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Abstract: Ectodomain shedding is an irreversible process to regulate inter- and intracellular signaling.
Members of the a disintegrin and metalloprotease (ADAM) family are major mediators of ectodomain
shedding. ADAM17 is involved in the processing of multiple substrates including tumor necrosis
factor (TNF) « and EGF receptor ligands. Substrates of ADAM17 are selectively processed depending
on stimulus and cellular context. However, it still remains largely elusive how substrate selectivity of
ADAM]1Y7 is regulated. Tetraspanins (Tspan) are multi-membrane-passing proteins that are involved
in the organization of plasma membrane micro-domains and diverse biological processes. Closely
related members of the Tspan8 subfamily, including CD9, CD81 and Tspan8, are associated with
cancer and metastasis. Here, we show that Tspan8 subfamily members use different strategies to
regulate ADAM17 substrate selectivity. We demonstrate that in particular Tspan8 associates with
both ADAM17 and TNF o« and promotes ADAM17-mediated TNF « release through recruitment of
ADAM]17 into Tspan-enriched micro-domains. Yet, processing of other ADAM17 substrates is not
altered by Tspan8. We, therefore, propose that Tspan8 contributes to tumorigenesis through enhanced
ADAMI17-mediated TNF o release and a resulting increase in tissue inflammation.
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1. Introduction

Limited proteolysis is an irreversible post-translational mechanism to control signal-
ing processes. Proteolytic cleavage of ectodomains of transmembrane protein is termed
“ectodomain shedding” and is involved in both negative and positive regulation of auto-
and paracrine signaling events. Members of the a disintegrin and metalloprotease (ADAM)
family are major mediators of ectodomain shedding. They all share a similar domain
structure and are characterized by an invariant zinc-binding motif within the catalytic sub-
unit. They are synthesized as an inactive pro-form containing the N-terminal pro-domain
that folds back to the catalytic domain. The pro-domain is proteolytically removed in the
Golgi, giving raise to the mature form of ADAMs [1,2]. The two homologues ADAM10
and ADAM17 are the best-characterized members of the family. More than 70 substrates
have been identified for each protease in vitro [1,2] with a partially overlapping substrate
spectrum. While ADAM10 was initially identified as a major sheddase for the Notch re-
ceptors, ADAM17 is a major sheddase for tumor necrosis factor (TNF) «, thereby enabling
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paracrine and systemic TNF o signaling [3,4]. Their disintegrin and membrane-proximal
domains were demonstrated to participate in substrate recognition [5] and activation of
ADAM1Y7 catalytic activity by membrane outer leaflet phosphatidyl serine [6]. However,
the detailed molecular mechanism underlying the regulation of ADAM protease activity
and substrate selectivity still remains elusive. Recently, inactive rhomboid protease family
members (iRhoms) and tetraspanins have emerged as regulators of ADAM proteases [7,8].

Tetraspanins (Tspans) are a large family of small transmembrane proteins that are
evolutionary conserved. To date, 33 members of the Tspan family have been identified
in humans and can be grouped into subfamilies based on sequence clustering. Tspans
can be found in almost all cell and tissue types. As the name indicates, Tspans span the
plasma membrane four times with both N- and C-terminus at the cytoplasmic side [9].
As a consequence, one small extracellular loop (SEL) between transmembrane region 1
and 2 and one large extracellular loop (LEL) between transmembrane region 3 and 4,
respectively, is formed. The LEL consists of a constant region that is thought to confer
dimerization with tetraspanins (homo- and hetero-dimerization) and a variable region that
is supposedly required for interactions with non-tetraspanin partner proteins [9]. Through
their ability to interact with one another and with partner proteins, Tspans have the ability
to create large dynamic interacting networks within the membrane, also often referred
to as the tetraspanin web. These interactions are modulated by membrane lipids such
as cholesterol and gangliosides [10-12]. Tetraspanins associate with detergent-resistant
membranes, as they were shown to float in sucrose gradients after cell lysis, indicating
that tetraspanins assemble tetraspanin-enriched micro-domains (TEMs). Albeit TEMs
and lipid rafts have been considered as seperate membrane micro-domains, it cannot be
excluded that they cooperate [9]. Tspans have been shown to interact with a plethora of
transmembrane proteins, including integrins, cell adhesion molecules and receptor tyrosine
kinases. It is, therefore, not surprising that Tspans are involved in multiple biological
processes ranging from important functions in the immune system and infectious diseases
to pro- and anti-tumorigenic activities. Several Tspans, including Tspan2, Tspan8 (also
known as CO-029 or TM4SF3), CD9 and CD81, all members of the same subfamily [13],
from here on referred to as Tspan8 subfamily and distinct from the TspanC8 subfamily,
were associated with tumorigenesis [14-17] and metastasis [16]. Depending on the cellular
context, CD9 was associated with pro- and anti-tumorigenic activities [16]. In contrast,
Tspan8 was demonstrated to correlate with metastasis of hepatocellular carcinoma [15],
melanoma [18,19] and pancreatic adenocarcinoma [20,21]. Albeit Tspan8 has been linked
to formation of tumor exosomes [21] and association of Tspan8 with integrins and cell
adhesion molecules may facilitate cancer cell motility, the underlying molecular mechanism
linking Tspan8 to cancer metastasis is still unclear [16].

Over the past few years, evidence has increased that Tspans are involved in the reg-
ulation of transmembrane metalloproteases. In particular, ADAM10 was demonstrated
to interact with all members of the TspanC8 family, which is characterized by the pres-
ence of eight cysteine residues in the LEL. We and others demonstrated that TspanC8
members promote trafficking of ADAM10 from the endoplasmic reticulum to the plasma
membrane [22-25]. A similar role was proposed for Tspan12 [26], while Tspan3 might be
involved in stabilizing ADAM10 at the plasma membrane [27].

ADAMI0 has furthermore been shown to constitutively associate with the tetraspanins
CD9, CD81 and CD82. Engagement of these tetraspanins by specific antibodies redis-
tributed ADAM10 into tetraspanin-enriched membrane patches correlating with the induc-
tion of ADAM10-mediated TNF «-shedding on B lymphoid cells [28].

Interactions of ADAM17 with Tspans are less well described. CD9 was demonstrated
to interact with ADAM17 on leukocytes, keratinocytes and endothelial cells [29-32]. In
leukocytes and endothelial cells, interaction of ADAM17 with CD9 impaired TNF «-
shedding [7,28].

ADAM17 is found to be overexpressed in a large set of tumors, including breast, colon
and liver cancer, and has been linked to autocrine activation of epidermal growth factor
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receptor (EGFR) on tumor cells [33]. Furthermore, ADAM17 is able to promote tumor
growth via induction of inflammatory processes, such as TNF « signaling and interleukin
6 (IL-6) trans-signaling. TNF « is released from the tumor micro-environment, but also
directly from tumor cells [34]. ADAM17 can generate a soluble form of the IL-6 receptor
(sIL-6R) from cells that express the membrane-bound IL-6R. On target cells, the IL-6/sIL-
6R complex can bind to the signal-transducing subunit gp130 and induce intracellular
signaling in the absence of membrane-bound IL-6R [35]. This process is termed IL-6 trans-
signaling and we and others demonstrated that this process is crucial for tumorigenesis of
several cancer entities, including liver [36] and colon cancer [37].

Given the widespread overexpression of both ADAM17 and Tspan8 subfamily mem-
bers in different tumor types, we assumed a functional interplay of these proteins in
tumor cells. Here, we show that ADAM17 associates with Tspans CD81 and Tspan8 at
the plasma membrane. However, all three investigated Tspans (CD9, CD81 and Tspan8)
regulate ADAM17 substrate availability by different mechanisms. In particular, Tspan8
promotes the ADAM17-mediated release of TNF & from HEK293T and colon cancer cells.
We demonstrate that through the recruitment of ADAM17 into tetraspanin-enriched micro-
domains, and mutual binding to ADAM17 and TNF «, Tspan8 enhances TNF «-shedding.
Therefore, Tspan8 might promote tumorigenesis via an increase in ADAM17-mediated pro-
inflammatory signaling. Interference with Tspan8-ADAM17 interaction might represent
a novel approach to selectively target pro-inflammatory and pro-tumorigenic ADAM17
substrate release without affecting other ADAM17 substrates.

2. Materials and Methods
2.1. Cell Culture and Transfection

HEK?293T, HuH7, HeLa, MDA-MB231 and Lox cells were maintained in DMEM
(Sigma-Aldrich, Steinheim, Germany) supplemented with 10% FCS (Pan Biotech, Aiden-
bach, Germany). HT29, HepG2 and IGROV1 cells were maintained in RPMI (Sigma-Aldrich,
Steinheim, Germany) supplemented with 10% FCS. All cells were cultured at 37 °C, 5%
CO; and 95% relative humidity.

2.2. Generation of Stable Inducible Tetraspanin-Overexpressing HEK293T Cell Lines

In order to allow tetracyclin-inducible expression of Tspans, cDNAs coding for myc-
tagged Tspan8, HA-tagged CD9 or HA-tagged CD81 were cloned via Agel/Mlul into
pTRIPZ vector, replacing the TurboRFP cassette and shRN Amir insertion site. HEK293T
were transfected with the respective expression constructs using linear polyethylenimine
(PEL Polysciences, Hirschberg, Germany) and selected with 2 pg/mL puromycin (Invivo-
Gen, Toulouse, France). Tetraspanin expression was induced by the addition of 80 ng/mL
doxycycline (Sigma-Aldrich, Steinheim, Germany).

2.3. Generation of Tspan8-Deficient Cells

sgRNAs targeting exon 4 of the human TSPANS gene, the first completely protein-
encoding exon in the gene, were designed with the Zhang lab guide design resources
(http:/ /tools.genome-engineering.org; accessed on 16 February 2016). Two different sgR-
NAs with lowest expected off-target effects were selected and cloned into pLentiCRISPRv2
as previously described [38]. HT29 cells were transfected using PEI with sgRNA constructs
and subsequently selected with 2 pug/mL puromycin. Subsequently, single-cell clones were
generated by limited dilution and tested for Tspan8 deficiency by immunoblotting.

2.4. Flow Cytometry

HT29 cells grown to confluency were detached using citric saline buffer, and washed
3x in PBS (Sigma-Aldrich, Steinheim, Germany). Cells were then incubated in blocking
buffer (PBS + 1%BSA + 10%FCS) for 10 min on ice. After washing 1x in PBS, cells were
incubated on ice for 30 min in antibody staining solution containing anti-Tspan antibodies
and live/dead stain. Cells were subsequently washed 2x in PBS and analyzed on a BD
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FACSCanto II flow cytometer (BD Biosciences, Heidelberg, Germany). Data were analyzed
using BD FlowJo v10 software (BD Biosciences, Ashland, OR, USA).

2.5. Exosome Isolation

Exosomes were isolated from cryopreserved human serum by differential centrifuga-
tion at 10,000 g in a table top centrifuge and at 120,000 x g in a Beckman ultracentrifuge
(Beckman Coulter, Krefeld, Germany). All centrifugation steps were performed at 4 °C. Ex-
osome pellets were resuspended in PBS and intact vesicles were verified by light scattering
and subsequently boiled in 2x Lammli buffer.

2.6. Gaussia Princeps Luciferase-Based Protein Complementation Assay

Luciferase complementation assay was performed as described previously [39]. Briefly,
HEK293T cells were seeded at a density of 1 x 10° cells/mL in 500 uL/well of a 24-well
plate. The following day, cells were transfected with plasmid DNA. Cells always received
a combination of two plasmids, one coding for the C-terminal part of Gaussia princeps
luciferase and one coding for the N-terminal part of Gaussia princeps luciferase, each fused
to a protein of interest or as an empty control. On the second day after transfection, cells
were washed, lysed in 100 pL passive lysis buffer (#E1941, Promega, Mannheim, Germany)
for 15 min at RT and then transferred, in triplicates of 20 pL each, to a white 96-well
bioluminescence plate. Coelenterazine was added and bioluminescence was detected using
a Glomax plate injector system (Promega, Mannheim, Germany). Normalized luciferase
ratio (NLR) was calculated as described in [39]. An NLR above 3.5 was considered to
indicate a specific interaction. All experiments were at least 1 = 3.

2.7. AP-Shedding Assay

Shedding of alkaline phosphatase (AP)-tagged substrates was carried out as specified
by Inoue et al. [40]. In short, stably transfected or parental HEK293T cells were treated
with doxycycline and transiently transfected with plasmids encoding AP-tagged ADAM17
substrates (TGFx, TNF«, IL-6R and IL-1RII). Cells were then stimulated with 500 nM
phorbol 12-myristate 13-acetate (PMA, InvivoGen, Toulouse, France) to induce ectodomain
shedding. In a variation of the experimental setup, histamine-stimulated shedding was
investigated. To this end, cells were additionally transiently transfected with the histamine
H 1 receptor and were stimulated with 10 uM histamine (Sigma-Aldrich, Steinheim, Ger-
many) instead of PMA as previously described [40]. AP activities in the cell fraction and
in the supernatant were measured by conversion of colorless para-nitrophenolphosphate
substrate to yellow para-nitrophenol (Sigma-Aldrich, Steinheim, Germany) directly after
substrate addition and one hour after substrate addition. To determine the relative amount
of shed AP-substrate in comparison to the unstimulated controls (AP-release), the following
calculations were used:

AOD405 = OD4051;, — OD405;,

AP-substrate in conditioned media (CM) (%) = AOD405A(C)1]\D/I£)28]ISA405 Cell

AP-release (%) = AP-substrate in CM under stimulated conditions — AP-substrate in
CM under vehicle-stimulated conditions

2.8. ADAM17 Cell Surface Activity Assay

Cell surface activity of ADAM17 in HEK293T cells was measured using quenched flu-
orescent substrate peptides PEPDAB014 (BioZyme Inc., Apex, NC, USA). 1 x 10° HEK293T
cells were seeded into 6 cm-dishes and transfected with expression plasmids coding for the
indicated tetraspanin. Then, 36 h post-transfection, cells were detached from the plate and
seeded into a poly-L-Lysine-coated 96-well-plate at a concentration of 3.5 x 10* cells per
well. After attachment, cells were washed with PBS and incubated with 3 uM GI254023X
(Sigma-Aldrich, Steinheim, Germany), 3 uM GW280264X (Iris Biotech, Marktredwitz, Ger-
many) or 5 pM Marimastat (Sigma-Aldrich, Steinheim, Germany) for 30 min at 37 °C,
as indicated, before the addition of 5 uM substrate peptide. Substrate peptide cleavage
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was measured in a 96-well-fluorescence-plate-reader (inﬁnite® 200Pro, Tecan, Mannedorf,
Switzerland) with excitation at 485 nm and emission at 535 nm in intervals of 30 s over two
hours. The linear increase in fluorescence intensity was considered to be proportional to
protease activity.

2.9. Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA Kkits for sTNFo (DY-210) and sTNER (DY-225) were obtained from R&D Systems
(Wiesbaden, Germany) and the assay were performed from cell supernatants according to
the manufacturer’s instructions.

2.10. Immunofluorescence

Cells were grown on poly-L-lysine-coated cover slips and fixed in 4% paraformaldehyde
(Sigma-Aldrich, Steinheim, Germany) in PBS. Cells were permeabilized in 0.2% saponin
(Sigma-Alrdrich, Steinheim, Germany) in PBS and quenched in 0.12% glycin and 0.2% saponin
in PBS. Cells were incubated with primary antibodies (Supplementary Table S2) overnight at
4 °C and with Alexa Fluor® 488-, Alexa Fluor® 594- or Alexa Fluor® 647-labeled secondary
antibodies (1:200, Life Technologies, Darmstadt, Germany) for 1 h at room temperature.
Coverslips were mounted with MOWIOL/DABCO with 1 ng/mL DAPI (Life Technologies,
Darmstadt, Germany). Cells were then analyzed on an Olympus FluoView 1000 confocal
microscope (Olympus, Hamburg, Germany). Co-localization was quantified by Mander’s
co-localization coefficients determined by the JACoP plugin of Image] [41].

2.11. Red Fluorescent Protein Dimerization Assay

Generation of destination vectors with RFP-A and RFP-B located 3’ of the Gateway
recombination site has been previously described [42]. HEK293T cells were seeded at a
density of 2.5 x 10* cells/mL in p-dishes (Ibidi, Grifelfing, Germany). The following
day, cells were transfected with plasmid DNA. Cells always received a combination of
two plasmids, one coding for RFP-A and one coding for RFP-B, each fused to a protein of
interest or as an empty control. On the second day after transfection, cells were imaged on
an Olympus FluoView 1000 confocal microscope.

2.12. Fluorescence Energy-Transfer (FRET) Microscopy

HEK293T cells were seeded in poly-L-lysine coated 8-well p-slides (Ibidi). On the fol-
lowing day, cells were transfected with expression constructs coding for Tetraspanin-CyPet
fusions as FRET donor and ADAM17-YPet or TNF«x-YPet fusions as FRET acceptors using
linear PEI. Control wells contained single transfections. Live cell fluorescent signals were
recorded on an Olympus FluoView 1000 confocal microscope. Donor spectral bleed through
(DSBT) and acceptor spectral bleed through (ASBT) were determined and subtracted from
the recorded FRET signal, resulting in the precision FRET (pFRET) signal. FRET efficiency
was calculated as with Qd and Qa as the quantum yield of donor and acceptor respectively
and Ydd and Yaa as the collection efficiencies of the respective channel.

2.13. Stimulated Emission Depletion (STED) Super-Resolution Microscopy

Parental HT29 and Tspan8-deficient HT29 cells were grown on cover slips, fixed and
stained as described above. AF594- and StarRed-labeled secondary antibodies (Supplemen-
tary Table S3) were used. Cover slips were mounted on glass slides and cell were imaged
on a Leica DMi8 inverted fluorescent microscope equipped with an Abberior STEDYCON
(Abberior, Gottingen, Germany) instrument with a STED depletion wavelength at 775 nm.
Images were processed using Image] 1.52.

2.14. Sucrose Gradient Centrifugation

HT?29 cells were lysed in TNE (25 mM Tris, 150 mM NaCl, 5 mM EDTA, protease
inhibitors) containing either 1% Triton X-100 or 1% Brij-98. Sucrose gradient preparation,
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centrifugation and analysis of the corresponding fractions were performed as described
previously [42,43].

2.15. Co-Immunoprecipitation Experiments

Cells were stimulated for 30 min with either 200 nM phorbol 12-myristate 13-acetate
(PMA) or 1 pg/mL lipopolysaccharide (LPS, InvivoGen, Toulouse, France) and subse-
quently lysed for 15 min on ice in lysis buffer containing either Brij97 or digitonin (both
Sigma-Aldrich, Steinheim, Germany). A total of 1 mg protein lysate was precleared with
sepharose beads for 1 h at 4 °C and then incubated with primary antibody at 4 °C and
constant agitation overnight. Protein complexes were isolated with protein G-agarose and
subjected to SDS-PAGE and immunoblotting.

2.16. SDS-PAGE and Immunoblotting

Samples were lysed in RIPA buffer supplied with 50 mM NaF, protease and phos-
phatase inhibitors. Proteins were separated by electrophoresis on 10% SDS gels and
transferred to PVDF or nitrocellulose membranes. Membranes were incubated with
primary antibodies (Supplementary Table S2) overnight at 4 °C and with horseradish
peroxidase-conjugated secondary antibodies at room temperature for 1 h. An ECL sub-
strate kit was used for detection according to manufacturer’s instructions (Thermo Scientific,
St. Leon-Rot, Germany).

2.17. Molecular Modeling

Due to the unavailability of CD9 and Tspan8 structure coordinate files, a model was
generated using the structure coordinates of CD81 [44] (pdb entry: 5TCX) as template. Mod-
eling was performed using the MODELLER interface of the UCSF Chimera package [45].

2.18. Gene Expression Meta-Analysis

RNA sequencing data were retrieved from The Cancer Genome Atlas database [46]
using the RTCGA R package [47]. Data were processed using R 3.6.1 and the ggpubr R
package [48] using the built-in Pearson linear correlation function. All data processing
was performed from within RStudio ver. 1.1.456 software (RStudio Team (2020). RStudio:
Integrated Development for R. RStudio, PBC, Boston, MA, USA URL http://www.rstudio.
com, accessed on 14 November 2019).

2.19. Statistical Analysis

Data are represented as mean + s.e.m. Normal distribution of all experimental data
was tested using a Shapiro-Wilk test. Comparisons between two groups were performed
by applying the Student’s t-test and if not normally distributed using the Mann-Whitney
U test. For normalized samples, a significant deviation from 1 was tested using the one-
sample Student’s ¢-test test. Comparisons between multiple groups were performed by
applying one-way ANOVA with Bonferroni’s post-hoc test or if samples were not normally
distributed with Kruskal-Wallis using Dunn’s post-hoc test. A p value < 0.05 was considered
statistically significant. All statistical analysis were performed using R or GraphPad Prism
software version 5 and 7 (GraphPad Software, San Diego, California USA)).

3. Results
3.1. Tetraspanins CD9, CD81 and Tspan8 Are Co-Expressed with ADAM17 in Tumor Cells

The Tspan8 subfamily comprises the members Tspan2, Tspan8, CD9 and CD81 [13].
We focused our analysis on the members Tspan8, CD9 and CD81, which were previously
associated with pro-tumorigenic activities [16]. In silico assessment of transcriptomic data
within the cancer genome atlas (TCGA) database indicated high expression of CD9 and
CD81 in all analyzed tumor sets, while expression of TSPANS was elevated in particular in
hepatocellular carcinoma and colonic adenocarcinoma (Figure 1A). Expression of ADAM10
and ADAM17 was elevated in all tumor sets analyzed (Figure 1A). We did not find strong
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correlations between ADAM17 expression and the expression of Tspan8 family members
(Figure S1IA-C).
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Figure 1. Expression of Tspan8 subfamily members and ADAMs in tumor cells. (A) mRNA expression
of Tspan8, CD9 and CD81 is enhanced particularly in colonic adenocarcinoma, while expression of
ADAMI10 and ADAM17 can be detected in all tumor tissues analyzed. Expression data were retrieved
from The Cancer Genome Atlas (TCGA). (B) Expression of Tspan8, CD9 and CD81 in the indicated
tumor cell lines as assessed by flow cytometry. Dotted lines indicate unstained control. (C) Analysis
of the indicated tumor cell lines for expression of ADAM10 and ADAM17 using SDS-PAGE and
immunoblotting. (D) ADAM17 and Tspan8 co-localize at the cell surface of HT29 colon carcinoma cell
line as assessed by immunofluorescence. (E) ADAMI17 is enhanced in CD9+ exosomes isolated from
the serum of patients suffering from colorectal cancer (CRC). Shown is the immunoblot of exosome
lysates (left panel) and the densitometric quantification (right panel). HD: healthy donor, black filled
arrow heads: ADAM10/ADAM17, pro-form, black open arrow heads: ADAM10/ADAM17 mature
form. Data are represented as mean =+ s.e.m., n = 3 independent experiments (C), One-way ANOVA
on ranks with Dunn’s post-hoc test (E).

We analyzed expression of Tspans and ADAMs in selected tumor cell lines by flow
cytometry and immunoblotting, respectively. High expression of Tspan8 was restricted
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to the colon carcinoma cell line HT29, while low to medium expression was detectable
in IGROV-1, LOX and Huh?7 (Figure 1B), reflecting the cancer genome data (Figure 1A).
Expression of CD9 and CD81 was detectable in almost all cell lines (Figure 1B). Both
ADAM10 and ADAM17 were expressed in all cell lines analyzed (Figure 1C). In the breast
cancer cell line MDA-MB231, only weak ADAM17 was detected. Expression of ADAM10
was most pronounced in the hepatoma cell line HepG2 and the colon carcinoma cell line
HT?29. The pro-form of ADAM17 was present in all cell lines, while the mature form of
ADAM17 was most strongly detectable in HepG2 and HT29 cells (Figure 1C).

Given the strong expression of ADAM17 and Tspan8 in HT29, we assumed a functional
association of both proteins. Using immunofluorescent staining, we confirmed that the
two proteins co-localized at the plasma membrane of HT29 cells (Figure 1D). Interestingly,
ADAM17 protein levels were slightly, but non-significantly increased in exosomes isolated
from peripheral blood of a small cohort of patients suffering from colorectal carcinoma
(CRC). ADAM17 protein levels in exosomes were even higher in patients with advanced
stage CRC (Figure 1E). Taken together, Tspan8 subfamily members and ADAM17 are
co-expressed and potentially functionally linked in different tumor cells.

3.2. Tspan8 Physically Interacts with ADAM17 at the Plasma Membrane

We used different approaches to investigate a potential physical interaction between
ADAM17 and Tspan8 family members. Using a split-luciferase complementation assay [39]
we detected strong interaction of ADAM17 with Tspan8 and to a lesser extent with CD81,
but not with CD9 when overexpressed in HEK293T cells (Figure 2A). We generated fusion
constructs of ADAM17 and Tspans with the FRET-optimized fluorescent proteins YPet and
CyPet [49], respectively, and expressed these constructs in HEK293T cells. We performed
FRET microscopy on these cells and detected Tspan8/ADAMI17 interaction in a perinuclear
compartment, but most prominently at the plasma membrane (Figure 2B). Similar results
were obtained in ADAM10/ADAM17-deficient HEK293T cells (Figure S2A). In order to
confirm these result, we used a previously described RFP hetero-dimerization assay in
transiently transfected HEK293T cells [50]. Proteins of interest were fused to fluorescently
dim monomeric RFP variants. Upon protein—protein interaction, a fluorescently bright RFP
hetero-dimer was restored (Figure 2C). We detected strong homotypic Tspan§ interaction
exclusively in punctate structures of the plasma membrane (Figure S2B), consistent with
the establishment of TEMs. These structures partially overlapped with FITC-labeled
cholera toxin B (CtxB) that binds to membrane micro-domains enriched in cholesterol
and sphingolipids [51]. We confirmed strong interaction of Tspan8 to ADAM17 at the
plasma membrane using RFP hetero-dimerization assay, while intracellular interaction
was less pronounced (Figures 2C and S2C). Efficiency of the assay to detect intracellular
interactions was confirmed by the detection of the previously described Tspan15/ADAM10
interaction [24] at endomembranes (Figure S2C).

In order to assess if Tspan8/ADAM17 interaction also occurs under endogenous
conditions, we isolated Tspan8 by immunoprecipitation from HT29 cells. In order to dis-
tinguish between direct association and secondary association, we used lysis conditions
with Digitonin to disrupt secondary interactions or with Brij97 to preserve the tetraspanin-
web [42,52]. In particular, the mature form of ADAM17 co-immunoprecipitated with Tspan8
under both lysis conditions (Figure 2D,E), consistent with a predominant direct interaction
at the plasma membrane. The interaction was independent from exogenous stimulation
of ADAM17 activity e.g., with phorbol 12-myristate 13-acetate (PMA) or lipopolysac-
charide (LPS) (Figure 2E), suggesting that Tspan8/ADAM17 interaction is uncoupled
from ADAM17 activity. Interestingly, $-actin also co-immunoprecipitated with Tspan8
(Figure 2D,E). Using fluorescent live cell microscopy of HEK293T cells expressing CyPet-
fused Tspan8, we observed that Tspan8 co-localized with cortical filamentous actin, stained
with LifeAct-mCherry (Figure 2F). This is consistent with previous studies that reported
interaction of the actin cytoskeleton with TEMs [52].
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Figure 2. Tspan8 associates with ADAM17 predominantly at the plasma membrane. (A) Principle
of split-luciferase assay. NLR denotes normalized luciferase ratio. ADAM17 specifically interacts
with Tspan8 and CD81 but not with CD9 in overexpressing HEK293T cells, as assessed by split-
luciferase assay. (B) Interaction of ADAM17 and Tspan8 can be detected at the plasma membrane
and in perinuclear compartments using FRET microscopy of HEK293T cells expressing the indicated
fusions of ADAM17 or Tspans with the indicated fluorescent proteins. (C) RFP heterodimerization
assay confirms ADAM17-Tspan8 interaction at the plasma membrane in transfected HEK293T cells.
(D) Endogenous ADAM17 co-immunoprecipitates with endogenous Tspan8 in HT29 colon carcinoma
cells. digit.: digitonin (E) Interaction of ADAM17 with Tspan8 is independent of ADAM17 activation.
HT29 were stimulated with 1 pg/mL LPS or 200 nM PMA and Tspan8 was isolated by immunopre-
cipitation and analyzed by SDS-PAGE for co-immunoprecipitating ADAM17. (F) Overexpression of
CyPet-fused Tspan8 and mCherry-fused B-actin (LifeAct-mCherry) confirms co-localization of actin
filaments and Tspan8 at the plasma membrane. Black filled arrow heads: ADAM17, pro-form, black
open arrow heads: ADAM17 mature form. Data are represented as mean =+ s.e.m. n = 3 independent
experiments (A,B), * p < 0.05, ** p < 0.01, *** p < 0.001, Kruskal-Wallis with Dunn’s post-hoc test (B).
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Taken together, these data indicate that ADAM17 is physically associated with Tspans,
predominantly at the plasma membrane.

3.3. Tetraspanins CD9, CD81 and Tspan8 Alter Substrate Specificity of ADAM17

We hypothesized that interaction of ADAM17 with Tspans alters its molecular function
and potentially regulates substrate processing. We, therefore, assessed ADAM17 catalytic
activity and its ability to cleave substrate proteins. We generated HEK293T cells stably
expressing Tspan8 family members in a tetracyclin-inducible manner (Figure S3A). It is
important to note that maturation of ADAM17 was not altered by co-expression of Tspan8
subfamily members (Figure S3B,C). We then used a TGF «-based quenched fluorogenic
substrate peptide to analyze catalytic activity of ADAM17 at the plasma membrane of
Tspan-expressing HEK293T cells (Figure 3A). Overexpression of CD9, as well as CD81 but
not Tspan8, increased plasma membrane enzymatic activity (Figure 3B). Since the substrate
peptide can be cleaved by both ADAM10 and ADAM17, we used specific inhibitors to
determine the protease responsible for increased substrate cleavage. This increase was
similarly impaired in the presence of the ADAM10-specific inhibitor GI254023X and the
dual-specific ADAM10/ADAM17 inhibitor GW280264X, suggesting that CD9 and CD81
enhanced ADAMI0 catalytic activity, while the catalytic activity of ADAM17 was not
increased by either of the Tspans analyzed.

We next assessed ADAM17 shedding activity using selected ADAM17 substrates with
an alkaline phosphatase (AP) tag at the extracellular domain. We chose substrates that were
expressed in the tumor subsets previously analyzed for Tetraspanin and ADAM expression
(Figure 54). HEK293T cells inducible for tetraspanin expression were transiently transfected
with the AP-fused ADAM17 substrates. Cells were either stimulated with PMA or cells
were additionally co-transfected with histamine 1-receptor (H1R) and stimulated with
10 uM histamine, to achieve a more physiological shedding stimulus via a G protein-
coupled receptor (GPCR) [40]. Relative AP activity was subsequently determined in the
supernatant and on the cell surface 60 min after stimulation (Figure 3C).

Shedding activity was subsequently determined as previously published [40]. Pro-
teolytic release of the epidermal growth factor receptor ligand transforming growth fac-
tor (TGF) « was not significantly influenced by the overexpression of either one of the
Tspans. Shedding of tumor necrosis factor (TNF) o, however, was altered by the over-
expression of all three Tspans. While CD9 and CD81 decreased TNF « shedding, it was
increased in the presence of Tspan8 after both PMA- and histamine-stimulation. Release of
interleukin 6 receptor (IL-6R) and interleukin 1 receptor 2 (IL-1RII) was significantly ele-
vated upon overexpression of CD9 or CD81, respectively, only after histamine-stimulation
(Figure 3D,E). Overexpression of Tspan8 lowered histamine-induced shedding of IL-1RII
(Figure 3E). The increase in TNF «-shedding in the presence of Tspan8 was lost in ADAM17-
/- HEK293T cells, confirming that the observed effect is ADAM17-specific (Figure 3F). These
data indicate that Tspans influence substrate specificity of ADAM17-mediated proteolytic
ectodomain release.
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Figure 3. ADAM17 substrate shedding is selectively regulated by Tspan8 subfamily members.
(A) Schematic of cell surface ADAMI17 activity assay using a quenched fluorogenic peptide.
(B) Cell surface enzymatic activity of ADAM17 is unaltered in the presence of CD9, CD81 or Tspan8,
while cell surface enzymatic activity of ADAMIO is enhanced in the presence of CD9 or CD81.
(C) Schematic of AP-shedding assay in HEK293T cells. Adapted from [40] (D) PMA-stimulated
TNF«-shedding is enhanced in HEK293T cells overexpressing Tspan8 but impaired in HEK293T
cells overexpressing CD9 or CD81. (E) ADAM17 substrate shedding is differentially regulated
by Tspans in HEK293T cells overexpressing CD9, CD81 or Tspan8. Stable HEK293T cells were trans-
fected with a plasmid encoding histamine 1 receptor and cells were stimulated with 10 uM histamine.
(F) Tspan8-mediated increase in TNFx-shedding is dependent on ADAM17. Left panel: immunoblot
of cell lysates using the indicated antibodies; right panel: TNF«x release as assessed by ELISA.
(G) Generation of Tspan8-deficient HT29 cells by CRISPR/Cas9 technology. Loss of Tspan8 was assessed
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by immunofluorescent staining. (H) Expression of CD9 and CD8]1 is barely altered in Tspan8-deficient
HT29 cells as assessed by flow cytometry. (I) ADAM17-mediated TNF« but not TNFR1 shedding
is reduced in Tspan8-deficient HT29 cells. Parental or Tspan8-deficient HT29 cells were stimulated
with IL1f and proteolytic release of TNFx and TNFR1 was assessed by ELISA. Stimulated release
of TNFx and constitutive release of TNFR1 is impaired by the dual-specific ADAM10/ADAM17
inhibitor GW280264X but not the ADAM10-specific inhibitor GI254023X. Black filled arrow heads:
ADAM]17 pro-form, black open arrow heads: ADAM17 mature form. Data are represented as
mean + s.em., n = 2—4 (B), n = 3-7 (D), n = 3-9 (E), n = 3 (F), n = 5-7 (H) independent experi-
ments, * p < 0.05, ** p < 0.01, *** p < 0.001, Student’s t-test (B,D,E,H), one-sample Student’s t-test
(H), one-way ANOVA with Bonferroni’s post-hoc test (F).

Given the pronounced effect of Tspan8 on TNF «-shedding, we sought to explore the
role of Tspan8 on ADAM17 substrate selectivity under endogenous conditions. To this end,
we generated Tspan8-deficient HT29 cells using CRISPR/Cas9 technology by targeting
exon 4 of human TSPANS (Figure S5A). We observed a significant Tspan8 down-regulation
in targeted HT29 cell pools (Figure S5B). Single cell clones displayed a complete knock-out
and were used for further analysis (Figure 3G-I and Figure S5C). We did not observe
morphological differences between parental or Tspan8-deficient HT29 cells, nor did we
detect changes in ADAM17 maturation or expression upon deletion of Tspan8 independent
of the cell line (Figures S3C and S6A,B). We observed only minor changes in surface levels
of CD9 and CD81 in Tspan8-deficient cells (Figure 3H). In order to analyze the effect of
Tspan8-deficiency on ADAM17-mediated TNF o shedding, we stimulated HT29 with IL-1/3
to induce TNF « secretion as previously described [53]. IL-1[3-dependent increase in p65
and p38 phosphorylation 15 min after stimulation was not altered in the absence of Tspan8
(Figure S6A). Furthermore, IL-13 downstream signaling was not influenced by inhibition
of neither ADAM10 nor ADAM17 via GI254023X and GW280264X, respectively (Figure
S6A). Consistent with the results obtained with HEK293T cells, Tspan8-deficiency led to a
significant decrease in TNF « shedding, while proteolytic release of TNF receptor 1 (TNFR1)
remained unchanged (Figure 3H). Inhibition with the ADAM10/17 dual-specific inhibitor
GW280263X but not with the ADAM10-specific inhibitor GI254023X-impaired release of
TNF o and TNFR1, indicating that in HT29 cells, both proteins are proteolytically released
by ADAM17 (Figure 3I).

Taken together, we identified Tspan8 subfamily members as mediators of ADAM17
substrate selectivity.

3.4. Tetraspanins CD9 and Tspan8 Associate with TNFu at Different Subcellular Compartments

Given the pronounced effect of Tspan8 subfamily members on proteolytic TNF o re-
lease, we hypothesized that interaction of Tspans with TNF a might regulate its availability
for proteolytic release. We, therefore, assessed co-localization of TNF o with Tspans in trans-
fected HEK293T cells. CD9 displayed a pronounced co-localization with TNF « exclusively
in a perinuclear region. In these cells, neither CD9 nor TNFo were present at the plasma
membrane, suggesting that CD9 retains TNF « in perinuclear compartments (Figure 4A).
Both CD81 and Tspan8 were predominantly localized at the plasma membrane, but to some
extent also present at endomembranes. While Tspan8 displayed co-localization with TNF
o, we did not detect an overlap of CD81 and TNF « signals (Figure 4A). In order to assess
physical interaction, we performed FRET microscopy using HEK293T cells transfected
with Tspans fused to CyPet and TNFa-YPet. While CD9 was predominantly localized
perinuclearly, CD81 and Tspan8 were mostly found at the plasma membrane. We detected
FRET signals for Tspan8/TNF « and CD9/TNF « interaction, but not for CD81/TNF «.
Both Tspan8 and CD9 associated with TNF o in a perinuclear region. Additionally, Tspan8
displayed interaction with TNF o at the plasma membrane (Figure 4B).
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Figure 4. Tspan8 and CD9 interact with TNFx. (A) TNFa co-localizes with CD9 and Tspan8 at
different subcellular compartments in transfected HEK293T cells as assessed by immunofluorescence.
(B) Specific interaction of TNFx with the indicated Tspans in transfected HEK293T cells was assessed
by FRET microscopy. Data are represented as mean + s.e.m. n = 9 HPF images (A), n = 3 independent
experiments (A,B), * p<0.05, ** p < 0.01, Kruskal-Wallis with Dunn’s post-hoc test (B).

Taken together, our data indicate that while CD9 regulates TNFa shedding through
retention in a perinuclear compartment, Tspan8 might enhance TNF « processing through
dual interaction with ADAM17 and TNF « at the plasma membrane.

3.5. Tspan8 Promotes ADAM17-Mediated TNF w Processing through Recruitment of ADAM17 to
Tetraspanin-Enriched Micro-Domains (TEMs)

Using stimulated emission depletion (STED) super-resolution microscopy, we ob-
served co-localization of Tspan8 and ADAM17 but also Tspan8 and TNF « in membrane
patches that might represent TEMs (Figure 5A, upper panel). In line with this assumption,
localization of ADAM17 and TNF o in membrane patches was impaired in the absence of
Tspan8 (Figure 5A, lower panel).
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Figure 5. Tetraspanin 8 mediates TNFa shedding by ADAM17 in tetraspanin-enriched microdomains
(TEM). (A) Stimulated Emission Depletion (STED) microscopy reveals presence of both ADAM17 and
TNFo in Tspan8+ membrane microdomains. One representative out of three independent experiments

is shown. (B,C) Tspan8 promotes recruitment of ADAM17 into tetraspanin-enriched microdomains.

Parental (B) or Tspan8-deficient (C) HT29 cells were lysed with the indicated detergents and subjected

to differential density centrifugation using a sucrose gradient. Flotillin served as a marker for lipid

rafts in Triton X-100 lysed cells. Tetraspanin-enriched microdomains migrated at the same density as
flotillin, as indicated by the presence of Tspan8 in HT29 cells. Black filled arrow heads: ADAM17 pro-
form, black open arrow heads: ADAM17 mature form. Blue filled arrow heads: pro-TNF«, blue open

arrow heads: processed TNF«x. One representative out of three independent experiments is shown.
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We, therefore, hypothesized that Tspan8 regulates ADAM17-mediated processing of
TNF « through differential localization to membrane micro-domains. In order to address
this question, parental and Tspan8-deficient HT29 cells were either lysed in Triton X-100
(Tx-100) or in Brij97 and subjected to differential density gradient centrifugation. While
Tx-100 destroys TEMs, but preserves lipid rafts, Brij97 preserves both membrane micro-
domains [42,52]. Intact membrane micro-domains float in the sucrose gradient. Detergent-
resistant micro-domains (DRMs) include GPI-anchored proteins, caveolae, flotillins and,
depending on the cell type, TEMs [52]. We, therefore, used flotillin-2 as a marker for
floating DRMs. The transmembrane cell adhesion molecule E-cadherin and the associating
[-catenin, known interacting partners of Tspan8 [16], as well as small amounts of 3-actin
co-migrated with flotillin-2 positive, Tx-100 resistant DRMs. The distribution of these
proteins in Tx-100 resistant DRMs were not altered in the absence of Tspan8 (Figure 5B).
Interestingly, TNF « also co-migrated with Flotillin-2 positive TX-100 resistant DRMs in
both Tspan8-proficient and -deficient cells. However, while in the presence of Tspan8, we
detected both a 25 kDa membrane-bound pro-TNF« form and a 15 kDa proteolytically
processed form; only the 25 kDa form was present in TX-100 resistant DRMs in the absence
of Tspan8 (Figure 5B,C). This is consistent with the absence of TNF «-directed proteolytic
activity in these micro-domains. Indeed, we did not detect ADAM17 in these fractions.
However, when cells were lysed with the TEM-preserving detergent Brij97, we detected
both Tspan8 and ADAM17 in flotillin-2 positive fractions (Figure 5B). In particular, the
catalytic-competent mature form of ADAM17 was present in these fractions. In contrast,
in the absence of Tspan8, ADAM17 was absent from flotillin-2 positive fractions. These
data suggest that Tspan8 recruits ADAM17 to DRMs that contain TNF «. Accordingly,
also in Brij97-lysed cells, TNF a was present in 25 kDa and 15 kDa form in the presence
of Tspan8, but only as the 25 kDa form in the absence of Tspan8 (Figure 5C). Taken
together, Tspan8 is responsible for the recruitment of active ADAM17 to TNF «-bearing
membrane microdomains.

Recently, the full-length structure of CD81 has been resolved by X-ray crystallogra-
phy [44]. The authors identified a cholesterol-binding module formed by the four trans-
membrane helices and proposed that cholesterol binding switches CD81 from an open to
a closed conformation, thereby releasing bound client proteins [44]. In order to explain
the differential effects of Tspan8 subfamily members on ADAM17 shedding activity, we
performed homology modeling of CD9 and Tspan8 based on the available crystal structure
of CD81 (Figure 6A). Most of the residues forming the cholesterol-binding pocket are also
present in CD9 and Tspan8. However, E219 in CD81 aligns to a glycine residue in both CD9
and Tspan8 (Figure 6A,B). Interestingly, E219A substitution in CD81 impaired cholesterol
binding [44]. It is, therefore, likely that in both CD9 and Tspan8, binding of client proteins
is independent from the cholesterol content of the plasma membrane compartment. This is
consistent with our findings that ADAM17-Tspans8 interaction was found in cholesterol-rich
membrane patches. Furthermore, the size of the variable region within the large extra-
cellular loop (LEL) differs. While CD9 has the shortest variable region, Tspan8 possesses
an extra 11 aa insertion (Figure 6B) compared to CD81. These variations in LEL length
might contribute to the diversity of client protein binding. Taken together, we showed here
Tspan8-mediated regulation of TNF a cleavage by ADAM17 (Figure 6C). LEL sequence
variations and differential regulation by membrane lipids represent potential mechanisms
of how tetraspanins specifically regulate substrate availability for membrane proteases.
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Figure 6. Structural differences in the intramembrane potential cholesterol binding pocket might
account for regulation of ADAM17 substrate availability. (A) Homology model of CD9 and Tspan8
superimposed onto the crystal structure of CD81 highlight structural differences in the intramembrane
potential cholesterol binding pocket. (B) Sequence alignment of the large extracellular loop (LEL)
region between transmembrane helix 3 (TM3) and transmembrane helix 4 (TM4) reveals differences
in sequence and length within the variable region. Amino acid insertions in the Tspan8 LEL are
highlighted in green. Variations in amino acids of TM4 contributing to the cholesterol binding pocket
in CD81 are marked in red. * denotes amino acid conservation, indicates strong similarity, indicates
weak similarity. (C) Proposed model for Tspan8-mediated substrate selectivity of ADAM17. (I+IV)
Substrates that do not bind to Tspan8 are cleaved outside tetraspanin enriched microdomains (TEMs).
(II) Tetraspanins other than Tspan8 recruit TNF o into TEMs. (III) Tspan8 recruits ADAM17 into
TEMs, enabling ADAM17-mediated release of soluble TNF «. (V) In the absence of Tspan8, TNF « is
still present in TEMs, while (VI) ADAM17 cannot be recruited, therefore reducing TNF « cleavage.
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4. Discussion

Members of the ADAM protease family are involved in a plethora of biological and
pathological processes [1,2]. The family member ADAM17 has been linked in particular
to chronic inflammatory processes such as rheumatoid arthritis [54,55]. These patholog-
ical conditions are driven by the inflammatory cytokines TNF« and interleukin 6 (IL-6).
Cytokine-neutralizing therapeutics, such as etanercept, infliximab and tocilizumab, are in
clinical use for chronic inflammatory disease [56]. ADAM17 is the major protease generat-
ing the soluble form of TNF « and the soluble IL-6 receptor (sIL-6R), which are considered
to be pro-inflammatory [57], and the development of small molecule inhibitors targeting
ADAM]17 for the treatment of chronic inflammatory disease has been under intensive
investigation. However, progress of these inhibitors beyond phase II clinical trials has
failed so far due to their strong side effects [54]. This is not surprising given the multi-
tude and diversity of ADAM17 substrates [58]. Therefore, a more selective targeting of
ADAM17 activity is warranted which implies a more detailed knowledge of the molecular
mechanisms underlying ADAM17 substrate selectivity.

In the present study, we demonstrate that tetraspanins of the Tspan8 subfamily are
regulators of ADAM17 substrate selectivity. Using different cell biological and biochemical
approaches, we identified CD81 and Tspan8 as novel interactions partners of ADAM17.
We were not able to confirm the interaction of CD9 with ADAM17 in HEK293T cells, which
had been published previously to occur in leukocytes [29]. This could indicate that CD9-
ADAM]17 interaction might depend strongly on the cellular context. The interaction of
Tspan8 and ADAM17 was most prominent and predominantly detectable at the plasma
membrane in patches that were enriched in cholesterol and sphingolipids. Using differen-
tial detergent lysis, we demonstrated that Tspan8-ADAM17 interaction is direct and not
mediated via the tetraspanin web.

Overexpression of Tspan8 subfamily members in HEK293T cells differentially regu-
lated release of the ADAM17 substrates TNF «, IL-6R and IL-1RII. While TNF « release
was significantly promoted by Tspan8, it was impaired by CD9 and CD81. In contrast,
only CD9 was able to enhance IL-6R shedding, while only CD81 promoted shedding of
IL-1RII. Interestingly, by using Tspan8-deficient HT29 colon carcinoma cells, we observed
that while Tspan8 promoted cleavage of the ADAM17 substrate TNF «, it did not alter
ADAM17-mediated shedding of TNFR1. These data demonstrate that Tspan8 subfamily
members are able to regulate ADAM17 shedding activity in a highly selective manner.

We and others have previously demonstrated that tetraspanins of the TspanC8 subfam-
ily promote trafficking of the close homologue ADAMI10, thereby enhancing its catalytic
activity at the plasma membrane [22-24]. Using tetraspanin overexpression in HEK293T
cells and CRISPR/Cas9- and siRNA-mediated depletion, we did not observe any effect of
Tspan8 subfamily members on ADAM17 maturation or trafficking. Furthermore, using
quenched fluorogenic substrate peptides we demonstrated that Tspan8 subfamily members
also do not alter ADAM17 catalytic activity at the plasma membrane. Therefore, the increase
in shedding activity of ADAM17 towards selected substrates must be regulated via sub-
strate availability. We, indeed, find that in HEK293T cells CD?9 is able to completely retain
TNF « in a perinuclear compartment through direct interaction, thereby impairing TNF «
release. We detected direct interaction of Tspan8 with TNF o in a perinuclear compartment,
but also at the plasma membrane. Using super-resolution microscopy and differential
density centrifugation, we detected TNF o in TEMs. However, TNF « localization to TEMs
was not dependent on Tspan8. We rather observed that Tspan8 mediated recruitment
of mature ADAM17 into TEMs. We, therefore, propose a model in which cleavage of
TEM-resident TNF « is enhanced through the Tspan8-mediated recruitment of ADAM17
(Figure 6C). Consequently, cleavage of other ADAMI17 substrates such as TNFR1 that is not
regulated by Tspan8 most likely occurs outside TEMs (Figure 6C). Therefore, localization of
transmembrane proteins into TEMs might represent a safeguard mechanism to tightly regu-
late its proteolytic release. In this model, Tspan8 might function as a “protease-shuttle” and
switch towards proteolytic release. It is plausible that iRhom2 is involved in this process,
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as it forms a stable complex with ADAM17 at the ER and the plasma membrane [59-61]
and has been shown to be also involved in regulating ADAM17 substrate selectivity [62,63].
The potential alteration in cholesterol-binding and cholesterol-dependent regulation of
tetraspanin conformation and client protein-binding might explain the differential regula-
tion of ADAM17 substrate shedding by Tspan8 subfamily members. This selectivity is most
likely increased further through the variability of the large extracellular loop. Interestingly,
proteolytic release of ADAM17 substrates has been shown to be sensitive to cholesterol
depletion [64-66].

ADAM17 and TNF« are associated with chronic inflammatory conditions predispos-
ing to cancer formation and metastasis [55]. This concept has been shown in particular
for colon cancer [37,55]. ADAM17 and Tspan8 are expressed in a multitude of cancers,
including colorectal and hepatocellular carcinoma. It is plausible that beside its function in
cell adhesion, migration and exosome formation, Tspan8 enhances primary cancerogenesis
and metastasis through an increase in ADAM17-mediated pro-inflammatory signaling.
It is possible that Tspan8 regulates additional ADAMI17 substrates that are involved in
intra- and extravasation, which were not part of this study, leading to enhanced metastasis
of Tspan8-expressing cancer cells. Therefore, specific targeting of tetraspanin-ADAM17
interaction might represent a novel, more selective approach to target detrimental effects
of ADAMI17 in both chronic inflammatory and oncogenic disease, avoiding the severe
side-effects observed with ADAM17 inhibitors.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11172683/s1, Figure S1: Correlation of Tspan8 subgroup
member expression with ADAM17 expression within different tumor subsets; Figure S2: Tspan8
associates with ADAM17 at the plasma membrane; Figure S3: Generation of stable HEK293T cells
with inducible Tspan-expression and siRNA-mediated Tspan8 down-regulation in Caco2 colon cancer
cells; Figure S4: Expression of selected ADAM17 substrates in tumor subsets; Figure S5: Generation
of HT29 cells with CRISPR/Cas9-mediated Tspan8-deficiency; Figure S6: Tspan8 does not influ-
ence ADAM17 maturation or II-13 downstream signaling; Table S1: siRNAs used in this study;
Table S2: primary antibodies used in this study; Table S3: secondary antibodies used in this study.

Author Contributions: D.S.-A. conceived the project, supervised experimentation, performed experi-
ments and data analysis and wrote the manuscript. M.M., C.S., A.S., JPW.H. and B.H. performed
most experiments, performed data analysis and contributed to manuscript writing. J.B., N.-H. and C.R.
analyzed patient material. D.B. and S.R.-J. provided scientific insight, analyzed data and contributed
to manuscript writing. All authors edited and approved the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Deutsche Forschungsgemeinschaft (DFG), Bonn [grant
number SFB841, project C1 to D.S.-A. and S.R.-J., grant number SFB877, project Al to S.R.-]., the
Australian Technology Network/Deutscher Akademischer Austauschdienst [project-based personnel
exchange program to D.S.-A., 57315783], the Medical Faculty of the Christian-Albrechts-University
Kiel [to D.S.-A., F358901] and by the Cluster of Excellence ‘Inflammation at Interfaces” to S.R.-J. The
biomaterial bank BMB-CCC is member of the biobanking network P2N at the Kiel University Medical
Faculty and was supported by BMBF-grant 01EY1103.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article (and its supplementary information files).

Acknowledgments: We thank Silke Horn and Fabian Neumann for excellent technical assistance.
We are grateful to Margot Zoller (University Hospital Heidelberg, Heidelberg, Germany) for the
provision of material. pPDDRFP-A1B1-DEVD was a gift from Robert Campbell (Addgene plasmid #
36294; http:/ /n2t.net/addgene:36294 (accessed on 14 August 2013; RRID:Addgene_36294).

Conflicts of Interest: No conflict of interest, financial or otherwise, are declared by any author.


https://www.mdpi.com/article/10.3390/cells11172683/s1
https://www.mdpi.com/article/10.3390/cells11172683/s1
http://n2t.net/addgene:36294

Cells 2022, 11, 2683 19 of 21

References

1.  Edwards, D.R;; Handsley, M.M.; Pennington, C.]. The ADAM metalloproteinases. Mol. Asp. Med. 2008, 29, 258-289. [CrossRef]

2. Reiss, K; Saftig, P. The “A Disintegrin And Metalloprotease” (ADAM) family of sheddases: Physiological and cellular functions.
Semin. Cell Dev. Biol. 2009, 20, 126-137. [CrossRef] [PubMed]

3. Black, R.A; Rauch, C.T.; Kozlosky, C.J.; Peschon, ].].; Slack, J.L.; Wolfson, M.E,; Castner, B.]J.; Stocking, K.L.; Reddy, P.; Srinivasan,
S.; et al. A metalloproteinase disintegrin that releases tumour-necrosis factor-« from cells. Nature 1997, 385, 729-733. [CrossRef]
[PubMed]

4. Peschon, J.].; Slack, J.L.; Reddy, P; Stocking, K.L.; Sunnarborg, S.W.; Lee, D.C.; Russell, W.E.; Castner, B.J.; Johnson, R.S.; Fitzner,
J.N.; et al. An Essential Role for Ectodomain Shedding in Mammalian Development. Science 1998, 282, 1281-1284. [CrossRef]
[PubMed]

5. Bolik, J.; Tirnitz-Parker, ]J.E.E.; Schmidt-Arras, D. ADAM and ADAMTS Proteases in Hepatic Disorders. |. Ren. Hepatic Disord.
2019, 3, 23-32. [CrossRef]

6. Sommer, A.; Kordowski, E; Biich, J.; Maretzky, T.; Evers, A.; Andrd, ].; Diisterhoft, S.; Michalek, M.; Lorenzen, I.; Somasundaram,
P; et al. Phosphatidylserine exposure is required for ADAM17 sheddase function. Nat. Commun. 2016, 7, 11523. [CrossRef]

7. Yanez-Mo6, M.; Gutiérrez-Lépez, M.D.; Cabanias, C. Functional interplay between tetraspanins and proteases. Cell. Mol. Life Sci.
CMLS 2011, 68, 3323-3335. [CrossRef]

8.  Matthews, A.L.; Noy, PJ.; Reyat, ].S.; Tomlinson, M.G. Regulation of A disintegrin and metalloproteinase (ADAM) family
sheddases ADAM10 and ADAM17: The emerging role of tetraspanins and rhomboids. Platelets 2017, 28, 333-341. [CrossRef]

9.  Charrin, S.; Jouannet, S.; Boucheix, C.; Rubinstein, E. Tetraspanins at a glance. J. Cell Sci. 2014, 127, 3641-3648. [CrossRef]

10. Charrin, S.; Manié, S.; Thiele, C.; Billard, M.; Gerlier, D.; Boucheix, C.; Rubinstein, E. A physical and functional link between
cholesterol and tetraspanins. Eur. ]. Immunol. 2003, 33, 2479-2489. [CrossRef]

11.  Odintsova, E.; Butters, T.D.; Monti, E.; Sprong, H.; van Meer, G.; Berditchevski, F. Gangliosides play an important role in the
organization of CD82-enriched microdomains. Biochem. J. 2006, 400, 315-325. [CrossRef] [PubMed]

12.  Espenel, C.; Margeat, E.; Dosset, P.; Arduise, C.; Le Grimellec, C.; Royer, C.A.; Boucheix, C.; Rubinstein, E.; Milhiet, P-E.
Single-molecule analysis of CD9 dynamics and partitioning reveals multiple modes of interaction in the tetraspanin web. J. Cell
Biol. 2008, 182, 765-776. [CrossRef] [PubMed]

13. Hemler, M.E. Specific tetraspanin functions. J. Cell Biol. 2001, 155, 1103-1107. [CrossRef]

14. Kuhn, S.; Koch, M.; Nuiibel, T.; Ladwein, M.; Antolovic, D.; Klingbeil, P.; Hildebrand, D.; Moldenhauer, G.; Langbein, L.; Franke,
W.W,; et al. A Complex of EpCAM, Claudin-7, CD44 Variant Isoforms, and Tetraspanins Promotes Colorectal Cancer Progression.
Mol. Cancer Res. 2007, 5, 553-567. [CrossRef]

15. He, G,; Dhar, D.; Nakagawa, H.; Font-Burgada, J.; Ogata, H.; Jiang, Y.; Shalapour, S.; Seki, E.; Yost, S.E.; Jepsen, K,; et al.
Identification of Liver Cancer Progenitors Whose Malignant Progression Depends on Autocrine IL-6 Signaling. Cell 2013,
155, 384-396. [CrossRef] [PubMed]

16. Hemler, M.E. Tetraspanin proteins promote multiple cancer stages. Nat. Cancer 2014, 14, 49-60. [CrossRef]

17.  Park, C.S,; Kim, T.-K.; Kim, H.G.; Kim, Y.-].; Jeoung, M.H.; Lee, WR.; Go, N.K;; Heo, K.; Lee, S. Therapeutic targeting of
tetraspanin8 in epithelial ovarian cancer invasion and metastasis. Oncogene 2016, 35, 4540-4548. [CrossRef]

18.  Berthier-Vergnes, O.; El Kharbili, M.; De La Fouchardiere, A.; Pointecouteau, T.; Verrando, P.; Wierinckx, A.; Lachuer, J.; Le Naour,
F.; Lamartine, J. Gene expression profiles of human melanoma cells with different invasive potential reveal TSPANS as a novel
mediator of invasion. Br. . Cancer 2011, 104, 155-165. [CrossRef]

19. El Kharbili, M.; Agaésse, G.; Barbollat-Boutrand, L.; Pommier, R.; De La Fouchardiere, A.; LaRue, L.; Caramel, J.; Puisieux,
A.; Berthier-Vergnes, O.; Masse, 1. Tspan8-f3-catenin positive feedback loop promotes melanoma invasion. Oncogene 2019,
38, 3781-3793. [CrossRef]

20. Fujiwara, K.; Ohuchida, K.; Sada, M.; Horioka, K.; Ulrich, C.D., III; Shindo, K.; Ohtsuka, T.; Takahata, S.; Mizumoto, K.; Oda, Y.;
et al. CD166/ALCAM Expression Is Characteristic of Tumorigenicity and Invasive and Migratory Activities of Pancreatic Cancer
Cells. PLoS ONE 2014, 9, €107247. [CrossRef]

21. Yue, S.; Mu, W,; Erb, U.; Zoller, M. The tetraspanins CD151 and Tspan8 are essential exosome components for the crosstalk
between cancer initiating cells and their surrounding. Oncotarget 2015, 6, 2366-2384. [CrossRef] [PubMed]

22. Dornier, E.; Coumailleau, E; Ottavi, J.-F; Moretti, J.; Boucheix, C.; Mauduit, P.; Schweisguth, F; Rubinstein, E. TspanC8
tetraspanins regulate ADAM10/Kuzbanian trafficking and promote Notch activation in flies and mammals. J. Cell Biol. 2012,
199, 481-496. [CrossRef] [PubMed]

23. Haining, E.J.; Yang, J.; Bailey, R.L.; Khan, K.; Collier, R.; Tsai, S.; Watson, S.P.; Frampton, ]J.; Garcia, P.; Tomlinson, M.G. The
TspanC8 Subgroup of Tetraspanins Interacts with A Disintegrin and Metalloprotease 10 (ADAM10) and Regulates Its Maturation
and Cell Surface Expression. J. Biol. Chem. 2012, 287, 39753-39765. [CrossRef]

24. Prox, J.; Willenbrock, M.; Weber, S.; Lehmann, T.; Schmidt-Arras, D.; Schwanbeck, R.; Saftig, P.; Schwake, M. Tetraspanin15
regulates cellular trafficking and activity of the ectodomain sheddase ADAM10. Cell. Mol. Life Sci. CMLS 2012, 69, 2919-2932.
[CrossRef] [PubMed]

25. Seipold, L.; Altmeppen, H.; Koudelka, T.; Tholey, A.; Kasparek, P.; Sedlacek, R.; Schweizer, M.; Br, J.; Mikhaylova, M.; Glatzel,

M.; et al. In vivo regulation of the A disintegrin and metalloproteinase 10 (ADAM10) by the tetraspanin 15. Cell. Mol. Life Sci.
CMLS 2018, 75, 3251-3267. [CrossRef]


http://doi.org/10.1016/j.mam.2008.08.001
http://doi.org/10.1016/j.semcdb.2008.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19049889
http://doi.org/10.1038/385729a0
http://www.ncbi.nlm.nih.gov/pubmed/9034190
http://doi.org/10.1126/science.282.5392.1281
http://www.ncbi.nlm.nih.gov/pubmed/9812885
http://doi.org/10.15586/jrenhep.2019.47
http://doi.org/10.1038/ncomms11523
http://doi.org/10.1007/s00018-011-0746-y
http://doi.org/10.1080/09537104.2016.1184751
http://doi.org/10.1242/jcs.154906
http://doi.org/10.1002/eji.200323884
http://doi.org/10.1042/BJ20060259
http://www.ncbi.nlm.nih.gov/pubmed/16859490
http://doi.org/10.1083/jcb.200803010
http://www.ncbi.nlm.nih.gov/pubmed/18710926
http://doi.org/10.1083/jcb.200108061
http://doi.org/10.1158/1541-7786.MCR-06-0384
http://doi.org/10.1016/j.cell.2013.09.031
http://www.ncbi.nlm.nih.gov/pubmed/24120137
http://doi.org/10.1038/nrc3640
http://doi.org/10.1038/onc.2015.520
http://doi.org/10.1038/sj.bjc.6605994
http://doi.org/10.1038/s41388-019-0691-z
http://doi.org/10.1371/journal.pone.0107247
http://doi.org/10.18632/oncotarget.2958
http://www.ncbi.nlm.nih.gov/pubmed/25544774
http://doi.org/10.1083/jcb.201201133
http://www.ncbi.nlm.nih.gov/pubmed/23091066
http://doi.org/10.1074/jbc.M112.416503
http://doi.org/10.1007/s00018-012-0960-2
http://www.ncbi.nlm.nih.gov/pubmed/22446748
http://doi.org/10.1007/s00018-018-2791-2

Cells 2022, 11, 2683 20 of 21

26.

27.

28.

29.

30.

31.

32.
33.
34.
35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Xu, D.; Sharma, C.; Hemler, M.E. Tetraspanin12 regulates ADAM10-dependent cleavage of amyloid precursor protein. FASEB J.
Off. Publ. Fed. Am. Soc. Exp. Biol. 2009, 23, 3674-3681. [CrossRef]

Seipold, L.; Damme, M.; Prox, J.; Rabe, B.; Kasparek, P.; Sedlacek, R.; Altmeppen, H.; Willem, M.; Boland, B.; Glatzel, M.; et al.
Tetraspanin 3: A central endocytic membrane component regulating the expression of ADAM10, presenilin and the amyloid
precursor protein. BBA Mol. Cell. Res. 2017, 1864, 217-230. [CrossRef]

Arduise, C.; Abache, T.; Li, L.; Billard, M.; Chabanon, A.; Ludwig, A.; Mauduit, P.; Boucheix, C.; Rubinstein, E.; Le Naour, F.
Tetraspanins Regulate ADAM10-Mediated Cleavage of TNF-« and Epidermal Growth Factor. J. Immunol. 2008, 181, 7002-7013.
[CrossRef]

Gutiérrez-Lépez, M.D.; Gilsanz, A.; Yaiez-Mo, M.; Ovalle, S.; Lafuente, E.M.; Dominguez, C.; Monk, PN.; Gonzélez-Alvaro, L;
Sanchez-Madrid, F.; Cabanas, C. The sheddase activity of ADAM17/TACE is regulated by the tetraspanin CD9. Cell. Mol. Life Sci.
CMLS 2011, 68, 3275-3292. [CrossRef]

Tsukamoto, S.; Takeuchi, M.; Kawaguchi, T.; Togasaki, E.; Yamazaki, A.; Sugita, Y.; Muto, T.; Sakai, S.; Takeda, Y.; Ohwada, C.;
et al. Tetraspanin CD9 modulates ADAM17-mediated shedding of LR11 in leukocytes. Exp. Mol. Med. 2014, 46, e89. [CrossRef]
Machado-Pineda, Y.; Cardefies, B.; Reyes, R.; Lopez-Martin, S.; Toribio, V.; Sdnchez-Organero, P.; Suarez, H.; Grétzinger, J.;
Lorenzen, I.; Yafiez-M6, M.; et al. CD9 Controls Integrin a5p1-Mediated Cell Adhesion by Modulating Its Association With the
Metalloproteinase ADAM17. Front. Immunol. 2018, 9, 2474. [CrossRef]

Liu, J.; Zhu, G;; Jia, N.; Wang, W.; Wang, Y.; Yin, M,; Jiang, X.; Huang, Y.; Zhang, ]. CD9 regulates keratinocyte migration by
negatively modulating the sheddase activity of ADAM17. Int. ]. Biol. Sci. 2019, 15, 493-506. [CrossRef] [PubMed]

Murphy, G. The ADAMs: Signalling scissors in the tumour microenvironment. Nat. Cancer 2008, 8, 929-941. [CrossRef] [PubMed]
Balkwill, F. Tumour necrosis factor and cancer. Nat. Cancer 2009, 9, 361-371. [CrossRef]

Schmidt-Arras, D.; Rose-John, S. IL-6 pathway in the liver: From physiopathology to therapy. J. Hepatol. 2016, 64, 1403-1415.
[CrossRef] [PubMed]

Bergmann, J.; Miiller, M.; Baumann, N.; Reichert, M.; Heneweer, C.; Bolik, J.; Liicke, K.; Gruber, S.; Carambia, A.; Boretius, S.; et al.
IL-6 trans-signaling is essential for the development of hepatocellular carcinoma in mice. Hepatology 2017, 65, 89-103. [CrossRef]
Schmidt, S.; Schumacher, N.; Schwarz, J.; Tangermann, S.; Kenner, L.; Schlederer, M.; Sibilia, M.; Linder, M.; Altendorf-Hofmann,
A.; Knosel, T.; et al. ADAM17 is required for EGF-R-induced intestinal tumors via IL-6 trans-signaling. J. Exp. Med. 2018,
215, 1205-1225. [CrossRef]

Sanjana, N.E.; Shalem, O.; Zhang, F. Improved vectors and genome-wide libraries for CRISPR screening. Nat. Methods 2014,
11,783-784. [CrossRef]

Cassonnet, P.; Rolloy, C.; Neveu, G.; Vidalain, P--O.; Chantier, T.; Pellet, J.; Jones, L.; Muller, M.; Demeret, C.; Gaud, G.; et al.
Benchmarking a luciferase complementation assay for detecting protein complexes. Nat. Chem. Biol. 2011, 8, 990-992. [CrossRef]
Inoue, A.; Ishiguro, J.; Kitamura, H.; Arima, N.; Okutani, M.; Shuto, A.; Higashiyama, S.; Ohwada, T.; Arai, H.; Makide, K,;
et al. TGF« shedding assay: An accurate and versatile method for detecting GPCR activation. Nat. Methods 2012, 9, 1021-1029.
[CrossRef]

Bolte, S.; Cordelieres, F.P. A guided tour into subcellular colocalization analysis in light microscopy. J. Microsc. 2006, 224, 213-232.
[CrossRef] [PubMed]

Schmidt, F; Miiller, M.; Prox, J.; Arnold, P.; Schonherr, C.; Tredup, C.; Minder, P.; Ebsen, H.; Janssen, O.; Annaert, W.; et al.
Tetraspanin 8 is an interactor of the metalloprotease meprin 3 within tetraspanin-enriched microdomains. Biol. Chem. 2016,
397, 857-869. [CrossRef] [PubMed]

Ebsen, H.; Lettau, M.; Kabelitz, D.; Janssen, O. Subcellular localization and activation of ADAM proteases in the context of FasL
shedding in T lymphocytes. Mol. Immunol. 2015, 65, 416-428. [CrossRef] [PubMed]

Zimmerman, B.; Kelly, B.; McMillan, B.J.; Seegar, T.C.; Dror, R.O.; Kruse, A.C.; Blacklow, 5.C. Crystal Structure of a Full-Length
Human Tetraspanin Reveals a Cholesterol-Binding Pocket. Cell 2016, 167, 1041-1051.e11. [CrossRef]

Webb, B.; Sali, A. Protein Structure Modeling with MODELLER. Methods Mol. Biol. 2014, 1137, 145-159. [CrossRef]

The Cancer Genome Atlas Research Network; Weinstein, ].N.; Collisson, E.A.; Mills, G.B.; Shaw, K.R.M.; Ozenberger, B.A.; Ellrott,
K.; Shmulevich, I.; Sander, C.; Stuart, ].M. The Cancer Genome Atlas Pan-Cancer analysis project. Nat. Genet. 2013, 45, 1113-1120.
[CrossRef]

Kosinski, M.; Biecek, P. RTCGA: The Cancer Genome Atlas Data Integration. 2019. R package version 1.26.0. Available online:
https:/rctga.github.io/RCTGA (accessed on 14 November 2019).

Kassambara, A. ggpubr: ‘ggplot2’ Based Publication Ready Plots. 2019. R package version 0.4.0. Available online: https:
/ /rpkgs.datanovia.com/ggpubr (accessed on 14 November 2019).

Nguyen, A.; Daugherty, P.S. Evolutionary optimization of fluorescent proteins for intracellular FRET. Nat. Biotechnol. 2005,
23, 355-360. [CrossRef]

Alford, S.C.; Abdelfattah, A.S.; Ding, Y.; Campbell, R.E. A Fluorogenic Red Fluorescent Protein Heterodimer. Chem. Biol. 2012,
19, 353-360. [CrossRef]

Kenworthy, A K,; Petranova, N.; Edidin, M. High-Resolution FRET Microscopy of Cholera Toxin B-Subunit and GPI-anchored
Proteins in Cell Plasma Membranes. Mol. Biol. Cell 2000, 11, 1645-1655. [CrossRef]

Yafiez-Mo, M.; Barreiro, O.; Gordon-Alonso, M.; Sala-Valdés, M.; Sdnchez-Madrid, F. Tetraspanin-enriched microdomains: A
functional unit in cell plasma membranes. Trends Cell Biol. 2009, 19, 434-446. [CrossRef]


http://doi.org/10.1096/fj.09-133462
http://doi.org/10.1016/j.bbamcr.2016.11.003
http://doi.org/10.4049/jimmunol.181.10.7002
http://doi.org/10.1007/s00018-011-0639-0
http://doi.org/10.1038/emm.2013.161
http://doi.org/10.3389/fimmu.2018.02474
http://doi.org/10.7150/ijbs.29404
http://www.ncbi.nlm.nih.gov/pubmed/30745837
http://doi.org/10.1038/nrc2459
http://www.ncbi.nlm.nih.gov/pubmed/19005493
http://doi.org/10.1038/nrc2628
http://doi.org/10.1016/j.jhep.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/26867490
http://doi.org/10.1002/hep.28874
http://doi.org/10.1084/jem.20171696
http://doi.org/10.1038/nmeth.3047
http://doi.org/10.1038/nmeth.1773
http://doi.org/10.1038/nmeth.2172
http://doi.org/10.1111/j.1365-2818.2006.01706.x
http://www.ncbi.nlm.nih.gov/pubmed/17210054
http://doi.org/10.1515/hsz-2016-0126
http://www.ncbi.nlm.nih.gov/pubmed/27180358
http://doi.org/10.1016/j.molimm.2015.02.008
http://www.ncbi.nlm.nih.gov/pubmed/25745808
http://doi.org/10.1016/j.cell.2016.09.056
http://doi.org/10.1007/978-1-4939-0366-5_1
http://doi.org/10.1038/ng.2764
https:/rctga.github.io/RCTGA
https://rpkgs.datanovia.com/ggpubr
https://rpkgs.datanovia.com/ggpubr
http://doi.org/10.1038/nbt1066
http://doi.org/10.1016/j.chembiol.2012.01.006
http://doi.org/10.1091/mbc.11.5.1645
http://doi.org/10.1016/j.tcb.2009.06.004

Cells 2022, 11, 2683 21 of 21

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Tsukamoto, H.; Tanida, S.; Ozeki, K.; Ebi, M.; Mizoshita, T.; Shimura, T.; Mori, Y.; Kataoka, H.; Kamiya, T.; Fukuda, S.; et al.
Annexin A2 Regulates A Disintegrin and Metalloproteinase 17-mediated Ectodomain Shedding of Pro-Tumor Necrosis Factor-«
in Monocytes and Colon Epithelial Cells. Inflamm. Bowel Dis. 2013, 19, 1365-1373. [CrossRef] [PubMed]

Moss, M.L.; Sklair-Tavron, L.; Nudelman, R. Drug Insight: Tumor necrosis factor-converting enzyme as a pharmaceutical target
for rheumatoid arthritis. Nat. Clin. Pract. Rheumatol. 2008, 4, 300-309. [CrossRef]

Moss, M.L.; Minond, D. Recent Advances in ADAM17 Research: A Promising Target for Cancer and Inflammation. Mediat.
Inflamm. 2017, 2017, 9673537. [CrossRef] [PubMed]

Noack, M.; Miossec, P. Selected cytokine pathways in rheumatoid arthritis. Semin. Immunopathol. 2017, 39, 365-383. [CrossRef]
[PubMed]

Moss, M.L;; Jin, S.-L.C.; Milla, M.E.; Burkhart, W.; Carter, H.L.; Chen, W.-].; Clay, W.C.; Didsbury, ].R.; Hassler, D.; Hoffman, C.R,;
et al. Cloning of a disintegrin metalloproteinase that processes precursor tumour-necrosis factor-c.. Nature 1997, 385, 733-736.
[CrossRef]

Zunke, F.; Rose-John, S. The shedding protease ADAM17: Physiology and pathophysiology. BBA Mol. Cell. Res. 2017, 1864,
2059-2070. [CrossRef]

Adrain, C.; Zettl, M.; Christova, Y.; Taylor, N.; Freeman, M. Tumor Necrosis Factor Signaling Requires iRhom2 to Promote
Trafficking and Activation of TACE. Science 2012, 335, 225-228. [CrossRef]

Mcllwain, D.R,; Lang, P.A.; Maretzky, T.; Hamada, K.; Ohishi, K.; Maney, S.K,; Berger, T.; Murthy, A.; Duncan, G.; Xu, H.C,; et al.
iRhom?2 Regulation of TACE Controls TNF-Mediated Protection Against Listeria and Responses to LPS. Science 2012, 335, 229-232.
[CrossRef]

Weskamp, G.; Tiishaus, J.; Li, D.; Feederle, R.; Maretzky, T.; Swendemann, S.; Falck-Pedersen, E.; Mcllwain, D.R.; Mak, TW.;
Salmon, J.E.; et al. ADAM17 stabilizes its interacting partner inactive Rhomboid 2 (iRhom2) but not inactive Rhomboid 1
(iRhom1). J. Biol. Chem. 2020, 295, 4350-4358. [CrossRef]

Maretzky, T.; Mcllwain, D.R; Issuree, PD.A.; Li, X.; Malapeira, J.; Amin, S.; Lang, P.A.; Mak, TW.; Blobel, C.P. iRhom?2 controls the
substrate selectivity of stimulated ADAM17-dependent ectodomain shedding. Proc. Natl. Acad. Sci. USA 2013, 110, 11433-11438.
[CrossRef]

Tang, B.; Li, X.; Maretzky, T.; Perez-Aguilar, ].M.; Mcllwain, D.; Xie, Y.; Zheng, Y.; Mak, T.W.; Weinstein, H.; Blobel, C.P. Substrate-
selective protein ectodomain shedding by ADAM17 and iRhom?2 depends on their juxtamembrane and transmembrane domains.
FASEB ]. Off. Publ. Fed. Am. Soc. Exp. Biol. 2020, 34, 4956-4969. [CrossRef] [PubMed]

Matthews, V.; Schuster, B.; Schiitze, S.; Bussmeyer, I.; Ludwig, A.; Hundhausen, C.; Sadowski, T.; Saftig, P.; Hartmann, D.; Kallen,
K.-J.; et al. Cellular Cholesterol Depletion Triggers Shedding of the Human Interleukin-6 Receptor by ADAM10 and ADAM17
(TACE). ]. Biol. Chem. 2003, 278, 38829-38839. [CrossRef] [PubMed]

D’Alessio, A.; Esposito, B.; Giampietri, C.; Ziparo, E.; Pober, J.S.; Filippini, A. Plasma membrane microdomains regulate
TACE-dependent TNFR1 shedding in human endothelial cells. J. Cell. Mol. Med. 2012, 16, 627-636. [CrossRef] [PubMed]
Moreno-Caceres, ].; Caja, L.; Mainez, J.; Mayoral, R.; Martin-Sanz, P.; Moreno-Vicente, R.; del Pozo, M..; Dooley, S.; Egea, G.;
Fabregat, I. Caveolin-1 is required for TGF-B-induced transactivation of the EGF receptor pathway in hepatocytes through the
activation of the metalloprotease TACE/ADAM17. Cell Death Dis. 2014, 5, e1326. [CrossRef] [PubMed]


http://doi.org/10.1097/MIB.0b013e318281f43a
http://www.ncbi.nlm.nih.gov/pubmed/23702712
http://doi.org/10.1038/ncprheum0797
http://doi.org/10.1155/2017/9673537
http://www.ncbi.nlm.nih.gov/pubmed/29230082
http://doi.org/10.1007/s00281-017-0619-z
http://www.ncbi.nlm.nih.gov/pubmed/28213794
http://doi.org/10.1038/385733a0
http://doi.org/10.1016/j.bbamcr.2017.07.001
http://doi.org/10.1126/science.1214400
http://doi.org/10.1126/science.1214448
http://doi.org/10.1074/jbc.RA119.011136
http://doi.org/10.1073/pnas.1302553110
http://doi.org/10.1096/fj.201902649R
http://www.ncbi.nlm.nih.gov/pubmed/32103528
http://doi.org/10.1074/jbc.M210584200
http://www.ncbi.nlm.nih.gov/pubmed/12832423
http://doi.org/10.1111/j.1582-4934.2011.01353.x
http://www.ncbi.nlm.nih.gov/pubmed/21645239
http://doi.org/10.1038/cddis.2014.294
http://www.ncbi.nlm.nih.gov/pubmed/25032849

	Introduction 
	Materials and Methods 
	Cell Culture and Transfection 
	Generation of Stable Inducible Tetraspanin-Overexpressing HEK293T Cell Lines 
	Generation of Tspan8-Deficient Cells 
	Flow Cytometry 
	Exosome Isolation 
	Gaussia Princeps Luciferase-Based Protein Complementation Assay 
	AP-Shedding Assay 
	ADAM17 Cell Surface Activity Assay 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Immunofluorescence 
	Red Fluorescent Protein Dimerization Assay 
	Fluorescence Energy-Transfer (FRET) Microscopy 
	Stimulated Emission Depletion (STED) Super-Resolution Microscopy 
	Sucrose Gradient Centrifugation 
	Co-Immunoprecipitation Experiments 
	SDS-PAGE and Immunoblotting 
	Molecular Modeling 
	Gene Expression Meta-Analysis 
	Statistical Analysis 

	Results 
	Tetraspanins CD9, CD81 and Tspan8 Are Co-Expressed with ADAM17 in Tumor Cells 
	Tspan8 Physically Interacts with ADAM17 at the Plasma Membrane 
	Tetraspanins CD9, CD81 and Tspan8 Alter Substrate Specificity of ADAM17 
	Tetraspanins CD9 and Tspan8 Associate with TNF at Different Subcellular Compartments 
	Tspan8 Promotes ADAM17-Mediated TNF  Processing through Recruitment of ADAM17 to Tetraspanin-Enriched Micro-Domains (TEMs) 

	Discussion 
	References

