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ABSTRACT

Dipeptidyl peptidase IV (DPPIV/CD26) is a multifunctional cell-surface protein
that is aberrantly expressed in many cancers and plays a key role in tumorigenesis and
metastasis. Its diverse cellular roles include modulation of chemokine activity by
cleaving dipeptides from the chemokine N-terminus, regulation of extracellular
nucleoside metabolism by binding the ecto-enzyme adenosine deaminase (ADA), and
interaction with the extracellular matrix by binding fibronectin and collagens.

The objective of this thesis was to determine whether adenosine, a purine
nucleoside that is present at increased levels in the hypoxic tumor microenvironment,
might affect the expression of functional DPPIV at the surface of human colorectal
carcinoma cells. Adenosine persistently reduced DPPIV protein expression at the surface
of HT-29 cells. This down-regulation of DPPIV occurred at adenosine concentrations
comparable to those present within the extracellular fluid of colorectal tumors growing in
vivo, and was not elicited by inosine or guanosine. Neither cellular uptake of adenosine
nor its phosphorylation was necessary for the down-regulation of DPPIV.

The adenosine down-regulation of DPPIV from the surface of HT-29 cells
occurred independently of classical adenosine receptor subtypes (Ay, Az, Azp, and Aj),
and was instead mediated by a novel cell-surface mechanism that induced an increase in
protein tyrosine phosphatase (PTP) activity. This increase in PTP activity decreased the
tyrosine phosphorylation of ERK1/2 MAP kinase that, in turn, was linked to the decline
in DPPIV. The down-regulation of DPPIV occurred independently of changes in the
activities of protein kinases A or C, PI3K, other serine/threonine phosphatases, or the p38
or JNK MARP kinases.

The down-regulation of DPPIV protein at the cell surface was paralleled by
decreases in DPPIV enzyme activity, binding of ADA, and the ability of cells to bind to
extracellular matrix proteins. Adenosine, at concentrations that exist within solid tumors,
therefore acts at the surface of colorectal carcinoma cells through a PTP-dependent
mechanism to decrease the levels and functional activities of DPPIV. This down-
regulation of DPPIV may increase the sensitivity of cancer cells to the tumor-promoting
effects of adenosine and their response to chemokines and the extracellular matrix,
facilitating their expansion and metastasis.

Xiv
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CHAPTER 1

INTRODUCTION

Brief overview of dipeptidyl peptidase IV (DPPIV)

Dipeptidyl peptidase IV (DPPIV; EC 3.4.14.5) is a 110-kDa cell-surface
peptidase that is normally expressed on epithelial cells of the intestine, kidney, liver, lung
and prostate, fibroblasts, melanocytes, and certain leukocyte subsets (Houghton et al.,
1988; Dinjens et al., 1989a; Morimoto and Schlossman, 1998). The enzyme cleaves NH,-
terminal dipeptides from polypeptides with either L-proline or L-alanine at the
penultimate position, including glucagon-like peptides (Drucker, 2001) and certain
chemokines and neuropeptides (De Meester ef al., 1999). DPPIV usually acts on such
molecules to reduce their biological activities, but sometimes may enhance their action
(Proost et al., 2000). DPPIV also interacts with extracellular matrix molecules such as
collagen (Bauvois, 1988; Hanski et al., 1988) and fibronectin (Piazza et al., 1989; Cheng
et al., 1998), in which context it plays a role in cell spreading and migration (Ghersi et
al., 2002). It is also the major binding protein for adenosine deaminase (ADA), and is
identical to the ADA complexing protein (ADCP) or ADA binding protein (ADAbp)
described in previous reports (Schrader and Pollara, 1978; Schrader ez al., 1990). DPPIV
is also identical to the lymphocyte activation marker CD26, which has been shown to
participate in the signal transduction process of T-cell activation (Morimoto and

Schlossman, 1998; Dang and Morimoto, 2002).



Origins of DPPIV research

DPPIV was first described in 1966 by Hopsu-Havu and Glenner, and served
primarily as a model protein for studies in membrane protein biochemistry. This involved
the use of DPPIV to elucidate the mechanisms of membrane protein turnover (Kreisel ef
al., 1980), glycosylation events (Yamashita et al., 1988), and membrane polarization
(Weisz et al., 1992). However, the biological and functional importance of DPPIV
independently originated from investigation of the adenosine deaminase (ADA)
molecule. ADA catalyzes the irreversible deamination of the purine nucleoside adenosine
to inosine, and is present at the cell surface, as well as in the cytoplasm of numerous cell
types (Andy and Kornfeld, 1982; Daddona et al., 1984; Schrader et al., 1988). Studies of
ADA activity were of great importance because infants deficient in this adenosine
metabolizing enzyme often develop severe combined immunodeficiency disease (SCID;
Giblett et al., 1972), a disorder characterized by impaired development of B-cells and T-
cells leading to compromised humoral and cell-mediated immunity, respectively.
Determination of the structure of ADA from a variety of species provided evidence for
substantial molecular heterogeneity. Multiple forms of ADA were demonstrated via ion
exchange column chromatography, starch gel electrophoresis, and gel filtration methods
(reviewed by Daddona and Kelley, 1980). Two major isozymic forms were identified: (1)
small molecular weight ADA (ADA-S; ~ 43 kDa) and (2) large molecular weight ADA
(ADA-L; ~ 280 kDa). It was subsequently found that ADA-S could be converted to
ADA-L by a “factor” extracted from certain organs (Nishihara ef al., 1973).

ADA-S was determined to be a monomeric enzyme (Schrader et al., 1976;

Daddona and Kelley, 1977) while ADA-L was formed from the interaction of two



molecules of ADA-S with a single, homodimeric glycoprotein called adenosine
deaminase-complexing protein (ADCP; Schrader and Bryer, 1982). The identification of
ADCEP began a long period of speculation about the exact physiological function of this
protein. It was assumed that the major function of ADCP must be binding of ADA
(Schrader et al., 1983); thus, ADCP would perhaps represent the storage from of ADA
and participate in the local metabolism of adenosine. ADCP was also speculated to serve
as a receptor for recovery or removal of free ADA released into the circulation by cell
damage (Schrader et al., 1984; Schrader ef al., 1988). Through these early periods of
research DPPIV was therefore known as ADCP, as well as the ADA binding protein
(ADADbp) and the “conversion factor”, given its property of converting monomeric ADA-

S to ADA-L.

Convergence of the identities of DPPIV/ADCP (ADAbp/“conversion factor”) and the
immunological antigen CD26

In addition to the identification of DPPIV/ADCP and its significance in the field
of ADA research, immunologists were independently studying a molecule termed CD26,
which had been found to play a role in T cell activation (reviewed by Fleischer, 1994;
Morimoto and Schlossman, 1998). Specifically, antibodies against the CD26 antigen
enhanced the proliferative response of T cells to being triggered through either the T-cell
receptor or CD2 pathways, while also increasing interleukin (IL)-2 production (Dang et
al., 1990a).

The idea that DPPIV/ADCP was identical to CD26 became clear in the early

1990s. Hegen et al. (1990) performed immunohistochemistry for CD26 and found its



tissue distribution to be very similar to that of DPPIV. Also, immunoprecipitation
revealed an identical molecular mass of CD26 to DPPIV. Finally, enrichment of typical
DPPIV dipeptidase activity was determined by affinity chromatography. This evidence
strongly suggested that CD26 shared the same identity as DPPIV. In 1993, Kameoka ef
al. found that CD26 from T lymphocytes coprecipitated with a 43 kDa protein. Amino
acid sequence analysis and immunoprecipitation showed that this molecule was ADA.
They subsequently demonstrated specificity of the association of ADA with CD26 by in
vitro binding assays. Thus, CD26 was now known to be identical to DPPIV/ADCP. At
the same time, Morrison et al. ( 1993) were studying the role of ADCP as a specific
marker of the malignant transformation of normal melanocytes to melanoma. They
characterized ADCP by purification from human kidney and the analysis of tryptic
peptides revealed complete homology to CD26.

In the current scientific community, ‘DPPIV” is most commonly used in
biochemical and cancer biology studies, while immunologists continue to use ‘CD26’ in
their investigations. The nomenclature of ADCP and ADADp has not been used since the

time of these important reports,

DPPIV is located at the cell surface membrane

DPPIV was originally characterized as a soluble glycoprotein localized in the
cytoplasm of tissues such as kidney, liver, and lung (Nishihara et al., 1973; Van der
Weyden and Kelley, 1976; Schrader and Stacy, 1979). However, later studies definitively
established that DPPIV is primarily located at the cell surface membrane. Andy and

Kornfeld (1982) examined the cellular localization of human ADAbp in human skin



fibroblasts and reported three pieces of evidence supporting its expression at the cell
surface: (1) that binding protein “activity” was found in the membrane fractions
following subcellular fractionation, (2) that an anti-ADAbp antiserum reacted with the
cell surface of intact fibroblasts, and (3) the surface of intact fibroblasts specifically
bound '*’I-labeled ADA that could be inhibited by pretreatment with the antiserum.
DPPIV was also purified from the crude membrane fraction of human kidney (Schrader
and Bryer, 1982) and human placenta (Trotta, 1982), and was identified at the surface of
human renal carcinoma cells (Andy et al., 1984) and melanocytes (Houghton ef al.,
1988). In a very comprehensive study, Dinjens et al. (1989a) compared the quantities of
ADCEP in soluble and membrane fractions in various human tissues by radicimmunoassay
(RIA). They found that the quantity of ADCP in the membrane fraction was consistently
greater than the amount of ADCP obtained in the cytoplasm. This preferential membrane
localization was confirmed by immunohistochemistry with very high ADCP levels

detected in the kidney, liver, lung, prostate, and gastrointestinal tract.

DPPIV expression in normal tissues

The expression of DPPIV in normal tissues has been evaluated in several species
through the use of multiple detection methods. Van der Weyden and Kelley (1976) found
that ADA-L activity predominates in the following human tissues (listed in descending
order of activity): kidney, lung, liver, spleen, small intestine, appendix, and stomach.
Schrader and Stacy (1979) used an immunoassay to detect protein and found a similar
order of expression: DPPIV levels were highest in the kidney cortex, followed by kidney

medulla, lung, liver, spleen, serum, and saliva. In rabbit tissue DPPIV expression was



studied using immunohistochemistry and was detected in four exocrine glands: pancreas
(pancreatic acinar cells), small intestine (Brunner’s glands), salivary glands (submaxillary
gland), and liver (bile canaliculi; Schrader and West, 1985). Dinjens et al. (19895)
examined the expression of DPPIV in murine tissues (mouse and rat) by
immunohistochemistry and found the pattern of expression to be the same as expression
in humans. DPPIV immunoreactivity was strongly detected in the kidney cortex (brush
border epithelial cells), prostate (apical membrane and cytoplasm of glandular epithelial
cells), small and large intestine, and liver. The identical nature of DPPIV expression
between human and murine tissue was also supported by Hong e al. (1989) by means of

immunoblot and Northern analysis of rat tissues.

Cell types that express DPPIV

DPPIV is strongly expressed by cells of the absorptive epithelia (e.g. kidney,
lung, and intestinal epithelial cells; Schrader and Stacy, 1979; Dinjens et al., 1989q).
Expression of DPPIV has also been found at the surface of the following specific cell
types: melanocytes (Houghton et al., 1988; Morrison ef al., 1993), skin fibroblasts (Andy
and Kornfeld, 1982; Houghton e al., 1988), keratinocytes (Reinhold ef al., 1998),
fibroblast-like synoviocytes (Riemann ef al., 2001), vascular endothelial cells (Cheng ef
al., 1998; Aimes et al., 2003), glomerular endothelial cells (Pala et al., 2003), pancreatic
islet cells (Grondin et al., 1999), placental cytotrophoblasts (Imai e al., 1994) and
extravillous trophoblasts (Sato ef al., 2002), ovarian luteal cells (Fujiwara et al., 1992),
and mesothelial cells of the peritoneal cavity (Kajiyama et al., 20024). DPPIV is also

expressed on a number of cells of the immune system, including T lymphocytes
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(Fleischer, 1994), B lymphocytes (Biihling et al., 1995; Bauvois ef al., 1999), and natural

killer (NK) cells (Biihling et al., 1994; Yamabe et al., 1997).

Structure of DPPIV

The complete cDNA and derived amino acid sequence for DPPIV/CD26 were
first published by Darmoul et al. and Tanaka ef al. in 1992. DPPIV is a | 10-kDa type II
transmembrane glycoprotein of 766 amino acids belonging to the serine protease family.
It is anchored to the plasma membrane by a single hydrophobic segment located at the
NH,-terminus, and has a short cytoplasmic tail of only 6 amino acids (see Figure 1.1).
The majority of the DPPIV molecule is extracellular and exists as a homodimer at the cell
surface. A flexible stalk links the membrane anchor to three separate extracellular
domains: (1) a membrane-proximal glycosylation domain, (2) an intermediate cysteine-
rich domain, and (3) a C-terminal catalytic domain (Tanaka et al., 1992; Lambeir ef al.,
1997). The predicted amino acid sequence of human DPPIV shows a high degree of
conservation between different species. There is approximately 85% homology with the
rat (Hong and Doyle, 1988; Tanaka et al., 1992) and mouse DPPIV protein (Marguet et
al., 1992).

The C-terminal catalytic domain contains a catalytic site, Gly-Trp-Ser(630)-Tyr-
Gly at positions 628-632, that is typical of a serine protease consensus sequence (Gly-X-
Ser-X-Gly), with Ser630 being assumed to be the catalytic residue (De Meester et al.,
1999). Dipeptidyl peptidase IV (DPPIV) activity cleaves NH,-terminal dipeptides from

polypeptides with either L-proline or L-alanine at the penultimate position (Tanaka et al.,
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1992). The intermediate cysteine-rich domain is responsible for protein-protein
interactions of the DPPIV molecule, specifically to ADA and the ECM proteins collagen
and fibronectin. Dong et al. (1997) identified the binding site for ADA on DPPIV and
found that residues 340-343 are essential for ADA binding. Collagen binds in the
cysteine-rich region between residues 238 and 495 (Loster et al., 1995), whereas
fibronectin binds residues 469 to 479 (Gonzalez-Gronow et al., 1996). The membrane-
proximal glycosylation domain of DPPIV is the target of post-translational glycosylation
changes in the Golgi apparatus. Most of the available DPPIV monoclonal antibodies are
directed towards this region (Hiihn et al., 1999).

DPPIV/CD26 also interacts with the membrane-linked tyrosine phosphatase
CD‘45 that is solely expressed at the T lymphocyte cell surface (Torimoto et al., 1991).
The CD26-CD4S5 interaction takes place via the CD26 cytoplasmic domain, and might

play a role in CD26-mediated T cell activation (Ishii et al., 2001).

DPPIV dipeptidyl peptidase activity

DPPIV has a unique enzyme activity that cleaves NH,-terminal dipeptides from
polypeptides with either L-proline or L-alanine at the penultimate position (Tanaka et al.,
1992). A penultimate NH,-terminal proline or alanine is commonly present in a number
of chemokines (including SDF-1a/CXCL12 and RANTES), pancreatic polypeptides
(NPY and PYY), and members of the glucagon family (GLP-1, GLP-2,-and GIP). Several
members of each of these peptide families have been identified as being subject to
DPPIV-mediated cleavage in vitro. Furthermore, N-terminally truncated forms of these

peptides are also naturally occurring and have been isolated alongside their full-length
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forms (Proost et al., 1998; Marguet ef al., 2000; Zhu et al., 2003; reviewed in De Meester
et al., 1999). The substrates that are most readily cleaved by DPPIV dipeptidase activity
are SDF-1a/CXCL12 and GLP-1 (Proost et al., 1998; Marguet et al., 2000; Lambeir et
al., 2001).

For many substrates, cleavage by DPPIV results in significant functional changes
in receptor binding and/or biological activity. An initial report by Oravecz et al. (1997)
showed that the receptor specificity of the chemokine RANTES is altered by DPPIV-
mediated cleavage, thereby abolishing signaling through the CCR1 and CCR3 chemokine
receptors while maintaining signaling through the CCRS5 receptor. Other chemokines that
exhibit altered receptor specificity and biological activity following DPPIV-mediated
cleavage include macrophage-derived chemokine (MDC; Lambeir et al., 2001) and
LD78B (Proost et al., 2000). Alternatively, the chemotactic activities of full-length SDF-
low and eotaxin are abolished following their cleavage by membrane-bound DPPIV
(Shioda et al., 1998, Struyf et al., 1999). Truncation by DPPIV of pancreatic
polypeptides (NPY and peptide YY) has also been found to alter receptor selectivity, and
changes their biological activity from vasoconstriction to growth factor activity
(Zukowska-Grojec et al., 1998). Given the large number of potential peptide substrates
for DPPIV, the functional specificity of its dipeptidase activity is most likely regulated by
the site of DPPIV expression and by the availability of local substrates.

Although a large number of studies have investigated the impact of DPPIV-
mediated cleavage on various peptide substrates in vitro, the physiological function of
DPPIV activity remains to be determined. Some understanding of the physiological role

of DPPIV dipeptidase activity has already been gained through the study of animal
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models. Studies of DPPIV knockout mice have revealed functions for DPPIV activity in
blood glucose regulation and the immune response (Marguet et al., 2000; Yan ef al.,
2003). Targeted inactivation of the DPPIV gene yields fertile and healthy mice that have
normal blood glucose levels in the fasted state, but accelerated blood glucose clearance
after a glucose challenge. This is thought to occur because of increased levels of intact
glucagon-like peptide-1 (GLP-1), which would normally be subject to N-terminal
cleavage by DPPIV (Marguet e al., 2000). These findings were confirmed when
pharmacological inhibition of DPPIV activity also improved glucose tolerance in diabetic
animals, which occurred through augmentation of endogenous levels of intact GLP-1
(Reimer er al., 2002). Studies of the immune response in DPPIV knockout mice after
immunization with pokeweed mitogen revealed reduced serum levels of IgG and IgE
antibodies, as well as reduced IL-2, IL-4, and delayed IFN-y production (Yan et al.,
2003). Expression of DPPIV was also found to be important in the regulation of
development, maturation, and migration of CD4" T cells and natural killer (NK) cells.
Thus, the data from DPPIV knockout mice complements in vitro studies in which DPPIV
activity was found to augment IL-2 production and T-cell activation following immune

stimulation (Tanaka et al., 1993).

DPPIV and cancer

DPPIV is frequently expressed aberrantly in solid cancers, and may influence
both the genesis of the primary tumor and its subsequent capacity to spread from the
initial site. In many cases, tumorigenesis is accompanied by a reduction in the expression

of DPPIV, as for example in melanoma (Houghton et al., 1988; Morrison ef al., 1993)
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and prostate cancer (Dinjens ef al., 1990; Bogenrieder et al., 1997). This reduced DPPIV
expression is directly associated with carcinogenesis, since inducible gene transduction of
DPPIV into melanoma cells dramatically reverses the malignant phenotype (Wesley et
al., 1999). Decreased levels of DPPIV have also been linked to increased invasion and
metastasis (Dinjens et al., 1990; Pethiyagoda et al., 2001; Kajiyama et al., 20025).

A detailed background on the expression of DPPIV in tumor tissue, particularly in
colorectal tumors, is provided in the Introduction section of Chapter 2. An overview of
the role of DPPIV functional activities (ADA binding, dipeptidase activity, and ECM

binding) in tumor progression is provided in the Introduction section of Chapter 4.

The role of DPPIV in tumor progression

The majority of studies investigating the role of DPPIV in tumor progression have
taken the approach of reexpressing DPPIV or overexpressing DPPIV in carcinoma cell
lines that normally express low levels or lack expression of DPPIV protein. This strategy
has been applied to cell lines derived from tumors that have been reported to express
reduced (or absent) levels of cell-surface DPPIV, including melanoma, prostate, non-
small cell lung carcinoma (NSCLC), ovarian, and endometrial carcinomas (Wesley et al.,
1999; Pethiyagoda et al., 2001; Kajiyama et al., 20025; Kajiyama et al., 2003; Mizokami
et al., 2004; Wesley et al., 2004; Wesley et al., 2005). The effect of increasing DPPIV
expression in these cell lines has been measured using common functional assays of
cancer cell behavior, such as migration and invasion assays and determining changes in

cell proliferation.



The impact of DPPIV reexpression in melanoma has been studied in great detail.
DPPIV, at that time ADAbp, was originally identified as a phenotypic marker to
discriminate between normal melanocytes and melanoma cells (Houghton et al., 1988).
The differential expression of DPPIV was of great significance because its pattern of
expression was not associated with the stage of melanocyte differentiation; instead, it was
specifically down-regulated during melanocyte transformation. It was later found that
loss of DPPIV expression during the melanocyte-to-melanoma transformation occurred
concomitantly with the emergence of exogenous growth factor independence and
appearance of specific chromosomal abnormalities (Morrison et al., 1993). To determine
the role of DPPIV in regulating the malignant phenotype, Wesley et al. (1999) stably
reexpressed DPPIV into melanoma cell lines at levels comparable to those found in
normal melanocytes using the tetracycline-inducible expression system. Significantly,
DPPIV reexpression induced a profound change in cell phenotype to that of normal
melanocytes. In addition, the cells demonstrated reduced tumorigenicity when inoculated
s.c. into athymic nude mice, loss of anchorage-independent growth, and a return to
dependence on exogenous growth factors for survival as determined by a loss in cell
viability when grown in serum-free media. In é similar study by Pethiyagoda et al.
(2001), DPPIV reexpression into melanoma cell lines, also to levels comparable to
normal epidermal melanocytes, significantly reduced cellular invasiveness in Matrigel
invasion assays. The collective results of these studies have implicated a strong tumor
suppressor function when DPPIV expression is maintained in normal melanocytes.

A consistent down-regulation of cell-surface DPPIV has been reported in NSCLC

cell lines (Wesley ez al., 2004), which was found to be regulated at the level of mRNA. In
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this study DPPIV was also reexpressed into NSCLC cell lines by the tetracycline-
inducible system and changes in cell function were assessed. Similar to melanoma,
DPPIV reexpression in NSCLC cells caused a change towards a more normal epithelial
morphology. DPPIV reexpression also diminished anchorage-independent cell growth,
suppressed tumorigenicity when injected s.c. into nude mice, restored dependence on
exogenous growth factors for survival, and decreased cellular motility.

In prostate cancer, decreased DPPIV expression was recently identified in a panel
of progressively more metastatic cell lines (Wesley et al., 2005). Interestingly, this loss of
DPPIV was associated with increased basic fibroblast growth factor (bFGF) production
in metastatic prostate carcinoma cells. Tetracycline-inducible reexpression of DPPIV into
prostate carcinoma cells blocked evidence of downstream signaling from bFGF,
including a reduction in bFGF levels, decreased ERK1/2 activation, and decreased levels
of urokinase-type plasminogen activator (uPA). These changes were accompanied by
induction of apoptosis, cell cycle arrest, and decreased in vitro cell migration. The
expression of DPPIV in normal prostate cells might therefore inhibit the malignant
phenotype by restraining inappropriate activation of the bFGF signaling pathway.

Recent reports of DPPIV overexpression in ovarian carcinoma cell lines have also
added to our knowledge of the role of DPPIV in tumor progression. Kajiyama et al.
(20025) initially found that cell-surface DPPIV expression in ovarian carcinoma cells is
inversely correlated with invasive potential. They also observed that DPPIV-positive cell
lines were of epithelial, “cobblestone” morphology as opposed to the fibroblast-like
morphology of DPPIV-negative cell lines. Overexpression of DPPIV into SKOV3

ovarian carcinoma cells did not alter the growth properties of these cells, differing from
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the growth inhibition observed in melanoma, NSCLC, and prostate carcinoma cells,
However, DPPIV overexpression triggered significant morphological change from long-
bipolar, spindle-shaped fibroblast-like cells with an unorganized growth pattern to the
cobblestone-like morphology in which cell-cell adhesion was present. This was
accompanied by a dramatic decrease in cell invasiveness and reduction of pro-MMP-2
activity by gelatin zymography. In an animal model, DPPIV overexpression inhibited
peritoneal dissemination following i, p. injection as a measure of peritoneal metastasis in
nude mice. This same group explored the mechanism of the anti-invasive function of
DPPIV in ovarian carcinoma. They found that expression of E-cadherin was positively
correlated with DPPIV expression in a series of ovarian carcinoma cell lines (Kajiyama er
al., 2003). Importantly, DPPIV overexpression up-regulated E-cadherin levels while
reducing levels of MMP-2 and membrane type-1 matrix metalloproteinase (MT1 -MMP).
Levels of tissue inhibitor of matrix metalloproteinase-1 (TIMP-1) and TIMP-2 were also
increased upon DPPIV overexpression. These studies have suggested a role for DPPIV in
preventing invasive and metastatic potential of ovarian carcinoma cells by normalizing
aberrant regulation of E-cadherin and favoring reduced activity of MMPs.

A final study of DPPIV overexpression has also been reported in endometrial
carcinoma by Mizokami ef al. (2004). DPPIV overexpression reduced the basal level of
cell proliferation by endometrial carcinoma cells. There was also a change in cell
morphology following DPPIV overexpression indicated by increased evidence of cell-
cell adhesion. Immunocytochemical staining found DPPIV localized on the surface of

transfected cells, particularly at cell-cell junctions.
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Adenosine

Adenosine is a purine nucleoside composed of a nitrogenous base and a pentose
sugar unit (ribose) in the absence of phosphate groups. Nucleotides are mono-, di-, or
triphosphate esters of nucleosides (Champe and Harvey, 1994). Purines and pyrimidine
nucleotides are involved in most cellular processes and their roles range from structural,
metabolic or energetic, to regulatory. Adenosine is a building block for biologically
relevant molecules, including adenosine triphosphate (ATP), nucleic acids, and
nicotinamide adenine dinucleotide (NAD"). The regulatory effects of adenosine occur in
multiple organ systems and tissues where it is a known regulator of inflammation,
neurotransmission, cardioprotection, cerebroprotection, and pain (reviewed by Fredholm

et al., 2000; Klotz, 2000).

Adenosine production and metabolism

Adenosine is formed both intracellularly as well as extracellularly. Intracellular
production of adenosine is mediated by the enzyme 5’-nucleotidase (5'-NT), which
dephosphorylates AMP to adenosine, or by the hydrolysis of S-adenosylhomocysteine
(SAH). Intracellular adenosine can be transported outwards to the extracellular space and
extracellular adenosine can be transported into the cell via adenosine membrane
transporters. This transport is mediated primarily through the action of bidirectional,
sodium-independent equilibrative nucleoside transporters (ENTs; Griffith and Jarvis,
1996). To date, four equilibrative nucleoside transporters have been cloned and are
termed ENT1-ENT4 (reviewed by Damaraju et al., 2003). ENT1 and ENT2 are

expressed at the cell surface of tissues and mediate the transport of adenosine down the



17

concentration gradient (Griffiths et al., 1997a; Griffiths et al., 1997b; Yao et al., 1997).
Thus, changes in the intracellular concentration of adenosine rapidly influence the
extracellular levels of adenosine. ENT1 and ENT? are subdivided based on their
sensitivities (ENT1) or resistance (ENT?2) to inhibition by S(4-nitrobenzyl)-6-thioinosine
(NBTI; Griffith and Jarvis, 1996). However, both transporters can be inhibited by the
drugs dipyridamole and dilazep (Visser ef al., 2002). The two isoforms also differ in their
pattern of expression; ENT1 appears to be ubiquitously expressed while ENT2 is less
broadly distributed in tissues (Pennycooke et al., 2001). The roles of ENT3 and ENT4 in
adenosine transport processes have not yet been established, although ENT3 appears to
have an intracellular location on lysosomal cell membranes (Baldwin et al., 2005).

Ecto-5'-nucleotidase (Ecto-5'-NT/CD73) is a membrane-bound glycoprotein that
functions to produce adenosine in the extracellular space. Extracellular generation of
adenosine via ecto-5'-NT depends on the availability of extracellular adenine nucleotides
(e.8. AMP and ATP). The source of these extracellular adenine nucleotides is often via
passive efflux resulting from local tissue injury, necrosis, hypoxia, and/or ischemia
(Fowler, 1993; Wallman-Johansson and Fredholm, 1994; Braun et al., 1998; Latini ef al.,
1999). Thus, there is likely to be a significant source of extracellular nucleotides
available within solid tumors owing from the frequency and severity of these processes in
tumor tissue (Vaupel ef al., 1989).

The local production of adenosine is rapidly counteracted by its metabolism.
Adenosine kinase (AK) is involved in the phosphorylation of adenosine to AMP, while
adenosine deaminase (ADA) deaminates adenosine to inosine. AK and ADA have very

different kinetic properties, such that the fate of adenosine is primarily determined by its
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local concentration. The K of AK is low (~ 40 nM; Spychala ef al., 1996) and is
therefore responsible for metabolizing adenosine at physiological concentrations,
typically below 1.0 uM. In contrast, the K, for ADA is high (~ 70 uM; Lloyd and
Fredholm, 1995), which allows ADA to function as a high volume/low affinity system
that becomes active at high concentrations of adenosine. Figure 1.2 summarizes the

above-described mechanisms of adenosine production and metabolism.

Adenosine production during hypoxia and in solid tumors

The mechanisms regulating the elevation and accumulation of extracellular
adenosine during hypoxia are largely dependent on the ratios of activities of the
adenosine producing (5'-NT, ecto-5'-NT, SAHH) and adenosine metabolizing (AK,
ADA) enzymes. There appears to be a coordinate alteration in adenosine-producing and
metabolic activities during hypoxia that favors adenosine production. Thus, chronic
hypoxia decreases the enzymatic activities of ADA and AK, while stimulating the
activity of intracellular and ecto-5'-NT (Kobayashi et al., 2000; Spychala et al., 2000).
Interestingly, a similar coordinated shift in adenosine-metabolizing enzyme levels and
activities has also been observed in HL-60 lymphoid cells upon PMA-induced
differentiation (Spychala et al., 1997).

Elevated activity of ecto-5'-NT has been found in tumor tissues of breast
(Canbolat et al., 1996), pancreatic (Flocke and Mannherz, 1991), and gastric cancer
(Durak et al., 1994). Experimental studies have documented that the activity of ecto-5'-
NT is up-regulated in response to hypoxia (Headrick and Willis, 1989; Kobayashi ef al.,

2000). Recently, Synnestvedt et al. (2002) established a direct link between hypoxia and
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ATPase/ADPase
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Figure 1.2 Adenosine production and metabolism.

Adenosine can be formed intracellularly in two ways. Firstly, by the conversion of S-
adenosylhomocysteine (SAH) via SAH hydrolase (SAHH), and secondly by the
conversion of adenosine monophosphate (AMP) to adenosine via 5'-nucleotidase (5'-
NT). Adenosine kinase (AK) phosphorylates adenosine to AMP. 5'-NT is also present
outside the cell (ecto-5'-NT), thereby allowing adenosine to be formed extracellularly
from adenosine triphosphate (ATP). Adenosine is metabolized inside and outside the cell

by adenosine deaminase (ADA) and ecto-ADA, respectively. Furthermore, adenosine can
be transported bidirectionally via nucleoside transporters (N).
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ecto-5"-NT expression by demonstrating that the expression of ecto-5'-NT is dependent
on transcription by hypoxia-inducible factor-1 (HIF-1). Interestingly, adenosine itself can
also induce ecto-5'-NT mRNA, surface expression and function (Narravula et al., 2000).
This represents an example of transcriptional induction of an enzyme by the enzymatic
product.

Hypoxia decreases AK activity (Decking ef al., 1997), and also triggers a down-
regulation of AK protein expression at the transcriptional level in PC12
pheochromocytoma cells (Kobayashi et al., 2000). The hypoxia-induced inhibition of AK
activity causes the amplification of small changes in free AMP into a major rise in
adenosine levels. This occurs because AK is the rate-limiting enzyme in adenosine
metabolism (due to its low Ky, of ~ 40 nM) that phosphorylates adenosine at
physiological concentrations (Lloyd and Fredholm, 1995). Down-regulation of ADA by
chronic hypoxia has also been found in PC12 cells (Kobayashi ef al., 2000) with
consequences of reduced conversion of adenosine to inosine.

Interestingly, chronic hypoxia has also been found to down-regulate expression of
the nucleoside transporter ENT1 on PC12 cells (Kobayashi et al., 2000). This reduction
of ENTI1 significantly reduced adenosine uptake from the extracellular medium.
Although it is generally thought that nucleoside transporters work bidirectionally, many
studies have suggested that they primarily mediate uptake, and not efflux, of adenosine.
Accordingly, it has been shown that dipyridamole and NBTI can cause an increase in

extracellular adenosine under various conditions, including hypoxia (Craig and White,

1993),
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The concentration of adenosine within the extracellular fluid of hypoxic solid
tumors is indeed elevated compared to normal tissue. Blay et al. (1997) used
microdialysis to measure the levels of adenosine in the extracellular fluid of murine solid
tumors grown in vivo and reported levels 10- to 20-fold higher than those measured in
normal tissue. Adenosine levels as high as 10 uM were measured in the combined
presence of inhibitors for AK (5'-iodotubercidin) and ADA (coformycin). The inhibition
of ADA alone caused a much greater increase in measured adenosine levels compared to
the independent inhibition of AK. This result confirms that adenosine is preferentially

metabolized via ADA under hypoxic conditions where adenosine levels are elevated.

Adenosine production via signaling mechanisms

Increased generation of adenosine in solid tumors has typically been regarded as a
“passive” consequence of hypoxia, ischemia, and necrosis without direct association to
the process of tumorigenesis. However, recent studies have suggested that increased
potential to generate adenosine may constitute an important phenotypic change acquired
during tumor progression.

Spychala and Kitajewski (2004) determined that the genes encoding ecto-5'-NT
and ADA contain T-cell factor/lymphocyte enhancer factor (TCF/LEF) consensus
binding sites and are subject to reciprocal regulation by the Wnt/B-catenin signaling
pathway. The Wnt signaling pathway has been linked to the development of a variety of
human tumors, including colon, prostate, breast, and ovarian carcinomas (reviewed by

Dihlmann and von Knebel Doeberitz, 2005). Wnt/B-catenin signaling induces expression

of ecto-5'-NT while decreasing levels of ADA. This coordinate change was accompanied
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by a 3-fold increase in the generation of extracellular adenosine. Thus, an “active”
transition to an adenosine-producing cell phenotype is induced through Wnt/ B-catenin
signaling, and may therefore be an important event during tumorigenesis.

Ecto-5'-NT expression has also been shown to be negatively regulated by
estrogen receptor (ER) signaling (Spychala ef al., 2004). ER-negative breast carcinoma
cells were found to express high ecto-5'-NT mRNA and protein levels and produce up to
100-fold more adenosine from adenine nucleotides compared to ER-positive cells.
Examination of clinical breast tumor samples also revealed a significant inverse
correlation between ER and ecto-5'-NT expression. This suggests the intriguing
possibility that ecto-5'-NT expression is directly linked to breast cancer progression. It
also supports the emergence of an adenosine-producing cell phenotype during

tumorigenesis.

Adenosine receptors

There are four known subtypes of cell-surface adenosine receptors, denoted A,
Aza, Azg, and As. They are seven-transmembrane, G protein-coupled receptors, and each
adenosine receptor subtype is characterized by unique molecular and pharmacological
properties (Fredholm et al., 2001). The A and A; receptors were identified and
characterized by pharmacological methods and initially subdivided on the basis of their
inhibiting and stimulating adenylyl cyclase activity, respectively (Van Calker et al., 1978;
Van Calker et al., 1979; Londos et al., 1980). Pharmacological studies revealed that A,

receptors were heterogeneous, which led to the subdivision into A, and Asp receptor

subtypes. Although postulated for a number of years, only discovery by cloning
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confirmed the existence of the Az and A; adenosine receptor subtypes (Pierce ef al.,
1992; Zhou et al., 1992; Salvatore er al., 1993).

Collectively, the expression of adenosine receptors is widespread such that
adenosine is capable of controlling the function of virtually every organ and tissue. The
localization of adenosine receptors and their signaling mechanisms is summarized in
Table 1.1. A; adenosine receptors are expressed strongly in certain regions of the brain,
including the cortex, cerebellum, and hippocampus (Fredholm et al., 2000; Fredholm e
al., 2001). However, expression of these receptors can also be detected in most other
tissues of the body. A receptors signal through Gy, leading to the inhibition of adenylyl
cyclase, activation of K* channels, and modulation of Ca?* mobilization and
phospholipase C (PLC) activity. The signal transduction from A, receptors mediates
multiple effects, such as the depression of neurotransmission, antinociception,
bronchoconstriction, and ischemic preconditioning.

Aza adenosine receptors are the higher affinity A receptors. They are strongly
expressed in the spleen, thymus, leukocytes, platelets, and striatal GABAergic neurons
(Fredholm et al., 2001). Coupling of A4 receptors with G enhances adenylyl cyclase
activity and intracellular cAMP production upon receptor binding. The A receptor
functions to regulate the inhibition of platelet aggregation, vasodilatation, and protect
against ischemic damage (Klotz, 2000).

The Azp adenosine receptor displays the lowest affinity for adenosine of all
receptor subtypes. Agp receptors are thought to be activated only at exceptionally high
concentrations of adenosine, i.e. under pathophysiological rather than physiological

conditions. They appear to be expressed highest in the caecum, bladder, colon, as well as



24

Table 1.1 G protein-coupling and tissue distribution of the four adenosine receptor

subtypes.
Adenosine | G protein | Effects of G Sites of Tissue Distribution
receptor protein coupling | (Human)
subtype
Ay Gi/G, J cAMP High: brain, spinal cord, eye, atria,

T IP3/DAG (PLC) | adrenal glands
Intermediate: skeletal muscle, liver,

kidney, adipose tissue, colon, testis
Low: lung, pancreas

Aazp G; T cAMP High: spleen, thymus, leukocytes,
platelets, GABAergic neurons
Intermediate: heart, lung, blood
vessels

Low: most brain regions

Azp Gy/Gq T cAMP High: colon, caecum, bladder

T 1P, Intermediate: lung, blood vessels, eye,
mast cells

Low: brain, kidney, liver, ovary,
pituitary gland, adrenal gland

Az Gi/Gq ! cAMP Intermediate: lung, cerebellum,

T IP3/DAG (PLC) | hippocampus, pineal gland

Low: other brain regions, thyroid,
adrenal gland, spleen, liver, kidney,
heart, intestine, testis

(Adapted from Fredholm et al., 2000; Fredholm et al., 2001)
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the lung and blood vessels (Klotz, 2000; Fredholm et al., 2001). Activation of Ajp
receptors induces Gs-mediated activation of adenylyl cyclase and increased Ca?* influx,
as well as Gq-mediated activation of PLC. Involvement of A,g receptors has been
implicated in the regulation of vascular tone and mast cell degranulation.

The most recently discovered adenosine receptor is the As receptor. Data
regarding the expression profile of the Aj; receptor subtype indicate low-level expression
in the thyroid, brain (cerebellum and hippocampus), spleen, liver, kidney, and intestine
(Fredholm et al., 2001). The expression of the A3z receptor is also highly species-
dependent. Az receptors couple to G; and Gy, which results in reduced cAMP levels and
increased PLC activity, respectively (Fredholm e;t al., 2001). The Aj receptor plays a role
in lung inflammation and the protection of ischemic tissue.

In addition to cell-surface adenosine receptors, an intracellular adenosine reactive
site has been identified. A region on the catalytic moiety of adenylyl cyclase, termed the
“P-site”, has been shown to bind adenosine with low affinity (ECso ~ 80 pM; Johnson et
al., 1991). Interaction of adenosine with the P-site on adenylyl cyclase causes inhibition

of the enzyme and a subsequent decrease of intracellular cAMP levels (Legrand et al.,

1990).

Expression of adenosine receptors and nucleoside transporters in tumor tissue
Tumor cells, such as the A375 human melanoma cell line (Merighi et al., 2001),
are capable of expressing all four subtypes of adenosine receptors. While adenosine has

been reported to signal through each receptor subtype to produce various biological
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responses in tumor cells, much less is known about the actual expression of adenosine
receptors in tumor tissues.

The A adenosine receptor is expressed in colorectal carcinomas (Khoo et al.,
1996) as determined by reverse transcriptase-polymerase chain reaction (RT-PCR)
analysis. To date, there have been no published reports examining the expression of Aja
and A,p adenosine receptors in tumor tissue. Recent reports have suggested that Az
adenosine receptor expression is low in normal tissues (Fishman et al., 20024) and
elevated on the surface of tumor cells (Merighi er al., 2002; Madi et al., 2003; Ohana et
al., 2003). This has led to the suggestion that A; adenosine receptor overexpression might
be a good candidate as a tumor cell marker. Although Fredholm et al. (2001) reported the
lack of A; adenosine receptor expression in the majority of normal tissues; they cautioned
that this Jack of expression might be underestimated because of the poor availability of
good pharmacological tools for detection, particularly radioligands.

Two recent reports have reported increased expression of the A; adenosine
receptor in tumor tissue compared to normal tissue. Madi ef al. (2004) found that colon
and breast carcinomas express higher A3 adenosine receptor expression (determined by
RT-PCR and Western blot analysis) compared to adjacent normal tissue. Interestingly,
lymph node metastases expressed higher A3 expression than primary tumor tissue. High
Az receptor expression was associated with elevated nuclear factor-kB (NF -xB) and
cyclin D1 levels, indicating a proliferating tumor cell population. Preliminary findings of
increased A3 expression were also found in small cell Jung carcinoma, pancreatic
carcinoma, and melanoma. Gessi et al. (2004) also found increased expression of Az

adenosine receptors in colorectal carcinomas by radioligand binding,
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immunohistochemistry, and real-time RT-PCR analyses. They reported a tendency for
lower Az expression in less advanced tumor stages (TNM stages I, II) compared to the
more pronounced expression in advanced stages (TNM stages III, IV), suggesting a
potential role for the receptor in tumor progression.

Levels of ENT1 protein have been studied in solid tumor tissues, although there is
no clear consensus regarding its expression in tumor versus normal tissue. Goh et al.
(1995) reported the overexpression of ENT1 in human breast, colorectal, liver, and
stomach tumor tissues. However, Pennycooke ef al. (2001) reported reduced levels of
ENT1 in colorectal tumor tissues, overexpression in stomach tumors, and highly variable
expression in breast tumor tissues. The same group also found very low ENT2 expression

in most tumor types that were comparable to the low levels in normal tissue.

Tumor-promoting functions of adenosine

There is a wide body of evidence that supports an important role for adenosine in
promoting tumor progression. Research in this area has emphasized three major functions
of adenosine: (1) the role of adenosine in inhibition of anti-tumor immune responses, (2)

direct effects of adenosine on the growth of cancer cells, and (3) adenosine modulation of

the angjogenic process.

1. Adenosine suppresses the anti-tumor immune response

A number of studies over the last ten years have demonstrated that adenosine has
the ability to suppress multiple components of the anti-tumor immune response.
Significantly, the levels of adenosine found within the extracellular fluid of hypoxic solid

tumors are sufficient to trigger these inhibitory activities (Blay et al., 1997).
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Adenosine suppresses T-cell activation (Hoskin et al., 1994; Hoskin et al., 2002),
as indicated by decreased T-cell proliferation in response to mitogenic anti-CD3
antibody, antigen-specific proliferation, and interleukin-2 (IL-2) and interferon-y (IFN-y)
synthesis. Adenosine also interferes with the adhesion of T lymphocytes with carcinoma
cell targets (MacKenzie et al., 1994) via a mechanism that involves inhibition of integrin
function on the lymphocyte cell surface (MacKenzie ef al., 2002). In addition, adenosine
has been found to inhibit granule exocytosis of natural killer cells (Williams et al., 1997)
and lymphocyte-mediated cytolysis of tumor cell targets (Hoskin et al., 1994; Koshiba ef
al., 1997; Hoskin et al., 2002). This reduction in lymphocyte tumoricidal activity by
adenosine has been demonstrated through decreased activity in cytotoxicity assays, and is
associated with reduced expression of granzyme B, perforin, Fas ligand, and tumor
necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL; Koshiba ef al., 1997;

Hoskin et al., 2002).

2. Adenosine regulates the growth of tumor cells

The role of adenosine in modulating the proliferation of tumor cells is unclear and
conflicting. The effect on cell growth seems to depend on the concentration of adenosine
and the adenosine receptor subtype that is activated. For example, Tey ef al. (1992, 1994)
identified a biphasic growth response to adenosine in which low concentrations of
adenosine (~ 10 pM) inhibited A431 human epidermoid carcinoma cell growth while
high concentrations (up to 100 pM) stimulated growth of the same cell type. These
investigators implicated the A; adenosine receptor subtype for the inhibitory response
and the A; receptor subtype for the stimulatory response. In another example, Merighi et

al. (2002) found that adenosine promotes cell proliferation via the A, receptor but
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impairs cell proliferation via A3 adenosine receptors in A375 human melanoma cells. A,
and Ap adenosine receptors expressed on these same cells were not involved in growth
regulation.

The number of studies implicating a role for adenosine in stimulating tumor cell
proliferation is almost counterbalanced by the number of reports that claim an inhibitory
role of adenosine. Studies from our laboratory have shown that adenosine itself, as
opposed to the use of stable synthetic analogues of adenosine (e.g. NECA), is
consistently stimulatory to the growth of human colorectal and breast carcinoma cells at
concentrations that are present within the tumor extracellular environment (Mujoomdar et
al., 2003; Mujoomdar et al., 2004). Multiple cell lines differing in origin and the degree
of cellular differentiation were used for both tumor types. The stimulatory effect of
adenosine involved progression through the cell cycle and a genuine increase in cell
number. Adenosine-induced proliferation of human colorectal carcinoma cells was also
confirmed in adenosine deprivation studies, in which treatment of cultures with ADA
reduced carcinoma cell growth in a comparable panel of cell lines (Leliévre ef al., 1998a;
Leliévre et al., 1998b).

Inhibition of tumor cell growth by adenosine itself has been reported in certain
studies (e.g. Fishman et al., 1998; Fishman et al., 2000), while adenosine may also
trigger apoptosis in cancer cells under specific conditions (Barry and Lind, 2000; Merighi
et al., 2002). Other studies have demonstrated inhibition of tumor cell growth using
stable analogues of adenosine that typically do not have the same relative affinity for
different adenosine receptor subtypes and are often selective for specific receptor

subtypes (e.g. Ishii and Green, 1973; Colquhoun and Newsholme, 1997). In particular,
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the As-selective adenosine receptor agonist IB-MECA has been shown to inhibit the
proliferation of B16-F10 mouse melanoma cells (Fishman et al., 20025; Madi e al.,
2003) and PC-3 human prostate carcinoma cells (Fishman et al., 2003). The inhibition of
carcinoma cell growth in these studies was reversed by antagonism of the A; adenosine
receptor, indicating specificity of the IB-MECA effect. Lu et al. (2003) demonstrated that
IB-MECA inhibits the growth of MCF-7 and ZR-75 while inducing apoptosis in T47D
and Hs578T human breast carcinoma cell lines. However, it is important to note that
these cell lines were not found to express the A3 adenosine receptor subtype and instead
IB-MECA down-regulated expression of the estrogen receptor o.. This example of a non-
specific effect by a selective adenosine receptor agonist highlights the importance of

studying the role of the authentic adenosine molecule in tumor cell function.

3. The role of adenosine in angiogenesis

Angiogenesis is the process by which hypoxic solid tumors induce the
development of new blood vessels from the pre-existing vasculature. This differs from
the process of vasculogenesis which involves the de novo differentiation of endothelial
cells from mesodermal precursors. Angiogenesis is of fundamental importance for the
continued growth of the primary tumor beyond the small tumor volume (~ 1-2 mm”) that
is achieved in the absence of angiogenesis, as well as for metastasis to occur to secondary
sites (reviewed by Hanahan and Folkman, 1996). The most prominent regulator of
angiogenesis is vascular endothelial growth factor (VEGF), which is upregulated by
tumor hypoxia (Plate et al., 1992). VEGF expression is induced by the transcription
factor hypoxia inducible factor-1o (HIF-1c; Liu er al., 1995; Forsythe et al., 1996), after

which it interacts with VEGF receptors to transduce signals mediating endothelial cell



proliferation, migration, organization into functional vessels, and remodeling of the
vessel network (reviewed by Veikkola and Alitalo, 1999; Hicklin and Ellis, 2005).
Adenosine appears to participate in a number of important processes required
during the angiogenic process. Synthesis of VEGF in response to adenosine or adenosine
analogues has been shown in human retinal endothelial cells (HRECs; Grant et al., 1999)
and pig cerebral microvascular endothelial cells (Fischer et al., 1995). However,
adenosine has also been found to decrease VEGF mRNA and protein levels in PC12
pheochromocytoma cells (Olah and Roudabush, 2000). In addition to the ability of
adenosine to regulate VEGF expression in different cell types, adenosine can directly
induce the proliferation of endothelial cell cultures. Ethier ef al. (1993) initially reported
that adenosine stimulates proliferation of human umbsilical vein endothelial cells
(HUVEGsS), and later found that this effect was independent of adenosine receptors
(Ethier and Dobson, 1997). Another study, however, implicated the role of A, adenosine
receptors in HUVEC proliferation (Sexl et al., 1995). A role for A, adenosine receptors
has been found in growth stimulation of HRECs (Grant et al., 2001), and porcine and rat
arterial endothelial cells (Dubey et al., 2002). Consistent with the multiple actions of
adenosine in angiogenesis, signaling via Aop receptors was also found to increase HREC

migration and enhanced capillary tube formation on a basement membrane matrix (Grant

et al., 2001),

Other effects of adenosine in tumor progression

The major tumor-promoting functions of adenosine appear to be inhibition of

anti-tumor immune responses and regulation of tumor cell proliferation and angiogenesis.
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Adenosine also stimulates the motility of melanoma and colon carcinoma cells
(Woodhouse et al., 1998; M. Mujoomdar and J. Blay, unpublished data). Furthermore, A
adenosine receptor activation has been found to increase secretion of matrix
metalloproteinase-2 (MMP-2) from human trabecular meshwork cells of the eye (Shearer
and Crosson, 2002). The stimulation of tumor cell motility and degradation of the ECM
(via MMP activity) by adenosine could contribute to the early stages of invasion and

subsequent metastatic spread.



33

Objectives

1. To determine if adenosine regulates the cell-surface expression of dipeptidyl
peptidase IV (DPPIV) on human colorectal carcinoma cells.

2. To identify whether classical adenosine receptors participate in the adenosine
regulation of DPPIV on human colorectal carcinoma cells.

3. To determine the specific signal transduction pathway(s) by which adenosine
regulates levels of cell-surface DPPIV.

4. To explore whether adenosine regulation of DPPIV levels at the surface of human
colorectal carcinoma cells is associated with changes in the functions of the
protein, specifically DPPIV dipeptidase activity, adenosine deaminase (ADA)

binding, and/or extracellular matrix (ECM) protein interactions.

Overall hypothesis

Adenosine, at concentrations present within the extracellular fluid of solid tumors,
regulates the cell-surface expression of dipeptidyl peptidase IV (DPPIV) on human
colorectal carcinoma cells. The adenosine regulation of DPPIV will be specifically
mediated by adenosine receptors, and will have impact on the three major DPPIV
functional activities: (1) DPPIV dipeptidase activity, (2) adenosine deaminase (ADA)
binding, and (3) extracellular matrix (ECM) protein interactions. Adenosine regulation of
these DPPIV functions at the cell-surface will bring about changes in colorectal

carcinoma cell behavior.
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CHAPTER 2

ADENOSINE DOWN-REGULATES THE CELL-SURFACE EXPRESSION OF
DIPEPTIDYL PEPTIDASE IV ON HT-29 HUMAN COLORECTAL

CARCINOMA CELLS

Portions of this chapter appeared in the following publication:

Tan, E.Y., Mujoomdar, M., and Blay, J. (2004) Adenosine down-regulates the surface
expression of dipeptidyl peptidase IV on HT-29 human colorectal carcinoma cells.
Implications for cancer cell behavior. Am. J. Pathol. 165, 319-330.
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INTRODUCTION

Background of DPPIV expression as an indicator of malignant transformation
Changes in the expression of DPPIV between normal and tumor tissue were
observed early on in this field of research. In 1973, Nishihara et al. reported the absence
of “conversion factor” (that converts ADA-S to ADA-L) in an extract of lung tumor
tissue, and it was speculated that lung tissue might be deprived of the capacity to express
the conversion factor during the malignant transformation. It was later found that DPPIV
was not expressed at the surface of certain hepatocellular carcinoma cell lines compared
to its abundant expression on hepatocyte plasma membranes (Hixson et al., 1983). This
altered expression of DPPIV was suggested to be associated with the abnormal tissue
architecture and growth patterns exhibited by hepatocellular carcinomas. Decreased
expression of cell-surface DPPIV was also observed on colon and kidney carcinoma cell

lines compared to primary cells (Trotta and Balis, 1978; Herbschleb-Voogt ef al., 1983).

Altered expression of DPPIV in solid cancers

DPPIV is frequently expressed aberrantly in solid cancers. In most tumor types,
the malignant transformation is accompanied by a reduction in the expression of DPPIV.
This occurs in both malignant melanoma (Houghton et al., 1988; Morrison et al., 1993;
Van den Oord, 1998) and metastatic prostate cancer (Dinjens et al., 1990; Bogenrieder et
al., 1997).

The change in DPPIV expression is most striking in melanoma. Houghton et al.
(1988) initially found that cell-surface DPPIV is specifically down-regulated and

completely extinguished during the process of melanocyte transformation. This loss of
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DPPIV was independent of the stage of cellular differentiation and was not regulated as a
function of cell proliferation. The data supporting loss of DPPIV expression was very
convincing - DPPIV expression was detected in 51 melanocyte cultures from fetal,
newborn, and adult skin vs. the absence of DPPIV on the surface of 102 melanoma cell
lines derived from both primary and metastatic lesions. A study correlating DPPIV
expression with the histological stage of tumor progression of malignant melanoma
confirmed that loss of DPPIV is indeed associated with tumor progression (Van den
Oord, 1998). Although this study detected expression of DPPIV in a low percentage of
invasive melanoma lesions, there was no DPPIV expression occurring in metastatic
melanomas.

The loss of DPPIV in prostate cancer is less complete than the striking absence in
melanoma. Immunohistochemical studies have revealed that prostate carcinomas exhibit
different and distinct DPPIV expression patterns, classified as: (1) diffuse cytoplasmic,
(2) membranous, (3) cytoplasmic and membranous, and (4) absence of DPPIV (Dinjens
et al., 1990). There is an inverse correlation between levels of membrane DPPIV and
metastatic potential. Conversely, non-metastatic prostate tumors were found to
exclusively express DPPIV at the cell surface. A more recent study by Bogenrieder et al.
(1997) reported that DPPIV is expressed in nearly all primary prostate tumors while only
50% of metastases to the lymph node, bone, and soft tissue express DPPIV. More
specifically, the metastases absent for DPPIV expression almost exclusively occurred in
patients that had hormone-refractory disease as opposed to hormone-naive prostate
cancer. This strongly suggests that the loss of DPPIV is involved in the development of

metastatic prostate cancer.
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Aberrant expression of DPPIV, generally tending towards a reduction in
expression, also occurs in ovarian (Rao et al., 1990; Kajiyama et al., 2003) and
endometrial carcinomas (Khin et al., 2003). Rao ef al. (1990) found that ~ 30% of
ovarian carcinomas are absent for DPPIV expression. Of the remaining tumors, DPPIV
was expressed frequently by well-differentiated and poorly invasive, stage I carcinomas.
This finding has been supported by a recent study by Kajiyama et al. (2003), and also
occurs in the case of endometrial carcinomas (Khin et al., 2003).

Hepatocellular carcinomas, similar to prostate tumors, exhibit different expression
patterns of DPPIV (Stecca er al., 1997). However, the direction of change in overall
DPPIV expression is highly variable. Only a small percentage (~ 10%) of tumors are
completely negative for DPPIV while the remaining tumors either express abnormally
high levels of DPPIV or contain slightly reduced levels of DPPIV.

In contrast to the reduced expression of DPPIV found in melanoma, prostate,
ovarian and endometrial carcinomas, thyroid carcinomas instead express enhanced levels
of DPPIV (Kotani ef al., 1991; Tanaka et al., 1995; Aratake et al., 2002). Normal thyroid
tissue and benign neoplasms do not express DPPIV as assessed by Northern blotting,
DPPIV activity staining, and immunohistochemistry. DPPIV is, however, expressed on
virtually all cases of differentiated thyroid carcinoma and is a strong candidate as a

diagnostic marker for this malignancy.

DPPIV expression in colon cancer
The first study of DPPIV expression in colon tumors found a change in the

proportion of ADA-S to ADA-L in the direction of reduced ADA-L compared with
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normal adjacent tissue (Trotta and Balis, 1978). From this finding, it was initially
proposed that there was diminished synthesis and/or biological activity of DPPIV in the
malignant cell, and this reduction of DPPIV might be a property of colorectal tumors.

A series of papers in the 1980s that studied DPPIV directly argued that colorectal
tumors display variable expression of DPPIV (ten Kate ef al., 1984; ten Kate ef al., 1985;
ten Kate et al., 1986). Colorectal tumors have been found to express decreased,
unchanged, or increased amounts of DPPIV. There is also a small fraction (~10-15%) of
tumors that do not express DPPIV. The existence of this variable expression within
colorectal tumors suggests that local influences may regulate the expression of DPPIV.
However, very little is known about the endogenous factors that might regulate the

surface expression of DPPIV on tumor cells.

In this chapter, we consider whether exposure to the purine nucleoside adenosine,
which is present in solid tumors at elevated concentrations, might impact upon DPPIV
expression on colorectal carcinoma cells. We have found that chronic treatment with

adenosine markedly down-regulates the surface expression of DPPIV protein on HT-29

human colorectal carcinoma cells.
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MATERIALS AND METHODS

Materials

HT-29 human colorectal carcinoma cells were obtained from the American Type
Culture Collection (Manassas, VA). Media and inosine were from ICN Biomedicals
(Irvine, CA). Culture vessels (Nunc) and sera were purchased from Invitrogen Canada
(Burlington, Ontario, Canada). Adenosine, guanosine, 5’-iodotubercidin, dilazep,
dipyridamole, S(4-nitrobenzyl)-6-thioinosine (NBTI), and calf spleen ADA were from
Sigma Chemical Co. (St. Louis, MO). Coformycin was from Calbiochem (San Diego,
CA). Mouse anti-human monoclonal antibody (mAb) against DPPIV/CD26 (clone M-
A261) and mouse IgG, (clone W3/25) isotype control were from Cedarlane Laboratories
Ltd. (Hornby, Ontario, Canada). Rabbit anti-bovine ADA antibody was from Alpha
Diagnostic International (San Antonio, TX). '#I-labeled sheep anti-mouse IgG, F(ab'),
fragment and '*I-labeled goat anti-rabbit IgG, F(ab'), fragment were obtained from
PerkinElmer Life Sciences (NEN, Boston, MA). FITC-conjugated rabbit anti-mouse IgG

was from PharMingen (San Diego, CA).

Cell culture and drug treatments

HT-29 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
without antibiotics) supplemented with 10% “/, heat-inactivated newborn calf serum
(NCS) and maintained as stocks in 80-cm? flasks at 37°C in a humidified atmosphere of
90% air/10% CO,. Cells for use in binding assays were seeded into 48-well plates at
50,000 cells/weli and allowed to adapt to culture for 48 h. Cultures were then changed to

medium containing 1% NCS for another 48 h, and then treated with drugs or control
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vehicle for evaluation of changes in DPPIV protein expression. Adenosine uptake
inhibitors were added to cultures 15 min prior to the addition of the relevant adenosine
treatment. The common solvent dimethyl sulfoxide (DMSO) produced marked down-
regulation of DPPIV at concentrations above 0.5% (*/,), and led to significant changes
even at lower concentrations (10-12% at a final concentration of 0.25% (*/,) DMSO). For
this reason, the final DMSO concentration was always kept less than 0.1% (*y), or drugs
were dissolved in ethanol, which did not affect DPPIV levels even when added to

cultures at a final concentration of 5% 4.

Radioantibody binding assay for DPPIV

The culture plates were placed on ice, and all subsequent washes and incubations
were carried out at 4°C. Cells were washed with 250 ul of phosphate-buffered saline
(PBS) containing 0.2% bovine serum albumin (BSA) and then incubated with 125 ul
PBS containing 1% BSA and primary antibody or isotype control. After incubation for 60
min, the wells were washed twice as before and further incubated with 125 ul PBS
containing 1% BSA and 1.2 uCi/ml '*I-labeled sheep anti-mouse IgG, F(ab'), fragment,
for 60 min. The monolayers were then washed three times and solubilized in 400 pl of
0.5 M NaOH for 60 min at room temperature before the counting of radioactivity. Figure
2.1 shows the binding of anti-DPPIV mAb to HT-29 cells with increasing antibody
concentration. The specific binding of anti-DPPIV was better than 94% at saturating
antibody concentrations. Maximal specific antibody binding was reached at 2 pg/ml,

which was the concentration used in all subsequent assays.
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Assays to assess the involvement of DPPIV antibody epitope blocking

To exclude the possibility of interference from molecules such as ADA that might
be bound to DPPIV, we used acid-stripping to remove ADA and other bound ligands
from the cell surface (Blay and Brown, 1985; Saura et al., 1998). Use of acetate buffer
was avoided because this causes the release of intracellular ADA (Senesi ef al., 1988).
Briefly, cell monolayers that had been treated with adenosine for 48 h were washed and
then incubated for 5 min at 4°C with 200 pl of serum-free medium that had been adjusted
to the required pH using concentrated hydrochloric acid. After washing twice with PBS
containing 0.2% BSA, the radioantibody binding assay was carried out as usual. To
assess the effect of prior ADA loading on DPPIV immunoreactivity, cell monolayers
were incubated for 60 min at 4°C with 10 pg/ml ADA (determined to be a saturating

concentration of exogenous ADA; see Figure 4.1) before the DPPIV binding assay.

Flow cytofluorimetric detection of DPPIV

HT-29 cells were trypsinized from 80-cm? culture flasks, washed and resuspended
(10° cells) in filter-clarified PBS with 2.5% BSA and 0.2% sodium azide containing anti-
DPPIV mAbD (1 pg/ 10° cells) for 45 min at 4°C. The cells were washed twice with the
same buffer and then incubated with FITC-secondary mAb conjugate (1 pg/10° cells) for
40 min at 4°C. After three further washes the cells were fixed in 1% paraformaldehyde
and stored in the dark at 4°C until analyzed. Flow cytofluorimetric analysis was carried
out with a FACScan (BD Immunocytometry Systems, Mountain View, CA) flow
cytometer equipped with a 15-mW argon laser operating at a wavelength of 488 nm and

detection at 680 nm. Ten thousand events were counted for each sample. Data were
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analyzed using Lysis II software.

Semi-quantitative RT-PCR

RT-PCR was used to evaluate DPPIV mRNA regulation by adenosine. Total
cellular RNA was extracted from HT-29 cells at the indicated time points using TRIzol™
reagent according to the manufacturer’s instructions. Reverse transcription of total RNA
to complementary DNA (¢cDNA) was performed by combining 5 g of total RNA, 4 pl of
Sx first strand buffer, 1 pl of ANTPs (10 mM), 2 ulof DTT (100 mM), 1 ul of
oligo(dT)2.15 primer (0.5 mg/ml), 1 pl of Maloney murine leukemia virus (M-MLV)
reverse transcriptase (200U/pl), and sterile water up to 20 pl in a microcentrifuge tube.
Samples were then incubated for 1 h in a 37°C water bath, followed by inactivation of the
reaction for 10 min at 70°C. Samples were stored at -20°C until use.

PCR reactions were performed by combining 1 pl of cDNA sample with 5 ul 10x
PCR buffer, 1 pL of dNTPs (10 mM), 1ul of MgCl, (50 mM), 0.5 pl of each primer
(forward and reverse), 0.4 pl of native Tag DNA polymerase (5U/ul), and sterile
pyrogen-free water to a total volume of 50 pl. PCR mixtures were overlaid with 100 ul of
mineral oil and PCR amplification was performed in an automatic thermal cycler (MJ

Research, Watertown, MA). The following primer sequences were used for the PCR (the

product size is given after the reverse primer):
GAPDH (forward), 5'-TGGAAATCCCATCACCATCT-3' and
GAPDH (reverse), 5'-GTCTTCTGGGTGGCAGTGAT-3' (351 bp);
DPPIV (forward), 5'-CAAATTGAAGCAGCCAGACA-3' and

DPPIV (reverse), 5S'-CAGGGCTTTGGAGATCTGAG-3' (354 bp).
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The amplification protocols for GAPDH (26 cycles) and DPPIV (24 cycles) were as
follows: an initial denaturation step at 95°C for 5 min, followed by denaturation at 95°C
for 30 s, annealing at 60°C for 30 s, and primer extension at 72°C for 1 min. PCR
amplification was concluded with a final extension step at 72°C for 10 min. The number
of PCR amplification cycles was initially determined to yield PCR products during the
linear range of amplification. RT-PCR performed under these conditions provides
reliable detection of 2-fold or greater differences in mRNA levels (Singer-Sam et al.,
1990). The amplification products were visualized on a 1.5% agarose gel containing
ethidium bromide (0.2 ug/ml). Relative levels of PCR products were quantified by
densitometric analysis of gel photographs and normalization to steady-state expression of
GAPDH. All of the reagents used for RNA isolation and RT-PCR were from Invitrogen

Canada (Burlington, Ontario, Canada).

Statistical analysis
The figures show representative results from at least three separate experiments.

Data were evaluated using a two-tailed Student’s r-test for unpaired data.
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Figure 2.1 Measurement of cell-surface DPPIV on HT-29 cells by indirect
radioantibody binding assay.

Confluent monolayer cultures of HT-29 cells were incubated with either anti-DPPIV

mAD (total binding, ®) or isotype control (non-specific binding, o), followed by 1251

labeled anti-mouse IgG, F(ab'), fragment as described in Materials and Methods. Points

are mean values, n = 4. Standard errors fall within the symbols. The third curve (m)

shows the specific binding (total binding — non-specific binding).
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RESULTS
Short-term exposure to adenosine increases cell-surface DPPIV protein expression
We first investigated the effect of adenosine on the surface expression of DPPIV
protein by HT-29 human colorectal carcinoma cells. Monolayer cultures of HT-29 cells
were treated with a single high dose (300 uM) of adenosine and cell-surface DPPIV
protein was detected on these monolayers using a radioantibody binding assay. We chose
this high concentration of adenosine to allow for its rapid metabolism in culture (ty, ~ 120
min for HT-29 cells; Mujoomdar ef al., 2003) while avoiding the use of inhibitors of
adenosine metabolism. Treatment of HT-29 cells with 300 M adenosine does not reduce
cellular viability (E. Garcia del Busto, M. Mujoomdar and J. Blay, unpublished data), as
determined by either the MTT assay (Blay and Poon, 1995) or DNA fragmentation
(JAM) assay (Matzinger, 1991). Similarly, Hpfner et al. (2001) reported only moderate
toxicity (~ 10%) of HT-29 cells in response to prolonged exposure (4 days) to 500 uM
adenosine. Based on the lack of toxicity of adenosine at our starting concentration (300
puM), we did not normalize our early binding assay data to cell number. However, all
binding assay results presented in Chapters 3 and 4 were normalized to cell number.
Adenosine (300 uM) produced an early significant increase in cell-surface DPPIV
protein that was evident at 1 h (Figure 2.2). However, this adenosine up-regulation of
DPPIV was only transient; persisting until the 4 h time point, after which time no
difference was found at the 8 h time point. This short-term, modest increase in DPPIV (~
10%) was observed when experiments were conducted using both confluent and

subconfluent cell densities.
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Long-term adenosine treatment down-regulates cell-surface DPPIV protein expression

Given the transient nature of the increase in DPPIV expression due to adenosine
over this time period, we next investigated the effect of adenosine on HT-29 cells in
response to longer term adenosine treatment. We again treated the cells with a single 300
HM dose of adenosine. The level of cell-surface DPPIV protein was significantly
decreased after 12 h and maximally reduced by 48 h, at which time DPPIV expression
was reduced by ~ 30% (Figure 2.3). The reduction of DPPIV by this single dose of
adenosine persisted to at least 72 h. Interestingly, the baseline expression of DPPIV
increased substantially (approximately 2-fold) over the 72 h time course (Figure 2.4) and
the adenosine reduction of DPPIV occurred relative to this increase. This elevation of
baseline DPPIV levels was not a product of increasing cell number. Under the incubation
conditions used, the mean increase in cell number over 48 h was only 8.0 + 0.36% (mean
= SE, n=23).

To confirm the down-regulation of DPPIV by a single dose of adenosine (300
HM) at 48 h we performed flow cytofluorimetry to detect DPPIV on trypsinized cells in
suspension. Adenosine-treated cells showed a reduction in the total proportion of DPPIV-
expressing cells compared to vehicle-treated cells (~ 3-fold leftward shift in the mean
cellular fluorescence after adenosine treatment; Figure 2.5). There was no change in the
fluorescence profile of antibody isotype controls. The reduced antibody binding to HT-29
cells in suspension indicated that DPPIV was not being masked within the cell monolayer
following adenosine treatment. This also validated our use of the radioantibody binding
assay as an appropriate method to quantify the adenosine regulation of cell-surface

DPPIV expression on HT-29 monolayer cultures. The radioantibody binding assay and
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48 h time point were used in all further studies of the adenosine down-regulation of

DPPIV protein.

The adenosine down-regulation of DPPIV is not due to masking by DPPI V-binding
proteins

We next considered whether the reduction in DPPIV immunoreactivity measured
in our radioantibody binding assay or flow cytofluorimetry was perhaps caused by
blocking of the antibody epitope due to binding of ADA or another protein(s) to DPPIV
(e.g. collagen and fibronectin). Two different methods were used to exclude this
possibility. We first explored the possibility that adenosine might facilitate the binding of
ADA to DPPIV at the cell surface. To test this we examined whether the adenosine
down-regulation of DPPIV immunoreactivity would be reduced or even eliminated by
further ADA loading of DPPIV. In this approach we exposed adenosine-pretreated (48 h)
HT-29 cell monolayers to 10 pg/ml calf spleen ADA for 60 min at 4°C. This ADA
incubation condition is known té saturate the ADA binding capacity' of DPPIV on HT-29
cells (see Figure 4.1). ADA loading significantly interfered with the measurement of
DPPIV: there was a 47.6 + 2.7% reduction in DPPIV immunoreactivity (3 separate
experiments). Because the ADA loading was performed at 4°C to prevent internalization,
this decrease in DPPIV immunoreactivity was likely due to partial blocking of anti-
DPPIV antibody binding to its target, rather than an authentic down-regulation of DPPIV
protein. However, ADA loading did not alter the size of the DPPIV reduction in response

to adenosine treatment (Figure 2.6).
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We also evaluated the possibility that a protein(s) other than ADA might be
interfering with DPPIV antibody binding. In this second approach we subjected the cells
to acid stripping. This is a technique that is widely used to dissociate various ligands, in
addition to ADA, from their cell-surface binding proteins (Blay and Brown, 1985; Saura
et al., 1998; Senesi et al., 1988; Sarret et al., 2002). Acid stripping progressively reduced
the level of DPPIV immunoreactivity by 4.6%, 15.6%, and 18.3% at pH 4.2, 3.1, and 2.6
respectively. However, there was absolutely no effect on the measured decrease due to
adenosine (Table 2.1). These data strongly indicated that the down-regulation of DPPIV
protein observed using either the binding assay or flow cytofluorimetry represented an
authentic decrease in cell-surface DPPIV protein and not blocking by DPPIV-binding

protein(s).

The adenosine regulation of DPPIV protein occurs at the level of mRNA

We conducted a preliminary exploration of the molecular mechanism through
which adenosine was participating to down-regulate levels of DPPIV protein at the cell
surface. The expression of DPPIV mRNA was evaluated by semi-quantitative RT-PCR in
response to a single 300 pM dose of adenosine. Similar to DPPIV protein, the baseline
level of DPPIV mRNA increased over the 48 h time course. There was a decrease in
DPPIV mRNA levels relative to control after 8 h exposure to adenosine, and which
continued to be depressed until 36 h after the adenosine dose (Figure 2.7). In some
experiments the adenosine reduction of mRNA persisted until 48 h. The time course of
reduction of DPPIV mRNA preceded that of the decrease in protein expression. Changes

in DPPIV mRNA following short-term adenosine treatment were also evaluated. We
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identified an increase in DPPIV mRNA levels by 1 h; persisting until the 2 h time point,
after which time no difference was found following 4 h of adenosine exposure (Figure

2.8). These data indicate that the adenosine regulation of DPPIV protein occurs at the

level of transcription.

Adenosine down-regulates DPPIV at concentrations SJound within the tumor
microenvironment

The dose-response relationship for the down-regulation of DPPIV after 48 h using
a single dose of adenosine is shown in Figure 2.9. There was a dose-dependent reduction
of cell-surface DPPIV that was first significant in response to a 30 KM dose of adenosine
(~ 10% reduction). The maximal down-regulation of DPPIV observed was approximately
40%. The greatest effect in this approach was typically seen at 300 puM adenosine,
although in some experiments the maximal effect was reached at 100 1M. The ECs for
down-regulation (single dose) was 43.3 = 12.1 MM (mean + SE, 5 separate experiments).
Concentrations of adenosine as high as 100 uM are likely reached in vivo following an
event resulting in significant cell death within the tissue (Bell et al., 1998; Fredholm et
al., 2001). In the case of solid tumors this might occur during the course of treatment
with cytotoxic chemotherapeutic agents or anti-angiogenic strategies. However, the
single dosing approach we had so far used contrasts with the situation that would be more
usual in vivo, in which adenosine production may be less dramatically raised over a
period of some days (e.g. sites of inflammation) or even longer (e.g. hypoxic solid

tumors; Blay et al., 1997).
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In hypoxic solid tumors, we would predict the adenosine signal to be more
persistent in vivo than represented by a single dose in vitro, but not to reach such a high
concentration. To model the exposure of tumor cells to lower and more persistent
concentrations of adenosine, we adopted a strategy of extending the additions of
adenosine throughout the 48 h treatment period. This would provide more consistent
levels without the high initial concentration. Exposure to adenosine at 100 uM (3 doses
over 48 h) produced a down-regulation indistinguishable from the single 300 uM dose
(Figure 2.10). Very similar results were also obtained when we reduced the adenosine
concentration to 50 uM (4 doses over 48 h), 25 MM (6 doses), and most convincingly
with adenosine as low as 12.5 M (12 doses). Equivalent down-regulation of DPPIV by
adenosine was confirmed by flow cytofluorimetric analysis of trypsinized cells that were
treated in a similar manner (Figure 2.1 1). These results were consistent with our
experience that high concentrations of adenosine are necessary when given as a single
dose in order to provide sufficient levels of adenosine over a prolonged time period in the
face of rapid metabolism. The results also indicate that the reduction of DPPIV requires
more than transient exposure of the cells to adenosine. At our chosen dosage intervals the
rapid metabolism of adenosine would exclude any net accumulation (Mujoomdar et al.,
2003). We therefore established that the down-regulation of DPPIV on HT-29 cells can

be achieved with concentrations of adenosine present within the tumor extracellular fluid

(Blay et al., 1997).
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Chronic exposure of cells to adenosine produces a sustained decrease in cell-surface
DPPIV

We had shown that treatment of HT-29 cells with a single dose of adenosine (300
pM) down-regulated DPPIV maximally at 48 h and persisted for at least 72 h (Figure
2.3). Our next goal was to explore whether longer-term continued adenosine exposure
would produce an even more sustained depression of cell-surface DPPIV. The
experimental strategy involved daily treatment of cells with 100 pM adenosine. This was
again an attempt to expose cells to persistent levels of adenosine without net
accumulation. DPPIV levels were assessed on each day (up to day 6) by the
radioantibody binding assay. In the absence of adenosine addition, baseline DPPIV levels
increased with time in culture (Figure 2.12) as reported earlier (see Figure 2.4). However,
daily supplementation of media with adenosine (the media was not changed during the
treatment time period) produced a sustained depression of DPPIV relative to the baseline
increase (Figure 2.12). The decline in DPPIV continued to day 4 with repetitive dosing,
and this depression was maintained throughout the culture period. The maximal effect on
DPPIV was a ~ 40% decrease from control. We did not prolong this study beyond 6 days

because of the reduced cell viability that occurred past this time.

Down-regulation of DPPIV is specific for adenosine and not its deamination product,
inosine

It was possible that the effect of adenosine in down-regulating DPPIV was
mediated by its deamination product (via metabolism by ADA), inosine, which itself has

been reported to regulate a number of cellular responses (Jin et al., 1997; Haské et al "
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2000). To probe the specificity of the response for adenosine, we treated the cells with a
single 100 uM dose of adenosine, inosine, or the alternative purine nucleoside guanosine.
Neither inosine nor guanosine reduced DPPIV as was observed for adenosine (Figure
2.13). Concentrations of these nucleosides as high as 300 uM were also without effect
(data not shown). To further support the specificity of the DPPIV down-regulation to
adenosine, we prevented inosine production by pretreating the cells with 2.5 uM
coformycin (an inhibitor of ADA). Coformycin did not abrogate the adenosine reduction
of DPPIV. Instead, the presence of coformycin shifted the apparent ECsq for adenosine
(single dose) approximately 4-fold from 43 + 12.1 uM to 10.7 + 4.0 uM (mean + SE, 3

| separate experiments; P < 0.05). This change in potency resulting from ADA inhibition is
likely due to increased adenosine availability. Taken together, these data indicate that
metabolism of adenosine to inosine is not required for DPPIV down-regulation to occur,

and that the response is not generalized to other nucleosides.

The down-regulation of DPPIV is not dependent on cellular uptake of adenosine

The next objective was to determine the cellular location at which adenosine was
acting to regulate DPPIV. For these studies we used the lowest maximally effective
single dose of adenosine (30 pM) in the presence of 2.5 uM coformycin to reduce
metabolism through ADA. This would permit assessment of the effects of selected
pharmacological agents on the adenosine response. We used adenosine uptake inhibitors
to assess the possibility that adenosine might be mediating down-regulation of DPPIV by:
(1) intracellular effects on nucleoside metabolism, (2) action on the “P”-site of

intracellular adenylyl cyclase (ICsp ~ 80 uM; Johnson et al., 1991), or (3) interfering with
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the transport of other nucleosides into the cell (Jarvis ef al., 1991). Neither dilazep (10
uM; Figure 2.14) nor NBTI or dipyridamole (each at 1 pM; Figure 2.14) were able to
block the down-regulation due to adenosine. These agents were used at concentrations in
excess of the ICso values for nucleoside transport inhibition (Griffiths et al., 19974,
Griffiths et al., 1997b; Ward et al., 2000). Indeed, the combination of NBTI with
dipyridamole, which concurrently blocks both NBTI-sensitive and NBTI-insensitive
transport (Ward and Tse, 1999), did not prevent the adenosine reduction of DPPIV.
Similarly, 5'-iodotubercidin (1 pM), which inhibits the intracellular phosphorylation of
adenosine through adenosine kinase, failed to alter the adenosine down-regulation of
DPPIV (Figure 2.15). Thus, neither the uptake nor the intracellular phosphorylation of

adenosine is necessary for this effect, and indicates that adenosine acts at a cell-surface

site to down-regulate DPPIV on HT-29 cells.
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Table 2.1 Effect of acid stripping on the detection of DPPIV after adenosine

treatment.
Conditions Treatment
Control Adenosine % Decrease
due to adenosine

I Control 5,282 £ 91 4,105 £ 29 ** 22

pH 4.2 5,041 + 160 3,891 £ 73 ** 23
1L Control 4,531 +92 4,132+ 107 *

pH 3.1 3,825+ 125 3,393+ 69 * 11
1. Control 4,034 + 38 3,441 £ 55 ** 15

pH 2.6 3,295+ 79 2,742 £ 23 ** 17

HT-29 cells were treated for 48 h with adenosine (300 1M) or vehicle control. Prior to
the binding assay, cells were incubated for 5 min at 4°C either at pH 7.4 (‘Control’), or in
buffer at the pH indicated. The data are mean values + SE for 3-4 replicate
determinations. *, significant reduction by adenosine relative to control treatment, P <

0.05. **, P<0.01.
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Figure 2.3 Down-regulation of DPPIV expression on HT-29 cells by long-term
exposure to adenosine.

The surface expression of DPPIV on HT-29 cells was measured after incubation in the

absence or presence of adenosine (300 pM) for the times indicated. The data are mean

values + SE (n = 3). *, significant decrease by adenosine, P < 0.05. ** P <0.01.
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Figure 2.4 Increased baseline level of cell-surface DPPIV expression and the effect
of adenosine.

The surface expression of DPPIV on HT-29 cells was measured after incubation in the

absence (clear bars) or presence of adenosine (300 uM, hatched bars) for the times

indicated. The data are mean values + SE (1 = 3). *, significant decrease by adenosine, P

<0.05. **, P <0.01.
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Figure2.5 Flow cytofluorimetric analysis of DPPIV down-regulation on HT-29

cells by long-term exposure to adenosine.

HT-29 cells were incubated for 48 h in the (i) absence or (ii) presence of adenosine (300
M) and released by trypsinization. Cytofluorimetric profiles for HT-29 cells stained
with isotype control mAb (open peaks) and with DPPIV-specific mAb (shaded peaks) are
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Figure 2.6 Failure of ADA loading to eliminate the decline in DPPIV due to
adenosine.

HT-29 cells were incubated for 48 h in the absence (clear bars) or presence of adenosine

(300 uM, hatched bars), washed, and further incubated for 60 min at 4°C with 10 pg/ml

ADA prior to the binding assay for DPPIV. The data are mean values + SE (1 = 4). **,

significant reduction by adenosine, P < 0.01.
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Figure 2.7 Reduction of DPPIV mRNA expression in HT-29 cells by long-term
exposure to adenosine.

The expression of DPPIV mRNA by HT-29 cells was measured by semi-quantitative RT-

PCR after incubation in the absence or presence of adenosine (300 uM) for the times

indicated. Expression of GAPDH mRNA was also assessed at the indicated time points.
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Figure 2.8 Acute up-regulation of DPPIV mRNA expression in HT-29 cells in
response to short-term adenosine exposure.

The expression of DPPIV mRNA by HT-29 cells was measured by semi-quantitative RT-

PCR after incubation in the absence or presence of adenosine (300 uM) for the times

indicated. Expression of GAPDH mRNA was also assessed at the indicated time points.
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Figure 2.9 Dose-dependence of the adenosine down-regulation of DPPIV
expression on HT-29 cells.

HT-29 cells were incubated at 37°C with a single dose of adenosine at the indicated

concentrations. Forty-eight hours later the expression of cell-surface DPPIV was

measured. The data are mean values £ SE (n = 3). *, significant reduction by adenosine,

P <0.05, **, P<0.01.
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Figure 2.10 Effect of adenosine concentration and dosing frequency on the down-

regulation of DPPIV on HT-29 cells.

HT-29 cells were incubated at 37°C with the indicated concentrations of adenosine (uM)
and number of doses (parentheses) over the 48 h treatment period. The data are mean
values + SE (n = 3). *, significant reduction by adenosine, P < 0.05, ** P <0.01.



64

50

Control

Events

e 10" 102 10° 104
FL1-Height

50
50

300 {1} 100 {3}

Events
Events

0% 10’ 102 105 104
FL1-Height FL1-Height

50
50

25 {12}

Events
Events

o dualin
10° 10! 10% 10° 104
FL1-Height FL1-Height

Figure 2.11 Flow cytofluorimetric analysis of DPPIV down-regulation in response
to adenosine concentration and dosing frequency.

HT-29 cells were incubated for 48 h with medium alone or the indicated concentrations

of adenosine (uM) and number of doses (parentheses). The cells were then released by

trypsinization and processed for flow cytofluorimetry analysis. Cytofluorimetric profiles

for HT-29 cells stained with isotype control mAb (open peaks) and with DPPIV-specific

mADb (shaded peaks) are shown.
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Figure 2.12 Persistent depression of cell-surface DPPIV protein with chronic

exposure to adenosine.
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Figure 2.14 The down-regulation of DPPIV on HT-29 cells is independent of
adenosine uptake.
HT-29 cells were pretreated for 30 min with control vehicle or (A) 10 uM dilazep or (B)
1 uM NBTI, 1 uM dipyridamole (DP), or I pM NBTI and DP. The cells were then
incubated with medium alone (clear bars) or adenosine at 10 uM (hatched bars) or 30
UM (shaded bars), plus 2.5 uM coformycin. Forty-eight h later surface expression of
DPPIV was measured. The data are mean values SE (n = 3). *, significant reduction by
adenosine, P <0.05, ** P <0.01.
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Figure 2.15 Phosphorylation of adenosine is not required for the adenosine down-
regulation of DPPIV.

HT-29 cells were pretreated for 30 min with control vehicle or 1 pM iodotubercidin

(IodoT). The cells were then incubated with medium alone (clear bars) or adenosine (30

HM, shaded bars), plus 2.5 uM coformycin. Forty-eight h later surface expression of

DPPIV was measured. The data are mean values SE (n = 3). *, significant reduction by

adenosine, P < (0.05, ** P <0.01.
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DISCUSSION

Several studies have reported that DPPIV is aberrantly expressed in many cancers
(Houghton et al., 1988; Bogenrieder et- al., 1997; Stecca et al., 1997), and that decreased
expression of DPPIV is linked to an increase in the invasive and metastatic behavior of
these cells (Pethiyagoda et al., 2001; Kajiyama et al., 2002b). Colorectal carcinomas
demonstrate significant intratumoral heterogeneity in DPPIV expression, suggesting that
local influences of the tumor microenvironment might play a role. The results in this
chapter have explored whether high levels of the purine nucleoside adenosine,

comparable to those within solid tumors (Blay et al., 1997), might regulate DPPIV

expression on human colorectal carcinoma cells.

Adenosine regulation of cell-surface DPPIV

The amount of DPPIV protein on the surface of HT-29 celIs increased with time
in culture. This progressive increase in baseline DPPIV is consistent with the known
ability of these cells to show increased expression of DPPIV protein during acquisition of
a more differentiated phenotype in response to time in culture, achievement of confluent
density, and depletion of glucose (Chantret ef al., 1988; Darmoul et al., 1992; Howell er
al., 1992). Relative to this background, we consistently observed an initial, transient
small (~ 10%) increase in DPPIV protein in response to a single high (300 uM) dose of
adenosine. This increase was subsequently replaced by a prolonged (maximum reached at
48 h) and more profound (typically ~ 40% under optimized conditions) decrease in cell-
surface DPPIV expression. The down-regulation of DPPIV was dose-dependent, with an

ECs for adenosine (single dose) of ~ 40 pM and a plateau at 100-300 uM. This down-
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regulatory effect of adenosine was demonstrated by the radioantibody binding assay on
monolayer HT-29 cell cultures and confirmed by flow cytofluorimetric analysis on
trypsin-released cell suspensions. Our use of the flow cytofluorimetry assay to quantify
levels of cell-surface DPPIV was justified based on the known resistance of DPPIV
protein to mild, and even prolonged, trypsinization (E.Y. Tan and J. Blay, unpublished
observations; Hanski et al., 1985; Hong et al., 1989).

The down-regulation of immunoreactive DPPIV was not an artifact of epitope
blocking. Our rationale for considering this possibility was because of the major function
of DPPIV as the ADA binding protein (Schrader ef al., 1990), and its alternative capacity
to bind the ECM proteins collagen and fibronectin (Bauvois, 1988; Piazza ef al., 1989).
Furthermore, the addition of exogenous ADA to DPPIV-expressing cells (e.g. T
lymphocytes) has been shown to reduce the immunoreactive detection of DPPIV (De
Meester et al., 1994). The adenosine down-regulation of DPPIV persisted when HT-29
cells were loaded with a saturating concentration of exogenous ADA prior to the binding
assay. Consistent with De Meester et al. (1994), exogenous ADA significantly blocked
DPPIV immunoreactivity measured both by binding assay and flow cytofluorimetry
(E.Y. Tan and J. Blay, unpublished data). Acid stripping (from pH 4.2 to pH 2.6) to
remove surface ligands prior to the binding assay also did not eliminate the reduction in
DPPIV due to adenosine. The failure of acid stripping additionally supports that the
decrease in DPPIV immunoreactivity is not because of increased binding of ADA. Van
der Weyden and Kelley (1976) found that ADA binding to DPPIV is optimal from pH 5.0
to 8.0. However, ADA binding is effectively disrupted at pH less than 4.0, which was

within the pH range assessed in our assays.
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Our investigation of the molecular mechanism of the adenosine effect pointed to
the regulation of DPPIV protein at the level of mRNA. Both the acute, transient increase
followed by reduction of DPPIV protein was preceded by corresponding changes in the
mRNA signal. It remains to be determined whether the adenosine effect on DPPIV
mRNA levels is due to changes in transcription, mRNA stability, or a combination of
both processes. The adenosine regulation of DPPIV by this molecular mechanism is
consistent with a number of other studies demonstrating regulation of DPPIV (in a
number of different cell types) at the transcriptional level in response to different soluble
mediators (Kehlen et al., 1998; Nemoto et al., 1999; Bauvois et al., 2000; Kajiyama et
al., 2002a).

The degree of cell-surface DPPIV down-regulation produced by a single dose of
adenosine could be matched by a dosing approach involving a more persistent exposure
to adenosine at lower concentrations, comparable to those found within the extracellular
fluid of solid tumor tissues (~ 10 uM; Blay ef al., 1997). This was convincingly shown by
the identical down-regulatory response of 12.5 uM and 300 uM adenosine given twelve
times or once, respectively, over 48 hours. Furthermore, daily exposure to moderate
levels of adenosine, which would preclude any accumulation of the nucleoside, (based on
the half-life of metabolism; Mujoomdar et al., 2003) produced a sustained decrease in
DPPIV protein at the cell surface. We therefore believe that the concentrations of
adenosine that are present within the tumor have the capacity to down-regulate DPPIV

levels in situ.
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Specificity of DPPIV down-regulation for adenosine

We examined whether the effect of adenosine might be mediated by its metabolite
inosine. The irreversible hydrolytic deamination of adenosine to inosine is catalyzed by
ADA, and HT-29 cells express this particular adenosine-metabolizing enzyme at the cell
surface (see Figure 4.7). Thus, the addition of adenosine to the culture medium of HT-29
cells would be expected to lead to elevated levels of inosine. The nucleoside inosine is
indeed present at increased extracellular levels in response to hypoxia and ischemia
(Wang et al., 1994; Rego et al., 1997; Bell et al., 1998), and recent studies have
established a role for elevated concentrations of inosine (typically greater than 50 uM) in
a number of cell regulatory roles. Inosine inhibits pro-inflammatory cytokine and
chemokine production (Haské et al., 2000), stimulates mast cell degranulation (Jin ef al.,
1997) and dendritic cell chemotaxis (Idzko et al., 2004), and has been shown to have
positive effects on neuronal growth after injury to the central nervous system (Benowitz
et al., 1999; Chen et al., 2002). Furthermore, inosine also reduces production of the
inflammatory cytokine IL-8 in HT-29 cells (Marton et al., 2001). Inosine has no
definitively known unique receptor(s); however, it has been shown to either utilize Aj;
adenosine receptors (binding in the range of 10-50 uM; Jin et al., 1997; Tilley et al.,
2000), a combination of adenosine receptors (Haské et al., 2000; Gomez and Sitkovsky,
2003), or act directly upon an intracellular target (Benowitz et al., 1998). The existence
of a novel, not yet identified, G protein-coupled receptor for inosine has also been
proposed (Idzko et al., 2004).

Inosine itself at the same concentration as adenosine had no effect on DPPIV

regulation. Furthermore, blocking inosine production with the ADA inhibitor coformycin
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did not abrogate the adenosine response. Instead, coformycin enhanced the potency (~ 4-
fold) of the DPPIV down-regulatory response to adenosine given as a single dose.
Therefore, the down-regulation of DPPIV on HT-29 cells is not regulated by the
metabolism of adenosine to inosine via ADA.

Hypoxia and ischemia also increase the extracellular concentration of the purine
nucleoside guanosine (Ciccarelli ez al., 1999). Similar to inosine, guanosine has only
recently become recognized as an extracellular signaling molecule. Cell regulatory
effects specific for guanosine include the induction of necrosis of aortic endothelial cells
(Han and Wyche, 1994) and the synthesis and release of neurotrophic factors from
astrocytes (Middlemiss et al., 19955. Guanosine has no identified cell surface receptor,
although a recent report proposed the existence of a putative Gj protein-coupled
guanosine receptor involved in protecting astrocytes against staurosporine-induced
apoptosis (Di Iorio et al., 2004). Certain effects of this nucleoside also appear to occur
via a mechanism involving guanosine-evoked accumulation of extracellular adenosine,
which then activates adenosine receptors (Ciccarelli ef al., 2000; Chen et al., 2001; Di
Torio et al., 2002). We therefore tested the effect of guanosine in our cultures but found
no role for this nucleoside in DPPIV regulation. Our data therefore point to a specific role

for adenosine rather than an effect generalized for nucleosides.

Location of adenosine action
We were interested in identifying the cellular location at which adenosine was
acting to modulate cell-surface DPPIV levels on HT-29 cells. Adenosine uptake via

nucleoside transporters is responsible for a minority of its regulatory effects. An
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intracellular site of action has, however, been reported as a mechanism for the property of
adenosine in causing apoptosis of endothelial cells (Dawicki et al., 1997; Rounds et al.,
1998) and several different cancer cell lines (Barry and Lind, 2000; Schrier et al., 2001;
Saitoh e al., 2004). These studies were all characterized by the requirement for high
concentrations of adenosine (> 100 uM, and commonly in the millimolar range) to

initiate apoptosis, while the adenosine effect could be prevented by blocking adenosine
uptake with the inhibitor dipyridamole. Several of these studies also implicated the
requirement for intracellular phosphorylation of adenosine to AMP (via adenosine
kinase) for the apoptotic effect to occur (Barry and Lind, 2000; Schrier ef al., 2001).
Interestingly, Saitoh et al. (2004) reported that intracellular conversion of adenosine to
AMP is followed by the activation of AMP-activated protein kinase (AMPK), which
subsequently mediates apoptosis. In addition to this uptake and phosphorylation
mechanism, adenosine is also capable of interacting with a “P-site” on the catalytic site of
adenylyl cyclase, resulting in inhibition of the enzyme and reduced intracellular cAMP
levels (Legrand et al., 1990; Johnson et al., 1991).

The nucleoside uptake inhibitors NBTI, dilazep, and dipyridamole each failed to
reverse the effect of adenosine at concentrations sufficient to block uptake by both NBTI-
sensitive (es; ENT1-mediated) and NBTI-insensitive (ei; ENT2-mediated) Na*-
independent equilibrative transporters. The combination of NBTI and dipyridamole
together, which rigorously eliminates uptake by equilibrative transport (Ward and Tse,
1999), was also without effect. Although Na'-dependent concentrative nucleoside
transporters (CNT1 and CNT2) are known to be expressed in certain cell types (Griffith

and Jarvis, 1996), they are likely absent from human colorectal carcinoma cell lines.
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Ward and Tse (1999) found that the T84 and Caco-2 colorectal carcinoma cell lines do
not express mRNA transcripts for CNT1 and CNT2. From a functional perspective there
was also no difference in nucleoside uptake in the presence or absence of Na* (Mun et
al., 1998; Ward and Tse, 1999). The addition of 5'-iodotubercidin, which inhibits the
phosphorylation of intracellular adenosine by adenosine kinase, also failed to prevent the
adenosine effect. Thus, neither uptake nor the intracellular phosphorylation of adenosine
is required for adenosine to exert its effect on DPPIV. We conclude that the mechanism
of action of adenosine in the regulation of DPPIV expression on HT-29 cells is mediated

at an extracellular site.

Relevance of DPPIV regulation by adenosine and other regulatory factors

The ability of adenosine to modulate cell-surface DPPIV expression could
perhaps contribute to the variability in DPPIV expression in tumor tissues in vivo.
Significant intratumoral variability in DPPIV immunoreactivity has been demonstrated in
colorectal adenocarcinoma tissues, with distinct areas of either high or low cell-surface
expression (ten Kate et al., 1985; ten Kate ef al., 1986). These latter regions of reduced
DPPIV expression in colorectal adenocarcinoma tumors might represent areas of DPPIV
down-regulation due to increased adenosine production resulting from local chronic
hypoxia. Chronic hypoxia occurs in tumor cells situated at a substantial distance from
functional tumor blood vessels (> 100-150 um), beyond which there is limited oxygen
delivery due to the high oxygen consumption of the intervening cells (reviewed by
Vaupel et al., 1989). Substantial heterogeneity indeed exists in the expression of chronic

hypoxia within human colorectal tumors: in human colon adenocarcinoma xenografts, the
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overall fraction of hypoxic cells has been found to vary between 5 and 22% and may
even exceed 80% (Leith ez al., 1991). These areas of chronic tissue hypoxia should
contain high levels of adenosine (Blay et al., 1997), and on the basis of our results, would
lead to a local, persistent reduction in cell-surface DPPIV expression.

DPPIV might also be subject to regulation by transient (also acute or “perfusion
limited”) hypoxia, which is a more dynamic form of hypoxia occurring in tumor cells that
are proximal to tumor blood vessels. Transient hypoxia is caused by intermittent
blockages in the vessels or collapse of tumor vessels, leading to temporary cessation of
blood flow, thereby decreasing oxygen delivery and availability (reviewed by Brown,
1999). Recent work has succeeded in quantifying the levels of transient hypoxia in
human tumor xenografts through the use of novel techniques (Brurberg e al., 2003;
Bennewith and Durand, 2004). At least 8% of cells have been found to be transiently
hypoxic in human colon adenocarcinoma xenografts (Bennewith and Durand, 2004),
suggesting the possibility that transient hypoxia occurring within the tumor might initiate
acute adenosine production that, in turn, would down-regulate DPPIV levels. This
reduction of DPPIV by transient hypoxia likely would not persist, but might also
contribute to the variable pattern of DPPIV expression observed within colorectal
adenocarcinoma tumors.

We have proposed a role for the tumor metabolite adenosine as a potential
endogenous regulator of DPPIV cell-surface expression in human colorectal
adenocarcinoma tissues. However, other factors and influences are likely to contribute to
the regulation of DPPIV in these tumors. One such influence is the direct regulation of

DPPIV by hypoxia itself. Sato et al. (2002) reported that long-term exposure of



77

choriocarcinoma cell lines to hypoxic conditions (48 h at 1% O) caused an increase in
DPPIV expression and protein. Although hypoxia increased DPPIV in these cell lines,
the participation of DPPIV in functional changes to carcinoma cells likely depends on the
particular tumor type. DPPIV in colorectal tumors might also be regulated by cytokines
secreted from tumor-infiltrating lymphocytes (Barth ef al., 1996; Kanai ef al., 2000). T
cell-derived cytokines such as IL-4, IL-13, IFN-y, and TNF-a. have been shown to
regulate DPPIV expression in human renal carcinoma cells (Riemann et al., 1995; Kehlen

et al., 1998). Thus, DPPIV is also likely regulated by the cytokine milieu present within

colorectal tumors.
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CONCLUSION

The major finding of this part of the study is the characterization of a novel
property for the purine nucleoside adenosine in tumor cell regulation. Specifically, we
have shown that adenosine chronically down-regulates the surface expression of DPPIV
on human colorectal carcinoma cells. This down-regulation of DPPIV occurs at
concentrations comparable to those present within the extracellular fluid of colorectal
tumors growing in vivo, and is not elicited by the nucleosides inosine and guanosine.
Neither cellular uptake of adenosine nor its phosphorylation to AMP is necessary for the
down-regulation of DPPIV. Adenosine therefore regulates DPPIV via a mechanism that
is initiated at the surface of HT-29 colorectal carcinoma cells. Finally, the adenosine

regulation of DPPIV protein is dependent, at least in part, by changes in transcription.
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CHAPTER 3

ADENOSINE DOWN-REGULATION OF DIPEPTIDYL PEPTIDASE IV ON
HT-29 HUMAN COLORECTAL CARCINOMA CELLS OCCURS THROUGH
STIMULATION OF PROTEIN TYROSINE PHOSPHATASE ACTIVITY AND

REDUCED PHOSPHORYLATION OF ERK1/2

Portions of this chapter will appear in the following manuscript:

Tan, E.Y., Zhang, H., Hoskin, D.W., and Blay, J. (Submitted) Adenosine down-regulates
dipeptidyl peptidase IV on HT-29 human colon cancer cells by stimulating protein
tyrosine phosphatase(s) and reducing the activity of ERK1/2.
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INTRODUCTION

Adenosine receptor signaling

The predominant effect of adenosine receptor ligation is either the activation
(Aza, Azp) or inhibition (A1, A3) of adenylyl cyclase, resulting in alterations in cAMP
concentrations within the cell (Fredholm et al., 2001). Cyclic AMP activates the cAMP-
dependent protein kinase (PKA), which promotes signal transduction by the
phosphorylation of various proteins. A signaling pathway triggered less frequently by
adenosine receptors is the activation of phospholipase C (PLC), which leads to the
generation of diacylglycerol (DAG) and inositol trisphosphate (IP3) through the
metabolism of phosphatidylinositol-4,5-bisphosphate (PIP;). DAG and IP; signal through
protein kinase C (PKC) and the elevation of cytosolic calcium levels, respectively
(Fredholm et al., 2001; Klinger et al., 2002).

Adenosine receptors are also coupled to additional signal transduction pathways
that bypass the usual regulation of adenylyl cyclase activity. For example, A, adenosine
receptors mediate the activation of several types of K* channels in cardiac myocytes
through a mechanism independent of cAMP, but requiring the involvement of GBy
subunits (Leaney and Tinker, 2000). The A,4 adenosine receptor activates Ca®*-
independent isoforms of PKC in PC12 cells in a manner that is not mimicked by cAMP
(Lai et al., 1997). In addition, activation of Asa receptors on neutrophils is known to
inhibit chemokine actions via mechanisms that do not exclusively depend on increases in
cAMP (Fredholm et al., 1996). Other examples of adenosine receptor effects not

necessarily dependent on adenylyl cyclase/cAMP involve the activation of mitogen-

activated protein (MAP) kinases.
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The MAPK protein family consists of the extracellular signal-regulated kinases
(ERK) and the stress-activated protein kinases (SAPK) p38 and c-jun N-terminal kinase
(JNK). These serine/threonine kinases play an essential role in processes such as cell
proliferation, survival, differentiation, and death (reviewed in Camps ef al., 1999; English
etal., 1999). Importantly, a growing number of unconventional adenosine signaling
pathways have been identified through studies of the adenosine activation of MAP
kinases. Faure et al. (1994) showed that the A, adenosine receptor transiently expressed
in COS-7 cells mediates ERK1/2 activation via the release of GBy subunits. The Aja
receptor stimulates the proliferation of endothelial cells through an ERK1/2-dependent
pathway requiring Ras and MAP kinase kinase (MEK), but is independent of G;, cAMP,
Ca**, and PKC (Sexl et al., 1995; Sex] et al., 1997). Furthermore, the Aja receptor-
mediated activation of ERK1/2 in transfected HEK293 cells is independent of G and
cAMP, but involves Ras and its guanine nucleotide exchange factor (GEF) Sos (Seidel er
al., 1999). Grant et al. (2001) demonstrated cAMP-independent ERK1/2 activation
through Ay adenosine receptors expressed by human retinal endothelial cells (HRECsS).
Finally, A; adenosine receptors have also been reported to activate ERK1/2 through an
unconventional pathway. In this case, A receptors expressed in CHO cells initiate a
pathway that involves Gy subunit release, followed by the sequential activation of PI3K,
Ras, and MEK to induce ERK1/2 phosphorylation and activation (Schulte and Fredholm,
2002). The signaling from Az to ERK1/2 was also found to be independent of Ca®* and

PKC.



In the present study, we investigated the involvement of adenosine receptors as
the cell-surface mechanism on HT-29 cells initiating the adenosine-mediated down-
regulation of DPPIV. We also sought to identify the signal transduction pathway

downstream of adenosine action leading to the down-regulation of DPPIV.

82
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MATERIALS AND METHODS

Materials

HT-29 human colorectal carcinoma cells, media, culture vessels and sera,
adenosine, coformycin, mAb against DPPIV/CD26 and mouse IgG; isotype control, and
127 labeled sheep anti-mouse IgG were obtained as in Chapter 2. R-PIA, CSC,
enprofylline, MRS1191, MRS1220, MRS1523, forskolin, 8-Br-cAMP, the Rp
diastereomer of adenosine cyclic 3',5’-phosphorothioate (Rp-cAMPs), PMA, ionomycin,
GF109203X, genistein, herbimycin A, serine/threonine phosphatase inhibitor cocktail,
protein tyrosine phosphatase inhibitor cocktail, sodium orthovanadate, and phenylarsine
oxide were from Sigma Chemical Co. (St. Louis, MO). NECA, DPCPX, alloxazine,
Calphostin C, LY294002, and wortmannin were obtained from Research Biochemicals
International (Natick, MA). PD98059, SB203580, SP600125, bpV(phen), mpV(pic), and
sodium stibogluconate were from Calbiochem (San Diego, CA). Mouse anti-phospho-
ERK1/2 mAb was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit
anti-ERK1/2 mAb was from Upstate Biotechnology (Lake Placid, NY). Sheep anti-
mouse IgG-horseradish peroxidase (HRP) and sheep anti-rabbit IgG-HRP were
purchased from Chemicon International (Temecula, CA). Bradford protein assay and
nitrocellulose were from Bio-Rad Laboratories (Hercules, CA). Protease inhibitor
cocktail tablets (complete, EDTA-free containing aprotinin, bestatin, leupeptin, PMSF,
and inhibitors of calpains and trypsin) were obtained from Roche Biomedicals (Laval,
PQ, Canada). The enhanced chemiluminescence (ECL) Western blot detection system

was from Pierce Chemical Co. (Rockford, IL).
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Cell culture

HT-29 cells were cultured as before (Chapter 2). Cells for use in binding assays
and ERK1/2 immunoblotting were seeded into 48-well and 6-well plates at 25,000-
50,000 and 200,000 cells per well, respectively, and allowed to adapt to culture for 48 h.
Cultures were then changed to medium containing 1% NCS for a further 48 h, and then
treated with drugs or control vehicle for evaluation of changes in DPPIV surface protein
expression or ERK1/2 phosphorylation. Adenosine receptor antagonists and inhibitors of

signal transduction were added to cell cultures 30 min prior to the addition of the relevant

adenosine treatment.

Radioantibody binding assay for DPPIV

Monolayer cultures of HT-29 cells in 48-well plates were assayed for cell-surface
DPPIV protein as described in Chapter 2. Briefly, cultures were incubated with anti-
DPPIV antibody or isotype control, washed, and the bound antibody was measured using
1251 labeled sheep anti-mouse IgG as tracer. The figures show representative results from

at least three separate experiments. Data were evaluated using a two-tailed Student’s ¢-

test for unpaired data.

ERK1/2 immunoblot analysis

Total cellular protein was isolated from HT-29 cells grown to 60-75% confluence
in 6-well plates. Cells were rinsed twice with ice-cold PBS and dissolved in RIPA buffer
[50 mM Tris-HCl (pH 7.4), 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1

mM EDTA, 1 mM sodium orthovanadate, | mM NaF, 1x protease inhibitor mix] for 45
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min at 4°C. The cell lysates were clarified by centrifugation (10 min at 12,000 x g) and
quantified by Bradford protein assay according to the manufacturer’s instructions.
Twenty micrograms of protein extract per lane were separated by SDS-PAGE using 10%
gels and electroblotted to nitrocellulose. Blots were blocked with 5% skim milk in Tris-
buffered saline with 0.1% Tween 20 for 1 h at room temperature. Blots were then probed
overnight at 4°C with anti-phospho-ERK1/2 antibody at a 1 pg/ml concentration
followed by incubation with sheep anti-mouse IgG-HRP-conjugated secondary Ab for 1
h at room temperature. Protein expression was detected using an enhanced
chemiluminescence (ECL) Western blot detection system. To confirm equal sample
loading, the blots were stripped in stripping solution (62.5 mM Tris pH 6.8, 2% SDS, 100
mM [-mercaptoethanol) for 15 min at 50°C, blocked, and re-probed with anti-ERK 1/2

(non-phosphorylated) Ab followed by sheep anti-rabbit [gG-HRP secondary Ab.

Statistical analysis
The figures show representative results from at least three separate experiments.

Data were evaluated using a two-tailed Student’s ¢-test for unpaired data.
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RESULTS
The down-regulation of DPPIV by adenosine occurs through a mechanism
independent of adenosine receptors

In chapter 2, we established that the location of adenosine action to down-regulate
DPPIV on HT-29 cells was at the cell surface. The ability of adenosine to produce
maximal down-regulation of DPPIV at sustained concentrations in the low micromolar
range is also consistent with action at an extracellular site. We hypothesized that
adenosine was acting through a conventional cell-surface adenosine receptor. The four
adenosine receptor subtypes are Aj, Aya, Asg, and Az, which are G protein-coupled
receptors that signal primarily through coupling to adenylyl cyclase (Fredholm et al.,
2001). HT-29 human colorectal carcinoma cells have been shown in our laboratory to
express all four receptor subtypes (M. Mujoomdar and J. Blay, unpublished data).

Selective adenosine receptor antagonists were used to attempt to identify the
receptor pathway. For this approach the cells were pretreated with adenosine receptor
antagonists followed by the lowest maximally effective dose of adenosine (30 uM) in the
presence of 2.5 pM coformycin to reduce adenosine metabolism through ADA. We were
unable to block the adenosine down-regulation of DPPIV in any of these experiments.
The results are summarized in Table 3.1. There was absolutely no loss of adenosine-
evoked DPPIV down-regulation after pretreatment and in the continued presence of the
A receptor antagonist DPCPX (30 uM); the A,a receptor antagonist CSC (30 uM); two
A,p receptor antagonists alloxazine and enprofylline (each at 100 uM); and three

different A3 adenosine receptor antagonists, MRS1191, MRS1220 (each at 30 pM), and

MRS1523 (10 uM, data not shown). The down-regulation of DPPIV was also not
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blocked when the concentration of adenosine was lowered to 10 UM in the presence of
coformycin (see Figure 3.1 for a representative example). This lack of antagonism was
evident even though the agents were used at up to 30-fold the concentrations we have
found necessary to block other responses of HT-29 and other cells to adenosine (C.L.
Richard, E.Y. Tan, and J. Blay, submitted manuscript; Zhang et al., 2004).

Given that HT-29 cells express all four adenosine receptor subtypes, it was
possible that the adenosine response might occur via concurrent stimulation of more than
one subtype. We therefore tested whether simultaneous inhibition of all four receptor
subtypes might abrogate the adenosine down-regulation of DPPIV. HT-29 cells were
treated with the combination of DPCPX (1 uM), CSC (1 pM), alloxazine (5 uM), and
MRS1523 (1 uM). These concentrations were chosen to reflect their relative inhibitory
potency in other systems, and were the highest combinatorial addition that could be used
without causing excessive toxicity (cell death due to antagonists ranged from 1.6 to 8.7%
in these experiments). Figure 3.2 shows the result of this approach. There was absolutely
no inhibition of the adenosine response (10 pM with coformycin), even though this same
combination was able to block the adenosine regulation of the CXCR4 chemokine
receptor in these cells (C.L. Richard, E.Y. Tan, and J. Blay, submitted manuscript).
Consistent with the failure of adenosine receptor antagonists to block the adenosine
response, we found no effect of the broadly-selective agonists NECA and R-PIA (Klotz
et al., 2000; Fredholm ef al., 2001) on DPPIV expression, at concentrations ranging from
10 to 100 uM (data not shown). Collectively, these data indicate that adenosine down-
regulates DPPIV by a mechanism not involving conventional adenosine receptor

subtypes.
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The negative findings obtained following our extensive studies with adenosine
receptor antagonists and receptor-selective analogues were unexpected. We next
evaluated the effect of manipulating the cAMP signaling network, which is the principal
transduction pathway that is triggered by conventional adenosine receptors (Fredholm et
al., 2001). Activation of cAMP-dependent targets (which would parallel signaling
through As4 and Ay receptors) did indeed alter DPPIV levels, but in the opposite way to
adenosine. Direct activation of adenylyl cyclase with forskolin (50 uM) and treatment
with the cell-permeable cAMP analogue 8-Br-cAMP (1 mM) led to an increase in cell-
surface DPPIV protein (Figure 3.3). Furthermore, the PKA inhibitor Rp-cAMPs (50 puM;
Rothermel et al., 1984) had no effect on the adenosine regulation of DPPIV on HT-29
cells (Figure 3.3). These experiments excluded changes in adenylyl cyclase regulation
and modulation of PKA activity from the DPPIV down-regulatory response. This
supported our conclusion that the adenosine down-regulation of DPPIV occurs through a

mechanism independent of known adenosine receptors.

The adenosine down-regulation of DPPIV occurs independently of PKC and PI3K
signaling pathways

Our strategy now shifted to an investigation of other signal transduction pathways
that have either been shown to be alternative routes of adenosine signaling, or might be
anticipated to be involved in the regulation of a surface adhesion molecule and peptidase
such as DPPIV.,

Phospholipase C activation, which has been observed in a minority of responses

to adenosine (Parsons ez al., 2000; Rogel et al., 2005), leads to the generation of
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diacylglycerol (DAG) and inositol trisphosphate (IP3), which signal through protein
kinase C (PKC) and the elevation of cytosolic calcium levels, respectively (Fredholm et
al., 2001; Klinger et al., 2002). Direct activation of PKC using the phorbol ester PMA (5
nM), or elevation of intracellular calcium with the calcium ionophore ionomycin (1 uM),
did not however mimic the adenosine effect, but in contrast caused an elevation of
cellular DPPIV (Figure 3.4). In addition, neither of two agents that are inhibitory for
PKC, GF109203X (1 uM; Toullec et al., 1991) or calphostin C (100 nM; Kobayashi et
al., 1989), interfered with the adenosine-evoked suppression of DPPIV (Figure 3.4). The
PKC inhibitor Ro-31-8220 (5 uM) also did not block the adenosine effect (see Appendix
A). These observations excluded the involvement of the phosphoinositide cycle and PKC
from the DPPIV down-regulatory response caused by adenosine.

Phosphatidylinositol 3-kinase (PI3K) is a lipid/serine kinase that has been
implicated in certain adenosine effects (Takasuga er al., 1999; Zhong et al., 2003). We
used wortmannin and L'Y294002, two potent and selective cell-permeable inhibitors of
PI3K (Vlahos et al., 1994; Nakanishi et al., 1995), to investigate the possible role of this
pathway in the adenosine-mediated down-regulation of DPPIV. However, neither
LY294002 (2 pM) nor wortmannin (100 nM) impeded the adenosine response (Figure

3.5), excluding PI3K as the proximal step in adenosine signaling in this context.

Protein tyrosine kinase phosphorylation modulates the adenosine down-regulation of
DPPIV
We next explored whether adenosine might be activating protein tyrosine kinase

(PTK) signaling pathways. Two broad-spectrum PTK inhibitors were used in these
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studies. The first inhibitor we tested was genistein, a potent inhibitor of most cellular
PTKs (Akiyama et al., 1987). Genistein at 20 uM (Figure 3.6) and 50 pM (data not
shown) did not block the adenosine response. However, the presence of genistein
consistently enhanced the down-regulation of DPPIV due to adenosine. This
enhancement of the adenosine effect was substantial with genistein at a concentration of
20 pM (mean enhancement of adenosine effect 45.5%, 6 separate experiments), but less
marked at 50 pM genistein (mean enhancement of adenosine effect 16.2%, 6 separate
experiments). We also tested herbimycin A, a PTK inhibitor that differs from genistein
by its selectivity for src-like PTKs (June et al., 1990). Herbimycin A at 1 uM also did not
block the adenosine effect (Figure 3.6). However, it did dramatically increase the
baseline level of DPPIV (~ 60% in Figure 3.6), although it did not accentuate the

adenosine effect in the same manmer as genistein.

The adenosine down-regulation of DPPIV requires increased protein tyrosine
phosphatase activity

Given that the broad-spectrum PTK inhibitor genistein was able to enhance the
down-regulatory effect of adenosine, we predicted that phosphatase pathways might be
important in the adenosine regulatory mechanism; specifically, phosphatase inhibition
might reduce or even eliminate the adenosine effect.

Recent studies have reported that certain effects of adenosine are regulated via
serine/threonine protein phosphatases (Narayan et al., 2000; Liu and Hoffman, 2003);
while other studies have found that adenosine action may also be linked to the activation

of protein tyrosine phosphatase (PTP) activity (Abe and Saito, 1998; Murphy et al., 2003;
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Zhang et al., 2004). We therefore explored whether the down-regulatory response of
DPPIV might occur through the adenosine activation of phosphatase(s). Our initial
approach was an evaluation of two commercially available broadly inhibitory cocktails of
agents selective against serine/threonine and tyrosine protein phosphatases. Inhibition of
serine/threonine phosphatases showed no evidence of abrogating the adenosine effect at
up to 0.2% '/, cocktail (Figure 3.7), or at a higher concentration (0.5% */y, data not
shown) that caused a substantial (> 60%) loss of cell viability. However, the tyrosine
phosphatase inhibitor cocktail caused a dose-dependent dampening of the adenosine
response up to 0.2% Y/, cocktail (Figure 3.7) and complete abrogation of the effect at
0.5% "1y (data not shown), although that high concentration again led to a substantial (~
50%) loss of cell viability.

Having found that the adenosine down-regulation of DPPIV could be consistently
blocked with a broad mixture of PTP inhibitors, we focused in on the possible
mechanism that was initiated by adenosine. The constituents of the mix were each tested
separately at concentrations equivalent to their presence in the cocktail. Significantly, the
adenosine response was only inhibited by sodium orthovanadate; the inhibitors sodium
molybdate, sodium tartrate, and imidazole were without effect (data not shown). We
therefore next treated the cells with adenosine (30 uM with coformycin) in the presence
and absence of sodium orthovanadate, a widely-acting inhibitor of tyrosine and dual-
specificity phosphatases (Hunter et al., 1995). Orthovanadate caused a dose-dependent
reduction of the adenosine effect and a complete abrogation at 200 uM (Figure 3.8). We
next tested the peroxy derivative of orthovanadate, bpV(phen), which is a more potent

and selective PTP inhibitor (Posner ef al., 1994). A complete block of the adenosine
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down-regulation of DPPIV was attained following pretreatment of the cells with 20 uM
bpV(phen) (Figure 3.8). The blocks imposed by orthovanadate and bpV(phen) at
concentrations of 200 uM and 20 pM, respectively, were highly reproducible.

We proceeded to test other agents with known PTP inhibitory activity. The potent
PTP inhibitor mpV(pic) (Posner et al., 1994) at concentrations up to 50 uM did not
block, or at best produced a partial block, in multiple experiments (data not shown). Our
ability to assess the inhibitory effect of phenylarsine oxide (Garcia-Morales et al., 1990)
on the adenosine response was compromised by its high degree of cytotoxicity (ECsp~ 1
UM, reaching complete cell death at 5 1M) over the 48 h treatment period. However,
there was no inhibition of the adenosine response in experiments using phenylarsine
oxide at 0.5 uM and 1 uM (see Appendix B). Taken together, these data demonstrate the
involvement of a PTP(s) in down-regulation of cell-surface DPPIV on HT-29 cells
exposed to adenosine. The selectivity to certain PTP inhibitors and not to others may

provide clues as to the particular PTP that is activated by adenosine.

The adenosine down-regulation of DPPIV is dependent upon ERK1/2, but not p38or
JNK MAP kinases

We next considered the potential role of mitogen-activated protein kinase
(MAPK) signaling pathways in mediating the adenosine response. Our rationale for
initiating this study was the knowledge that MAPK pathways are subject to regulation by
PTPs (Pulido ef al., 1998; Camps et al., 1999; English et al., 1999; Munoz et al., 2003).
Furthermore, adenosine has been reported to have the capacity for signaling through the

p38, extracellular signal-regulated kinase (ERK), and c-Jun N-terminal kinase (JNK)
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MAPK signaling pathways (Harrington et al., 2000; Liu and Hoffmann, 2003; Schulte
and Fredholm, 2003a; reviewed by Schulte and Fredholm, 2003 b). It therefore seemed
possible that adenosine-activated PTP(s) might act through MAPK pathways to cause the
changes in DPPIV.

Inhibition of p38 with SB203580 (5 uM; Cuenda et al., 1995; Jiang et al., 1996),
did not block or enhance the adenosine effect (Figure 3.9). The inhibition of INK by
SP600125 (Bennett ez al., 2001; Han et al., 2001) led to a dose-dependent increase in
baseline DPPIV expression (Figure 3.9; mean increase, 70.5% at 20 uM SP600125).
However, there was also no block or enhancement of the adenosine down-regulation of
DPPIV. The effect of PD98059, a MAPK kinase (MEK 1) inhibitor (Alessi et al., 1995),
was more informative. Firstly, the treatment of HT-29 cells with PD98059 (25 puM) itself
caused a down-regulation of DPPIV cell-surface protein that was comparable to the
adenosine-evoked depression (Figure 3.10). This suggested the possibility that a decrease
in the active tyrosine-phosphorylated form of ERK, caused either through adenosine-
stimulated PTP activity, or through PD98059-mediated inhibition of MAPKK (MEK), is
linked to a decline in DPPIV. Furthermore, PD98059 in combination with adenosine
produced a slightly greater but not additive decrease in DPPIV cell-surface protein
(Figure 3.10). This result is consistent with both the effects of adenosine and ERK
inhibition acting through the same process. However, it might also indicate the existence
of a minor, alternative pathway regulated by adenosine to further reduce levels of DPPIV.
In any case, these findings provide indirect evidence that the adenosine-mediated down-
regulation of DPPIV involves the ERK1/2 pathway and is associated with a decrease in

ERK1/2 activation.
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Adenosine causes a decrease in phosphorylated ERK1/2 that is dependent upon an
orthovanadate- and bpV(phen)-dependent PTP

Given the evidence supporting an adenosine-triggered PTP activity and
involvement of ERK1/2 in the down-regulation of DPPIV, we investigated directly the
effect of adenosine on ERK1/2 tyrosine phosphorylation. As shown in Figure 3.11, both
ERK1 and ERK2 were constitutively activated in HT-29 cells. Short-term exposure to a
single high dose of adenosine (300 uM) markedly decreased the level of tyrosine-
phosphorylated ERK1 and ERK?2 (Figure 3.11). The effect of adenosine was evident
within 10 min, maximal by 20 min, and sustained for 60 minutes after stimulation. We
prolonged the time course of adenosine (300 uM) exposure and found that the level of
ERK1/2 phosphorylation returned to control levels within ~ 3 h (Figure 3.11), and there
was no further change in ERK1/2 phosphorylation even at times out to 24 h. The dose-
response relationship of adenosine on ERK1/2 dephosphorylation was also evaluated.
Adenosine (single dose, no coformycin present) caused an observable decrease in
ERK1/2 phosphorylation at 10 pM and a maximum effect at a concentration of about 100
uM (Figure 3.12). This dose-response relationship exactly parallels the concentration-
dependence of the adenosine down-regulation of DPPIV following a single adenosine
dose (see Figure 2.9). A reduction in overall tyrosine protein phosphorylation in the 40-
50 kDa range of proteins from adenosine-treated HT-29 cells was also observed after
western blotting of total cellular lysates with anti-phosphotyrosine mAb (see Appendix
C), consistent with a reduction in ERK1/2 phosphorylation. These findings, together with

those of Figures 3.8 and 3.10, strongly argue that the adenosine reduction of cell-surface
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DPPIV in HT-29 cells occurs in close association with negative regulation of the ERK1/2
signaling pathway.

Finally, HT-29 cells were pretreated with sodium orthovanadate (200 uM) to
inhibit PTPs, and then exposed to adenosine for 40 min before examining the
consequences for ERK1/2 phosphorylation. The dose-dependent inhibitory effect of
adenosine on ERK1/2 tyrosine phosphorylation was abrogated in the presence of sodium
orthovanadate (Figure 3.13). The same abrogation of adenosine-induced ERK1/2
dephosphorylation was also observed using bpV(phen) at 20 uM (data not shown). These
findings demonstrate that reduced phosphorylation and therefore activity of ERK1/2 due
to adenosine is dependent on PTP(s). The inhibition of ERK1/2 phosphorylation due to
adenosine is therefore sensitive to PTP inhibition by either orthovanadate or bpV(phen),

which also abrogate the adenosine-induced down-regulation of DPPIV cell-surface

protein.

The PTP activated by adenosine is not SHP-1, SHP-2, or PTP-1B

We conducted a preliminary pharmacological experiment in an attempt to identify
the PTP target activated by adenosine to cause down-regulation of DPPIV on HT-29
cells. The novel PTP inhibitor sodium stibogluconate (Pathak and Yj, 2001) was tested
for its ability to block the adenosine effect. Sodium stibogluconate has strong inhibitory
activity against SHP-1, as well as SHP-2 and PTP-1B at higher concentrations. However,
sodium stibogluconate (100 uM) caused no change in the decrease in DPPIV levels due

to adenosine (Figure 3.14).



Table 3.1 Lack of effect of adenosine receptor antagonists on the adenosine-

mediated down-regulation of DPPIV.
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Adenosine receptor antagonist

Treatment
Control Adenosine
Aq - Control 1,572+ 14 1,167 £ 20 **
DPCPX 1,377 £ 26 1,059 & 31 **
Aoa Control 5,196 + 118 3,873 £ 70 **
CSC 5,231+ 32 4,000 £ 63 **
Azp Control 2,008 + 18 1,507 +£ 50 **
Alloxazine 1,945 + 31 1,536 + 38 **
Control 1,551+ 18 1,189 + 19 **
Enprofylline 1,370 £ 37 944 4 28 **
A; Control 3,565 £ 51 2,855 + 49 **
MRS1191 3,503 % 46 2,924 + 67 **
Control 4,053+ 93 2,920 + 56 **
MRS1220 4,163 + 87 3,240 £ 38 **

HT-29 cells were pretreated for 30 min with the adenosine receptor antagonists DPCPX
(A1, 30 M), CSC (Aza, 30 pM), alloxazine or enprofylline (Asp, 100 uM), or MRS1191

or MRS1220 (A3, 30 uM) before incubation with medium alone or adenosine (30 uM

plus 2.5 uM coformycin). Forty-eight h later surface expression of DPPIV was measured

by radioantibody binding assay. The data are mean cpm + SE (n = 4). **_significant

reduction by adenosine, P <0.01.
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Figure 3.1 Representative example of the failure of adenosine receptor antagonists
to block the adenosine down-regulation of DPPIV.

HT-29 cells were pretreated for 30 min with control vehicle or with the A; receptor

antagonist MRS1191 (30 uM). The cells were then incubated with medium alone (clear

bars) or adenosine at 10 uM with 2.5 uM coformycin (filled bars). Forty-eight h later

surface expression of DPPIV was measured by radioantibody binding assay. The data are

mean values + SE (n =4). ** significant reduction by adenosine, P < 0.01.
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Figure 3.2 Concurrent treatment with A;, Aza, Azp, and A3 adenosine receptor

antagonists does not block the decline in DPPIV due to adenosine.
HT-29 cells were pretreated for 30 min with control vehicle or a combination of 1 uM
DPCPX, 1 uM CSC, 5 uM alloxazine, and 1 uM MRS1523. The cells were then
incubated with medium alone (clear bars) or adenosine at 10 MM with 2.5 uM
coformycin (filled bars). Forty-eight h later surface expression of DPPIV was measured
by radioantibody binding assay. The data are mean values + SE (n = 4). **, significant
reduction by adenosine, P < 0.01.
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Figure3.3 cAMP/PKA-dependent signaling pathways are not required for the
adenosine-mediated down-regulation of DPPIV.

Cell-surface DPPIV levels were measured following 48 h treatment with control vehicle

or (A) forskolin (50 pM) or (B) 8-Br-cAMP (I mM). (C) HT-29 cells were pretreated

with the PKA inhibitor Rp-cAMPs (50 uM) followed by vehicle alone (filled bars) or 30

HM adenosine with 2.5 uM coformyein (clear bars). Cell-surface DPPIV levels were

measured 48 h later. The data are mean values + SE (n=4). **, significant change, P <
0.01.
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Figure 3.4 Adenosine regulation of DPPIV is independent of the PKC signaling
pathway.
(A) HT-29 cells were treated with the PKC activator phorbol 12-myristate 13-acetate
(PMA, 5 nM) or the calcium ionophore ionomycin (1 uM) for 48 h after which cell-
surface DPPIV levels were measured by radioantibody binding assay. (B) Inhibition of
PKC signaling does not block the adenosine effect. HT-29 cells were pretreated with the
PKC inhibitors GF109203X (GF, 1 uM) or calphostin C (100 nM) for 30 min followed
by control vehicle (clear bars) or 30 uM adenosine with 2.5 UM coformycin (filled bars).
Forty-eight h later surface expression of DPPIV was measured by radioantibody binding
assay. The data are mean values + SE (n = 4). ** significant change, P < 0.01.



101

%k

DPPIV binding activity
(cpm/10° cells)

Control LY294002 Wortmannin

Figure 3.5 Adenosine regulation of DPPIV is not dependent on PI3K signaling.
HT-29 cells were pretreated with the PI3K inhibitors LY294002 (2 pM) or wortmannin
(100 nM) for 30 min followed by control vehicle (clear bars) or 30 pM adenosine with
2.5 M coformycin (filled bars). Forty-eight h later surface expression of DPPIV was
measured by radioantibody binding assay. The data are mean values + SE (n =4). **,
significant reduction by adenosine, P < 0.01.
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Figure 3.6 Effect of PTK signaling inhibitors on the adenosine-mediated down-
regulation of DPPIV.

HT-29 cells were pretreated with the PTK inhibitors genistein (20 uM) or herbimycin A

(I uM) for 30 min followed by control vehicle (clear bars) or 30 KM adenosine with 2.5

uM coformycin (filled bars). Forty-eight h later surface expression of DPPIV was
measured by radioantibody binding assay. The data are mean values + SE (n=4), **
significant reduction by adenosine, P < 0.01.
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Figure 3.7 Effect of phosphatase inhibition on the adenosine-mediated down-
regulation of DPPIV.

HT-29 cells were pretreated with phosphatase inhibitory cocktails against (A)
serine/threonine (Set/Thr) or (B) tyrosine protein phosphatases (PTP) at the indicated
concentrations for 30 min followed by control vehicle (clear circles) or 30 uM adenosine
with 2.5 uM coformycin (filled circles). Cell-surface levels of DPPIV were evaluated 48

h later by radioantibody binding assay. The data are mean values + SE (n=4). *,
significant reduction by adenosine, P < 0.05. **k P <0.01.
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Figure 3.8 Protein tyrosine phosphatase inhibitors block the adenosine-mediated
down-regulation of DPPIV on HT-29 cells.

HT-29 cells were pretreated for 30 min with (A) sodium orthovanadate (100, 150, 200

uM) or (B) bpV(phen) (20 uM). The cells were then treated with control vehicle (clear

bars) or 30 pM adenosine with 2.5 uM coformycin (filled bars). Forty-eight h later

surface expression of DPPIV was measured. The data are mean values + SE (n=4). **

significant reduction by adenosine, P < 0.01.
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Figure 3.9 Adenosine regulation of DPPIV is independent of p38 and JNK MAPK
signaling pathways.

HT-29 cells were pretreated with the (A) p38 inhibitor SB203580 (5 uM) or (B) JNK

inhibitor SP600125 (10, 20 uM) for 30 min, followed by control vehicle (clear bars) or

30 pM adenosine with 2.5 uM coformycin (filled bars). Forty-eight h later surface

expression of DPPIV was measured. The data are mean values + SE (n = 4), **,

significant reduction by adenosine, P < 0.01.
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Figure 3.10 Inhibition of ERK1/2 MAPK signaling produces down-regulation of
DPPIV and accentuates the adenosine effect.

HT-29 cells were pretreated with the MEK1 inhibitor PD98059 (25 uM) for 30 min,

followed by control vehicle (clear bars) or 30 MM adenosine with 2.5 uM coformycin

(filled bars). Forty-eight h later surface expression of DPPIV was measured. The data are
mean values + SE (n = 4). **_ significant change, P < 0.01.
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Figure 3.11 Adenosine reduces ERK1/2 tyrosine phosphorylation in HT-29 cells.
(A) Acute reduction of ERK1/2 phosphorylation. HT-29 cells were stimulated with
adenosine (300 pM) or control vehicle and then harvested at the indicated time points.
Cell lysates (20 pg) were subjected to Western blot analysis for phosphorylated ERK 1/2.
(B) Longer-term effect of adenosine on ERK1/2 phosphorylation. HT-29 cells were
stimulated with adenosine (300 1M) or control vehicle and then harvested at the indicated
time points. Western blotting was performed for phosphorylated ERK1/2 (p-ERK1/2,
upper panel) and total ERK1/2 (lower panel) protein expression.
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Figure 3.12 Dose-dependence of the adenosine-induced reduction of ERK1/2
phosphorylation in HT-29 cells.

HT-29 cells were stimulated with adenosine at the indicated concentrations and lysed

after 45 min. Western blotting was performed to detect phosphorylated (p-ERK1/2, upper

panel) and total ERK1/2 (lower panel) protein expression.
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Figure 3.13 PTP inhibition blocks the adenosine-induced reduction of ERK1/2
phosphorylation in HT-29 cells.

HT-29 cells were pretreated for 15 min with control vehicle or sodium orthovanadate

(200 uM). The cells were then stimulated with adenosine at the indicated concentrations

for 40 min, and then harvested for Western analysis. Cell lysates (20 pg) were subjected

to electrophoresis and blots were analyzed for phosphorylated ERK1/2 (p-ERK1/2, upper

panel) and total ERK1/2 (lower panel).
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Figure 3.14 Sodium stibogluconate does not block the adenosine down-regulation of

cell-surface DPPIV protein.

HT-29 cells were pretreated with the PTP inhibitor sodium stibogluconate at the indicated
concentrations for 30 min, followed by control vehicle (clear bars) or 30 uM adenosine

with 2.5 uM coformycin (filled bars). Forty-eight h later surface expression of DPPIV
was measured. The data are mean values + SE (n=4). **_significant reduction by

adenosine, P <0.01.
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DISCUSSION

The objective of the experiments presented in this chapter was to understand how
extracellular adenosine leads to the decrease in cell-surface DPPIV. Specifically, we
sought to identify the initial events that are involved following the encounter of HT-29
cells with the adenosine signal. This involved extensive experiments to determine the
involvement of cell-surface adenosine receptors and the specific signaling pathway

regulated by adenosine action.

Adenosine receptors and the DPPIV down-regulation

Our expectation was that one of the well-characterized adenosine receptor
subtypes (A1, Aza, Azp, or A3) would be involved. We paid particular attention to the A,g
and Aj receptor subtypes because of their higher level of expression on the HT-29 cells
(M. Mujoomdar and J. Blay, unpublished data). However, numerous experiments using
seven different established antagonists (at concentrations several-fold in excess of the
ICsp values for antagonism) failed to block the adenosine down-regulation of DPPIV.
This included two different A,p antagonists (alloxazine and enprofylline) and three
different Az antagonists (MRS1191, MRS1220, and MRS1 523). Of these Aj; receptor
antagonists, MRS1191 is most selective while MRS1220 has the highest affinity for the
human Aj; receptor (Jacobson, 1998). In addition to the failure of adenosine receptor
antagonists, the broadly selective agonists NECA (A, A,, and A3) and R-PIA (A and
A;) failed to mimic the action of adenosine even at concentrations as high as 100 pM.

Finally, the failure of the PKA inhibitor Rp-cAMPs to alter the adenosine-mediated
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down-regulation of DPPIV shows that the major signaling route employed by all four of
the adenosine receptor subtypes, the cAMP signaling pathway, is not involved.

The inability to block the adenosine response in our antagonist studies might have
been complicated by the possibility of dynamic adenosine receptor expression on HT-29
cells. Studies in our laboratory have shown that the pattern of adenosine receptor
expression varies depending on cell culture conditions, including cell density (M.
Mujoomdar and J. Blay, unpublished data). This is consistent with data by Leliévre ef al.
(2000) showing that adenosine receptor expression on HT-29 cells also changes as a
function of cell differentiation. However, when a combination of antagonists against all
four subtypes (at the highest feasible concentrations) was used, there was absolutely no
decline in the adenosine-evoked reduction of DPPIV (Figure 3.2). Our experimental
treatments were appropriate, and the antagonists had appropriate activity, because the
identical approach using the same reagents has allowed us to completely abrogate the
adenosine-mediated increase of the CXCR4 chemokine receptor in these same cells (A,
receptors are involved in the regulation of CXCR4; C.L. Richard, E.Y. Tan, and J. Blay,
submitted manuscript). We could therefore exclude the possibility of changing adenosine
receptor expression profiles, as well as the possible use of more than one receptor
subtype to elicit the adenosine response. This compelled us toward the conclusion that the
adenosine down-regulation of DPPIV does not occur through the conventional adenosine
receptors so far known.

A number of groups have found evidence and proposed the existence of
‘atypical’, or non-classical, adenosine receptor subtypes. This has included the possibility

of a novel, lower affinity adenosine receptor (Apasov et al., 2000), an atypical adenosine
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A4 receptor (El Yacoubi et al., 2000), and atypical A; adenosine receptors (Ezeamuzie
and Philips, 2003; Wolber and Fozard, 2005).

We established in Chapter 2 that high levels of adenosine are sensed at the cell
surface, rather than evoking a change in DPPIV after entry into the cell through
nucleoside transporters. The down-regulation of DPPIV is not simply a cell-surface
perturbation triggered by extracellular adenosine that leads to intracellular sequestration
of DPPIV (as for example occurs with Caco-2 cells treated with forskolin; Baricault e
al., 1995). The time course is relatively slow (maximum reached at 48 h), and we show
here that there is clearly an intermediary intracellular signaling pathway that leads to the
decline in DPPIV protein.

There was also the possibility that adenosine might signal via nucleotide-sensitive
P;-purinergic receptors. HT-29 cells have been found to express metabotropic P,y,
receptors at the cell surface (Hopfher ef al., 1998; Hopfher et al., 2001). However, these
receptors appear to mediate growth inhibition and apoptosis of HT-29 cells in response to
ATP. Furthermore, signaling downstream of these receptors is virtually absent even in the
presence of very high levels of adenosine (500 uM). Therefore, the adenosine-mediated
down-regulation of DPPIV is likely triggered by a novel adenosine receptor or adenosine-
binding protein. Alternatively, the effect might be mediated by an already characterized

membrane protein with the unreported capacity of responding to adenosine.

Other adenosine signaling pathways
We proceeded to investigate candidate signal transduction pathways that might be

involved in the adenosine regulation of DPPIV. As indicated above, the cAMP pathway



114

was not the route of signaling for adenosine. In support of this view, direct stimulation of
adenylyl cyclase with forskolin, or treatment with the stable, cell-permeable analogue 8-
Br-cAMP, conversely caused an increase in the levels of cell-surface DPPIV. These
effects are consistent with the increase in DPPIV mRNA expression observed in renal
carcinoma cells in response to these same agents (Kehlen ez al., 1998), and show that
DPPIV has the capacity to be up-regulated through cAMP in HT-29 cells. The findings
indicate that either the adenosine receptors are not efficiently coupled to adenylyl cyclase
in HT-29 cells, or the alternate signaling mechanism that is involved is able to overcome
the effects of signaling through the established adenosine receptors.

We also found increases in DPPIV cell-surface protein using the PKC activator
PMA or the calcium ionophore ionomycin. Again, this is consistent with the finding that
DPPIV mRNA expression is increased in renal carcinoma cells treated with the calcium
ionophore A23187 (Kehlen et al., 1998). Increases in cell-surface DPPIV expression also
oceur in human gingival fibroblasts exposed to PMA (Nemoto et al., 1999). This
confirms that products of phospholipase C activation, and elevations in intracellular
calcium, are able to up-regulate DPPIV. However, phospholipase C activation is clearly
not the route of adenosine action because the effect is the reverse of that due to
adenosine. Furthermore, the PKC inhibitors GF109203X, calphostin C, and Ro-31-8220
all failed to block the adenosine response. Similarly, we excluded the possible
involvement of PI3K by the use of structurally different inhibitors.

Two protein tyrosine kinase inhibitors, genistein and herbimycin A, did not
inhibit the adenosine response. We did however find that the adenosine down-regulation

of DPPIV was enhanced by genistein, suggesting that phosphorylation pathways were
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involved. This led us to our finding that the adenosine effect on DPPIV is exerted through
intermediate steps that involve (i) activation of a protein tyrosine phosphatase that is
sensitive to inhibition by sodium orthovanadate and bpV(phen), and (ii) reduction in the
activation of ERK1/2 MAPK, but not p38 or INK MAPKs.

Interestingly, our studies excluding the involvement of PKC and p38 MAPK
pathways inadvertently supported our conclusion that adenosine is acting at a cell-surface
site, as opposed to adenosine uptake. Recently, Huang et al. (2002) reported a novel
pharmacological function for the p38 MAPK inhibitor SB203580 in preventing NBTI-
sensitive (ENT1-mediated) nucleoside uptake. This inhibitory property strongly occurred
at concentrations typically used to inhibit the kinase. A subsequent report by the same
group also found that the PKC inhibitors GF109203X and Ro-31-8220 strongly blocked
ENT1-mediated nucleoside uptake (Huang ef al., 2003). Importantly, we used these
specific PKC inhibitors at concentrations in excess of the ICs, values for inhibition of

nucleoside uptake.

Adenosine regulation of ERK1/2 MAPK

Regulation of ERK1/2 (p44/p42) MAPK in response to adenosine has been
widely reported in different cellular systems. Human A, A, Asg, and A; adenosine
receptors expressed in CHO cells (and Az receptors expressed in HEK293 cells) all
couple to the ERK1/2 MAPK pathway. However, in each case adenosine or an
appropriate synthetic agonist increases the phosphorylation of ERK1/2 (Dickenson et al.,
1998; Seidel et al., 1999; Schulte and Fredholm, 2000; Trincavelli et al., 2002). Caution

must be taken in the interpretation of such models because it is well known that
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expression/over-expression of cloned receptors might result in signaling that differs from,
or sometimes is opposite to, that of endogenously expressed receptors. For example,
adenosine A agonists exert a negative inotropic effect in wild-type mice, but exert a
positive inotropic effect in mice overexpressing A; receptors (Neumann et al., 1999).
However, the stimulation of ERK1/2 through endogenous adenosine receptors (primarily
A2) has also been observed: in primary human endothelial cells (Aza; Sexl et al., 1997),
untransfected human embryonic kidney cells (Azg; Gao ef al., 1999), HMC-1 human
mast cells (Azp; Feoktistov et al., 1999), BR canine mastocytoma cells (Ayp; Gao et al.,
1999), PC12 rat pheochromocytoma cells (Aja; Arslan ef al., 2000), and XS-106 mouse
dendritic cells (A and Aj; Dickenson et al., 2003).

Conversely, there are data showing that adenosine may inhibit the stimulation of
ERK1/2 phosphorylation induced by other mediators, including thrombin (Hirano et al.,
1996) and nerve growth factor (Arslan et al., 2000). Recently, Merighi et al. (2005)
demonstrated inhibition of ERK1/2 phosphorylation in A375 human melanoma cells by
the selective A3 receptor agonist C1-IB-MECA. This response to Cl-IB-MECA was
indeed generated at the cell surface because of the abrogating effect of A3 receptor
antagonists. Inhibition of A3 adenosine receptor expression using small-interfering RNA
also abolished agonist effects. However, our data, to the best of our knowledge,
represents the first observation of adenosine itself causing negative regulation of the
ERK1/2 MAPK pathway. It is notable that most studies of ERK 1/2 activation have used
stable ligands such as NECA or agents selective for the appropriate receptor subtype,
whereas we would argue based upon earlier observations that adenosine itself may elicit

different cellular responses to its analogues (Mujoomdar e al., 2003). Significantly,
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adenosine itself has been shown to diminish activation of the p38a MAPK in endothelial
cells, although ERK1/2 activity was slightly elevated in that system (Harrington et al.,
2000).

The dose-response relationship for adenosine inhibition of ERK1/2
phosphorylation in HT-29 cells exactly parallels that of the reduction in DPPIV cell-
surface protein. This is indicative of a single affinity of ligand interaction for the two
adenosine effects, which is consistent with linkage to a common receptor/cell-surface site
that initiates the response. However, our results differ from other studies of ERK1/2
activation not only because we see an inhibition, rather than stimulation, of activity by
adenosine, but that we have failed to assign sensing of the initial signal to any of the four
well-characterized adenosine receptor subtypes. This is not for reasons of inappropriate
adenosine concentration. We have shown sensitivity of the DPPIV down-regulation to
adenosine as low as the 30 pM range without inhibiting its metabolism. F urthermore, we
routinely treat the cells with 10-30 uM adenosine in the presence of 2.5 uM coformycin
to inhibit ADA-mediated breakdown. This contrasts, for example, with the millimolar
dosing used by Harrington e al. (2000) in their studies of p38c. modulation, which leads
to apoptosis.

The lack of evidence for the involvement of cAMP pathways in adenosine-
induced DPPIV down-regulation is consistent with data showing that adenosine
modulates ERK1/2 signaling irrespective of whether increases (A2a, A2p) or decreases
(A1, A3) in cAMP would be expected to occur (Dickenson et al., 1998; Seidel et al.,
1999; Schulte and Fredholm, 2000; Trincavelli ef al., 2002; Dickenson et al., 2003). It is

also consistent with the finding that stable cAMP analogues do not produce changes in
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ERK1/2 (Sexl et al., 1997; Seidel et al., 1999). Moreover, the dose-response relationships
for ERK1/2 phosphorylation versus cAMP accumulation in sensitive cells differ by two
orders of magnitude (Schulte and F redholm, 2000). The situation does, however, differ in
adenosine receptor-transfected CHO and HEK293 cell models, in which cAMP appears

to play a major causal role in ERK1/2 activation (Hirano et al., 1996; Gao et al., 1999).

Involvement of protein tyrosine phosphatases

We have found striking evidence for adenosine stimulation of a protein
phosphatase activity that is able to produce the dephosphorylation of ERK1/2 that we
have observed. A cocktail of inhibitors that blocks serine/threonine protein phosphatases,
including PP1 and PP2A had no effect on the adenosine down-regulation of DPPIV. This
excluded the possibility that adenosine might be acting through PP2A, which has been
shown to occur in cardiomyocytes via the A; adenosine receptor (Liu and Hoffmann,
2002; Liu and Hoffmann, 2003). However, a protein tyrosine phosphatase inhibitor
cocktail, and the individual PTP inhibitors sodium orthovanadate and bpV(phen)
completely abrogated both the adenosine reduction of ERK1/2 activation and the down-
regulation of cell-surface DPPIV protein. This observation parallels the findings of a
recent exploration of adenosine inhibition of IL-2 signaling in T cells (Zhang et al.,
2004). In that work, adenosine was found to activate Src homology PTP 2 (SHP-2) to
reduce the tyrosine phosphorylation of STATS5a/5b, and that this could be blocked by the
PTP inhibitors orthovanadate and bpV (phen). It is noteworthy that the adenosine
reduction of p38c. MAPK activity in endothelial cells also appears to involve a PTP that

is sensitive to vanadate inhibition (Harrington et al., 2000).
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The PTP target that is the focus of our adenosine action and which is inhibited by
orthovanadate and bpV(phen) was not identified. Adenosine activation of protein tyrosine
phosphatase activity represents a novel mechanism in the field of adenosine-induced
responses. With the exception of Zhang et al. (2004), who implicated SHP-2 as the target
of adenosine action, the remaining reports have failed to identify any specific PTP that is
activated by the adenosine regulatory mechanism (Abe and Saito, 1998; Harrington et al.,
2000; Crist et al., 2001; Murphy et al., 2003). This is not surprising based on the poor
understanding of the specific PTPs that are subject to inhibition by different tyrosine
phosphatase inhibitors. Moreover, many of the biological functions and substrate
specificities of PTPs have yet to be identified. It should be appreciated that PTPs
constitute a superfamily of >75 enzymes (reviewed by Tonks and Neel, 2001), which
include the transmembrane, receptor-like PTPs (RPTPs) and non-transmembrane
(cytoplasmic) PTPs. The PTP superfamily also includes the-dual-specificity phosphatases
(DSPs), which typically dephosphorylate protein substrates that contain phosphotyrosine,
phosphoserine, and phosphothreonine.

The action of adenosine in our system was not inhibited by a number of
alternative PTP inhibitors, including sodium molybdate, sodium tartrate, imidazole,
mpV(pic) or phenylarsine oxide. This indicates the marked selectivity for inhibition of
the PTP involved. The failure of these inhibitors to have effects also excludes the
involvement of various general acid and alkaline phosphatases that would be sensitive to
vanadate inhibition, including alkaline phosphatases characteristic of intestinal epithelial
cells (Seargeant and Stinson, 1979; Wang and Gilles-Baillien, 1992). We were able to

rule out the involvement of SHP-1, SHP-2, and PTP-1B based on the failure of the PTP
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inhibitor sodium stibogluconate to block the adenosine response. However, sodium
stibogluconate is not inhibitory against DSPs (Pathak and Yi, 2001) as opposed to

orthovanadate, which is capable of blocking this subclass of PTPs (Hunter, 1995).

Speculation on the adenosine-activated PTP

Our strategy to identify the PTP(s) activated by adenosiﬁe relies on the knowledge
that the adenosine down-regulation of DPPIV could be consistently inhibited by
orthovanadate and bpV(phen). It would then be logical to investigate the PTP inhibitory
profile of bpV(phen) instead of orthovanadate based on its more selective nature (Posner
et al., 1994). Indeed, other groups have appreciated this distinction as a means to
potentially identify the specific PTP involved (e.g. Roy et al., 2001; Bieger et al., 2002).
Recent reports have begun to identify a number of PTPs that can be inhibited by
bpV(phen). These bpV(phen)-sensitive PTPs include: SHP-1 (Fortin ef al., 2001; Barat
and Tremblay, 2003), SHP-2 (Zhang et al., 2004), PTP-1B (Krejsa et al., 1997; Schmid
et al., 2004), Cdc25A (Faure ef al., 1995; Scrivens et al., 2003), DSP4 (Scrivens et al.,
2003), PTEN (Schmid et al., 2004), PRL-3 (Wu et al., 2004), CD45 (Krejsa et al., 1997),
PTPB (Schmid et al., 2004), and PTPH1 (Lavoie et al., 2000). The PTP CD45 is a RPTP
that is exclusively expressed in T cells (Torimoto ef al., 1991) and its involvement can
therefore be ruled out with that of SHP-1, SHP-2, and PTP-1B. However, the ability of
bpV(phen) to inhibit the activity of Cdc25A, DSP4, PTEN, and PRL-3 indicates that it is
not strictly a tyrosine-specific phosphatase, but also inhibits dual-specificity
phosphatases. Cdc25A is a DSP overexpressed in several cancers that is required for cell

cycle progression of cancer cells through G;-S (Scrivens et al., 2003). Interestingly, PRL-



121

3 has been implicated in colorectal carcinoma metastasis; specifically, its expression is
elevated in almost all metastatic lesions derived from colorectal cancers, regardless of the
site of metastasis (liver, lung, brain, or ovary; Bardelli et al., 2003; Kato et al., 2004).

The phosphatase activity stimulated by adenosine to down-regulate DPPIV can
also be distinguished by having specificity against activated ERK MAPK. MAP kinases
are activated following phosphorylation of a Thr-X-Tyr (where X represents glutamine
for ERK) motif in their activation loops by a dual specificity MAPK kinase (MEK).
Phosphorylation of both the threonyl and tyrosyl residue within this motif is required for
activity (reviewed by Camps ef al., 1999; Tonks and Neel, 2001). It then follows that
inactivation of MAPKSs may be achieved either through the action of two distinct single
specificity phosphatases acting individually on the phosphorylated residues, or through
the activity of a single DSP that recognizes both residues. The DSPs that inactivate ERK
are typically MAP kinase phosphatases (MKPs).

The protein Ser/Thr phosphatase PP2A has been implicated as a physiologically
relevant ERK phosphatase (Zhou et al., 2002). However, our data excludes the
involvement of this class of phosphatase. In addition, our exclusion of the involvement of
SHP-1, SHP-2, and PTP-1B is strengthened based on the lack of activity of these
phosphatases against ERK (Zhou et al., 2002). Furthermore, SHP-2 is instead usually
coupled to an increase in ERK activation (Shi ef al., 1998; Cunnick et al., 2002).

Early on it was suggested that bpV(phen) might inhibit DSPs involved in the
negative regulation of ERK MAP kinase (Band and Posner, 1997; Band ef dl., 1997),
leading to the suggestion that bpV(phen) might be of value in identifying phosphatases

regulating MAP kinase activity. One intriguing possibility might be MKP-1. This
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particular phosphatase has been reported to be hypoxia-responsive and can therefore be
regulated within the tumor microenvironment (Laderoute et al., 1999). It is tempting to
speculate that MKP-1 might also be activated by the high levels of adenosine in solid
tumors. However, Beltman er al. (1996) found that the PKC inhibitor Ro-31-8220 is
capable of inhibiting immediate early MKP-1 expression and activity in response to
growth factors. This inhibitor did not block the adenosine response in our assays
(Appendix A), and weakens the possibility of MKP-1 involvement.

Another possible adenosine-activated phosphatase is MKP-3, which has been
suggested to be blocked by bpV(phen) (Wu ez al., 2002). This seems possible given that
MKP-3 contains significant regions of homology to the Cdc25A phosphatase (Muda et
al., 1996) that is known to be inhibited by bpV(phen) (Faure et al., 1995; Scrivens et al.,
2003). In addition, MKP-3 appears to be a physiologically relevant regulator of ERK1/2
kinase activity (Zhou et al. 2002). Other ERK-specific phosphatases that might be
considered are HePTP (Pettiford and Herbst, 2000), PTP-SL (Pulido et al., 1998), and
STEP (Pulido et al., 1998). It is not yet known whether these particular MKPs are

sensitive to inhibition by bpV(phen).
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CONCLUSION

We have identified a pathway leading from encounter of the cancer cell with
adenosine at concentrations that exist in the tumor extracellular fluid, to the down-
regulation of DPPIV protein at the cell surface. This pathway involves the activation of a
PTP by adenosine through a route that is independent of the existing adenosine receptor
subtypes, and does not require participation of the PKA, PLC, PKC, PI3K, or PTK
pathways. Activation of the PTP by adenosine is associated with the reduced tyrosine
phosphorylation and activity of ERK1/2 MAPK, which is required for the down-
regulation of DPPIV to occur. The steps that are involved in initial sensing of the
adenosine signal, and the identity of the phosphatase(s) involved in ERK1/2 suppression,
remain to be elucidated. Understanding this pathway should allow us to block the down-
regulation of DPPIV due to adenosine and its adverse consequences, leading to new ways
of interfering with tumor expansion and spread. The independence of this DPPIV down-
regulatory pathway from known adenosine receptors is an advantage, as the conventional
signaling pathways for adenosine are involved in numerous aspects of physiologic
regulation (such as blood flow), which we would prefer to spare in any pharmacologic

intervention focusing on adenosine’s tumor-enhancing actions.
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CHAPTER 4

ADENOSINE MODULATES THE FUNCTIONAL ACTIVITIES OF
DIPEPTIDYL PEPTIDASE IV ON HT-29 HUMAN COLORECTAL

CARCINOMA CELLS

Portions of this chapter appeared in the following publication:

Tan, E.Y., Mujoomdar, M., and Blay, J. (2004) Adenosine down-regulates the surface
expression of dipeptidyl peptidase IV on HT-29 human colorectal carcinoma cells.
Implications for cancer cell behavior. Am. J. Pathol. 165, 319-330.

Portions of this chapter will appear in the following manuscript:
Tan, E.Y. and Blay, J. (In preparation) Adenosine modulation of dipeptidyl peptidase IV

activity, adenosine deaminase binding, and extracellular matrix binding of HT-29 human
colorectal carcinoma cells.
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INTRODUCTION

The role of DPPIV in regulating cancer cell behavior has been explored in
numerous studies. These studies have investigated the functional consequences of the
reexpression or overexpression of DPPIV in carcinoma cell lines that normally express
low levels or lack expression of DPPIV protein (e.g. melanoma, prostate, NSCLC,
ovarian, and endometrial carcinomas; Wesley e al., 1999; Pethiyagoda et al., 2001;
Kajiyama et al., 2002b; Kajiyama et al., 2003; Mizokami et al., 2004; Wesley et al.,
2004; Wesley et al., 2005). Collectively, however, these studies have failed to consider
the impact of the functional activities of DPPIV on tumor progression. Much evidence
exists suggesting that the functions of DPPIV to: (1) bind ecto-ADA, (2) cleave selected
peptide substrates, and (3) adhere to proteins of the extracellular matrix might play an

important role in regulating tumor progression when cell-surface DPPIV expression is

reduced (or lost) on carcinoma cells.

Functional role of ADA binding to DPPIV

The functional importance of ADA binding to the surface membrane of cells via
DPPIV has been speculated since the early studies identifying ADA-L as the adenosine
deaminase complexing (or binding) protein (e.g. Nishihara et al., 1973; Daddona et al.,
1980; Schrader et al., 1990). Given that the cytotoxic and cytostatic effects of adenosine
on immune cells were already well established at this time, Trotta (1982) hypothesized
that the association of ADA with the plasma membrane via DPPIV would be
advantageous towards protecting mammalian cells against the toxic effects of elevated

concentrations of adenosine in the extracellular space. This role of ecto-ADA in
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protecting against adenosine toxicity was also postulated in other studies (e.g. Andy and
Kornfeld, 1982; Schrader and Bryer, 1982). Notably, Kameoka et al. (1993) and Martin
et al. (1995) predicted that DPPIV might be involved in regulating the extracellular
concentration of ADA (from either the interior of the cell or from release after local cell
death), which in turn would regulate the extracellular levels of adenosine. Both of these
studies involved the regulation of ADA on the surface of T lymphocytes and its role in
immune regulation. Following from that work, Dong et al. (1996) reported that T
lymphocytes expressing ecto-ADA (through its association with DPPIV) were more
resistant to the suppressive effects of adenosine on T cell proliferation and IL-2
production (i.e. the major functional indicators of T cell activation) compared with cells
lacking ecto-ADA. The involvement of DPPIV in binding ecto-ADA to regulate
adenosine levels was later confirmed by the same group in a study using Jurkat cells
transfected with a DPPIV construct deficient in ADA-binding (Dong et al., 1997). The
mutant DPPIV transfectants (without ecto-ADA) were much more sensitive to the
inhibitory effect of adenosine on IL-2 production than were wild-type DPPIV |
transfectants,

Two further theories have been proposed based on the binding of ecto-ADA to
DPPIV at the surface of cells. Houghton et al. (1988) suggested that the specific loss of
DPPIV during melanocyte transformation might allow melanoma cells to become
susceptible to the “inductivé” (i.e. tumor-promoting) effects of adenosine. Finally, Ginés
et al. (2002) proposed that the ecto-ADA to DPPIV interaction might represent an
alternative mechanism mediating the physical adhesion of lymphocytes to colorectal

carcinoma cells. In this model, ecto-ADA would be used as a bridging molecule between
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DPPIV-expressing lymphocytes and carcinoma cells (also expressing DPPIV), thereby

facilitating immune cell attack.

Role of DPPIV dipeptidase activity

The enzyme activity of DPPIV cleaves NH,-terminal dipeptides from
polypeptides with either L-proline or L-alanine at the penultimate position (Tanaka et al.,
1992). NH,-terminal truncation of certain chemokines by DPPIV leads to significant
changes in functional activity (usually inactivation) and receptor selectivity (reviewed by
De Meester et al., 1999). In vitro experiments have shown that stromal cell-derived
factor-1-alpha (SDF-1a/CXCL12) is the chemokine cleaved most efficiently by DPPIV,
causing a loss of its chemotactic activity (Shioda et al., 1998; Lambeir et al., 2001).
Recently, Busso ef al. (2005) reported that DPPIV™" mice exhibit increased levels of
circulating active SDF-1a, indicating that DPPIV also regulates the iz vivo half-life of
this chemokine. This is significant given that SDF-1c, has recently been reported to play
an important role in the recruitment of circulating bone marrow-derived, CXCR4-positive
endothelial progenitor cells (EPCs) to ischemic tissue, where the EPCs complement
existing angiogenesis through the process of vasculogenesis (Yamaguchi et al., 2003; De
Falco et al., 2004). This appears to occur because of the selective in vivo expression of
SDF-1a within ischemic tissue in response to reduced oxygen tension (via hypoxia-
inducible factor-1 (HIF-1)-induced expression of SDF-1c; Ceradini et al., 2004). It can
therefore be predicted that the hypoxic tumor microenvironment would contain elevated
levels of SDF-1a, potentially stimulating vasculogenesis through the recruitment of

EPCs. In turn, the reduction (or loss) of DPPIV in solid tumors would favor the
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persistence of intact SDF-10. in the tumor microenvironment, thereby favoring tumor
vascularization by vasculogenesis.

Chemokines can also affect tumor development by attracting immune cells with
either pro- or anti-tumoral activities. The role of proteolytically modified chemokines
resulting from DPPIV-mediated cleavage within the tumor microenvironment is
beginning to be explored. The chemokines LD78B and RANTES are efficiently cleaved
by DPPIV both in vitro and in vivo (Struyf et al., 1998; Proost et al., 2000), which
enhances affinity of the cleaved forms to the CCRS5 receptor. Increased signaling through
the CCRS receptor has been speculated to result in enhanced T-lymphocyte infiltration
into solid tumors (Van Damme et al., 2004). Thus, the down-regulation of DPPIV that is
observed in most types of solid tumors might be predicted to result in more persistent
levels of these intact chemokines, thus preventing the CCR5-mediated infiltration of
lymphocytes into tumors.

Other functions of DPPIV dipeptidase activity in tumor progression might involve
the regulation of angiogenesis. Neuropeptide Y (NPY) promotes vessel sprouting and
adhesion, migration, proliferation, and capillary tube formation by human endothelial
cells in vitro (Zukowska-Grojec et al., 1998). NPY is also angiogenic in vivo, with
activity comparable to bFGF and VEGF. The involvement of DPPIV in NPY function
was speculated when both DPPIV and NPY were found to exhibit similar localization on
the surface of endothelial cells, suggesting that DPPIV might be involved in NPY
processing. Following from this research, Ghersi et al. (2001) established DPPIV activity
as a requirement for NPY-mediated chemotaxis of HUVECS; specifically, the DPPIV-

truncated form of NPY (NPY3.36) binds to NPY angiogenic receptors. Furthermore, it was
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speculated that the activity of DPPIV might function as a switch converting the activity
of NPY from vasoconstrictive to angiogenic.

The dipeptidase activity of DPPIV might also be significant in regulating the
growth-promoting effect of certain substrates. DPPIV-mediated cleavage of glucagon-
like peptide-2 (GLP-2) appears to play a role in attenuating the growth-promoting effect
of this peptide on human colorectal carcinoma cells (Bulut et al., 2004). GLP-2 also
accelerates the growth of chemically-induced colonic neoplasms in mice (Thulesen ef al.,
2004). Significantly, a stable analogue of GLP-2 that is resistant to truncation by DPPIV
increases tumor load significantly more than native GLP-2, thus supporting the role of

DPPIV in restraining GLP-2-mediated cell growth.

Interaction of DPPIV with the extracellular matrix (ECM)

DPPIV has the capacity to bind the ECM proteins collagen and fibronectin.
Preliminary evidence of DPPIV interacting with the ECM was shown when Walborg et
al. (1985) identified a peptide, Hep105, which was shared by the plasma membrane of rat
hepatocytes and the rat liver biomatrix. Hep105 was determined to be DPPIV, and it was
also shown that rat liver biomatrix possessed significant DPPIV activity. Intriguingly, the
authors speculated that DPPIV might play a role in maintenance of tissue architecture and
further suggested that altered expression of DPPIV in rat hepatocellular carcinomas
might be involved in the loss of proper cellular organization characteristic of these
carcinomas. Hartel ef al. (1988) studied the distribution of DPPIV expression in rat
tissues by immunohistochemistry and observed that DPPIV was often attached to

collagenous fibers and localized at sites of cell-ECM contacts.
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The interaction of DPPIV with collagen was initially reported when an antiserum
raised against mouse liver DPPIV delayed spreading of rat hepatocytes on a denatured
collagen matrix (Hanski et al., 1985). The involvement of DPPIV was limited to the
initial spreading phase (0-2 hours), but did not have an effect on total long-term cell
spreading. This finding was later extended when the same antiserum inhibited the initial
spreading of hepatocytes on native type I collagen (Hanski et al., 1988). Specific binding
of DPPIV from solubilized rat hepatocyte membranes to native collagen fibrils was also
visualized by immunohistochemistry. Biochemical studies have demonstrated that
purified DPPIV from mouse fibroblasts specifically binds immobilized gelatin (denatured
collagen) and type I collagen (Bauvois, 1988). Additionally, soluble DPPIV disrupts the
adhesion of mouse fibroblasts to multiwell plates coated with denatured collagen and
native collagen. Léster et al. (1995) found that DPPIV preferentially binds to collagen
types I and III, with lesser binding to types II, IV, V, and VI. The binding site for
collagen on the DPPIV molecule was determined to be located in the cysteine-rich
domain of DPPIV. Binding to collagen has also been demonstrated by DPPIV expressed
on human lymphocytes (Dang ef al., 19905).

DPPIV purified from rat hepatocytes binds to plasma purified fibronectin, and
was of higher affinity than the binding to collagen (Piazza et al., 1989). Recent studies
have suggested that the interaction of DPPIV with fibronectin might play a role in
adhesive events occurring during tumor progression. DPPIV overexpression in ovarian
carcinoma cells increases the total cell adhesion to collagen- and fibronectin-coated
plates approximately 2-fold and 2.5-fold, respectively (Kikkawa et al., 2003).

Overexpression of DPPIV also induced adhesion to mesothelial cells, which was
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improved in a dose-dependent manner by the addition of soluble fibronectin. It is
speculated that ovarian carcinoma cells capture fibronectin on their cell surface through
DPPIV during their transit in ascites fluid, which subsequently mediates the adhesion to
mesothelial cells lining the peritoneum. A comparable model for DPPIV adhesion to
fibronectin has been proposed in breast carcinoma. Cheng et al. (1998) have proposed
that DPPIV functions as an endothelial adhesion molecule for rat breast carcinoma cells
and mediates lung metastasis. Specifically, DPPIV expressed on the surface of lung
endothelial cells binds to breast carcinoma cells that have captured and polymerized
abundant fibronectin at the tumor cell surface during hematogenous circulation.
Furthermore, DPPIV binding sites have been identified within fibronectin and,
importantly, peptides of fibronectin containing the DPPIV binding domain block
pulmonary metastasis of breast carcinoma cells in a rat model (Cheng ef al., 2003).

In addition to DPPIV having the capacity to bind collagen and fibronectin, it has
more recently been found that DPPIV contains gelatinase activity (Bermpohl ef al., 1998;
Ghersi et al., 2002), which is the ability to cleave denatured collagen. DPPIV purified
from rat kidney tissue degrades denatured type I, II, III, and V collagens as shown by
gelatin zymography assay, while fibronectin is not degraded (Bermpohl ef al., 1998).
Ghersi et al. (2002) found that DPPIV participates in the process of gelatin degradation
by migratory fibroblasts. Interestingly, DPPIV was localized at membrane protrusions
called invadopodia that are specialized structures involved in dynamic membrane motility

and ECM adhesion and degradation (reviewed by Chen and Wang, 1999).
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Our approach taken in this chapter to investigating the impact of adenosine on
DPPIV function differs significantly from other studies. We examined changes in
function by the endogenous DPPIV molecule, and the effect in response to the
quantitative reduction in DPPIV levels triggered by adenosine. This is more likely
representative of the in vivo situation within tumors, in which changes in DPPIV protein
expression are usually not strictly qualitative (i.e. expressed vs. absent). We explored the
effect of adenosine on down-regulation of DPPIV with respect to the actual functions
ascribed to the molecule. To this end, we investigated the effect of adenosine on: (1)
DPPIV dipeptidase activity, (2) levels of endogenous cell-surface ADA and the binding
capacity for exogenous ADA, and (3) interactions with the extracellular matrix. A
systematic study of changes in the specific functions of DPPIV in response to a potential
physiological regulator has not yet been described in the literature. Results from this
work demonstrate what we consider to be more representative effects of the
loss/reduction of DPPIV from carcinoma cells, as opposed to changes in overall

carcinoma cell function when DPPIV expression is restored in cells.
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MATERIALS AND METHODS

Materials

HT-29 human colorectal carcinoma cells, media, culture vessels and sera,
adenosine, mAb against DPPIV/CD26 and mouse IgG isotype control, and '*’I-labeled
sheep anti-mouse IgG were obtained as in Chapter 2. Calf spleen ADA, human cellular
fibronectin (cFN), human plasma fibronectin (PFN), human placental collagen (Sigma
types VI, IX, and X), RGD (Gly-Arg-Gly-Asp-Ser) peptide, control peptide (Ser-Asp-
Gly-Arg-Gly), and Gly-Pro-p-nitroaniline p-toluenesulfonate salt (Gly-Pro-pNA), and
Diprotin A (Ile-Pro-Ile) were from Sigma Chemical Co. (St. Louis, MO). Rabbit anti-
human ADA antibody and rabbit IgG isotype control were from Cedarlane Laboratories
Ltd. (Hornby, Ontario, Canada). Rabbit anti-bovine ADA antibody was from Alpha
Diagnostic International (San Antonio, TX). Mouse anti-human mAb against o,
integrin/CD51 (clone AMF7) was purchased from Immunotech (Marseille, France). '*I-
labeled goat anti-rabbit IgG, F(ab'), fragment was obtained from PerkinElmer Life
Sciences (NEN) (Boston, MA). '*’I-labeled donkey anti-rabbit Ig, F(ab'), fragment and

high specific activity [’H]-labeled amino acid mixture (90-157 Ci/mmol) were from

Amersham Biosciences Inc. (Baie d’Urfé, Quebec, Canada).

Cell culture

HT-29 cells were cultured as before (Chapter 2). Cells for use in binding assays or
for measurements of DPPIV enzyme activity (monolayer method) were seeded into 48-
well plates at 25,000-50,000 cells/well and allowed to adapt to culture for 48 h. Cultures

were then changed to medium containing 1% NCS for another 48 h, and then treated with
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adenosine or control vehicle for evaluation of changes in DPPIV protein expression or
dipeptidase activity. Cells for use in measurements of DPPIV enzyme activity on released
cells and cell lysates were seeded into 10-cm diameter culture dishes at 5x10°-10°

cells/dish and cultured and treated with adenosine as described above.

Radioantibody binding assay for DPPIV, endogenous ADA, and integrin o, subunit
Monolayer cultures of HT-29 cells in 48-well plates were assayed for cell-surface

DPPIV protein as described in Chapter 2. The integrin o, subunit was detected with
mouse anti-ol, antibody (2 pg/ml) followed by '*I-labeled sheep anti-mouse IgG. To
determine levels of cell-surface endogenous ADA the cultures were incubated with rabbit
anti-human ADA antibody or rabbit IgG isotype control (both at a concentration of 1
ug/ml), washed, and the bound antibody was measured using *’I-labeled donkey anti-
rabbit Ig (F(ab'), fragment) as tracer. The figures show representative results from at least

three separate experiments. Data were evaluated using a two-tailed Student’s r-test for

unpaired data.

Assay for cellular binding of exogenous ADA

The method used to measure the cellular capacity for ecto-ADA binding was a
modification of the DPPIV radioantibody binding assay, except that the cells were first
loaded with saturating concentrations of bovine ADA and the bound, exogenous ADA
was then detected with an antibody selective for the bovine enzyme. Monolayer cultures
of HT-29 cells in 48-well plates were first treated with 10 pg/ml calf spleen ADA in

medium for 60 min at 37°C. Preliminary experiments had shown this concentration of
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calf spleen ADA to saturate the unfilled binding capacity of HT-29 cells (Figure 4.1). The
plates were then washed and assayed for bound ADA using a rabbit anti-bovine ADA
antibody (1 pg/ml) and a '*I-labeled goat anti-rabbit secondary antibody (F(ab'),
fragment) using the procedures described above. Data were corrected for binding in the
absence of loading with exogenous ADA. The ‘unloaded’ Background binding was never
more than twice the antibody isotype control value, and likely represented a low degree
of DPPIV occupancy with ADA acquired from serum; or endogenous human ADA
secreted from the cells, absorbed from the medium, and subsequently detected by the

weakly cross-reacting anti-ADA antibody.

Assay of cellular dipeptidyl peptidase IV enzymatic activity from monolayer cultures
DPPIV enzyme activity was measured spectrophotometrically using
Gly-Pro-pNA as a DPPIV substrate. The culture plates were placed on ice and the wells
were washed twice with 500 pl ice-cold PBS; then given 250 pl of 2 mM Gly-Pro-pNA
in 100 mM HEPES buffer (pH 7.6) containing 0.12 M NaCl, 5 mM KCl, 1.2 mM
MgSO;, 8 mM glucose, and 10 mg/ml BSA and incubated for 60 min at 37°C. After
incubation, 100 pl of the supernatant was transferred to a 96-well flat-bottomed
microtiter plate and the absorbance (due to p-nitroaniline release) was measured at 405
nm. The enzyme activity was calculated after subtraction of the absorbance values for
cell-free controls. DPPIV dipeptidase activity was expressed as nmol pNA formed/10°

cells or fmol/min/cell.
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Assay of cellular DPPIV enzymatic activity from trypsinized cells

HT-29 cells were rinsed twice with ice-cold PBS and released from 10-cm culture
dishes directly into trypsin. The cells were then washed and resuspended at 10° cells/ml
in 2 mM Gly-Pro-pNA in 100 mM HEPES buffer (pH 7.6) containing the constituents
described in the above section. Each cell suspension was pipetted into a 96-well flat-
bottomed plate at 100 pl/well (10° cells/well) and incubated for 60 min at 37°C. After
incubation, the absorbance (due to p-nitroaniline release) was measured at 405 nm. The
enzyme activity was calculated after subtraction of the absorbance values for cell-
containing (vehicle absent) controls and DPPIV dipeptidase activity was expressed as

nmol pNA formed/10° cells.

Assay of cellular DPPIV enzymatic activity from HT-29 cell lysates

HT-29 cells were rinsed twice with ice-cold PBS and dissolved in RIPA buffer
(see Chapter 3 for constituents) for 45 min at 4°C. The cell lysates were clarified by
centrifugation (10 min at 12,000 x g) and combined with 2 mM Gly-Pro-pNA at a 1:10
ratio in a 96-well flat-bottomed plate. The plate was incubated for 60 min at 37°C and
after incubation the absorbance (due to p-nitroaniline release) was measured at 405 nm.
Bradford assay was used to determine the concentration of protein samples and the

DPPIV dipeptidase enzyme activity was expressed as pmol/min/pg protein.

Assay of cell adhesion to extracellular matrix proteins
Cells for use in adhesion assays were seeded into 80-cm? flasks at 10° cells/flask

and cultured and treated with adenosine as for other approaches. Prior to adhesion assays,
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HT-29 cells in monolayer culture were labeled for 3 h with 1 uCi/ml [*H]-labeled amino
acids in amino-acid-free medium (MacKenzie ef al., 1994) containing 1% fetal calf
serum (FCS). Four-well plates were coated overnight at 4°C with extracellular matrix
proteins at a concentration of 5 pg/ml (~1 pg/em?) in PBS. Prior to their use in assays,
plates were treated with 2% BSA in serum-free DMEM to reduce non-specific binding.
Radiolabeled HT-29 cells (50,000/well to prevent cell-cell contact) in serum-free DMEM
were added to the ECM-coated 4-well plates and incubated for the indicated time at
37°C. For certain experiments the HT-29 cell suspensions were pretreated with RGD or
control peptide (500 uM) for 30 min at room temperature. At the end of the incubation
period, plates were gently washed twice by inverting into PBS (containing Ca®" and
Mg2+) for 10 min at 4°C to remove non-adherent cells. The bound cells were dissolved in
500 pl of 0.1 M NaOH containing 1% sodium dodecy] sulfate (SDS) and the measured

radioactivity (after correction for the specific activity of labeling of the cells) was used as

a measure of cell adhesion.

Preparation of endogenously-secreted HT-29 matrices

HT-29 cells were seeded into 4-well plates at 60,000-80,000 cells/well and
allowed to grow to confluence for 7-8 days. Prior to the adhesion assay, the confluent
monolayers were incubated with 20 mM NH,OH for 10 min at room temperature to lyse
the cells, leaving the secreted HT-29 ECM intact. The endogenous matrices were then
washed three times with H,0 and twice with PBS, followed by treatment with 2% BSA

in serum-free DMEM to reduce non-specific binding.



138

Statistical analysis

The figures show representative results from at least three separate experiments.
Data were evaluated using a two-tailed Student’s #-test for unpaired data. The data for the
effect of adenosine on kinetics of DPPIV dipeptidase activity were evaluated using a

paired, two-tailed Student’s r-test.
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Figure 4.1  Cell surface binding capacity of HT-29 cells for exogenous ADA.
Confluent monolayer cultures of HT-29 cells were incubated with exogenous calf spleen
ADA at the indicated concentrations for 60 min at 4°C. The cells were then washed, and
the levels of cell surface-bound ADA were measured by radioantibody binding assay.
Points are mean values, n = 3. Some standard errors fall within the symbols.
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RESULTS
Adenosine reduces the DPPIV dipeptidase activity of HT-29 cells

To evaluate the effect of adenosine on DPPIV dipeptidase activity, we measured
the ability of HT-29 monolayers to cleave the model DPPIV substrate Glycine-Proline-p-
nitroaniline (Gly-Pro-pNA). This is a chromogenic assay in which the dipeptidase
activity of DPPIV liberates the Gly-Pro dipeptide from pNA, and PNA subsequently
produces a colored product in the reaction buffer. Our objective in these experiments, and
for most of the following functional experiments, was to treat the HT-29 cells in a way
that would mimic the persistent exposure to adenosine that is present within solid tumors
(Blay er al., 1997). This treatment protocol was typically a four day exposure to
adenosine involving either (i) twice daily doses of 50 uM adenosine or (ii) a daily dose of
100 pM adenosine.

HT-29 cells that were pretreated with adenosine (50 uM twice daily over 4 days)
demonstrated reduced DPPIV dipeptidase activity (and reduced DPPIV protein; Figure
4.2). This was shown by the diminished production/release of PNA from adenosine-
pretreated HT-29 monolayers. The dipeptidase activity of DPPIV in these experiments
was expressed as nmol of pNA formed per 100,000 cells (nmol/10° cells). There was an
approximately linear rate of pNA production over a 4 h time period (Figure 4.2). The
reduction of dipeptidase activity was fully apparent after 60 min incubation with the Gly-
Pro-pNA solution, and the extent of the adenosine-induced decrease was comparable
after 120 and 240 min. For all future experiments we measured DPPIV dipeptidase

activity after a 60 min reaction period.
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We also measured the dipeptidase activity of DPPIV from adenosine-treated,
trypsin-released HT-29 cells in suspension. Adenosine pretreatment (50 puM twice daily)
over 4 days revealed a marked reduction of DPPIV activity from cells in suspension that
could be shown over the 240 min reaction time (Figure 4.3). Similar to our use of the
flow cytofluorimetry assay to confirm the down-regulation of DPPIV protein (Figure
2.5), these results also indicate that DPPIV was not being masked within the cell
monolayer. In a final approach we measured the DPPIV dipeptidase activity from HT-29
protein extracts. Again, there was a reduction of dipeptidase activity (expressed as
pmol/min/ug protein) in response to adenosine pretreatment (Figure 4.4). Thus, we were
able to show that adenosine causes a reduction of DPPIV dipeptidase activity through the
use of these three different assays. The regulation of DPPIV activity was also found to be

specific for adenosine because the nucleoside inosine was without effect (data not

shown).

Adenosine reduces DPPIV dipeptidase activity at concentrations found within the
tumor microenvironment

Our initial experiments demonstrated a reduction of DPPIV dipeptidase activity in
response to long-term exposure to adenosine. However, we still wanted to establish that
adenosine could significantly reduce DPPIV activity at the concentrations present within
the extracellular fluid of solid tumors. Figure 4.5 shows the dose-response relationship
for the down-regulation of cell-surface DPPIV activity and protein of paired cell cultures
after 4 days using twice-daily doses of adenosine. There was a dose-dependent reduction

of DPPIV dipeptidase activity that was first significantly decreased in response to 5 uM
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adenosine (~ 10% reduction). The maximal reduction of dipeptidase activity was
approximately 15%, which occurred at 50 and 100 uM adenosine. Significantly, the dose-
dependent reduction of DPPIV activity closely paralleled the adenosine-mediated down-
regulation of cell-surface DPPIV protein (Figure 4.5). There was also a 15% reduction of
DPPIV protein by 5 uM adenosine, and the maximal down-regulation of DPPIV protein
was approximately 25-30% at 50 and 100 uM adenosine. Given that the adenosine-
mediated reduction of cell-surface DPPIV activity and protein were both significant at 5
MM adenosine, we can conclude that these effects are both/each able to be achieved with

concentrations of adenosine present within the tumor extracellular fluid.

The adenosine-mediated reduction of DPPIV dipeptidase activity corresponds to the
down-regulation of DPPIV protein

Our dose-response experiments suggested that DPPIV dipeptidase activity is
proportional to the level of cell-surface protein. To study more clearly the dependence of
DPPIV activity on the level of protein, we performed a time course in response to
persistent adenosine exposure (daily treatment with 100 uM adenosine). As reported in
Chapter 2, baseline levels of DPPIV protein progressively increased with time in culture
(Figure 4.6). However, daily treatment with adenosine produced a sustained depression of
DPPIV protein relative to this increase. The dipeptidase activity of DPPIV also increased
in control cells substantially over the 7 day culture period, the activity per cell nearly
doubling at the end of this time. However, in the presence of 100 uM treatments with
adenosine, there was a relative decline compared with control that closely paralleled the

time course of change in immunoreactive protein (Figure 4.6). The maximum reduction
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of DPPIV activity in this experiment was approximately 20%, while the maximum
reduction of cell-surface protein was approximately 40%. Taken together, these results
indicate that the adenosine reduction of DPPIV activity can be explained by the reduction

of cell-surface DPPIV protein.

Adenosine does not alter the affinity of DPPIV enzymatic activity

We performed Lineweaver-Burke assays to determine whether adenosine
treatment (50 uM twice daily over 4 days) changed the kinetic properties of DPPIV
activity. Table 4.1 shows the K, and Ve values of control and adenosine-treated cells
from three separate experiments. There was absolutely no difference in the affinity (Km)
of the DPPIV enzyme between control (1.85 + 0.51, #» = 3) and adenosine-treated cells
(1.87 +0.49, n = 3). However, adenosine-treated cells had a reduced number of
proteolytically active DPPIV molecules (Vimay) at the cell surface compared to control
cells (13.17 £ 2.08 vs. 11.53 £2.07, n = 3). This reduction was observed even though
there was a wide range of V. values obtained between assays. The reduction in Vi, by
adenosine-treated cells was statistically different from control (P = 0.0267, Paired t-test).
These results provide further evidence that adenosine reduces the net dipeptidase activity

of DPPIV, while arguing against a change in the specific activity of DPPIV.

The adenosine down-regulation of DPPIV leads to a reduction in levels of endogenous
cell-surface ADA and in ecto-ADA binding capacity
The next objective was to investigate the effect of long-term adenosine exposure

on the expression of endogenous human ADA at the surface of HT-29 cells. Adenosine-
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treated cells (100 uM daily over 4 days) expressed reduced levels of endogenous cell
surface-bound ADA, and the reduction of endogenous ADA was also quantitatively
comparable to the measured reduction in DPPIV protein (23.6% reduction of endogenous
ADA and 29.7% reduction of DPPIV; Figure 4.7).

We then proceeded to investigate the ability of HT-29 cells to bind exogenous
ADA following long-term treatment with adenosine to down-regulate DPPIV. To
measure the remaining binding capacity for ecto-ADA, the cells were first incubated with
a saturating concentration of calf spleen ADA (10 ug/ml incubated for 60 min at 4°C),
followed by an indirect radioantibody binding assay incorporating a rabbit antibody
against the bovine enzyme. We performed a prolonged time course (6 days) involving
twice daily treatment of cells with 50 uM adenosine. As anticipated, the baseline level of
cell-surface DPPIV increased substantially with time in culture (86.0% increase; Figure
4.8). However, the baseline level of ecto-ADA binding also increased and followed a
temporal profile very similar to the DPPIV protein (49.3% baseline increase; Figure 4.8).
Adenosine-treated HT-29 cells showed a reduced capacity for binding of exogenous
ADA. Significantly, this reduced ecto-ADA binding capacity was quantitatively
comparable to the measured reduction of DPPIV protein in paired cell cultures at each
time point.

Collectively, these results confirmed our expectation that the adenosine down-
regulation of DPPIV, which is identical to ADA complexing protein (ADCP; Schradef et
al., 1990) or ADA binding protein (ADAbp; Schrader and Pollara, 1978), is responsible

for reducing the amount of cellular ecto-ADA.
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The adenosine down-regulation of DPPIV diminishes the ability of cells to adhere on
cellular fibronectin

DPPIV has the capacity to interact with the extracellular matrix proteins collagen
and fibronectin (Bauvois, 1988; Hanski et al., 1988; Piazza et al., 1989; Cheng et al.,
1998). In particular, it appears to bind preferentially to cell-surface fibronectin even in
the presence of the soluble plasma form of this protein (Cheng et al., 1998). The linkage
through DPPIV to cellular fibronectin (cFN) on neighboring tumor cells might be one
way in which tumor cells are contained within the tumor cell population and restrained
from leaving the primary site to move to a different location. We therefore investigated
the capacity of HT-29 cells to bind to ¢cFN and the effect due to adenosine treatment.

The kinetics of HT-29 cellular adhesion to ¢EN was determined by incubating
radiolabeled HT-29 cells in microwells coated with 5 pg/ml cFN (equivalent to a coating
density of ~ 1 pg/em®). HT-29 cells adhered rapidly to cFN between 5 and 60 min,
demonstrating a half-maximal adhesion at approximately 20 min (Figure 4.9). The
plateau of HT-29 adhesion to cFN was typically reached by 60 min, and the adherent
fraction in most experiments was between 40 and 50%, This maximum level of adhesion
remained constant for at least 6 h (Figure 4.9). Previous studies have suggested a role for
DPPIV in mediating early events of cell adhesion (Hanski et al., 1985; Hanski et al.,
1988). We therefore chose to study the effect of adenosine pretreatment on cFN adhesion
by allowing the HT-29 cells to bind to cFN-coated plates for 30 min.

Adenosine-pretreated cells (single 300 uM dose over 48 h) consistently
demonstrated a reduced capacity to bind cFN (Figure 4.10). This same adenosine-

mediated reduction was also observed from cells treated daily with 100 pM adenosine for
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three days (data not shown). The size of the reduction in ¢FN adhesion was comparable
to the down-regulation of cell-surface DPPIV protein that we would expect from HT-29
cells treated with adenosine in this way (e.g. Figure 2.4). We also tested the effect of
adenosine pretreatment on HT-29 cell adhesion to plasma fibronectin (pFN). Adenosine
pretreatment indeed reduced adhesion to pFN, but the proportional decrease was not as
large as the effect on cFN (Figure 4.10; 66.1% of the adenosine-induced cFN decrease, 5
separate experiments). These results indicate that adenosine reduces the early adhesion of
HT-29 cells to fibronectin, and this effect is greater on the cellular form of fibronectin.

It is commonly believed that cell-surface integrin receptors, particularly osp,, are
the primary structures responsible for the binding of cells to fibronectin (reviewed by
Hynes, 1992). We therefore assessed the contribution of integrin-dependent binding in
HT-29 cell adhesion to cFN and its potential for modulation by adenosine. We treated
HT-29 cells with RGD peptide (500 pM), an antagonist of the major fibronectin-binding
integrin receptors (Hynes, 1992). Treatment with RGD peptide decreased HT-29 binding
to ¢cFN (without adenosine pretreatment) by an average of 29.4% (5 separate
experiments). This suggested that integrin fibronectin receptors play only a minor role in
the binding of HT-29 cells to cFN. Furthermore, it has been demonstrated that integrin
binding of HT-29 cells to fibronectin occurs through the oS integrin (Kemperman e al.,
1997) instead of the more usual B, integrins (e.g. oisB ). We therefore evaluated the cell-
surface expression of the o, subunit on HT-29 cells using the radioantibody binding
assay and found that the amount of cell-surface o, was not altered by adenosine
pretreatment (Figure 4.11). These data provide a strong argument that the effects of

adenosine on ¢FN binding occur independently of the c,Bs integrin, that integrins are
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responsible for a minority of fibronectin binding by HT-29 cells, and is consistent with
our view that down-regulation of DPPIV protein is responsible for the reduction in ¢cFN

binding.

Adenosine pretreatment reduces the adhesion of HT-29 cells to collagen

We next sought to determine whether the adenosine-mediated down-regulation of
DPPIV is also associated with the reduced capacity of HT-29 cells to bind collagen. The
adhesion of HT-29 cells was evaluated on Sigma collagen types IX, X and VI, which
correspond to the standard Bornstein and Traub classification of types V, III, and IV,
respectively. The kinetics of HT-29 cell adhesion to collagen IX (at 5 pg/ml) was similar
to that of cFN binding (data not shown), and cells were allowed to bind to collagen for 30
min in these experiments. Adenosine pretreatment caused a reduction in HT-29 adhesion
to each of the collagen types tested (Figure 4.12). The rheasured decline in collagen
binding was again comparable to the level of DPPIV down-regulation that would be
predicted to occur from the adenosine treatment. These data indicate that the adenosine-
mediated reduction in the adhesive properties of HT-29 cells is not restricted to

fibronectin, but also extends to the reduced binding of different types of collagen.

Adenosine-pretreated HT-29 cells adhere very poorly to endogenously-secreted HT-29
extracellular matrix

The above experiments established that adenosine reduced the adhesion of HT-29
cells to a number of individual ECM proteins adsorbed to tissue culture plastic.

Therefore, our final objective was to assess whether adenosine-pretreatment of HT-29
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cells would compromise their adhesion to a more physiologically relevant ECM
substratum. We chose to test the ability of HT-29 cells to bind to the endogenous matrix
(“conditioned matrix™) secreted from these same cells. In these experiments, HT-29 cells
were grown to confluence in four-well plates and then removed by a method sparing the
secreted HT-29 matrix. We found that adenosine-pretreated cells (100 pM daily for 3
days) consistently adhered more poorly to the endogenous matrix compared to control
cells (Figure 4.13). Interestingly, the measured reduction in adhesion by adenosine on the
endogenous matrix was significantly greater than the adenosine effect on cFN. These
results indicate that the adenosine down-regulation of DPPIV also reduces the adhesive

properties of HT-29 cells to a more physiologically relevant ECM substratum.
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Table 4.1 Kinetics of DPPIV dipeptidase activity and effect of long-term exposure
to adenosine.

Experiment Parameter
Km Vmax
L. Control 2.80 17.20
Adenosine 2.80 15.40
1. Control 1.70 12.00
Adenosine 1.70 10.90
I11. Control 1.05 10.30
Adenosine 1.12 8.30

HT-29 cells were treated with control media or with adenosine (50 uM) added twice

daily for 96 h. The monolayer cultures were then assayed for DPPIV dipeptidase activity
from which K, and V.« values were calculated.
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Figure 4.2 Persistent adenosine exposure reduces DPPIV dipeptidase activity from
HT-29 cell monolayers.

(A) HT-29 cells were incubated with control media (m) or with adenosine (50 uM, o)

added twice daily for 96 h. The monolayer cultures were assayed for DPPIV dipeptidase

activity at the indicated times. Standard errors fall within the symbols. (B) Decrease in

cell-surface DPPIV protein following adenosine treatment in parallel cultures. The data

are mean values = SE (n = 4). **, significant reduction by adenosine, P < 0.01.
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Figure 4.3 Adenosine-mediated reduction of DPPIV dipeptidase activity from
trypsin-released HT-29 cells.

HT-29 cells were incubated with control media (m) or with adenosine (50 pM, o) added

twice daily for 96 h. The cultures were then released by trypsinization and assessed for

DPPIV dipeptidase activity at the indicated times. The data are mean values + SE (n = 4).

Standard errors fall within the symbols. **, significant reduction by adenosine, P < 0.01.
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Figure 4.4 Adenosine reduces total DPPIV dipeptidase activity from HT-29 cell
lysates.

HT-29 cells were incubated with control media or with adenosine (50 uM) added twice

daily for 96 h. The cultures were lysed with RIPA buffer to extract cellular proteins and

then assessed for DPPIV dipeptidase activity. The data are mean values + SE (n=4). **,

significant reduction by adenosine, P < 0.01.
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Figure 4.5 Dose-dependence of the adenosine reduction of cell-surface DPPIV
protein and dipeptidase activity on HT-29 cell monolayers.
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HT-29 cells were incubated with adenosine at the indicated concentrations (given twice
daily) for 96 h. Parallel cultures were then assayed for (A) cell-surface DPPIV protein or

its (B) associated dipeptidase activity. The data are mean values + SE (n= 4). *,
significant reduction by adenosine, P < 0.05. ** P <0.01.
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Figure 4.6 Persistent depression of cell-surface DPPIV protein and dipeptidase
activity with long-term exposure to adenosine.

HT-29 cells were incubated in control media (clear bars) or with adenosine (100 uM,

hatched bars) added daily. The cultures were then assayed for the presence of (A) cell-

surface DPPIV protein or its (B) associated dipeptidase activity. The data are mean

values + SE (n = 4). *, significant reduction by adenosine, P < 0.05. **, P < 0.01.
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Four days later the cultures were assayed for the presence of (A) cell-surface DPPIV or

(B) endogenous cell surface-bound ADA. The data are mean values + SE (1 = 4). **,

significant reduction by adenosine, P < 0.01.
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Figure 4.8 Persistent reduction of binding capacity for exogenous ADA (ecto-ADA)
in response to long-term exposure to adenosine.

HT-29 cells were incubated with control media (clear bars) or with adenosine (50 pM,

hatched bars) added twice daily. The cultures were then assayed for the presence of (A)

cell-surface DPPIV protein or its (B) associated binding capacity for ecto-ADA. The data

are mean values + SE (n = 4). *, significant reduction by adenosine, P <0.05. ** P <
0.01.
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Kinetics of HT-29 cell adhesion to cellular fibronectin (cFN)-coated
plates.

(A) Short-term and (B) long-term cell adhesion. Radiolabeled HT-29 cells were added to
4-well culture plates coated with 5 ug/ml cFN and incubated at 37°C for the times
indicated. The data are mean values, » = 4. Most of the standard errors fall within the

symbols.
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Figure 4.10 Adenosine-pretreated HT-29 cells exhibit reduced adhesion to cellular
and plasma fibronectin.

HT-29 cells were treated with control vehicle (clear bars) or adenosine (300 uM, hatched

bars) for 48 h, and then tested for their ability to adhere to 4-well plates coated with

cellular or plasma fibronectin (5 pg/ml). The data are mean values + SE (1 = 4). **,
significant reduction by adenosine, P <0.01.
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Figure 4.11 Adenosine does not regulate the expression of the o, integrin subunit on
the surface of HT-29 cells.

HT-29 cells were treated with the indicated concentrations of adenosine for 48 h. The

cultures were then assayed for the presence of cell-surface o, integrin subunit expression.
The data are mean values = SE (n = 4).
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Figure 4.12 Reduced adhesion of HT-29 cells to collagen in response to adenosine.
HT-29 cells were treated with control vehicle (clear bars) or with adenosine (100 uM
daily, hatched bars) for 48 h, and tested for their ability to adhere to 4-well plates coated
with (A) Sigma collagen type IX or Sigma collagen type X, or (B) Sigma collagen type

VI (5 pg/ml). The data are mean values + SE (n = 6). **, significant reduction by
adenosine, P < 0.01.
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Figure 4.13 Long-term exposure to adenosine reduces adhesion of HT-29 cells to the
endogenous HT-29-secreted ECM.

HT-29 cells were treated with control vehicle (clear bars) or adenosine (100 pM daily,

hatched bars) for 72 h, and then tested for their ability to adhere to 4-well plates coated

with the endogenous matrix secreted by confluent HT-29 cells or ¢FN (5 ug/ml). The

data are mean values * SE (n = 6). **, significant reduction by adenosine, P < 0.01.
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DISCUSSION

The high concentrations of adenosine in the tumor microenvironment have the
ability to reduce the expression of DPPIV protein on the surface of human colorectal
carcinoma cells. DPPIV is a multifunctional protein that regulates the interaction of cells
with both soluble and structural components of its immediate environment. This occurs
through the dipeptidase activity of DPPIV which cleaves certain chemokine and
neuropeptide substrates, binding of ADA to regulate extracellular levels of adenosine,
and the interaction of DPPIV with the extracellular matrix. Changes in the expression of
DPPIV at the surface of tumor cells would therefore be predicted to alter the behavior
these cells in the tumor microenvironment. The objective of this chapter was to examine
the functional consequences of the down-regulation of DPPIV on HT-29 cells by

adenosine with respect to the major functions of the molecule.

DPPIV and binding of ADA

The function of DPPIV originally considered of greatest importance was its
binding of ADA,; thus explaining its previous identity as ADCP or ADAbp in earlier
reports (Schrader and Pollara, 1978; Schrader er al., 1990). This raises the possibility that
a consequence of the adenosine-induced DPPIV down-regulation might (if it leads to a
decline in ecto-ADA) be facilitation of the effects of adenosine itself. Indeed, we have
confirmed here that adenosine-treated HT-29 cells have a reduced capacity for binding of
exogenously-supplied ADA that is both quantitatively comparable to the decrease in
DPPIV and follows the time profile of DPPIV reduction. This indicates that DPPIV is the

major receptor for ADA on the surface of HT-29 cells. Alternative cell-surface binding
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proteins for ADA have been reported, and intriguingly include the A, and A,p adenosine
receptors (Ciruela et al., 1996; Herrera et al.,2001a). This introduces the possibility of a
mechanism for selective regulation of adenosine receptor signaling. However, it is very
unlikely that ADA binding to adenosine receptors constitutes an appreciable proportion
of the ADA bound to HT-29 cells. Radioantibody binding assays to detect A,p receptor
expression on HT-29 cells are insufficiently sensitive to detect the receptor (E.Y. Tan and
J. Blay, unpublished data), even though the mRNA message is strong when compared to
the A, receptor (M. Mujoomdar and J. Blay, unpublished data). Furthermore, Gonzalez-
Gronow e al. (2004) found that A375 melanoma cells, which are negative for DPPIV
expression, do not bind 'I-labeled ADA at the cell surface. However, these same cells
are known to express the ADA-binding A; and A,g adenosine receptors at the cell surface
(Merighi ef al., 2001). DPPIV is therefore the primary receptor for ADA on HT-29 ;:ells
and determines the binding capacity for ecto-ADA.

The baseline capacity of HT-29 cells to bind ecto-ADA remained constant over
time, indicating that DPPIV protein on HT-29 cells is chronically unsaturated with ADA.
This is in agreement with a number of previous reports showing the lack of saturation of
DPPIV by ADA in different tissue and cell types (Schrader and Stacy, 1979; Andy and
Kornfeld, 1982; Trotta, 1982; Martin et al., 1995; Dong et al., 1996). Importantly, we
also determined that adenosine-treated HT-29 cells express reduced levels of endogenous
ADA at the cell surface. The reduction of endogenous ADA with DPPIV was direct,
further supporting our contention that DPPIV is the major binding protein for ADA. The
dependence of cell-surface ADA expression on the levels of DPPIV in our experiments is

similar to the situation in T lymphocytes, in which the number of CD26 and ADA
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molecules increases in coordination following T cell activation (Martin et al., 1995; Dong
et al., 1996). It should also be mentioned that the reduction of endogenous ADA
following adenosine treatment supports our conclusion in Chapter 2 that the decline in
DPPIV immunoreactivity is not due to enhanced epitope blocking by ADA.

We would predict there to be increased availability of adenosine through
decreased levels of ADA at the cell surface. This has implications for the adenosine
stimulation of cell growth that we have demonstrated in HT-29 and other colorectal
carcinoma cell lines (Mujoomdar et al., 2003). The elevated concentrations of adenosine
in the proximity of tumor cells would also impair the cell-mediated anti-tumor immune
response. Work from our laboratory and others have shown that adenosine can suppress
the recognition/adhesion and effector phases of tumor cell destruction by cytotoxic
lymphocytes (Hoskin et al., 1994; MacKenzie ef al., 1994; Koshiba ef al., 1997; Hoskin
et al., 2002). Furthermore, the increased availability of adenosine resulting from DPPIV
and ADA down-regulation would be predicted to stimulate angiogenic processes (Ethier
etal., 1993; Grant et al., 1999; Grant et al,, 2001) and the motility of tumor cells
(Woodhouse et al., 1998). The action of adenosine that we describe here may therefore
form the basis of a mechanism that amplifies the detrimental effects of adenosine in the
context of tumorigenesis, stimulating a cascade of events that collectively contribute a
selective advantage to cells configured in a solid tumor.

Previous studies have indeed identified a direct role for cell-surface DPPIV in
regulating local adenosine levels and activity that occurs through its binding of ecto-
ADA. Dong et al. (1996) found that T lymphocytes expressing ADA on the cell surface

(through its association with DPPIV) were more resistant to the inhibitory effects of
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adenosine on T cell proliferation and IL-2 production. The involvement of DPPIV was
confirmed by this same group when they demonstrated that Jurkat cells transfected with a
DPPIV construct deficient in ADA-binding were much more sensitive to the
immunosuppressive effects of adenosine (Dong et al., 1997). Recently, Hashikawa et al.
(2004) reported that ecto-ADA bound to DPPIV can regulate adenosine receptor-
mediated signaling (determined by the measurement of intracellular cAMP levels), and
the degree to which ecto-ADA inhibits the adenosine response depends on the extent of
DPPIV saturation with ADA.

Independent of adenosine metabolism, the ecto-ADA to DPPIV interaction has
also been suggested to play a role in the physical adhesion of lymphocytes to colorectal
carcinoma cells (Ginés et al., 2002). In this mechanism, lymphocytes use their
unoccupied cell-surface CD26 molecules to bind to endogenous ADA that is expressed
on the surface of the carcinoma cells. Thus, the adenosine-evoked reduction of ecto-ADA
on colorectal carcinoma cells might additionally inhibit immune cell attack via this

adhesion mechanism.

Adenosine regulation of DPPIV dipeptidase activity

In addition to the autoregulation of adenosine levels, the reduction in DPPIV due
to adenosine has the potential to impact on several processes that might facilitate invasion
and metastasis. We found that the concentrations of adenosine that are present within
solid tumors have the capacity to significantly down-regulate the dipeptidase activity of
DPPIV. Furthermore, daily exposure to moderate levels of adenosine produced a

sustained decrease in dipeptidase activity. The decline in dipeptidase activity was dose-
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dependent and closely paralleled the decrease of DPPIV protein in all experiments.
However, the quantitative inhibition of enzyme activity was consistently less than the
extent of the protein down-regulation (i.e. suggesting a change in apparent specific
activity). Boonacker et al. (2002) demonstrated on T lymphocytes that DPPIV activity is
not always directly related to its cell-surface expression level: for example, one
population of T cells can express up to six-fold more CD26 protein than a second
population, while DPPIV activity is similar in both cell populations. This led to their
suggestion that DPPIV protein is regulated transcriptionally while DPPIV activity might
additionally be subject to post-translational regulation. This differential regulation of
DPPIV protein from activity potentially represents a mechanism that keeps DPPIV
activity more constant. However, the Lineweaver-Burke kinetics of DPPIV activity for
control and adenosine-treated cells revealed absolutely no difference for K, while the
V max Was significantly reduced for adenosine-treated cells. This excludes the possibility
of differential regulation of DPPIV surface expression and dipeptidase activity. Our
results are more likely explained by differences in sensitivity between the radioantibody
binding assay and the colorimetric DPPIV activity assay. Riemann et al. (1995) also
reported changes in DPPIV activities (in response to different cytokines) that were of a
smaller magnitude than the measured change in protein through the use of similar assays.
In any case, the decline in net DPPIV enzyme activity would be expected to
reduce the inactivation rate for certain chemokines, thereby increasing the local
concentration of these peptides. The chemokine that is most susceptible to DPPIV

cleavage is the CXC chemokine stromal cell-derived factor-1-alpha (SDF-1a/CXCL12;

Shioda et al., 1998; reviewed by Balkwill, 2003). SDF-1a: is rapidly (ty; < 1 min) and
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effectively (Km ~ 2 uM) truncated by DPPIV, causing a loss of its chemotactic activity
(Lambeir et al., 2001; Lambeir ef al., 2002). Consequently, a reduction in DPPIV activity
would facilitate the chemotactic activities of SDF-10; and allow it to bind to its receptor
CXCR4 at the cell surface (Balkwill, 2003). CXCR4 is highly expressed on many cancer
cells including colon carcinoma (Dwinell et al., 1999; Jordan et al., 1999). Significantly,
CXCR4 has been demonstrated in numerous studies as a critical regulator of the site-
specific metastasis of tumor cells (Miiller et al., 2001; Murakami ef al., 2002; Taichman
et al., 2002). In colorectal cancer, the SDF-10/CXCR4 signaling axis has been implicated
in the outgrowth of established micrometastases, rather than in the initial movement of
carcinoma cells to the metastatic site (Zeelenberg et al., 2003). In either circumstance,
increased adenosine concentrations in the primary tumor are predicted to down-regulate
DPPIV and its associated dipeptidase activity, and remove a constraint on SDF-
1a/CXCR4 regulatory action.

A previous report by Herrera et al. (20015) found that DPPIV physically and
functironally associates with CXCR4 on the surface of human peripheral blood
lymphocytes. The two molecules could be coimmunoprecipitated from cellular
membranes, and the treatment of lymphocytes with SDF-1co induced the formation of
pseudopodia in which both DPPIV and CXCR4 colocalized. It was therefore speculated
that the DPPIV/CXCR4 complex might represent a functional unit allowing DPPIV to
directly mediate SDF-10 activity, at least in the case of lymphocytes. Significantly,
Mizokami ef al. (2004) recently reported the first direct link between the SDF-
1a/CXCR4 pathway with the expression of DPPIV in solid tumors. They found that

DPPIV-overexpressing endometrial carcinoma cells produced a decrease in soluble SDF-
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lo levels compared to vector control cells, indicating that SDF-1a. is constitutively
degraded by cell surface DPPIV enzyme activity. Following from this work, they also
found that SDF-1a stimulates the proliferation of DPPIV-negative cells, but that SDF-
la-dependent proliferation is abrogated when DPPIV is overexpressed. Thus, the
imbalance between DPPIV and CXCR4, which we have shown to occur in response to
adenosine, is likely to play a role in tumor progression. The function of other chemokines
in the tumor microenvironment that are sensitive to DPPIV cleavage (e.g. RANTES;

Khin et al., 2003) remains to be determined.”

Interaction of DPPIV with the extracellular matrix

Altered DPPIV levels at the surface of carcinoma cells will also affect their
interaction with the extracellular matrix. We began these studies by examining the
interaction of HT-29 cells with cellular fibronectin, since DPPIV binds preferentially to
cell-surface fibronectin even in the presence of the soluble form of this protein (Cheng et
al., 1998). Another advantage of studying adhesion to cFN is that the ability of HT-29
cells to bind to this substrate appears to occur exclusively through the o,B¢ integrin
(Kemperman et al., 1997). There is no involvement of alternative fibronectin-binding
integrins, including the more usual B, integrins (Stallmach et al., 1994; Ebert, 1996).
Since we had shown that adenosine does not reduce surface expression of the o, subunit,
we anticipated that any adenosine modulation of the interaction of HT-29 cells with cFN
would occur through DPPIV. In assays of static cell adhesion to adsorbed cFN, we were

able to show that the adenosine down-regulation of DPPIV was accompanied by a
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reduction in binding to ¢cFN. Furthermore, adenosine-treated HT-29 cells exhibited
reduced binding to the plasma form of fibronectin.

The adenosine effect to reduce the adhesion of HT-29 cells to fibronectin through
DPPIV raises the issue of the importance of binding to the ECM via integrin-independent
mechanisms. Treatment of HT-29 cells with RGD peptide prior to the adhesion assay
reduced the baseline level of cFN adhesion only moderately (~ 30%), indicating that a
major component of ¢cFN-mediated adhesion is likely taking place through DPPIV. This
differs from the work of Kemperman e al. (1997) who showed almost complete
inhibition of HT-29 cell binding to fibronectin following treatment with RGD peptide.
Our results likely differ for two significant reasons: (1) Kemperman et al. had to use an
excessively high concentration of RGD peptide (5 mM vs. 500 uM in our assays) to
block adhesion to fibronectin, and (2) the protocol for their adhesion assay evaluated the
binding of a very high density of cells (75,000 cells/well of a 96-well plate vs. 50,000
cells/well of a 4-well plate in our assays) that would almost certainly promote cell-to-cell
interactions and possibly alter the overall mechanism of binding to fibronectin. Other
groups have inhibited the binding of HT-29 cells to fibronectin through the use of o~
blocking antibodies (von Lampe et al., 1993; Stallmach et al., 1994; Ebert, 1996).
Interfering with the function of the oy, subunit in this way has been shown to reduce
adhesion in the range of 40-80%. Although the extent of adhesion inhibition is quite
variable, it does support that HT-29 cells are able to bind to fibronectin independent of
integrins, which would be expected to occur through the adhesive function of DPPIV.

This property is not only limited to HT-29 cells, because Fellin ef al. (1988) reported that
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hepatocytes can also bind with high affinity to fibronectin independent of RGD residues
and integrins.

Reduced cellular adhesion to fibronectin, particularly cell surface-associated
fibronectin, in response to adenosine in the tumor microenvironment might represent an
initial step involved in the complex sequence of events leading to tumor spread. Cells
with reduced levels of cell-surface DPPIV would be expected to possess less adhesive
strength, thereby compromising cohesion of the tumor mass. This would facilitate
detachment of cells from the primary site and permit the increased motility of the tumor
cells (Danecker et al., 1989). Significantly, we and others have shown that adenosine is
also capable of promoting tumor cell motility (M. Mujoomdar and J. Blay, manuscript in
preparation; Woodhouse et al., 1998). In support of our model, highly metastatic
subclones of HT-29 cells (e.g. liver metastatic HT-29LMM cells) indeed adhere poorly to
fibronectin (Haier et al., 1999), and they also exhibit increased tumorigenicity when
inoculated into nude mice (Stallmach et al., 1994).

The concept that DPPIV at the cell surface promotes/maintains cellular
cohesiveness has been suggested in many studies in which the reexpression of DPPIV in
carcinoma cells was found to profoundly restore normal cellular organization (Wesley et
al., 1999; Kajiyama et al., 2002b; Mizokami et al., 2004; Wesley et al., 2005). Kajiyama
et al. (2002b) speculated that DPPIV might have cadherin-like activity in ovarian
carcinoma cells, thereby promoting cell-cell adhesion. Wesley et al. (2005) demonstrated
increased levels of fibronectin proteins on the surface of DPPIV-expressing prostate
carcinoma cells, which perhaps serve as a barrier against cell motility. Moreover, it is

known that the overexpression of fibronectin in tumor cells can suppress the transformed
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phenotype (Akamatsu et al., 1996; Brenner e dl., 2000). Finally, other studies have
found that DPPIV reintroduction into cancer cells indirectly improves cell-cell contact
either by restoring the expression of E-cadherin (Kajiyama er al., 2003) or CD44, the cell
surface receptor for hyaluronate (Wesley ef al., 2004). Both E-cadherin and CD44 are
critical for maintaining the intercellular adhesion of epithelial cells, while reexpression of
these molecules can suppress the invasion and metastasis of carcinoma cells (Luwoet al.,
1999; Choi et al., 2000).

We found that adenosine-treated HT-29 cells also showed reduced adhesion to
three different types of collagen, and that the measured reduction was comparable to the
anticipated down-regulation of DPPIV. This is consistent with the results of Lster et al.
(1995), who determined that DPPIV has binding capacity for nearly all types of collagen.
Involvement of DPPIV might in fact contribute to the different patterns of adhesion of
poorly and highly metastatic HT-29 subclones to different ECM substrates, even though
these subclones do not have different expression of integrin subunits (Haier et al., 1999).
In addition, adenosine-treated HT-29 cells adhered poorly to their own endogenously-
secreted ECM. The reduced adhesiveness to this physiological ECM further implicates a
potential role for DPPIV in maintaining cohesion of the tumor mass. Thus, the down-
regulation of DPPIV by adenosine in the tumor microenvironment likely represents one
mechanism by which cell-ECM adhesion is reduced, thereby facilitating tumor cell

detachment and subsequent motility and spread.
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CONCLUSION

We have studied the functional consequences of the adenosine down-regulation of
DPPIV with respect to the major functions and activities of the protein that occur at the
surface of carcinoma cells. The results of this chapter show that the chronic down-
regulation of DPPIV protein at the surface of HT-29 colorectal carcinoma cells is
accompanied by reduced dipeptidyl peptidase enzyme activity, binding of ecto-ADA, and
cellular interaction with the extracellular matrix. The potential impact of these alterations
in cellular properties and activities are summarized in the schemes shown in Figure 4.14
and Figure 4.15. A reduction in the level of ecto-ADA at the cell surface will facilitate
cellular responses to adenosine that collectively would promote tumor expansion (Figure
4.14). Reductions in the other functions of DPPIV in chemokine processing and
extracellular matrix binding may further act to promote processes that will lead to the
movement of carcinoma cells from their primary location (Figure 4.15). Overall, the
down-regulation of DPPIV would be predicted to increase the sensitivity of cancer cells
to the tumor-promoting effects of adenosine and their response to chemokines and the

extracellular matrix, facilitating their expansion and metastasis.
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Figure 4.14 Enhancement of the tumor-promoting functions of adenosine through
reduced local levels of bound ecto-ADA.

Adenosine levels in hypoxic tumors are high. Down-regulation of DPPIV leads to
decreased ecto-ADA, adding to the rise in adenosine levels and therefore promoting
events that facilitate tumor expansion. (From, Tan ef al., 2004)
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Figure 4.15 Implications of DPPIV down-regulation for other DPPIV functional
activities.

Down-regulation of DPPIV also leads to decreased dipeptidase activity and reduced
binding to extracellular matrix (ECM) proteins. Increased chemokine activity and
reduced ECM adherence, together with the effects of adenosine, may further act to
enhance the spread of tumor cells. (From, Tan et al., 2004)
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CHAPTER 5

CONCLUSION

Summary and conclusions

The major goal of this thesis was to determine whether the levels of adenosine
present within solid tumors (due to tumor hypoxia; Blay et al., 1997) would regulate the
cell-surface expression of the multifunctional protein dipeptidy! peptidase IV. The effect
of adenosine on DPPIV expression was assessed on human colorectal carcinoma cells.
This tumor type was chosen because DPPIV expression is typically dysregulated in
colorectal tumors (ten Kate et al., 1985; ten Kate et al -» 1986), and we had previously
shown that adenosine increases the growth of colorectal carcinoma cells (Mujoomdar et
al., 2003). We therefore hypothesized that any potential regulation of DPPIV by
adenosine might perhaps represent a novel tumor-promoting role for this nucleoside.

We initially found that adenosine produced a down-regulation of DPPIV from the
surface of HT-29 human colorectal carcinoma cells (Chapter 2). The effect of adenosine
on DPPIV represented an authentic decrease in cell-surface protein (preceded by a
reduction in DPPIV mRNA), and was not simply a reduction in DPPIV immunoreactivity
that might occur from blocking by ADA or other DPPIV-binding proteins (e.g. collagen
and fibronectin). In addition, the effect was specific for adenosine, and was not
generalized to other nucleosides such as inosine or guanosine. Importantly, we
demonstrated that the down-regulation of DPPIV could be achieved when HT-29 cells
were persistently exposed to concentrations of adenosine that have been measured in the
solid tumor microenvironment (~ 10 uM; Blay et al., 1997). This study concluded by the

determination that adenosine was acting at a cell-surface site to produce the down-
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regulation of DPPIV, rather than an intracellular mechanism of action initiated by the
entry of adenosine into the cell via nucleoside transporters.

In Chapter 3 of this thesis, we investigated the possibility that cell-surface
adenosine receptors were responsible for triggering the adenosine regulation of DPPIV.
There was absolutely no evidence that the adenosine effect occurred through adenosine
receptors. This was concluded following rigorous studies using a large number of
adenosine receptor antagonists, as well as selected adenosine receptor agonists. Further
evidence excluding the role of conventional adenosine receptor subtypes was the lack of
involvement of the cAMP-dependent protein kinase (PKA) signaling pathway, which
instead stimulated an increase in DPPIV levels on HT-29 cells. We then evaluated
alternative signaling pathways that have been implicated in certain aspects of adenosine
action. However, we found no involvement of the PKC, PI3K, or PTK signaling
pathways, or the p38 or JINK MAP kinases. Interestingly, our studies elucidated a novel
cell-surface mechanism of adenosine action that required activation of a protein tyrosine
phosphatase activity, leading to decreased activation of the ERK1/2 MAP kinase
pathway. We believe this to be the first observation of adenosine itself causing negative
regulation of the ERK1/2 signaling pathway, whereas all other reports have shown
activation of ERK1/2 in response to adenosine or adenosine analogues.

Our last objective was to determine the functional consequences of the adenosine-
mediated down-regulation of DPPIV on HT-29 cells (Chapter 4). The approach we took
to address this issue was a direct examination of the adenosine effect on the major
functions of the DPPIV molecule. The adenosine down-regulation of DPPIV was

associated with a decrease in the net dipeptidase activity of DPPIV. Furthermore, the
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reduction in DPPIV activity occurred in response to the levels of adenosine present in the
extracellular fluid of solid tumors. We next established that reduced levels of cell-surface
DPPIV following long-term adenosine treatment reduced endogenous levels of cell
surface-bound ADA on HT-29 cells. Moreover, the binding capacity of the cells for
exogenously administered ADA was also reduced in parallel with DPPIV. Finally, we
established that the adenosine-evoked reduction of DPPIV was associated with altered
adhesive properties of the cells. Adenosine pretreated HT-29 cells adhered poorly to
fibronectin (cellular and plasma origin), different types of collagen, as well as the
endogenous matrix secreted by colorectal carcinoma cells. Therefore, the adenosine
down-regulation of DPPIV produced a persistent reduction of all of the DPPIV functional

activities occurring at the surface of human colorectal carcinoma cells.

Significance and implications of findings

The ability of high concentrations of adenosine in the tumor microenvironment to
down-regulate DPPIV might have substantial implications for tumor progression. We
have shown that the ability of adenosine to down-regulate DPPIV from the surface of
HT-29 cells is accompanied by functional alterations that should drive tumorigenesis.
There is a reduction in the cellular binding capacity for ecto-ADA, which will favor the
persistence of high adenosine levels. Adenosine is able to directly promote proliferation
of the cancer cell population (Mujoomdar et al., 2003; Mujoomdar et al., 2004), in
addition to many other tumor-promoting functions. The decline in cellular specific
DPPIV dipeptidase activity should prolong the actions of selected chemokines and other

peptides — normally substrates for DPPIV — and allow them to further promote cancer cell
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proliferation and migration. Finally, adenosine causes a reduction in DPPIV-dependent
adhesion of cancer cells with the extracellular matrix. Adenosine may therefore represent
a soluble factor that underlies the reduced DPPIV expression in many tumors, and the
association of such changes with increased invasiveness and metastasis (Dinjens et al.,
1990; Morrison ef al., 1993; Bogenrieder ef al., 1997; Pethiyagoda et al., 2001; Kajiyama
et al.,2002b).

We have gained a preliminary understanding of the signaling pathway initiated by
adenosine at the cell surface and leading to the down-regulation of DPPIV. Further
understanding of this pathway by delineation of the precise PTP(s) involved should allow
us to block the down-regulation of DPPIV due to adenosine and its adverse
consequences. This would ultimately provide a new strategy to interfere with tumor
expansion and spread. Blocking the down-regulation of DPPIV in solid tumors might
also prove useful in combination with established cytotoxic or anti-angiogenic therapies.
The independence of this DPPIV down-regulatory pathway from known adenosine
receptors is an advantage, as the conventional signaling pathways for adenosine are
involved in numerous aspects of physiologic regulation, which we would prefer to spare

in any pharmacologic intervention focusing on adenosine’s tumor-promoting actions.
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Appendix A The PKC inhibitor Ro-31-8220 does not block the adenosine-mediated
down-regulation of DPPIV.

HT-29 cells were pretreated for 30 min with Ro-31-8220 (5 uM). The cells were then

treated with control vehicle (clear bars) or 30 uM adenosine with 2.5 uM coformycin

(filled bars). Forty-eight h later surface expression of DPPIV was measured. The data are

mean values + SE (n = 4). **_ significant reduction by adenosine, P <0.01.
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Appendix B The PTP inhibitor phenylarsine oxide does not block the adenosine-
mediated down-regulation of DPPIV.

HT-29 cells were pretreated for 30 min with phenylarsine oxide (PAO, 1 uM). The cells

were then treated with control vehicle (clear bars) or 30 pM adenosine with 2.5 uM

coformycin (filled bars). Forty-eight h later surface expression of DPPIV was measured.

The data are mean values + SE (n = 4). **, significant reduction by adenosine, P < (0.01.
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Appendix C Adenosine reduction of 40-50 kDa range of tyrosine phosphorylated
proteins in HT-29 cells.

HT-29 cells were stimulated with adenosine (300 uM) or control vehicle and then

harvested at the indicated time points. Cell lysates (20 pg) were subjected to Western blot

analysis for total tyrosine phosphorylated proteins. The region of proteins indicated

between the arrows demonstrates the greatest changes in tyrosine phosphorylation.



