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Abstract
Trop-2 is a transmembrane signal transducer that can induce cancer growth. Using antibody targeting and N-terminal Edman
degradation, we show here that Trop-2 undergoes cleavage in the first thyroglobulin domain loop of its extracellular region, between
residues R87 and T88. Molecular modeling indicated that this cleavage induces a profound rearrangement of the Trop-2 structure,
which suggested a deep impact on its biological function. No Trop-2 cleavage was detected in normal human tissues, whereas most
tumors showed Trop-2 cleavage, including skin, ovary, colon, and breast cancers. Coimmunoprecipitation and mass spectrometry
analysis revealed that ADAM10 physically interacts with Trop-2. Immunofluorescence/confocal time-lapse microscopy revealed that
the two molecules broadly colocalize at the cell membrane. We show that ADAM10 inhibitors, siRNAs and shRNAs abolish the
processing of Trop-2, which indicates that ADAM10 is an effector protease. Proteolysis of Trop-2 at R87-T88 triggered cancer cell
growth both in vitro and in vivo. A corresponding role was shown for metastatic spreading of colon cancer, as the R87A-T88A Trop2 mutant abolished xenotransplant metastatic dissemination. Activatory proteolysis of Trop-2 was recapitulated in primary human
breast cancers. Together with the prognostic impact of Trop-2 and ADAM10 on cancers of the skin, ovary, colon, lung, and pancreas,
these data indicate a driving role of this activatory cleavage of Trop-2 on malignant progression of tumors.
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Trop-2 is a monomeric transmembrane signal transducer [1,2] expressed
by epithelial cells at various stages of differentiation [3,4]. The TROP2 gene
(TACSTD2; formerly M1S1) [5] is an intronless derivative of the TROP1
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gene (EPCAM, TACSTD1; formerly M4S1) [5–8], which suggests strong
evolutionary pressure for conserved functional roles of the Trop molecules.
We and others have shown that Trop-2 is a driver of cancer development
and progression [9,10]. Pro-oncogenic Trop-2 signaling occurs through
regulation of the expression and activity of cyclin D1, ERK, NFκB, Akt [11–
14], FAK, Rac1, and integrins [9,15]. No Trop-2–activating mutations have
been detected in cancers as yet, which indicates that alternative molecular
mechanisms are required to account for the functional derangement of Trop2 [9].
Trop-2 and Trop-1 each contain a GA733 type 1 motif and a
thyroglobulin repeat [6–8,16–18]. These structural motifs share extended
similarities with the corresponding regions of nidogen and IGF-binding
proteins [6–8,16], and have roles in the homophylic binding of Trop-1/EpCAM [19, 20]. We have shown that the proteolytic cleavage of the first loop
of the Trop-1 thyroglobulin domain [21] activates the cell-growth stimulatory
properties of Trop-1. We then speculated that a similar molecular switch may
operate on Trop-2.
Proteolytic enzymes have critical roles in cancer development and
progression, and are central to multidirectional signaling networks
that regulate processes such as tumor–microenvironment interactions,
chemokine/cytokine cross-talk, and angiogenesis. Stoyanova et al. showed
that regulated intramembrane proteolysis (RIP) is responsible for the
cleavage of Trop-2 that is mediated by ADAM17/TACE at the A187-V188
site, followed by γ -secretase processing at G285-V286 [22]. This induces
release of the Trop-2 intracellular domain, which then co-translocates with
ß-catenin to the nucleus [22]. Recently, matriptase was reported to cleave
Trop-2 at the R87-T88 site [23,24], to induce decreased levels of claudins
at the epithelial cell surface. Here, for the first time, we identify ADAM10
as a key interactor of Trop-2 at the cell membrane. ADAM10 is shown
to cleave Trop-2 at R87-T88 in cancer cells, to activate Trop-2, and to
induce cancer cell growth. Using tumor xenografts of human colon cancer
cells that express the R87A-T88A Trop-2 mutant (designated as A87-A88
Trop-2), we demonstrate that Trop-2 proteolytic processing by ADAM10
correspondingly drives metastatic dissemination.
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Antibodies
Balb/c mice were immunized with cells from an ovarian cancer fragment
(sample FE). Cell fusion and hybridoma cloning were carried out as
previously described [30]. Screening for cell-surface-reactive hybridomas was
performed by immunohistochemistry of ovarian cancer cells [31], and by flow
cytometry of Trop-2 transfectants. The E1 (IgG2ak by immuno-isotyping),
162-46.2 [27], and T16 [4] anti-Trop-2 [32] hybridomas were grown in
serum-free medium. The RS7 anti-Trop-2/EGP-1 ascites was kindly provided
by Rhona Stein. Rabbit polyclonal anti-Trop-2 antisera were generated by
subcutaneous immunization with the recombinant extracellular domain of
human Trop-2 synthesized in bacteria [7], or with KLH-conjugated, N-ter
biotinylated peptides corresponding to the cytoplasmic tail of human Trop-2.
Anti Trop-2 polyclonal antibodies were purified by affinity chromatography
on recombinant Trop-2 conjugated to NHS Sepharose (GE Healthcare) or
biotinylated Trop-2 cytoplasmatic tails conjugated to Streptavidin Agarose
(Sigma-Aldrich). The AF650 polyclonal goat anti-Trop-2 antibody was
from R&D Systems; the rabbit polyclonal anti-ADAM10 antibody was
from Merck-Millipore (AB19026); and the goat polyclonal anti-ADAM10
antibody (sc-31853) was from Santa Cruz Biotechnology.

ADAM10 inhibitors
Cells were treated with ADAM10 inhibitors for 24 h at the minimum
concentration found to be effective for inhibition of Trop-2 cleavage, and
then they were assayed as indicated. The GM6001 metalloprotease family
inhibitor (Calbiochem) was dissolved in dimethylsulfoxide and used at 6.5
μM to 13 μM for 24 h. The GI254023X ADAM10 and MMP-9 inhibitor
was kindly provided by A. Ludwig and was dissolved in dimethylsulfoxide.
The cells received two doses of 10 μM GI254023X every 24 h. Control cells
received vehicle alone.

Flow cytometry
Material and methods
Cells
The human ovarian OVCA-432, mammary MCF-7, pancreatic BxPC3,
and colorectal HT-29, HCT-116 and KM12SM [25] cancer cell lines,
and the murine myeloma NS-0 cells, were grown in RPMI 1640 medium
supplemented with 10% fetal calf serum. The human 293 kidney and the
murine MTE 4-14 immortalized thymic epithelium [26] and L fibrosarcoma
[27] cell lines were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum. The cells were transfected with
purified DNA [28] using Lipofectamine 2000 or LTX (Invitrogen). Stable
transfectants were propagated in complete medium supplemented with 100
μg/mL G418. MTE4-14/Trop-2 transfectants acquire specific features of
cancer cells, as they become tumorigenic in vivo, at variance with MTE414/vector transfectants [14]. Growth in suspension was obtained by culturing
cells in 6-well ultra low attachment plates. Cells were seeded at 106 per well,
and analyzed after 5 d.

Cell staining for flow cytometry was performed as described previously
[1, 27, 33–35]. Reconstituted mixtures of L cells and Trop-2 transfectants
[34] were used for E1 mAb binding and competition studies of E1 with other
anti-Trop-2 mAbs, where the cell mixtures were preincubated with 100-fold
excess of the indicated ascites.

Immunofluorescence microscopy
Cells grown on glass coverslips were fixed with 4% paraformaldehyde
in phosphate-buffered saline for 20 min. The cells were permeabilized and
blocked in 10% fetal bovine serum, 0.1% saponin [36], and then stained
with the 162-46.2 [27], T16 [4], E1 anti-Trop-2 [32], and anti-ADAM10
antibodies. The cells were analyzed by confocal microscopy (LSM-510
META and LSM-800; Zeiss).

Confocal time-lapse microscopy
Tumor patient case series
A human breast cancer case series [29] was analyzed, where eligible
patients showed N0, T1/T2 tumors. Snap-frozen material was available for
55 cases. The frozen tissues were ground in liquid nitrogen and processed as
for Western blotting. Studies on human tumour samples were approved by
the Italian Ministry of Health (RicOncol RF-EMR-2006-361866, 2006).

Live cells cultured on glass slides were analyzed in Leibovitz’s F15 culture
medium without phenol red and bicarbonate, supplemented with 10% fetal
bovine serum, 100 IU/mL penicillin, 100 μg/mL streptomycin (Euroclone),
and 2 mM N-acetyl-cysteine (Sigma), to reduce free-radical damage. The cells
were analyzed using a confocal microscope (LSM-510 META; Zeiss), with
images captured at 1 min intervals.
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In vitro cell growth assays
MTE 4-14 and KM12SM transfectants were seeded at 1.5-3.0 × 103
cells/well in 96-well plates (5 replica wells per data point). Cell numbers were
quantified by staining with crystal violet [37].

Experimental tumors and metastases
Cancer cell lines and TROP2-transfectants were injected subcutaneously
into 8-wk-old female athymic Crl:CD1-Foxn1nu mice (Charles River
Laboratories). Subcutaneous tumor growth curves were obtained by weekly
measurements of tumor volumes (d2 × D/2; shortest diameter2 × longest
diameter/2), and computed as described previously [38]. To assess for impact
on metastatic dissemination, KM12SM colon cancer cell [25] transfectants
were injected into the spleen of 8-wk-old female athymic Crl:CD1-Foxn1nu
mice. After 4 wk, the mice were euthanized, and tumor growth and
dissemination to the liver and other organs were determined by comparisons
of the tumor volumes between the experimental groups. All of the autoptic
samples underwent microscopy histopathology analysis to detect minimal
tumors and the metastatic burden.
All of the procedures involving animals and their care were conducted
in compliance with institutional guidelines, national laws, and international
protocols (D.L.No.116, G.U., Suppl.40, Feb. 18, 1992; No.8, G.U., July,
1994; UKCCCR Guidelines for the Welfare of Animals in Experimental
Neoplasia; EEC Council Directive 86/609, OJL358. 1, Dec. 12, 1987; Guide
for the Care and Use of Laboratory Animals, United States National Research
Council, 1996). Preclinical protocols were approved by the Italian Ministry
of Health (Prog. 19, 2006) and by the Interuniversity Animal Research
Ethics Committee (CEISA) of Chieti-Pescara and Teramo Universities
(Prot.26/2011/CEISA/PROG/16).

Statistical analysis
Student t tests were used for comparisons between mean protein levels
in the control and TROP2 transfectants in the antibody microarrays. The
normality of the distributions of the assay values was verified (www.graphpad.
com). Spearman nonparametric correlation coefficients were computed for
protein expression levels in human cancer samples. Two-way ANOVA and
post-hoc Bonferroni’s t tests were used for growth curve comparisons. The data
were analyzed using SigmaStat (SPSS Science Software UK Ltd.) (www.spss.
com/software/science/sigmastat/) and GraphPad Prism (GraphPad Software
Inc., La Jolla, CA, USA) (www.graphpad.com).

Results
Anti-Trop-2 reactivity of the E1 monoclonal antibody
Post-translational processing is a key activation step for several tumor
growth inducers and adhesion molecules [39-42]. As Trop-2 activating
mutations have not been detected as yet in cancers, we hypothesized that
post-translational processing of the molecule might be specifically induced,
to provide cancer cells with growth advantage over their normal counterparts.
We have previously shown that Trop-1 undergoes activator cleavage at R80R81 [21]. We explored here the existence and functionality of a corresponding
activator mechanism for Trop-2.
To investigate Trop-2 post-translational processing, we generated antiTrop-2 monoclonal antibodies (mAbs) through immunization and screening
procedures aimed at obtaining efficient recognition of Trop-2 under
native conditions in living cells. To this end, mAb-producing hybridomas
[30] were screened for immunohistochemistry reactivity [31] of cell culture
supernatants on ovarian cancer cells [43]. Flow cytometry analysis of live
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Trop-2 transfectants was then carried out, and anti-Trop-2 mAbs were
selected for recognition of native Trop-2 in tumors and cell lines.
The E1 mAb was shown to mostly bind Trop-2–expressing cancer cells of
epithelial origin (Table S1), such as mammary carcinomas, ovarian cancers,
lung adenocarcinomas, colorectal cancers, pancreatic adenocarcinomas,
prostate cancers, and choriocarcinomas. Specific binding of a Trop-2–
negative L-cell murine fibrosarcoma transfected with genomic TROP2
or TROP2 cDNA (including a single-residue polymorphic cDNA clone
obtained from the FE ovarian cancer) (Fig. 1A, B, D), provided formal proof
for specific recognition of Trop-2. E1 recognized Trop-2 in Western blotting
assays under non-denaturing conditions (Fig. 1D), but it did not react with
reduced Trop-2.
Cross-blocking in competition binding assays showed that the E1
antibody binding site coincides with, or is in close proximity to, that of
the main anti-Trop-2 mAbs that have been generated to date (Fig. 1A
and [44]), including T16 [4], 162-46.2 (ATCC HB-187), AR47A6.4.2
[45], 77220 (R&D Systems,MN, USA), and the RS7 murine mAb, that
has been developed into the anti-Trop-2 antibody–SN-38 drug conjugate
[46] Sacituzumab govitecan-hziy (Trodelvy) [47]. Mapping using Trop2 deletion mutants identified this immunodominant epitope in the
extracellular region spanning D146-R178 [44].

Trop-2 purification and sequencing
We investigated the post-translational processing of Trop-2 using the E1
mAb to immunoprecipitate Trop-2 from ovarian cancer cells. Purification of
Trop-2 was then performed by affinity chromatography over Sepharose–E1
mAb columns. Western blotting analysis indicated an essential homogeneity
of the isolated Trop-2 (>95% purity) (Fig. 1D).
N-terminal sequences were obtained from the E1-immunoreactive
material by Edman degradation. The N-terminal Trop-2 sequence started at
T88 (Fig. 1C, top), which first indicated a potential, endogenous cleavage of
Trop-2 between R87 and T88 in the thyroglobulin domain. The unprocessed
Trop-2 N-terminus was blocked, and did not generate any amino-acid
sequence. Post-translational cleavage at R87-T88 was expected to result in a
large conformational rearrangement, leading to the generation of a two-chain
molecule with a ∼10-kDa fragment bound to the ∼40-kDa membranebound segment by a single disulfide bridge between Cys73 and Cys108 (Fig.
S1). Consistent with this, reduction of the disulfide bridges led to the loss of
a ∼10-kDa fragment from full-length Trop-2 (Fig. 1D).

Trop-2 immunoprecipitation and mass spectrometry analysis
The Trop-2 cleavage site was confirmed by immunoprecipitation/
PAGE/mass spectrometry (MS) peptide mass fingerprinting. The list of
the peak fragments of Trop-2 is given in Table S2. The MS spectra were
scanned for peptide sequences that did not fit trypsin-cleavage consensus
sites, to determine the endogenous proteolytic cleavage sites of Trop-2. Four
independent peptides were identified that showed cleavage at R87-T88,
which confirmed the N-terminal Edman sequencing data (Fig. 1C, top; Table
S2). Of note, the R87-T88 Trop-2 cleavage site shows exact correspondence
to the activator cleavage site of the paralogous Trop-1 molecule [21] (Fig. 1C,
bottom), suggesting a similar impact on an evolutionarily conserved function.

Three-dimensional modeling of the Trop-2 thyroglobulin domain
We generated a three-dimensional model of the thyroglobulin domain
of Trop-2 using the crystal structure of the thyroglobulin domain of the
p41 splice variant of the major histocompatibility complex class II-associated
invariant chain [48] as a template (Fig. S1). Independent prediction of
the secondary structure using the PHD program (≥80% accuracy; www.
predictprotein.org) provided the corresponding subsegment identification,
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Fig. 1. Purification, sequencing and analysis of Trop-2. (A) Reconstituted mixtures of 70% parental L cells and 30% Trop-2/L cells transfectants [34] were used
for competition studies of E1 with other anti-Trop-2 mAbs. Cell mixtures were stained with the FITC-E1 mAb. Competition of E1 with other anti-Trop-2
mAbs was performed by incubating cell mixtures with 100-fold excess of the indicated ascites (red). Successful competition was revealed by the disappearance
of the peak of stained cells, indicating that the E1 binding site is the same as, or is in close proximity to, that of the competing Abs. E1 was efficiently competedout by the anti-Trop-2 162-46.2 antibody [80], the T16 mAb [13] and the RS7-3G11 mAb, from which the humanized anti-Trop-2 therapeutic IMMU132
was derived [47]. (B) Reactivity of the E1 mAb with Trop-2. Immunofluorescence microscopy analysis of FITC-E1-stained TROP2/L cell transfectants. (C,
top) Alignment of the amino-acid sequence obtained by Edman degradation (underlined) with the canonical Trop-2 sequence. Red arrowhead: cleavage site.
(C, bottom) Alignment of the proteolytic sites of Trop-2 and Trop-1 [21] (red arrows). The Edman degradation sequence of E1/Trop-2 is underlined. (D, left)
Western blotting of Trop-2, as immunoprecipitated from ovarian cancer cells and purified by affinity chromatography over Sepharose–E1 mAb. Purified Trop-2
was run in SDS-PAGE under native (nonreducing) conditions. (D, right) Coomassie blue staining of purified Trop-2 protein run in SDS-PAGE gradient gel
under native or reducing conditions. (Colored version of figure is available online.)

which supported its overall prediction accuracy. Ramachandran plot analysis
allocated 79% of the residues of the Trop-2 model into the core region, and
17% into the allowed region of the plot. A corresponding analysis of the
p41 crystal structure positioned 88% of the residues in the core region and
12% in the allowed region of the plot [48], in good correspondence with
the Trop-2 model. The Trop-2 thyroglobulin domain showed comparable
main-chain parameters versus the p41 crystal. The root mean square deviation
between the Trop-2 thyroglobulin domain and the p41 template was 0.399
Å, supporting the reliability of the Trop-2 model [49]. Superimposing
the Trop-2 model on the p41 template showed that the Trop-2 and p41
thyroglobulin domains have a relatively flat, wedge-shaped structure, with
three loops that are largely aligned on a plane that extends from the three
conserved disulfide bridges. The region with the highest structural divergence
was between the first and second cysteine, where Trop-2 showed a much
longer loop than p41. This region contains the proteolytic cleavage site.
PROCHECK and MOLMOL (PaintSurface) residue accessibility routines
confirmed high solvent accessibility of the proteolytic cleavage region.

Cleavage of the first loop of Trop-2 generated free amino-acid chains of 14 and
20 residues, and removed a rigid constraint to a planar configuration of the
thyroglobulin domain (Fig. S1, Movie S1). Favorable main-chain parameters
(i.e., Ramachandran plot quality, peptide bond planarity, bad nonbonded
interactions, c-a tetrahedron distortion, main chain hydrogen bond energy,
overall G-factor) and root mean square deviation were reached, thus allowing
reliable analytical insight on the Trop-2 structure.
The first p41 thyroglobulin repeat loop binds the active site of cathepsin L
[48]. On the other hand, Trop-2 showed a much longer loop at this position
(Fig. S1D, E). Hence, the cathepsin L enzymatic pocket appeared too small
to fit the first Trop-2 loop, thus suggesting cleavage by a different protease.

ADAM10 is a candidate Trop-2 protease at the R87-T88 site
We carried out immunoprecipitation of Trop-2, followed by MS
analysis of its binding partners. This revealed four independent ADAM10
peptides across multiple identification procedures (Table S3), thus indicating
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ADAM10 as a Trop-2 interactor. ADAM10 is a member of the ‘a disintegrin
and metalloproteinase’ (ADAM) family of membrane-bound zinc-dependent
metalloproteases [50, 51], and it is involved in processing of several adhesion
molecules and transmembrane receptors [39, 40, 52–56]. Peptide library
screening combined with crystal structure analysis of known ADAM10
substrates [57] revealed preference for Pro at P5 (Calsyntenin, proTGFα,
TNFα, cleaved peptides [57]), Arg at P1 (EGF, N-Cadherin, CD23), and
Thr at P1’ (amyloid β/A4 protein, HB-EGF) in target site subsets (Fig.
S2). ADAM10 was also shown to be prone to cleave within the loop
segments of target molecules (Figure S2). All of these sequence/structure
features are present in the Trop-2 cleavage site (Fig. 1C; Table S2), making
ADAM10 a candidate Trop-2-cleaving protease at the Trop-2 R87-T88
site. ADAM10 is expressed at high levels in most human cancer types,
and is up-regulated/activated in cancers of the stomach [58], liver [59],
colon [60], uterus, ovary [61], oral cavity [62], pancreas [63], lung, and in
triple-negative breast cancers [56], as well as in melanoma and glioblastoma
[56, 64]. Next-generation sequencing profiling of tumor transcriptomes of
almost 8000 cancer patients in the TCGA dataset (www.proteinatlas.org)
identified significant association of ADAM10 overexpression with worse
prognosis for pancreas (Figure S3A) and lung (Fig. S3B) cancers. Subgroup
analysis [65] showed that the negative prognostic impact of ADAM10
mainly occurred on lung adenocarcinomas (LUADs) (P= 0.0013), and only
marginally on lung squamous cell cancers (LUSCs) (P = 0.013). Similar data
were obtained by meta-analysis of DNA microarray data from 2437 NSCLC
patients through the KMPlot database (www.kmplot.com) (Fig. S3B). This
closely paralleled our earlier analysis of the prognostic impact of Trop-2 on
LUADs versus LUSCs [66]. Taken together, these data prompted us to further
investigate the interplay between ADAM10 and Trop-2.

ADAM10 interacts with Trop-2 at the cell membrane
Previous subcellular localization analysis had revealed that a minor
fraction of mature ADAM10 is located in the endoplasmic-reticulum/plasmamembrane–enriched fractions [67], which suggested that most ADAM10
activity is located at the plasma membrane [68]. Here, immunofluorescence
(Fig. S4A) and time-lapse fluorescence microscopy (Movie S2) revealed full
colocalization between ADAM10 and Trop-2 in 72.2% of the cells analyzed,
with partial colocalization in 22.2%, and no colocalization in 5.5% (n = 54).
The specificity of the colocalization was verified by immunofluorescence
analysis of cells infected with the pLVTHM-GFP lentivirus that co-expresses
ADAM10 or scramble shRNA. The antibody used for recognition of
ADAM10 did not stain the GFP+ cells co-expressing ADAM10 shRNA.
On the other hand, uniform membrane staining for ADAM10 was observed
in GFP+ cells that co-express the scramble shRNA (Fig. S4B). We further
showed that expression and membrane localization of Trop-2 were not
affected by ADAM10 inhibition (Fig. S4B).

Trop-2 proteolysis is impaired by ADAM10 inhibition
We questioned whether ADAM10 mediates the proteolytic processing of
Trop-2 in vivo. We assessed Trop-2 cleavage upon inhibition of ADAM10
activity and expression. Treatment of Trop-2 expressing BxPC3 pancreatic
cancer cells or MTE4-14/Trop-2 transfectants with the ADAM10 inhibitor
GI254023X [69] led to a strong reduction in the 40-kD cleavage band, while
parallel treatment with nonspecific protease inhibitors had no such effect
(Fig. 2A, B). Accumulation of the ADAM10 mature form was seen in the
GI254023X-treated cells (Fig. 2A), as a result of this inhibition of ADAM10
enzymatic activity [70]. Consistent with the Trop-2 cleavage reduction seen
upon chemical inhibition of ADAM10 activity, RNAi-mediated knock-down
of ADAM10 expression resulted in a dramatic reduction of the Trop-2
cleavage (Fig. 2C, D). Taken together, our findings indicate that ADAM10
is an effector protease of Trop-2 cleavage at R87-T88.
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Proteolytic processing of Trop-2 is required for cell growth stimulation
MTE4-14/Trop-2 transfectants were shown to acquire traits of malignant
transformation upon Trop-2 expression, such as the ability to form tumors
in immunosuppressed animals [14] and to grow at high cell density. This
was paralled by increasing levels of Trop-2 cleavage at increasing cell densities
(Fig. 2E). Growth under reduced adherence to a substrate is a corresponding
hallmark of malignancy [71]. Consistent with this, cells grown in suspension
induced Trop-2 cleavage (Fig. 2F). Cell-surface biotinylation/pull-down
assays were used to reveal the status of Trop-2 at the cell membrane. This
showed that wild type (wt)Trop-2 molecules were cleaved/activated at the
cell surface (Fig. 3A). Further, we detected cleaved Trop-2 using antibodies
that targeted either the extracellular domain or the intracytoplasmic domain
of Trop-2 (Fig. 3A). This demonstrated that the R87-T88–cleaved Trop-2
still contained the cytoplasmic tail, thus indicating that R87-T88 cleavage
precedes TACE cleavage, RIP, and release of the Trop-2 extra-cytoplasmic
and intra-cytoplasmic segments [22] along the Trop-2 activation cascade. The
Trop-2 cleavage site was mutagenized by switching the R87-T88 residues
to alanine. Flow cytometry analysis on live cells showed that A87-A88
Trop-2 was efficiently transported to the cell membrane, where it retained
wt Trop-2–like expression pattern (Fig. 3B and Fig. S4). Under high cell
density and prolonged culture conditions, the A87-A88 Trop-2 showed
considerably reduced cleavage compared with wt Trop-2 (Fig. 3C). We then
asked whether the cleavage at R87-T88 acted as an activator switch for the
Trop-2 growth-stimulatory functions. In colon cancer KM12SM and murine
MTE4-14 transfectants, the cleavage-impaired A87-A88 Trop-2 mutant did
not stimulate cell growth over baseline, at variance with the cell growth
enhancement induced by wt Trop-2 (Fig. 3D).
We then performed in vitro proliferation assays for cells treated with
control siRNAs or ADAM10 siRNAs (Fig. 3E). We here found that
ADAM10 inhibition suppressed the growth of wt Trop-2-expressing cells
(Fig. 3F). On the other hand, ADAM10 inhibition had no impact on the
A87-A88 Trop-2 transfectants, as well as on the negative control transfectants.
Of note, the growth rate of wt Trop-2 transfectants treated with ADAM10
siRNAs was reduced to the growth rate of the A87-A88 Trop-2 transfectants,
which indicated a mandatory role for ADAM10 in Trop-2 cleavage/activation
for induction of cell growth. The ADAM10 inhibitor GI254023X can also
inhibit MMP9 [69]. Hence, we functionally tested the role of MMP9 in
Trop-2 cleavage by using specific siRNA (Fig. 3E). MMP9 inhibition had
no impact on the growth rate of either wt Trop-2 or the A87-A88 mutated
Trop-2 cell transfectants (Fig. 3F), which supported the specific involvement
of ADAM10 in Trop-2 processing and activity for tumor growth.

Trop-2 proteolytic processing at R87-T88 only occurs in cancer cells
As wt Trop-2 is strongly upregulated in cancer and no cancer-related
mutations have been identified in the corresponding gene (TACSTD2) as
yet [13], we hypothesized that this Trop-2 proteolytic processing acts as
an activator switch, and might be a key activating step for Trop-2 in
transformed cells. Human epidermis expresses high levels of Trop-2 under
native conditions [4, 13], which allows immediate comparisons of Trop-2
processing in normal epidermal cells versus skin cancers (Fig. 4, Fig. S5).
Here, Trop-2 was not cleaved in normal human keratinocytes, whereas its
cleavage occurred in the basal cell carcinomas. Minimal, if any, cleavage at
R87-T88 was detected in squamous cell carcinomas (Fig. 4A). We speculate
that this was due to the prevalent expression of Trop-2 in well-differentiated,
keratinizing regions of the tumors, thus suggesting retention of differentiation
features of normal human epidermis (Fig. S5).
This analysis was extended to include an indipendent set of normal human
skin samples, where absence of Trop-2–activating cleavage was confirmed
(Fig. 4B). On the other hand, Trop-2 cleavage was detected in most of
the Trop-2-transformed and cancer cells analyzed (i.e., ovarian, breast and
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Fig. 2. Trop-2 cleavage by ADAM10. (A) Inhibition of ADAM10 activity by treatment of BxPC3 cells with chemical inhibitors. Western blot detections
of ADAM10 (top) and Trop-2 (bottom) show accumulation of the mature ADAM10 and corresponding reduction of the 40-kD Trop-2 cleavage band only
upon treatment with GI254023X (blue). Quantification of the 40-kD Trop-2 cleavage band upon treatment with protease inhibitors is shown on the right, as
percentage of total Trop-2. Ponceau red staining, control of protein loading. (B) Reduction of Trop-2 cleavage upon treatment of MTE4-14/Trop-2 transfectants
with the ADAM10 inhibitor GI254023X (blue). Quantification of the Trop-2 cleavage band was carried out, and the ratio between uncleaved (un, black) versus
cleaved (cl, gray) Trop-2 is shown on the right panel. (C) ADAM10 mRNA levels (red) 48 h upon treatment with ADAM10 siRNA or control siRNA (human
CD133) (black). Vector: vector-alone transfectants; A87-A88: mutagenized Trop-2 at the cleavage site. The 2−CT algorithm was used to calculate the relative
changes in gene expression. RNA levels of ADAM10 in Vector, wt Trop-2 and A87-A88 Trop-2 cells are shown here for cell group cross-comparison, and are
intended as reference data for the functional assays shown in the next figures. (D) ADAM10 protein inhibition by shRNA (top). Corresponding reduction of
the Trop-2 cleavage is shown (mid). Ponceau red staining, control of protein loading (bottom). (E) Western blotting of Trop-2 cleavage in MTE 4-14/Trop-2
transfectants. (left) Cells were seeded at the indicated fraction of full confluency, as normalized to 100%, or (right) cells were seeded at equal confluency and
then lysed at different subsequent time points. Ponceau red staining, control of protein loading. MW markers are indicated. (F) Western blotting of MCF7
human breast cancer cells grown in adhesion or in suspension and lysed 5 d after seeding for analysis of the Trop-2 cleavage. Red arrow shows cleaved Trop-2.
Ponceau red staining, control of protein loading. MW markers are indicated. (Color version of figure is available online.)
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Fig. 3. Trop-2 proteolytic processing-defective mutant versus wild-type. (A) Western blotting analysis of KM12SM/Trop-2 transfectants was carried out
using anti-Trop-2 antibodies against the cytoplasmic tail and extracellular domain, as indicated. The Trop-2 bands were recognized by both antiextracellular
domain and anticytoplasmic tail antibodies, indicating that the Trop-2 signal belongs to transmembrane forms. Red arrow, cleaved Trop-2. Vector, vector-alone
transfectants. Ponceau red staining, control of protein loading. MW markers are indicated. (B) Flow cytometry analysis of MTE 4-14/Trop-2 transfectants using
the T16 anti-Trop-2 antibody. The A87-A88 Trop-2 mutant (red) and wt Trop-2 (blue) are expressed at comparable levels. Vector: vector-alone transfectants.
(C) Trop-2 cleavage at the cell surface. Trop-2 cleavage was assessed upon cell-surface biotinylation on KM12SM metastatic colon cancer cells. Pull-down
after cell-surface biotinylation was carried out to reveal the status of Trop-2 at the cell membrane. (left) total cell lysate, (right) cell membrane pulled-down
material. Western blotting analysis was carried out with a rabbit polyclonal antibody directed against the extracellular domain of Trop-2, and shows that wt
Trop-2 is completely cleaved. Quantitative cleavage reduction was observed for the A87-A88 proteolytic site mutant. Red arrow, cleaved Trop-2. Ponceau red
staining, control of protein loading. MW markers are indicated. (D) Growth curves in vitro of KM12SM human colon cancer cells and MTE4-14 murine cells
transfected with wt Trop-2 versus A87-A88 Trop-2 mutant. Bars, standard errors of the mean (SEM). (E) ADAM10 (left) and MMP9 (right) reduced RNA
levels by siRNAs, as measured by real-time RT-PCR. (F) Cell growth curves of wt Trop-2, A87-A88 Trop-2 or vector-alone transfectants upon ADAM10 (red),
MMP9 (blue) or control (black) siRNA-mediated inhibition. Bars, SEM. P value (ADAM10, left panel): ANOVA analysis. Stars indicate post-hoc Bonferroni’s
t test P values (∗∗∗ , P ≤ 0.001). (Color version of figure is available online.)
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Fig. 4. Proteolytic processing of Trop-2 in tumor cells. (A) Western blotting analysis of Trop-2 cleavage in normal epidermal cells and skin tumors (SCC,
squamous cell carcinoma; BCC, basal cell carcinoma). Red arrow, cleaved Trop-2. MW markers are indicated. Ponceau red staining and western blotting for
β-actin were used as controls of protein loading. (B) Western blotting analysis of Trop-2 cleavage in normal skin samples. Red arrow, absence of Trop-2 cleavage
at R87-T88. MW markers are indicated. Ponceau red staining, control of protein loading. (C) Trop-2 cleavage patterns in vitro and in vivo. Western blotting
of transformed MTE4-14/Trop-2 transfectants and cancer cells either transfected with or endogenously expressing Trop-2 as indicated, grown in culture (left)
or as tumors in nude mice (right). T2: TROP2-transfected cells; T2hi , T2lo : TROP2-transfected NS-0 cells selected to express TROP2 at high or low levels,
respectively. Red arrow, cleaved Trop-2. (Color version of figure is available online.)
colon carcinoma cells; transfectants of carcinoma, myeloma, fibrosarcoma
cells) (Fig. 4C). The same cleavage patterns and extent were detected in vivo
and in vitro, and across different ranges of cell surface expression (Fig. 4C),
suggesting tight regulation of Trop-2 processing.

The signaling mechanism driven by Trop-2–activating cleavage
The signaling mechanisms that are triggered by activation cleavage of
Trop-2 were explored using proteomic and phosphoproteomic chip analysis
(Table S4A, B). The wt Trop-2 versus vector-alone group and the A87A88 Trop-2 versus vector-alone group were analyzed for concordant and
discordant changes in the expression or activity of various signaling effectors
(Table S4C, D). This allowed to reveal signaling steps that were specifically
activated by wt Trop-2. Protein modifications that operated as central nodes
of cleaved/activated Trop-2 were shown to encompass Src, RSK1/2, glycogen
synthase, MEK1, CDK9, p21, and BAD as main downstream effectors (Table
S4D).

Trop-2 cleavage induces tumor growth
Our findings had indicated that Trop-2 proteolytic activation stimulates
cell growth in vitro. We thus assessed the impact of this Trop-2 proteolytic
activation on the growth of tumors xenotransplanted in murine models.
Tumorigenic L fibrosarcoma and transformed HEK293 cells were transfected
with the A87-A88 Trop-2 mutant and injected subcutaneously into
immunosuppressed mice. The cells transfected with wt Trop-2 and with

the corresponding empty vector were used as controls. Comparison of the
tumor volumes between these groups indicated that while transfection of wt
Trop-2 resulted in increased growth of both L fibrosarcoma and transformed
HEK293 cells as tumors in vivo, the R87A-T88A mutagenesis led to complete
loss of this growth-inducing activity (Fig. 5A). Hence, proteolytic processing
at R87-T88 is mandatory for triggering the Trop-2 growth-inducing activity.

Trop-2 cleavage induces metastasis
Cancer progression involves tumor growth in the primary site followed
by metastatic dissemination to close and distant sites. Hence, we assessed
whether Trop-2 cleavage is an activation step for induction of a pro-metastatic
activity. To this end, KM12SM colon cancer cells were transfected with the
empty vector, wt Trop-2, or A87-A88 Trop-2 and injected into the spleen of
immunosuppressed mice. Dissemination to the liver was then determined
by comparison of the tumor and metastasis volumes between these
groups. All tissue samples from the three groups of xenografts underwent
systematic histopathology analysis, to include detection of minimal tumor
and metastasis burden and volumes. The individual metastasis volume
distribution curves showed that the A87-A88 Trop-2 mutant invariably
reduced, or outright abolished, metastasis growth (Fig. 5B-D). Boxplot
distribution analysis showed that the dataset of A87-A88 mutant Trop-2 had
the lowest median, together with the lowest maximum and minimum values
of metastasis volume. The dimensions and volume distributions of mutant
liver metastases versus vector-alone control cells and wt Trop-2 transfectants
were assessed. These showed that the mutant transfectant metastases volumes
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Fig. 5. Tumor growth and metastasis dissemination require Trop-2 cleavage. (A) Tumor growth curves of L murine fibrosarcoma and 293 transformed human
kidney cells, transfected with wt Trop-2 or A87-A88 Trop-2. Bars, SEM. N = 4 per experimental group. Subcutaneous tumor growth curves were obtained
by weekly measurements of tumor volumes (d2 x D/2), followed by normalization on a group-by-group basis, and computation. (B) Boxplot analysis of
KM12SM liver metastasis volume. The lowest median in the mutant set of data, together with the lowest max and minimum values of metastasis volume in
mutant, processing-less Trop-2 are shown. N = 37 mice were injected with KM12SM/vector control cells, N=34 were injected with the KM12SM/Trop-2
transfectants and N = 13 were injected with the KM12SM/A87-A88 Trop-2 transfectants, i.e. expressing the cleavage-resistant R87-T88 Trop-2 mutant. (C)
Individual KM12SM metastasis volume distribution curves. Gray: control metastases; Blue: wt Trop-2 metastases; Red: proteolytic mutant metastases. The
distribution and correlated mutant liver metastases versus vector alone control cells and wt Trop-2 transfectants were statistically assessed by Mann-Whitney
non-parametric test. This showed a significant reduction of volumes in the mutant transfectant metastases versus wt Trop-2 (P value = 0.0436), consistent
with the loss of the Trop-2 activation path. (D) Macroscopic assessment of normal liver, control KM12SM liver metastasis, and of metastasis by wt Trop-2 or
proteolytic mutant Trop-2 colon cancer transfectants.
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Fig. 6. Breast cancer case series. (A) Frozen samples from a consecutive breast cancer case series were analyzed for Trop-2 expression and cleavage by Western
blotting. Western blot lanes bear the original patient number in the case series. The latin “bis” indication refers to a second sampling of the same tumor case,
upon local relapse. Red arrow: cleaved Trop-2. Ponceau red staining, control of protein loading. MW markers are indicated. The bottom right panel shows
a Western blotting analysis of Trop-2 expression and cleavage in normal breast tissue samples from control individuals. (B) Distribution of the fraction of
cleaved Trop-2 molecules in individual breast cancer samples, ordered from low to high Trop-2 cleavage. (C) Western blotting analysis of ADAM10 expression
and of Trop-2 cleavage in samples from breast cancer and normal breast tissues. The samples were pooled from the individual cases shown in the panel A as
based on the extent of Trop-2 cleavage. The pools are as follows: A = 5+22+78+109+187; B = 113+131+174+187+204; C = 78+131+198+231+233;
D = 9+18+24+47+61; E = 65+67+70+73+88; F = 95+103+106+115+122; G = 2+8+12; H = 3+7+9. ADAM10 was detected as bands at 55-50
kDa, designated as precursor and activated forms of the protein. Red arrow: presence/absence of Trop-2 cleavage at R87-T88. (Color version of figure is
available online.)

were significantly reduced versus wt Trop-2 (nonparametric Mann-Whitney
P = 0.0436), due to this loss of the required metastasis activation pathway.

Trop-2 activation in primary breast cancers
We then assessed whether this Trop-2–activating mechanism operates in
primary tumors in cancer patients. Cleavage of Trop-2 was assessed by western
blotting in 55 breast cancer samples from a N0, T1/T2 case series [29]. Trop2 expression was detected in all of the tumor samples, with high intensity
(i = 3) in 44 samples (80.0%), low intensity (i = 1) in 3 samples (5.5%), and
intermediate intensity (i = 2) in 8 samples (14.5%). Image analysis revealed
broadly different levels of Trop-2 cleavage, which ranged from 85% to 1%–
2%. However, no primary tumor showed an absence of Trop-2 cleavage,
at variance with normal breast samples from control individuals, where we
did not observe any cleaved Trop-2 (Fig. 6A). In 20% of the breast cancer
samples, there were low levels of cleavage (≤15% of Trop-2 molecules). The
majority of cases (67.3%) showed between 18% and 66% cleaved Trop-2
molecules, with high levels of proteolytic processing (67%–85% of Trop-2
molecules) in 12.7% of samples (Fig. 6A, B). These results extended and
confirmed similar data obtained in samples of normal skin (Fig. 4A, B). We

assessed the expression of ADAM10 in normal breast and in breast cancer
samples (Fig. 6C). For best sensitivity, we pooled the cancer samples based on
the cleavage pattern of Trop-2 observed in the individual samples. We then
quantified global levels of ADAM10 versus levels of activated/secreted form
of ADAM10 [72]. This strategy allowed observing a tight direct correlation
between the levels of the mature/active form of a secreted ADAM10 in breast
cancer and the extent of Trop-2 cleavage.

Discussion
Better knowledge of the mechanisms underlying cancer cell growth and
metastasis is an urgent need for cancer care. In this study, we set out to
investigate the activation mechanisms of Trop-2, a signal transducer that is
involved in tumor growth and metastasis.
The TROP2/TACSTD2 gene is an intronless derivative of
TROP1/EPCAM [7, 8, 73]. The extracellular domain of the Trop molecules
contains a GA733 type 1 motif and a thyroglobulin repeat, which together
have 12 conserved cysteine residues [5, 7, 8]. Both the GA733 type 1 and
thyroglobulin domains have been proposed to be involved in homophilic
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intra-membrane and inter-membrane interactions of the paralogous Trop1/EpCAM [20, 73], which suggested a corresponding function for Trop-2.
We previously reported that proteolytic cleavage occurs between R80 and
R81 in the first loop of the Trop-1 thyroglobulin domain [21], and that this
activates the cell-growth stimulatory properties of Trop-1. We hypothesized
that Trop-1 and Trop-2 may share the same activation mechanism. Here we
have shown that this is indeed the case, as Edman degradation sequencing and
peptide mass fingerprinting of Trop-2 purified to homogeneity revealed that
the cleavage of the molecule occurs in the thyroglobulin domain, between
R87 and T88. This site precisely aligns to the corresponding cleavage site of
Trop-1. Cleavage at R87-T88 implies a large conformational rearrangement
and potential swiveling of a 10 kDa subunit over the Trop-2 backbone,
suggesting a large impact on the interactions of Trop-2 with binding partners.
Cleavage of the extracellular domain(s) of transmembrane signal
transducers is frequently catalyzed by MMPs. ADAM10 is a member of this
family, and it has been shown to induce proteolytic processing of many type
I and II transmembrane proteins, including cadherins [53, 55], CD44 [52],
L1 [54], Her2 [74], HB-EGF [75–77], TNF-α [76], and APP [78].
Peptide library screening, combined with crystal structure analysis of
known ADAM10 substrates [57] indicated preference for a consensus target
site that includes Arg at P1 and Thr at P1’, which are both present in the Trop2 candidate cleavage site. Similarly to Trop-2, ADAM10 is expressed by most
human cancer types, and is upregulated in many of them [58-62, 79]. We
have shown here direct interaction and dynamic colocalization of ADAM10
and Trop-2, in agreement with previous reports that signaling activation
enhances the association of ADAM10 with its substrates, such as for HB-EGF
and CD9, thereby modulating tumor invasion [75]. Inhibition of ADAM10
expression or activity in Trop-2–expressing cells was then shown to markedly
reduce Trop-2 processing. These findings indicated that ADAM10 is effector
protease at Trop-2 R87-T88.
Recently, matriptase was reported to recognize the R87-T88 Trop-2
cleavage site [23, 24], which raises the possibility of a finely regulated,
multipronged post-translational processing at this position. Stoyanova et al
showed that TACE mediates proteolysis and ectodomain shedding of Trop2, which is followed by RIP through γ -secretase/presenilins, and nuclear
translocation of the intracellular domain of Trop-2 upon release from
the cell membrane [22]. Our membrane biotinylation/pull-down assays
revealed that R87-T88–cleaved Trop-2 molecules are still anchored to the
cell membrane. Furthermore, this R87-T88–cleaved Trop-2 remains linked
to the cytoplasmic tail, which demonstrates that the Trop-2 cleavage at R87T88 precedes TACE cleavage and RIP in the Trop-2 activation cascade.
R87A-T88A mutagenesis was shown here to lead to complete loss of wt
Trop-2 pro-growth activity in vitro. Striking correspondence was observed
also in vivo, where the A87-A88 Trop-2 mutant failed to stimulate tumor
growth in both murine xenografts of L and HEK-293 cells.
We have previously shown that Trop-2 is highly expressed in most
metastatic cancer cells and represents a key driver of metastasis. The
proteolytic cleavage of Trop-2 at the R87-T88 site was shown to be a
requirement for activation of Trop-2 for induction of the complete cascade
from growth to metastasis in vivo.
Analysis of the Trop-2 processing in human samples here reveals that Trop2 is not cleaved in normal epidermidis and in squamous cell carcinomas,
where Trop-2 could associate with retention of differentiation, whereas
proteolytic cleavage occurs in basal cell carcinomas.
Correspondingly, no Trop-2–activating cleavage was detected in normal
human breast samples. On the other hand, the majority of the breast tumors
analyzed showed the Trop-2 cleavage, and a tight correlation between the
extent of Trop-2 cleavage and the expression levels of the mature/active form
of a secreted ADAM10 was observed. Together with the prognostic impact of
Trop-2/ADAM10 on cancers of the lung and pancreas, this indicates a driving
role for this Trop-2 activatory cleavage on the progression of malignant
human tumors.
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Conclusions
We have demonstrated here that Trop-2 recruits ADAM10 and is
activated by ADAM10-mediated cleavage to trigger molecular pathways for
tumor growth and metastasis. Although wt Trop-2 is strongly up-regulated
in cancers, no cancer-related mutations have been as yet identified in the
corresponding human gene (TACSTD2) [13]. Our findings here show that
post-translational processing of Trop-2 acts as the Trop-2 activator, to drive
tumor growth and metastatic dissemination.
Our findings that the ADAM10-mediated cleavage of Trop-2 at the
R87-T88 site is necessary to activate the transformed growth stimulatory
activity of Trop-2 and promote its metastasis driver function now pave
the way for the development of new therapeutic precision strategies. Many
antibody-based therapeutic approaches that target Trop-2 are currently being
developed; these include use of the humanized anti-Trop-2 antibody–SN-38
drug conjugate Sacituzumab govitecan-hziy (Trodelvy) in metastatic triplenegative breast cancers [47]. Inhibition of Trop-2 proteolytic processing may
correspondingly open new perspectives for such specific therapies to control
tumor growth and metastatic dissemination through targeting the Trop-2
activation steps in cancer cells.
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