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Abstract: Tigilanol tiglate (TT, also known as EBC-46) is a novel, plant-derived diterpene ester possess-
ing anticancer and wound-healing properties. Here, we show that TT-evoked PKC-dependent S985

phosphorylation of the tyrosine kinase MET leads to subsequent degradation of tyrosine phosphory-
lated p-Y1003 and p-Y1234/5 MET species. PKC inhibition with BIM-1 blocked S985 phosphorylation
of MET and led to MET cell surface accumulation. Treatment with metalloproteinase inhibitors
prevented MET-ECD release into cell culture media, which was also blocked by PKC inhibitors.
Furthermore, unbiased secretome analysis, performed using TMT-technology, identified additional
targets of TT-dependent release of cell surface proteins from H357 head and neck cancer cells. We
confirm that the MET co-signalling receptor syndecan-1 was cleaved from the cell surface in response
to TT treatment. This was accompanied by rapid cleavage of the cellular junction adhesion protein
Nectin-1 and the nerve growth factor receptor NGFRp75/TNFR16. These findings, that TT is a novel
negative regulator of protumorigenic c-MET and NGFRp75/TNFR16 signalling, as well as regulating
Nectin-1-mediated cell adhesion, further contribute to our understanding of the mode of action and
efficacy of TT in the treatment of solid tumours.

Keywords: cancer; secretome analysis; therapy

1. Introduction

More than 600,000 new head and neck cancers are diagnosed annually, with 5-year
survival rates remaining below 50%. Unfortunately, the median survival rate of distant
metastatic disease is 6 months. Thus, novel therapies targeting disease recurrence or tumour
growth mechanisms are urgently needed to improve patient survival.

Tigilanol tiglate (TT, previously known as EBC-46, [12-tigloyl-13-(2 methylbutanoyl)-
6,7-epoxy-4,5,9,12,20-hexahydroxyl-1-tigliane-3-on]) (Figure 1A) is a novel epoxytigliane
isolated from the seed of the Australian rainforest plant, Fontainea picrosperma [1,2]. TT has
been shown to possess potent anticancer properties for local treatment of a range of solid
tumours in mouse models, in spontaneous tumours presenting in the veterinary clinic,
and in early-phase human clinical safety and efficacy trials. TT has a multifactorial mode
of action in tumour destruction that is mediated, at least in part, by activation of specific
classical isoforms of protein kinase C (PKC), especially PKC-βI and -βII [1–5]. Following
intratumoral administration, TT causes a rapid, but localised, inflammatory response,
direct oncolysis of tumour cells and loss of integrity in the tumour vasculature, which in
combination lead to tumour haemorrhagic necrosis and ablation [1,6]. TT also stimulates
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rapid re-epithelialisation of tissue deficit that forms following destruction of the treated
tumours [7]. Additionally, TT has been shown to act as a small oncolytic molecule which
induces immunogenic cell death. This activity enhances the response of both TT-injected
and non-injected tumors to immune checkpoint blockade, which has been mechanistically
linked to a caspase/gasdermin E-dependent pyroptotic pathway [6]. TT has now been
registered as a veterinary pharmaceutical for treatment of canine mast cell tumours [4,8],
(trade name STELFONTA®) by regulatory authorities in the US, Europe, United Kingdom,
and Australia, and is in human Phase II clinical trials for treatment of head and neck
cancers and soft tissue sarcomas [9] (Clinical Trials.Gov ID, NCT05235537; NCT05608876;
NCT05755113).

TT is in the same broad chemical class as the prototype PKC-activator phorbol myristyl
acetate (PMA), but with a more specific PKC activation profile and, on prolonged exposure,
not resulting in loss of PKC function as occurs with PMA. The PKC pathway has attracted
attention as regulating tumour suppressor function [10]. PMA is known to activate a
wide range of classical and novel PKC isoforms, which subsequently cause activation
of metalloproteinases from the disintegrin and metalloproteinase family (ADAMs) and
lead to ectodomain shedding of numerous cell surface substrates [11–14] allowing for
the detection of cancer biomarkers [11,15]. Additionally, ADAM activity regulates major
signalling pathways involved in cancer progression and metastasis (reviewed in [16]).
In this context, PMA-dependent serine phosphorylation of the receptor tyrosine kinase
MET on S985 was previously observed, which led to downregulation of MET signalling
responses [17]. MET is a cancer driver in solid tumours [18], and this receptor is involved
in cancer recurrence signalling in response to human epidermal growth factor 2 (HER2)
tyrosine kinase inhibitors [19]. Therefore, drugs targeting MET S985 phosphorylation, MET
cell surface levels or those that produce apoptotic MET fragments are potentially desirable
as anticancer therapeutics [20].

We used H357 tongue cancer cells, a good model of the most affected area in head
and neck cancer, to study novel therapies, such as TT treatment. We set out to investigate
early global changes in the secretome of H357 cells using isobaric labelling with tandem
mass tag technology (TMT) to discover early TT drug responses and additionally show
that TT causes PKC dependent phosphorylation of S985 MET and cleavage of the MET
tyrosine kinase.

2. Materials

TT was supplied by QBiotics Group (Yungaburra, Australia). ADAM inhibitors
GW280264X (GW) and GI254023X (GI) targeting ADAM17 and ADAM10, respectively,
were a kind gift from Dr Augustin Amour at GlaxoSmithKline (Stevenage, UK), and were
used at 1 µM concentration. GM6001 was from Merck Life Sciences (Watford, UK) and
was used at 25 µM concentration. The PKC inhibitors Gö6976 (GOE), Enzastaurin and
Bisindolylmaleimide (BIM-1) were from Merck. All PKC inhibitors were used at 1 µM
concentrations.

The following antibodies were from R&D systems (Abingdon, UK): anti-PTPRU
(clone 764209), anti-human ADAM17 ectodomain (clone 111633), anti-human ADAM10
(clone 163003), anti-p-Y1003 MET (AF4059), anti p-Y1234/5 MET (AF2480), anti HGFR/c-
MET PE-conjugated antibody (clone 95106) and mouse IgG1 PE-conjugated antibody
(clone 11711).

Anti-p-S985 MET antibody (PA5-64558) was from ThermoFisher Scientific (Paisley, UK).
Phospho-MARCKS (p-S167/170) (D13E4) XP® rabbit monoclonal antibody was from Cell
Signaling Technology (Danvers, MA, USA). N-terminal Nectin-1 antibody (clone OTI6E11)
was from Origene Technologies (Rockville, MD, USA). C-terminal MET antibody (NBP2-
43641) was from Bio-Techne Ltd. (Abington, UK). Anti NGFRp75/TNFR16 (ab52987) rabbit
monoclonal antibody was from Abcam (Cambridge, UK).

HRP-conjugated AffiniPure goat anti-mouse IgG (115-035-003) was from Jackson
Immuno Research (Ely, UK). GAPDH (60004-1-Ig), HRP-conjugated AffiniPure goat anti-
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rabbit IgG (SA00001-2) and HRP-conjugated AffiniPure goat anti-mouse IgG (SA00001-1)
were from Proteintech (Manchester, UK).

H357 head and neck cancer cells were purchased from Merck Life Sciences.

3. Methods
3.1. Tissue Culture

H357 cells were seeded at 1 × 106 cells/well in six well plates and grown for 72 h in
DMEM/10% FCS until they reached 60–80% confluency. Cells were washed with serum-
free Opti-MEM and either pre-incubated with metalloproteinase [25 µM for GM6001; 1 µM
for GW or GI] or PKC inhibitors [1 µM] or DMSO solvent control in Opti-MEM for 1 h
at 37 ◦C. Cells were then stimulated with 1 µg/mL TT for either 10 min, 1 h or 24 h. It is
indicated in each results figure whether cells were then treated with 1 µg/mL TT alone or
in the presence of metalloproteinase or PKC inhibitors at above concentrations. A DMSO
solvent control is included in all experiments, as well as TT treatment at 1 µg/mL for the
indicated time points.

3.2. Western Blotting and Quantification of Proteins in Cell Lysates

Cell lysates were prepared using either Pierce RIPA-buffer supplemented with com-
plete detergent compatible EDTA-free inhibitor cocktail (1 tablet/10 mL buffer, Roche,
Burgess Hill, UK), 10 mM 1,10 phenanthroline and PhosStop (1 tablet/10 mL buffer, Roche)
or 50 mM HEPES (pH 7.5), 10 mM N-ethylmaleimide, 100 µM benzamidine, 0.5% Nonidet
P-40, 250 mM NaCl, 2 mM EDTA, 10% (v/v) glycerol lysis buffer supplemented with the
same protease and phosphatase inhibitors. Lysate protein concentrations were determined
using the BCA protein assay (Bio-Rad, Hemel Hempstead, UK) in conjunction with a
BSA standard curve according to the manufacturer’s instructions. A FLUOstar Omega
BMG-Labtech plate reader (Aylesbury, UK) was used to determine optical densities.

A total of 20 to 40 µg of cell lysate was diluted 1:2 using 2× reducing SDS sample
buffer, boiled for 5 min and loaded either onto 4–20% mini-protean TGX precast gels
(Bio-Rad) or home cast 10% or 12% SDS-PAGE gels. Proteins were separated at 100 V
until the dye front reached the bottom of the gel. Gels were transferred to either PVDF
or nitrocellulose membranes at 75 V for 1–2 h. Membranes were blocked with either
5% skimmed milk in TBST (PVDF) or 5% BSA in TBST (nitrocellulose; phosphoproteins)
unless otherwise specified by the antibody manufacturer and incubated for 1 h at room
temperature (RT). Blots were incubated with appropriate primary antibodies for 24 h at
4 ◦C in blocking solution. Blots were washed with TBST prior to incubation for 1 h at
RT with the appropriate secondary HRP conjugated antibody, washed three time with
TBST, prior to incubation in SuperSignal™ West Pico Plus chemiluminescent substrate
(Thermoscientific). Blots were imaged using the iBright 1500 imaging system using smart
exposure (Invitrogen, Waltham, MA, USA) or custom exposure if signal intensities were low.
Blots were reprobed with GAPDH mouse monoclonal primary antibody at 1:10,000 dilution
and goat anti-mouse HRP conjugated secondary antibody at 1:5000 in 5% skimmed milk.
All antibodies and sources are listed in Materials.

Quantification of Western blot bands was performed using iBright analysis software
by determining background corrected densities for the target bands and the appropriate
GAPDH loading control for each blot. The data were exported to an Excel spreadsheet
and ratios of target band/GAPDH background corrected densities calculated. Data were
normalised to solvent control conditions for each experiment and the appropriate time
points as follows to determine the fold change.

Fold change = (TargetTreated/GAPDHTreated)/(TargetControl/GAPDHControl)

Data were entered into GraphPad Prizm for graphing and statistical analysis using
either one-way ANOVA with post-Tukey correction or two-tailed T-tests with Welch’s
correction, as stated in the figure captions. At least three independent experiments were
analysed. Figures were prepared with Adobe Illustrator and Biorender.
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3.3. Flow Cytometry

Treated cells were washed in warm PBS prior to incubation with Gibco™ enzyme free
dissociation buffer (Gibco, Fisher scientific 11530456, Waltham, MA, USA) for 10 min to
detach the cells. Cells were collected, diluted with PBS in Falcon tubes, and centrifuged at
1500 rpm for 5 min. The cell pellet was resuspended into 100 µL warm PBS and transferred
into a 96-well plate and centrifuged for 5 min at 1200 rpm. AmCyan live dead stain
was added to the cells and incubated for 30 min at RT, prior to centrifuging for 5 min at
1200 rpm. The cell pellet was incubated with either control IgG1-PE or anti-hHGFR/c-MET-
PE conjugated antibodies at 1 in a 100 dilution for 30 min at 4 ◦C. The plate was centrifuged
for 5 min at 1200 rpm, supernatant removed, and fixed for 15 min at RT in 200 µL 4%
formaldehyde/PBS. Following further centrifugation, the supernatant was removed from
the cells and suspended in 200 µL 2% FCS/PBS and stored in the dark at 4 ◦C until analysis.

Compensation of spectral overlap was set up using UltraComp eBeads (Invitrogen)
that were either stained with anti-hHGFR/c-MET-PE conjugated antibody or a V500-
conjugated antibody (BD Biosciences, Franklin Lakes, NJ, USA; 561391) that mimics the
live/dead stain. Beads were centrifuged at 1200 rpm for 3 min and the supernatant dis-
carded. Beads were then suspended in 200 µL 2% FCS/PBS. Samples were analysed using
the BD biosciences Canto II flow cytometer running FACSDiva software. Stained cells were
gated, so that dead cells were excluded, and results were analysed using Flowjo 10 soft-
ware. For gating strategy, see Supplemental Figure S3. The geometric mean fluorescence
intensities (GMFI) were obtained and further analysed in GraphPad Prism. Data were
analysed using one-way Anova with Tukey post-test.

3.4. ELISA for Quantifying MET-ECD and Syndecan-1 ECD

Human MET DuoSet® ELISA kit (DY358) and human syndecan-1 DuoSet® ELISA kit
(DY2780) were from R&D systems Europe. The appropriate capture antibody was diluted
in PBS and 100 µL was immediately coated on 96-well microplates, sealed, and incubated
at RT overnight. Plates were aspirated and washed three times with PBS containing 0.05%
Tween 20. Plates were then blocked with 300 µL 1% BSA in PBS at RT for 1 h. Plates were
washed three times with PBS containing 0.05% Tween 20 prior to adding 100 µL of the
standard curve or the samples at an appropriate dilution in 1% BSA in PBS. The plates were
sealed and incubated for 2 h at RT. The plates were washed with PBS containing 0.05%
Tween 20 as previously. The respective HRP-conjugated detection antibodies in 100 µL of
1% BSA in PBS were added to the plate, kept in the dark and incubated for 20 min at RT.
The plates were washed with PBS containing 0.05% Tween 20 as above prior to adding
100 µL substrate solution to the wells and a further 20 min incubation. The reaction was
terminated using 50 µL 2 M H2SO4 solution. Plates were read in a FLUOstar Omega plate
reader (BMG Labtech) set at 450 nm. Data were analysed using Graphpad Prism.

3.5. Secretome Proteomic Analysis
TMT Labelling and High pH Reversed-Phase Chromatography

Media samples from DMSO or TT treated cells (four independent repeats) were concen-
trated to 95 µL using Amicon Ultra 3kDa centrifugal filter units (Millipore, Burlington, MA,
USA) and 1 M triethyl ammonium bicarbonate (TEAB) added to achieve a final concentra-
tion of 50 mM TEAB. Samples were reduced (10 mM tris(2-carboxyethyl)phosphine (TCEP),
55 ◦C for 1 h), alkylated (18.75 mM iodoacetamide, room temperature for 30 min.) and
then digested with trypsin (2.5 µg trypsin; 37 ◦C, overnight). The resulting peptides were
labelled with Tandem Mass Tag (TMT) ten plex reagents according to the manufacturer’s
protocol (Thermo Fisher Scientific) and the labelled samples combined.

The combined sample was desalted using a SepPak cartridge according to the manu-
facturer’s instructions (Waters, Milford, MA, USA). Eluate from the SepPak cartridge was
evaporated to dryness and resuspended in buffer A (20 mM ammonium hydroxide, pH 10)
prior to fractionation by high pH reversed-phase chromatography using an Ultimate 3000
liquid chromatography system (Thermo Fisher Scientific). In brief, the sample was loaded
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onto an XBridge BEH C18 Column (130Å, 3.5 µm, 2.1 mm × 150 mm, Waters, UK) in
buffer A and peptides eluted with an increasing gradient of buffer B (20 mM Ammonium
Hydroxide in acetonitrile, pH 10) from 0–95% over 60 min. The resulting fractions (4 in
total) were evaporated to dryness and resuspended in 1% formic acid prior to analysis by
nano-LC MS/MS using an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific).

3.6. Nano-LC Mass Spectrometry

High pH RP fractions were further fractionated using an Ultimate 3000 nano-LC
system in line with an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific).
In brief, peptides in 1% (v/v) formic acid were injected onto an Acclaim PepMap C18
nano-trap column (Thermo Scientific). After washing with 0.5% (v/v) acetonitrile 0.1%
(v/v) formic acid peptides were resolved on a 250 mm × 75 µm Acclaim PepMap C18
reverse phase analytical column (Thermo Scientific) over a 150 min organic gradient, using
7 gradient segments (1–6% solvent B over 1 min., 6–15% B over 58 min., 15–32% B over
58 min, 32–40% B over 5 min, 40–90% B over 1 min, held at 90% B for 6 min and then
reduced to 1% B over 1 min) with a flow rate of 300 nl/min. Solvent A was 0.1% formic
acid and Solvent B was aqueous 80% acetonitrile in 0.1% formic acid. Peptides were ionised
by nano-electrospray ionisation at 2.0 kV using a stainless-steel emitter with an internal
diameter of 30 µm (Thermo Scientific) and a capillary temperature of 275 ◦C.

All spectra were acquired using an Orbitrap Fusion Tribrid mass spectrometer con-
trolled by Xcalibur 2.1 software (Thermo Scientific) and operated in data-dependent ac-
quisition mode using an SPS-MS3 workflow. FTMS1 spectra were collected at a resolution
of 120,000, with an automatic gain control (AGC) target of 200,000 and a max injection
time of 50 ms. Precursors were filtered with an intensity threshold of 5000, according to
charge state (to include charge states 2–7) and with monoisotopic peak determination set to
peptide. Previously interrogated precursors were excluded using a dynamic window (60 s
+/− 10 ppm). The MS2 precursors were isolated with a quadrupole isolation window of
1.2 m/z. ITMS2 spectra were collected with an AGC target of 10,000, max injection time of
70 ms and CID collision energy of 35%.

For FTMS3 analysis, the Orbitrap was operated at 50,000 resolution with an AGC target
of 50,000 and a max injection time of 105 ms. Precursors were fragmented by high-energy
collision dissociation (HCD) at a normalised collision energy of 60% to ensure maximal
TMT reporter ion yield. Synchronous precursor selection (SPS) was enabled to include up
to 10 MS2 fragment ions in the FTMS3 scan.

3.7. Proteomic Data Analysis

The raw data files were processed and quantified using Proteome Discoverer software
v2.1 (Thermo Scientific) and searched against the UniProt Human database (downloaded
January 2021; 178486 sequences) using the SEQUEST HT algorithm. Peptide precursor
mass tolerance was set at 10 ppm, and MS/MS tolerance was set at 0.6 Da. Search criteria
included oxidation of methionine (+15.995 Da), acetylation of the protein N-terminus
(+42.011 Da) and Methionine loss plus acetylation of the protein N-terminus (−89.03 Da) as
variable modifications and carbamidomethylation of cysteine (+57.021 Da) and the addition
of the TMT mass tag (+229.163 Da) to peptide N-termini and lysine as fixed modifications.
Searches were performed with full tryptic digestion and a maximum of 2 missed cleavages
were allowed. The reverse database search option was enabled, and all data were filtered
to satisfy the false discovery rate (FDR) of 5%.

3.8. Protein Annotation

The MS data were searched against the human Uniprot database retrieved on 2022-01-
20, and updated with additional annotation information on 2022-05-13. Protein groupings
were determined by PD2.4; however, the master protein selection was improved with an
in-house script that identifies identical protein sequences in the uniprot database then
selects the accession with the highest annotation quality for use. The script further takes
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the candidate master proteins for each group, and uses Uniprot review and annotation
status to select the best annotated protein as master protein without loss of identification or
quantification quality.

3.9. Statistical Analysis

The statistical significance of differences in abundance between control and treated
was determined by univariate pairwise t-tests conducted on log2 transformed abundances.
Due to the hypothesis-generating nature of the proteomics experiment, FDR correction was
not applied, and all candidates were instead confirmed by Western blot analysis [21].

3.10. Volcano Plots

For each comparison, using both raw and normalised data, the −log10 p-value of each
protein was plotted against the log2 fold change. Proteins with p < 0.05 and log2 Fold
change > 1 changes were annotated in green, and proteins with p < 0.05 and Log2 Fold
change < −1 were highlighted in pink.

4. Results

4.1. TT Treatment Leads to MARCKS Phosphorylation on S167/170

We initially tested TT dependent phosphorylation of the myristoylated alanine-rich
C-kinase substrate, MARCKS, as a downstream target of PKC activation [22] to establish
the time frame of TT dependent phosphorylation responses. H357 cells were treated
with 1 µg/mL TT for 10 min, 1 h and 24 h or DMSO control. Lysates were analysed by
Western blotting and quantified for p-S167/170 MARCKS levels. Figure 1C,D shows rapid
phosphorylation of MARCKS on S167/170 at 10 min and 1 h time points with increases
ranging from 16- to 18-fold, respectively, whilst p-S167/170 levels were equivalent to the
DMSO solvent control at 24 h. Therefore, subsequent experiments were performed at either
the 10 min or 1 h time point, unless otherwise stated.
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Figure 1. TT (EBC-46) dependent phosphorylation of p-S167/170 MARCKS. (A) Chemical structure
of TT. (B) Schematic representation of experimental hypothesis prepared in Biorender. (C) Western
blot analysis of S167/170 phosphorylation levels on MARCKS after 10 min, 1 h, and 24 h TT treatment.
A GAPDH loading control is shown below. (D) Fold change of MARCKS phosphorylation on S167/170

in response to TT treatment (n = 3). One-way ANOVA with post-Tukey test is shown.

4.2. TT Treatment Induces Ser985 Phosphorylation of the MET Receptor

As TT is related to the phorbol ester PMA, we next hypothesised that the drug would
be able to induce ectodomain shedding of transmembrane ADAM substrates that require
Ser phosphorylation to induce cleavage, as previously shown for neuregulin-1 (NRG1)
in response to PMA treatment [23]. We addressed the hypothesis that TT treatment of
H357 cells caused PKC dependent changes in the phosphorylation status of the MET
receptor on S985 (Figure 2A). We pre-incubated cells with 1 µM PKC inhibitors or general
metalloproteinase [GM6001 at 25 µM] and ADAM inhibitors [GW and GI at 1 µM] for
1 h, followed by subsequent TT treatment for 10 min or 1 h, which was then compared
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to DMSO solvent controls in the presence or absence of TT as indicated (Figure 2B–E).
Analysis of cell lysates for phosphorylation levels of S985 MET was determined by Western
blotting (Figure 2B,D; 10 min and 1 h). TT treatment resulted in significant 6-fold or 4-fold
increases in full length p-S985 MET compared to DMSO controls (Figure 2C,E). Furthermore,
pretreatment of cells with the pan-PKC inhibitor BIM-1 ablated S985 phosphorylation of
full-length MET in response to TT co-treatment (Figure 2B,D). However, the more specific
PKC isoform inhibitors GOE and Enzastaurin were less potent and only partially blocked
TT dependent S985 MET phosphorylation (Figure 2B–E). In contrast, TT-treated samples that
were pretreated with metalloproteinase (GM6001, GW or GI) inhibitor showed elevated S985

phosphorylation of full-length MET (4–6 fold higher; Figure 2C,E), similar to TT treatment
alone. Of note, there were no changes in p-S985 MET cleavage products in lysate samples.
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Figure 2. Determination of p-S985 MET phosphorylation levels. (A) Schematic representation of
experimental hypothesis prepared in Biorender. (B,D) Western blot analysis of p-S985 MET phospho-
rylation levels in response to TT treatment in the absence or presence of PKC or metalloproteinase
inhibitors. (C,E) Quantification of p-S985 MET phosphorylation levels normalised to the solvent
DMSO alone control and total MET levels (n = 4 for (C) and n = 3 for (E)). Data were analysed using
one way ANOVA with post-Tukey test.

4.3. Prolonged TT Treatment Reduces Basal Y1234/5 Phosphorylation in the Kinase Domain of the
MET Receptor in H357 Cells

As H357 cells significantly overexpress the MET receptor, we next sought to address
the hypothesis that TT treatment would influence basal MET phosphorylation levels on
Y1234/5, which is an indicator of MET activation status (reviewed by Zhang et al. 2018) [24].
Cells were in part pretreated with PKC inhibitors for 1 h, prior to TT treatment for either
10 min or 1 h to assess the basal phosphorylation status of Y1234/5 MET by Western blot
analysis (Figure 3B–D). The basal p-Y1234/5 levels of full-length MET in response to 10 min
TT treatment remained at the same level as the DMSO solvent control (Figure 3B left panel
and C quantified), with PKC inhibitor pretreatment and TT stimulation increasing p-Y1234/5

levels. In contrast, prolonged treatment with TT for 1 h led to a significant reduction in
p-Y1234/5 levels of full-length MET, compared to DMSO solvent control or PKC inhibitor
treated samples (Figure 3B right panel and D quantified).
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Figure 3. Prolonged incubation of H357 cells with TT (EBC-46) diminishes basal Y1234/5 phospho-
rylation of the MET receptor. (A) Schematic representation of experimental hypothesis prepared in
Biorender. (B) Western blot analysis of Y1234/5 phosphorylation levels in response to TT treatment
in the presence and absence of PKC inhibitor treatment. (C,D) Fold change of p-Y1234/5 levels of
full-length MET in response to treatment normalised to solvent control and total MET levels (n = 3).
Data were analysed using one-way ANOVA with post-Tukey test.

4.4. Does TT Regulate MET Cell Surface Levels and Cleavage?

To determine whether the increased S985 phosphorylation and loss of Y1234/5 phospho-
rylation on full-length MET in response to TT treatment was associated with the proteolytic
cleavage and loss of MET from the cell surface (reviewed in [20,25]) we next determined
MET cell surface levels by FACS analysis under both control or PKC inhibitor pretreatment
conditions (Figure 4B–F). Flow cytometric analysis showed a trend in reduction of MET cell
surface levels in response to TT treatment when compared to DMSO control (Figure 4B), but
this was not significant (Figure 4I). However, pre-treatment with BIM-1 caused a significant
increase of MET cell surface levels (Figure 4C), confirmed by analysis of the normalised
geometric mean fluorescence data (Figure 4I) and was independent of TT co-treatment.
Enzastaurin treatment also caused significant increases in surface MET levels regardless
of control or TT co-treatment (Figure 4E,I). In contrast, GOE-treated samples with TT
showed equivalent cell surface MET levels to the DMSO solvent control (Figure 4D,I). Since
MET undergoes proteolytic cleavage in response to PKC activation [20,25,26], we next
tested whether metalloproteinase inhibitor pretreatment in the presence or absence of TT
could increase MET cell surface levels (Figure 4F–H). The analysis of the metalloproteinase
inhibitor-treated samples (GM6001, GW or GI) showed that in control conditions, MET cell
surface levels were unaltered, highlighting the limitations of flow analysis when changes
are small and adherent cells must be removed from tissue culture plastic prior to analysis.
We therefore investigated soluble MET extracellular domain (MET-ECD) levels by ELISA
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to compensate for the limitation of the flow analysis. This showed a significant increase
in soluble MET in response to TT treatment when compared to DMSO control, which
was blocked by pretreatment with all PKC inhibitors (Figure 4J). The significant reduction
in soluble MET-ECD in media from TT and metalloproteinase inhibitor-treated samples
compared to TT alone was also demonstrated. Only GM6001 treatment was successful in
significantly suppressing basal MET-ECD release when compared to DMSO solvent control
(Figure 4J).

Cells 2024, 13, x FOR PEER REVIEW 10 of 22 
 

 

 
Figure 4. BIM-1 and Enzastaurin significantly increases cell surface MET levels in H357 cells re-
gardless of TT (EBC-46) treatment, while metalloproteinase inhibitors are ineffective. (A) Sche-
matic representation of experimental hypothesis prepared in Biorender. (B–E) FACS analysis of cell 
surface MET levels using an N-terminal MET antibody in DMSO control or PKC inhibitor pre-
treated conditions in the presence or absence of TT. (F–H) FACS analysis of cell surface MET levels 
in DMSO control or metalloproteinase inhibitor pretreated conditions in the presence or absence of 
TT. Metalloproteinase inhibitors were GM6001, GW, and GI. Control, blue; TT-treated, orange; and 
isotype control, red. (I) Normalised geometric mean fluorescence levels (GMFI) of cell surface MET 

Figure 4. BIM-1 and Enzastaurin significantly increases cell surface MET levels in H357 cells
regardless of TT (EBC-46) treatment, while metalloproteinase inhibitors are ineffective. (A) Schematic



Cells 2024, 13, 982 10 of 20

representation of experimental hypothesis prepared in Biorender. (B–E) FACS analysis of cell surface
MET levels using an N-terminal MET antibody in DMSO control or PKC inhibitor pre-treated
conditions in the presence or absence of TT. (F–H) FACS analysis of cell surface MET levels in
DMSO control or metalloproteinase inhibitor pretreated conditions in the presence or absence of
TT. Metalloproteinase inhibitors were GM6001, GW, and GI. Control, blue; TT-treated, orange; and
isotype control, red. (I) Normalised geometric mean fluorescence levels (GMFI) of cell surface
MET (n = 3), one way ANOVA with Kruskal–Wallis post-test. (J) Analysis of soluble MET levels in
conditioned medium following 1 h treatment as described in (B–H). (n = 3), one-way ANOVA with
post-Tukey test.

We also analysed C-terminal MET fragment levels using a phosphorylation inde-
pendent C-terminal MET antibody in cell lysate by Western blotting (Figure S1B). Here,
metalloproteinase fragment levels (55 kDa) did not significantly change when compared
to DMSO and TT alone controls (Figure S1B,C). However, analysis of γ-secretase frag-
ment levels (50 kDa) revealed a reduction in TT-treated conditions by approximately 50%
(Figure S1D). Pretreatment with GM6001 did not alter 50 kDa fragment levels significantly
when compared to DMSO or TT treatment. In contrast, GW and GI pre-treatment dramati-
cally reduced γ-secretase fragment levels to <25% of solvent levels, in both the absence and
presence of TT.

TT caused rapid S985 phosphorylation (Figure 2), which subsequently caused a re-
duction in active MET phosphorylated at Y1234/5 in H357 cells under basal conditions.
We were unable to determine significant increases in the 55 kDa MET metalloproteinase
fragment using a C-terminal antibody detecting non phosphorylated MET. This is likely
due to additional cleavage events that have been described by others (reviewed in [27]).
We hypothesised that phosphorylated MET species were the target of metalloproteinase
cleavage (Figure 5A). Thus, we next wanted to investigate whether TT treatment also
affected the levels of p-Y1003 MET. Western blots were stained with an antibody specific
for Y1003 phosphorylation (Figure 5B–E). As seen in Figure 5B,D rapid formation of the
55 kDa p-Y1003 MET fragment was observed at 10 min of TT treatment, which was blocked
by all three PKC inhibitors with full length Y1003 phosphorylated MET levels and, γ-
secretase fragment levels remaining unchanged at 10 min (Figure 5C).

Prolonged TT treatment for 1 h led to a significant drop in full-length p-Y1003 MET
(Figure 5B; 1 h panel). At 1 h treatment with TT the 55 kDa p-Y1003 MET fragment had been
further degraded and was below the detection limit. PKC inhibitor treatment rescued full
length p-Y1003 MET levels. Additional analysis of the 24 h time point showed a dramatic
loss of full-length p-Y1003 MET in response to TT treatment, suggesting that the effect of TT
on p-Y1003 MET was long lasting (Figure S2A,B).
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Figure 5. MET phosphorylated on Y1003 is rapidly cleaved in response to TT (EBC-46) treatment.
(A) Schematic representation of experimental hypothesis prepared in Biorender. (B) Western blot
analysis for phosphorylated Y1003 full-length MET as well as phosphorylated Y1003 MET fragment
levels, compared to total MET and fragment levels. (C–E) Densitometric quantification of full length
phosphorylated Y1003 MET (10 min) as well as the phosphorylated Y1003 55 kDa ADAM fragment
(10 min) or full-length p-Y1003 MET (1 h). One-way ANOVA with post-Tukey test.

4.5. Secretome Analysis of H357 Cell Treated with TT

TT is related to the prototype phorbol ester PMA, which promotes ADAM17 activa-
tion [11,28–31]. We therefore hypothesised that TT could induce proteolytic processing
of other transmembrane proteins, leading to the uncloaking of tumour cells so that they
become detectable by the immune system, as observed in animal models [1]. We therefore
embarked on a proteomic analysis of additional early drug targets using an unbiased
proteomic approach. To minimise transcriptional responses to TT treatment, an early
1 h time point was chosen, to determine global secretome changes. This was achieved
using TMT labelling and nano-LC mass spectrometry followed by quantification with
Proteome Discoverer software, as outlined in methods and Figure 6A. Figure 6B shows a
volcano plot with log2 fold changes induced by 1 h TT treatment. Surprisingly, the analysis
demonstrated that there was a reduction in proteins released into the cell culture media
in TT-treated conditions, when compared to DMSO control. Only four proteins in the
secretome were identified to reach the significance threshold and this may indicate the
limitations of our analysis at this early 1 h time point. As shown in the volcano plot, TT
treatment promoted significant secretion/cleavage of four type I transmembrane proteins
into the culture media (Figure 6B). Of these proteins Nectin-1 [12,32] plays roles in cell
adhesion, as well as Syndecan-1 [33]; the latter, however, also acts as a co-receptor for sig-
nalling molecules, including the MET receptor [34]. Additionally, the neurotrophin receptor
NGFRp75/TNFR16 [14], which belongs to the tumour necrosis receptor (TNFR) family and
the pseudo-receptor phosphatase PTPRU/PCP-2 [35] were above the significance threshold
in our secretome analysis. All four proteins have been previously identified as ADAM
substrates, supporting our hypothesis that TT regulates ADAM dependent ectodomain
shedding in our H357 head and neck cancer cell model [12,32,33,36–39]. Additionally, TT
treatment reduced soluble HLA-A and EphA1 levels significantly in media samples, while
Spint/HAI-1, a regulator of MET signalling, was not upregulated (Figure 6B).

To verify our secretome results, we next performed Western blot analysis of cell lysates
from DMSO and TT treated cells, which were probed with Nectin-1 and NGFRp75/TNFR16
antibodies recognising the N-terminal domains of these proteins (Figure 8A). Figure 7B
shows that TT treatment caused a rapid decline of the 100 kDa Nectin-1 signal in the cell
lysate at 10 min, 1 h, and 24 h time points. Quantification of blot signals in the cell lysates
to the corresponding GAPDH loading control showed significant Nectin-1 loss from the
10 min timepoint onward (Figure 7C).
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Figure 6. Secretome analysis of TT (EBC-46) treated H357 cells. (A) Schematic presentation of
experimental hypothesis prepared in Biorender; (B) Volcano plot of secretome changes. Boundaries
of log2 fold changes are indicated by dashed lines (−1 and 1), as well as the −log p-value of 0.05.
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Figure 7. Nectin-1 and NGFRp75/TNFR16 levels’ decline in response to TT (EBC-46) treatment.
(A) Schematic presentation of experimental hypothesis prepared in Biorender; (B) Western blot
analysis of Nectin-1 levels in cell lysates using an N-terminal Nectin-1 antibody; (C) Quantification of
fold change of full-length Nectin-1 over GAPDH; (D) Western blot analysis of NGFRp75/TNFR16
levels in cell lysates using an N-terminal NGFRp75/TNFR16 antibody; (E) Quantification of fold
change of full length NGFRp75/TNFR16 over GAPDH. Statistical analysis was performed separately
for each time point against the normalised DMSO solvent control data using T-test with Welch’s
correction (n = 3).
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Figure 7D shows that the signal for full-length NGFRp75/TNFR16 band at 60 kDa
rapidly disappeared in response to TT treatment, with complete loss of signal at 24 h. An
additional C-terminal cleavage product was visible at 25 kDa at 10 min and 1 h respec-
tively. This 25 kDa NGFRp75/TNFR16 fragment disappeared with prolonged incubation
time and was below the detection limit at 24 h. This is likely due to additional process-
ing by γ-secretase, as seen by others previously [14]. Quantification of the full-length
NGFRp75/TNFR16 band showed a significant reduction in NGFRp75/TNFR16 levels at the
24 h time point (Figure 7E).

Next, we sought to determine whether PTPRU and syndecan-1 levels were reduced
in cell lysates in response to TT treatment. Figure 8A,B show that PTPRU levels were not
significantly altered in response to drug treatment, even after prolonged TT treatment
for 24 h. When we analysed Syndecan-1 levels in cell lysates by Western blot analysis,
there was a reduction in detectable Syndecan-1 at 1 h and 24 h in TT-treated conditions
(Figure 8C). However, this could not be quantified as Syndecan-1 signals were apparent
over a large range of molecular weights, as expected for this transmembrane proteoglycan.
Therefore, we quantified Syndecan-1 ECD levels in the medium using a human Syndecan-1
ELISA (Figure 8D). Syndecan-1 levels increased 2.7-fold at the 1 h time point and 3.4-fold
at the 24 h time point, indicating release of Syndecan-1 in response to TT treatment as
predicted from the secretome analysis.
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Figure 8. Analysis of PTPRU and syndecan-1 levels in response to TT (EBC-46) treatment. (A) West-
ern blot analysis of PTPRU levels in cell lysates; (B) Quantification of fold change of full-length
PTPRU over β-actin (n = 3). (C) Western blot analysis of syndecan-1 levels in lysate; (D) ELISA
analysis for soluble syndecan-1-ECD in medium (n = 3).

5. Discussion

This study investigated cell surface changes induced in H357 head and neck cancer
cells to TT, focussing specifically on MET receptor S985 phosphorylation status, cell sur-
face levels and ectodomain release, in addition to identifying secretome wide alterations
identified by using TMT labelling and mass spectrometry approaches.

Initially MARCKS phosphorylation in response to TT was demonstrated at 10 min
and 1 h time points, to establish kinetics of phosphorylation events. Subsequently MET
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S985 phosphorylation was demonstrated following 10 min and 1 h TT treatment, which was
inhibited by pretreating cells with the pan-PKC inhibitor BIM-1, although off-target effects
of BIM-1 on other kinases cannot be excluded. In contrast, established classical PKC (PKC-
α/βI/βII/γ) and PKC βI/βII inhibitors GOE and Enzastaurin respectively were unable to
block S985 phosphorylation sufficiently. Our data agree with previous work demonstrating
PKC-dependent phosphorylation of S985 in the intracellular juxta membrane region of
MET by the structurally related phorbol ester 12-O-Tetradecanoylphorbol-13-acetate (TPA),
oxidative stress or hepatocyte growth factor (HGF) induced MET activation [40]. Conse-
quently, S985 phosphorylated MET was largely nonresponsive to HGF mediated cellular
responses due to loss of tyrosine phosphorylation in the kinase domain and C-terminal
adapter region [40]. This concurs with our findings that full-length p-Y1234/5 MET levels
were downregulated in response to TT, which was rescued by PKC inhibition. Furthermore,
p-Y1003 MET underwent proteolytic processing leading to a 55 kDa p-Y1003 MET-fragment
which was detected at the 10 min time point. However, this 55 kDa p-Y1003 MET-fragment
was prone to further proteolytic degradation but stable enough for transient detection. We
observed the loss of full-length p-P-Y1003 over time (1 h/24 h), and also saw a reduction in
p-Y1234/5 full-length MET (1 h). These residues are part of Exon 14, and previous studies
confirm that p-Y1003 facilitates proteasome-mediated MET degradation via Cbl association,
allowing for negative regulation of MET kinase activity [40,41]. This area contains a caspase
3 processing site, allowing for MET cleavage, and the corresponding caspase 3 cleavage
product amplifies cell death through mitochondrial permeabilization [25,42].

Cell surface MET levels were significantly upregulated in response to both BIM-1 or
Enzastaurin pretreatment in the presence or absence of TT, indicating that PKC activity is
the main regulator of MET cell surface levels in H357 cells. Cell surface MET levels were not
affected by metalloproteinase inhibitor treatment. TT caused significant increases in soluble
MET-ECD, which was suppressed by all PKC inhibitors and all metalloproteinase inhibitors
that we investigated. Here, metalloproteinase inhibitors also reduced background shedding
of MET-ECD into media. This may indicate that different PKC isoforms regulate surface
levels through distinct mechanisms, such as shedding or endocytosis.

In the context of cancer therapies, TT is unique in that it mainly activates the PKC-
βI and PKC-βII isoforms [2]. Interestingly, PKC-βII has been identified as a potential
tumour suppressor gene. A heterozygous loss-of-function mutation in the PKC-β gene
was identified in colon cancer, and restoration of wild-type enzyme activity decreased
anchorage-dependent growth of tumour cells in vitro [43]. Additionally, tumours grew
slower when expressing wild-type PKC-βII using a nude mouse model, indicating that
loss of PKC-β activity enhances tumorigenesis. This was later linked to changes in insulin
growth factor 1 (IGF1) signalling, which is regulated by PKC-βII in colon cancer [44]. These
findings may explain the failure of Enzastaurin, a specific PKC-βI/II inhibitor, in clinical
trials as reviewed by Bourhill et al. 2017 [44,45]. Furthermore, reduced proteolytic shedding
of receptor tyrosine kinases has been identified as a post-translational mechanism of kinase
inhibitor resistance [3]. We identified increased MET cell surface levels in response to PKC
inhibition by Enzastaurin and BIM-1, and this may in part be causal for the lack of clinical
efficacy of Enzastaurin [45]. In contrast, TT causes S985 phosphorylation and degradation
of p-Y1003 MET, loss of full-length p-Y1234/5 MET, as well as MET-ECD release and this may
explain in part why TT caused cancer regression in certain in vivo tumour models [1,2,4,8].
MET signalling has been identified to drive cancer recurrence as an evasion strategy to
HER2 antibodies in breast cancer [19]. Targeting MET, vascular endothelial growth factor
receptor (VEGFR) and AXL using cabozantinib resulted in decreased migration, invasion,
and proliferation causing apoptotic cell death in naïve and therapy resistant head and neck
cancer cells [46]. TT may potentially suppress this evasion strategy in cells expressing
wild-type MET, while tumours expressing exon 14 MET deletion mutants may be resistant
to TT treatment, and this will require further analysis using exon 14 MET mutant cells. It
may also be informative to analyse the TT clinical trial data and stratify patient outcomes
according to MET exon 14 status.
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5.1. Early Secretome Targets of TT Treatment Identified by TMT Proteomics

Our secretome analysis was performed to identify early TT drug targets that were
regulated by proteolysis resulting in the release of cell surface proteins from tumour cells.
The 1 h time point was chosen to minimise transcriptional responses due to TT dependent
PKC activation. Surprisingly, secretome analysis at 1 h showed that TT treatment had
reduced protein levels in culture media when compared to DMSO controls. Analysis
of log2 fold changes identified four type I transmembrane proteins that were above the
significance threshold. These were Nectin-1, syndecan-1, NGFRp75/TNFR16 and PTPRU.
These proteins have all been identified as ADAM substrates previously [32,33,38,47].

5.1.1. Nectin-1

Nectins are immunoglobulin-like cell adhesion molecules that contribute to the for-
mation of cell–cell adhesions, which regulate cell polarity, movement, proliferation, and
survival. Nectins localise to adherence junctions between epithelia and fibroblasts, as
well as contributing to tight junction formation in epithelia (reviewed in [48]). Together
with Nectin-like molecules, Nectins drive vascular development and barrier function (re-
viewed in [49]). We here observed rapid Nectin-1 cleavage in response to TT treatment
in tumour cells, leading to cell surface loss of Nectin-1. Previous work by Kim et al.
showed that Nectin-1 cleavage in neuronal cells depends on ADAM10 and subsequent
γ-secretase cleavage [32]. Whether this is the case here requires further analysis. Fur-
thermore, an extracellular Nectin-1/3 fragment was shown to interfere with E-cadherin
based adherence junction formation [50]. In the context of TT as an anticancer therapy,
we hypothesise that the disruption of tumour tissues and blood supply that was seen in
animal models [1,8] may be linked to the ability of TT to disrupt epithelial—and likely also
endothelial—Nectin-family members due to irreversible cleavage. Furthermore, in vivo,
the intratumoral administration of TT may also affect immune cells, as these interact with
Nectin-family members via T-cell activation increased late expression (Tactile or CD96),
TIGIT, T-cell immunoglobulin inhibitory and immunoreceptor tyrosine-based inhibitory
motif (ITIM) or DNAM1 (CD226) [49]. In this context, cleavage of CD96, TIGIT, or DNAM1
in tumour-infiltrated lymphocytes cannot be excluded in response to TT.

5.1.2. NGFRp75/TNFR16

The NGFRp75/TNFR16 death receptor has previously been shown to be regulated by
differential proteolytic cleavage in hippocampal neurons versus cerebellar neurons [14]. The
increased presence of the membrane-associated C-terminal ADAM fragment induced death
signalling via caspase-3 in hippocampal neurons, while the intracellular fragment initiated
NFκB survival signalling in cerebellar neurons. Therefore, responses are fragment- and
cell-type-specific and tightly controlled by proteolysis with γ-secretase cleavage initiating
survival signalling. Interestingly, NGFRp75/TNFR16 is upregulated in melanoma after
both chemotherapy and targeted therapy, and endogenous expression of neurotrophin
ligands results in autocrine proliferation and migration [51]. Furthermore, autocrine
NGFRp75/TNFR16 survival signalling in triple-negative breast cancer is mechanistically
linked to NGFRp75/TNFR16 overexpression and reduced cleavage [52]. Recent attempts
at specific activation of the NGFRp75/TNFR16 intracellular domain with a short peptide
derived from β-amyloid in combination with MAPK inhibitors or chemotherapy-induced
apoptosis in 2D/3D cultures of numerous melanoma cell lines and prevented metastasis
in zebrafish xenograft models and reduced tumour mass in mice [53]. TT-dependent
NGFRp75/TNFR16 cleavage would disrupt neurotrophin dependent proliferation in cancer
cells due to receptor shedding, and this may in part contribute to TT having efficiency in
melanoma treatment, where four patients reached a complete response [9].

5.1.3. PTPRU

The R2B tyrosine phosphatase receptor family (PTPR) consists of four members (PT-
PRK, PTPRM, PTPRT, and PTPRU) that are characterised by large extracellular domains,
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which form homophilic interactions. The extracellular domain is linked to a transmem-
brane helix and to two intracellular phosphatase (PTP) domains. These enzymes regulate
spatiotemporal kinase activity, allowing for the fine tuning of tyrosine phosphorylation at
the cell membrane as well as intracellularly, following proteolytic processing (reviewed
in [47]). However, they also independently regulate cell adhesion as they can interact with
cell adhesion regulators. Recently, an elegant study demonstrated that PTPRU is a redox-
sensitive pseudophosphatase due to alterations in the membrane proximal phosphatase
domain [35]. However, substrate recognition was maintained, allowing PTPRU to compete
with the active family members for substrates. Our proteome analysis suggested initially
that PTPRU was released into media in response to TT; however, we could not confirm this
finding using a Western blot approach, suggesting that PTPRU remains unaltered.

5.1.4. Syndecan-1

Syndecan-1 is a transmembrane proteoglycan, where the core protein contains gly-
cosaminoglycan chains that are comprised of heparan sulphate and chondroitin sulphate
of varying length, which interact with different growth factors. Subsequently, signalling
responses with syndecan-1 acting as a co-receptor facilitate fibroblast growth factor, vascu-
lar endothelial growth factor, Wnt, as well as HGF signalling to their respective receptors
(reviewed in [54]). Syndecan-1 shedding is regulated by metalloproteinases [33,37,38,55].
In the context of our work, syndecan-1 shedding in response to TT may downregulate
MET signalling, as this has previously been shown to require cell surface syndecan-1 [34],
and we saw loss of p-Y1234/5 or p-Y1003 MET species in our analysis. High levels of sol-
uble syndecan-1 act as HGF carriers and are capable of inhibiting HGF dependent MET
responses [56]; however, in other contexts, they contribute to metastasis (reviewed in [57]).

5.2. Potential Long-Term Implications on Head and Neck Cancer Treatment Strategies

In summary, we demonstrate here that TT regulates MET and NGFRp75/TNFR16
signalling, as well as Nectin-1 mediated cell adhesion. These findings may explain in part
the efficacy of intratumoural application of TT in animal tumor models. The negative
regulation of MET signalling may be of interest in the context of head and neck cancer
therapy. In the recent study by Cullen et al. [6], they showed oncolytic tumor disintegration
in conjunction with increased caspase activity in response to TT treatment. This could be
linked to the MET pathway, as caspase cleavage products of MET cause mitochondrial
permeabilisation, which controls the cell death/survival balance [42]. Mitochondrial
permeabilisation was one of the major mechanistic findings highlighted by Cullen et al. [6].
Co-treatment with TT and PDL1 checkpoint inhibitor blockers promoted prolonged survival
in their animal model [6], suggesting that future therapies may include immune checkpoint
blockers in conjunction with TT to promote patient survival. Our study has identified early
TT drug responses that mechanistically underpin, and support work performed by others
using in vivo mouse tumor models. However, we still lack a comprehensive understanding
of the drugs mechanism of action with respect to responses of TT treatment causing changes
to the tumor microenvironment. Here cancer associated fibroblasts, T-cells, leucocytes, and
endothelial cell responses could all contribute to drug efficacy, which will be the focus of
future work. It is hard to predict how future head and neck cancer therapies using TT will
develop, as this could be linked to MET mutation status of each patient’s specific tumor and
other factors. Patient stratification is imperative to predict treatment outcome; however, the
approach of direct tumor injection is advantageous, as it avoids the systemic cytotoxicity
encountered with current chemotherapy regiments in clinical use.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cells13110982/s1, Figure S1: Western blot analysis of non-phosphorylated
C-terminal fragment formation using a C-terminal MET antibody. (A) Schematic representation of
experimental approach. (B) Western blot analysis. (C) Quantification of the 55 kDa ADAM fragment.
(D) Quantification of γ-secretase fragment levels. Figure S2: Western blot analysis of p-Y1003 MET
levels in H357 cell lysates. (A) Western blot analysis. (B) Quantification of blots for full length p-Y1003
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MET. Figure S3: Gating strategy for flow cytometry analysis on cell surface MET (A) H357 cells gating,
Side scatter area (SSC-A) vs. Forward scatter area (FSC-A) (B) Single cells, Forward scatter height
(FSC-H) vs. FSC-A (C) Single cells, Forward scatter width (FSC-W) vs. FSC-A (D) Live/Dead (LD)
gating, LD gating (E) Isotype control histogram and c-MET gating. Flow cytometry was done on BD
Canto II flow cytometer. Analysis was performed on Flowjo software.

Author Contributions: F.D.A., T.A. and M.L. performed experiments and analysed data. V.K., S.D.
and R.M. acquired funding. K.H. and P.L. performed the proteomic analysis and were responsible for
proteomic data analysis. P.R. supplied the TT. V.K. wrote the manuscript and prepared the figures.
V.K., S.D., R.M. and Z.P. supervised the study. All authors reviewed and critically appraised the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a Cardiff University Vice-chancellors International Scholarship
for Research Excellence awarded to Frank Dickson Antwi. Meghan Larin was supported by MRC-
CiC awarded to Vera Knäuper, Sharon Dewitt, Ryan Moseley, Frank Dickson Antwi and Adam
Jones. Tufaha Awad was supported by a PhD studentship awarded by the Libyan Government.
This research is also supported by the Ser Cymru II programme, which is part-funded by Cardiff
University and the European Regional Development Fund through the Welsh Government, awarded
to Vera Knäuper and Manon Pritchard.

Institutional Review Board Statement: Not applicable for studies.

Informed Consent Statement: Not applicable for studies.

Data Availability Statement: Data are available from the authors on request.

Acknowledgments: We thank Augustin Amour for the kind gift of GI and GW ADAM inhibitors.
For the purpose of Open Access, the author has applied for a CC BY public copyright license to any
author accepted manuscript version arising from this submission.

Conflicts of Interest: Frank Dickson Antwi, Tufaha Awad, Meghan Larin, Kate Heesom, Phil Lewis,
Sharon Dewitt, and Ryan Moseley declare that they do not have conflicts of interest. Paul Reddell
is an employee of QBiotics Group and a co-inventor on patents relating to tigilanol tiglate for the
treatment of solid tumours. He was not involved in the study design nor in the data analysis and the
interpretation of the results.

References
1. Boyle, G.M.; D’Souza, M.M.; Pierce, C.J.; Adams, R.A.; Cantor, A.S.; Johns, J.P.; Maslovskaya, L.; Gordon, V.A.; Reddell, P.W.;

Parsons, P.G. Intra-lesional injection of the novel PKC activator EBC-46 rapidly ablates tumors in mouse models. PLoS ONE 2014,
9, e108887. [CrossRef] [PubMed]

2. Cullen, J.K.; Boyle, G.M.; Yap, P.Y.; Elmlinger, S.; Simmons, J.L.; Broit, N.; Johns, J.; Ferguson, B.; Maslovskaya, L.A.; Savchenko,
A.I.; et al. Activation of PKC supports the anticancer activity of tigilanol tiglate and related epoxytiglianes. Sci. Rep. 2021, 11, 207.
[CrossRef] [PubMed]

3. Miller, M.A.; Oudin, M.J.; Sullivan, R.J.; Wang, S.J.; Meyer, A.S.; Im, H.; Frederick, D.T.; Tadros, J.; Griffith, L.G.; Lee, H.; et al.
Reduced Proteolytic Shedding of Receptor Tyrosine Kinases Is a Post-Translational Mechanism of Kinase Inhibitor Resistance.
Cancer Discov. 2016, 6, 382–399. [CrossRef] [PubMed]

4. De Ridder, T.R.; Campbell, J.E.; Burke-Schwarz, C.; Clegg, D.; Elliot, E.L.; Geller, S.; Kozak, W.; Pittenger, S.T.; Pruitt, J.B.; Riehl,
J.; et al. Randomized controlled clinical study evaluating the efficacy and safety of intratumoral treatment of canine mast cell
tumors with tigilanol tiglate (EBC-46). J. Vet. Intern. Med. 2021, 35, 415–429. [CrossRef] [PubMed]

5. Reddell, P.; De Ridder, T.R.; Morton, J.M.; Jones, P.D.; Campbell, J.E.; Brown, G.; Johannes, C.M.; Schmidt, P.F.; Gordon, V. Wound
formation, wound size, and progression of wound healing after intratumoral treatment of mast cell tumors in dogs with tigilanol
tiglate. J. Vet. Intern. Med. 2021, 35, 430–441. [CrossRef] [PubMed]

6. Cullen, J.K.; Yap, P.Y.; Ferguson, B.; Bruce, Z.C.; Koyama, M.; Handoko, H.; Hendrawan, K.; Simmons, J.L.; Brooks, K.M.; Johns, J.;
et al. Tigilanol tiglate is an oncolytic small molecule that induces immunogenic cell death and enhances the response of both
target and non-injected tumors to immune checkpoint blockade. J. Immunother. Cancer 2024, 12, e006602. [CrossRef] [PubMed]

7. Moses, R.L.; Boyle, G.M.; Howard-Jones, R.A.; Errington, R.J.; Johns, J.P.; Gordon, V.; Reddell, P.; Steadman, R.; Moseley, R. Novel
epoxy-tiglianes stimulate skin keratinocyte wound healing responses and re-epithelialization via protein kinase C activation.
Biochem. Pharmacol. 2020, 178, 114048. [CrossRef]

8. Jones, P.D.; Campbell, J.E.; Brown, G.; Johannes, C.M.; Reddell, P. Recurrence-free interval 12 months after local treatment of mast
cell tumors in dogs using intratumoral injection of tigilanol tiglate. J. Vet. Intern. Med. 2021, 35, 451–455. [CrossRef] [PubMed]

https://doi.org/10.1371/journal.pone.0108887
https://www.ncbi.nlm.nih.gov/pubmed/25272271
https://doi.org/10.1038/s41598-020-80397-9
https://www.ncbi.nlm.nih.gov/pubmed/33420238
https://doi.org/10.1158/2159-8290.CD-15-0933
https://www.ncbi.nlm.nih.gov/pubmed/26984351
https://doi.org/10.1111/jvim.15806
https://www.ncbi.nlm.nih.gov/pubmed/32542733
https://doi.org/10.1111/jvim.16009
https://www.ncbi.nlm.nih.gov/pubmed/33438258
https://doi.org/10.1136/jitc-2022-006602
https://www.ncbi.nlm.nih.gov/pubmed/38658031
https://doi.org/10.1016/j.bcp.2020.114048
https://doi.org/10.1111/jvim.16018
https://www.ncbi.nlm.nih.gov/pubmed/33350511


Cells 2024, 13, 982 18 of 20

9. Panizza, B.J.; de Souza, P.; Cooper, A.; Roohullah, A.; Karapetis, C.S.; Lickliter, J.D. Phase I dose-escalation study to determine
the safety, tolerability, preliminary efficacy and pharmacokinetics of an intratumoral injection of tigilanol tiglate (EBC-46).
EBioMedicine 2019, 50, 433–441. [CrossRef]

10. Newton, A.C. Protein kinase C as a tumor suppressor. Semin. Cancer Biol. 2018, 48, 18–26. [CrossRef]
11. Wanger, T.M.; Dewitt, S.; Collins, A.; Maitland, N.J.; Poghosyan, Z.; Knäuper, V. Differential regulation of TROP2 release by PKC

isoforms through vesicles and ADAM17. Cell Signal. 2015, 27, 1325–1335. [CrossRef] [PubMed]
12. Tanaka, Y.; Irie, K.; Hirota, T.; Sakisaka, T.; Nakanishi, H.; Takai, Y. Ectodomain shedding of nectin-1alpha by SF/HGF and TPA in

MDCK cells. Biochem. Biophys. Res. Commun. 2002, 299, 472–478. [CrossRef] [PubMed]
13. Schelter, F.; Kobuch, J.; Moss, M.L.; Becherer, J.D.; Comoglio, P.M.; Boccaccio, C.; Kruger, A. A disintegrin and metalloproteinase-10

(ADAM-10) mediates DN30 antibody-induced shedding of the met surface receptor. J. Biol. Chem. 2010, 285, 26335–26340.
[CrossRef] [PubMed]

14. Vicario, A.; Kisiswa, L.; Tann, J.Y.; Kelly, C.E.; Ibanez, C.F. Neuron-type-specific signaling by the p75NTR death receptor is
regulated by differential proteolytic cleavage. J. Cell Sci. 2015, 128, 1507–1517. [CrossRef] [PubMed]

15. Herrlich, P.; Herrlich, A. ADAM Metalloprotease-Released Cancer Biomarkers. Trends Cancer 2017, 3, 482–490. [CrossRef]
[PubMed]

16. Zunke, F.; Rose-John, S. The shedding protease ADAM17: Physiology and pathophysiology. Biochim. Biophys. Acta Mol. Cell Res.
2017, 1864, 2059–2070. [CrossRef] [PubMed]

17. Gandino, L.; Longati, P.; Medico, E.; Prat, M.; Comoglio, P.M. Phosphorylation of serine 985 negatively regulates the hepatocyte
growth factor receptor kinase. J. Biol. Chem. 1994, 269, 1815–1820. [CrossRef] [PubMed]

18. Guo, R.; Luo, J.; Chang, J.; Rekhtman, N.; Arcila, M.; Drilon, A. MET-dependent solid tumours-molecular diagnosis and targeted
therapy. Nat. Rev. Clin. Oncol. 2020, 17, 569–587. [CrossRef] [PubMed]

19. Shattuck, D.L.; Miller, J.K.; Carraway, K.L., 3rd; Sweeney, C. Met receptor contributes to trastuzumab resistance of Her2-
overexpressing breast cancer cells. Cancer Res. 2008, 68, 1471–1477. [CrossRef]

20. Ancot, F.; Leroy, C.; Muharram, G.; Lefebvre, J.; Vicogne, J.; Lemiere, A.; Kherrouche, Z.; Foveau, B.; Pourtier, A.; Melnyk, O.;
et al. Shedding-generated Met receptor fragments can be routed to either the proteasomal or the lysosomal degradation pathway.
Traffic 2012, 13, 1261–1272. [CrossRef]

21. Pascovici, D.; Handler, D.C.; Wu, J.X.; Haynes, P.A. Multiple testing corrections in quantitative proteomics: A useful but blunt
tool. Proteomics 2016, 16, 2448–2453. [CrossRef] [PubMed]

22. Allen, L.A.; Aderem, A. Protein kinase C regulates MARCKS cycling between the plasma membrane and lysosomes in fibroblasts.
EMBO J. 1995, 14, 1109–1121. [CrossRef] [PubMed]

23. Parra, L.M.; Hartmann, M.; Schubach, S.; Li, Y.; Herrlich, P.; Herrlich, A. Distinct Intracellular Domain Substrate Modifications
Selectively Regulate Ectodomain Cleavage of NRG1 or CD44. Mol. Cell Biol. 2015, 35, 3381–3395. [CrossRef] [PubMed]

24. Zhang, Y.; Xia, M.; Jin, K.; Wang, S.; Wei, H.; Fan, C.; Wu, Y.; Li, X.; Li, X.; Li, G.; et al. Function of the c-Met receptor tyrosine
kinase in carcinogenesis and associated therapeutic opportunities. Mol. Cancer 2018, 17, 45. [CrossRef] [PubMed]

25. Tulasne, D.; Deheuninck, J.; Lourenco, F.C.; Lamballe, F.; Ji, Z.; Leroy, C.; Puchois, E.; Moumen, A.; Maina, F.; Mehlen, P.; et al.
Proapoptotic function of the MET tyrosine kinase receptor through caspase cleavage. Mol. Cell Biol. 2004, 24, 10328–10339.
[CrossRef] [PubMed]

26. Nath, D.; Williamson, N.J.; Jarvis, R.; Murphy, G. Shedding of c-Met is regulated by crosstalk between a G-protein coupled
receptor and the EGF receptor and is mediated by a TIMP-3 sensitive metalloproteinase. J. Cell Sci. 2001, 114, 1213–1220.
[CrossRef]

27. Fernandes, M.; Duplaquet, L.; Tulasne, D. Proteolytic cleavages of MET: The divide-and-conquer strategy of a receptor tyrosine
kinase. BMB Rep. 2019, 52, 239–249. [CrossRef] [PubMed]

28. Garton, K.J.; Gough, P.J.; Blobel, C.P.; Murphy, G.; Greaves, D.R.; Dempsey, P.J.; Raines, E.W. Tumor necrosis factor-alpha-
converting enzyme (ADAM17) mediates the cleavage and shedding of fractalkine (CX3CL1). J. Biol. Chem. 2001, 276, 37993–38001.
[CrossRef]

29. Garton, K.J.; Gough, P.J.; Philalay, J.; Wille, P.T.; Blobel, C.P.; Whitehead, R.H.; Dempsey, P.J.; Raines, E.W. Stimulated shedding of
vascular cell adhesion molecule 1 (VCAM-1) is mediated by tumor necrosis factor-alpha-converting enzyme (ADAM 17). J. Biol.
Chem. 2003, 278, 37459–37464. [CrossRef]

30. Zheng, Y.; Saftig, P.; Hartmann, D.; Blobel, C. Evaluation of the contribution of different ADAMs to tumor necrosis factor alpha
(TNFalpha) shedding and of the function of the TNFalpha ectodomain in ensuring selective stimulated shedding by the TNFalpha
convertase (TACE/ADAM17). J. Biol. Chem. 2004, 279, 42898–42906. [CrossRef]

31. Dang, M.; Dubbin, K.; D’Aiello, A.; Hartmann, M.; Lodish, H.; Herrlich, A. Epidermal growth factor (EGF) ligand release by
substrate-specific a disintegrin and metalloproteases (ADAMs) involves different protein kinase C (PKC) isoenzymes depending
on the stimulus. J. Biol. Chem. 2011, 286, 17704–17713. [CrossRef]

32. Kim, J.; Lilliehook, C.; Dudak, A.; Prox, J.; Saftig, P.; Federoff, H.J.; Lim, S.T. Activity-dependent alpha-cleavage of nectin-1 is
mediated by a disintegrin and metalloprotease 10 (ADAM10). J. Biol. Chem. 2010, 285, 22919–22926. [CrossRef]

https://doi.org/10.1016/j.ebiom.2019.11.037
https://doi.org/10.1016/j.semcancer.2017.04.017
https://doi.org/10.1016/j.cellsig.2015.03.017
https://www.ncbi.nlm.nih.gov/pubmed/25817572
https://doi.org/10.1016/s0006-291x(02)02681-5
https://www.ncbi.nlm.nih.gov/pubmed/12445825
https://doi.org/10.1074/jbc.M110.106435
https://www.ncbi.nlm.nih.gov/pubmed/20554517
https://doi.org/10.1242/jcs.161745
https://www.ncbi.nlm.nih.gov/pubmed/25720379
https://doi.org/10.1016/j.trecan.2017.05.001
https://www.ncbi.nlm.nih.gov/pubmed/28718403
https://doi.org/10.1016/j.bbamcr.2017.07.001
https://www.ncbi.nlm.nih.gov/pubmed/28705384
https://doi.org/10.1016/S0021-9258(17)42099-0
https://www.ncbi.nlm.nih.gov/pubmed/8294430
https://doi.org/10.1038/s41571-020-0377-z
https://www.ncbi.nlm.nih.gov/pubmed/32514147
https://doi.org/10.1158/0008-5472.CAN-07-5962
https://doi.org/10.1111/j.1600-0854.2012.01384.x
https://doi.org/10.1002/pmic.201600044
https://www.ncbi.nlm.nih.gov/pubmed/27461997
https://doi.org/10.1002/j.1460-2075.1995.tb07094.x
https://www.ncbi.nlm.nih.gov/pubmed/7720702
https://doi.org/10.1128/MCB.00500-15
https://www.ncbi.nlm.nih.gov/pubmed/26217011
https://doi.org/10.1186/s12943-018-0796-y
https://www.ncbi.nlm.nih.gov/pubmed/29455668
https://doi.org/10.1128/MCB.24.23.10328-10339.2004
https://www.ncbi.nlm.nih.gov/pubmed/15542841
https://doi.org/10.1242/jcs.114.6.1213
https://doi.org/10.5483/BMBRep.2019.52.4.024
https://www.ncbi.nlm.nih.gov/pubmed/30670153
https://doi.org/10.1074/jbc.M106434200
https://doi.org/10.1074/jbc.M305877200
https://doi.org/10.1074/jbc.M403193200
https://doi.org/10.1074/jbc.M110.187823
https://doi.org/10.1074/jbc.M110.126649


Cells 2024, 13, 982 19 of 20

33. Pasqualon, T.; Pruessmeyer, J.; Jankowski, V.; Babendreyer, A.; Groth, E.; Schumacher, J.; Koenen, A.; Weidenfeld, S.; Schwarz, N.;
Denecke, B.; et al. A cytoplasmic C-terminal fragment of Syndecan-1 is generated by sequential proteolysis and antagonizes
Syndecan-1 dependent lung tumor cell migration. Oncotarget 2015, 6, 31295–31312. [CrossRef] [PubMed]

34. Derksen, P.W.; Keehnen, R.M.; Evers, L.M.; van Oers, M.H.; Spaargaren, M.; Pals, S.T. Cell surface proteoglycan syndecan-
1 mediates hepatocyte growth factor binding and promotes Met signaling in multiple myeloma. Blood 2002, 99, 1405–1410.
[CrossRef]

35. Hay, I.M.; Fearnley, G.W.; Rios, P.; Kohn, M.; Sharpe, H.J.; Deane, J.E. The receptor PTPRU is a redox sensitive pseudophosphatase.
Nat. Commun. 2020, 11, 3219. [CrossRef]

36. Parkhurst, C.N.; Zampieri, N.; Chao, M.V. Nuclear localization of the p75 neurotrophin receptor intracellular domain. J. Biol.
Chem. 2010, 285, 5361–5368. [CrossRef] [PubMed]

37. Fitzgerald, M.L.; Wang, Z.; Park, P.W.; Murphy, G.; Bernfield, M. Shedding of syndecan-1 and -4 ectodomains is regulated by
multiple signaling pathways and mediated by a TIMP-3-sensitive metalloproteinase. J. Cell Biol. 2000, 148, 811–824. [CrossRef]
[PubMed]

38. Pruessmeyer, J.; Martin, C.; Hess, F.M.; Schwarz, N.; Schmidt, S.; Kogel, T.; Hoettecke, N.; Schmidt, B.; Sechi, A.; Uhlig, S.; et al.
A disintegrin and metalloproteinase 17 (ADAM17) mediates inflammation-induced shedding of syndecan-1 and -4 by lung
epithelial cells. J. Biol. Chem. 2010, 285, 555–564. [CrossRef]

39. Cheng, J.; Wu, K.; Armanini, M.; O’Rourke, N.; Dowbenko, D.; Lasky, L.A. A novel protein-tyrosine phosphatase related to the
homotypically adhering kappa and mu receptors. J. Biol. Chem. 1997, 272, 7264–7277. [CrossRef]

40. Hashigasako, A.; Machide, M.; Nakamura, T.; Matsumoto, K.; Nakamura, T. Bi-directional regulation of Ser-985 phosphorylation
of c-met via protein kinase C and protein phosphatase 2A involves c-Met activation and cellular responsiveness to hepatocyte
growth factor. J. Biol. Chem. 2004, 279, 26445–26452. [CrossRef]

41. Peschard, P.; Fournier, T.M.; Lamorte, L.; Naujokas, M.A.; Band, H.; Langdon, W.Y.; Park, M. Mutation of the c-Cbl TKB domain
binding site on the Met receptor tyrosine kinase converts it into a transforming protein. Mol. Cell 2001, 8, 995–1004. [CrossRef]

42. Duplaquet, L.; Leroy, C.; Vinchent, A.; Paget, S.; Lefebvre, J.; Vanden Abeele, F.; Lancel, S.; Giffard, F.; Paumelle, R.; Bidaux, G.;
et al. Control of cell death/survival balance by the MET dependence receptor. Elife 2020, 9, e50041. [CrossRef] [PubMed]

43. Antal, C.E.; Hudson, A.M.; Kang, E.; Zanca, C.; Wirth, C.; Stephenson, N.L.; Trotter, E.W.; Gallegos, L.L.; Miller, C.J.; Furnari, F.B.;
et al. Cancer-associated protein kinase C mutations reveal kinase’s role as tumor suppressor. Cell 2015, 160, 489–502. [CrossRef]
[PubMed]

44. Dowling, C.M.; Phelan, J.; Callender, J.A.; Cathcart, M.C.; Mehigan, B.; McCormick, P.; Dalton, T.; Coffey, J.C.; Newton, A.C.;
O’Sullivan, J.; et al. Protein kinase C beta II suppresses colorectal cancer by regulating IGF-1 mediated cell survival. Oncotarget
2016, 7, 20919–20933. [CrossRef] [PubMed]

45. Bourhill, T.; Narendran, A.; Johnston, R.N. Enzastaurin: A lesson in drug development. Crit. Rev. Oncol. Hematol. 2017, 112, 72–79.
[CrossRef] [PubMed]

46. Hagege, A.; Saada-Bouzid, E.; Ambrosetti, D.; Rastoin, O.; Boyer, J.; He, X.; Rousset, J.; Montemagno, C.; Doyen, J.; Pedeutour,
F.; et al. Targeting of c-MET and AXL by cabozantinib is a potential therapeutic strategy for patients with head and neck cell
carcinoma. Cell Rep. Med. 2022, 3, 100659. [CrossRef] [PubMed]

47. Craig, S.E.; Brady-Kalnay, S.M. Regulation of development and cancer by the R2B subfamily of RPTPs and the implications of
proteolysis. Semin. Cell Dev. Biol. 2015, 37, 108–118. [CrossRef] [PubMed]

48. Takai, Y.; Miyoshi, J.; Ikeda, W.; Ogita, H. Nectins and nectin-like molecules: Roles in contact inhibition of cell movement and
proliferation. Nat. Rev. Mol. Cell Biol. 2008, 9, 603–615. [CrossRef] [PubMed]

49. Hermans, D.; Rodriguez-Mogeda, C.; Kemps, H.; Bronckaers, A.; de Vries, H.E.; Broux, B. Nectins and Nectin-like molecules
drive vascular development and barrier function. Angiogenesis 2023, 26, 349–362. [CrossRef]

50. Honda, T.; Shimizu, K.; Kawakatsu, T.; Yasumi, M.; Shingai, T.; Fukuhara, A.; Ozaki-Kuroda, K.; Irie, K.; Nakanishi, H.; Takai,
Y. Antagonistic and agonistic effects of an extracellular fragment of nectin on formation of E-cadherin-based cell-cell adhesion.
Genes Cells 2003, 8, 51–63. [CrossRef]

51. Truzzi, F.; Marconi, A.; Lotti, R.; Dallaglio, K.; French, L.E.; Hempstead, B.L.; Pincelli, C. Neurotrophins and their receptors
stimulate melanoma cell proliferation and migration. J. Investig. Dermatol. 2008, 128, 2031–2040. [CrossRef] [PubMed]

52. Chakravarthy, R.; Mnich, K.; Gorman, A.M. Nerve growth factor (NGF)-mediated regulation of p75(NTR) expression contributes
to chemotherapeutic resistance in triple negative breast cancer cells. Biochem. Biophys. Res. Commun. 2016, 478, 1541–1547.
[CrossRef] [PubMed]

53. Saltari, A.; Dzung, A.; Quadri, M.; Tiso, N.; Facchinello, N.; Hernandez-Barranco, A.; Garcia-Silva, S.; Nogues, L.; Stoffel, C.I.;
Cheng, P.F.; et al. Specific Activation of the CD271 Intracellular Domain in Combination with Chemotherapy or Targeted Therapy
Inhibits Melanoma Progression. Cancer Res. 2021, 81, 6044–6057. [CrossRef] [PubMed]

54. Szatmari, T.; Dobra, K. The role of syndecan-1 in cellular signaling and its effects on heparan sulfate biosynthesis in mesenchymal
tumors. Front. Oncol. 2013, 3, 310. [CrossRef] [PubMed]

55. Manon-Jensen, T.; Multhaupt, H.A.; Couchman, J.R. Mapping of matrix metalloproteinase cleavage sites on syndecan-1 and
syndecan-4 ectodomains. FEBS J. 2013, 280, 2320–2331. [CrossRef]

https://doi.org/10.18632/oncotarget.5174
https://www.ncbi.nlm.nih.gov/pubmed/26378057
https://doi.org/10.1182/blood.v99.4.1405
https://doi.org/10.1038/s41467-020-17076-w
https://doi.org/10.1074/jbc.M109.045054
https://www.ncbi.nlm.nih.gov/pubmed/20022966
https://doi.org/10.1083/jcb.148.4.811
https://www.ncbi.nlm.nih.gov/pubmed/10684261
https://doi.org/10.1074/jbc.M109.059394
https://doi.org/10.1074/jbc.272.11.7264
https://doi.org/10.1074/jbc.M314254200
https://doi.org/10.1016/s1097-2765(01)00378-1
https://doi.org/10.7554/eLife.50041
https://www.ncbi.nlm.nih.gov/pubmed/32091387
https://doi.org/10.1016/j.cell.2015.01.001
https://www.ncbi.nlm.nih.gov/pubmed/25619690
https://doi.org/10.18632/oncotarget.8062
https://www.ncbi.nlm.nih.gov/pubmed/26989024
https://doi.org/10.1016/j.critrevonc.2017.02.003
https://www.ncbi.nlm.nih.gov/pubmed/28325267
https://doi.org/10.1016/j.xcrm.2022.100659
https://www.ncbi.nlm.nih.gov/pubmed/36130479
https://doi.org/10.1016/j.semcdb.2014.09.004
https://www.ncbi.nlm.nih.gov/pubmed/25223585
https://doi.org/10.1038/nrm2457
https://www.ncbi.nlm.nih.gov/pubmed/18648374
https://doi.org/10.1007/s10456-023-09871-y
https://doi.org/10.1046/j.1365-2443.2003.00616.x
https://doi.org/10.1038/jid.2008.21
https://www.ncbi.nlm.nih.gov/pubmed/18305571
https://doi.org/10.1016/j.bbrc.2016.08.149
https://www.ncbi.nlm.nih.gov/pubmed/27577679
https://doi.org/10.1158/0008-5472.CAN-21-0117
https://www.ncbi.nlm.nih.gov/pubmed/34645608
https://doi.org/10.3389/fonc.2013.00310
https://www.ncbi.nlm.nih.gov/pubmed/24392351
https://doi.org/10.1111/febs.12174


Cells 2024, 13, 982 20 of 20

56. Seidel, C.; Borset, M.; Hjertner, O.; Cao, D.; Abildgaard, N.; Hjorth-Hansen, H.; Sanderson, R.D.; Waage, A.; Sundan, A. High
levels of soluble syndecan-1 in myeloma-derived bone marrow: Modulation of hepatocyte growth factor activity. Blood 2000, 96,
3139–3146. [CrossRef]

57. Guo, S.; Wu, X.; Lei, T.; Zhong, R.; Wang, Y.; Zhang, L.; Zhao, Q.; Huang, Y.; Shi, Y.; Wu, L. The Role and Therapeutic Value of
Syndecan-1 in Cancer Metastasis and Drug Resistance. Front. Cell Dev. Biol. 2021, 9, 784983. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1182/blood.V96.9.3139
https://doi.org/10.3389/fcell.2021.784983

	Introduction 
	Materials 
	Methods 
	Tissue Culture 
	Western Blotting and Quantification of Proteins in Cell Lysates 
	Flow Cytometry 
	ELISA for Quantifying MET-ECD and Syndecan-1 ECD 
	Secretome Proteomic Analysis 
	Nano-LC Mass Spectrometry 
	Proteomic Data Analysis 
	Protein Annotation 
	Statistical Analysis 
	Volcano Plots 

	Results 
	TT Treatment Leads to MARCKS Phosphorylation on S167/170 
	TT Treatment Induces Ser985 Phosphorylation of the MET Receptor 
	Prolonged TT Treatment Reduces Basal Y1234/5 Phosphorylation in the Kinase Domain of the MET Receptor in H357 Cells 
	Does TT Regulate MET Cell Surface Levels and Cleavage? 
	Secretome Analysis of H357 Cell Treated with TT 

	Discussion 
	Early Secretome Targets of TT Treatment Identified by TMT Proteomics 
	Nectin-1 
	NGFRp75/TNFR16 
	PTPRU 
	Syndecan-1 

	Potential Long-Term Implications on Head and Neck Cancer Treatment Strategies 

	References

