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Fig. 3. Inhibition of Twist1 nuclear translocation and decreased production of periostin following treatment with Src inhibitor PP2. (A) JMN (panel a) or MSTO-CD26WT (panel
b) cells were treated with Src inhibitor PP2 (1 pM) or DMSO as control solvent (Contl.) for 30 min. Cytosolic (upper two panels) and nuclear extracts (lower two panels) (each,
10 pg) from each cell type were resolved by SDS-PAGE, and immnoblotted using anti-Twist1 mAb, followed by stripping and reprobing with anti-g-actin mAb or anti-TBP
mAb, which were used as a quality control marker indicating equal amounts in the experiments. Similar results were obtained in three independent experiments. (B) JMN
(panel a) or MSTO-CD26WT (panel b) cells were cultured for 24 h in the presence of Src inhibitor PP2 (1 pM) or DMSO as control solvent (Contl.). mRNA expression of periostin
was quantified by real-time RT-PCR. Each expression was normalized to HPRT1 and relative expression levels compared with the sample of each control solvent were shown.
Data are shown as mean  SEM of three different experiments. *P < 0.0001. (C) JMN {panel a) or MSTO-CD26WT (panel b) cells were cultured by the same method conducted as
in (B). The culture supernatants were harvested, and concentration of periostin was quantified by ELISA. Data are shown as mean + SEM of three different experiments with

triplicates. *P < 0.0001.

or b) in which periostin was upregulated (¥ig. 1C and D), compared
to MSTO-Mock or MSTO-CD26/10Chi (black or gray bars, respec-
tively). On the other hand, in the presence of siRNAs against
periostin, a significant decrease in migration or invasion was
observed in JMN and MSTO-CD26WT, compared to those treated
with control siRNA (Fig. 4B and C). Data demonstrating knockdown
of periostin by siRNAs, and the lack of effect on CD26 expression
levels, are shown in Supplementary Fig. 52, In contrast, a signifi-
cant increase in migration or invasion was observed in MSTO-Mock
(Fig. 4D) and MSTO-CD26/10Chi (¥Fig. 4E) in the presence of
periostin-containing culture medium (white bars), which was not
observed in the presence of medium lacking periostin (black bars
of Fig. 4D and E). These observations hence suggest that cell
migration and invasion are enhanced by the presence of exogenous
periostin. Taken together with the above data, our findings strongly
indicate that migration and invasion of MPM cells are enhanced by
periostin produced through CD26-regulated Src/Twist1 signaling.

4. Discussion

In the present study, we show that CD26-expressing MPM cells
exhibit enhanced production of periostin via activation of Src/
Twist1 signaling. Moreover, the presence of periostin in the culture
medium leads to increased cell migration and invasion of MPM
cells.

We recently demonstrated that CD9 suppressed cell invasion
and migration by inhibiting the formation of CD26-a581 integrin
complex with an associated decrease in phosphorylation of p1
integrin-related proteins such as focal adhesion kinase (FAK) and
Crk-associated substrate lymphocyte type (Cas-L/HEF1/NEDDS9)
{111 While these finding indicate that CD26 regulates ECM-
associated tumor cell behavior, the exact molecular events in
tumor biology involving ECM interaction that are associated with
the cytoplasmic region of CD26 remain to be elucidated. In the
present study, we demonstrate that the CD26 cytoplasmic region
plays a crucial role in in vitro migration and invasion of MPM cells
through its linkage to periostin production mediated by Src/Twist1
signaling.

Periostin is a secreted cell adhesion protein of approximately
90 kDa, which shares a homology with the insect cell adhesion
molecule fasciclin I (FAS1) {25]. The N-terminal region regulates
cellular functions by binding to integrins at the plasma membrane
of the cells through cell adhesion domain, FAS1 {251 The
C-terminal region of the protein regulates cell-matrix organization

and interaction by binding such ECM proteins as collagen, fibro-
nectin, tenascin C, and acid mucopolysaccharides, such as heparin
and periostin itself {28}, leading to increased tumor cell motility
{241 In the clinical setting, periostin upregulation has been
reported for many cancer types including MPM, and may poten-
tially be a tumor-enhancing factor {23} Previous work also
suggested that periostin expression in MPM cells may be an inde-
pendent prognostic factor for overall survival {27}, Periostin was
shown to be not only a marker of epithelial-mesenchymal transi-
tion (EMT), but to be itself an inductor of this phenomenon {22!,
The association of EMT with periostin produced by CD26-express-
ing MPM cells will be investigated in future studies.

Since the cytoplasmic tail of CD26 is only 6 amino acids in
length without any conserved kinase or protein-binding domains,
it is conceivable that CD26 may exert its effect on Src activation
in an indirect manner. Meanwhile, it is recognized that lipid raft
platforms may activate or inhibit many signaling pathways, includ-
ing CD26-mediated costimulation in human normal T cells { 18,181
These platforms may be of utmost relevance for the integration of
complex signaling processes such as those involved with cell
migration, as lipid rafts may favor protein interaction in specific
cell locations. In fact, we showed that Src was clustered in lipid
rafts along with the CD26 molecules. Moreover, the short cytoplas-
mic tail preceding the transmembrane domain of CD26 is essential
for locking CD26 molecules in the lipid bilayer {291, Accordingly,
we postulate that Src/Twistl activation occurs through lipid raft
partitioning and/or clustering by CD26 molecules.

In conclusion, CD26-associated upregulation of periostin in
MPM cells results from nuclear translocation of Twist1 transcrip-
tion factor as downstream signaling events of CD26-mediated
activation of Src. Importantly, increased secretion of periostin leads
to enhanced migratory and invasive activity of MPM cells. By
providing further insights into the molecular mechanisms of
MPM biology, our current findings may lead to future development
of novel therapeutic strategies for MPM.
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Fig. 4. Periostin enhances migration and invasion of MPM cells. (A) MSTO-Mock, CD26WT or CD26/10Chi cells were seeded on top of an uncoated filter (panel a) or Matrigel-
coated (panel b) chamber inserts. The number of cells that migrated or invaded through the insert filter in the lower chamber was counted. The mean number of cells per field
was determined from 5 fields per filter. Data are shown as mean * SEM of three independent experiments with triplicates. *, **P < 0.0001. NS denotes ‘not significant’. (B and C)
MSTO-CD26WT (B) or JMN (C) cells were transfected with two different Periostin-siRNAs (si-1 or si-2) or control siRNA (csi). After 24 h of transfection, cells were subjected to
migration (panels a) or invasion (panels b) assay by the same method conducted as in (A). *, **P < 0.0001. (D and E) MSTO-Mock {D) or CD26/10Chi (E) cells were seeded on top
of an uncoated filter (panels a) or Matrigel-coated (panels b) chamber inserts with periostin- or control solvent-medium (white or black bars, respectively) at indicated
concentrations in the lower cell. The mean number of cells per field was determined from 5 fields per filter. Data are shown as mean + SEM of three independent experiments
with triplicates. *, **P < 0.0001 vs. 0 ng/ml of periostin or corresponding control solvent. Both the white and black bars at 0 ng/ml of periostin or control solvent were plotted

using the same data.
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Regulation of somatostatin receptor
4-mediated cytostatic effects by CD26
in malignant pleural mesothelioma
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of Respiratory Medicine, Okayama Rosai Hospital, 1-10-25 Chikkomidorimachi, Okayama Minami-ku, Okayama 702-8055, Japan and
SDepartment of Pathology, Keio University School of Medicine, 35 Shinanomachi Shinjuku-ku, Tokyo 160-8582, Japan

Background: Malignant pleural mesothelioma (MPM) is an aggressive neoplasm arising from mesothelial lining of pleura. CD26
molecules preferentially expressed on epithelioid type of MPM. This study investigates the molecular mechanisms of CD26
regulating MPM cells in vitro and in vivo.

Methods: Biochemical and cell biological approaches were used for identifying a novel molecular target of MPM. lts contribution
to tumour expansion has been also assessed using animal models. The clinical samples of MPM were also assessed for its
expression.

Results: We identify that cytostatic effects in MPM are mediated by somatostatin (SST) receptor 4 (SSTR4), being inhibited by the
interaction of CD26 molecules. We also indicates that SSTR4-mediated cytostatic effects are regulated by SHP-2 PTP, and that this
inhibitory effect by SST agonist is enhanced via lipid raft clustering of associated molecules following crosslinking of anti-CD26é
antibody. Finally, using an in vivo xenograft model, we demonstrate that the anti-tumour effect of anti-CD26 mAb is enhanced
when combined with SSTR4 agonist treatment, and that SSTR4 is highly coexpressed with CD26 on epithelioid or biphasic types of
MPM tissues obtained from patients’ surgical specimens.

Conclusions: Combination therapy with humanised anti-CD26 mAb and SSTR4 agonist may therefore potentiate anti-tumour
effect on MPM.

Malignant pleural mesothelioma (MPM) is an aggressive malig-  (Astoul et al, 2012; Haas and Sterman, 2013; Shersher and Liptay,

nancy arising from mesothelial lining of pleura (Robinson and
Lake, 2005; Shersher and Liptay, 2013). It is generally associated
with a history of asbestos exposure and has a very poor prognosis
(Britton, 2002; Robinson and Lake, 2005; Shersher and Liptay,
2013). In fact, the median survival is less than 12 months, with
most patients dying within 10-17 months of their first symptoms

2013). Once rare, the incident of MPM has increased in
industrialised nations as a result of past wide spread exposure to
asbestos (Myers, 2012). The incident is predicted to increase
further in the next decades, especially in developing countries
where asbestos has not yet been prohibited (Shersher and Liptay,
2013). Due to the lack of efficacy of conventional treatments, novel
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therapeutic strategies are urgently needed to improve outcomes
(Astoul et al, 2012; Haas and Sterman, 2013).

CD26 is a 110-kDa, type II transmembrane glycoprotein with
known dipeptidyl peptidase IV (DPPIV) (DPPIV, EC 3.4.14.5)
activity in its extracellular domain and is capable of cleaving
N-terminal dipeptides with either 1-proline or r-alanine at the
penultimate position (Ohnuma et al, 2008). CD26 has an
important role in T-cell biology and overall immune function
(Morimoto and Schlossman, 1998; Ohnuma et al, 2004). In
addition, CD26 is expressed in various cancers and is involved in
cancer biology (Havre et al, 2008). For instance, CD26 regulates
topoisomerase Il level in haematological malignancies, affecting
sensitivity to doxorubicin and etoposide (Yamochi et al, 2005).
Moreover, CD26 itself appears to be a novel therapeutic target, and
anti-CD26 monoclonal antibody (mAb) treatment resulted in both
in vitro and in vivo anti-tumour activity against several tumour
types, including lymphoma and renal cell carcinoma (Ho et al,
2001; Ohnuma et al, 2002; Inamoto et al, 2006). Of note is that
CD26 expression is associated with both pro- and anti-tumour
effects in different cancers (Havre et al, 2008).

Previously, humanised anti-CD26 antibody inhibited growth of
MPM cells and induced long-term survival of tumour-transplanted
SCID mice (Inamoto et al, 2007). Recently, by analysing clinical
samples, we showed that CD26 was preferentially expressed on the
cell membrane of the epitheljal type, but not the sarcomatoid type,
of mesothelioma, while treatment outcome prediction study
showed that CD26 membrane expression on MPM was closely
correlated with disease responsiveness to chemotherapy (Aoe et al,
2012). Meanwhile, our in vitro studies showed that mesothelioma
cells expressing high level of CD26 displayed high proliferative
activity and invasiveness, and microarray analysis of CD26
knockdown and CD26-transfected mesothelioma cells showed that
CD26 expression was closely linked to expression of genes
contributing to cell proliferation and cell-cycle regulation (Aoe
et al, 2012). More recently, we showed that nuclear localisation of
CD26 molecules induced by anti-CD26 mAbs inhibited cell
proliferation by modulating POLR2A transcription in MPM cells
(Yamada et al, 2009, 2013). However, the nuclear translocation by
mAbs occurred 30-240 min after mAb treatment, which provided
inhibition of cell proliferation, but not cell motility such as migration
or invasion, while the earlier signalling events in regulating cell
motility via CD26 molecules remain to be elucidated. Moreover, we
demonstrated that CD9 suppressed cell adhesion by inhibiting CD26~
o501 integrin complex through its negative regulation of CD26
(Okamoto et al, 2014). These observations show that CD26 regulates
the interaction of MPM cells with the extracellular matrix (ECM) via
the integrin adhesion molecules. Meanwhile, with proximal signalling
events associated with the cytoplasmic six amino-acid residues of
CD26 being demonstrated in normal human T Iymphocytes
(Ohnuma et al, 2007), it is conceivable that similar CD26-mediated
proximal signalling events, which remain to be clarified, have a pivotal
role in MPM cell motility.

Somatostatin (SST) exhibits cytostatic effects, as treatment with
SST analogue causes cell-cycle arrest in G1 or apoptosis of tumour
cells in in vitro and in vivo studies (Weckbecker et al, 2003). The
anti-tumour effects are mediated by a family of five G-protein-
coupled SST receptors (SSTR1-5) having seven transmembrane
segments, which bind the naturally occurring peptides SST-14 and
SST-28 with similar affinity (Bruns et al, 1994). On the other hand,
most neoplasms preferentially express SSTR2, and less frequently
SSTR1, 3, 5, with SSTR4 being only rarely detected in selected
tumours including neuroendocrine and prostate cancers (Reubi
et al, 2001; Portela-Gomes et al, 2007; Montironi et al, 2008).
However, data from the published literature on receptor expression
in various tumours reveal major inconsistencies, possibly owing to
the small number of tumours examined so far, as well as the use of
different detection methods (Froidevaux and Eberle, 2002).

Therefore, although knowledge of receptor distribution in cancer
tissues is of utmost importance and has significant clinical
implications, inconsistencies in the published literature regarding
expression of individual receptor subtypes other than SSTR2
impede the development of novel targeted therapies.

In the current study, we extend our previous studies on high
proliferative activity and invasiveness and high-expression level of
CD26 by demonstrating the association between CD26 and SSTR4
with a linkage to SHP-2 PTP (phosphotyrosine phosphatase)-
dependent tumour inhibition of MPM cells. Importantly, our present
study is the first to report a linkage of SSTR4 in MPM cell inhibition,
with implications for the treatment of MPM with SSTR4 agonist and
anti-CD26 mAb, characterising the novel target molecule while
concurrently suggesting a new therapeutic strategy for MPM.

Cell lines and cultures. Two human MPM cell lines, H-MESO-1
(MESO1) (epithelioid) and MSTO-211 H (MSTO-P) (biphasic),
and HEK293 cells were obtained from the American Type Culture
Collection. JMN cells (biphasic) were a kind gift from Dr Brenda
Gerwin (Laboratory of Human Carcinogenesis, National Institutes
of Health, Bethesda, MD, USA). Malignant pleural mesothelioma
or HEK293 cells were cultured by the methods previously described
(Inamoto et al, 2007; Amatya et al, 2011). MSTO-P cells were
transfected with a full-length CD26 (CD26WT) or CD26-CD10
chimaeric receptor (CD26/10Chi) subcloned retroviral shuttle
plasmid pLNCX2 vector (Clontech Laboratories Inc., Mountain
View, CA, USA) using the Lipofectamine2000 reagent (Life
Technologies Inc., Carlsbad, CA, USA). The CD26-CD10 chimae-
ric receptor was composed of the N-terminal cytoplasmic region of
human CD10 (1-23 amino-acid position) ligated to the transmem-
brane and extracellular regions of human CD26 (7-766 amino-acid
position), which had been described elsewhere (Ohnuma et al,
2007). Two days after transfection of CD26WT, CD26/10Chi or
mock plasmids, the cells were selected for G418 (500 ugml_l)
(Sigma-Aldrich, St Louis, MO, USA) resistance for 4 weeks. Single
clone cells expressing CD26WT (MSTO-CD26WT), CD26/10Chi
(MSTO-CD26/10Chi), or mock (MSTO-Mock) were then selected
using a standard limiting dilution method. Luciferase-expressing
cells were generated by transfection with EFla-Luciferase (firefly)-2
A-GFP lentiviral vector (GenTarget Inc., San Diego, CA, USA).
Three days after transfection, the cells were sorted for GFP-positive
cells using FACSAria cell sorter (BD Biosciences, San Jose,
CA, USA). Adaptation of cells to reduced serum medium was
performed using a sequential adaptation method, with a conver-
sion to 10% reduction of FBS at every three passages, leading to
cells being adapted to 0.5% FBS-containing medium.

Antibodies and reagents. Anti-CD26 goat polyclonal antibody
(pAb) (AF1180) was from R&D Systems (Minneapolis, MN, USA).
Anti-SHP-2 rabbit pAb (C-18) and anti-transferrin receptor rabbit
pAb (H-300) were from Santa Cruz Biotechnology Inc. (Dallas,
TX, USA). Anti-SHP-1 rabbit pAb (07-419) was from Upsate
Biotechnology (Lake Placid, NY, USA). Anti-SSTR4 rabbit pAb
(AV33359), anti-FLAG M2 mouse mAb (IgG1), Peroxidase (HRP)
or agarose conjugated anti-FLAG M2 mAb, and anti-f-actin mAb
(AC-74) were from Sigma-Aldrich. Humanised anti-CD26 mAb
(human IgG1 isotype) was generously provided by Y’s therapeutics
(Tokyo, Japan). Anti-human IgG, Fcy fragment-specific F(ab’)2
fragment (anti-Fcy) of goat was from Jackson ImmunoResearch
(West Grove, PA, USA). SHP-1/2-specific inhibitor (NSC-87877)
was from Millipore (Billerica, MA, USA) and stocked in 10 mm
with sterile distilled water. SSTR4-specific agonist (L-803087) was
from TOCRIS Bioscience (Minneapolis, MN, USA) and stocked in
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100 mm with DMSO. Cytochalasin D was from Sigma-Aldrich and
stocked in 10 mm with DMSO.

Generation of deletion mutant of human SSTR4. Full-length
human SSTR4 construct in pPCMV6-Entry vector (SSTRAWT-FLAG)
was obtained from OriGene Technologies Inc. (Rockville, MD, USA).
Human SSTR4 with deleted C-terminal cytoplasmic region
(SSTR4AC-FLAG) was made by PCR, using the forward
primer (5'-gcgatcgcc ATGAGCGCC CCCTCGACGCTG-3") and
the reverse primer (5'-acgcgtGAGGA AGCCATAGAGAATGG
GGTT-3'), and constructed into Sgfl and Mlul sites of pCMV6-
Entry vector.

Native polyacrylamide gel electrophoresis. Membrane fraction
from MSTO-Mock, MSTO-CD26WT or MSTO-CD26/10Chi cells
was extracted with the ProteoExtract Native Membrane Protein
Extraction Kit (Invitrogen Dynal AS, Oslo, Norway) according to
the manufacturer’s instructions. After being precleared with
normal goat Ig-crosslinked Dynabeads (VERITAS, Carlsbad, CA,
USA), the native membrane extracts were immunoprecipitated
with anti-CD26 pAb-crosslinked Dynabeads and eluted with the
Elution Buffer of MAG2 Dynabeads Co-Immunoprecipitation Kit
(Invitrogen Dynal AS). The eluates were resolved by the
Blue Native polyacrylamide gel electrophoresis (PAGE)
(Life Technologies Inc.). Analytical gels were stained with SilverQuest
(Life Technologies Inc.). Peptide mass mapping was performed by
recording peptide mass fingerprints of typical in-gel digests of
the corresponding gel bands using tandem mass spectrometry
(LC-MS/MS) (nano LCMS-IT-TOF; Shimadzu Biotech, Kyoto,
Japan) and subsequently searching the MASCOT database (Matrix
Sciences, Boston, MA, USA).

Coimmunoprecipitation, immunoblotting and lipid raft
fractioning. To study the interaction between CD26 and SSTR4
using MPM cells, membrane fraction from indicated cells was
extracted and coimmunoprecipitation experiments were conducted
as described above. To examine the interacting domains through
the use of mutant proteins, HEK293 cells were transfected with
full-length human CD26, CD26-CD10 chimaeric receptor,
SSTR4WT-FLAG or SSTR4AC-FLAG expressing plasmids, using
Lipofecatmine2000 reagent. Membrane fraction was prepared as
described above. After being precleared with normal mouse Ig-
conjugated resin, the fractions were immunoprecipitated with anti-
FLAG M2 affinity resin and eluted with FLAG peptide. The eluates
in sample buffer (1% SDS, 6 M urea, 150 mM NaCl, 1 mm EDTA,
50 mm Tris (pH 8.0)) were then submitted to SDS-PAGE under
reducing conditions and western blot analysis using the indicated
specific antibodies. To obtain the lipid raft membrane fraction,
after stimulation with control IgG or humanised anti-CD26 mADb
by crosslinking with anti-Fcy for 10 min, MSTO-CD26WT cells
(each, 1 x 10%) were lysed on ice with 1 ml 1% Triton X-100 and
1 mm PMSF in MNE buffer (25 mm MES (pH 6.5), 150 mm NaCl,
5mm EDTA), followed by sucrose-gradient ultracentrifugation as
described previously (Ishii et al, 2001). For immunoprecipitation of
the pooled lipid raft fractions, fractionated lipid rafts (collection
of fraction number 3-5) were lysed at 4°C for 30 min with 1%
N-octyl-f-D-glucoside (Nakarai Tesuque, Inc., Kyoto, Japan),
and subjected to immunoprecipitation experiments, followed by
SDS-PAGE and western blot analyses.

Small interference RNA. Knockdown experiments in MPM cell
lines were achieved by transiently transfecting cells with the
indicated specific small interference RNAs (siRNAs) or control
siRNA (csi), purchased from Sigma-Aldrich. The target sequences
of specific siRNA are shown in Supplementary Table. Transfection
of siRNA into MPM cells was conducted using the Xfect siRNA
Transfection Reagent (Takara Bio Inc., Shiga, Japan). After 48 h of
transfection, cells were subjected to the corresponding experiments.

Cell migration, invasion and colony formation assays. For cell
migration assay, cells (5001 of 1x 10° per ml in 0.1% FBS-
RPMI1640) were seeded onto uncoated filters in a 24-well
Transwell chamber (8-um pore size; Costar, Corning, NY, USA)
with 750 pl of FBS fresh medium in the lower cell, and allowed to
migrate for 24h at 37°C in 100% humidifier. The cells that
migrated to the underside of the filter were stained with crystal
violet and images under brightfield microscopy were captured with
an Olympus digital camera DP21 attached to an Olympus BX43
microscope using the CellSens software (Olympus, Tokyo, Japan).
Crystal violet-stained cells were counted in five fields per filter
using the ImageJ software (The National Institutes of Health). For
cell invasion assay, cells (5004l of 1x10° per ml in 0.1%
FBS-RPMI1640) were seeded onto filters of a 24-well Transwell
chamber that were coated with Matrigel (BD Biosciences) with
750 pl of FBS fresh medium in the lower cell. Invasion of the cells
through the Matrigels to the underside of the filter was assessed
24 h later by staining with crystal violet and counting by the same
method as in the migration assay. Soft-agar colony formation was
assayed using the CytoSelect Cell Transformation Assay kit (Cell
Biolabs, Inc., San Diego, CA, USA). Cells (1 x 10°) were incubated
7 days in a semisolid agar medium containing the indicated antibody
or reagents before being solubilised and detected by using the
provided MTT solution in iMark microplate absorbance reader
(absorbance at 570 nm) (Bio-Rad Laboratories, Hercules, CA, USA).

In vivo evaluation of tumour growth. Female CB17/lcr-Prkdc™)
CrlCrlj mice (SCID mice) were purchased from Charles River
Laboratories Japan Inc. (Yokohama, Japan) for experimental
animals and housed in a specific pathogen-free facility in micro-
isolator cages. Mice were used at 8-12 weeks. SCID mice were
injected ip. with 1x 10° luciferase-expressing MSTO-Mock,
MSTO-CD26WT or MSTO-CD26/10Chi cells (each cohort,
n=20). For in vivo bioluminescence imaging (BLI), mice were
given an ip. injection of 150 mgkg ' body weight of p-luciferin
(Wako Pure Chemical Industries, Osaka, Japan) and then
anaesthetised with isoflurane gas. The mice were imaged using
Caliper IVIS Lumina II In Vivo Imaging System (Perkin-Elmer,
Waltham, MA, USA) to assess bioluminescence 10min after
injection of the substrate. Imaging data were analysed with the
Caliper Living Image software (Perkin-Elmer) and indicated as
total flux of photons per second. Mice demonstrating more than
1 x 10° photons per second or reaching end of the observation
periods are euthanised.

Confocal microlaser microscopy. For detection of colocalisation
between CD26 and SSTR4 in MESO1 and JMN cells, cells were
preincubated in collagen-coated 8-well chamber slide glass cells
(Iwaki, Tokyo, Japan), and fixed with 4% paraformaldehyde in PBS
(Nakarai Tesque, Inc.). After being washed with ice-cold PBS, cells
were blocked with normal goat and rabbit IgG (Santa Cruz
Biotechnology Inc.), followed by incubation with Alexa Fluor
488-conjugated anti-CD26 pAb and Alexa Fluor 594-conjugated
anti-SSTR4 pAb (each at a concentration of 5/,¢gm1"1). After
being washed with ice-cold PBS, slides were mounted with Prolong
Gold antifade reagent with DAPI (Molecular Probes, Eugene, OR,
USA). Confocal microscopy was performed with an Olympus IX70
confocal microscope with 60 objective lenses (Olympus), using
laser excitation at 496 and 568 nm. The widths of Alexa Fluor 488
and 594 emission channels were set to maximise specificity.

Tissue samples and immunohistochemistry. Fifty MPM tissues
were obtained from patients who had undergone biopsy or surgery
at Okayama Rosai Hospital (Okayama, Japan) or National Hospital
Organization Yamaguchi-Ube Medical Center (Yamaguchi, Japan)
between 1998 and 2009. Histological sections from the mesothe-
lioma patients were previously examined and classified into
epithelioid, sarcomatoid and biphasic subtypes, according to the
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World Health Organization histological classification by three
independent pathologists (Takeshima et al, 2009), who were
blinded to the results of the studies discussed in this article.
Immunohistochemistry staining of 50 MPM tissues for CD26 and
SSTR4 was performed and evaluated as described previously (Aoe
et al, 2012).

Assessment of anti-tumour activity of SSTR4 agonist and
humanised anti-CD26 mAb in mice. To assess the effect of
SSTR4 agonist and humanised anti-CD26 mAb against tumor-
igenicity, JMN cells (1 x 10%) were inoculated s.c. into the left flank
of SCID mice. Mice were treated with ip. injection of control
human Ig or humanised anti-CD26 mAb (10 ug per dose) in the
presence of SSTR4 agonist (20 um per dose) or solvent control on
the seventh day after cancer cell inoculation, at a time when the
tumour mass became visible (5mm in size). Each antibody or
agonist was given three times per week. Each cohort was examined
with n=20. Tumours were measured every 4 days using a vernier
caliper, and the volume was calculated according to the formula:
1/6 x length x square width. For assessment using systemic
xenograft model, SCID mice were injected ip. with 1x 10°
luciferase-expressing JMN cells. Mice were treated with ip.
injection of control human Ig or humanised anti-CD26 mAb
(10 ug per dose) in the presence of SSTR4 agonist (20 M per dose)
or solvent control on the next day after cancer cell inoculation.
Each antibody or agonist was given three times per week. Each
cohort was examined with # =20. Tumour growth was evaluated
with BLI every 1 week.

Study approval. Human study protocols were approved by the
Ethics Committees at Juntendo University, and at Keio
University. Informed consent was obtained from all patients
according to the format of the institutional review board at
Okayama Rosai Hospital and National Hospital Organization
Yamaguchi-Ube Medical Center. All studies on human subjects
were carried out according to the principles set out in the
Declaration of Helsinki. Animal experiments were conducted
following protocols approved by the Animal Care and Use
Committees at Juntendo University.

Statistical analysis. All experiments were performed in triplicates
and repeated at least three times. Data were expressed as mean
values * s.e.m. (standard error of the mean) and analysed by one-
way or two-way ANOVA followed by the Tukey-Kramer post hoc
test. The level of significance was P<0.05. The calculations were
conducted using the Prism6.0 software (GraphPad Software, Inc,
La Jolla, CA, USA).

Cytoplasmic region of CD26 has an important role in tumour
cell activity of MPM cells. We previously showed that CD26-
mediated tumour cell proliferation of T-lymphoma and MPM cell
lines was exerted via f§1 integrin, in relation to the process of cell
adhesion (Sato et al, 2005; Okamoto et al, 2014). Meanwhile, with
the proximal signalling events associated with the cytoplasmic
region of CD26 being shown in normal human T lymphocytes
(Ohnuma et al, 2007), it is conceivable that similar CD26-mediated
proximal events may have a role in MPM cell biology. To define
the crucial role of the CD26 cytoplasmic region in regulating
migratory, invasive or proliferative activity of MPM cells, we used a
mutant construct of CD26 in which its cytoplasmic region was
replaced with that of human CD10 (CD26-CD10 chimaeric
receptor), which was shown to abrogate CD26-mediated costimu-
lation in T cells (Ohnuma et al, 2007). CD10, as is the case with
CD26, is a type II transmembrane glycoprotein with a relatively
short cytoplasmic tail containing signal sequence that has an

expected membrane topology similar to CD26 (Ogata et al, 1989;
Maguer-Satta et al, 2011). We then transfected CD26-negative
parental MSTO cells with full-length human CD26 or CD26-CD10
chimaeric receptor to establish MSTO-CD26W'T or MSTO-CD26/
10Chi, respectively (Supplementary Figure S1A). As shown in
Figure 1A, a significant increase in migration was observed in
MSTO-CD26WT as compared with MSTO-Mock (P<0.0001) .
or MSTO-CD26/10Chi (P<0.0001). Similarly, an increase in
invasion was also observed in MSTO-CD26WT as compared with
MSTO-Mock or MSTO-CD26/10Chi (Figure 1B). To study the
process of tumour formation in MPM cells, we conducted colony
formation assay as a model of anchorage-independent cell growth.
As shown in Figure 1C, a significant increase in colony formation
was observed in MSTO-CD26WT as compared with MSTO-Mock
(P<0.0001) or MSTO-CD26/10Chi (P<0.0001). To extend
the above in vitro results to in vivo experimentation, we conducted
the cell growth assay using tumour-transplant mice. A significant
increase in in vivo tumour growth was observed with MSTO-
CD26WT as compared with MSTO-Mock (P<0.0001) or MSTO-
CD26/10Chi (P<0.0001) (Figure 1D). These results suggest that
the cytoplasmic region of CD26 is important for CD26 function in
such biological processes of MPM as cell migration, invasion and
anchorage-independent cell growth as well as in vivo tumour
growth using xenograft mouse model.

CD26 associates with SSTR4 vig their respective cytoplasmic
regions. To define the molecular details involved in the critical
role of the CD26 cytoplasmic region, we used affinity purification
and LC-MS/MS to identify the proteins that are associated with the
CD26 cytoplasmic domain. In these experiments, membrane
fractions of MSTO-Mock, MSTO-CD26WT or MSTO-CD26/
10Chi were harvested in native conditions and subjected to affinity
purification using anti-CD26 pAb. LC-MS/MS analysis suggested
that the CD26 cytoplasmic region copurified with CD26, actin,
TRAK?2 (trafficking protein, kinesin binding 2), PEX1 (peroxinl),
ribosomal proteins (S2, S3 and S4) and SSTR4 (lane 2 of
Figure 2A). It is expected that CD26 co-precipitates with CD26
itself as CD26 forms homodimers in cell membrane (Chien et al,
2004). To determine whether these proteins are present in MPM
cells, we conducted a conventional western blotting analysis using
total cell lysates of MSTO-Mock, MSTO-CD26WT or MSTO-
CD26/10Chi. While SSTR4 was detected, TRAK2 and PEX1 of
MSTO cells was not detected in 50 ug of each lysate, suggesting
that SSTR4 is a primary CD26-interacting protein involved in
MPM cell regulation. In addition, as actin and ribosomal proteins
(S2, S3 and S4) exist abundantly in cells, the presence of these
proteins in the copurified complex might not be specific to CD26.
We have therefore confirmed the presence of SSTR4 in the
CD26-interacting complex by western blotting analysis. As shown
in Figure 2B, SSTR4 coimmunoprecipitated with CD26 in
MSTO-CD26WT (lane 2), but not MSTO-Mock or MSTO-
CD26/10Chi (lanes 1 or 3, respectively). In addition, the
association of endogenous CD26 and SSTR4 was confirmed by
coimmunoprecipitation experiments using JMN or MESO1 cells
that express CD26 endogenously (lanes 2 or 3 of Figure 2C,
respectively, and Supplementary Figure S1B). To confirm the above
findings in living cells, we performed immunocytochemical
analysis using confocal laser microscopy. As shown in Figure 2D,
the association of endogenous CD26 and SSTR4 was clearly
observed in JMN or MESO1 cells. These results indicate that the
interaction between CD26 and SSTR4 occurs not only in MPM
cells with exogenous CD26 expression, but also in MPM cells with
natively expressed CD26.

Previous work has demonstrated that the C-terminal intracy-
toplasmic tail of SSTR4 is essential for homo- and hetero-
dimerisation (Somvanshi et al, 2009). To determine whether the
C-terminal intracytoplasmic tail of SSTR4 is required for binding
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Figure 1. The cytoplasmic region of CD26 is required for cell migration, invasion and colony formation. (A) Cells were seeded on top of a Boyden
chamber. The number of cells that migrated through the uncoated filter in the lower chamber was counted. The mean number of cells per field was
determined from five fields per filter (mean £ s.e.m.; n=>5 experiments with triplicates). A significant increase in MSTO-CD26WT is indicated as
P<0.0001 (vs MSTO-Mock or MSTO-CD26/10Chi), as calculated by ANOVA with Tukey—Kramer post hoc test. NS denotes "not significant’.
Representative microphotographs of cells migrating through the filter were shown in the lower panels (crystal violet staining). Scale bars indicate
200 pum. (B) Cells were seeded on top of Matrigel-coated chamber inserts. The number of cells that invaded through the Matrigel in the lower
chamber was counted. The mean number of cells per field was determined from five fields per filter (mean + s.e.m.; n=5 experiments with triplicates).
A significant increase in MSTO-CD26WT s indicated as P<<0.0001 (vs MSTO-Mock or MSTO-CD26/10Chi), as calculated by ANOVA with Tukey-
Kramer post hoc test. NS denotes ‘not significant’. Representative microphotographs of cells invading through the filter were shown in the lower
panels (crystal violet staining). Scale bar indicates 200 um. (C) Cells were plated in a cell suspension agar matrix between layers of base agar matrix.
After 1 week, the agar matrix was solubilised and the cells were stained with MTT solution. Absorbance at 570 nm was measured (mean *s.e.m.;
n=75 experiments with triplicates). A significant increase in MSTO-CD26WT s indicated as P<0.0001 (vs MSTO-Mock or MSTO-CD26/10Chi), as
caleulated by ANOVA with Tukey-Kramer post hoc test. NS denotes 'not significant’. Representative microphotographs of cells grown in soft agar just
before solubilisation to indicate cell size and morphology were shown in the fower panels (phase-contrast imaging). Original magnification, x 8. Scale
bars indicate 50 um. (D) SCID mice were injected i.p. with 1 x 10° luciferase-expressing MSTO-Mock, MSTO-CD26WT or MSTO-CD26/10Chi cells.
Tumour growth was measured by in vivo bioluminescence photometry, with imaging data of each cohort being indicated as total flux of photons
per second (mean *s.e.m.; n=20). A significant increase in MSTO-CD26WT is indicated as P<0.0001 (vs MSTO-Mock or MSTO-CD26/10Chi), as
calculated by ANOVA with Tukey-Kramer post hoc test. Representative optical bioluminescence imaging of each cohort mice was shown with
intensity of luminescence as heat maps in the lower panels. The full colour version of this figure is available at British Journal of Cancer online.

to CD26, we constructed the C-terminal deletion mutant of SSTR4AC-FLAG did not co-precipitate with CD26WT (lane 3),
FLAG-tagged SSTR4 (SSTR4AC-FLAG), and coimmunoprecipita- nor with CD26/10Chi (lane 5). Taken together with the results
tion experiments were then conducted. As shown in Figure 2E, described earlier, our data indicate that the association between
the full-length SSTR4 (SSTRAWT-FLAG) co-precipitated with CD26 and SSTR4 requires for their respective cytoplasmic
CD26WT (lane 2), but not with CD26/10Chi (lane 4), while domains.
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Figure 2. CD26 interacts with somatostatin receptor 4 (SSTR4) in MPM cells. {A) Immunoaffinity purification of CD26-containing proteins.
Membrane fractions of MSTO-Mock, MSTO-CD26WT or MSTO-CD26/10Chi were extracted in a native condition. After being precleared with
normal goat immunoglobulin (Ig) crosslinked Dynabeads, the native membrane extracts were immunoprecipitated with anti-CD26 pAb-crosslinked
Dynabeads and eluted. The eluates were resolved by the Blue Native PAGE and sliver stained. The protein bands were retrieved and analysed by
tandem mass spectrometry. The determined proteins were indicated in the right of the panel. Similar results were obtained in three independent
experiments. (B) Immunoprecipitation assay using membrane extractions from MSTO-Mock, MSTO-CD26WT or MSTO-CD26/10Chi. After being
precleared with normal goat Ig crosslinked Dynabeads, the membrane extracts were immunoprecipitated by the same method as shown in (A).
The eluates were resolved by SDS-PAGE, and immunablotted using anti-CD26 or anti-SSTR4 antibodies (upper two panels). Total lysates from each
cell type were resolved by SDS-PAGE, and immunoblotted using anti-CD26 or anti-SSTR4 antibodies (lower two panels). SSTR4 is co-precipitated
with CD26WT, but not with CD26/CD10 chimaeric protein (upper panel). Similar results were obtained in three independent experiments.

(C) Immunoprecipitation assay using membrane extractions from parental MSTO-H211 (MSTO-P), JMN or H-MESO-1 (MESO1) cell lines. The
membrane extracts were immunoprecipitated and immunoblotted by the same method as shown in (B). SSTR4 is co-precipitated with natively
expressing CD26 molecules (upper panel). Similar results were obtained in three independent experiments. (D) Colocalisation of CD26 with SSTR4.
JMN or MESO1 cells were fixed using 4% paraformaldehyde-PBS, and stained with Alexa Fluor 488-conjugated anti-CD26 pAb and Alexa Fluor 594~
conjugated anti-SSTR4 pAb. Stained cells were mounted using Prolong Gold antifade reagent with DAPI. Observations were made on 10-15 cells in
each of three different experiments using confocal laser microscopy. The micrographs are representative of >75% of the cells observed. CD26 and
SSTR4 are observed as punctate coexpression on the cell surface. Original magnification, x 200. Scale bars indicate 25 um. (E) Association of CD26
with SSTR4 via their respective C-terminal region. After being precleared using normal mouse |g and protein G resin, membrane extracts from
HEK293 cells transiently expressing full-length CD26 (CD26WT), CD26-CD10 chimaeric receptor (CD26/10Chi), FLAG-tagged full-length SSTR4
(SSTRAWT-FLAG) or FLAG-tagged SSTR4 with deleted C-terminal cytoplasmic tail (SSTRAAC-FLAG) were immunoprecipitated with anti-FLAG affinity
resin. Immunocomplexes were then immunoblotted using anti-CD26 or anti-FLAG antibodies (upper two panels). Total lysates from each cell were
resolved by SDS-PAGE, and immunoblotted using anti-CD26 or anti-FLAG antibodies (lower two panels). Co-precipitation is observed in CD26WT
and SSTRAWT, but not in CD26WT and SSTRAAC, CD26/10Chi and SSTRAWT, or CD26/10Chi and SSTR4AC (upper panel). Similar results were
obtained in three independent experiments. The full colour version of this figure is available at British Journal of Cancer online.

Cytostatic effects of SSTR4 agonist are enhanced following
suppression of CD26 expression. Since previous reports have
shown that SSTR4 agonists mediate growth inhibition of
neuroendocrine cells (Patel, 1999; Weckbecker et al, 2003), we
next examined the effect of SSTR4 on MPM cell migration,
invasion and colony formation. For this purpose, knockdown
experiments using siRNA against SSTR4 were conducted in MPM

cells. Expression of CD26 or SSTR4 was determined by western
blotting analysis of cell lysates of MSTO-Mock, MSTO-CD26WT
or MSTO-CD26/10Chi in the presence of control siRNA or two
different sequences of SSTR4-siRNAs (si-1 or si-2) (Supplementary
Figure S2A). As shown in Figure 3A, inhibition of migration,
invasion and colony formation was abrogated in MSTO-Mock
(P<0.0001) and MSTO-CD26/10Chi (P<0.0001) in the presence
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Figure 3. SSTR4-mediated cytostatic effects are inhibited in the presence of CD26. (A) MSTO-Mock, MSTO-CD26WT or MSTO-CD26/10Chi cells
were transfected with two different siRNAs against SSTR4 (si-1 or si-2) or control siRNA (csi). After 48 h of transfection, cell migration (panel a),
invasion (panel b) or colony formation assays (panel c) were conducted by the same methods as in Figure 1 (mean £ s.e.m.; n=>5 experiments with
triplicates), with results being shown in bar graphs (MSTO-Mock (red bar), MSTO-CD26WT (blue bar) or MSTO-CD26/10Chi (green bar)).

A significant increase in si-1 or si-2 in MSTO-Mock or MSTO-CD26/10Chi cells is indicated as P<0.0001 (vs the corresponding csi). A significant
increase in csi of MSTO-CD26WT cells (*) is indicated as P<0.0001 (vs csi of MSTO-Mock or MSTO-CD26/10Chi). NS denotes 'not significant’.
P-values are calculated by ANOVA with Tukey-Kramer post hoc test. (B) Using MSTO-Mock, MSTO-CD26WT or MSTO-CD26/10Chi cells adapted
to the serum-reduced condition, cell migration (panel a), invasion (panel b) or colony formation assays (panel ¢) were conducted by the same
methods as in Figure 1 (mean £ s.e.m.; n=5 experiments with triplicates). The SSTR4 agonist L803087 at the indicated concentrations or DMSO as
a solvent control was added to the assays. P<0.0001 vs those in MSTO-Mock or MSTO-CD26/10Chi at respective concentrations of L803087 is
calculated by ANOVA with Tukey—Kramer post hoc test. NS denotes ‘not significant’. (C, D) Knockdown of endogenous CD26 induces inhibitory
effects of SSTR4 agonist in JMN or MESO1 cells. After being adapted to the serum-reduced condition, endogenous CD2é-expressing JMN

(C) or MESO1 (D) cells were transfected with two different siRNAs against CD26 (si-1 or si-2), control siRNA (csi) or transfection reagent alone
(none). After 48 h of transfection, cell migration (panels a), invasion (panels b) or colony formation assays (panels ¢) were conducted by the same
methods as in Figure 1 (meants.e.m.; n=>5 experiments with triplicates). The SSTR4 agonist L803087 at the indicated concentrations or DMSO
as a solvent control was added to the assays. A significant decrease in si-1 or si-2 is indicated as P<0.0001 (vs the corresponding csi or none),
as calculated by ANOVA with Tukey-Kramer post hoc test. The full colour version of this figure is available at British Journal of Cancer online.
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of SSTR4-siRNAs. For cells treated with control siRNA (csi),
an increase in migration, invasion and colony formation was
observed in MSTO-CD26WT (* in panels a~c of Figure 3A) as
compared with MSTO-Mock (P<0.0001) or MSTO-CD26/10Chi
(P<0.0001), similar to results seen in Figure 1A-C. However, the
enhancement in cellular activities seen in MSTO-CD26WT was
not affected by SSTR4-siRNAs (NS in panels a—c of Figure 3A).
These results suggest that coexpression of SSTR4 with full-length
CD26 inhibits the SSTR4-mediated cytostatic effects. Meanwhile, it
is possible that SSTR4 agonist-like factors may be present in FBS of
the culture medium, as SSTRs bind the naturally occurring
peptides SST-14 and SST-28 with similar affinity (Bruns et al,
1994), affecting cell migration, invasion or colony formation of
MSTO-Mock and MSTO-CD26/10Chi (panels a-c of Figure 3A).
To exclude the possibility of serum-derived SSTR4 agonistic effect,
we established various MPM cell lines that have been adapted to
the serum-reduced condition, and conducted cell migration,
invasion and colony formation assays in the presence or absence
of the specific SSTR4 agonist 1803087 (Rohrer, 1998). The
expression levels of CD26 or SSTR4 in these adapted MPM cells
were confirmed by western blot analysis to be similar to those of
respective parental cells (Supplementary Figure S2B). As shown in
Figure 3B, levels of cell migration, invasion and colony formation
were observed to be equal among MSTO-Mock, MSTO-CD26WT
or MSTO-CD26/10Chi (NS at points of medium alone in panels a—c),
suggesting that the influence of serum on these cell lines was
minimised by the serum-reduced condition. Under this serum-
reduced condition, inhibition of migration, invasion and colony
formation of MSTO-Mock or MSTO-CD26/10Chi by the SSTR4
agonist was observed in a dose-dependent manner (O or A in
panels a~c, respectively), while inhibition of migration, invasion or
colony formation of MSTO-CD26WT in a serum-reduced
condition was not observed (x in panels a-c of Figure 3B).
These results strongly suggest that SSTR4-mediated cytostatic
effects are abrogated in the presence of CD26.

To determine whether SSTR4-mediated cytostatic effects are
abrogated in the presence of the association between CD26 and
SSTR4, knockdown experiments using siRNA against CD26 were
conducted in JMN or MESO1 cell lines. Expression of CD26 or
SSTR4 was determined by western blotting analysis of cell lysates
of JMN or MESO1 cell lines in the presence of control siRNA
(csi) or two different sequences of CD26-siRNAs (si-1 or si-2)
(Supplementary Figure S2C). Following knockdown of endogen-
ous CD26, inhibition of migration, invasion and colony
formation of JMN cells by SSTR4 agonist in a serum-reduced
condition was observed in a dose-dependent manner of L803087
(P<0.0001, panels a-c of Figure 3C). Similarly, following
knockdown of endogenous CD26 in MESO1 cells adapted to a
serum-reduced condition, inhibition of migration, invasion and
colony formation by SSTR4 agonist was also observed in a dose-
dependent manner of 1803087 (P<0.0001, panels a-c of
Figure 3D). These results indicate that SSTR4-mediated cytostatic
effects are strongly elicited by decreased CD26 expression. Taken
together, our results strongly suggest that the association of CD26
with SSTR4 impedes the cytostatic signalling of the SSTR4
agonist.

Downstream signalling via SHP-2 is required for SSTR4-
mediated cytostatic effects. To further clarify the role of the
association between CD26 and SSTR4 on SSTR4-mediated
cytostatic effects in MPM, we next investigated the molecular
basis for downstream signalling events elicited by the SSTR4
agonist. Since previous work indicated that PTPs, SHP-1 or SHP-2
are involved in signalling events of the SSTR family (Patel, 1999;
Weckbecker et al, 2003; Florio, 2008), we conducted experiments
using an SHP inhibitor. As shown in Figure 4A, the SHP-1/2 PTP
inhibitor abrogated the inhibitory effect of SSTR4 agonist on cell

migration, invasion and colony formation of MSTO-P cells
adopted to a serum-reduced condition (panels a~c). To further
support the conclusion that SSTR4-mediated cytostatic effects were
abrogated by the SHP-1/2 PTP inhibitor, we conducted similar
experiments with JMN or MESO1 cells, and found that SSTR4-
mediated cytostatic effects in CD26-knockdown cells were
abrogated in the presence of the SHP-1/2 PTP inhibitor (panels
a-c of Supplementary Figure S3A and B). These results strongly
suggest that the SSTR4-mediated cytostatic effects are associated
with downstream signalling via SHP-1/2 PTPs.

To further characterise the involvement of SHP-1/2 PTPs
downstream of SSTR4, we next analysed expression levels of SHP-1
and SHP-2 in various cell lines. As shown in Supplementary Figure
S3C, MPM cell lines used in the current study expressed SHP-2,
but not SHP-1. These results suggest that SHP-2 PTP is
predominantly associated with SSTR4-mediated cytostatic effects
in our experimental system. As further support for this conclusion,
we next conducted knockdown experiments using siRNAs against
SHP-2 in MSTO-Mock cells. Expression of SHP-1/2, SSTR4 and
CD26 was determined by western blotting analysis of cell lysates in
the presence of control siRNA (csi) or two different sequences of
SHP-2-siRNAs (si-1 or si-2). Endogenous SHP-2 was clearly
reduced by SHP2-siRNAs without any change in the level of
endogenous SSTR4 expression. Endogenous CD26 and SHP-1 were
not detected in MSTO-Mock (Supplementary Figure S3D). As
shown in Figure 4B, SHP-2-siRNAs clearly abrogated SSTR4-
mediated cytostatic effects in MSTO-Mock cells (A or 4 in panels
a~c), with dose-dependent inhibition of migration, invasion and
colony formation by SSTR4 agonist being observed in a dose-
dependent manner (O or x in panels a-c). Our overall results
hence indicate that SSTR4-mediated cytostatic effects in MPM cells
are exerted via SHP-2 signalling.

SSTR4-mediated cytostatic effects are enhanced via lipid raft
aggregation induced by humanised anti-CD26 mAb. It has been
previously shown that CD26-mediated costimulatory signalling in
T cells was exerted via lipid raft clustering (Ishii et al, 2001;
Ohnuma et al, 2007). Moreover, it is estimated that SSTR4 is
recruited into lipid rafts via a palmitoyl membrane anchor site
which is located at the cysteine residue of its C-tail region (Patel,
1999). In view of these molecular characteristics of CD26 and
SSTR4, to define the molecular events involved in the formation of
these critical integrated cell membrane protein-protein complexes,
we analysed the molecular clustering induced by lipid raft
aggregation in MPM cells treated with humanised anti-CD26
mAb. As shown in Figure 5A, humanised antji-CD26 mAb
treatment resulted in increased levels of CD26, SSTR4 and SHP-
2 molecules in lipid raft fractions (upper three of right panels)
while a non-lipid raft anchored protein, transferrin receptor (TfR),
was not aggregated in lipid raft fractions (bottom panels).
Furthermore, to examine whether anti-CD26 mAb treatment
affects CD26 binding to SSTR4 in lipid rafts, co-precipitation assay
was performed using lipid raft fractions. As shown in Figure 5B,
CD26 in lipid rafts of MPM cell treated with control IgG was co-
precipitated with SSTR4 (lane 1), while CD26 was not co-
precipitated with SSTR4 in lipid raft fractions of MPM cells
following stimulation with humanised anti-CD26 mADb, despite the
presence of SSTR4 in lipid raft fractions (lane 2). These results
suggest that SSTR4 and CD26 are associated in lipid rafts, and that
anti-CD26 mAb ligates CD26 to cause the release of SSTR4 from
CD26 and the clustering of SSTR4 in lipid rafts, hence providing a
platform for signalling events associated with multimerisation of
SSTR4 molecules, such as SHP-2 activation.

To further evaluate the association of CD26 and SSTR4 via lipid
raft, we conducted experiments using a lipid raft disturbing
reagent, cytochalasin D (Cytoch. D) (Ishii et al, 2001). Cytoch.
D slightly inhibited cell migration, invasion and colony formation
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Figure 4. Downstream signalling with SHP-2 has a role in SSTR4-mediated cytostatic effects. (A) Endogenous CD26-deficient parental MSTO

cells (MSTO-P) adapted to the serum-reduced condition were incubated with 1 um of SHP-1/2 inhibitor (black bars) or PBS as a solvent control (grey
bars) for 30 min, followed by cell migration (panel a), invasion (panel b) or colony formation assays (panel ¢) in the presence of the SSTR4 agonist
L803087 (10 um) or DMSQ as a solvent control (vehicle) (mean £s.e.m.; n=5 experiments with triplicates). A significant suppression in 1L.803087

treatment without SHP-1/2 inhibitor (P<0.0001, grey bars) was restored

in the presence of SHP-1/2 inhibitor (P<0.0001, grey and black bars of

L803087), as calculated by ANOVA with Tukey—Kramer post hoc test. (B) MSTO-P cells adapted to the serum-reduced condition were transfected

with two different siRNAs against SHP-2 (si-1 or si-2), control siRNA (csi)
migration (panel a), invasion (panel b) or colony formation assays (panel

or transfection reagent alone {none). After 48 h of transfection, cell
c) were conducted by the same methods as in Figure 1 (meants.e.m,;

n=>5 experiments with triplicates). The SSTR4 agonist L803087 at the indicated concentrations or DMSO as a solvent control was added to

the assays. A significant increase in si-1 or si-2 is indicated as P<0.0001
Tukey-Kramer post hoc test.

at the indicated concentration (P<0.001) (panels a—c of Figure 5C),
as Cytoch. D is a potent inhibitor of actin polymerisation (Brenner
and Korn, 1979). However, as shown in panels a—c of Figure 5C,
anti-CD26 mAb treatment resulted in enhanced inhibitory effect
on cell migration, invasion and colony formation at the indicated
concentration (P<0.0001), and this inhibitory effect was more
profoundly exerted in the presence of the SSTR4 agonist
(*, P<0.0001). On the other hand, this inhibitory effect of anti-
CD26 mAb on cell migration, invasion and colony formation was
reversed in the presence of Cytoch. D (P<0.001) (panels a—c of
Figure 5C). Similar effects of Cytoch. D were observed in cell
migration, invasion and colony formation assays using JMN or
MESOT1 cells (Supplementary Figure S4B or C, respectively). These
results indicate that the effect of humanised anti-CD26 mAb on
anti-tumour activity is enhanced by SSTR4-mediated activation of
SHP-2, which is induced by lipid raft clustering.

Anti-tumour effect of humanised anti-CD26 mAb is enhanced
in combination with SSTR4 agonist in wvivo. To further
validate our in vitro observations regarding the enhancing effect
of humanised anti-CD26 mAb treatment on SSTR4-mediated
anti-tumour effect, we conducted in vive experiments using
SCID mice transplanted with MPM cells. As shown in
Figure 6A and B, humanised anti-CD26 mAb reduced the
tumorigenicity of s.c. inoculated JMN (blue line, P<0.0001),
while this anti-tumour effect was not observed in mice treated
with the SSTR4 agonist L803087 alone (green or yellow lines).
This in vivo anti-tumour effect was enhanced with the combined
administration of humanised anti-CD26 mAb and SSTR4 agonist
(red line in Figure 6A, P<0.0001, and Figure 6B). To further

(vs the corresponding csi or none), as calculated by ANOVA with

define the in vivo effect of the combined treatment of anti-CD26
mAb and SSTR4 agonist, serial BLI study was conducted.
As shown in Figure 6C, humanised anti-CD26 mAb reduced
the tumorigenicity of i.p. inoculated JMN (blue line, P <0.0001),
while this anti-tumour effect was not observed in mice treated
with the SSTR4 agonist L803087 alone (green or yellow lines).
This in vivo anti-tumour effect was enhanced with the combined
administration of humanised anti-CD26 mAb and SSTR4 agonist
(red line in Figure 6C, P <0.0001). Taken together with results of
the in vitro experiments presented in Figure 5C; Supplementary
Figure S4A and B, our work illustrates the potency of the anti-
tumour effect of the combination of humanised anti-CD26 mAb
and the SSTR4 agonist on CD26-expressing MPM cells.

Coexpression of CD26 and SSTR4 is detected in surgical
specimens of MPM patients. To explore the potential implica-
tions of SSTR4-mediated cytostatic effects in the clinical setting, we
evaluated SSTR4 expression level in surgically resected human
MPM tissues. Fifty consecutive surgically resected specimens from
the primary sites were examined for membranous expression of
SSTR4 and CD26. CD26 was highly expressed on epithelioid or
biphasic type of MPM (panel b of Figure 7A and B), findings that
were consistent with the results we showed previously (Aoe et al,
2012). In addition, SSTR4 was detected on epithelioid or biphasic
type of MPM, predominantly coexpressed with membranous CD26
(panel ¢ of Figure 7A and black bars of Figure 7B). These results
suggest that selected MPM patients may be suitable candidates for
a combined therapeutic approach with an anti-CD26 mAb and an
SSTR4 agonist.
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Figure 5. Humanised anti-CD26 mAb ligation promotes SSTR4 clustering with CD26 in lipid rafts and enhances SSTR4-mediated cytostatic
effects. (A) MSTO-CD26WT cells were stimulated for 10 min with humanised anti-CD26 mAb alone (5.0 ugml ™), or with control human Ig

(5.0 ugml~") in the presence of anti-Fcy (5.0 ugml ™). Lipid raft or cytosolic fractions were prepared by sucrose gradient ultracentrifugation.
The distribution of CD26, SSTR4, SHP-2 and transferrin receptor (TfR) was determined by immunoblotting with specific antibodies. TfR is a
representative of non-lipid raft proteins, and used as a quantity control indicating equal amounts in the experiments. Fraction number (Fr#) 3-5 or
9-11 contains lipid raft or cytosolic fractions, respectively. CD26, SSTR4 and SHP-2 molecules are recruited into the lipid raft fractions after anti-
CD26 mAb treatment (upper three in the right panels). Similar results were obtained in three independent experiments. (B) MSTO-CD26WT cells
were stimulated, and sucrose gradient ultracentrifugation was conducted by the same methods as in (A). Lipid raft fractions were pooled by
collection of corresponding Fr#3-5. After being precleared with normal rabbit IgG, immunoprecipitation of lipid rafts with anti-SSTR4 rabbit pAb
was performed, followed by resolution with SDS-PAGE, and immunoblotted with the indicated antibodies. After stimulation by anti-CD26 mAb,
SSTR4 molecules were increased in lipid rafts (lane 2 of the lower panel), while the association of SSTR4 with CD26 molecules was decreased (lane
2 of the upper panel). Similar results were obtained in three independent experiments. * corresponds to the protein bands of immunoglobulin
heavy chain, and arrow head, those of SSTR4. (C) MSTO-CD26WT cells adapted to the serum-reduced condition were incubated with 1 uM of
cytochalasin D (Cytoch. D) or DMSO as a solvent control for 30 min, followed by cell migration (panel a), invasion (panel b) or colony formation
assays (panel ¢) in the presence of the SSTR4 agonist L803087 (10 uM) or DMSO as a solvent control (mean +s.e.m.; n=>5 experiments with
triplicates). A significant decrease in anti-CD26 mAb-treated cell in control reagents was observed (P<0.0001, white bars), and a more profound

decrease was observed in the presence of L803087 (*, P<0.0001). This reduction in the anti-CD26 mAb treatment group was restored in the
presence of Cytoch. D (P<0.0001). P-values are calculated by ANOVA with Tukey-Kramer post hoc test.

In this article, we show that CD26 is associated with SSTR4 in
MPM cells, and this interaction inhibits SSTR4-mediated cytostatic
effects. Moreover, we show using exogenous expression of deletion
mutants that this molecular association needs the intracytoplasmic
region of CD26 and the C-tail region of SSTR4. The present study
also indicates that SSTR4-mediated cytostatic effects are trans-
duced by SHP-2 PTP, and that this inhibitory effect is enhanced
via lipid raft clustering of associated molecules following cross-
linking of anti-CD26 mAb. Furthermore, using an in vivo
xenograft model, we demonstrate that the anti-tumour effect of
humanised anti-CD26 mAb is enhanced when combined with
SSTR4 agonist treatment. Finally, we show that SSTR4 is highly
coexpressed with CD26 on epithelioid or biphasic types of MPM
tissues obtained from patients’ surgical specimens.

We previously showed that anti-CD26 mAb inhibited growth of
MPM cells and induced long-term survival of tumour-transplanted
SCID mice (Inamoto et al, 2007). Recently, we showed that CD26
is preferentially expressed in MPM cells but not in normal
mesothelial cells (Amatya et al, 2011), and suggested that

membranous expression of CD26 is of potential importance in
the treatment of MPM patients (Aoe et al, 2012). More recently, we
showed that anti-CD26 mAbs induced the nuclear translocation of
CD26 molecules to inhibit proliferation of MPM cells via
suppression of POLR2A gene expression (Yamada et al, 2009,
2013). CD26 molecules were observed in the nucleus 30 min after
anti-CD26 mAb treatment, peaking at 120 min and decreasing by
240 min. However, these findings did not provide an under-
standing of the earlier signalling events involved in the regulation
of cell motility by CD26. Another regulatory mechanism for the
malignant behaviour of CD26-expressing MPM cells involves the
expression of CD9. We demonstrated that cells from certain CD26-
positive MPM cell lines appeared to include the cancer stem cell
characteristics for malignant mesothelioma in addition to CD24 %
CD9* cells (Ghani et al, 2011; Yamazaki et al, 2012), and that
CD9 suppressed cell invasion and migration by inhibiting the
formation of CD26-«5f1 integrin complex with an associated
decrease in phosphorylation of 1 integrin-related proteins such as
focal adhesion kinase (FAK) and Crk-associated substrate
lymphocyte type (Cas-L/HEF1/NEDD9) (Okamoto et al, 2014).
Moreover, we showed that CD26 was associated with integrin-
dependent adhesion of T-anaplastic large cell lymphoma Karpas
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Figure 6. The inhibitory effect of combination of SSTR4 agonist and humanised anti-CD26 mAb on tumour growth in a murine xenograft model.
(A) IMN cells (1 x 10%) were inoculated s.c. into the left flank of mice. Mice were treated with i.p. injection of control IgG (10 ug per dose) alone,
SSTR4 agonist L803087 (20 um per dose) alone, L803087 (20 um per dose) plus control IgG (10 ug per dose), humanised anti-CD26 mAb (10 ug per
dose) alone or LB03087 (20 um per dose) plus humanised anti-CD26 mAb (10 ug per dose) on the seventh day post cancer cell inoculation, when
the tumour mass became visible (5 mm in size). Each antibody or agonist was given three times per week. Each cohort was examined with n= 20.
A significant decrease in the anti-CD26 mAb treatment cohort (blue line) was observed (P<0.0001 vs control Ig, L803087 alone or L803087 plus
control Ig cohort), and more profound decrease was observed in the L803087 plus anti-CD26 mAb treatment cohort (red line, P<0.0001 vs control
Ig, L803087 alone, L803087 plus control Ig or anti-CD26 mAb alone cohort). P-values are calculated by ANOVA with Tukey—Kramer post hoc test.
(B) Representative macroscopic photo of resected specimens in an s.c. tumorigenicity model on the 28th day post first treatment. Scale bar
indicates 1cm. (C) After 1 day of i.p. injection of luciferase-expressing JMN cells (1 x 10%), mice were treated with i.p. injection of control IgG (10 ug
per dose), L803087 (20 um per dose) plus control IgG (10 ug per dose), humanised anti-CD26 mAb (10 ug per dose) alone or L803087 (20 um per
dose) plus humanised anti-CD26 mAb (10 ug per dose). Each antibody or agonist was given three times per week. Tumour growth was measured
by in vivo bioluminescence photometry, with imaging data of each cohort being indicated as total flux of photons per second (mean+s.e.m.;
n=20). A significant decrease in anti-CD26 mAb treatment cohort (blue line) was observed (P<0.0001 vs control lg, L803087 alone or L803087
plus control Ig cohort), and a more profound decrease was observed in the L803087 plus anti-CD26 mAb treatment cohort (red line, P<0.0001 vs
control lg, L803087 alone, L803087 plus control Ig or anti-CD26 mAb alone cohort). P-values are calculated by ANOVA with Tukey—Kramer
post hoc test. Representative optical bioluminescence imaging of each cohort mice was shown with intensity of luminescence as heat maps in the

right panels. The full colour version of this figure is available at British Journal of Cancer online.

299 to ECM by regulating p38-MAPK (mitogen-activated protein
kinase)-dependent phosphorylation of f1 integrin (Sato et al,
2005). While these findings indicate that CD26 regulates ECM-
associated tumour cell behaviour, the exact proximal molecular
signalling events in tumour biology associated with the cytoplasmic
region of CD26 remain to be elucidated, although those involved
with the regulation of normal T-cell physiology have been well
characterised (Ohnuma et al, 2008). In the present study, we
demonstrate that the presence of the cytoplasmic, not the
extracellular, region of CD26 resulted in enhanced MPM cell
growth in vivo as well as in vitro migration, invasion and colony
formation. In addition, we demonstrate that the cytoplasmic region
of CD26 had a crucial role in MPM tumour biology through its
linkage to SSTR4 and SHP-2 PTP in cell membrane lipid rafts,
leading to cytostatic effects in MPM cells without direct association
of ECM to CD26.

While SSTR subtypes have an important role in regulating
tumour cell proliferation, SSTR4 is the least well-understood
receptor among all the SSTR subtypes (Kumar, 2013). In the
present study, we showed that SSTR4 was clearly expressed in

MPM clinical specimens as well as various MPM cell lines, and that
specific agonist for SSTR4 exhibited anti-tumour effects. Although
these anti-tumour effects were blocked by coexpression of CD26,
ligation of CD26 molecules by humanised anti-CD26 mAb induced
lipid raft aggregation, leading to the activation of the cytostatic
signalling molecule SHP-2 via clustering of SSTR4, which provides
a platform for signalling events associated with multimerisation of
SSTR4 molecules. Moreover, our observation that clustering of
SSTR4 occurs in lipid raft is consistent with the findings that the
C-terminal intracytoplasmic tail of SSTR4 and its oligomerisation
are required for its cytostatic effects via SHP-2 recruitment in
SSTR4-associated complex (Somvanshi et al, 2009). Although
different pathways have been identified to regulate SST-induced
inhibition of cell proliferation, according to the SSTR subtypes and
experimental models, there is now an emerging consensus
regarding the central role played by activation of PTPs in this
process (Weckbecker et al, 2003; Florio, 2008). In fact, we showed
that SHP-2 was required for SSTR4-mediated cytostatic effects in
MPM cells, and that SHP-2 was clustered in lipid rafts along with
the SSTR4 molecules that presumably disengaged from CD26.
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Figure 7. Coexpression of CD26 and SSTR4 in surgical specimens of MPM patients. (A) Representative serial sections of resected specimens
of epithelioid type of malignant mesothelioma. Panel a, Haematoxylin and eosin (H&E) stain, panel b, anti-CD26 and panel c, anti-SSTR4
immunohistochemistry. Original magnification, x100. (B) CD26 and SSTR4 expression profile among 50 patient tissues. Fifty consecutive surgically
resected specimens from the primary sites were examined for membranous expression of SSTR4 and CD26 by the same method as in (A).
CD26 was highly expressed on epithelioid or biphasic type of MPM (purple bars), and SSTR4 was detected on epithelioid or biphasic

type of MPM (red bars), predominantly coexpressed with membranous CD26 (black bars). The full colour version of this figure is available at

British Journal of Cancer online.

Moreover, the SST-regulated PTPs control the activity of a
number of downstream signalling molecules and, ultimately,
induce an upregulation of cyclin-dependent kinase inhibitors
(CDKIs), such as p21°?! and p27*! (Reardon et al, 1997; Florio,
2008). These data support our previous findings that anti-CD26
mAD treatment induces upregulation of these CDKIs in T cells,
renal carcinoma and MPM cells (Ohnuma et al, 2002; Inamoto
et al, 2006, 2007).

As predicted by the mass-spectrometry analysis for proteins
copurified with anti-CD26, we could not formally exclude the
possibility that TRAK2, PEX1, actin or ribosomal proteins are
involved in CD26-associated cell proliferation or mobility. It has
been reported that TRAK2 and actin are cell membrane-associated
proteins and that PEX1 or ribosomal proteins are abundantly
located in peroxisomes or ribosomes (Tamura et al, 1998; Beck
et al, 2002). In particular, actin or TRAK2 may interact with CD26
directly or indirectly to regulate the pathways involved in cell
mobility (Beck et al, 2002; Buchan et al, 2002). Since our present
effort aims to identify cell surface membrane proteins that can
associate with the cytoplasmic region of CD26 in MPM cell lines,
we focus our investigation on the membrane protein SSTR4 in the
current study.

Although CD26/DPPIV is capable of cleaving N-terminal
dipeptides with either L-proline or ir-alanine at the penultimate
position through its DPPIV activity (Ohnuma et al, 2008), the
SSTR4 agonist used in the current study and the naturally
occurring peptides SST-14 and SST-28 do not possess such amino-
acid sequences (Bruns et al, 1994). Therefore, it is likely that the
inhibition of SSTR4-mediated cytostatic effects observed in the
present study is not due to cleavage of its agonists by CD26/
DPPIV.

Meanwhile, data from the clinical samples obtained from
patients with MPM revealed that SSTR4 is detected in almost all
MPM tissues expressing membranous CD26. Taken together with

the current in vitro observations, these results suggest that a novel
therapeutic approach combining anti-CD26 mAb and an SSTR4
agonist may be of clinical benefit in selected patients with MPM,
a notion that will be explored in future investigations. Likewise,
the role of CD26 and SSTR4 coexpression as potential biomarkers
and prognostic markers in MPM will be investigated in future
studies.

In conclusion, we report that CD26 associates with SSTR4
in MPM cells, leading to high proliferative, migratory and
invasive activities by CD26-expressing MPM cells. Humanised
anti-CD26 mAb induces SSTR4 aggregation in lipid rafts
and potentiates its cytostatic and anti-tumour effects. As SSTR4
and CD26 are found to coexpress in surgically resected specimens
of human MPM, combination therapy using humanised
anti-CD26 mAb and an SSTR4 agonist may provide clinical
benefits in MPM.
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Grassypeptolides as Natural Inhibitors of Dipeptidyli
Peptidase 8 and T-Cell Activation

Jason C. Kwan,®® Yanxia Liu,™ 9 Ranjala Ratnayake,® 9 Ryo Hatano,™ Akiko Kuribara,™®
Chiko Morimoto,™ Kei Ohnuma,' Valerie J. Paul,™ Tao Ye, and Hendrik Luesch* 9

Although originally thought to perform only degradative and
catabolic functions, proteases are now recognized to be in-
volved in regulation of diverse biological processes, from
blood coagulation to immune function.™ Because of this, they
are potentially attractive drug targets in many therapeutic
areas.? However, because of the ubiquitous nature of protease
regulation, nonspecific inhibitors could suffer from serious off-
target effects. For example, the clinical development of matrix
metalloprotease (MMP) inhibitors for treatment of cancer large-
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ly failed due to nonspecific inhibition.” Several MMPs had not
been discovered at the time of the development of these
agents, and there was an inadequate understanding of the im-
portance of MMPs in prosurvival pathways.”? Molecular tool
compounds that have differing selectivities for different mem-
bers of a protease family might help delineate the functions of
cryptic members, and this is especially needed for enzymes of
unknown function that are related to drug targets. Natural
products are a potential source of such tool compounds. As
products of evolution, they often exhibit bioactivity against
specific protein targets, and in fact account for the majority of
pharmacophores of drugs in use today.™ Importantly, natural
products generally have highly complex and densely function-
alized structures that differ significantly from the results of
human rational drug design.

in our own efforts, we have identified several natural prod-
ucts that inhibit proteases. Free-living marine cyanobacteria
have proved to be a prolific source of modified peptides,
which are presumably produced as a form of chemical de-
fense.? We have found two groups of natural protease inhibi-
tors: lyngbyastatins 8-10% and symplostatin 5, which potent-
ly inhibit the serine protease elastase, and the grassystatins,”
which preferentially inhibit the aspartic protease cathepsin E.
We have also designed synthetic analogues of tasiamide B®?
that inhibit another aspartic protease—BACE1—that is impli-
cated in Alzheimer’s disease.

Another group of compounds that we have isolated are
grassypeptolides A-C (1-3), bis-thiazoline-containing cyclic
depsipeptides from samples of Lyngbya confervoides.®' Previ-
ously, 1-3 were found to be cytotoxic to a variety of trans-
formed human cancer cell lines, with 3 being the most potent.
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Figure 1. Protease panel treated with grassypeptolide A (1, 20 um). Values represent % residual enzyme activity relative to solvent control and are additionally

represented by a continuous color scale (0% red, 100% green).

Our total synthesis of grassypeptolide A (1) confirmed the
structure.'? Synthetic material was used to demonstrate that
1 downregulates cyclin D and upregulates p27 and p21 to
modulate cell cycle distribution, and that the compound in-
creases PARP cleavage and decreases BCL-2 and BCL-xL expres-
sion, correlating with the proapoptotic activity of 1.'% Addi-
tional grassypeptolides were discovered by other groups;!'*'!
all show some degree of toxicity, and analogues with 285 con-
figuration, such as 3, show the greatest potency.

Prompted by findings for similar cyclic peptides,"*'® we in-
vestigated the metal binding of 1 and 3 and found that they
bind.to Cu?* and Zn?* ions." Both of these metals are known
to play crucial roles in the mechanism of certain enzymes: the
MMPs and CuZn-superoxide dismutase, for example. In this
work we therefore decided to screen grassypeptolide A (1, the
most abundant natural product of the series) against a repre-
sentative panel of proteases (Figure 1). However, except for
a weak effect on MMP13, we did not see inhibition of any met-
alloprotease in the panel. Instead, the strongest hits were the
cysteine protease cathepsin L (Cat L), the serine protease acti-
vated protein C (APC) and the dipeptidyl peptidase (DPP)
DPP8, which were inhibited to 6, 14 and 23% residual activity,
respectively, relative to solvent control at a screening concen-
tration of 20 pm.

We investigated the three hits further by determining the
ICs, values of inhibition for grassypeptolides A-C (1-3, see
Table 1). For all compounds, the IC;, values fell in the order
DPP8 < Cat L< APC. Importantly, all three compounds showed
selectivity for DPP8 over DPP4, ranging from 9.9-fold (2) to
38.2-fold (3). The selectivity is less than that of some isoindo-
line N-capped amino-acid-derived DPP8/9 inhibitors."’'¥ The
most potent of these synthetic inhibitors has an IC;, of 8.8 nm
against DPP8 and a selectivity of over 11000 for DPP8 versus

: grassypeptoli
peptidases and activated protein

1Cso [um]
Compound CatlL DPP4 DPP8 APC
grassypeptolide A (1) 14.0 347 1.5 79.0
grassypeptolide B (2) 213 164 16.6 66.6
grassypeptolide C (3) 204 245 6.41 62.0
control® 0.000238 0.155 145 140

[a] For cathepsin L, the positive control inhibitor was E64, for DPP4 and
DPP8 the control inhibitor was P32/98, and for APC the positive control

was gabexate mesylate.

DPP4,% but the grassypeptolides represent a new structural
class of DPP inhibitors. We previously found 3 to be more cyto-
toxic than either 1 or 2. Because 3 has a similar inhibitory po-
tency against DPP8 relative to 1 and 2, this activity is probably
not responsible for toxicity in the tested cancer cell lines.

DPP8 is closely related to DPP4, a validated target in the
treatment of type 2 diabetes.”” A handful of DPP4 inhibitors
are currently marketed for this indication, and several more are
in development.®® Inhibition of DPP4 leads to an increase in
one of its substrates, GLP-1, which in turn stimulates insulin
production and inhibits glucagon release, thus lowering blood
glucose.?” Both DPP8 and DPP9 are widely expressed in differ-
ent tissues,”" but the functions of these two enzymes have
not been delineated. Some evidence points to roles in the
immune system for both DPP8 and DPP9. Both enzymes, for
example, are upregulated in a rat model of asthma, whereas
expression levels of DPP4 are unchanged.” DPP9 has also
been implicated in the general turnover of proline-containing
peptides, potentially exerting control over which cytosolic pep-
tides are presented as antigens by MHC class | complexes.?
The first known natural substrate of DPP9 was the antigenic
peptide RU1;, ,,—in this case action of DPP9 reduces presen-
tation of the mature epitope.”® There remains little direct evi-
dence of DPP8/9 involvement in immune system function, and
recent work implicates DPP8/9 in other processes, such as epi-
dermal growth factor signaling®” and energy homeostasis.?"
Additional selective inhibitors that could be used as tool
compounds might thus be useful for further study of these
enzymes.

Because DPP8 has been implicated in immune system func-
tions, we investigated the effect of grassypeptolide A (1) on
the activation of T-cells by exogenous anti-CD3 and anti-CD28.
These antibodies simulate co-stimulation of the T-cell receptor
(which includes CD3 as a subunit) and CD28, leading to T-cell
activation. We found that 1 was able to reduce IL-2 produc-
tion, one of the hallmarks of T-cell activation (see Figure 2A).
We also found a reduction in the stimulated T-cell proliferation
seen in response to anti-CD3/CD28 (see Figure 2B). Previously,
similar results were also observed for human T-cells in vitro
with another selective DPP8/9 inhibitor;*® this potentially
implicates DPP8 or DPP9 in this effect.

We went on to corroborate this finding by investigating the
effect of grassypeptolides B (2) and C (3) in the transformed
Jurkat cell line,*”" which has T-cell characteristics and produces
IL-2 upon appropriate stimulation. We found that both com-
pounds were able to reduce the production of IL-2 in response
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Figure 2. A) Effect of grassypeptolide A (1) on IL-2 production by T-cells in
response to anti-CD3/CD28. B} Effect of grassypeptolide A (1) on T-cell prolif-
eration in response to anti-CD3/CD28.

to dual stimulation with phorbol 12-myristate 13-acetate (PMA)
and phytohemagglutinin (PHA, see Figure 3A).% In this cell
line we observed a less dramatic effect on proliferation (Fig-
ure 3B); this indicates that reduction in IL-2 production is not
a simple function of cell number.

We sought to determine whether DPP activity was indeed
being compromised in Jurkat cells by treatment with 1. We
therefore prepared subcellular fractions of cells corresponding
to cell membranes and cytosol, and tested the effect of 1 on
the cleavage of a DPP substrate by enzymes in these fractions.
DPP4 is a membrane-bound protein, whereas DPP8 and DPP9
are found in the cytosol.”® Our results, shown in Figure 4, are
consistent with selective inhibition of DPP8/9 over DPP4 be-
cause we found that 1 inhibited DPP-like activity to a greater
extent in the cytosol fraction than in the membrane fraction.
Concurrently, the nonselective control inhibitor P32/98 showed
similar potency in both cell fractions. The potency of 1 in this
assay is much less than exhibited in live Jurkat cells (Figure 3).
This might reflect additional uninhibited enzymes carrying out
DPP-like activity in crude lysates or inefficient inhibition of
cleavage with an artificial substrate (vide infra), or it might indi-
cate that the reduction of IL-2 production could be mediated
by another mechanism.

Because 1 is a new structural class of DPP inhibitor, we
sought to explain its inhibitory activity on DPP8 by carrying
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Figure 3. A) Effect of grassypeptolides B (2) and C (3) on IL-2 production by
Jurkat cells in response to PMA and PHA. B) Effect of grassypeptolides B (2)
and C (3) on viability in Jurkat cells stimulated with PMA and PHA.

out in silico molecular docking of 1 into a previously reported
homology model of DPP8.EY Like related enzyme structures,
the DPP8 homology model has a large internal cavity where
the active site resides. This cavity is accessible from two open-
ings—the main opening, which is proximal to the catalytic
triad (Ser739, His849, Asp817), and the narrower opening
formed by the eight-bladed B-propeller domain at the oppo-
site end of the protein. When we used the entire internal sur-
face of DPP8 as the search space for molecular docking, it was
found that 1 docked to two distinct regions (Figure 5). Interest-
ingly, docking to the inside surface of the propeller opening
gave lower calculated binding energies than docking to the
other side close to the catalytic triad (—10.5 vs. —9.5 kcal mol™,
respectively).

The docking pose of 1 close to the active site (pose 1) does
not bring the compound into contact with the proline binding
site, nor with the P2 site previously proposed to be important
for other classes of inhibitors.®" This pose is possibly stabilized
by m~m interactions between the N-Me-Phe unit of 1 and the
P1 pocket of the hydrolase domain, containing many aromatic
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