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Figure 3 | KIT dimerization in IC-2 sublines. (a) western blot analysis of IC-2"7 cells for KIT. Cells were treated with indicated concentrations of SCF,
followed by the BSs crosslinker (1 mM). (b) the mean dimer/monomer ratios = SD of KIT observed in 3 independent experiments are indicated. Lane
numbers correspond to those shown in Figure 3a. Arrows indicate monomeric or dimeric forms of KIT. **, p < 0.01 compared to lane 2; T, 1%, p < 0.05,
0.01 compared to lane 3; T, £, p < 0.05, 0.01 compared to lane 4; and §, p < 0.01 compared to lane 5, respectively. (c, e) western blot analysis of IC-2N%!
cells (¢) and IC-2M1Y cells for KIT (e). Cells were treated with the indicated concentrations of SCF and/or 1 mM BS;. Arrows indicate monomeric or
dimeric KIT. (d, ) the mean dimer/monomer ratios = SD of KIT from 3 independent experiments are shown. Lane numbers correspond to those shown

in Figure 3c and e, respectively. ** p < 0.01 compared to lane 1.

immunohistochemistry (Fig. 4b). The inhibitory effect of STI571 was
also examined in these in vivo models. Daily oral administration of
100 mg/kg STIS71 attenuated the growth of xenograft IC-2M!
tumors by approximately 50% (Figs 4b and c). All mice were
sacrificed at 11 days after STI571 administration, after which
tumor tissues were collected. At this point, most tumor tissues
from STI571-treated mice were necrotic. In these tumor tissues,
KIT phosphorylation and Ki-67 positivity were markedly reduced
compared to levels observed in vehicle-treated mice (Fig. 4c).

Structural modeling of wild-type and N508I KIT proteins. The
data above suggest that dimerization of wild-type KIT led to the
activation of the receptor and downstream signaling molecules only
in the presence of SCF, while ligand-independent dimerization of
N508I KIT resulted in tumorigenesis by causing aberrant signaling
activations. To determine the molecular mechanism of N508I KIT
dimerization, the structures of both wild-type and N508I KIT were
simulated. The dimeric form of wild-type canine KIT was modeled
based on the known crystal structure of human KIT**. Molecular
modeling predicted that Asn508 residues (located in the fifth Ig-like
domain) faced each other and formed hydrogen bonds in the
dimerized state (Fig. 5a). Circle values, reflecting the stability of
modeled structures®, were calculated to compare differences in
stability following dimerization. Under SCF-free conditions, the
circle value for amino acid residue Asn508 was 1.39 for the N508I
KIT mutant, which was markedly higher than that for the wild-type
KIT (0.29; Fig. 5b). An increase in the circle values for the extracellular

domain-mutant KIT was also confirmed in human KIT, which has
been reported in AML and GIST patients (Table S1) ',

Effects of KIT inhibitors on KIT dimerization. Finally, to clarify
the effect of KIT inhibitors on KIT dimerization, IC-2N°% cells were
treated with STI571, followed by treatment with a crosslinker BS;.
We observed that the degree of KIT dimerization was markedly
increased by STI571 treatment, while KIT phosphorylation was
not (Figs 5¢, d and e). To exclude the possibility of structure-
specific KIT crosslinking by STI571, the effect of another ATP-
competitive KIT inhibitor AMN107*° was examined. The ICs,
value of AMN107 in IC-2"%" cells was 10.1 = 0.4 nM. A dose-
dependent increase in KIT dimerization was also observed
following AMN107 treatment (Figs 5¢, d and e), although the total
amount of KIT protein expressed was unaffected (Fig. 5f). In
addition, we studied the effects of KIT inhibitors on de novo KIT
synthesis and internalization by RT-PCR and flow cytometry and
observed that neither mRNA nor surface KIT expression levels were
altered by STI571 and AMNI107 treatment (Figs S2a, b and c).

Discussion

In this study, we demonstrated that an Asn508Ile mutation in the
extracellular domain of KIT is tumorigenic in mast cells. Including
our findings, the schema of KIT mutants with their activation pat-
terns and STI571 sensitivities is presented in Fig. 6. The N508I
mutant KIT conferred cytokine-independent growth of IC-2 cells
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and induced tumorigenicity both in vitro and in vivo, as a result of
SCF-independent KIT dimerization and autophosphorylation.
Replacement of Asn508 residue with the hydrophobic amino acid
isoleucine resulted in the enhancement of circle values, indicating that
the hydrophobicity of residue Asn508 stabilizes the KIT dimer.
Because spontaneous, SCF-independent dimerization of wild-type
KIT (Figs 3a and b) caused neither autophosphorylation nor cyto-
kine-independent growth in IC-2"7 cells, N5081 mutation probably
results in the conformational changes of KIT for activation. It also
suggests that dimer formation does not always result in their activa-
tion, as reported in erythropoietin receptor and ErbB2/HER2 tyrosine
kinases®*’. The glycosylated, mature form of KIT dimerizes in res-
ponse to SCF binding, as observed with other receptor tyrosine
kinases***2. The phenomenon was also observed in a KIT variant with
a mutation in the tyrosine kinase domain. Multiple bands with differ-
ing molecular weights were observed in western blots of IC-2N**" cell
lysates treated with BS;. This observation suggests that the N508I
mutation induces aberrant dimer formation including the unglycosy-
lated, immature form, which in turn may trigger abnormal down-
stream signaling and tumor promotion. The Tyr418 and Asn505
residues in the fifth Ig-like domain play a critical role in the dimeriza-
tion of human KIT?**. Because Asn508 in canine KIT corresponds to
Asn505 in the human counterpart, a reasonable hypothesis is that the
N5081 mutation impairs the regulation of KIT dimerization, resulting
in the constitutive KIT activation. Our results raise the possibility that
mutations around either Tyr418 or Asn505 in human KIT can induce
constitutive KIT dimerization and autophosphorylation. In agree-
ment, most KIT mutants examined in this study exhibited higher
circle values than wild-type KIT. In addition to the KIT receptor,
equivalent mutations have been discovered in other receptor tyrosine
kinases*>******, For example, extracellular domain mutations in the
fibroblast-growth factor receptor 2 (FGFR2) have been implicated in

congenital malformations, such as Crouzon or Apert syndrome**,

Most FGFR2 mutations associated with these diseases are located in its
third Ig-like domain, and Robertson et al.** demonstrated that mutant
FGFR2 variants dimerized in the absence of the natural ligand, as
observed with the N5081 mutant KIT in this study. Collectively, these
data indicate that extracellular domain mutations, at least those in the
Ig-like domains, can lead to the ligand-independent dimerization of
receptors, resulting in the aberrant phosphorylation of various kinds of
tyrosine kinase receptors.

Interestingly, treatment with KIT inhibitors increased the amount
of activation-null KIT dimerization. Because neither STI571 nor
AMNI107 affected the de novo synthesis or internalization of KIT,
inactive dimer formation may have resulted from physical interactions
of these agents with KIT proteins. The degree of inactive dimer forma-
tion was not dependent on the kinase inhibitory potentials or chemical
structures of those agents, but did depend on the concentration used.
In addition, the increase in production of KIT dimers after STI571 or
AMNI107 treatment was comparable despite their distinct ICs, values
on IC-2™° cells. The formation of inactive epidermal growth factor
receptor (EGFR) dimers was observed when cells were treated with
tyrosine kinase inhibitors that react with its active form***, suggesting
these inhibitors induced an EGFR conformation similar to that of the
activated state, without actually activating the kinase domain. Inactive
KIT dimers formed by STI571 or AMN107 treatment may resemble
inactive EGFR dimers. Though our results demonstrated the efficacy
of tyrosine kinase inhibitors on N508I KIT, agent-dependent inactive
dimer formations may modify outcomes in clinical cases by altering
the duration of KIT turnover.

To the best of our knowledge, this is the first report demonstrating
the tumorigenicity of an extracellular domain KIT mutation causing
auto-dimerization in mast cells. These results aid in the understand-
ing of the effects of KIT mutations, not only in mast cells, but also in
other types of malignancies harboring mutations in tyrosine kinase-
type receptors.
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Materials and methods

MCTs and sequence analysis of c-kit. All dogs included in this study were previously
referred for MCTs to the Animal Medical Center at Tokyo University of Agriculture
and Technology. After appropriate surgical removal or fine needle aspiration of MCT
specimens, total RNA from each sample was extracted by using Isogen (Nippon Gene,
Toyama, Japan) and cDNA was synthesized with PrimeScript (Takara, Otsu, Japan).
Polymerase chain reaction (PCR) was performed using a c-kit-specific forward
primer (5'-GGA ATT CGC CAC CGC GAT GAG AGG CGC TCG CGG CGC
CT-3'), a c-kit-specific reverse primer (5'-CTC TGC GGC CGC TCA CAC
ATCTTCGTGTACCAG CA-3'),and PrimeSTAR Max DNA Polymerase (Takara),
according to the manufacturer’s instructions. The c-kit gene was sequenced using
the BigDye Terminator v3.1 Cycle Sequencing Kit (Life Technologies, Gaithersburg,
MD), forward primers corresponding to bases 243-263, 648-667, 1050-1069,
1484-1504, 1843-1862, 2205-2225, and 2639-2657, and a reverse primer
corresponding to bases 386-406 (GenBank accession no. AF044249). Samples were
analyzed using the ABI PRISM 3100-Avant Genetic Analyzer (Life Technologies).
All experiments using clinical samples complied with the standards specified in the
guidelines of the University Animal Care and Use Committee of the Tokyo University
of Agriculture and Technology.

Cell culture. The IC-2 mast cell line was a generous gift from Dr. Y. Kitamura (Osaka
University, Osaka, Japan). IC-2 cells are phenotypically similar to mast cells, except
that they lack KIT expression*. IC-2 cells were cultured in alpha-minimum essential
medium (o-MEM; Life Technologies) supplemented with 10% fetal bovine serum
(FBS), antibiotics, and 10 ng/mL recombinant murine IL-3 (R&D systems,
Minneapolis, MN).

Retroviral vector construction. Full-length wild-type c-kit cDNA was amplified
using template cDNA from an HRMC mast cell line®, as described above. The PCR
product was ligated into the pMXs-IRES-GFP plasmid (Cell Biolabs, San Diego, CA)
using conventional methods and designated pMXs-KITWT-IRES-GFP. A plasmid
encoding an Asn508Ile mutant (N508I) of c-kit was generated by site-directed
mutagenesis and designated pMXs-KITN508I-IRES-GFP.

Retroviral transfer. GP2-293 packaging cells (Clontech, Palo Alto, CA) were
cotransfected with the pCMV-VSV-G plasmid (Cell Biolabs) and either the
pMXs-IRES-GFP, pMXs-KITWT-IRES-GFP, or pMXs-KITN508I-IRES-GFP
retroviral plasmid, using FuGENE 6 (Roche, Indianapolis, IN). The supernatant,
containing replication-deficient virus particles, was used to infect IC-2 cells. The
resulting IC-2 sublines expressing pMXs-IRES-GFP, pMXs-KITWT-IRES-GFP, or
pMXs-KITN508I-IRES-GFP were termed IC-2¥, IC-2"T, and IC-2™* cells,
respectively (Table 1). IC-2N*"*V cells expressing the Asn814Val mutation (Table 1)
were generated as previously described™. After establishment of these cell lines, all
IC-2 sublines were maintained in o-MEM containing 10% FBS, antibiotics, and
10 ng/mL IL-3.

Western blotting. After serum starvation for 12 h, cells were incubated for 4 h with
10 ng/mL SCF and/or 250 nM STI571 (Novartis Pharmaceuticals, Basel,
Switzerland), and immunoblot analysis was conducted as described previously*.
Primary antibodies including anti-phospho-KIT, anti-total/phospho-Akt, anti-total/
phospho-S6 ribosomal protein, and B-actin antibodies purchased from Cell Signaling
Technologies (Beverly, MA), and an anti-KIT antibody was purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA).

Chemical crosslinking assay. IC-2 sublines were washed and resuspended in
phosphate-buffered saline (PBS) containing 1 mg/mL bovine serum albumin. Cells
were then incubated for 90 min at 4°C in the presence or absence of recombinant
canine SCF and washed 3 times in PBS. In some experiments, cells were treated with
STI571 or AMN107 (Selleck Chemicals, Houston, TX) at the indicated
concentrations. Subsequently, cells were incubated for 30 min at 22°C in PBS
containing 1 mM BS; (Sigma-Aldrich Japan, Tokyo, Japan). Cross-linking reactions
were terminated by washing the cells in ice-cold PBS, followed by incubation with
150 mM glycine-HCI (pH 7.5) for 5 min at 4°C. Western blot analysis was performed
using lysates from these cells.

WST assay. After serum deprivation for 12 h, cells were incubated with or without
STI571 for 72 h. A WST assay was performed using the WST-8 Kit (Kishida
Chemicals, Osaka, Japan) according to the manufacturer’s instructions. Fifty percent
ICs values were defined as the concentration of inhibitors at which 50% of cellular
activation was attenuated compared to the control.

Flow cytometry. To detect the expression of KIT receptors, cells were stained with an
anti-KIT-APC antibody (clone 2B8, BioLegend, San Diego, CA). KIT-positive cells
were detected with a MACSQuant flow cytometer (Miltenyi Biotec, Bergisch
Gladbach, Germany). For cell cycle analysis, cells were harvested after a 24-h
incubation with or without STI571 and fixed in 70% ice-cold ethanol, followed by
treatment with RNase A and propidium iodide. Data were processed using the Flow]Jo
FACS analysis software ver. 9.5.3 (Tree Star, Inc., Ashland, OR).

Growth assessment of IC-2 sublines in vivo. All experiments with animals complied
with both the standards specified in the guidelines of the University Animal Care and
Use Committee of the Tokyo University of Agriculture and Technology and the

guidelines for the use of laboratory animals provided by Science Council of Japan, as
well as in accordance with Declaration of Helsinki, and were approved by the
institutional committee. A total of 5 X 10°IC-2 sublines were injected subcutaneously
into the right and left flanks of 6-week-old female BALB/c-nu/nu mice (Charles River
Japan, Yokohama, Japan). Tumors were measured with a caliper every 2 or 3 days.
Tumor volumes (V) were calculated using the formula, V = ab?/2, where a and b are
the length and width of tumor masses in mm, respectively. After 11 days of daily oral
administration of 100 mg/kg STI571, mice were sacrificed and tumor tissues were
used for immunohistochemical analysis.

Immunohistochemistry. Histological analysis was conducted using IC-2V* tumor
cells according to a previously described method™. An anti-phospho-KIT antibody
(Abcam, Cambridge, UK) and an anti-Ki67 antibody (Abcam) were used as primary
antibodies. Images were captured using a Nikon microscope (Nikon, Melville, NY).

Structural modeling of the extracellular domain of KIT. Wild-type and mutant KIT
conformations and KIT dimer stability were simulated using PDFAMS software (In-
Silico Sciences Inc., Tokyo, Japan) by referencing the human c-kif gene, which shares
approximately 80% homology with the canine c-kit gene**. The stability of the dimeric
form was calculated by using circle values®. When 2 or more structures were
compared by circle values, the structure with the highest value is more stable than the
others™.

Statistical analysis. A Mann-Whitney’s U test, Dunnett’s test, and a Student’s t-test
were performed for statistical analysis of the data, and p values of < 0.05 were
considered to be statistically significant.

1. Broxmeyer, H. E. et al. The kit receptor and its ligand, steel factor, as regulators of
hemopoiesis. Cancer Cells 3, 480-487 (1991).

2. Halaban, R. Growth factors and tyrosine protein kinases in normal and malignant
melanocytes. Cancer Metastasis Rev. 10, 129-140 (1991).

3. Huizinga, J. D. et al. W/kit gene required for interstitial cells of Cajal and for
intestinal pacemaker activity. Nature 373, 347-349 (1995).

4. Blume-Jensen, P. et al. Activation of the human c-kit product by ligand-induced
dimerization mediates circular actin reorganization and chemotaxis. EMBO J. 10,
4121-4128 (1991).

5. Tsai, M., Chen, R, Tam, S., Blenis, J. & Galli, S. J. Activation of MAP kinases,
pp90rsk and pp70-S6 kinases in mouse mast cells by signaling through the c-kit
receptor tyrosine kinase or FcRI: rapamycin inhibits activation of pp70-S6 kinase
and proliferation in mouse mast cells. Eur. J. Immunol. 23, 3286-3291 (1993).

6. Ishizuka, T. et al. Mitogen-activated protein kinase activation through Fc epsilon
receptor I and stem cell factor receptor is differentially regulated by
phosphatidylinositol 3-kinase and calcineurin in mouse bone marrow-derived
mast cells. J. Immunol. 162, 2087-2094 (1999).

7. Hirota, S. et al. Gain-of-function mutations of c-kit in human gastrointestinal
stromal tumors. Science 279, 577-580 (1998).

8. Corbacioglu, S. et al. Newly identified c-KIT receptor tyrosine kinase ITD in
childhood AML induces ligand-independent growth and is responsive to a
synergistic effect of imatinib and rapamycin. Blood 108, 3504-3513 (2006).

9. Curtin, J. A., Busam, K., Pinkel, D. & Bastian, B. C. Somatic activation of KIT in
distinct subtypes of melanoma. J. Clin. Oncol. 24, 4340-4346 (2006).

10. Orfao, A., Garcia-Montero, A. C., Sanchez, L. & Escribano, L. Recent advances in
the understanding of mastocytosis: the role of KIT mutations. Br. J. Haematol.
138, 12-30 (2007).

11. Piao, X. & Bernstein, A. A point mutation in the catalytic domain of c-kit induces

growth factor independence, tumorigenicity, and differentiation of mast cells.

Blood 87, 3117-3123 (1996).

Kitayama, H. et al. Constitutively activating mutations of c-kit receptor tyrosine

kinase confer factor-independent growth and tumorigenicity of factor-dependent

hematopoietic cell lines. Blood 85, 790-798 (1995).

13. Hashimoto, K. et al. Transforming and differentiation-inducing potential of
constitutively activated c-kit mutant genes in the IC-2 murine interleukin-3-
dependent mast cell line. Am. J. Pathol. 148, 189-200 (1996).

14. Koyasu, S. et al. Expression of interleukin 2 receptors on interleukin 3-dependent
cell lines. J. Immunol. 136, 984-987 (1986).

15. Koyasu, S. et al. Growth regulation of multi-factor-dependent myeloid cell lines:
IL-4, TGF-beta and pertussis toxin modulate IL-3- or GM-CSF-induced growth
by controlling cell cycle length. Cell Struct. Funct. 14, 459-471 (1989).

16. Gari, M. et al. c-kit proto-oncogene exon 8 in-frame deletion plus insertion
mutations in acute myeloid leukaemia. Br. J. Haematol. 105, 894-900 (1999).
17. Kohl, T. M., Schnittger, S., Ellwart, ]. W., Hiddemann, W. & Spiekermann, K. KIT

exon 8 mutations associated with core-binding factor (CBF)-acute myeloid
leukemia (AML) cause hyperactivation of the receptor in response to stem cell
factor. Blood 105, 3319-3321 (2005).

18. Lux, M. L. et al. KIT extracellular and kinase domain mutations in gastrointestinal
stromal tumors. Am. J. Pathol. 156, 791-795 (2000).

19. Duensing, A. et al. Mechanisms of oncogenic KIT signal transduction in primary
gastrointestinal stromal tumors (GISTs). Oncogene 23, 3999-4006 (2004).

20. Huss, S. et al. A subset of gastrointestinal stromal tumors previously regarded as
wild-type tumors carries somatic activating mutations in KIT exon 8 (D419del).
Mod. Pathol. 26, 1004-1012 (2013).

1

o

ORTS | 5:9775 | DOI: 10.1038/srep09775



21.Bodemer, C. et al. Pediatric mastocytosis is a clonal disease associated with D816V
and other activating c-KIT mutations. J. Invest. Dermatol. 130, 804-815 (2009).

22. Clarke, 1. & Dirks, P. A human brain tumor-derived PDGFR-« deletion mutant is
transforming. Oncogene 22, 722-733 (2003).

23.Ridge, S. A, Worwood, M., Oscier, D., Jacobs, A. & Padua, R. A. FMS mutations in
myelodysplastic, leukemic, and normal subjects. Proc. Natl. Acad. Sci. U. S. A. 87,
1377-1380 (1990).

24. Blackwood, L. et al. European consensus document on mast cell tumours in dogs
and cats. Vet. Comp. Oncol. 10, el-e29 (2012).

25. Amagai, Y. et al. Heterogeneity of internal tandem duplications in the c-kit of dogs
with multiple mast cell tumours. /. Small Anim. Pract. 54, 377-380 (2013).

26. Letard, S. et al. Gain-of-function mutations in the extracellular domain of KIT are
common in canine mast cell tumors. Mol. Cancer. Res. 6, 1137-1145 (2008).

27. Yamada, O. et al. Imatinib elicited a favorable response in a dog with a mast cell
tumor carrying a c-kit 1523A> T mutation via suppression of constitutive KIT
activation. Vet. Immunol. Immunopathol. 142, 101-106 (2011).

28. Yezzi, M. |, Hsieh, 1. E. & Caughey, G. H. Mast cell and neutrophil expression of

dog mast cell protease-3. A novel tryptase-related serine protease. J. Immunol.

152, 3064-3072 (1994).

Heinrich, M. C. et al. Inhibition of c-kit receptor tyrosine kinase activity by STI

571, a selective tyrosine kinase inhibitor. Blood 96, 925-932 (2000).

30. Mol, C. D. et al. Structural basis for the autoinhibition and STI-571 inhibition of c-
Kit tyrosine kinase. J. Biol. Chem. 279, 31655-31663 (2004).

. Ma, P. et al. The PI3K pathway drives the maturation of mast cells via
microphthalmia transcription factor. Blood 118, 3459-3469 (2011).

32. Amagai, Y. et al. The phosphoinositide 3-kinase pathway is crucial for the growth

of canine mast cell tumors. J. Vet. Med. Sci. 75, 791-794 (2013).

33. Lalor, P. A., Mapp, P., Hall, P. & Revell, P. Proliferative activity of cells in the

synovium as demonstrated by a monoclonal antibody, Ki67. Rheumatol. Int. 7,

183-186 (1987).

Yuzawa, S. et al. Structural basis for activation of the receptor tyrosine kinase KIT

by stem cell factor. Cell 130, 323-334 (2007).

35. Terashi, G. et al. Fams-ace: A combined method to select the best model after
remodeling all server models. Proteins 69, 98-107 (2007).

. Weisberg, E. et al. Characterization of AMN107, a selective inhibitor of native and
mutant Ber-Abl. Cancer cell 7, 129-141 (2005).

37. Livnah, O. et al. An antagonist peptide-EPO receptor complex suggests that
receptor dimerization is not sufficient for activation. Nat. Struct. Biol. 5,993-1004
(1998).

. Remy, I, Wilson, I. A. & Michnick, S. W. Erythropoietin receptor activation by a
ligand-induced conformation change. Science 283, 990-993 (1999).

. Burke, C. L,, Lemmon, M. A,, Coren, B. A,, Engelman, D. M. & Stern, D. F.
Dimerization of the p185neu transmembrane domain is necessary but not
sufficient for transformation. Oncogene 14, 687-696 (1997).

. Slieker, L. ]., Martensen, T. M. & Lane, M. D. Synthesis of epidermal growth factor
receptor in human A431 cells. Glycosylation-dependent acquisition of ligand
binding activity occurs post-translationally in the endoplasmic reticulum. J. Biol.
Chem. 261, 15233-15241 (1986).

. Hwang, . B,, Hernandez, J., Leduc, R. & Frost, S. C. Alternative glycosylation of
the insulin receptor prevents oligomerization and acquisition of insulin-dependent
tyrosine kinase activity. Biochim. Biophys. Acta. 1499, 74-84 (2000).

42. Schmidt-Arras, D. E. et al. Tyrosine phosphorylation regulates maturation of

receptor tyrosine kinases. Mol. Cell. Biol. 25, 3690-3703 (2005).

43. Meyers, G. A. et al. FGFR2 exon I1la and IIlc mutations in Crouzon, Jackson-Weiss,
and Pfeiffer syndromes: evidence for missense changes, insertions, and a deletion
due to alternative RNA splicing. Am. . Hum. Genet. 58, 491-498 (1996).

2

o

3

—

3

=

3

(=)}

3

]

3

Nel

4

o

4

=

44. Galvin, B. D., Hart, K. C., Meyer, A. N., Webster, M. K. & Donoghue, D. J.
Constitutive receptor activation by Crouzon syndrome mutations in fibroblast
growth factor receptor (FGFR)2 and FGFR2/Neu chimeras. Proc. Natl. Acad. Sci.
U. S. A. 93, 7894-7899 (1996).

45, Robertson, S. C. et al. Activating mutations in the extracellular domain of the
fibroblast growth factor receptor 2 function by disruption of the disulfide bond in
the third immunoglobulin-like domain. Proc. Natl. Acad. Sci. U. S. A. 95,
4567-4572 (1998).

46. Arteaga, C. L., Ramsey, T. T., Shawver, L. K. & Guyer, C. A. Unliganded epidermal
growth factor receptor dimerization induced by direct interaction of quinazolines
with the ATP binding site. J. Biol. Chem. 272, 23247-23254 (1997).

. Bublil, E. M. et al. Kinase-mediated quasi-dimers of EGFR. FASEB J. 24,
4744-4755 (2010).

48. Gan, H. K. et al. The epidermal growth factor receptor (EGFR) tyrosine kinase
inhibitor AG1478 increases the formation of inactive untethered EGFR dimers.
Implications for combination therapy with monoclonal antibody 806. J. Biol.
Chem. 282, 2840-2850 (2007).

49. Ohmori, K. et al. Identification of c-kit mutations-independent neoplastic cell
proliferation of canine mast cells. Vet. Immunol. Immunopathol. 126, 43-53
(2008).

50. Tanaka, A., Arai, K., Kitamura, Y. & Matsuda, H. Matrix metalloproteinase-9
production, a newly identified function of mast cell progenitors, is downregulated
by c-kit receptor activation. Blood 94, 2390-2395 (1999).

. Tanaka, A. et al. A novel NF-kappaB inhibitor, IMD-0354, suppresses neoplastic
proliferation of human mast cells with constitutively activated c-kit receptors.
Blood 105, 2324-2331 (2005).

52. Okamoto, N. et al. Silencing of int6 gene restores function of the ischaemic

hindlimb in a rat model of peripheral arterial disease. Cardiovasc. Res. 92,
209-217 (2011).

4

N

5

Acknowledgments

This work was supported by a Grant-in-Aid for Scientific Research (A) (No. 24248055) and
a Grant-in-Aid for Scientific Research (B) (No. 24380168) from the Japan Society for the
Promotion of Science.

Additional information

Author contributions: Y.A., A.M,, K.J., H.]., and S.I. performed experiments; Y.A. and K.O.
analyzed data; Y.A., A.T,, and H.M. designed the study and wrote the manuscript; and A.T.
and H.M. supervised the study. All authors reviewed the manuscript.

Competing financial interests The authors declare no competing financial interests.

Supplementary Information accompanies this paper at http://www.nature.com/
scientificreports

How to cite thisarticle: Amagai, Y. e al. A point mutation in the extracellular domain of KIT
promotes tumorigenesis of mast cells via ligand-independent auto-dimerization. Sci. Rep. 5,
9775; DOI:10.1038/srep09775 (2015).

7 This work is licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

CREPORTS | 5:9775 | DOI: 10.1038/srep09775



Cancer Immunol Immunother (2015) 64:531-537
DOI 10.1007/s00262-015-1684-6

Crosstalk of carcinoembryonic antigen and transforming growth
factor-f via their receptors: comparing human and canine cancer

Erika Jensen-Jarolim' - Judit Fazekas! - Josef Singer! - Gerlinde Hofstetter! -

Kumiko Qida® - Hiroshi Matsuda® - Akane Tanaka?

Received: 12 December 2014 / Accepted: 19 March 2015 / Published online: 2 April 2015
© The Author(s) 2015. This article is published with open access at Springerlink.com

Abstract There is accumulating evidence that the trans-
forming growth factor beta (TGF-B) and nuclear factor
kappa-B (NFkB) pathways are tightly connected and play
a key role in malignant transformation in cancer. Immune
infiltration by regulatory T- and B-lymphocytes (Tregs,
Bregs) has recently gained increased attention for being an
important source of TGF-8. There is a plethora of studies
examining the pro-tumorigenic functions of carcinoembry-
onic antigen (CEA), but its receptor CEAR is far less stud-
ied. So far, there is a single connecting report that TGF-8
also may signal through CEAR. The crosstalk between
cancer tissues is further complicated by the expression of
CEAR and TGF-B receptors in stromal cells, and implica-
tions of TGF-B in epithelial-mesenchymal transition. Fur-
thermore, tumor-infiltrating Tregs and Bregs may directly
instruct cancer cells by secreting TGF-f binding to their
CEAR. Therefore, both TGF-p and CEA may act syner-
gistically in breast cancer and cause disease progression,
and NF«kB could be a common crossing point between
their signaling. CEAR, TGF-81-3, TGF-8-R types I-III
and NFkB class I and II molecules have an outstanding
human—canine sequence identity, and only a canine CEA
homolog has not yet been identified. For these reasons, the
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dog may be a valid translational model patient for investi-
gating the crosstalk of the interconnected CEA and TGF-8
networks.
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Abbreviations
AAV Adeno-associated virus
Akt Protein kinase B

Breg Regulatory B-lymphocyte

CEA Carcinoembryonic antigen (CEACAMS)

CEACAM  Carcinoembryonic antigen-related cell
adhesion molecule

CEAR Carcinoembryonic antigen receptor

CEARL Carcinoembryonic antigen receptor, long
isoform

CEARS Carcinoembryonic antigen receptor, short
isoform

EGF Epidermal growth factor

EGFR Epidermal growth factor receptor (ErbB1)

EMT Epithelial-to-mesenchymal transition

FGF Fibroblast growth factor

HER-2 Human epidermal growth factor receptor 2
(ErbB2)

HGF Hepatocyte growth factor

hnRNP M4 Heterogeneous nuclear ribonucleoprotein M4
(CEAR)

IGFs Insulin-like growth factors

IKK Inhibitor of nuclear factor kappa-B kinase

IKKb Inhibitor of nuclear factor kappa-B kinase
subunit beta

IkB Inhibitor of kappa-B
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IkBa Inhibitor of kappa-B subunit alpha

MDCK Madin-Darby canine kidney cell line

MEK Mitogen-activated protein kinase kinase

NF«kB Nuclear factor kappa-B

PDGF Platelet-derived growth factor

RelA v-Rel avian reticuloendotheliosis viral
oncogene homolog A

SMAD SMA and MAD homolog

TABI TAK1-binding protein 1

TAK1 Transforming growth factor-activated
kinase-1

TGE-B Transforming growth factor beta

TGF--R Transforming growth factor beta receptor

Treg Regulatory T-lymphocyte

Introduction

The strategy of comparative oncology is to find homolo-
gous molecules, homologous signaling cascades and
homologous immune mechanisms to cure cancer in both
humans and pets according to the “One Health” princi-
ple [1]. Similar to humans, dogs spontaneously develop
malignancies with comparable incidence and prevalence
and hence represent a natural model for human cancer.
For instance, a Swedish study on 80,000 insured female
dogs reported that, dependent on higher age and breed, up
to 13 % of female dogs had at least one mammary tumor,
with an overall-case fatality of 6 % [2]. In humans, females
in more highly developed areas have a cumulative risk of
7.1 % of developing mammary cancer by the age of 75,
with a mortality rate of 1.7 % [3]. Mammary carcinoma,
among others, is thus a burden in both human and veteri-
nary medicines.

Table 1 Interspecies amino acid sequence comparisons

The rationale for favouring this tumor entity for com-
parative studies derives from the fact that it is wise to have
access to primary lesions for monitoring tumor progression
by caliper measurements. This facilitates the clinical inves-
tigations and also takes into consideration that only few
centers have access to imaging facilities. Often more than
one mamilla are affected in canine cancer patients and may
be compared side by side.

It can further be expected that results from comparative
oncology studies, investigating naturally occurring cancers
due to distinct risk factors in distinct breeds, have a higher
translational potential than studies with genetically highly
homologous mouse strains [4]. For example, the epider-
mal growth factor receptor (EGFR) family members EGFR
(ErbB1) and human epidermal growth factor receptor 2
(HER-2 (ErbB2)) are molecules of outstanding homology
between humans and dogs, and targeting of these mol-
ecules results in the same effects on signaling and cancer
biology in both species [5, 6].

A more intricate situation was observed for the carci-
noembryonic antigen [CEA, also termed carcinoembryonic
antigen-related cell adhesion molecule 5 (CEACAMS)],
which represents a classical soluble as well as membrane-
expressed tumor marker in human clinical oncology. Serum
levels of soluble human CEA correlate with disease progres-
sion [7], and its assessment is recommended in monitoring
the treatment course of colorectal cancer in combination with
other prognostic markers [8, 9]. However, CEA molecules
are structurally and evolutionarily diverse between humans
and canines [10, 11]. A direct CEA homolog in dogs has not
yet been defined and represents “a missing link” (Table 1). In
contrast, overexpression of CEA in humans has been known
for over 20 years to play an important role in metastasis and
cell motility [12] by acting as a ligand for E- and L-selectins

Molecule Human Canine Sequence identity (%) Sequence similarity (%)
CEAR HNRPM_HUMAN XP_005633012.1 99.3 99.5
CEA (CEACAMS) CEAMS5_HUMAN n.d. [20] - -
TGF-B-RI TGFR1_HUMAN F1PS63_CANFA 91.8 92.2
TGF-B-RII TGFR2_HUMAN F1PNA9_CANFA 87.4 90.3
TGF-B8-RIII TGBR3_HUMAN FI1PIGO_CANFA 88.6 93.0
TGF-B1 TGFB1_HUMAN TGFB1-CANFA 94.1 96.7
TGF-82 TGFB2_HUMAN F1PKHO_CANFA 99.5 99.8
TGF-B3 TGFB3_HUMAN F1PR85_CANFA 88.4 89.5
NFkB1 NFkB1_HUMAN NFkB1_CANFA 91.0 94.2
NF«B2 NFkB2_HUMAN E2RLL2_CANFA 92.3 94.9
RelA TF65_HUMAN FIPCU1_CANFA 91.2 93.5

Sequences were from UniProt (http://www.uniprot.org/uniprot/) and from the National Center for Biotechnology Information (NCBI) (http://
www.ncbi.nlm.nih.gov/protein). Sequences were aligned using a Needleman—Wunsch algorithm (http://www.ebi.ac.uk/Tools/psa/) with a BLO-

SUM 62 matrix; gap penalty and end penalty were defined as 10.0 and 0.5, respectively
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[13] and might have a signaling function probably by inter-
acting with the Wnt pathway [14]. Furthermore, vaccination
with an adeno-associated virus (AAV)-CEA vector com-
bined with Toll-like receptor-9 or Toll-like receptor-7 ago-
nists in wild-type mice resulted in enhanced Thl-mediated
immunity and protection from challenge with MC38 colon
tumor cells expressing CEA, whereas the same CEA vac-
cines in CEA transgenic animals promoted tumor growth due
to tolerance phenomena elicited by dendritic and myeloid
cells [15]. Some CEA family members such as CEACAM6
may adhere to and inhibit tumor-infiltrating cytotoxic T
cells [16]. CEACAM1, CEACAMS and CEACAM6 may
be released from epithelial tumors in microvesicles, whereas
tumor endothelia only contain CEACAMI1 which has a
receptor function for other CEACAMs, influences T cell
behavior [17] and regulates the tumor matrix and microvas-
cularization [18]. Hence, CEA may affect the tumor and its
stroma at the same time [19].

CEAR binds TGF-g, a cytokine involved
in tolerance induction toward malignant tissue

The scientific history of the carcinoembryonic antigen
receptor (CEAR) is much more recent. Interestingly,
CEAR showed an outstanding sequence identity of 99 %
between the human and canine species [20] (Table 1).
The great CEA-receptor homology of humans and dogs
on the one hand and the lack of a precise canine CEA
equivalent on the other hand are discrepancies and indi-
cate that there could be an alternative ligand. The CEAR
was originally described in Kupffer cells and identified as
the heterogeneous nuclear ribonucleoprotein M4 (hnRNP
M4) [21]. Regarding oncology, it was later also found on
colon cancer cells [22]. Moreover, its expression was sub-
sequently also detected in mice in the entire gastrointesti-
nal tract including liver and pancreas [23]. CEAR expres-
sion has been connected to inflammation in the liver [24].
In Kupffer cells, a full-length hnRNP M4 (CEARL) and a
truncated form (CEARS), generated by alternative splic-
ing, were described [14]. The minimal structural element of
human CEACAMS interacting with hnRNP M4/CEAR was
reduced to a peptide of eight amino acids [25].
Surprisingly, a recent study has shown that CEA not only
signals via its specific receptor, CEAR, but can also bind to
the receptor of the important immunomodulatory cytokine
transforming growth factor beta (TGF-8, Fig. 1) [26].

TGF-B sources and its function in the tumor

Three high-affinity membrane-bound receptors for TGF-8
are known so far: type I, type II and type III. The classical

h
\ ) Stroma

%, ¢ fibroblasts
\&endothelia

CEA

* proliferation
o survival

* metastasis
* EM

Fig. 1 Interconnected networks of CEA and TGF-f signaling in
cancer. The cancer cell is an autocrine source of CEA as well as of
TGF-B which bind to their specific receptors, CEAR or TGF-8-
RLRIIL, respectively; the latter signaling via the NFkB pathway.
Recently, it has been recognized that CEA also signals via TGF--R
and initiates the same biological effects [26]. Additionally, Tregs and
Bregs, as well as stroma cells, participate in this network by secreting
TGF-B. It remains open whether the reverse is the case, and TGF-$
may also interfere with the CEAR pathway, which is much less
defined

TGF-B signaling, however, occurs via the heterotetra-
meric complex of 2 TGF-B-receptor (TGF-8-R) type I and
2 TGF-B-receptor type II transmembrane receptors with
serine/threonine kinase activity [27-29]. In the tumor
microenvironment, TGF-8 is most typically derived from
human and canine Foxp3™ regulatory T cells (Tregs). It is
well known that Tregs can thereby critically dampen anti-
tumor immunity and tolerize cytotoxic T cells [30-34].
More recently, intratumoral regulatory B cells (Bregs) have
gained attention in human oncology [35, 36]. According
to Olkhanud et al. [37], tumor-evoked Bregs should phe-
notypically resemble activated mature B2 cells (CD19*
CD25" CD69™). Lindner et al. [36] reported that intratu-
moral Bregs also express granzyme-B (stimulated by IL-21
from Tregs) and a signature of CD19TCD38"CD1d IgM
TCD1477, as well as including IL-10, CD25 and indoleam-
ine-2,3-dioxygenase. This population seems interesting
as a source of TGF-B and for their capacity to suppress
intratumoral CD8" and CD4™" effector T cells. Bregs can
even convert naive CD4YCD25™ T cells to Foxp3™ Tregs
[37]. TGE-B, however, may also be derived from tumor
stroma cells [19, 38], where it shapes the microenviron-
ment by interacting with growth factors (epidermal growth
factor (EGF), platelet-derived growth factor (PDGF),
fibroblast growth factor (FGF), hepatocyte growth factor
(HGF), insulin-like growth factor (IGF) [39]), cytokines or
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chemokines, crosstalking to fibroblasts [40] and supporting
the enrichment of endothelial cells, which again shape the
extracellular matrix [41]. TGF-B promotes the loss of epi-
thelial markers such as E-cadherin and the accumulation of
the mesenchymal marker vimentin in the process of epithe-
lial-mesenchymal transition (EMT) [42]. Importantly, in
this case tumor stem cells themselves show an enrichment
of mesenchymal markers and are a source of TGF-8. Most
studies on EMT are done in mouse or human cancer mod-
els [43], but there are reports that EMT transition can be
achieved by TGF-f in (normal) Madin—-Darby canine kid-
ney (MDCK) cells [44].

Physiologically, TGF-B acts as a tumor suppressor, neg-
atively regulating cellular proliferation, but this is changed
in the cancer microenvironment toward a tumor promoter
function, where it mediates proliferation, migration, inva-
sion, EMT and metastasis, associated with high miR-181a
expression, and altogether termed the TGF-B-paradox [45].
In this context, it is important to note that canines are much
closer to the human species than murine animal models.
The appearance of Tregs also negatively correlates with
prognosis in dog cancer patients [46].

For instance, naive CD4+CD25_F0xp3_ T cells can be
converted to Foxp3™ Tregs when adoptively transferred
into Rag™'~ mice only in the presence of TGF-B-positive
tumors [47]. Thus, the intratumoral milieu amplifies
the cellular sources for even more immunosuppressive
cytokines. It has been recently shown that elevated levels
of TGF-f and IL-6 in the tumor microenvironment support
Th17 cells and that the resulting inflammation was support-
ing the clinical development and progression of gastric can-
cer [48]. Although Li et al. have shown that CEA binds to
TGF-B-R [26], it has not yet been investigated whether the
reverse is true, and TGF-8 (besides acting via its own TGF-
B-R) may crosstalk via CEAR, thereby imitating the tumor-
progressive properties of CEA. CEA modulates effector—
target interaction by binding to lymphocytes [49]. Only
CEACAMI expression was previously described in T cells
[50], whereas the expression of CEACAMS on T cells was
excluded. Regarding this, we are not aware of investiga-
tions on the expression of CEAR on T- or B-lymphocytes.

TGF-f signaling

In contrast to CEAR, the cellular signaling function of
which has to the best of our knowledge not yet been
reported, the signaling cascade for the TGF-f-R is well
known. The nuclear factor kappa-B (NFkB) is a key master
regulator in growth and survival [51, 52]. In normal cells,
TGF-B leads to growth inhibition; in short: TGF-B binds to
TGF-B-RII, activating TGF-B-RI and then phosphorylat-
ing the SMA and MAD homologs SMAD2 and SMAD3,
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which associate with SMAD4 and together translocate to
the nucleus for transcription of genes. All of this is inhib-
ited by SMAD7 [53]. Interestingly, the TGF-B-R-initiated
SMAD pathway was shown to target CEACAMS (and
CEACAMO) genes leading to CEA secretion as a mecha-
nism for proliferation in gastric cancer cells [54]. It will be
interesting in the future to investigate whether a synergistic
crosstalk between the CEA and TGF-f8 signaling cascades
in cancer cells exists.

In human head and neck squamous cell carcinoma cell
lines, Freudlsperger et al. [53] could further demonstrate
that TGF-B signaling resulted in a sequential phosphoryla-
tion of the transforming growth factor-activated kinase-1
(TAK1), inhibitor of nuclear factor kappa-B kinase (IKK),
inhibitor of kappa-B subunit alpha (IkBa) and the v-rel
avian reticuloendotheliosis viral oncogene homolog A
(RelA); however, the crosstalk to CEA was not addressed
in this study. Nor did this study address the consecutive
activation of TAK1/mitogen-activated protein kinase kinase
(MEK)/protein kinase B (AKT)/NFkB and SMAD path-
ways upon TGF-f stimulation as Gingery et al. [55] did in
osteoclasts.

In human cancers, mutations in the TGF-B pathways
(e.g., TGF-B-RII or SMADA4) are frequently observed [56].
A recent study has indicated that, although most tested
colorectal cancer cells displayed an inactivated TGF-8
signaling pathway, they actively secreted TGF-f acting on
stromal cells and were thus driving metastasis [57]. In other
cancer cell types, TGF-$ signaling is intact, but aberrant
NFkB activation and NFkB/RelA stimulate proliferation.
In this respect, it should be emphasized that NFkB is con-
stitutively activated in a number of hematologic and solid
tumors and is one of the major transcription factors associ-
ated with cancer progression, inhibition of apoptosis, lim-
itless replicative potential, tissue invasion and metastasis
[58].

The TGF-B-R and NFkB pathways are connected via the
TAK-1, which (independently, but parallel to SMAD acti-
vation) by phosphorylating IKK can directly stimulate the
nuclear factor-xB (NFkB) pathway [55]. It is tempting to
speculate that CEA may induce similar signals by interact-
ing with TGF-B-R [26]. TAK1 was expressed in head and
neck cancers, where nuclear activation of RelA of the NFkB
family also took place. TGF-§ induced sequential phospho-
rylation of several targets including TAK1, IKK, IkBa and
RelA; additionally, TAK1 again enhanced TGF-f induced
NFkB activation [53]. In human neutrophils, a constitutive
association of TAK1 and inhibitor of kappa-B (IkB) was
recently reported, indicating a close association of these
pathways in inflammatory cells [59]. Neil et al. could show
that the TAK1-binding protein 1 (TAB 1) forms complexes
with IkB kinase b (IKKb) resulting in stimulation of the
TAK1:IKKb:RelA pathway. The authors concluded that this
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axis, including the NFkB elements, is pivotal in the onco-
genic transformation of breast cancer [60]. The fact that
NFkB plays a critical role in both intrinsic and acquired
resistance against endocrine therapy in human breast cancer
cells may additionally complicate the situation [61].

Conclusion

Generally, the dog represents an optimal model organism
to study cancer biology in a comparative setting, as many
genes represent a great degree of homology to their human
counterparts [62]. Even with respect to noncoding RNAs,
the significance of similarities between human and dog has
recently been acknowledged [63]. Furthermore, the intrigu-
ing amino acid homogeneity among human and canine
CEAR, TGF-p and TGF-8-R isoforms, NFkB and RelA are
given in Table 1, indicating again an advantage of the dog
patient in comparative oncology.

We propose that understanding of the crosstalk between
CEA and TGF-B signaling toward NFkB as a key cancer reg-
ulator, as well as understanding of the Treg and Breg action
in tumor tissue, should be extended, possibly with prognos-
tic value. The dog may be a relevant translational model to
study these interactions, in line with the comparative oncol-
ogy strategy [64]. In the future, novel drugs may target the
Achilles heel of both obviously interconnected networks.
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