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The Trop-2 signalling network in cancer growth
E Guerra1, M Trerotola1,3, AL Aloisi1, R Tripaldi1, G Vacca1, R La Sorda1, R Lattanzio1, M Piantelli1 and S Alberti1,2

Our findings show that upregulation of a wild-type Trop-2 has a key controlling role in human cancer growth, and that tumour
development is quantitatively driven by Trop-2 expression levels. However, little is known about the regulation of expression of the
TROP2 gene. Hence, we investigated the TROP2 transcription control network. TROP2 expression was shown to depend on a highly
interconnected web of transcription factors: TP63/TP53L, ERG, GRHL1/Get-1 (grainyhead-like epithelial transactivator), HNF1A/TCF-1
(T-cell factor), SPI1/PU.1, WT (Wilms’ tumour)1, GLIS2, AIRE (autoimmune regulator), FOXM1 (forkhead box M1) and FOXP3, with
HNF4A as the major network hub. TROP2 upregulation was shown to subsequently drive the expression and activation of CREB1
(cyclic AMP-responsive-element binding protein), Jun, NF-kB, Rb, STAT1 and STAT3 through induction of the cyclin D1 and ERK
(extracellular signal regulated kinase)/MEK (MAPK/ERK kinase) pathways. Growth-stimulatory signalling through NF-kB, cyclin D1
and ERK was shown to require an intact Trop-2 cytoplasmic tail. Network hubs and interacting partners are co-expressed with
Trop-2 in primary human tumours, supporting a role of this signalling network in cancer growth.
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INTRODUCTION
Trop-2 belongs to a unique family of transmembrane glycopro-
teins,1–3 that has a regulatory role in cell–cell adhesion.4,5 The Trop
proteins have structural features that are not related to those of
the four classical adhesion molecule families, that is, integrins,
cadherins, selectins and Immunoglobulin-CAM.6–8 The
extracellular domains of the Trop proteins contain a globular
portion with a GA733 type-I domain9 and a thyroglobulin type-IA
motif, which are required for Trop homo-multimerisation.5

A cysteine-free region acts as a ‘stem’ to connect the globular
moiety of the Trop proteins to their single hydrophobic
transmembrane segments. The Trop proteins have a short
(25–26 amino-acid-long) intracytoplasmic C-terminal tail, which
appears to be devoid of enzymatic domains. Rather, it contains a
HIKE-like phosphoinositide-binding motif, which is frequently
present in signal transducers and which can act as a docking
site for regulatory/effector molecules.2,10,11

We have shown that Trop-2 is overexpressed by most human
cancers, as compared with their tissue of origin, and that Trop-2
quantitatively stimulates cancer growth in vitro and in vivo.12

However, little is known about the regulation of expression of the
TROP2 gene. Hence, we investigated its regulatory network. TROP2
expression was shown to depend on a highly connected network
of transcription factors, which includes TP63/TP53L, ERG, GRHL1/
Get-1 (grainyhead-like epithelial transactivator), HNF1A/TCF-1
(T-cell factor), SPI1/PU.1, WT1 (Wilms’ tumour), GLIS2,
autoimmune regulator (AIRE), forkhead box M1 (FOXM1) and
FOXP3. TROP2 upregulation was shown to subsequently drive the
expression of cancer-growth-regulatory downstream effectors,
that is, cyclic AMP-responsive-element binding protein (CREB),
Jun, NF-kB, Rb, STAT1 and STAT3,13–17 through the cyclin D1 and
ERK (extracellular signal regulated kinase)/MEK (MAPK/ERK kinase)
pathways. Signalling by the intact Trop-2 cytoplasmic tail was
shown to be required for cell growth, as deletion of the Trop-2

cytoplasmic tail abolishes both modulation of NF-kB, cyclin D1
and pERK, and stimulation of growth. Trop-2 and main network
partners appear to be concordantly upregulated in primary
human tumours, supporting the in-vivo relevance of the Trop-2
signalling network for cancer growth.

RESULTS AND DISCUSSION
The Trop-2 signalling network
Upregulation of TROP2 was shown to be necessary and sufficient
to quantitatively stimulate tumour growth.12 Upregulation
of molecules involved in tumourigenesis is often a consequence
of gene amplification (for example, HER2/neu).18 Alternatively,
inactivating mutations (for example, TP53) can drive
compensatory overexpression.19 However, we did not identify
instances of mutations12 or of amplification of the TROP2 gene,
which indicates that TROP2 overexpression does not arise from
structural alterations of the gene itself. Therefore, we sought to
identify the network of transcription factors that can modulate the
expression of TROP2. To capture actual in-vivo relevance, knockout
models were analysed where ablation of specific genes was
achieved (7 of 12 as gene replacement by homologous
recombination) (Figure 1). DNA microarray analysis demonstrated
that TROP2 expression is modulated through the inactivation of
TP63/TP53L (a TP53 family member), ERG (of the ETS family),
GRHL1/Get-1, lymphoid enhancer factor/TCF-1/HNF1A, SPI1/PU.1,
WT1, the Kruppel-like zinc finger transcription factor GLIS2, the
autoimmunity regulator transcription factor AIRE, and the fork-
head transcription factors FOXM1 and FOXP3 (Figure 1).

We then proceeded to determine whether these TROP2-
modulating transcription factors can take part in a functionally
relevant signalling module, and if this has a role in cancer.
Ingenuity pathways analysis shows that the TROP2-modulating
transcription factors can form a tightly interconnected TROP2-
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focused transcription-regulatory module. This module includes
WT1-associated protein and osteopontin/SPP1, and it converges
on six major hubs (that is, with X5 connectors), with HNF4A as the
most relevant one, with 138 edges (Figure 1). Strikingly, 20 of the
36 molecules in the network have roles in cancer and tissue
development, and funnel signalling towards cyclin D1 and NF-kB
as downstream effectors. TP63/TP53L, which is a homologue of
the tumour suppressor TP53, drives the expression of genes that
are involved in cell adhesion, proliferation and death.20 Loss of
endogenous p63 results in upregulation of genes associated with
invasion, metastasis and epithelial–mesenchymal transition.21 ERG
is a transcription factor that regulates endothelial cell-adhesion
molecules (for example, VE-cadherin and ICAM-2) and interleukin-8.22

Mutations of GRHL1/Get-1 affect multiple genes that are linked
to terminal differentiation, including structural proteins, lipid
metabolising enzymes and cell-adhesion molecules.23 Hypoxia
inducible factor-1a modulates Wnt/b-catenin signalling in hypoxic

embryonic stem cells through the enhancement of b-catenin
activation and the expression of HNF1A/TCF-1.24 HNF1A/TCF-1 is
the largest hub in this TROP2 network, and was shown to be
essential for stem-cell growth. Constitutive transcription of
TCF target genes caused by the loss of APC function is an early
event in transformation of colonic epithelium.25 Of note, TCF-1
acts as a feedback transcriptional repressor of b-catenin–TCF-4
target genes, and disruption of this negative feedback loop
induces the formation of intestinal tumours, much like the
loss of APC. SPI1/PU.1 has a crucial function in germinal
progenitors. PU.1 knock-down leads to acute myeloid leukaemia
in animal models. PU.1 is also involved in the development of
breast cancer.26 WT1 is a transcription factor that is critical for
urogenital development and it has a complex role in
tumorigenesis,27 for example, through regulation of G2/M
transition via stabilisation of the cyclin A2 messenger RNA.28

GLIS2 is involved in kidney development, and loss of GLIS2 causes

Figure 1. TROP2 transcription network. Map of TROP2-driving transcription factors (centre). Proteins upstream and downstream of Trop-2 were
examined using the Ingenuity Pathways Analysis software (version 8.8, Ingenuity Systems, www.ingenuity.com). All of the molecules were
mapped onto the Ingenuity Knowledge Base as focus points. Networks of focus molecules were generated by maximising interconnectedness
versus random distributions. Networks were ranked by a score based on a hypergeometric distribution and quantified as –log of right-tailed
Fisher’s exact test result. The transcription-factor network score was 34 (Fisher’s exact test: 1� 10� 34). The Trop-2-modulating proteins are in
grey and connecting proteins are in white. Hubs shared between TROP2 upstream/downstream transcription networks are in black. Bar
graphs: vertical bars, value measurements of the GEO sample records (in arbitrary units; the record code is indicated in the grey boxes below);
squares, rank order as percentile bins, which indicates where the expression of each gene falls with respect to all of the other genes on that
array. Faded bars/squares correspond to absent Affymetrix detection call. Ranks are on a scale of 1–100% on the right Y-axes; the value scale is
on the left Y-axes. Experimental groups are indicated for each set of replicate records. Cell/tissue sources are reported below each chart;
regulatory T and preleukemic hematopoietic stem cells are of murine origin, ME180 cervical carcinoma, BT-20 and 21NT breast carcinoma and
endothelial HUVEC cells are of human origin. A full colour version of this figure is available at the Oncogene journal online.
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nephronophthisis through the induction of increased apoptosis
and fibrosis.29 Patients who express a defective form of the
transcription factor AIRE develop a multiorgan autoimmune
disease.30 The FOXP3 transcription factor is associated with
metastatic disease and poor prognosis in patients with breast
cancer.31 FOXM1 regulates G2-M transition, and its activity is
stimulated by Ras and by p53 mutations, and is modulated by
the PI3K-Akt pathway. FOXM1 is highly expressed in breast,
hepatocellular and basal cell carcinomas, and is a marker
of anaplastic thyroid carcinomas. Loss of FOXM1 leads to
mitotic spindle defects, centrosome amplification and mitotic
catastrophe.32

The Trop-2 downstream effectors
These findings led us to investigate the transcription-factor
network downstream of Trop-2. High-throughput western blotting
of MTE 4–14 transfectants revealed that Trop-2 overexpression
drives upregulation of Jun (þ 56.2%, versus vector-transfected
cells) and NF-kB (þ 111.5%), and loss of phosphorylation of CREB1
S133 (� 81.1%), STAT1 Y701 (� 17.4%), STAT3 S727 (� 40.4%)
(Figures 2b,e and g), and Rb S780 (� 58.3%).

NF-kB and cyclin D1 appeared as major signalling effectors
downstream of TROP2-modulating transcription factors (Figure 1),
and were further investigated (Figures 2b and g). Supporting our
network model, we show a TROP2-dependent modulation of
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Figure 2. Trop-2 cytoplasmic tail-dependent cell-growth stimulation and signalling. The murine immortalised MTE 4–14 cells49 were
maintained in Dulbecco’s modified Eagle medium, supplemented with 10% foetal bovine serum. Human wild-type TROP2 (X77753) and the
cytoplasmic domain mutants were obtained by polymerase chain reaction from the original full length TROP2 clone1 and inserted into the
pDEYFP expression vector. The human TROP1 coding sequence was cloned in the pDEYFP expression vector.34 DNA transfection50 was
performed with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Cell lysates were analysed by western blotting, as previously described.2

Primary antibodies: monoclonal anti-cyclin-D1 (sc-246), goat polyclonal anti-NFkB p50 (sc-1190), anti-ERK-1 (sc-94-G) or anti-phospho-ERK-1/2
(Thr 202/Tyr 204) (sc-1698) (Santa Cruz Biotechnology, Santa Cruz, CA, USA). CREB1 S133, Jun, STAT1 Y701, STAT3 S727 levels were determined
by Kinexus Kinetworks. Signal intensity was quantified with NIH-image 1.62, using a Kodak grey-scale standards power curve
(www.kodak.com) as reference. Cells were seeded at 3� 103 cells/well in 96-well plates (five replica wells per data point). Cell numbers
were quantified by staining with crystal violet (Sigma).51 (a) Growth curves of MTE 4–14 cells transfected with vector, wild-type TROP2 and
cytoplasmic tail deletion TROP2 mutants (Dcyto). Data are means±s.d. (b) Western blot of Trop-associated cyclin D1 and NF-kB expression
levels in MTE 4–14 cells transfected with vector alone, or as stable TROP1 and TROP2 transfectants. (c) Growth curves of MTE 4–14 cells
transiently transfected with vector alone or with TROP2. Data are mean±s.e.m. of the mean. (d) ERK pathway inhibition. Growth curves of MTE
4–14 cells transfected with vector alone (top) or with TROP2 (bottom), and treated with 1 and 10 mM A6355 (Sigma) to inhibit ERK activity.
Control cells were treated with vehicle alone. Data are means±s.e.m. (e) Western blot of Trop-2-associated STAT1, STAT3, CREB and Jun levels
and phosphorylation. MTE 4–14 cells were stably transfected with vector alone or TROP2. (f ) Western blots of ERK absolute levels and
phosphorylation in MTE 4–14 vector-alone transfectants, or in stable (left) or transient (right) TROP1 and TROP2 transfectants. (g) Western blot
of Trop-2-tail-dependent NF-kB, cyclin D1 and ERK levels and phosphorylation. MTE 4–14 cells were stably transfected with vector alone, wild-
type TROP2 and cytoplasmic tail deletion TROP2 mutants (Dcyto). A full colour version of this figure is available at the Oncogene journal online.
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cyclin D1 and NF-kB (Figures 2b and g). We used the TROP2
paralogue TROP1/Ep-CAM as a benchmark,1,33 as TROP1 also has
cancer-driving capacity.34 The absolute levels of NF-kB were
increased up to 2.5-fold by Trop-2 overexpression, whereas they
were insensitive to Trop-1 (Figures 2b and g). Cyclin D1 levels were
reduced by two-to-four-fold by Trop-2, by one order of magnitude
less by Trop-1 (Figures 2b and g). These findings indicate a major
regulatory role of Trop-2 on NF-kB and cyclin D1, and that Trop-2
transduces signals differently from Trop-1. This is the first evidence
that the two members of the Trop family have diversified roles in
signalling for growth, which might help to explain both the
phylogenetic history of this gene duplication and the differential
roles the Trops have in normal and neoplastic cells, arguably upon
selective pressure for function in vivo.

Cyclin D1 and NF-kB modulation downstream of Trop-2 reveals
a seamless integration between signalling networks upstream and
downstream of TROP2. As shown in Figures 2b and g, cyclin D1

appears as a double band in extracts from non-human cell lines.
These bands have been shown to correspond to differentially
phosphorylated forms of cyclin D1,35 with faster-migrating forms
having a shorter half-life. Trop-2 decreases cyclin D1 expression
overall, but has a much stronger effect on faster-migrating
molecules, suggesting preferential modulation of specifically
phosphorylated cyclin D1 isoforms.

CREB upregulation correlates with tumour aggressiveness and
survival of cancer patients.36 Stimulation of CREB phosphorylation
promotes the formation of a b-catenin–CREB transcriptional
complex, which is then recruited to the cyclin D1 promoter to
activate transcription.37 Cyclin D1 interacts with STAT3 to regulate
gene activation, for example, of the p21waf1 CDK inhibitor gene,
and its binding to the p21waf1 promoter prevents recruitment of
histone acetylases and RNA polymerase II, which leads to
inhibition of p21waf1 transcription.38 Of note, TROP2 can form
an RNA-oncogene by trans-splicing to CYCLIN D1, and expression
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Figure 3. Trop-2, ERa and HER-2/neu expression in human breast cancer. Breast cancer samples analysed by immunohistochemistry. Sample
tissue microarrays were assembled as previously described.52 Endogenous peroxidase was blocked by exposure to 3% H2O2 for 5min. Slides
were treated with 0.3% bovine serum albumin in Tris-buffered saline at room temperature for 30min to quench non-specific binding. The
slides were then stained with the specific antibodies (Trop-2: 162–46.2 monoclonal;44,53 ERa: MU368-UC monoclonal, Biogenex, Fremont, CA,
USA; progesterone receptor: 1A6, Ventana, Tucson, AZ, USA; HER-2/neu: Hercep-Test (Dako, Glostrup, Denmark)54 (Supplementary Table 1a).
The bound antibodies were detected with goat antirabbit or antimouse horseradish peroxidase-labelled polymerised secondary antibodies
(DAKO EnVision TM System). Peroxidase activity was visualised with diamminobenzidine (Dako). Slides were scored by two independent
observers (MP, RL). The images are representative cases of ductal (DI) (1–5, 8–24), ducto-lobular (DLI) (6) and lobular (LI) (7) cancers.
Arrowheads, calcified deposits (7). Expression levels were classified as described. (class 3): 1–5, 9–11; (class 2): 12–14, 19, 20; (class 1): 21; (low/
negative): 6–8, 15, 16, 22–24; 1: granular positivity. All pictures were taken with a � 40 objective. A full colour version of this figure is available
at the Oncogene journal online.
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of the transforming messenger RNA chimera is regulated both
through the regulation of the fusion event and through an altered
stability of the spliced messenger RNA.39 Steady-state amounts of
CYCLIN D1 messenger RNA are crucial to its transforming
ability39,40 and are critically regulated at the transcriptional
level.39,41

Trop-2 signalling through the ERK/MAPK pathway
The Trop-2 cytoplasmic tail has conserved structural motifs2,10,11

that might have roles in Trop-2-dependent signalling. Therefore,
we generated a cytoplasmic tail-deletion mutant of Trop-2
(Figure 2a; Dcyto) and tested its growth-stimulatory and signalling
capacity. Cytoplasmic tail ablation completely abolished Trop-2-
dependent growth stimulation in vitro (Figure 2a), which indicates
that tail-driven signalling is essential for Trop-2-dependent
growth. We then analysed the expression of cyclin D1 and
NF-kB, and the phosphorylation of ERK in transfectants with wild-
type Trop-2 or with this tail-deletion mutant. All of the Trop-2-
induced modulatory changes reverted to control levels upon
deletion of the Trop-2 cytoplasmic tail (Figure 2g). Hence, an intact
Trop-2 tail structure is required for Trop-2 signalling for growth
through ERK, NF-kB and cyclin D1.

Cyclin D1 is downstream of ERK/MAPK, and Trop-2 has
previously been shown to activate ERK in gene-reporter assays.42

Hence, we went on to define the physiological relevance of the
ERK/MAPK pathway in Trop-2 signalling (Figures 2d and f). TROP2
induced growth of transiently transfected cells (Figure 2c), as did
TROP1/Ep-CAM. In the same cells though, Trop-2 acutely inhibited
ERK phosphorylation at activatory sites (Figure 2f, right): ERK-1
phosphorylation was essentially abolished, while that of ERK-2 was
reduced by 10-fold. The absolute levels of ERK-1 remained
essentially the same, while ERK-2 levels were induced by 20%.

This was at variance with Trop-1, which reduced ERK-1 phosphor-
ylation by 35%, while inducing a 20% increase in ERK-1 absolute
levels. On the other hand, upregulation of the ERK-1 and ERK-2
absolute levels and of their activatory phosphorylation at T202/
Y204 (up to three-fold) was seen after prolonged expression of
Trop-2 (several days) (Figure 2f, left). Thus, acute versus prolonged
expression of Trop-2 induces opposite changes in ERK phosphor-
ylation, while the Trop-2 growth-stimulatory effects are retained,
which suggests a signalling-network-dependent, feedback-
mediated modulation of ERK by Trop-2, rather than an early
activation step. Consistent with this, inhibition of ERK kinase
activity (1–10 mM A6355) inhibits growth of Trop-2 transfectants to
the same extent as that of control cells (Figure 2d). The ERK
pathway was affected by the deletion of the Trop-2 cytoplasmic
tail, and both absolute levels and phosphorylation at T202/Y204 of
ERK-1 and ERK-2 reverted to control levels in the cytoplasmic tail
deletion Trop-2 mutant (Figure 2g), although this appeared to be
time-dependent in cell culture.

Trop-2 signalling in human tumours
Our findings have shown that Trop-2-driven signalling is essential
for the growth of human cancer cells in vitro and in pre-clinical
models.12 Hence, we went on to assess the relevance of this
signalling mechanism in primary human tumours. A prediction of
our model is that key members of a Trop-2-dependent signalling
module (cyclins/cyclin inhibitors, p53) would be concurrently
expressed with Trop-2 in primary human neoplasias. Cluster
analysis43 led us also to predict concurrent expression with other
breast cancer growth stimulators, like oestrogen receptor a (ERa)
and HER-2/neu.

We examined a series of breast cancer cases for expression of
Trop-2, as compared with the clinical and pathological character-
istics of the tumours and with the levels of other progression,
proliferation and differentiation markers (Figure 3; Supplementary
Table 1a). Dichotomic high/low correlation versus Trop-2 levels
first pinpointed a trend to a relationship with the expression of
ERa (P¼ 0.06) and HER-2/neu (P¼ 0.06), when analysed as
categorical variables (Supplementary Table 1a). Correlation
between expression levels of Trop-2 and cell proliferation
parameters as continuous variables was formally assessed via
non-parametric Spearman correlation analysis (Table 1). Expres-
sion levels of Trop-2 were shown to strongly correlate with those
of cyclin D1, cyclin E, the cyclin inhibitors p27 and p16, ERa and
HER-2. Hence, specific proliferation and differentiation markers,
which represent key components of the Trop-2 signalling network,
are concurrently overexpressed with Trop-2 in primary tumours.

We then went on to analyse the expression profile of TROP2-
linked transcription factors in human cancers (Figure 4). Two
major patterns were apparent. The first one was a pattern of
tumour-histotype-specific expression (FOXM1, ERG, TP63, WT1),
with heterogeneous expression even within a specific tumour
type. This suggested a corresponding heterogeneity of regulatory
interactions with the TROP2 gene, in particular in transcription
factors overexpressing cancer samples. The second pattern was
one of essentially ubiquitous expression (HNF1A, GRHL1, SPI1/
PU.1, WT1, GLIS2, AIRE and FOXP3; HNF1A is shown as an
example) (Figure 4; Supplementary Table 1b). This second pattern
suggests a broad availability of a large fraction of TROP2-linked
transcription factors for functional interactions in cancer cells.

The concordant upregulation of Trop-2 and of functionally
linked cancer-driving molecules in human breast cancer supports
functional relevance in vivo, and candidates the Trop-2 signalling
network for novel diagnostic and therapeutic strategies.44–48

ABBREVIATIONS
AIRE, autoimmune regulator; CREB, cyclic AMP-responsive-element
binding protein; FOXM1, forkhead box M1; Get, Grainyhead-like

Table 1. Spearman’s correlation analysis of Trop-2 expression and cell
proliferation parameters

Trop-2

Ki-67
Rho 0.086

P 0.078
Cyclin D1
Rho 0.435

P o0.0001
Cyclin E
Rho 0.358

P o0.0001
ERa
Rho 0.196

P o0.0001
PgR
Rho � 0.034

P 0.486
HER-2
Rho 0.218

P 0.007
p27
Rho 0.552

P o0.0001
p16 (N)
Rho 0.322

P o0.0001
p16 (C)
Rho 0.371

P o0.0001

Abbreviations: ERa, oestrogen receptor a; (C), cytoplasmic staining; (N),
nuclear staining; PgR, progesterone receptor; Rho, Spearman’s correlation
coefficient; P, two-tailed P-value. Significant correlations are highlighted
(grey shading).
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epithelial transactivator; IPA, Ingenuity pathways analysis; TCF,
T-cell factor; WTAP, Wilms’ tumour-associated protein

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ACKNOWLEDGEMENTS
This study was supported by the Fondazione of the Cassa di Risparmio della Provincia
di Chieti, ABO Foundation (Grant CH01D0081), Fondazione compagnia di San Paolo,
and the Italian Ministry of Health (RicOncol RF-EMR-2006-361866). MT was a recipient
of a scholarship from the Italian Foundation for Cancer Research (FIRC, Italy).

REFERENCES
1 Fornaro M, Dell’Arciprete R, Stella M, Bucci C, Nutini M, Capri MG et al. Cloning of

the gene encoding TROP-2, a cell-surface glycoprotein expressed by human
carcinomas. Int J Cancer 1995; 62: 610–618.

2 El-Sewedy T, Fornaro M, Alberti S. Cloning of the mouse Trop2 gene - Con-
servation of a PIP2-binding sequence in the cytoplasmic domain of Trop-2. Int J
Cancer 1998; 75: 324–331.

3 Linnenbach AJ, Seng BA, Wu S, Robbins S, Scollon M, Pyrc JJ et al. Retroposition
in a family of carcinoma-associated antigen genes. Mol Cell Biol 1993; 13:
1507–1515.

4 Litvinov SV, Balzar M, Winter MJ, Bakker HA, Briaire-de Bruijn IH, Prins F et al.
Epithelial cell adhesion molecule (Ep-CAM) modulates cell-cell interactions
mediated by classic cadherins. J Cell Biol 1997; 139: 1337–1348.

5 Balzar M, Briaire-de Bruijn IH, Rees-Bakker HAM, Prins FA, Helfrich W, Leij LD et al.
Epidermal growth factor-like repeats mediate lateral and reciprocal interactions of
Ep-CAM molecules in homophilic adhesions. Mol Cell Biol 2001; 21: 2570–2580.

6 Aplin AE, Howe A, Alahari SK, Juliano RL. Signal transduction and signal mod-
ulation by cell adhesion receptors: the role of integrins, cadherins, immunoglo-
bulin-cell adhesion molecules, and selectins. Pharmacol Rev 1998; 50: 197–263.

7 Chothia C, Jones EY. The molecular structure of cell adhesion molecules. Annu Rev
Biochem 1997; 66: 823–862.

8 Humphries MJ, Newham P. The structure of cell-adhesion molecules. Trends Cell
Biol 1998; 8: 78–83.

9 Chong JM, Speicher DW. Determination of disulfide bond assignments and
N-glycosylation sites of the human gastrointestinal carcinoma antigen GA733-2
(CO17-1A, EGP, KS1-4, KSA, and Ep-CAM). J Biol Chem 2001; 276: 5804–5813.

Figure 4. TROP2-linked transcription-factor expression in human normal and tumour tissues. Transcription-factor expression profiles from DNA
microarray data sets (U95a GeneChip, Affymetrix, Santa Clara, CA, USA55) (biogps.org). Horizontal axes, cancer types (normal corresponding
tissues are black bars; details on individual samples are in Supplementary Table 1b). Left vertical axes, fluorescence signal intensities (arbitrary
units). Dotted horizontal lines, 1� , 3� and 30� median values. Insets: broken bars, showing out-of-scale expression of cancer samples. A full
colour version of this figure is available at the Oncogene journal online.

Trop-2 signalling network
E Guerra et al

1599

& 2013 Macmillan Publishers Limited Oncogene (2013) 1594 – 1600



10 Alberti SA. Phosphoinositide-binding sequence is shared by PH domain target
molecules. - A model for the binding of PH domains to proteins. Proteins 1998; 31:
1–9.

11 Alberti S. HIKE, a candidate protein binding site for PH domains, is a major
regulatory region of Gbeta proteins. Proteins 1999; 35: 360–363.

12 Trerotola M, Cantanelli P, Guerra E, Tripaldi R, Aloisi AL, Bonasera V et al.
Upregulation of Trop-2 quantitatively stimulates human cancer growth.
Oncogene 2013; 32: 222–233.

13 Shaulian E. AP-1--The Jun proteins: Oncogenes or tumor suppressors in disguise?
Cell Signal 2010; 22: 894–899.

14 Ben-Neriah Y, Karin M. Inflammation meets cancer, with NF-kappaB as the
matchmaker. Nat Immunol 2011; 12: 715–723.

15 Burkhart DL, Sage J. Cellular mechanisms of tumour suppression by the retino-
blastoma gene. Nat Rev Cancer 2008; 8: 671–682.

16 Haura EB, Turkson J, Jove R. Mechanisms of disease: Insights into the emerging
role of signal transducers and activators of transcription in cancer. Nat Clin Pract
Oncol 2005; 2: 315–324.

17 Siu YT, Jin DY. CREB--a real culprit in oncogenesis. FEBS J 2007; 274: 3224–3232.
18 Peiro G, Adrover E, Aranda FI, Peiro FM, Niveiro M, Sanchez-Paya J. Prognostic

implications of HER-2 status in steroid receptor-positive, lymph node-negative
breast carcinoma. Am J Clin Pathol 2007; 127: 780–786.

19 Biganzoli E, Coradini D, Ambrogi F, Garibaldi JM, Lisboa P, Soria D et al. p53 status
identifies two subgroups of triple-negative breast cancers with distinct biological
features. Jpn J Clin Oncol 2011; 41: 172–179.

20 Yang A, Zhu Z, Kapranov P, McKeon F, Church GM, Gingeras TR et al. Relationships
between p63 binding, DNA sequence, transcription activity, and biological
function in human cells. Mol Cell 2006; 24: 593–602.

21 Barbieri CE, Tang LJ, Brown KA, Pietenpol JA. Loss of p63 leads to increased cell
migration and up-regulation of genes involved in invasion and metastasis. Cancer
Res 2006; 66: 7589–7597.

22 Yuan L, Nikolova-Krstevski V, Zhan Y, Kondo M, Bhasin M, Varghese L et al.
Antiinflammatory effects of the ETS factor ERG in endothelial cells are mediated
through transcriptional repression of the interleukin-8 gene. Circ Res 2009; 104:
1049–1057.

23 Yu Z, Lin KK, Bhandari A, Spencer JA, Xu X, Wang N et al. The Grainyhead-like
epithelial transactivator Get-1/Grhl3 regulates epidermal terminal differentiation
and interacts functionally with LMO4. Dev Biol 2006; 299: 122–136.

24 Mazumdar J, O’Brien WT, Johnson RS, LaManna JC, Chavez JC, Klein PS et al. O2
regulates stem cells through Wnt/beta-catenin signalling. Nat Cell Biol 2010; 12:
1007–1013.

25 Korinek V, Barker N, Morin PJ, van Wichen D, de Weger R, Kinzler KW et al.
Constitutive transcriptional activation by a beta-catenin-Tcf complex in
APC-/- colon carcinoma. Science 1997; 275: 1784–1787.

26 Ronneberg JA, Fleischer T, Solvang HK, Nordgard SH, Edvardsen H, Potapenko I
et al. Methylation profiling with a panel of cancer related genes: association with

estrogen receptor, TP53 mutation status and expression subtypes in sporadic
breast cancer. Mol Oncol 2010; 5: 61–76.

27 Loeb DM, Sukumar S. The role of WT1 in oncogenesis: tumor suppressor or
oncogene? Int J Hematol 2002; 76: 117–126.

28 Horiuchi K, Umetani M, Minami T, Okayamazzz H, Takada S, Yamamoto M et al.
Wilms’ tumor 1-associating protein regulates G2/M transition through stabiliza-
tion of cyclin A2 mRNA. Proc Natl Acad Sci U S A 2006; 103: 17278–17283.

29 Attanasio M, Uhlenhaut NH, Sousa VH, O’Toole JF, Otto E, Anlag K et al. Loss of
GLIS2 causes nephronophthisis in humans and mice by increased apoptosis and
fibrosis. Nat Genet 2007; 39: 1018–1024.

30 Anderson MS, Venanzi ES, Klein L, Chen Z, Berzins SP, Turley SJ et al. Projection of
an immunological self shadow within the thymus by the aire protein. Science
2002; 298: 1395–1401.

31 Merlo A, Casalini P, Carcangiu ML, Malventano C, Triulzi T, Menard S et al.
FOXP3 expression and overall survival in breast cancer. J Clin Oncol 2009; 27:
1746–1752.

32 Wonsey DR, Follettie MT. Loss of the forkhead transcription factor FoxM1 causes
centrosome amplification and mitotic catastrophe. Cancer Res 2005; 65:
5181–5189.

33 Calabrese G, Crescenzi C, Morizio E, Palka G, Guerra E, Alberti S. Assignment of
TACSTD1 (alias TROP1, M4S1) to human chromosome 2p21 and refinement of
mapping of TACSTD2 (alias TROP2, M1S1) to human chromosome 1p32 by in situ
hybridization. Cytogenet Cell Genet 2001; 92: 164–165.

34 Zanna P, Trerotola M, Vacca G, Bonasera V, Palombo B, Guerra E et al. Trop-1 is a
novel cell growth stimulatory molecule that marks early stages of tumor pro-
gression. Cancer 2007; 110: 452–464.

35 Zou Y, Ewton DZ, Deng X, Mercer SE, Friedman E. Mirk/dyrk1B kinase destabilizes
cyclin D1 by phosphorylation at threonine 288. J Biol Chem 2004; 279: 27790–27798.

36 Cheng C, Li LM, Alves P, Gerstein M. Systematic identification of transcription
factors associated with patient survival in cancers. BMC Genomics 2009; 10: 225.

37 Castellone MD, De Falco V, Rao DM, Bellelli R, Muthu M, Basolo F et al. The beta-
catenin axis integrates multiple signals downstream from RET/papillary thyroid
carcinoma leading to cell proliferation. Cancer Res 2009; 69: 1867–1876.

38 Bienvenu F, Barre B, Giraud S, Avril S, Coqueret O. Transcriptional regulation by a
DNA-associated form of cyclin D1. Mol Biol Cell 2005; 16: 1850–1858.

39 Guerra E, Trerotola M, Dell’ Arciprete R, Bonasera V, Palombo B, El-Sewedy T et al.
A bi-cistronic CYCLIN D1-TROP2 mRNA chimera demonstrates a novel oncogenic
mechanism in human cancer. Cancer Research 2008; 68: 8113–8121.

40 Hinds PW, Dowdy SF, Eaton EN, Arnold A, Weinberg RA. Function of a human
cyclin gene as an oncogene. Proc Natl Acad Sci USA 1994; 91: 709–713.

41 Terrinoni A, Dell’Arciprete R, Fornaro M, Stella M, Alberti S. The Cyclin D1 gene
contains a cryptic promoter that is functional in human cancer cells. Genes
Chromosomes Cancer 2001; 31: 209–220.

42 Cubas R, Zhang S, Li M, Chen C, Yao Q. Trop2 expression contributes to tumor
pathogenesis by activating the ERK MAPK pathway. Mol Cancer 2010; 9: 253.

43 Ambrogi F, Biganzoli E, Querzoli P, Ferretti S, Boracchi P, Alberti S et al. Molecular
subtyping of breast cancer from traditional tumor marker profiles using parallel
clustering methods. Clin Cancer Res 2006; 12: 781–790.

44 Alberti S, Miotti S, Stella M, Klein CE, Fornaro M, Ménard S et al. Biochemical
characterization of Trop-2, a cell surface molecule expressed by human carcino-
mas: formal proof that the monoclonal antibodies T16 and MOv-16 recognize
Trop-2. Hybridoma 1992; 11: 539–545.

45 Mangino G, Capri MG, Barnaba V, Alberti S. Presentation of native Trop-2 tumor
antigens to human cytotoxic T lymphocytes by engineered antigen-presenting
cells. Int J Cancer 2002; 101: 353–359.

46 Trerotola M, Guerra E, Alberti S. Letter to the editor: efficacy and safety of anti-
Trop antibodies. Biochim Biophys Acta 2010; 1805: 119–120.

47 Varughese J, Cocco E, Bellone S, de Leon M, Bellone M, Todeschini P et al. Uterine
serous papillary carcinomas overexpress human trophoblast-cell-surface marker
(Trop-2) and are highly sensitive to immunotherapy with hRS7, a humanized anti-
Trop-2 monoclonal antibody. Cancer 2011; 117: 3163–3172.

48 Cubas R, Li M, Chen C, Yao Q. Trop2: A possible therapeutic target for late stage
epithelial carcinomas. Biochim Biophys Acta 2009; 1796: 309–314.

49 Naquet P, Lepesant H, Luxembourg A, Brekelmans P, Devaux C, Pierres M.
Establishment and characterization of mouse thymic epithelial cell lines. Thymus
1989; 13: 217–226.

50 Alberti S, Fornaro M. Higher transfection efficency of genomic DNA purified with a
guanidinium-thiocyanate-based procedure. Nucleic Acids Res 1990; 18: 351–353.

51 Orsulic S, Li Y, Soslow RA, Vitale-Crosss LA, Gutkind JS, Varmus HE. Induction of
ovarian cancer by defined multiple genetic changes in a mouse model system.
Cancer Cell 2002; 1: 53–62.

52 Querzoli P, Pedriali M, Rinaldi R, Lombardi AR, Biganzoli E, Boracchi P et al.
Axillary lymph node nanometastases are prognostic factors for disease-free sur-
vival and metastatic relapse in breast cancer patients. Clin Cancer Res 2006; 12:
6696–6701.

53 Alberti S, Herzenberg LA. DNA methylation prevents transfection of genes for
specific surface antigens. Proc Natl Acad Sci USA 1988; 85: 8391–8394.

54 Tinari N, Lattanzio R, Natoli C, Cianchetti E, Angelucci D, Ricevuto E et al. Changes
of topoisomerase IIalpha expression in breast tumors after neoadjuvant chemo-
therapy predicts relapse-free survival. Clin Cancer Res 2006; 12: 1501–1506.

55 Su AI, Welsh JB, Sapinoso LM, Kern SG, Dimitrov P, Lapp H et al. Molecular
classification of human carcinomas by use of gene expression signatures. Cancer
Res 2001; 61: 7388–7393.

Supplementary Information accompanies the paper on the Oncogene website (http://www.nature.com/onc)

Trop-2 signalling network
E Guerra et al

1600

Oncogene (2013) 1594 – 1600 & 2013 Macmillan Publishers Limited

http://www.nature.com/onc


Supplementary Table S1a. Clinical and pathological features of the breast cancer patients case series.

Trop-2 expression
low high 

number (%) number (%) P value

Age at diagnosis 
< 50 68 (25.5) 35 (22.4)
> 50 199 (74.5) 121 (77.6) 0.56
Tumour size
T1 182 (68.7) 94 (60.6)
T2 83 (31.3) 61 (39.4) 0.11
Tumour grade 
I 33 (12.4) 19 (12.2)
II-III 234 (87.6) 137 (87.8) 1.00
ERα
Negative 72 (27.1) 30 (19.2)
Positive 194 (72.9) 126 (80.8) 0.06
PgR
Negative 127 (47.7) 67 (42.9)
Positive 139 (52.3) 89 (57.1) 0.36
Ki-67 
Negative 144 (54.1) 85 (54.5)
Positive 122 (45.9) 71 (45.5) 1.00
HER-2/neu
Negative 241 (90.9) 130 (83.3)
Positive 24 ( 9.1) 26 (16.7) 0.03

Abbreviations: ERα, oestrogen receptor α; PgR, progesterone receptor. Each IHC marker was analysed as 
categorical variable with validated cut-off values, as indicated in the text. Significant correlations are highlighted 
(grey shading).!



Supplementary Table S1b. Clinical and pathological features of the primary tumours analysed for transcription factors expression.

ID histology position stage lymph node 
status markers % tumour tissue

B1N cancer
B5N normal
B8T cancer left breast T2 nd PRunknown;ERunknown 75

B10T cancer right breast T4 positive PRnegative;ERnegative 80
B14T cancer right breast T3 negative PRunknown;ERunknown 80
B16T cancer left breast T1 negative PRpositive;ERpositive 75
B17T cancer left breast T4 nd PRunknown;ERunknown 85
B1NR normal
B20T cancer right breast T2 positive PRpositive;ERpositive 80

B51NR normal
B6T cancer right breast T2 nd PRunknown;ERunknown

B15T cancer left breast T1 negative PRpositive;ERpositive 85
B21T cancer left breast T1 negative PRnegative;ERnegative
B29T cancer left breast T2 negative PRpositive;ERpositive
B31T cancer left breast T1 negative PRnegative;ERnegative
B32T cancer right breast T3 positive PRpositive;ERpositive
B24T cancer left breast T2 positive PRpositive;ERpositive 80
B46T cancer right breast T3 positive PRnegative;ERnegative 70
B30T cancer right breast T2 negative PRnegative;ERnegative
B34T cancer right breast T2 positive PRunknown;ERunknown 80
B36T cancer left breast T3 positive PRunknown;ERunknown 85
B37T cancer left breast T2 negative PRnegative;ERnegative 90
B38T cancer left breast T2 positive PRpositive;ERpositive 80
B39T cancer left breast T1 negative PRunknown;ERunknown 85
B41T cancer right breast T3 negative PRnegative;ERnegative 85
CO7T cancer right colon 70
CO8T cancer sigmoid colon 90

CO15T cancer caecum 50
CO27T cancer right colon 75
CO30T cancer sigmoid colon 75
CO32T cancer caecum 85
CO40T cancer right colon 70
CO52N normal (mucosa)
CO62N normal (muscularis)
CO9T cancer rectum 60

CO20T cancer right colon 70
CO24T cancer sigmoid colon 80
CO36N normal (mucosa)
CO42T cancer sigmoid colon 75
CO14T cancer right colon 70
CO21T cancer liver metastasis 90
CO23T cancer liver metastasis 90
CO41N normal (mucosa)
CO5T cancer non-rectal 80

CO44T cancer transverse colon 90
CO49T cancer sigmoid colon 85
CO51T cancer sigmoid colon 85
CO56T cancer right colon 85
CO61T cancer non-rectal 80
CO43T cancer sigmoid colon 80

G2 cancer
G3 cancer
G5 cancer
G6 cancer
G8 cancer
G9 cancer
G18 cancer
G46 cancer
G186 cancer 70
G296 cancer 90
G280 cancer 75

N257ANTR normal (antrum)
N285BODY normal (stomach body)

X102 cancer 80

breast

colon

stomach



X116_02 cancer 90
X46 cancer 75
X58 cancer 80
K1 cancer (clear cell) left T1 90
K2 cancer (clear cell) left T1 80
K3 cancer (clear cell) right T2 85
K4 cancer (clear cell) right T2 80

K14N normal
K16 cancer (clear cell) right T1 90
K17 cancer (clear cell) left T4M1 85
K19 cancer (clear cell) left T1N1 80
K20 cancer (clear cell) right T1 85
K22 cancer (clear cell) right T3A 85
K18 cancer (clear cell) right T1 90
K21 cancer (papillary) left T3A 90

K25N normal
K28N normal
L11T cancer T3 85
L13N normal
L30T cancer T3 80
L5N normal
L31T cancer N1 70
L32T cancer M 85
L34T cancer (recurrance) 75
L35T cancer T3 90
L38T cancer 80
L30T cancer 85
L31T cancer
L26N normal
LU11T cancer (squamous cell) 50
LU16T cancer (adenocarcinoma) right T1 50
LU7T cancer (squamous cell) 50
LU8T cancer (adenocarcinoma) right T1 50
LU12T cancer (squamous cell) 65
LU13T cancer (squamous cell) 70
LU5T cancer (adenocsquamous) 50
LU6T cancer (adenocarcinoma) right T1 40
LU14T cancer (squamous cell) 50
LU17T cancer (adenocarcinoma) right T1 50
LU50N normal
LU52N normal
LU18T cancer (adenocarcinoma) left T1 70
LU55N normal
LU3N normal
LU19T cancer (squamous cell) 70
LU20T cancer (adenocarcinoma) right T2 70
LU24T cancer (squamous cell) 70
LU25T cancer (squamous cell) 70
LU31T cancer (adenocarcinoma) right T1 60
LU34T cancer (adenocarcinoma) right T1 70
LU39T cancer (adenocarcinoma) left T1 80
LU40T cancer (adenocarcinoma) left T1 50
LU41T cancer (squamous cell) 70
LU44T cancer (adenocarcinoma) left T1 70
LU46T cancer (neuroendocrine) 90
LU49T cancer (large cell undifferentiated) 90
LU42T cancer (small cell undifferentiated) 95
LU30T cancer (squamous cell) 65
LU43T cancer (small cell undifferentiated) 50
LU26T cancer (squamous cell) 65
LU33T cancer (adenocarcinoma) left T1 50
LU36T cancer (adenocarcinoma) 50
OVR16 cancer (serous papillary)
OVR19 cancer (serous papillary)
OVR27 cancer (serous papillary)
HUOVR normal (commercial)
OVR102 normal
OVR28 cancer (serous papillary)

OVR278E normal (epithelial enriched)
OVR2 cancer (serous papillary)

ovary

stomach

kidney

liver

lung



OVR5 cancer (serous papillary)
OVR8 cancer (serous papillary)
OVR11 cancer (serous papillary)
OVR12 cancer (serous papillary)
OVR13 cancer (serous papillary)
OVR22 cancer (serous papillary)
OVR26 cancer (serous papillary)
OVR10 cancer(serouspapillary)

OVR278S normal (stromal enriched)
OVR1 cancer (serous papillary)
P1N normal
P2N normal
P5N normal
P8 cancer
P11 cancer
P17 cancer
P22 cancer

P13N normal
P16B cancer
P23 cancer
Pr1T cancer T2AN0M0 75
Pr4T cancer T2bN0M0 80
Pr5T cancer T2AN0M0 80
Pr7T cancer T3AN0M0 60
Pr1N normal
Pr5N normal
Pr6T cancer T2BN0M0 70
Pr3N normal
Pr3T cancer T2BN0M0 85
Pr4N normal
Pr2N normal
Pr8N normal
Pr8T cancer T3BN0M0 70
Pr9N normal

Pr10N normal
Pr10T cancer T2AN0M0 85
Pr9T cancer T2BN0M0 65
Pr11T cancer T2AN0M0 80
Pr12T cancer T3AN0M0 65

Pr13AT cancer T3AN0M0 75
Pr13BT cancer T3AN0M0 75
Pr21T cancer TXNXMX 85
Pr22T cancer T3AN0M0 75
Pr30T cancer T3B0M0 80
Pr23T cancer T3AN0M0 70
Pr19T cancer T3N0M0 70
Pr26T cancer T3ANXMX 70
Pr31T cancer T2BN0M0 65
Pr16T cancer T2BN0M0 75
Pr17T cancer TXN1M0 90
Pr24T cancer TXN0M0 85
Pr27T cancer TXNXMX 65
Pr29T cancer T2AN0M0 50

ovary

pancreas

prostate

Samples are grouped according to their tissue of origin. Tumours are colour coded as follows: yellow, breast ; green, colon; magenta, stomach; orange, 
kidney; blue, liver; cyan, lung; red, ovary; brown; pancreas; purple, prostate. Black highlights: normal tissues within each group. !
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