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Background: Colorectal cancer (CRC) is one of the major causes of cancer-associated mortality worldwide. The currently
approved therapeutic agents have limited efficacy.

Methods: The atypical cadherin FAT1 was discovered as a novel CRC-associated protein by using a monoclonal antibody
(mAb198.3). FAT1 expression was assessed in CRC cells by immunohistochemistry (IHC), immunoblots, flow cytometry and
confocal microscopy. In addition, in vitro and in vivo tumour models were done to assess FAT1 potential value for therapeutic
applications.

Results: The study shows that FAT1 is broadly expressed in primary and metastatic CRC stages and detected by mAb198.3,
regardless of KRAS and BRAF mutations. FAT1 mainly accumulates at the plasma membrane of cancer cells, whereas it is only
marginally detected in normal human samples. Moreover, the study shows that FAT1 has an important role in cell invasiveness
while it does not significantly influence apoptosis. mAb198.3 specifically recognises FAT1 on the surface of colon cancer cells and
is efficiently internalised. Furthermore, it reduces cancer growth in a colon cancer xenograft model.

Conclusions: This study provides evidence that FAT1 and mAb198.3 may offer new therapeutic opportunities for CRC including
the tumours resistant to current EGFR-targeted therapies.

Colorectal cancer (CRC) is the fourth leading cause of cancer-
related mortality worldwide, accounting for over 600 000 deaths
annually (Ferlay et al, 2010). The 5-year survival is 90% in early
stages and drops to B10% if metastasis has occurred (O’Connell
et al, 2004). Metastatic patients treated with chemotherapy have a
mean survival of B12 months. Cetuximab and Panitumumab
monoclonal antibodies (mAbs) used in combination with che-
motherapy to treat advanced CRC patients achieve an overall
survival benefit of B5 months (Ciardiello et al, 1991; Hagan et al,
2013). However, CRC with mutations in V-Ki-ras2 Kirsten rat
sarcoma viral oncogene homolog (KRAS) and v-Raf murine
sarcoma viral oncogene homolog B (BRAF) are resistant to

treatment with the anti-EGFR antibodies (Hagan et al, 2013).
Overall, the currently approved therapeutic regimens have
limited efficacy. Therefore, the identification of other markers
targetable by specific mAbs is essential to improve survival of CRC
patients.

Following our immunohistochemistry (IHC) approach to
discover novel tumour markers (Grifantini et al, 2011; Parri
et al, 2014), we identified a mAb directed against FAT1 that stained
specifically and with high-frequency CRC cells.

Human FAT1 is a type 1 transmembrane protein belonging to
the FAT gene family. It is composed of 34 cadherin repeats, 5 EGF-
like repeats, a laminin A–G domain in the extracellular region and
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a cytoplasmic tail (Dunne et al, 1995). FAT1 undergoes proteolytic
cleavages to release an intracellular domain (ICD), which is able to
translocate into the nucleus (Magg et al, 2005). FAT1 ICD also
interacts with b-catenin and prevents its translocation into the
nucleus (Morris et al, 2013a). In addition, it interacts with Ena/
VAPS and Scribble (Moeller et al, 2004; Tanoue and Takeichi,
2004), promotes actin-mediated cell migration and inhibits YAP1-
mediated cell proliferation (Moeller et al, 2004).

The role of FAT1 is highly debated, being reported as a tumour
suppressor (Settakorn et al, 2005; Nakaya et al, 2007; Chosdol et al,
2009) or a tumour promoter (de Bock et al, 2012). FAT1 has been
reported to undergo an aberrant processing in melanoma and
pancreatic cancer (Sadeqzadeh et al, 2011; Wojtalewicz et al, 2014).

In this study, we demonstrate that FAT1 is associated with CRC,
being expressed and localised at the level of the plasma membrane
in a large fraction of early- and late-stage CRC, as well as in low-
and high-grade CRC, with a statistical association with stage
pT1 and grade 1 CRC. Remarkably, FAT1 is detected in CRC,
regardless of the presence of mutations in KRAS and BRAF genes.
The protein is also expressed in a significant fraction of colon
adenomas, but generally confined to the cytoplasm. Moreover, we
show that mAb198.3 binds the surface of different FAT1-positive
colon cancer cell lines and it is efficiently internalised, a property
that makes it suitable for the development of antibody–drug
conjugates (ADC) for CRC therapy. Finally, naked mAb198.3 also
shows antitumour activity in a mouse xenograft model of human
colon cancer. Overall, the study provides proof of concept that
FAT1 and mAb198.3 could be exploited for the treatment of CRC,
and may offer new therapeutic opportunities for KRAS- and BRAF-
mutated CRC refractory to current EGFR-based targeted therapies.

MATERIALS AND METHODS

Reagents and cell cultures. Unless specified, all reagents were
obtained from Sigma (St Louis, MO, USA). mAb198.3 was selected
against a recombinant FAT1 region (amino acids (aa) 723–1352),
using the hybridoma technology (Song et al, 2009). His-tagged
recombinant FAT1 domains were generated in Escherichia coli as
described (Grifantini et al, 2011). Human cells were obtained from
ATCC (Manassas, VA, USA) and cultured under recommended
conditions. Peripheral blood lymphocytes were isolated from whole
blood of three human donors using the Ficoll-Paque method (GE
Healthcare, Chicago, IL, USA).

IHC analysis. Tissue microarray preparation, IHC staining and
analysis were performed essentially as described previously
(Kononen et al, 1998; Tornillo et al, 2007; Grifantini et al, 2011).
Briefly, formalin-fixed, paraffin-embedded tissue blocks of CRC
resections and normal samples were retrieved from the archives of
the Institute of Pathology, University Hospital Basel and the
Institute of Clinical Pathology, Basel, Switzerland. Colorectal
cancer and normal samples were arrayed in parallel on the same
TMA slides and analysed simultaneously. One tissue cylinder with
a diameter of 0.6mm was punched from morphologically
representative tissue areas, mostly central tumour areas and rather
away from the infiltrating tumour border. In addition, a TMA
containing 159 colon adenoma of various histological grade,
including 29 villous, 63 tubular and 68 tubular-villous adenoma, as
well as 74 corresponding normal colon tissue samples, was also
analysed. Clinicopathologic data for all samples were obtained
from archives. The study was approved by the Human Research
Ethic Committee of the University Hospital of Basel (Ethikkom-
mission Nord-und Zentralschweiz, reference number EK 322/13).
Finally, a commercial TMA (MNO961; Pantomics, Richmond, CA,
USA) carrying normal samples from 33 organs was also used to
assess FAT1 staining. Slides were screened semiquantitatively for

the percentage and the intensity of the signal for FAT1. At least 100
cells were counted for each punch. Intensity of the signal was
graded semiquantitatively in four groups from 0 (no positivity) to 3
(strong positivity). A case was considered low positive if it showed
a positive signal between 10% and 33% of cells, moderate positive
between 33% and 66% and strong positive466%. Negative control
samples were prepared by using an irrelevant isotype control
antibody and/or by omitting the primary antibody.

Cell transfection. Transfection was assessed as described
(Grifantini et al, 2011) using sequence-verified pcDNA3.1D
(Invitrogen, Carlsbad, CA, USA) derivative plasmids encoding
different overlapping domains of FAT1 (aa 723–1352).

Western blot analysis. Cell monolayers were detached with
PBS–0.5mM EDTA and subjected to western blot (WB) with
mAb198.3 or an anti-actin Ab, using a previously described
protocol (Grifantini et al, 2011).

FACS analysis. Cells (2� 104/well) were pelletted in 96 U-bottom
microplates and incubated for 1 h at 4 1C with the appropriate
dilutions of mAb198.3. Cells were washed two times in PBS–5%
FCS and incubated for 20min with R-phycoerythrin (PE)-
conjugated secondary antibody (Jackson ImmunoResearch, West
Grove, PA, USA) at 4 1C. Cells were analysed by a FACS-Canto-II
flow cytometer (BD Biosciences, San Jose, CA, USA) and data were
analysed with the FlowJo (Ashland, OR, USA) software.

Confocal microscopy. Cells were plated on microscope coverslips,
stained with mAb198.3 (10 mgml� 1), using a previously described
protocol, without permeabilisation (Grifantini et al, 2011). For
detection, AlexaFluor 488-labelled goat anti-mouse antibodies
and DAPI were used. For colocalisation analysis, cells were
simultaneously labelled with mAb198.3 and anti-E-cadherin or
anti-b-catenin rabbit antibodies and detected with AlexaFluor
594-labelled goat anti-mouse or AlexaFluor 488-labelled goat anti-
rabbit antibodies.

FAT1 silencing. FAT1 was silenced in colon cancer cell lines with
commercially available FAT1-specific siRNAs (10 nM) or irrelevant
siRNA and the HiPerfect transfection reagent (Qiagen, Venlo,
Netherlands) following the manufacturer’s protocol. After 48 h,
loss of FAT1 expression was analysed by qRT–PCR, WB and
FACS. Quantitative reverse transcription–PCR was performed with
commercially available FAT1 primers (Qiagen) as described
previously (Parri et al, 2014).

Phenotypic assays. Cell invasiveness was assessed by the Boyden
chamber assay. Cells (2000/well) were placed onto Matrigel-coated
24-well plates, and, after ON incubation at 37 1C, non-invading
cells were removed mechanically using cotton swabs, and
microporous membrane containing the invaded cells was fixed in
96% methanol and stained with Diff-Quick staining solutions.
Invasiveness was evaluated by counting the cells that migrated
towards the lower surface of the filters (10 randomly chosen fields
for each filter). Each experiment was carried out in triplicate and
averaged from at least three independent experiments.

Antibody internalisation and drug screening assay. For FACS
analysis, cells were incubated with the mAb198.3 (10 mgml� 1) or a
mAb against the surface marker CD81 as an internal control for
30min at 4 1C, then washed with PBS–5% FCS and finally shifted
to 37 1C. At time points, cells were incubated for 20min with PE-
conjugated secondary antibody at 4 1C and the residual binding
was analysed as described above. For confocal microscopy analysis,
cells were incubated with mAb198.3 for 1 h at 4 1C (10 mgml� 1),
shifted at 37 1C, fixed with 90% cold methanol and stained as
described (Grifantini et al, 2011). For the indirect ADC killing
assay, cells were seeded in 96-well cell culture plates (2000 cells per
well) and incubated for 72 h at 37 1C with mAb198.3 (3–80 nM) in
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the presence of 20 nM Protein G-MCC-DM1 (Concortis, San
Diego, CA, USA). Cell killing was assessed by luminescence
reading (Cell Titer Glo; Promega, Madison, WI, USA). Data are
presented as means±s.d. from at least three independent
experiments. Enzyme-linked immunosorbent assay Enzyme-linked
immunosorbent assay plates (NuncMaxisorp; Sigma Aldrich, St
Louis, MO, USA) were coated with 1mg of His-tagged FAT1
recombinant domains in PBS (pH 7.4) at 4 1C overnight. After
washing, cells were treated for 1 h at 37 1C with PBS–1% BSA, and
incubated for 2 h with different dilutions of mAb198.3 in PBS–
0.1% Tween. Later, the plates were washed and incubated for 1 h at
37 1C with alkaline-phosphatase-conjugated goat anti-mouse IgG.
Thereafter, 100 ml of PNPP substrate was added to the samples and
incubated for 30min at room temperature and optical densities
were read at 405 nm.

Colon cancer xenograft. HCT15 or HT29 human colon carci-
noma cells (5� 106) were injected subcutaneously into the right
flank of nude athymic mice (Harlan Laboratories; 8 mice per
group). Mice were treated intravenously with repeated doses of
either mAb198.3 or an irrelevant IgG1k isotype control (300mg per
dose, equal to 12mg kg� 1 of animal weight, 2 doses per week
starting from day � 1 before injection of CRC cells in the
preventive model, or starting when the tumour reached 100mm3

in the therapeutic model, or untreated). Tumour growth was
monitored by measuring with a caliper the greatest longitudinal
diameter (length) and the greatest transverse diameter (width).
Tumour volumes were estimated by the modified ellipsoidal
formula: tumour volume¼ 1/2(length�width2). Median tumour
volume of each mouse group was compared (Bissery et al, 1991).
Mice bearing tumours 41500mm3 were killed. The care and use
of animals used here was strictly applying European and National
Regulation for the Protection of Vertebrate Animals used for
Experimental and other Scientific Purposes in force, and approved
by the local Animal Welfare Body (AWB 022012).

Statistical analysis. Phenotypic data and animal studies were
analysed using two-tailed Student’s t-test and by repeated-
measures ANOVA, respectively. The association between the
clinical–pathological variables and mAb198.3 IHC staining was
assessed with the two-sided Fisher’s exact test. P-values p0.05
were considered significant.

RESULTS

FAT1 is overexpressed in CRC. A mouse mAb (mAb198.3)
directed against a FAT1 recombinant fragment was used in a
preliminary screening of surgical formalin-fixed, paraffin-
embedded (FFPE) CRC samples from five patients. Three of five
samples showed a clear membranous staining that extended in part
to the cytoplasm, whereas normal colon samples from the same
patients showed a negligible staining (Figure 1A). FAT1 differential
expression in CRC was confirmed by an expanded IHC analysis of
49 patient samples. The protein appeared to be abundantly and
homogeneously expressed at the level of the plasma membrane in
cancer cells (39 out of 49 cases). Moreover, as CRC patients
frequently develop metastasis, with liver being the most common
site (40%) (Pestana et al, 1964), we investigated FAT1 expression in
liver samples with colon cancer metastasis from five patients.
mAb198.3 detected FAT1 in all metastatic samples, showing a
marked plasma membrane distribution in cancer cells and only a
marginal background staining in normal hepatocytes surrounding
the metastatic lesions (Figure 1A).

FAT1 prevalence in CRC. To study the prevalence of FAT1 and
its potential clinical significance in CRC, IHC analysis was carried
out on TMAs carrying 642 FFPE CRC samples (Supplementary

Table 1S). mAb198.3 gave a positive staining in 93% CRC samples,
with an intense or moderate staining in 47% of the cases. In 63% of
FAT1-positive CRC samples, the staining mainly localised at the
plasma membrane (homogeneous staining, generally moderate to
strong intensity) and extended to the cytoplasm (Figure 1B, left
panel). The remaining 37% of the positive CRC showed a weak
cytoplasmic staining (Figure 1B, left panel). FAT1 staining pattern
did not differ among the different histotypes of colon carcinoma.
A correlation analysis with known clinical parameters and
prognostic/predictive molecular features led to four main observa-
tions. First, we found that FAT1 is expressed in all CRC stages and
grades, but at higher frequency in early pT stage and well-
differentiated CRC. FAT1 was detected in early (pT1 and pT2) and
late (pT3 and pT4) CRCs with similar frequencies (intense/
moderate staining in 54% and 49% of early and late pT groups,
respectively). However, pT1 CRC tended to be recognised by
mAb198.3 with stronger intensity than CRC at more advanced stages
(P-value: 0.03) (Figure 1B, middle panel). Similarly, mAb198.3
recognised both poorly and well-differentiated CRCs, although a
higher frequency and stronger staining intensity was found in well-
differentiated samples (P-value: 0.02) (Figure 1B, right panel).

Second, we found that FAT1 expression/localisation was
associated with the expression of E-cadherin. Analysis of 554
samples, which had been previously investigated for expression and
localisation of E-cadherin and b-catenin (Tornillo et al, 2007),
showed that FAT1 tends to accumulate at the level of the plasma
membrane in CRC positive for E-cadherin (60.8%), whereas in
E-cadherin-negative CRC, FAT1 is present at similar frequency on
the plasma membrane and in the cytoplasm (frequencies ranging
from 33 to 46%) (Figure 2A).

Third, we found that FAT1 expression in CRC was not linked to
the activation status of the b-catenin pathway. Among our CRC
samples, 192 had low b-catenin activation (intense/moderate
b-catenin staining at the level of the plasma membrane and
simultaneous weak/negative b-catenin staining in the nucleus),
whereas 97 samples had high b-catenin activation (weak/negative
b-catenin staining at the level of the plasma membrane and
simultaneous intense/moderate b-catenin staining in the nucleus).
We found that FAT1 expression and localisation does not signi-
ficantly differ between CRC groups with high or low b-catenin
activation (49.0% and 46.4% plasma membrane positivity, 30.2%
and 36.1% cytoplasmic positivity, respectively) (Figure 2B).

Fourth, and particularly interestingly, FAT1 was expressed in
CRC regardless of the presence of mutations in KRAS and BRAF
genes. KRAS gene sequence had been determined for 253 clinical
samples, 171 of 253 CRCs had wild-type KRAS, whereas
82 samples carried one or two mutations, with G12D, G12V and
G13D being the most frequent ones (Zlobec et al, 2010). FAT1 was
detected with high frequency and expression level both in wild-
type and mutant KRAS CRC (92.4% and 93.9%, respectively)
(Figure 2C, right panel). Concerning BRAF, sequence data were
available for 246 samples. BRAF was wild type in 220 samples,
whereas it was mutated in the remaining 26 cases, primarily having
the V600E substitution. FAT1 was detected with similar frequency
and intensity in both populations (94.1% and 88.5%, respectively)
(Figure 2C, left panel).

FAT1 is detected intracellularly in colon precancerous states.
The presence of FAT1 early-stage cancers was further confirmed
by staining a TMA containing 159 colon adenomas of various
histological grades and different histotypes, and 74 corresponding
normal colon tissue samples. Approximately 90% of adenoma
samples were stained, 60% with moderate or strong intensity
(Supplementary Figure 1S). High-grade adenomas tended to have
stronger staining than low-grade samples. Most adenoma samples
(95.7%) showed a cytoplasmic staining. Plasma membrane staining
was detected in a low percentage (4.3%) of adenoma samples
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belonging to the subset of high-grade adenomas (Supplementary
Figure 1S). Less than 5% of normal colon samples showed a
moderate or strong staining cytoplasmic, while the majority of
them was negative or weakly stained (Supplementary Figure 1S).

mAb198.3 does not bind the plasma membrane of normal
human cells. We investigated mAb198.3 reactivity in normal
tissues by IHC using a TMA carrying normal tissues from 33
anatomical districts (MNO961). In most tissues, the staining was
negligible or negative (Supplementary Figure 2S, panel A). In the
normal ileum, a weak or moderate intracellular staining was
detected. In the pancreas and bladder, a minimal intracellular
staining was observed, limited to the pancreatic islets and
urothelium, respectively. In kidney, stomach and breast tissues,
the staining was confined to extracellular depositions. A significant
intracellular staining was found in normal prostate, pituitary gland
and skeletal muscle (Supplementary Figure 2S, panel A).
Fluorescence-activated cell sorting analysis on mature human

striated muscle cells differentiated from the primary human
myoblast cell line (HSkM) gave negative results (not shown),
further supporting the intracellular staining in the skeletal muscle.
Finally, we investigated mAb198.3 surface binding on human
peripheral blood lymphocytes (PBLs) purified from three healthy
donors by FACS. The three PBL samples showed a negligible
surface staining (Supplementary Figure 2S, panel B).

FAT1 is broadly expressed on the cell surface of colon cancer cell
lines. mAb198.3 was used to detect FAT1 expression and
localisation on the surface of a panel of colon cell lines, including
the non-metastatic HCT15, HT29 and HCC2998 and the
metastatic Colo205 and HCT116 by FACS and confocal micro-
scopy, under conditions that preserve the plasma membrane
integrity. Fluorescence-activated cell sorting analysis showed a
clear surface staining in all tested colon cell lines (Figure 3A).
In line with the FACS data, confocal microscopy analysis showed
clear FAT1 detection at the plasma membrane of each tested cell
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line (Figure 3B). FAT1 distribution at the level of the plasma
membrane was quite homogeneous, partially overlapping with
E-cadherin and b-catenin staining (63% and 57%, respectively)
(Figure 3F). Western blot analysis of total cell extracts showed the
presence of a pattern of high MW bands above 200 kDa likely
generated by proteolytic processing and/or degradation of the giant
protein (Figure 3C). FAT1 recognition by mAb198.3 was markedly
reduced in both FACS and WB assays on cell lines treated with
FAT1-specific siRNAs (Figure 3, panels D and E).

FAT1 depletion reduces invasiveness but it does not interfere
with apoptosis. The influence of FAT1 on apoptosis and
invasiveness was assessed in colon cancer cell lines treated with
FAT1-specific siRNAs as compared with control samples treated

with irrelevant siRNAs. Apoptosis was measured by the Annexin
V-PI staining in FAT1-silenced cells, as such or after overnight
incubation with the death receptor-mediated apoptosis TRAIL
(100 ngml� 1) (Ganten et al, 2006). FAT1 silencing did not
alter the percentage of apoptotic cells (Supplementary Figure 3S,
panel A), and it did not influence the sensitivity to TRAIL
(Supplementary Figure 3S). Finally, the effect of FAT1 silencing in
cell invasiveness was assessed by the Boyden assay. Loss of
FAT1 markedly reduced HCT15-invasive phenotype compared
with control samples (Figure 3G).

mAb198.3 recognises two similar epitopes on the extracellular
domain of FAT1. mAb198.3 recognises a recombinant domain
(from aa 723 to 1352) of the extracellular region of FAT1. To better
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cells migrated towards the lower surface of the chamber filters were counted after Diff-Quick staining.
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define the specificity of the antibody, we first performed WB
analysis of HeLa cells transfected with plasmids encoding different
overlapping FAT1 fragments encompassing the region used as an
immunogen. mAb198.3 recognised two fragments, one including
the cadherin domain 8 (D8) (from aa 823 to 927) and the other
cadherin domain 12 (D12) (from aa 1242 to 1352) (Figure 4A).
The antibody binding was also confirmed by WB on purified
recombinant D8 and D12 (rD8 and rD12). Recombinant D8 was
bound with an approximately two-fold higher affinity than rD12
(KD: 9.52E� 09 vs 1.82E� 08

M), as judged by plasmon surface
resonance experiments on the recombinant domains on the solid
phase. Domains 8 and 12 showed an amino-acid identity of only
16% on the entire region and revealed a shorter stretch of 18 aa
with 67% identity (Figure 4E). To test whether the mAb198.3
binding epitope could fall within this region, seven 25-mer partially
overlapping peptides were synthetised on D8 and D12 domains
(covering the highly homologous stretch) and tested for their
ability to compete with mAb198.3 binding in ELISA, FACS and
IHC compared with an irrelevant peptide. Enzyme-linked
immunosorbent assay plates were coated with purified rD8 and
rD12 and coincubated with mAb198.3 and different peptide
concentrations (from 0.01 to 100 mgml� 1). Two peptides, peptide
7 (IQVEATDKDLGPNGHVTYSIVTDTD) and peptide 1
(REPLYHVIATDKDEGPNAEISYSIE), designed on D8 and D12
sequences, respectively, were able to inhibit the antibody binding
on both domains (Figure 4B). When used in FACS competition
analysis, both peptides significantly reduced the antibody binding
on the cell surface of HCT15 and Colo205 cells (Figure 4C). In
both assays peptide 7 showed the highest competing activity.
Finally, the two peptides were also tested in an IHC competition
assay. Coincubation of mAb198.3 (2.5mgml� 1) with peptides 7
(50 mgml� 1) almost abolished the mAb198.3 recognition of colon
cancer cells, whereas peptide 1 significantly reduced it (Figure 4D).
The two competing peptides share a stretch of 11 aa
(VEATDKDLGPN) with 81% identity (Figure 4E).

mAb198.3 is efficiently internalised by cancer cells and is
amenable to ADC development. mAbs suitable for the develop-
ment of ADC must have the property of being internalised within
cancer cells through the process of receptor-mediated endocytosis,
thus bringing its toxic payload into the cells. We tested the
mAb198.3 potential as ADC by assessing its internalisation
property on FAT1-positive colon cell lines. HCT15, HCT116 and
Colo205 were incubated with mAb198.3 at 4 1C, then shifted at
37 1C and finally the loss of surface antibody staining and the
concomitant intracellular accumulation of the immune complexes
were monitored by flow cytometry and confocal microscopy.
Fluorescence-activated cell sorting analysis showed that after 1 h at
37 1C, the antibody binding on the cell surface was reduced by
B50%, and after 2 h, it almost disappeared from the cell surface
(Figure 5A). Confocal microscopy analysis showed that loss of
mAb198.3 from the cell surface was paralleled by the formation of
intracellular immune complexes, visible as vesicle structures
moving from the cell membrane to the perinuclear region
(Figure 5B). Similar internalisation results were obtained with
HCC2998, Caco2 and HT29 (not shown). We then investigated
whether the antibody has the capacity to deliver toxins inside
the cells by using an in vitro killing assay using DM1 toxin
conjugated to protein G using a non-cleavable chemistry. HCT15
cells were incubated at 37 1C with different concentrations of
mAb198.3 or an isotype-matched control mAb (from 3 to 80 nM),
in the presence of Protein G-DM1, and cell killing was estimated
after 72 h by luminescence reading. The coincubation of mAb198.3
with Protein G-DM1 induced a significant killing of HCT15 cells
(Figure 5C).

The anti-FAT1 mAb198.3 reduces cancer growth in colon
xenograft model. We investigated the mAb198.3 ability to reduce

tumour growth in subcutaneous xenograft models, both in preventive
and therapeutic experimental settings. In preventive setting, HCT15
cells were engrafted in immune-deficient athymic mice. Mice were
injected intravenously with repeated doses of the anti-FAT1
mAb198.3 starting from the day before the cancer cell inoculation
and continuing for B4 weeks. At the end of treatment, mAb198.3
reduced the median tumour volume by B45% compared with the
untreated or isotype control mAb (Figure 6A). In the therapeutic
setting, mAb198.3 was administered repeatedly in mice bearing either
HCT15 or HT29 xenograft of B100mm3. At the end of treatment,
the antibody was able to reduce the tumour burden by 30–50%
(Figure 6B). Moreover, near-infrared (NI) optical imaging of the
IR800-labelled antibodies showed that NI staining mostly accumu-
lated in the tumour area, with marginal crossreactivity in other
anatomical districts (Supplementary Figure 4S).

DISCUSSION

FAT1 appears to have multiple, seemingly opposing roles in
development and in cell growth. The multifaceted FAT1 functions
can explain its controversial role in cancer, as it appears to act as
tumour suppressor or tumour promoter in a context-dependent
manner (Katoh, 2012). In many tumours, FAT1 is reported as a
tumour suppressor, including oral cancer, astrocytoma, glioblas-
toma and ductal carcinoma (Settakorn et al, 2005; Nakaya et al,
2007; Chosdol et al, 2009). In cholangiocarcinoma, FAT1 shows a
reduced plasma membrane localisation (Settakorn et al, 2005) and
in invasive breast cancer it is preferentially downregulated
(Kwaepila et al, 2006). By contrast, in acute myeloid leukaemia,
pre-B-acute lymphoblastic leukaemia (ALL) and T-ALL (de Bock
et al, 2012), FAT1 has been described to act as a tumour promoter.
The molecular basis of FAT1 multiple role in cancer could result
from a balance among different molecular interactions, likely
altered by gene mutations. Recent studies link FAT1 to E-cadherin
and Wnt/b-catenin pathways (Morris et al, 2013a, b). Loss of
E-cadherin-mediated cell adhesion can promote b-catenin signal-
ling where cytoplasmic b-catenin translocates to the nucleus
and functions as an activator for T-cell factor/lymphoid
enhancer factor transcription factors, resulting in a subset of
cellular effects involving cellular adhesion, tissue morphogenesis
and tumour development. The expression levels of E-cadherin
and membrane b-catenin are often inversely correlated with
tumour malignancy. The FAT1 ICD binding to b-catenin could
be responsible for the FAT1 growth-suppressive effects. Loss of
FAT1 or mutations in the ICD may affect FAT1 interaction
with b-catenin, consequently unleash b-catenin-dependent
transcriptional activity and upregulate progrowth Wnt targets
(Morris et al, 2013a). Indeed, FAT1 mutations found in different
cancers are now considered drivers of aberrant activation of the
Wnt signalling pathway.

The present study contributes to our current knowledge on the
role of FAT1 in cancer. By an extensive IHC study using an anti-
FAT1 mAb, we discovered that the protein is highly expressed in a
large fraction of CRC, mainly detected on the plasma membrane.
High FAT1 expression is more frequently found in the initial stage
– low-grade CRC. Nevertheless, the protein is also well expressed
in a significant percentage of late-stage and poorly differentiated
CRC. An IHC analysis of FAT1 staining in precancerous lesions,
such as adenoma at different histological differentiation grades,
confirmed the aberrant FAT1 expression detected in early CRC. In
the large majority of adenoma samples, FAT1 was detected
intracellularly with the tendency of high-grade adenomas to show a
higher expression of the protein than low-grade samples, and a
small percentage of the high-grade samples also showing plasma
membrane staining. These preliminary results provide the rationale
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for further studies aimed at assessing the FAT1 potential as a
predictive factor for cancer onset.

Our IHC data provide new insights into the relation of
FAT1 with E-cadherin and b-catenin expression in CRC.

In line with previous evidence, we found high FAT1 expression
and plasma membrane localisation in CRC-expressing E-cadherin
and plasma membrane b-catenin, features associated with lower
cancer malignancy, suggesting that in these samples FAT1 could
contribute to the cell contact. However, FAT1 expression and
plasma membrane localisation is high also in CRC with high
activation of the b-catenin pathway and in metastatic CRC.
Overall, the data suggest that in CRC FAT1 is expressed regardless
of the activation of the b-catenin pathway. Such conclusion is also
supported by the evidence that FAT1 mutations have been
reported to occur in only 7.7% of CRCs (Morris et al, 2013a, b),
while we detected FAT1 in over 90% of CRCs. Among the possible
alternative roles of FAT1 in cancer, its proteolytic processing is an
aspect under scrutiny. In normal keratinocytes, a furin-mediated
processing generates two FAT1 fragments of 430 (N-term) and
85 kDa (C-term) that form a non-covalent heterodimer. Con-
versely, in melanoma and pancreatic cancers FAT1 undergoes an
aberrant processing (Sadeqzadeh et al, 2011; Wojtalewicz et al,
2014), in which a furin-independent processing generates a
product of 65 kDa no longer in association with the extracellular
fragment. Moreover, as it is known that FAT1 ICD is able to enter
the nucleus and could modulate downstream modulators (Magg
et al, 2005), it is possible that an alternative FAT1 processing could
alter its signalling activity. Our preliminary data indicate that, as in
pancreatic cancer (Wojtalewicz et al, 2014), in CRC FAT1 is
cleaved by the ADAM10 protease, as silencing of ADAM10 in
HCT15 cells induces the accumulation of unprocessed FAT1
protein (not shown).

Another important indication of FAT1 role in cancer is
that it is involved in cell invasiveness. Indeed, we show that
loss of FAT1 significantly reduces the invasive phenotype of
colon cancer cells. A similar phenotype was observed in the
glioblastoma (Dikshit et al, 2012). This evidence would suggest
that FAT1 is involved in tumour progression and possibly in
epithelial–mesenchymal transition. Additional IHC analysis
needs to be carried out to support this hypothesis, by assessing
FAT1 expression in budding cells localised the infiltrating
tumour border.

Moreover, differently from glioblastoma (Kranz and Boutros,
2014), we show that in CRC cells FAT1 is not involved in apoptosis
and it does not influence the sensitivity to TRAIL-mediated
apoptosis. Overall, the data suggest that FAT1 role in apoptosis
might change in a context-dependent manner.

The present study describes a murine mAb (mAb198.3) that
specifically recognises FAT1-expressing CRC. This mAb has a
limited crossreactivity in normal human tissues and PBLs. When
present, the mAb reactivity is confined to the intracellular
compartment. These results are of particular relevance in view of
a possible exploitation of mAb198.3 in human therapy. Remark-
ably, mAb198.3 specifically recognises FAT1 on the surface of
colon cancer lines as judged by FACS and confocal microscopy,
combined to gene silencing. The mAb recognises the cadherin
domains D8 and D12, with binding affinities in the low nanomolar
range. Its binding epitope maps within a sequence of 25 aa, which
shows a stretch of 18 identical amino acids between the two
domains, as judged by peptide competition assays. Since published
genetic studies (http://cancergenome.nih.gov/) do not report
mutations in the domains targeted by mAb198.3, we hypothesise
that the reactivity of the antibody on cancer cells is ascribable to
structural alteration of the epitope, possibly due to aberrant FAT1
processing or post-translational modifications. The elucidation of
the FAT1 aberrant expression in CRC will deserve dedicated
studies.

Finally, we provide experimental evidence that mAb198.3 has
therapeutic potential. First, we showed that systemic administra-
tion of the antibody reduced cancer growth both in a preventive
and in a therapeutic murine cancer xenograft models. Considering
that mAb198.3 belongs to the IgG1 immunoglobulin subclass,
known to be ineffective in promoting activation of complement-
dependent cytotoxicity and antibody-dependent cellular cytotoxi-
city (ADCC) (Reichert, 2011), our working hypothesis is that the
mechanism of mAb198.3-mediated tumour inhibition could be due
to interference with the FAT1 signalling pathway. In vitro
experiments showed that mAb198.3 was able to moderately reduce
proliferation of colon cancer cells lines (not shown), suggesting
that additional regulatory events or microenvironmental stimuli
might enhance mAb198.3 activity or influence FAT1 expression/
accessibility in vivo. Experiments aimed at elucidating these aspects
are deserved. In our future activities, mAb198.3 will be subjected to
humanisation and optimisation. For instance, it would be
interesting to test whether humanisation and switching to an
isotype endowed with ADCC activity could increase mAb198.3
antitumour activity. If such improvements will be achieved, it will
be important to test the therapeutic activity of the optimised
antibody in more advanced cancer models, such as patient-derived
xenografts or model of liver metastasis. Second, we found that
mAb198.3 is as a potential component of ADC. Antibody–drug
conjugates represent an emerging therapeutic modality that,
being conjugated to a cytotoxic payload, can potentially
reduce the toxicities and improve the therapeutic indices of
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conventional anticancer antibodies. Kadcyla and Adcetris are two
ADC molecules approved by the FDA, and many more are
currently in clinical development. A requirement for ADC is
efficient mAb internalisation in cancer cells. In this study,
we showed that mAb198.3 is efficiently internalised, and
when coincubated with DM1-protein-G, it induces significant cell
killing.

This result strongly suggests that mAb198.3 is amenable to ADC
development and provides the basis to a systematic screening of
linker-payload conjugation chemistry. Additional studies after
humanisation/optimisation of mAb198.3 are deserved to
characterise the internalisation property of the FAT1 antibody.
A last remark is that FAT1 is expressed in CRC, regardless of the
mutational state of KRAS and BRAF genes. KRAS and BRAF
mutations (occurring in 30–40% and 10% of CRC, respectively) are
two acknowledged predictive factors for the resistance to the anti-
EGFR antibodies therapies (Ihle et al, 2012; Yokota, 2012). In this
scenario, mAb198.3 could open new possibilities for the treatment
of CRC.
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