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Trop-2, Na+/K+ ATPase, CD9, PKCα, cofilin assemble a
membrane signaling super-complex that drives colorectal
cancer growth and invasion
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Trop-2 is a transmembrane signal transducer that is overexpressed in most human cancers, and drives malignant progression. To
gain knowledge on the higher-order molecular mechanisms that drive Trop-2 signaling, we applied next-generation sequencing,
proteomics, and high-resolution microscopy to models and primary cases of human colorectal cancer (CRC). We had previously
shown that Trop-2 induces a Ca2+ signal. We reveal here that Trop-2 binds the cell membrane Na+/K+-ATPase, and that clustering
of Trop-2 induces an intracellular Ca2+ rise followed by membrane translocation of PKCα, which in turn phosphorylates the Trop-2
cytoplasmic tail. This feed-forward signaling is promoted by the binding of Trop-2 to the PKCα membrane-anchor CD9. CRISPR-
based inactivation of CD9 in CRC cells shows that CD9 is required by Trop-2 for recruiting PKCα and cofilin-1 to the cell membrane.
This induces malignant progression through proteolytic cleavage of E-cadherin, remodeling of the β-actin cytoskeleton, and
activation of Akt and ERK. The interaction between Trop-2 and CD9 was validated in vivo in murine models of CRC growth and
invasion. Overexpression of the components of this Trop-2-driven super-complex significantly worsened disease-free and overall
survival of CRC patients, supporting a pivotal relevance in CRC malignant progression. Our findings demonstrate a previously
unsuspected layer of cancer growth regulation, which is dormant in normal tissues, and is activated by Trop-2 in cancer cells.
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INTRODUCTION
Trop-2 is a transmembrane glycoprotein that is overexpressed in
most human tumors, including colorectal cancer (CRC) [1, 2], and
induces growth [2] by triggering converging signaling pathways
of Akt [3], Src [4], ERK, NFkB, and cyclin D1 [1, 5].
We recently showed that the wild type (wt) Trop-2 protein

acquires oncogenic capabilities upon tumor-specific proteolysis by
ADAM10 [6]. However, the molecular determinants that trigger the
Trop-2 growth signaling at the plasma membrane of cancer cells
remain poorly defined. Here, we investigated the Trop-2 signaling
in cancer cells using next-generation sequencing (NGS), proteomics,
and high-resolution microscopy. Our findings show that Trop-2
activates a previously unrecognized control layer of cancer cell
growth. This occurs by binding of the Na+/K+-ATPase, which
induces the release of intracellular Ca2+ through IP3 receptors
(IP3Rs) at junctional microdomains. This associates to activation and
membrane recruitment of PKCα, which in turn phosphorylates the

Trop-2 cytoplasmic tail. This feed-forward signaling is promoted by
the physical interaction between Trop-2 and the tetraspanin CD9 at
the cell membrane. Trop-2/CD9 binding drives the formation of a
protein super-complex, which triggers remodeling of the β-actin/α-
actinin/myosin II cytoskeleton through cofilin-1, annexins A1/A6/
A11, and gelsolin. We recently reported that Trop-2 induces a PKC-
dependent, ADAM10-mediated cleavage of E-cadherin [7, 8], which
leads to loss of cell–cell adhesion [9]. We show here that E-cadherin
processing is driven by an activated Trop-2 super-complex, and that
CD9 is required to carry out this cleavage.
These findings provide a unifying view of Trop-2 in the

assembly and activation of a macromolecular membrane super-
complex that triggers malignant progression of CRC cells through
dynamic interactions of its components at the cell membrane. This
signaling module shows clinical relevance in CRC evolution and
patient survival, supporting a pivotal impact on CRC malignant
progression.
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RESULTS
Trop-2 induces intracellular Ca2+ rises through binding to
Na+/K+-ATPase
Earlier evidence from our group showed that Trop-2 is a Ca2+

signal transducer [10]. However, the related molecular mechan-
isms remained unknown. Here, time-lapse confocal microscopy
imaging of green fluorescent protein (GFP)- or red fluorescent
protein (RFP)-engineered Ca2+ indicators of human CRC cells (HT-
29, KM12SM), showed activation of Trop-2 signaling by cross-
linking with the monoclonal antibody (mAb) 162-46.2 [10] (Fig. 1A,
B, Supplementary Fig. S1A, B, Supplementary Movie S1). This
activatory mAb induced recruitment of Akt—a major Trop-2
effector [3]—to the cell membrane (Supplementary Fig. S1A) and
triggered Ca2+ signaling. Challenging R-GECO-expressing Trop-
2–positive cells with RS-7—an anti-Trop-2 mAb developed into
the antibody-SN-38 drug conjugate Sacituzumab govitecan-hziy
(Trodelvy) [11, 12]—did not induce any increase of Ca2+ levels
(Supplementary Fig. S1C). Adding 162-46.2 to cells after the failed
stimulation with RS-7 led to full-blown intracellular Ca2+ signaling
(Supplementary Fig. S1C), supporting stereochemical specificity of
Trop-2 signaling triggers [10].
To explore how Trop-2 induced intracellular Ca2+ waves, we

assessed the impact of removing Ca2+ ions from the culture
medium, and of inhibiting the IP3Rs with the antagonist
2-aminoethyl diphenylborinate (2-APB), before administration of
162-46.2 mAb. Extracellular Ca2+ removal (Fig. 1C, blue curve) or
chelation (Supplementary Fig. S1D) led to a delayed and smaller
increase of intracellular Ca2+ upon antibody cross-linking, while
pre-incubation with 2-APB completely abolished the intracellular
Ca2+ wave (Fig. 1C, red curve). Hence, Trop-2-driven Ca2+ signal
transduction is predominantly based on the release of Ca2+ from
intracellular stores.
Trop-2 is not a Ca2+ channel [10, 13–15]. We thus hypothesized

that Trop-2 acted as a regulator of a Ca2+ channel. Trop-2-binding
molecules were sought by nanoscale liquid chromatography/mass
spectrometry (NanoLC/MS) analysis of Trop-2 immunoprecipitates
from CRC cells. This led to identify the α1 subunit of the Na+/
K+-ATPase as a Trop-2 interactor (Supplementary Table S1A, B), as
confirmed by Western blotting analysis of cell membrane co-
immunoprecipitated material (Fig. 1D). The Na+/K+-ATPase reg-
ulates Ca2+ influx through the Na+/Ca2+ exchanger (NCX) [16].
However, the Na+/K+-ATPase also has non-pumping functions [17],
as mediated by the tethering of Src, phospholipase C (PLC) and
IP3Rs into junctional calcium signaling microdomains, that induce
Ca2+ release from internal stores [18, 19]. Cardiotonic steroids, such
as ouabain, bind the Na+/K+-ATPase and inhibit its ion-pumping
function, while modulating downstream signaling cascades, includ-
ing a bi-modal activation/inhibition of Src [20–26]. Consistent with a
role of Trop-2 as stimulator of Src activity [4], treatment of KM12SM
[27] and HT-29 CRC cells with ouabain inhibited the growth of HT-
29/Trop-2low [9] and of KM12SM/vector cells, but did not suffice to
inhibit the growth of HT-29/Trop-2high [9] and of KM12SM/Trop-2
cells (Fig. 1E and Supplementary Fig. S1E).

The Trop-2 Ca2+ rise stimulates a Trop-2/PKCα feed-forward
activatory signaling
Ca2+-activated Trop-2 effectors were searched through global
proteomic and phosphoproteomic analysis (Supplementary Fig.
S2A, Supplementary Table S1C). Among top-scoring kinases we
revealed the protein kinase C (PKC) family (Supplementary Table
S1C, D), which was formerly reported to activate Trop-2 signaling
[28–30]. Ca2+-dependent PKCα [31] quantitatively stood out
among the Trop-2–modulated PKCs (Supplementary Table S1C,
D). Consistently, stimulation of Trop-2 with 162-46.2 was found to
induce translocation of PKCα-GFP toward Trop-2 sites at cell–cell
junctions and at free membrane rims (Fig. 2A, Supplementary Fig.
S2B, Supplementary Movie S2). Ca2+-independent PKCδ and PKCε
[31] remained diffusely cytoplasmic upon Trop-2 cross-linking,

whereas both of these PKC isoforms were efficiently recruited to
the plasma membrane upon treatment with ATP (Supplementary
Fig. S2C). As predicted, the membrane recruitment induction
(5.0 ± 0.5 s) and recovery (55.2 ± 10.6 s) dynamics of PKCα-GFP
closely followed those of Ca2+ signals. Notably, Trop-2–induced
membrane recruitment of PKCα-GFP was abolished by inhibiting
the increase of the intracellular Ca2+ levels through pre-incubation
with 2-APB (Fig. 2B, top), or with U73122, which blocks PLC-
dependent conversion of phosphatidylinositol bisphosphate (PIP2)
to inositol trisphosphate (IP3) (Fig. 2B, bottom). Ca2+-dependent
translocation of PKCα to the cell membrane leads to PKCα
activation via phosphorylation at Ser657 (P-PKCα). Consistently,
Trop-2 expression induced increase of P-PKCα (Fig. 2C) and
accumulation of activated PKCα at the plasma membrane, where
it tightly colocalized with Trop-2 (Fig. 2D).
The cytoplasmic tail of Trop-2 contains a PKC phosphorylation

site at Ser303 [28] within the HIKE region, a consensus motif for
regulatory protein-protein and protein-phospholipid interactions
[32, 33]. Deletion of the HIKE region (Trop-2_ΔHIKE) prevented
Trop-2 from recruiting PKCα to the cell membrane (Fig. 2E),
despite preservation of the Trop-2-induced intracellular Ca2+ rise
(Fig. 2F), suggesting that the Trop-2 HIKE region is a key docking
site of PKCα at the cell membrane.
Stimulation of HT-29 cells with the PKC activator phorbol 12-

myristate 13-acetate (PMA) prompted PKCα-EGFP translocation to
Trop-2-mCherry sites at cell–cell contacts (Supplementary Fig. S2D),
suggesting a feed-forward, pro-growth signaling between Trop-
2–driven activation of PKCα and PKCα-mediated phosphorylation of
the Trop-2 cytoplasmic tail. Trop-2 phosphorylation was induced by
PMA (3.9 [±1.5]-fold vs. basal), and PMA-driven phosphorylation was
effectively inhibited by overexpression of a dominant-negative (DN)
PKCα mutant, PKCα_K368R (Fig. 3A). Trop-2_ΔHIKE did not
stimulate growth, nor did the Ser303 to Ala (S303A) mutant
(Fig. 3B), indicating that Trop-2 phosphorylation at S303 by PKCα is
an obligate step for growth induction. siRNA-mediated down-
regulation of PKCα or overexpression of DN-PKCα correspondingly
abolished growth stimulation by Trop-2, with no effect observed in
Trop-2–null control cells (Fig. 3C and Supplementary Fig. S3A).
Overexpression of wtPKCα did not suffice to stimulate growth of
Trop-2–null cells (Supplementary Fig. S3A). On the other hand,
overexpression of a constitutively active PKCα variant devoid of the
regulatory domain (CAT-PKCα) induced a stimulation of Trop-2–null
cell growth that was comparable to that of Trop-2, whereas CAT-
PKCδ had no effect (Supplementary Fig. S3A). This indicated that a
functional Trop-2/PKCα feed-forward activatory phosphorylation is
required to stimulate cell growth.
Recent findings have shown that Trop-2 can be phosphorylated

at the Ser322 residue [30]. Our data confirmed Trop-2 phosphor-
ylation at S322 (Fig. 3). Besides S303 and S322, no other
phosphorylation sites appeared viable, as the double mutation
S303A–S322A entirely abolished phosphorylation on the Trop-2
tail (Fig. 3D). S303A or S322A single mutations prevented cell
growth stimulation by Trop-2, indicating that a two-pronged
phosphorylation of both S303 and S322 is required for growth
induction (Fig. 3B). However, the double mutant S303A–S322A
(Supplementary Fig. S3B) was as efficient as wtTrop-2 at inducing
an intracellular Ca2+ rise (Fig. 3E), indicating that Ca2+ signaling is
not sufficient for growth induction. Our previous findings showed
that Trop-2 stimulates the activity of Akt and ERK, and that this
was required for inducing cell growth [1–3]. Consistent, the
double mutant S303A–S322A abolished the Trop-2-induced
activatory phosphorylations of ERK1/2 and Akt, confirming that
phosphorylation of the Trop-2 cytoplasmic tail at S303 and S322 is
an obligate step in cell growth induction (Fig. 3F).

The Trop-2/PKCα feed-forward signaling is activated by mTOR
The mammalian target of rapamycin complex 2 (mTORC2)
phosphorylates Akt at Ser473 [34] and PKCα at the turn and

E. Guerra et al.

2

Oncogene



hydrophobic motifs [35], with downstream up-regulation of the
Trop-2 effector NFkB [1, 36]. Treatment of HT-29/PKCα-GFP cells
with the mTORC2 inhibitor PP242 prevented Trop-2–induced
translocation of PKCα to the cell membrane, in a dose-related
manner (Supplementary Fig. S3C and Supplementary Movie S3).
Consistently, inhibition of the mTORC2 complex through shRNA-
mediated downregulation of Sin1 expression (Supplementary Fig.
S3D) or treatment with PP242 resulted in abrogation of the Trop-2
contribution to the growth of KM12SM cells (Supplementary Fig.
S3E). Collectively, these data demonstrate that mTORC2 is the
upstream mediator of the Trop-2/PKCα feed-forward activatory
signaling, and is required for driving PKCα-mediated phosphoryla-
tion of the Trop-2 tail for the activation of Akt and ERK.

Cytoskeleton organizers orchestrate Trop-2 signaling
mTORC2 regulates the organization of the actin cytoskeleton
through PKCα [37]. We recently demonstrated that Trop-2 induces

ADAM10-mediated cleavage of the E-cadherin intracellular domain
[9], which leads to detachment of E-cadherin from the β-actin
cytoskeleton, to destabilization of cell–cell adhesions and to
enhanced CRC invasion [9] and cell migratory phenotypes [4, 38, 39].

Here, we carried-out 2D-PAGE, tandem mass spectrometry (MS/
MS) and Western blotting analysis of Trop-2 immunoprecipitates
in order to define the Trop-2 cytoskeletal interactome. These
assays revealed gelsolin, cofilin-1, myosin isoforms, myosin
regulatory light chain (MRLC) (Fig. 4A and Supplementary Table
S1A, B) and annexins A1/A11 (Fig. 4B and Supplementary Fig. S4A)
as major cytoskeletal components of this Trop-2 assembly. The
expression levels of distinct cytoskeleton components, such as
annexin A6, gelsolin-like capping protein and Cdc42 were found
modulated by Trop-2 (Supplementary Fig. S2A, and Supplemen-
tary Table S1C).
Trop-2 overexpression induced phosphorylation of cofilin-1 at

Ser-3 (Fig. 4C). Dephosphorylated/active cofilin-1 binds PIP2 at the

Fig. 1 Trop-2 induces intracellular Ca2+ rise through Na+/K+-ATPase. A Confocal time-lapse microscopy of HT-29 CRC cells transfected with
CMV-G-GECO1.2 (top) and CMV-R-GECO1.2 (bottom), upon cross-linking of Trop-2 with the 162-46.2 mAb. Scale bars, 10 μm. B Confocal time-
lapse microscopy of HT-29 cells co-transfected with Trop-2-GFP and CMV-R-GECO1.2, upon cross-linking of Trop-2 with the 162-46.2 mAb.
Scale bars, 10 μm. C Intracellular Ca2+ variations of HT-29 cells in response to stimulation with the 162-46.2 anti Trop-2 mAb. The anti Trop-2
mAb was microinjected in the area surrounding the tip (top panel, left), and quantification of the fluorescence was performed in multiple
regions-of-interest (ROI) per assay (top panel, right) as described in “Material and methods”. Fluorescence values during time were plotted to
compare the various conditions (bottom panel). D Immunoprecipitation on HT-29 cells using IgG of irrelevant specificity (IgG) or mAb
targeting Trop-2 (Trop-2) or Na+/K+ ATPase α1. The presence of the Na+/K+ ATPase (top) and of Trop-2 (bottom) in the HT-29 protein lysate
and in the co-immunoprecipitates was revealed by Western blotting. E HT-29/Trop-2low and HT-29/Trop-2high cells were subjected to
treatment with 10 nM ouabain every 24 h, and monitored for their growth in vitro for up to 72 h. Bars, SEM. ****P < 0.0001; ***P < 0.001. Inset,
Western blotting analysis of Na+/K+ ATPase expression levels in HT-29/Trop-2low and HT-29/Trop-2high cells. Ponceau Red, control of protein
loading.
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46.2 mAb. Scale bars, 10 μm. B Confocal time-lapse microscopy of HT-29/PKCα-GFP transfectants. Cells were preincubated with 2-APB (top
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plasma membrane [40]. Hydrolysis of PIP2 into IP3 and diacylgly-
cerol by PLC is followed by translocation of active cofilin-1 to F-
actin, for severing of the actin polymers. Actin filaments with free
barbed ends and cofilin–G-actin complexes then diffuse in the
cytoplasm, where cofilin-1 is phosphorylated (and inactivated) by
the LIM kinase (LIMK) [41], which is modulated by Trop-2 through
PAK4 [39]. Cofilin-1 phosphorylation/dephosphorylation are criti-
cal for ensuring a regulated turnover of the actin filaments. We
showed that Trop-2 regulates actin microfilament rearrangement,
as stimulation with 162-46.2 leads to rapid disappearance of the
cortical actin signal, followed by recovery of F-actin localization at
the plasma membrane (Fig. 4D and Supplementary Fig. S4B). PKCα
can contribute to cofilin-1 inactivation by phosphorylation at its

Ser23-Ser24 residues [42]. Hence, membrane recruitment of PKCα
upon Trop-2 cross-linking was predicted to promote equilibrium
recovery and restoration of cortical F-actin. Consistently, immu-
nofluorescence analysis of P-PKCα and β-actin revealed co-
localization with Trop-2 at the cell membrane (Supplementary
Fig. S4C). Furthermore, simultaneous acquisition of PKCα-GFP and
Lifeact-mRFP1 upon cell treatment with the 162-46.2 mAb
revealed a rapid recruitment of PKCα to the cell membrane,
followed by β-actin repolymerization (14.4 ± 4.5 s) (Supplemen-
tary Movie S4). Polymerization of cortical actin fully recovered
after induction of Trop-2 signaling (at 54.4 ± 11.2 s). This process
was strongly reduced in cells that expressed the Trop-2_ΔHIKE
mutant (Supplementary Fig. S4D), supporting our model of a
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cofilin-dependent depolymerization of cortical actin through the
Na+/K+ ATPase/Src/PLC/IP3R axis, followed by actin repolymer-
ization through PKCα-mediated inactivation of cofilin-1.
Formation and turnover of nascent adhesions at the leading

edge of migrating cells are finely tuned by the coordinated action
of two actin cross-linking proteins, α-actinin and myosin II [43, 44].
Our findings showed that Trop-2 binds MRLC and induces MRLC
activatory phosphorylation at Ser19 [3], which is known to
stimulate myosin II filament assembly and motor activity [45].
Cross-linking of Trop-2 induced recruitment of myosin IIa-mTFP1
(39.9 ± 11.2 s) at the plasma membrane, with overlapping kinetics
vs. β-actin repolymerization (Supplementary Fig. S4F). Our
previous studies revealed a binding site for α-actinin in the
C-terminus of Trop-1/EpCAM, a paralogous molecule of Trop-2
[14, 46]. Proteomic analysis of Trop-2 immunoprecipitates
revealed that α-actinin binds Trop-2 (Supplementary Table S1A,
B), and fluorescence confocal time-lapse microscopy showed that
α-actinin-GFP is recruited to the cell membrane upon cross-linking
of Trop-2 (Supplementary Fig. S4E). Consistently, cytochalasin D
(an inhibitor of β-actin polymerization) induced release of Trop-
2–activated/membrane-recruited downstream effectors, such as P-
PKCα and P-ERK (Supplementary Fig. S4G).

Trop-2 associates with CD9 and recruits PKCα at the cell
membrane
At the plasma membrane, the association of PKCs to tetraspanins
—such as CD9—allows these kinases to be recruited into
proximity of various transmembrane receptors for regulating their
activity [47, 48]. CD9 mediates Ca2+—induced keratinocyte
differentiation and motility through interaction with E-cadherin
and activation of PI3K/Akt [49]. Given the central role of Trop-2 in
the modulation of E-cadherin [9] and Akt [3] function, we
hypothesized that CD9 may act as an active scaffold of a Trop-
2-centered membrane super-complex. Hence, we carried out a
dynamic protein–protein interaction assay based on tripartite split
GFP [50], whereby the GFP β-strand 10 (GFP10) or β-strand 11
(GFP11) were fused to the CD9 C- or N-terminal tail, respectively,
and GFP10 or GFP11 tags were fused to the Trop-2 C-terminal tail
(Fig. 4E). Green fluorescence reconstituted from GFP10, GFP11 and
the freely diffused GFP β-strands 1-9 (GFP1-9) was observed at the
cell membrane when GFP11 was fused to the CD9 C-terminal tail
in HT-29 cells (Fig. 4E, left). No cell membrane green fluorescence
was detected when the GFP10 tag was fused to the CD9
N-terminal tail (Fig. 4E, right), due to insufficient proximity of the
GFP segments. Hence, the C-terminal tail of CD9 is a close
interactor of the Trop-2 cytoplasmic tail.
Binding of CD9 to Trop-2 was validated by co-

immunoprecipitation with Trop-2 from KM12SM transfectant
lysates (Fig. 4F). The Trop-2/CD9 binding was abolished by

deleting the Trop-2 HIKE motif or by replacing HIKE with seven
Gly residues, as a co-linear substitute of HIKE (Fig. 4F). Previous
evidence had indicated that the C-terminal tail of CD9 plays a
critical role in the assembly and function of the tetraspanin webs
[51]. Our findings showed that the C-terminal tail of CD9 is
involved in the physical interaction with Trop-2, and that HIKE is
the CD9 docking site on the Trop-2 cytoplasmic tail. Our findings
showing that the Trop-2_ΔHIKE mutant is able to transduce Ca2+

signaling (Fig. 2F) suggested that CD9 might act downstream of
this Trop-2 function, for modulating the assembly of the signaling
super-complex. We obtained suppression of CD9 expression by
Crispr/Cas9 in KM12SM/Trop-2 transfectants (see below). Time-
lapse confocal microscopy revealed that stimulation with the 162-
46.2 mAb leads to rise of intracellular Ca2+ in the absence of CD9
expression (Supplementary Fig. S1B), confirming that CD9 acts
downstream of the Ca2+ signal transduction function of Trop-2 to
drive formation and activity of the signaling super-complex.
The association of CD9 with PKCα [48] suggested that CD9 may

mediate cognate binding of PKCα to Trop-2, for subsequent
phosphorylation at Ser303. Consistent with this, Trop-2 was shown
to co-recruit CD9 and PKCα to the cell membrane (Supplementary
Fig. S5A), over extensive regions of the cell membrane (Supple-
mentary Fig. S5B). Trop-2–driven membrane co-recruitment of
CD9 and PKCα was quantitatively validated by cell-surface protein
biotinylation followed by streptavidin-agarose pull-down and
Western blotting analysis (Fig. 4G). The dynamics of CD9 and
PKCα co-recruitment to the cell membrane were assessed. We
categorized the distribution of CD9 and PKCα along the cell
perimeter in five localization classes, and scored their distribution
profiles (Supplementary Fig. S5D). CD9/PKCα co-localization was
barely detectable in Trop-2–null cells. Trop-2 expression stimu-
lated membrane localization of CD9 and PKCα (Supplementary
Fig. S5D and Supplementary Table S1E). Next, we used PMA, which
induces intracellular Ca2+ rise (Supplementary Fig. S5C), to assess
PKCα and CD9 co-distribution at the cell membrane. Tight
correlation shown by high Spearman rho coefficients for P-PKCα
and CD9 membrane levels (P= 0.001–0.005) was seen all along
the five membrane localization classes, which supports a tight
functional interaction between PKCα and CD9 upon activation by
Trop-2 and PMA (Fig. 2B, Supplementary Fig. S5E, F and
Supplementary Table S1E).

CD9 is an obligate mediator of the Trop-2 cancer growth
signaling network
Inhibition of CD9 expression was obtained in KM12SM (Fig. 5A, B)
and in HT-29 (Fig. 5F) cells by Crispr/Cas9. This resulted in a
significant reduction of KM12SM/Trop-2 growth, but did not
affect the growth of KM12SM/vector cells (Fig. 5C). Using a 3D
sphere-forming assay in vitro, we showed that the growth of

Fig. 3 The Trop-2/PKCα feed-forward signaling. A Phosphoimaging of phosphorylated Trop-2 (P-Trop-2; top) immunoprecipitated from
MTE4-14/Trop-2 transfectants previously labeled with [32P]-orthophosphate in basal conditions or in the presence of the PKCα activator PMA,
alone or combined with overexpression of the inactive DN-PKCα. Absolute Trop-2 levels (bottom) in the immunoprecipitated material for each
condition were quantified by Western blotting and were used to normalize phosphorylation fold changes (F.C.) B In vitro cell growth of MTE4-
14 transfectants. S303A (dark blue), S322A (light blue), and ΔHIKE (yellow) Trop-2 mutants, wtTrop-2 (red) and vector-only (black) transfectants
are shown. Bars, SEM. **P < 0.01 and ****P < 0.0001 (MTE4-14/Trop-2 vs. other groups). C Left Western blotting analysis of PKCα and Trop-2 in
MTE4-14/vector and MTE4-14/Trop-2 cells upon transfection with specific (siPKCα) or control (siCTR) siRNA vectors. Ponceau Red staining is
shown as control of protein loading. C Right Growth curves of MTE4-14/Trop-2 and MTE4-14/vector cells transfected with siPKCα and siCTR
vectors. Bars, SEM. ****P ≤ 0.0001 (MTE4-14/Trop-2 vs. other groups). D Phosphoimaging of phosphorylated wt or mutagenized Trop-2 (P-Trop-
2, top) immunoprecipitated from MTE4-14 transfectants previously labeled with[32P]-orthophosphate in basal conditions or in the presence of
PMA and/or with the PKCα inhibitor GÖ6976. Absolute Trop-2 levels (bottom) in the immunoprecipitated material for each condition were
quantified by western blotting and used to normalize the phosphorylation fold changes. E Left Fluorescence confocal microscopy of MTE4-14/
Trop-2_S303A (top) and MTE4-14/Trop-2_S303A-S322A (bottom) transfectants. Scale bars, 10 μm. E Right Confocal time-lapse microscopy of
MTE4-14/Trop-2 (top), MTE4-14/Trop-2_S303A-S322A (mid), and MTE4-14/vector (bottom) transfected with CMV-R-GECO1.2, before (left) and
after (right) cross-linking of Trop-2 with the 162-46.2 mAb. Time frames at 3.93 s are shown. Scale bars, 10 μm. F Western blotting analysis
showing the expression levels of P-ERK1/2, total ERK1/2, P-Akt, total Akt and Trop-2 in MTE4-14 cells transfected with empty vector, wt Trop-2
and Trop-2_S303A-S322A. Total Akt and Erk1/2 are also used as controls of protein loading.
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KM12SM/Trop-2 spheroids was compromised upon CD9 inhibi-
tion, while the growth of KM12SM/vector spheroids was
unaffected (Fig. 5D). Consistent with a required role of CD9 in
the Trop-2 signaling, inhibition of CD9 was found to abrogate the
Trop-2-induced cleavage of E-cadherin (Fig. 5A), which we
recently demonstrated to mediate the pro-invasive capabilities
of Trop-2 [9].
Our findings had indicated a pivotal role of Trop-2 on

regulation of cytoskeletal dynamics. Treatment of CRC cells with
cytochalasin D was shown to induce loss of recruitment of CD9 to
the cell membrane (Supplementary Fig. S4G). Thus, a bidirectional
relationship takes place between Trop-2 and cytoskeletal

components to drive the assembly and function of the Trop-2-
driven signaling super-complex.
We then asked whether the Trop-2/CD9 complex was required

for the capacity of CRC cells to invade extracellular matrices.
Matrigel invasion of KM12SM cells ± Trop-2 transfectants, upon
Crispr/Cas9 knockout of the CD9 gene, was followed by 3D
imaging of live cells stained with calcein-AM at 7 days after
seeding on the porous membrane of a transwell. Confocal
microscopy analysis of Z-stacked pictures showed that only
Trop-2-positive cells where CD9 was also expressed were able to
invade the matrix (Fig. 5E). The effect of CD9 suppression on the
Trop-2-dependent cleavage of E-cadherin and on the invasive
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capabilities of human CRC cells was further confirmed in HT-29
(Fig. 5F, G), supporting the high impact of these findings in human
CRC development and progression.
The assembly of the Trop-2-driven membrane super-complex

was then investigated in vivo, by assessing the interaction
between Trop-2 and CD9 in KM12SM/vector and KM12SM/Trop-
2 transfectants grown as xenotransplants in immunosuppressed
mice (Fig. 6A). Western blotting analysis of Trop-2 immunopreci-
pitates obtained from corresponding tumor samples was
performed, and showed that the Trop-2/CD9 interaction takes
place in vivo (Fig. 6B).

NGS analysis of the Trop-2 super-complex in CRC models
We assessed the expression of Trop-2, Na+/K+-ATPase, CD9, PKCα,
cofilin-1 across normal tissues and tumor types (Supplementary
Table S2; www.proteinatlas.org). Expression analysis of these
proteins in normal vs. cancer tissues showed that all of the
components of the super-complex were broadly expressed in
normal tissues and by most cancer types. However, an exception
was represented by the colon mucosa, where the expression of
Trop-2 was undetectable in normal tissue as compared with Na+/
K+-ATPase, CD9, PKCα, cofilin-1 (Supplementary Table S2A vs.
Supplementary Tables S2B–E). In the corresponding transformed
colon tissues, Trop-2 expression was strongly up-regulated
(Supplementary Table S2A and below), suggesting a role of this
molecule as a trigger of the signaling super-complex.
Trop-2 was shown not to affect the absolute expression levels of

Na+/K+-ATPase, CD9, PKCα, cofilin-1 (Figs. 1E, 4C, 5A, B). On the
other hand, it did induce phosphorylation of PKCα and cofilin-1
(Figs. 2C, 3A, D, 4C). Thus, a signaling model is suggested whereby
an endogenous, broadly expressed Na+,K+-ATPase/CD9/PKCα/
cofilin-1 super-complex is dormant in Trop-2–null cells and is
triggered by Trop-2 to override basal cell growth and to acquire
malignant features (Fig. 6C).
The expression of the effectors of this Trop-2 signaling module

was investigated by NGS analysis of individual KM12SM xeno-
transplant transcriptomes (Supplementary Table S3). Our model
predicted that all key components of the Trop-2 module: (i) should
be expressed by tumor cells; (ii) should be highly correlated across
individual tumor samples in each experimental subgroup, as well
as across subgroups. Intra-group analysis was performed, and
revealed extremely high R correlation coefficients, and reprodu-
cible mRNA sequence profiles across independent primary tumors
(Supplementary Table S3). Averaged intra-group profiles were
then used for comparisons of the growth-associated parameters in
Trop-2 tumors vs. controls. This showed correlated expression
of all components of the Trop-2 module, with extremely high

significance (P ≈ 0) and correlation coefficients (CD9, PKCα, Na+/
K+-ATPase, >0.99). Expressed sequence tag profiles of individual
parameters were strongly conserved, with high correlation of all-
parameter profiles in control vs. Trop-2 tumors (R= 0.9817; P= 0)
(Supplementary Table S3F). Thus, all key components of the Trop-
2 super-complex are coordinatively expressed across individual
tumors and tumor subgroups in vivo.

The Trop-2-super-complex determines disease outcome in
patients with CRC
We investigated whether our signaling model held true in primary
human CRC. To validate our model, we assessed whether the
expression of the components of the Trop-2 dynamic super-
complex had impact on cancer prognosis. We then went on to
determine whether a correlated expression had stronger impact
than individual determinants alone.
In silico analysis of expression profiles in a test case series (N=

160) of stage II-III CRC (DNA-microarray dataset, GSE24551 [52])
revealed that the joint expression of Trop-2, Na+/K+-ATPase, CD9,
PKCα, and cofilin-1 had heavy prognostic impact, with a hazard
ratio (HR) for death of 7.36 (P= 0.0012). The Na+,K+-ATPase/CD9/
PKCα/cofilin-1 complex alone, i.e., in the absence of Trop-2, had no
measurable impact (P= 0.163), supporting a model of Trop-2
activation of a dormant, ubiquitously expressed signaling super-
complex as pivotal to cancer malignant progression.
Assessment of HRs of each individual prognostic determinant or

combination of them in presence vs. absence of Trop-2 expression
was systematically carried out. Survival analysis of disease
progression showed no significant impact of Na+/K+-ATPase,
PKCα, cofilin-1. This was barely reached by CD9 only (HR= 2.45;
P= 0.026). The impact of Trop-2 alone on CRC survival had the
highest significance level (P= 0.00058) (Fig. 7A and Supplemen-
tary Table S4A). Most remarkably, though, joint determination of
Trop-2 with each super-complex component through correlated
analyses reproducibly shifted impact to sharply more severe
disease outcome in all cases (Fig. 7A, red plots).
Parallel findings were obtained by analysis of an independent

validation case series (N= 95) of CRC patients (DNA-microarray
dataset, GSE30378 [53]) supporting a Trop-2-driven super-complex
model (Supplementary Table S4, panel ii).
Trop-2 and CD9 expression at protein level was investigated by

IHC in a case series of patients with CRC (N= 177). Only CRC
patients who did not show any pathological evidence of nodal
involvement and distant metastasis, and who did not receive
adjuvant systemic therapy were included in the study (Supple-
mentary Table S4B, panel i). High CD9 expression was shown to
correlate with the occurrence of tumor relapse (p= 0.010)

Fig. 4 Trop-2 modulates cytoskeletal dynamics and interacts with CD9 at the cell membrane. A 2D-PAGE analysis showing silver-stained
Trop-2 immunoprecipated material from KM12SM/Trop-2 cells (center). KM12SM/vector and KM12SM/Trop-2 cells were subjected to
immunoprecitations with the T16 anti-Trop-2 mAb. Co-immunoprecipitated proteins were identified by 2D PAGE/MS–MS. Magnification boxes
show comparisons between immunoprecipitates from KM12SM/vector (left) and KM12SM/Trop-2 (right). The protein spots isolated from the
Trop-2 co-immunoprecipitated material and subjected to MS–MS analysis are as follows: Trop-2 benchmark (upper left panel); MRLC2 (lower
left panel); tropomyosins (upper right panel); cofilin-1 (lower right panel). The full list is presented in Table S1A. B Western blotting analysis of
annexin A11 co-immunoprecipitated with Trop-2 from KM12SM cells transfected with wtTrop-2 and with the Trop-2_S303A-S322A mutant.
C Western blotting analysis of P-cofilin (Ser-3) in MTE4-14/vector and MTE4-14/Trop-2 transfectants. S.e., short exposure. L.e., long exposure.
Total cofilin, control of protein loading. D Fluorescence confocal microscopy of HT-29 cells transfected with Lifeact-GFP (green) and CMV-R-
GECO1.2 (red), upon cross-linking of Trop-2 with the 162-46.2 mAb. Time frames at 15.6 and 507 s show the depolymerization/
repolymerization cycles of the cortical actin. Scale bars, 10 μm. E Left HT-29 transfected with soluble GFP1-9, CD9-GFP11 (GFP11 fused to the
CD9 C-terminal tail) and Trop-2-GFP10 (GFP10 fused to the Trop-2 C-terminal tail). Reconstitution of the green fluorescence resulting from
physical binding of Trop-2 and CD9 is shown. E Right HT-29 transfected with soluble GFP1-9, GFP10-CD9 (GFP10 tag fused to the CD9
N-terminal tail) and Trop-2-GFP11 (GFP11 tag fused to the Trop-2 C-terminal tail). No cell membrane green fluorescence was detected, due to
insufficient proximity of the GFP segments. Red signal, expression of endogenous Trop-2, of Trop-2-GFP10, and of Trop-2-GFP11 as detected
by the T16 mAb. F Western blotting analysis of Trop-2 (top) and CD9 (bottom) on Trop-2 immunoprecipitates from KM12SM cells transfected
with empty vector, wt Trop-2, Trop-2_ΔHIKE, and Trop-2_HIKE-7Gly. Lys: protein lysate from KM12SM/Trop-2 cells. G Western blotting analysis
of PKCα and CD9 levels at the cell membrane (CD9) or associated to membrane proteins (PKCα), as obtained by surface protein biotinylation
followed by pull-down with streptavidin-agarose (left). Corresponding levels in the total cell lysates are also shown (right). PLCγ1 was used as
control of protein loading.
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(Supplementary Table S4B, panel ii). Correlation analysis further
revealed that CD9 positively correlates with membrane Trop-2
(Spearman ρ= 0.202; two-tailed P= 0.007), consistent with func-
tional interactions between membrane/active form of Trop-2 [54]
and CD9 (Supplementary Table S4B, panel iii).
High expression of Trop-2 and CD9 was observed in moderately

and poorly differentiated CRC tissues, whereas both proteins were

expressed at low levels in well differentiated tissues (Fig. 7B).
Consistent with this, biparametric Trop-2/CD9 analysis of CRC was
found to discriminate subgroups where patients with high
expression of Trop-2 and CD9 (Fig. 7C, red curve) showed
significantly higher risk of metastatic relapse (HR= 4.1; C.I.=
1.19–14.15; p= 0.026) than patients with low expression of both
proteins (Fig. 7C, black curve).
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DISCUSSION
The transmembrane glycoprotein Trop-2 is a key driver of cancer
progression [2, 6, 9, 55]. Our findings show here that Trop-2 acts
by activating a ubiquitously expressed, functionally dormant,
super-complex, which signals through dynamic interactions of its
components at the cell membrane. This activated complex then
leads cancer cells to acquire malignant properties in vitro as well
as in vivo.
Our findings show that Trop-2 binds membrane Na+/K+-ATPase,

and induces the release of Ca2+ from the endoplasmic reticulum
through IP3Rs localized at junctional Ca2+ signaling microdomains
[19]. This event catalizes mTORC2-dependent membrane translo-
cation of active PKCα [4, 56]. Inhibition of mTORC2 was shown to
lead to reduced growth of Trop-2-expressing cells. Translocation of
primed PKCs to the plasma membrane leads to PKC binding to
tetraspanin proteins, among them CD9, which brings PKCs in
proximity of their kinase substrates, such as β1 integrins [48] and
EGFR [57]. We previously showed that Trop-2 binds β1 integrins
and modulates their bidirectional signaling in prostate cancer, by
inducing dynamic assembly and disassembly of integrin adhesions
via talin and FAK [4, 38, 39]. CD9 was earlier demonstrated to
modulate breast cancer cell motility by guiding talin localization in
focal adhesions [58]. Consistent with this, our data here showed
that: (a) Trop-2 promotes localization of CD9 at membrane sites
where it recruits primed, Ca2+–bound PKCα; (b) CD9 is an obligate
hub of Trop-2-driven signaling; (c) inhibition of CD9 does not
affect the Trop-2 Ca2+ transduction; (d) inhibition of CD9 prevents
Trop-2 from overriding the basal growth program of tumor cells
and from activating the cleavage of E-cadherin, which is required
for malignant progression of CRC [9]. These data provide a key
advancement of the knowledge of the mechanisms that underlie
cancer cell relationships with the tumor microenvironment (TME),
where CD9 appears to be a central organizer upon activation by
Trop-2. As both CD9 and Trop-2 are recruited to extracellular
vesicles [38, 59, 60], future studies will define how the Trop-2-
dependent signaling super-complex will affect the cancer-TME
relationships through modulation of exosome biogenesis and
secretion.
Targeted mutagenesis of the Trop-2 cytoplasmic tail showed

that the Ser303-encompassing HIKE region [32, 33, 61] is a key
docking site for PKCα at the plasma membrane, as deletion of
HIKE preserved the Trop-2 Ca2+ transducing activity, but
prevented Trop-2 from recruiting PKCα. This led us to propose
the existence of a feed-forward signaling in cancer cells where
Trop-2 transduces the Ca2+ signals required for PKCα to
translocate to the cell membrane, where it phosphorylates the

Trop-2 cytoplasmic tail. A two-pronged phosphorylation of the
Trop-2 cytoplasmic tail at Ser303 and Ser322 was shown to be
required to fully activate Trop-2 to transmit growth signals
mediated by Akt, ERK, NFkB, and cyclin D1 [1–3], via remodeling
of the β-actin/α-actinin/myosin II cytoskeleton by gelsolin, cofilin-
1, annexins A1/A6/A11. Mori et al. showed that Trop-2 is
phosphorylated at Ser322 by PKCα and PKCδ in CRC cells [30],
and that Ser322 phosphorylation regulated cell–cell junctions and
cell motility, but no impact on proliferation rates was detected.
Our observations increase the sensitivity of the assays by Mori
et al. and demonstrate the Trop-2/PKCα feed-forward activatory
signaling further spurs tumor growth and malignant progression.
Whole transcriptome profiling of preclinical human tumor models

revealed that all the key components of the Trop-2 super-complex
are coordinately transcribed. Coregulated expression of the
components of this Trop-2 module was expected to facilitate the
assembly of signaling super-complexes for driving disease progres-
sion. This hypothesis was shown to hold true in human CRC
progression. Analysis at both RNA and protein levels demonstrated
that the Trop-2–centered super-complex had a strong clinical
impact on the survival of patients with CRC. Correlated expression
of all Trop-2 super-complex components was shown to have a
stronger prognostic impact than any individual parameter per se,
with higher risk of cancer relapse and patient death. Of interest,
PKCα alone showed no significant impact on the prognosis of
patients with CRC. However, PKCα worsened negative disease
outcomes when coexpressed with the other super-complex
components. This may help explaining previous conflicting findings
on PKCα function in tumors [62] and suggests that Trop-2 may
represent a novel predictive marker of tumor responses to PKCα
inhibitors. We wish to note that drug screening and expression
modulation revealed that inhibition of Ca2+ signaling, of CD9 or
PKCα expression, of β-actin polymerization diminished growth of
Trop-2–expressing cancer cells, but had no effect on the growth of
Trop-2–null cells. Trop-2 has recently emerged as a target of anti-
Trop-2 antibodies [11, 12]. Knowledge on pivotal nodes of Trop-2
signaling may pave the way for the development of novel
therapeutic approaches, based on the parallel assessment of Trop-
2- driven super-complex components.

MATERIALS AND METHODS
CRISPR/Cas9
sgRNAs targeting the CD9 gene were designed using the Zhang laboratory
CRISPR design tools (http://www.genome-engineering.org) and cloned into
the plasmid LentiCRISPRv2 (Addgene #52961) [63]. Lentiviruses were

Fig. 5 CD9 is an obligate mediator of Trop-2 signaling. A Western blotting analysis of Trop-2 and CD9 expression (top panels), and of
E-cadherin proteolytic cleavage (bottom panels) in KM12SM/vector (left) and KM12SM/Trop-2 (right) transfectants upon Crispr/Cas9-mediated
knockout of CD9. Crispr #1 and #3 represent two sgRNAs targeting two different regions of the CD9 gene. E-cadherin cleavage was detected
with an Ab targeting the extracellular portion of the molecule (third panel from top) and with an Ab targeting the intracellular domain of
E-cadherin (fourth panel from top). CTR, ineffective sgRNAs. Ponceau Red staining, control of protein loading. B Fluorescence confocal
microscopy representative images showing CD9 (green) expression in KM12SM/vector (left) and KM12SM/Trop-2 (right) transfectants upon
Crispr/Cas9 knockout of CD9 (Crispr #1 and #3). CTR, ineffective sgRNA. DAPI (blue), nuclei counterstaining. Scale bars, 10 μm. C Growth curves
of KM12SM/vector (left) and KM12SM/Trop-2 (right) transfectants upon Crispr/Cas9 knockout of the CD9 gene. Bars, SD. ****P < 0.0001
(KM12SM/Trop-2+ control CRISPR vs. other groups). DMatrigel spheroid-forming assay of KM12SM/Trop-2 (top) and KM12SM/vector (bottom)
upon Crispr/Cas9 knockout of CD9. Longest spheroid diameters were calculated after 7 days in culture. Comparison among groups is shown
in the box and whisker plot, where boxes extend from the 25th to the 75th percentile, and whiskers are drawn down to the 10th percentile and
up to the 90th percentile (right panel). ****P < 0.0001 (KM12SM/Trop-2+ control CRISPR vs. other groups). E Inverse Matrigel invasion of
KM12SM/vector (left) and KM12SM/Trop-2 (right) transfectants transfectants upon Crispr/Cas9 knockout of CD9. Dashed lines indicate the
porous membrane of the transwell filter where the cells were seeded at time= 0. Arrowheads, cells that penetrated the Matrigel matrix
through the porous membrane. Green fluorescent cells result from live-cell staining with calcein-AM. The grey arrow indicates the direction of
cell migration during the process of Matrigel invasion. F Left Western blotting analysis of the levels of Trop-2, CD9, full-length, and cleaved
E-cadherin in HT-29/Trop-2low and HT-29/Trop-2high cells upon knockout of CD9 expression obtained using Crispr #1 and #3 sgRNAs. CTR,
ineffective sgRNAs. Levels of β-actin were used as control of protein loading. F Right Assessment of E-cadherin cleavage obtained from
quantification of the corresponding western blotting bands of cleaved E-cadherin, normalized by the loading control, β-actin. G Inverse
Matrigel invasion of HT-29/Trop-2low and HT-29/Trop-2high cells upon Crispr/Cas9 knockout of CD9. The experiment was repeated two times,
and three random areas of the filter were acquired each time for evaluation. Cells that penetrated the Matrigel matrix were counted and
comparison of the means ± SEM among groups is shown in the bar plot. ***P= 0.001; ****P < 0.0001.
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produced in HEK293T cells by co-transfection of LentiCRISPRv2-sgRNA with
the packaging plasmids pVSVg (Addgene #8454) and psPAX2 (Addgene
#12260), purified from the supernatant and utilized for infection of the target
cells. Stable functional knockout of CD9 were selected in puromycin 3 µg/ml.

Cell growth assays
Cell transfectants were seeded at 1500–3000 cells/well in 96-well plates
(five replica wells per data point). Cell growth was quantified by staining
with crystal violet [1], upon normalization against standard cell reference

Fig. 6 The Trop-2-centered growth control module. A Intrasplenic tumor growth of KM12SM/vector (n= 37) and KM12SM/Trop-2 (n= 31)
transfectants in immunosuppressed mice. Representative hematoxylin and eosin tissue staining is shown. The detailed analysis is shown in
Guerra et al. [9]. B KM12SM/vector (n= 4) and KM12SM/Trop-2 (n= 5) spleen xenotransplants whose major and minor diameters were both
≥5mm [9] were pulled and lysed in Brij-97 buffer to preserve tetraspanin-mediated interactions, and Trop-2 was immunoprecipitated using
the T16 mAb. Western blotting analysis shows Trop-2 (top) and CD9 (bottom) expression in tumor lysates (left panel) and in the Trop-2
immunoprecipitates (right panel). Ponceau Red staining, control of protein loading. The Ponceau Red staining on the right shows the levels of
the whole IgGs used for the immunoprecipitation experiment, and represents a protein loading control. C Schematic representation of the
Trop-2 signaling at the cell membrane and the corresponding downstream effector cascade. Activation of Trop-2 at the cell membrane (via
clustering, proteolytic cleavage or other yet unidentified mechanisms) triggers intracellular release of Ca2+ predominantly from intracellular
stores through the interaction with CD9 and Na+/K+-ATPase. This drives translocation of pre-activated/mTORC2-phosphorylated PKCα at the
cell membrane for full activation. Activated PKCα binds and phosphorylates the Trop-2 cytoplasmic tail at Ser303 through a bridging function
carried out by CD9. This is accompanied by phosphorylation of Ser322 by other, as yet unidentified, kinases. These events activate Trop-2 to
induce downstream effectors, such as Akt and ERK. Ca2+ induces membrane translocation of Annexins, which mediate Trop-2 binding to
cortical F-actin. Trop-2 stimulates cytoskeletal dynamics by regulating the actin severing function of cofilin, through PAK4 and LIMK, gelsolin,
α-actinin and myosin II, for tumor growth and malignant progression. Findings from earlier literature are shown in grayscale, while all novel
findings from this study are shown as colored illustrations.
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Fig. 7 Expression of the Trop-2-driven super-complex correlates with the clinical outcome of patients with CRC. A Left Kaplan–Meier plots
showing impact of the Trop-2-centered super-complex (individual determinants vs. combinations) on the overall survival of patients with CRC.
Parallel assessment of super-complex parameters is presented in Table S4A. A Right Forest plot of the differential impact of individual
determinants of the growth module vs. combinations of them on the overall survival of patients with CRC. Red bars, combinations of markers
including the contribution of Trop-2. Black bars, combinations of markers excluding the contribution of Trop-2. B IHC analysis of Trop-2 and
CD9 expression in tissue samples from poorly differentiated (left) and well differentiated (right) human CRC. Scale bars, 50 μm. C Kaplan–Meier
plots showing the impact of Trop-2 and CD9 expression either as individual determinants (left) or in combination (right) on disease-free
survival (DFS) of patients with CRC. Low and high protein levels were determined by IHC analysis.
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curves of twofold serially diluted cell samples. 3D sphere-forming assays
were performed as described [64].

Invasion assay
Inverse Matrigel invasion assays were performed as described [65]. 3D
reconstruction of invading cells was carried out by confocal microscopy using
a 20× objective and optical Z-sections at 15 μm intervals for image acquisition.

Calcium imaging
Intracellular Ca2+ levels were monitored as described [66]. Fluorescence
images were acquired at 5 frames/s and processed with Metafluor
(Molecular Device, Sunnyvale, CA, USA). Mean fluorescence intensity was
calculated as f/f0, where f is the fluorescence emission of a single loaded
cell acquired during the time lapse, and f0 is the mean fluorescence
intensity of the same cell before signaling activation.

Immunohistochemistry
Samples were fixed in PBS-buffered formalin, pH 7.2, embedded in paraffin
and processed as described [6]. Blinded scoring of tissue slides were
performed by two independent observers (RL, MP). Where indicated,
staining intensity was categorized in four classes: negative (no staining), 1
(weak), 2 (moderate), and 3 (strong).

Transcriptomics and NGS
Tumor samples were flash frozen after collection and stored at −80 °C.
Samples were processed and sequenced using an Illumina Hiseq 1000,
following manufacturer’ indications.

Statistical analysis
Normality of measurement distribution was verified with the Wilk–Shapiro
normality test (www.graphpad.com). Spearman nonparametric correlation
coefficients were computed for protein expression levels in human cancer
samples. Relationship between Trop-2 expression and clinical-pathological
parameters was assessed by Pearson’s χ2 and Fisher’s exact test. ANOVA
and post hoc Bonferroni’s t test were used for comparison of cell growth
curves. No statistical method was used to predetermine the sample size.
Details on experimental procedures are provided in Supplementary

Materials and Methods.
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