Tle)(Chg)DI 4 >95 1179.6 1179.0 
TAMRA-NNG-SHWTIDI 5 >95 1567.7 1568.0 

SHWTIDI-NH2 6 >95 871.0 870.5 
 HWTIDI 7 >95 784.9 784.4 
  WTIDI 8 >95 647.7 647.4 

   TIDI 9 >95 461.5 461.3 
AHWTIDI 10 >95 856.0 855.5 
SAWTIDI 11 >95 805.9 805.4 
SHATIDI 12 >95 756.8 856.4 

SHWAIDI 13 >95 841.9 841.4 
SHWTADI 14 >95 829.9 829.4 
SHWTIAI 15 >95 827.0 827.4 

SHWTIDA 16 >95 829.9 829.3 
sHWTIDI 17 >95 872.0 871.4 
ShWTIDI 18 >95 872.0 871.4 
SHwTIDI 19 >95 872.0 871.5 
SHWtIDI 20 >95 872.0 871.5 
SHWTiDI 21 >95 872.0 871.4 
SHWTIdI 22 >95 872.0 871.4 
SHWTIDi 23 >95 872.0 871.4 
SHFTIDI 24 >95 832.9 832.5 
SHYTIDI 25 >95 848.9 848.5 

SH(1Nal)TIDI 26 >95 883.3 882.5 
SH(3Bta)TIDI 27 >95 889.3 888.4 

SHWVIDI 28 >95 867.0 869.5 
SHWSIDI 29 >95 857.9 857.5 

SHW(Tle)IDI 30 >95 883.3 883.6 
SHWIIDI 31 >95 884.0 883.5 

SHWYIDI 32 >95 934.0 933.5 
SHWTTDI 33 >95 867.0 869.5 
SHWTVDI 34 >95 857.9 857.5 

SHWT(Tle)DI 35 >95 872.2 871.5 
SHWT(Chg)DI 36 >95 898.2 897.5 

SHWTIEI 37 >95 886.0 885.5 
SHWTIDT 38 >95 859.9 859.5 
SHWTIDV 39 >95 857.9 857.5 

SHWTID(Tle) 40 >95 872.2 871.5 
SHWTID(Chg) 41 >95 898.2 897.5 

TAMRA-NNG-SHW(Tle)(Chg)DI 42 >95 1607.7 1607.2 
D(Chg)(Tle)HIWS 43 >95 910.1 909.5 
 HW(Tle)(Chg)DI 44 >95 823.0 822.5 
  W(Tle)(Chg)DI 45 >95 685.8 685.4 
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Biotin-PEG2-CSHW(Tle)(Chg)DI 46 >95 1580.8 1579.7 
 SHW(Tle)(Chg)Dι 47 >95 910.0 910.4 

SHW(Tle)(Chg)δI 
 

48 >95 910.0 910.4 
SHW(Tle)ξDI 49 >95 910.0 910.4 

SHWϖ(Chg)DI 50 >95 910.0 910.4 
SHω(Tle)(Chg)DI 51 >90 910.0 910.4 
SηW(Tle)(Chg)DI 52 >95 910.0 910.4 

 TAMRA-rRrGrKkRr-SHW(Tle)(Chg)DI 53 >95 1286.5 1286.8 
TAMRA – 5/6-carboxytetramethylrhodamine, 1Nal – β-(1-naphtyl)-alanine, 3Bta – β-(3-benzonthienyl)-alanine, Tle – 
tertbutyl glycine, Chg – cyclohexyl glycine. Single lower-case letter indicates D-amino acid. D-Amino acids are denoted 
with lowercase letters. Ac indicates N-terminal acetylation and c indicates side chain to side chain cyclisation between 
K and E. Position of amide-to-ester substitution is highlighted using Greek letters. 
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Table S4. Data collection and refinement statistics 
Experimental data 
Wavelength (λ) 0.979 
Space group C121 
Unit cell parameters 

a, b, c (Å) 95.58, 38.396, 56.777 
α, β, γ (°) 90, 92.523, 90 

Resolution (Å) 30.39-1.86 (1.92-1.86) 
Number of reflections 16918 
Completeness (%) 97.63  
Rsym (%) 9.1 
Average I/σ (I) 42.88 (5.82) 
Redundancy 5.6 (5.4) 
 
Refinement Details 

 

Resolution (Å) 30.39-1.86 
Reflections (working) 16918 
Reflections (test) 1694 
Rwork (%)d 21.31 
Rfree (%)d 24.60 
Number of waters 97 
B-factor (Å2)  

Wilson B Factor 22.63 
Root mean square deviations 

 

   Bonds (Å) 0.007 
   Angles (°) 1.452 
*Values in parentheses are for highest resolution shell 
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