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Abstract. Proteases, particularly serine proteases like dipep-
tidyl peptidase 4 (DP4) and fibroblast activation protein (FAP),
play an important role in cancer invasion and angiogenesis.
Aberrant expression of DP4 and FAP is associated with
numerous cancers, including breast and epithelial ovarian
carcinoma. We investigated the mRNA levels, protein expres-
sion and enzyme activity of the structural homologs DP8 and
DP9, in addition to DP4 and FAP, in three breast carcinoma
(MDA-MB-231, MDA-MB-453, MCF-7), three epithelial
ovarian carcinoma (EOC) (OVCA-432, OVCA-429, SKOV3),
293T and HeLa cell lines. In addition, DP2 and prolyl endo-
peptidase (PEP) mRNA and enzyme levels were measured
and compared in each cell line. Ubiquitous but differential
expression of DP8 and DP9 mRNA and protein was observed
across all cell lines. Relative to EOC, DP8 protein was lower
in the breast carcinoma cell lines (p=0.057), suggesting that
DP8 may play differing roles in different cancer cell types.
A strong, negative, non-reciprocal relationship was identified
between DP9 protein and DP4 mRNA (r=-0.903, p=0.002) and
protein (r=-0.810, p=0.015). This suggests that DP4 expression
plays an important role in the post-transcriptional regulation
of DP9 in breast and ovarian cancer cell lines. Overall, this
study suggests a potential role for DP8 and DP9 in breast
and ovarian cancer and further investigations in this area are
required.
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Introduction

Breast and ovarian cancer are two of the most common and
lethal cancers affecting women worldwide. Estimates rank
breast cancer as being the number one cause of new cancer
cases (1,383,000 cases, 22.9%) and cancer related deaths
(458,000 deaths, 13.7%) in women worldwide in 2008.
Ovarian cancer was ranked as the seventh cause of new
cancer cases (225,000 cases, 3.7%) and cancer related deaths
(140,000 deaths, 4.2%) in women worldwide in the same year
(I). Among gynecological malignancies, epithelial ovarian
carcinoma (EOC) is the most lethal to women in the world,
accounting for approximately 90% of all tumors affecting the
ovaries (2). Mortality from breast cancer often results from
distant metastatic spread to lung, bone and lymph node tissue
while diagnosis of EOC typically occurs in the late stages
of disease after its spread into the peritoneal cavity or other
distant sites (2), thus making it difficult for effective treat-
ment to be administered. Although a number of risk factors
for the development of breast and ovarian cancer have been
identified the exact origin and pathogenesis of disease is still
poorly understood (3.4). Increasing our knowledge about the
fundamental biology of these diseases is needed for the devel-
opment of improved diagnostic, prognostic and therapeutic
interventions at all stages of disease.

Enzymatic members of the DP4-like gene family, DP4,
FAP, DP8 and DP9, share the rare ability to cleave N-terminal
dipeptides at post-proline bonds in the penultimate position
and play an important role in the biological processing of
the N-termini of peptides such as chemokines, glucagon-
like peptide (GLP)-1, GLP-2 and neuropeptide Y (NPY)
(5-8). Many of these substrates, particularly chemokines, are
involved in cancer remodeling and tumor progression (5-8).
Notably, the chemokine CXC12 [stromal derived factor 1
(SDF-1)], a known endogenous DP4 substrate (9) which is
also cleaved by DPS in vitro (7) and its receptor, CXCR4,
form a CXC12/CXCR4 axis that appears to play an important
role in tumor cell proliferation and metastases of numerous
cancers including breast and epithelial ovarian cancer (10-12).
DP4 proteolysis inactivates SDF-1a/f, disrupting the SDF-1/
CXCR4 interaction affecting downstream signaling and the
likely SDF-1 mediated cell migration and metastasis (13-15).
DP4,DP8 and DP9 have recently been shown to act as survival
factors for Ewing's sarcoma family of tumors (ESFT) through
the inactivation of NPY-driven cell death within ESFT cells
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(16). There also appears to be non-enzymatic functions of
DP4, FAP, DP8 and DP9 that are important to their roles
affecting migration, proliferation and apoptosis of tumor cells
(17,18).

Aberrant expression of DP4 and FAP is observed in many
cancers, including breast and ovarian carcinoma, and their
level of expression appears to contribute to their conflicting
roles in these diseases (reviewed in ref. 19). In animal models
of breast cancer, the expression of DP4 at high levels appears
to have a tumor promoter effect (20-22) while overexpression
of DP4 in EOC appears to have a tumor suppressor effect
(23,24). When DP4 is highly expressed on the surface of rat
lung capillary endothelial cells it can function as an adhesion
receptor for rat breast cancer cells, aiding lung metastasis
(20,21). In addition, in Fischer 344/CRJ rats, which express
low levels of an enzymatically inactive DP4 mutant on the
surface of rat lung endothelium, there is a 33% reduction in
lung metastasis following inoculation with rat MTF7 breast
cancer cells (22). In contrast, overexpression of DP4 in human
EOC results in a decreased migratory and invasive potential
of the cells in vitro and decreased tumor load with increased
survival in vivo (23). Overexpression of DP4 in EOC has also
been associated with enhanced chemosensitivty to paclitaxel
(24), a chemotherapeutic commonly used in combination with
a platinum-based chemotherapy such as cisplatin for the treat-
ment of EOC and breast cancer. FAP, not commonly present
in normal adult tissues, is highly expressed in over 90% of
human epithelial tumors including breast and ovarian tumors
(25) and enzymatically active FAP is present in human breast
and ovarian carcinoma tissues (26). In the tumor microenvi-
ronment of transgenic mice, FAP-expressing stromal cells
have a major immunosuppressive effect that helps promote
tumor growth and survival (27). However, aberrant expression
of FAP is associated with differing tumorigenic properties
in breast cancer. Elevated expression of FAP is observed
in invasive ductal carcinoma cells of human breast cancer
tissue, cells from lymph node metastases (28) and has been
associated with pro-longed breast cancer-patient survival
(29). Knockdown of FAP in human breast carcinoma cell
lines decreases tumorigenic properties of cells (30) while
overexpression of FAP has been shown to increase tumor
growth and angiogenesis (31). This research is contradictory
suggesting that FAP is functioning as a tumor promoter in
breast cancer while increasing patient survival. Therefore,
the exact levels of FAP expression may be important. Some
in vivo evidence demonstrates that the level of expressed
FAP is associated with its metastatic potential. Inoculation of
immunosuppressed Balb/c™™ mice with high, medium and
low FAP expressing SB247 ovarian cancer cell lines revealed
a decrease in metastasis in the low-expressing FAP cells (32).
Thus in animal models of ovarian carcinoma increased FAP
expression results in tumor progression.

DP8 and DP9 are ubiquitously expressed at the mRNA
level in all normal human adult and neonatal tissues (33-35).
However, information on the expression of DP§ and DP9 in
pathophysiological settings and potential roles in cancer is
limited. In contrast to the recently identified NPY-dependent
survival role suggested for DP8/DP9 in Ewings sarcoma (16),
the overexpression of DP8 and DP9 in HEK293T and HepG2
cells has been shown to increase migration, proliferation and
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enhance staurosporine-streptomyces induced apoptosis (17,36)
suggesting the effects of DP8/DP9 in cancer, like DP4 and
FAP, may be tumor specific. In chronic lymphocytic leukemia
(CLL) a significant increase in DP8 mRNA has been observed
(37) while upregulation of DP9 mRNA has been observed in
testicular cancer (38). In human meningiomas, DP8 and DP9
have a higher level of mRNA and protein expression, relative
to DP4 and FAP, and DP8/DP9 were identified as the enzymes
responsible for the majority of DP activity observed (39). In
contrast, in human gliomas DP4 was found to be the predomi-
nant enzyme and not DP8 or DP9 (40). Altered expression levels
of DP8 and DP9, either alone or in relation to DP4 and FAP,
are yet to be investigated in other cancers including breast and
ovarian cancer.

Expression profiling of the DPs in breast and ovarian cancer
cell lines will help further our understanding of the contribution
of this family and their molecular mechanisms to breast and
ovarian tumorigenesis. DP2 and prolyl endopeptidase (PEP)
are also Clan SC serine proteases but are not members of the
DP4-like gene family. DP2 is an exopeptidase and PEP is an
endopeptidase. Both are capable of cleaving post-prolyl bonds
and as such many DP inhibitors can also inhibit their activity.
For this reason in this study we also investigated the expression
of DP2 and PEP to help delineate the roles of DP8, DP9, DP4
and FAP in these cell lines. Here we provide the first study into
the expression and activity of DP8 and DP9, in context with DP4
and FAP in breast and ovarian cancer cell lines.

Materials and methods

Cell culture. Cell lines used in this study are as follows: three
human breast epithelial cancer cell lines, MCF-7 and MDA-MB-
231, both originally derived from pleural effusion (PE) of breast
adenocarcinoma and MDA-MB-453 originally derived from
PE of metastatic breast cancer; three human EOC cell lines,
OVCA-432, OVCA-429 and SKOV3, originally derived from
ascites of metastatic EOC tissue; the human kidney epithelial
cell line, 293T and the human cervical epithelial cancer cell
line, HeLa derived from cervical adenocarcinoma. MCF-7,
MDA-MB-231, MDA-MB-453, OVCA-432 and SKOV3 cell
lines were maintained in RPMI-1640 supplemented with 10%
FBS, 100 units/ml penicillin, and 100 ug/ml streptomycin
(Invitrogen). OVCA-429, 293T and HeLa cell lines were main-
tained in DMEM high glucose (4,500 mg/1 glucose) supple-
mented with 10% FBS, 100 units/ml penicillin, and 100 pg/ml
streptomycin. Characteristic features of these cell lines are
outlined (Table I).

RNA isolation and real-time quantitative PCR (qPCR). Total
RNA was isolated from 0.5-1x107 cells by a combination of
the TRIzol® reagent (Invitrogen) reagent method and the
RNAqueous® kit (Qiagen) with on-column DNase I (Invitrogen)
digestion. Complementary DNA (cDNA) was synthesized from
5 ug of total RNA using 0.5 pg of Oligo(dT),s-primer (Roche
Diagnostics) and SuperScript® ITI Reverse Transcriptase
(Invitrogen) as per the manufacturer's instructions. Quantitative
measurements of DPs and PEP mRNA levels were determined
by real-time qPCR using TagMan™ probe technology and
external PCR product standards of known copy number.
Primer and probe sequences used for DP8, DP9, DP4, FAP,
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Table I. Characteristics of breast and ovarian cancer cell lines used in study.
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Cell type Name Characteristics References
Breast cancer MCEF-7 Weakly invasive; positive for ERca expression; (ATCC# HTB-22)
expresses insulin-like growth factor binding protein (41,42)
(IGFBP) -2, -4 and -5; expresses WNTB7 oncogene
MDA-MB-231  Highly invasive; negative for ERca expression; (ATCC# HTB-26)
expresses EGFR, TGFa and the WNT7B oncogene 42)
MDA-MB-453  Weakly invasive; negative for ERca expression; (ATCC# HTB-131)
negative for expression of EGFR; expresses FGFR receptor (42,43)
Ovarian cancer OVCA-432 Expresses lower levels of HER2 receptor compared to SKOV3;  (44-46)
positive for ERca expression; expresses EGFR
OVCA-429 Expresses lower levels of HER?2 receptor compared to SKOV3; (44, 46)
positive for ERca expression
SKOV3 Over-expresses HER2; positive for ERca expression (ATCC# HTB-77)
but unresponsive to stimulus; (45-47)
Other 293T Routinely/widely used cell line; highly transfectable; (ATCC#CRL-11268)
expresses SV40 T antigen (temperature sensitive gene)
HeLa Express EGFR; HPV 18 positive; widely considered to be (ATCC#CCL-2)

negative for ERca expression but positive expression
has been detected by some

(48,49)

ATCC#, American tissue culture catalog number; EGFR, epidermal growth factor receptor; ERca, estrogen receptor a; FGFR, fibroblast
growth factor receptor; HER2, human epidermal growth factor receptor 2; HPV, human papillomavirus; SV40, simian virus 40; IGFBP, insulin-

like growth factor binding protein TGFa., transforming growth factor a.

DP2 and PEP are the same as previously published (37). The
hypoxanthine ribosyltransferase 1 (HPRTI) house-keeping
primer sequences were as previously published (50). Each
PCR reaction (12.5 ul) contained: 0.5 units Platinum® Taq
(Invitrogen, Carlsbad, CA, USA), 1X High Fidelity Platinum
Taq buffer (Invitrogen), 3 mM MgCl, for DP8, DP9, DP4,
FAP and HPRT1 amplification or 2 mM MgCl, for DP2 and
PEP amplification, 0.2 mM dNTPs (Fisher Scientific, WA,
Australia) 50 ng each of forward and reverse primers, 200 nM
probe and 15.625 ng of ¢cDNA or 107-10? copies of external
PCR standard. Quantitative real-time PCR reactions were run
in a Rotorgene 3000 (Corbette Research/Qiagen, CA, USA).
Cycling conditions were as follows: Step 1, 1 cycle of 94°C for
2 min; Step 2,40 cycles of [94°C for 15 sec (denaturation); 60°C
for 1 min (annealing and extension)]; Step 3, 1 cycles of 72°C
for 1 min. Fluorescence emitted from the FAM dye upon its
release from the TagMan™ probes was acquired on the FAM/
Sybr channel (470 nm/510 nm filters) of the Rotorgene 3000 at
the end of each extension. Samples were tested in duplicate and
repeated twice for each cDNA sample synthesized. A standard
curve ranging from 107-10? copies of each gene of interest and
the control HPRTI gene was included in each run in duplicate.
The external PCR product standards of known number of
copies of purified PCR product/ml were prepared as previously
described (37). Initial processing and analysis of the real-
time qPCR data were performed using Rotorgene 6 software
(Corbette Research/Qiagen). All qPCR data are represented as

aratio of the number of gene of interest copies to the number of
HPRT1 copies multiplied by 1000.

Protein extraction and western blotting. Cell pellets (1-2x107
cells) were resuspended in 800 ul of buffer [PBS (pH 7.2-7.4)
containing 150 mM NaCl, 1 mM EDTA, and protease inhibitors
1 mM phenylmethylsulfonyl fluoride (PMSF), 10 uM pepstatin
A and 10 M leupeptin] and kept on ice. Cells were then lysed
by sonication for 3x10 sec on ice. Lysates were separated
into soluble and insoluble protein fractions by centrifuga-
tion (18,000 g for 30 min at 4°C) and protein concentration
determined by Bradford assay (Bio-Rad) as per manufac-
turer's instructions. Soluble proteins (50 pg) were analyzed by
SDS-PAGE (8%) and western blotting as previously described
(37). Membranes were probed with either rabbit polyclonal anti-
DPS8 (RP1-DPS; Triple Point Biologics Inc., OR, USA), rabbit
polyclonal anti-DP9 (RP1-DP9; Triple Point Biologics Inc.), or
rabbit polyclonal anti-B-actin (ab8227; Abcam), primary anti-
bodies diluted in blocking buffer (RP1-DPS, 1:1000; RP1-DP9,
1:2500; anti-pB-actin, 1:2500). Immunoreactive proteins were
visualised using SuperSignal West Pico Chemiluminescent
Substrate (ECL reagent) (Thermo Fisher Scientific) and cap-
tured using a LAS-4000 imager (Fujifilm Life Science, Tokyo,
Japan). All cell lines were harvested on three separate occasions
for analysis by western blotting (n=3). Quantification of bands
was achieved by densitometry using Multi-Gauge V3.0 software
(Fujifilm Life Science).
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Immunostaining and flow cytometry. Surface expression of
endogenous DP4 and FAP protein was detected by indirect
immunofluorescence staining followed by flow cytometry
analysis. DP4 was detected using the anti-human CD26, clone
2A6 (mouse IgG1) (14-0269; eBioscience) and FAP detected
using the F19 hybridoma supernatant as previously described
(37). Alexa Fluor® 488 goat anti-mouse (Molecular Probes®,
Invitrogen) was used as the secondary antibody. Intracellular
protein expression was detected in cells fixed in 4% (w/v) para-
formaldehyde then permeabilized with 0.1% (v/v) Triton X-100
in PBS. Labeled cells were analysed on a FACScan (BD Bio
Biosciences, San Jose, CA) and analysed using the WinMDI 2.8
(http://facs.scripps.edu) freeware software.

Subcellular fractionation. Cell pellets (>1x107) were resus-
pended in 500 p1 of homogenization buffer [SO mM Tris, 0.32 M
sucrose, 5 mM EDTA, 0.05% (w/v) NaN;] then incubated for
15 min on ice with brief vortexing every 5 min. Cells were
then homogenized by mechanical disruption with 1-2 strokes
of the Ultra-Turrax® T8 (IKA®-Werke Staufen, Germany) on
speed setting 1-2. The homogenate was centrifuged at 1,500 g
for 10 min at 4°C (Eppendorf 5414C centrifuge; Eppendorf AG,
Hamburg, Germany) to remove large debris. Supernatant was
separated into membrane and cytosolic extracts by two steps
of ultra-centrifugation (100,000 g, 30 min, 4°C) in a TL-100
ultracentrifuge (Beckman, USA). After the first round of
centrifugation the supernatant was transferred to a clean centri-
fuge tube and the remaining pellet (representing the membrane
protein fraction) was resuspended in 2 ml homogenization buffer
for washing. Following the second step of ultra-centrifugation
the cytosolic extract was transferred to a clean 1.5 ml tube and
placed on ice. Supernatant from the membrane fraction was
discarded and the remaining membrane fraction resuspended
in 200 ul of 0.1 M sodium phosphate buffer (Na;PO,, pH 7.6)
and placed on ice. Samples were immediately used for enzyme
assays and determination of protein concentration by Bradford
assay (Bio-Rad) as per manufacturer's instructions.

Enzyme assays. DP-like, DP2 and PEP enzymatic activity was
assayed colourimetrically using synthetic p-nitroanilide (pNA)
containing substrates (Bachem, Switzerland). Observed DP-like
activity attributable to DP8, DP9, DP4, FAP and DP2 enzymes
was measured using 0.5 mM H-Ala-Pro-pNA in 0.1 M Na;PO,
pH 7.6. For measurement of DP8, DP9, DP4 and FAP activity
the substrate 0.5 mM H-Gly-Pro-pNA in 0.1 M Na;PO, pH 7.6
was used; at pH 7.6 the activity of DP2 towards this substrate is
likely to be negligible to none (63). DP2 activity was detected
using 0.5 mM H-Lys-Ala-pNA in 0.1 M Na;PO, pH 5.5. PEP
activity was measured using 0.5 mM Suc-Ala-Pro-pNA in
0.1 M Tris-HCI pH 8.0. Enzymatic assays were performed using
previously described methods (33). Total activity was calculated
using an extinction coefficient of 9.45 mM'.cm™ for pNA
then corrected for protein concentration. Enzyme activity is
expressed as milli-Units (mU) per mg of protein, where, one unit
of activity is defined as the amount of enzyme that cleaves one
pmol of substrate per minute under the given assay conditions.

Statistical analysis. Results are expressed as mean =+ standard
error of the mean (SEM). For statistical analysis, the SPSS
statistical package (SPSS for Windows, v. 15.0, SPSS, Chicago,
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IL, USA) was used. Differences among multiple groups were
analysed using one-way or two-way analysis of variance
(ANOVA) followed by Bonferroni correction. Differences
among two separate groups were analysed using Student's
t-test (assumes equal variance) or two sample t-test assuming
unequal variance. Where needed, data underwent square-root
transformation prior to statistical analysis. A value of p<0.05
was considered significant. For correlation analysis between two
samples/factors the Pearson coefficient was used to test for a
linear relationship and, in the absence of linearity, a Spearman's
correlation test was performed to determine if there was a posi-
tive or negative correlation.

Results

DPS, DP9, DP4, FAP, DP2 and PEP mRNA are differentially
expressed in breast and ovarian cancer cell lines. To help
characterize the contribution of individual DPs and PEP to
the enzyme activities measured in this study we compared
the mRNA level expression of all DPs and PEP within each
cell line. DP8 mRNA expression was found to be significantly
higher (p<0.05) in all cell lines examined except the MDA-MB-
453 cell line (large variation in qPCR results) (Fig. 1). Within
the breast cancer cell lines, MCF-7 and MDA-MB-231, and
ovarian cancer cell line, OVCA-429, the expression of DP§
mRNA was significantly higher than that of all other DPs and
PEP (Fig. 1A, B and E). Also within MCF-7 cells the expression
of DP2 mRNA was found to be significantly higher than that of
FAP (Fig. 1A) while in the MDA-MB-231 cell line the expres-
sion of both DP9 and PEP was found to be significantly higher
than that of DP4 (no mRNA detected) (p=0.022 and p=0.025,
respectively) (Fig. 1B). In OVCA-429 cells the expression of
DP9 was found to be significantly higher than that of DP4
and FAP (p=0.042 and p=0.002, respectively) (Fig. 1E). In the
OVCA-432 cell line DP8§ mRNA expression was significantly
higher than that of DP9, DP4, DP2 (no mRNA detected) and
PEP (p<0.005) but not FAP (p=0.420) (Fig. 1D). In the ovarian
cancer cell line, SKOV3, DP8 mRNA was significantly higher
than DP9, FAP, DP2 and PEP (p<0.005) but not DP4 (p=1.000)
(Fig. 1D). The expression of DP4 mRNA in SKOV3 cells
was significantly higher than the levels of FAP and DP2 (no
mRNA detected) (p=0.006 and p=0.01, respectively) (Fig. 1D).
In the non-cancer derived 293T cells, DP8 mRNA expression
was significantly higher than that of DP4, FAP, DP2 and PEP
(p<0.005) but not DP9 (p=0.113) (Fig. 1G). HeLa cells are a
commonly used cervical cancer derived cell line that were
included in this study as a contrast to the breast and ovarian
cancer cell lines. In HeLa cells DP8§ mRNA expression was
significantly higher than that of DP9, DP4, FAP, PEP and DP2
(p=1.000) (Fig. 1H). DP2 mRNA expression in HeLa cells
was significantly higher than that of DP4 (no mRNA detected)
(Fig. 1H). Both DP4 and DP2 mRNA were completely absent
in three cell lines; however, dual negative expression of both
was only observed in the breast cancer cell line, MDA-MB-453
(Fig. 1C).

No correlation between mRNA level expression of any DPs or
PEP. Correlation testing was performed to examine whether
any relationship amongst the expression of DPs and PEP existed
at the mRNA level. A moderate positive non-linear correla-
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Figure 1. DP and PEP mRNA expression levels within individual cell lines. DP8, DP9, DP4, FAP, DP2 and PEP mRNA expression is displayed for three breast
cancer [MCF-7 (A), MDA-MB-231 (B), MDA-MB-453 (C)], three ovarian cancer, [OVCA-432 (D), OVCA-429 (E), SKOV3 (F)] and two alternate [293T (G) and
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displayed as mean + SEM (n=4). Statistically higher expression (p<0.05) of a gene compared to other genes within a given cell line is indicated by (a=DP9; b=DP4;
c¢=FAP; d=DP2, e=PEP). DP8 was expressed at significantly higher levels in all cell lines (p<0.05). Statistical significance was determined by two-way ANOVA

using Bonferonni Correction.

tion was observed between DP9 and PEP mRNA expression
however the finding was non-significant (r=0.643, p=0.083,
Spearman's correlation test). Apart from this, no linear rela-
tionship or non-linear correlation was observed between the
mRNA level expression of the DPs and PEP (data not shown).

Ubiquitous DP8 and DP9 protein expression across all cell
lines. Endogenous DP8 and DP9 protein levels were assessed
in the breast and ovarian cancer cell lines. In agreement with
mRNA expression data, both DP8 and DP9 were found to be
ubiquitously but differentially expressed across all cell lines at
the protein level (Fig. 2A and C). Three prominent DP8 immu-
noreactive bands of mobility around ~100 kDa, 135 kDa and
180 kDa were detected with the anti-DP8 (RP1-DPS) antibody.
Smaller molecular mass bands were also detected between the
53 kDa and 99 kDa size markers (Fig. 2A). Two prominent
DP9 immunoreactive bands of monomeric molecular mass
~100 kDa and a smaller molecular mass between the 53 kDa
and 99 kDa size markers were detected in all cell lines (Fig. 2C).
Quantitative densitometry analysis of the combined 100 kDa,
135 kDa and 180 kDa bands of DP8 (Fig. 2B), revealed a non-
significant decrease in DP8 protein levels in all three breast
cancer cell lines compared to the three ovarian cancer cell lines
(p=0.057; two sample t-test). A slight decrease in expression was
also observed in all three breast cancer cell lines compared to

the 293T and HeLa cells however this was also not significant.
Quantitative densitometry analysis of the ~100 kDa monomeric
band of DP9 protein revealed no significant differences in DP9
protein levels in MCF-7, OVCA-432, OVCA-429 and SKOV3
cell lines (Fig. 2D). The highest level of DP9 protein was detected
in the two estrogen receptor negative cell lines, MDA-MB-231
and MDA-MB-453 (Fig. 2D). Interestingly, these were the two
breast cancer cell lines found to be negative for DP4 mRNA
(Fig. 2B and C).

DP4 and FAP are differentially expressed on the surface of
cell lines. DP4 protein was detected on the surface of all three
ovarian cancer cell lines, the MCF-7 breast cancer cell line and
293T cells (Fig. 3A). Corresponding with high levels of mRNA,
the highest level of surface DP4 protein was detected on SKOV3
and OVCA-432 cells (Fig. 3A). No DP4 protein was detected on
the surface of the DP4 mRNA negative cell lines, MDA-MB-231,
MDA-MB-453 and HeLa (Fig. 3A). Surface staining revealed
the expression of FAP as a weak antigen on MDA-MB-231 and
HeLa cells (Fig. 3B). Little to no FAP protein was detected in
the other cell lines (Fig. 3B) including OVCA-432 cells in which
the highest levels of FAP mRNA were detected.

Intracellular expression of FAP protein. The weak surface
antigen expression of FAP on MDA-MB-231 and HeLa cell
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Figure 2. DP8 and DP9 protein expression in breast and ovarian cancer cell lines. Western blotting of (A) DP8 and -actin (control) and (C) DP9 and B-actin
(control) protein expression in lysates of breast cancer (MCF-7, MDA-MB-231, MDA-MB-453), ovarian cancer (OVCA-432, OVCA-429, SKOV-3) and two
alternate (293T and HeLa) cell lines. Protein samples (50 pg) were boiled in the presence of 3.33% (v/v) f-mercaptoethanol and loaded on an 8% SDS-PAGE,
and immunoblot analysis was performed. (B) Densitometry of DP8 (100, 135 and 180 kDa bands in A) expression relative to $-actin. (D) Densitometry analysis
of DP9 monomer (indicated on C) protein expression relative to [3-actin. Values are expressed as the mean + SEM (n=3). Western blot images are representative
from three independent experiments. Full length DP8 and DP9 forms of ~100 kDa are indicated by an arrow.

lines was indicative of the FAP protein being expressed as
an intracellular antigen. Intracellular expression of FAP in
MDA-MB-231 and HeLa cells was confirmed following cell
permeabilization (Fig. 3C).

DP9 and DP4 protein levels correlate. To investigate whether
there was any potential relationships/co-regulation of DP8,
DP9, DP4 and FAP at the protein level, correlation analysis was
performed. No correlation was observed between DP8 protein
and the DP9, DP4 or FAP proteins (data not shown). However, a
strong negative, non-linear, correlation was observed between
DP9 and DP4 protein level expression (r=-0.810, p=0.015,
Spearman's correlation test; Fig. 4A). Conversely, a positive,
non-linear, correlation was observed between DP9 protein and
surface FAP protein (r=0.798, p=0.18, Spearman's correlation
test; Fig. 4B). A moderate negative correlation was observed
between DP4 and FAP protein expression but this finding was
non-significant (r=0.667, p=0.071, Spearman's correlation test;
Fig. 4C).

Correlation analysis of DP8, DP9, DP4 and FAP protein
expression with DPs and PEP mRNA expression. It may be
possible that protein levels of the DPs may affect their own gene
expression via regulatory feedback loops or, may affect the gene
expression of other DPs and PEP. To address this, the levels of
DPS8, DP9, DP4 and FAP protein expression were examined
across all cell lines in comparison with mRNA levels of the DPs
and PEP. Although not directly related, due to overlap in enzy-
matic activity and specificity, DP2 and PEP were included in
this analysis. A strong positive linear correlation was observed
between the level of DP4 protein and DP4 mRNA (r=0.998,
p=0.000, Pearson coefficient; data not shown). DP4 was the only
DP displaying a correlation between the level of DP mRNA
expression and DP protein expression. No correlation was found
between the expression of DP8 protein and mRNA expression
of any of the DPs or PEP (data not shown). Interestingly, a
strong negative correlation was observed between the level of
DP9 protein expression and DP4 mRNA expression (r=-0.903,
p=0.002, Spearman's correlation test; data not shown). However,
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Figure 3. DP4 and FAP protein expression in cancer cell lines. Expression of DP4 (A) and FAP (B) protein was determined on the surface of MCF-7,
MDA-MB-231, MDA-MB-453, OVCA-432, OVCA-429, SKOV3, 293T and HeLa cells. DP4 protein expression was determined by flow cytometry analysis
using affinity purified mouse anti-human CD26 antibody. FAP protein expression on surface of cells was determined by flow cytometry using F19 hybridoma
supernatant. Alexa Fluor 488 conjugated goat anti-mouse was used as the secondary antibody. Intracellular expression of FAP was confirmed using FACS of cells
permeabilized with 0.1% Triton X-100 before staining (C). Histograms are representative from three independent experiments. Non-filled histogram plots of IgG1

negative controls are overlayed.

no correlation was observed between DP4 protein and DP9
mRNA (data not shown), suggesting a non-reciprocal rela-
tionship between DP4 expression and DP9 protein levels. A
moderate negative correlation was observed between the level
of expressed FAP protein and DP4 mRNA expression (r=-0.708,
p=0.050, Spearman's correlation test; data not shown) but no
correlation was observed between the level of DP4 protein and
FAP mRNA (data not shown).

Enzyme activity of DPs, DP2 and PEP in membrane and
soluble fractions of breast and ovarian cancer cells. To charac-
terize the level of DP-like, DP2 and PEP activity within each
cell line statistical analysis was performed to examine the
difference in activity between fractions (membrane and soluble)
for each substrate within each cell line and the difference in
activity between substrates within each fraction within each cell
line (Fig. 5).

Comparison of activities between substrates within
each fraction revealed no significant difference between

activities in membrane fractions of MCF-7, MDA-MB-231
and MDA-MB-453 cells and in soluble fractions of MCF-7 and
MDA-MB-453 cells. In the soluble fraction of MDA-MB-231
cells the level of DP-like and PEP activities were significantly
higher than the level of DP2 like activity (p<0.01) (Fig. 5B).
In the DP4 positive ovarian cancer cell lines, OVCA-432 and
SKOV3, the level of DP-like activity against both H-Ala-
Pro-pNA and H-Gly-Pro-pNA, and the level of DP2 like
activity against H-Lys-Ala-pNA (OVCA-432 cells only), was
significantly higher in the membrane fraction compared to the
soluble (p<0.05) (Fig. 5D and F). In OVCA-429 cells the level
of PEP like activity against Suc-Ala-Pro-pNA was significantly
higher in the soluble fraction compared to membrane (p<0.01)
(Fig. 5SE). Comparison of activities between substrates within
fractions revealed that in membrane fractions of OVCA-432
and SKOV3 cells the level of DP-like activity was significantly
higher than the level of DP2 and PEP like activity (p<0.01)
(Fig. 5D and F) and, in OVCA-429 membrane fractions the level
of DP-like activity against H-Ala-Pro-pNA was significantly



926

WILSON and ABBOTT: EXPRESSION OF DP8 AND DP9 IN BREAST AND OVARIAN CANCER CELL LINES

c 70 + 2 -
Qo = c
W L 60 1 ° S = ®
" s ' O 15 Pearson
2O 501 Spearman's s " .
& - r=-0.810, p=0.015* EO r=0.798, p=0.018
o @ 40 4 7 o 1 4
© o 2 *
5 2 304 c 3
29 8t os
© O 20 58 ©
2 1 5o
5o ® oy O 2 s - : .
a 0 o2 Sro—— gt 005 o 0. 015 02 025
10 8 005 01 015 0.2 025 0.5
DP9 protein expression DP9 protein expression
(ratio: DP9/B-actin) (ratio: DP9/B-actin)
C 2
c
o=
n W
g E 115 ,
o Spearman's
£ 1 r=-0.667, p=0.071
m -—
£3
@ =
= o 0.5
Eo ‘
o n —b . v $ .
L -20 20 40 60 80
0.5

DP4 protein expression
(Bkg corrected GMFI)

Figure 4. Correlation between DP9, DP4 and FAP proteins in breast and ovarian cancer cell lines. The level of DP4 (A) or FAP (B and C) protein (y-axis)
expressed as the geometric mean fluorescence intensity (GMFI) of histograms from flow cytometry analysis (Fig. 3A and B) was plotted against the level of DP9
(A and B) protein (x-axis), expressed as the ratio of DP9 protein/fB-actin control, as determined by western blot analysis (Fig. 2C and D) or FAP was also plotted
against the level of DP4 (C) protein (x-axis) determined from flow cytometry analysis as described. Fit of linearity was measured by Pearsons coefficient while
non-linear correlation was calculated using two-tailed Spearman's correlation test in SPSS v15.0 software. GMFI, geometric mean fluorescence intensity; Bkg,

background.

higher than the level of PEP like activity (p=0.01) (Fig. 5E). In
soluble fractions of OVCA-432 and OVCA-429 cells the level
of PEP like activity and the level of DP-like activity against
H-Ala-Pro-pNA (OVCA-432 cells only), was significantly
higher than the level of DP2 like activity (Fig. 5D and E). No
significant difference was observed between substrates in the
soluble fraction of SKOV3 cells.

In both 293T and HeLa cells the level of membrane DP2
like activity against H-Lys-Ala-pNA was significantly higher
than soluble activity (p<0.05) and, in 293T cells the level of
soluble PEP like activity against Suc-Ala-Pro-pNA was signifi-
cantly higher than membrane activity (p=0.01) (Fig. 5G and F).
In soluble fractions of 293T and HeLa cells the level of PEP
like activity was significantly higher than the level of DP-like
activity against H-Gly-Pro-pNA and H-Ala-Pro-pNA (293T
cells only) and, in HeLa cells only, the level of DP2 like activity
(Fig. 5F and G). In addition the level of soluble DP-like activity
against H-Ala-Pro-pNA was significantly higher than the level
of soluble DP2 activity in 293T cells (Fig. 5G). No significant
difference was observed between substrates in the membrane
fraction of 293T and HeLa cells.

Correlation analysis between DPS, DP9, DP4 and FAP protein
with observed DP-like, DP2 and PEP like enzyme activities. To
further characterize the enzymes responsible for the observed
activities statistical analysis was performed to test for correla-
tion between protein levels of DP8, DP9, DP4 and FAP and
the level of DP-like activity in membrane and soluble frac-
tions of each cell line. Correlation tests were also performed
to determine whether there was any possible relationship (e.g.
co-regulation of enzymes) between the level of DP8, DP9, DP4
and FAP protein and observed level of activities against the
DP2- and PEP-like substrates, H-Lys-Ala-pNA and Suc-Ala-
Pro-pNA. No correlation between DPS8 protein and soluble
DP-like, DP2- and PEP-like activities or between the level of
DP9 protein and soluble DP-like and PEP-like activity was
observed (data not shown). A strong positive linear relationship
was observed between the level of expressed DP4 protein and
the level of membrane activity against the DP-like substrates,
H-Ala-Pro-pNA (r=0.993, p=0.000, Pearson coefficient) and
H-Gly-Pro-pNA (r=0.987, p=0.000, Pearson coefficient; data
not shown). A moderate negative, but not significant, non-linear
correlation was observed between the level of FAP protein and



INTERNATIONAL JOURNAL OF ONCOLOGY 41: 919-932, 2012

927

A 14 MCF-7 14 4 MDA-MB-231 foo12 MDA-MB-453 .
12 12 10
10 © 10 8
8 8
6 6 ¢ i e
4 4
;L : [L ol
= 0 0 0 - a v
D QV" 'é?‘ e“ e\” ‘x?' QV‘ ‘\"" & ,Q‘; :QQ ;QQ Q“‘
° ® R o R R R R R o o N o
2 g@ g‘° ‘}'b Q<,0 g(o Q‘o \e- Q@ { Q¢ S o
2| N e R RO S
g & ¥ & %oox- Ry & & %Qo‘v & & & &
5|D E F
e | 14, a OVCA-432
S| 12 12 OVCA-429 100] , SKOV3
=y 10 b 10 f 80 b
= 8 8
© ¢ 6 50
S 6 4 40
© 4
3| ° S 0 0 rheh
= & S & & SR & & F & 5 g
w o & & o e o & & R o & R
g S a & gt <° ¥ Q¢ < <€ » &
F@ p\‘\ &) 3 N vsr,-’ o '\;\‘9 & vgs o 9{: &
R ¥ e o ¥ ¥ e 6;; & ¥ & 6)0.
T,; 293T foo10 HeLa
c
10 8
8 6
6 c 4
4 I.IL " D Membrane
% r:" - 0 .Soluble
\at g \g ¥ v
& & & & 02\\ > R R
¢ & LR & 2 0 <f
< N ¥ N & Y d s
b
Q\R' '{\F’ & 600.?’ ~2~‘?‘ Q‘.C" & %o“y
Substrate

Figure 5. DP-like, DP2 and PEP enzyme activity within each cell line. Enzyme activity against the DP-like synthetic substrates H-Ala-Pro-pNA and H-Gly-
Pro-pNA, the DP2 synthetic substrate, H-Lys-Ala-pNA and the PEP synthetic substrate, Suc-Ala-Pro-pNA is displayed for three breast cancer cell lines, MCF-7
(A), MDA-MB-231 (B), MDA-MB-453 (C), three ovarian cancer cell lines, OVCA-432 (D), OVCA-429 (E), SKOV3 (F) and two alternate cell lines, 293T (G) and
HeLa (H). Values are expressed as the mean + SEM (n=3). Statistical significance (p<0.05) was determined by one-way and two-way ANOVA using Bonferonni
Correction. Significance was tested between fractions for each substrate within each cell line and between substrates within each fraction within each cell line.
Significance is represented on the Figure as follows: (a) indicates higher activity against H-Ala-Pro-pNA in membrane fraction compared to soluble fraction;
(b) indicates higher activity against H-Gly-Pro-pNA in membrane fraction compared to soluble fraction; (c) indicates higher activity against H-Lys-Ala-pNA
in membrane fraction compared to soluble fraction; (d) indicates higher activity against H-Ala-Pro-pNA in soluble fraction compared to membrane fraction; (e)
indicates higher activity against H-Gly-Pro-pNA in soluble fraction compared to membrane fraction; (f) indicates higher activity against Suc-Ala-Pro-pNA in

soluble fraction compared to membrane fraction.

membrane activity against H-Ala-Pro-pNA (r=-0.643, p=0.086,
Spearman's correlation test; data not shown).

Correlation analysis between DP2 and PEP mRNA with
observed DP2- and PEP-like enzyme activities. Correlation
tests were performed to test whether there was any relation-
ship between the level of DP2 and PEP mRNA expression
and the level of activities against the H-Lys-Ala-pNA and
Suc-Ala-Pro-pNA substrates. No correlation was observed
between the level of DP2 mRNA and the level of soluble
activity against H-Lys-Ala-pNA (Fig. 6A). In contrast, a
moderate positive, but non-significant, linear relationship was

observed between the level of DP2 mRNA and membrane
activity against the substrate H-Lys-Ala-pNA (r=0.636,
p=0.90, Pearson coefficient; Fig. 6B).

Discussion

To date no one has investigated DP8 and DP9 expression in
human breast and ovarian cancer or their expression in context
with that of DP4 and FAP in cancer. This study demonstrates the
ubiquitous but differential expression of DP8 and DP9 protein in
breast and ovarian cancer cell lines, which may implicate each
of these proteases in cancer pathogenesis. The lack of correla-
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tion between transcript and protein levels for both DP8 and DP9
suggests that post-transcriptional regulation plays an important
role in regulating DP8 and DP9 protein levels. DP8 protein
levels were lower in the breast cancer cell lines compared to the
ovarian cancer, 293T and HeLa cells, suggesting that a breast
cancer specific factor is contributing to its aberrant regulation,
leading to increased protein turnover or decreased protein
synthesis. For the first time we have identified a negative non-
reciprocal relationship between the expression of DP9 protein
and DP4 mRNA and protein expression, strongly suggesting
that the post-transcriptional regulation of DP9 is influenced/
under the control of a negative DP4 regulator. The relationship
between DP9 and DP4 is an important avenue for further studies
due to the conflicting roles of DP4 in cancer and the potential
involvement of DP9 in these cancers.

Using DP4, DP2 and DP8/DP9 selective inhibitors, DP8/
DP9-like activity has been isolated in human leukocytes (51)
non-malignant human brain tissue (40), human meningiomas
(39) and bovine and rat testes (35). DP8 and DP9 mRNA expres-
sion has been measured by qPCR in non-malignant human
brain tissue (40) and human meningiomas (39). In human
meningiomas, DP8 and DP9 protein have been detected by the
use of specific DP8/DP9 antibodies for immunohistochemistry
(39). To date no one has examined the levels of DP8 and DP9 in
breast and ovarian cancer cell lines or patient samples. In patient
samples of human meningiomas, a non-glial brain tumor, DP8
and DP9 mRNA and proteins are more abundantly expressed
than DP4 and FAP (39). In these samples, the expression of
DP4 mRNA was found to positively correlate with the expres-
sion of FAP mRNA (39). However, quantitative analysis of
DP8/DP9 protein levels in context with DP4 and FAP was not
determined in these samples (39). Interestingly, we identified a
moderate negative, non-reciprocal correlation between the level
of expressed FAP protein and DP4 mRNA in breast and ovarian
cancer cell lines but found no correlation between FAP and DP4
mRNA. Both DP4 and FAP are located adjacent to each other on
the long arm of chromosome 2 (52) and their co-transcriptional
regulation has been previously suggested (53). The identification

of a negative correlation between FAP protein and DP4 mRNA
and protein may suggest that, similar to DP9, DP4-dependent
post-transcriptional regulation of FAP is occurring in breast
and ovarian cancer cell lines. A significant increase in DP§
mRNA has been observed in human CLL compared to normal
tonsil B-lymphocytes however, this finding did not correlate
with an increase in DPS8 protein (37). In CLL, the expression of
DP9 mRNA was also higher in normal tonsil B-lymphocytes
compared to CLL (37). In tissues from testicular cancer patients,
a significant increase in DP9 mRNA was observed compared
to controls, however, the level of DP9 protein was not deter-
mined in this study (38). All cell lines used in our study were
originally of epithelial origin (Table I). Thus, the high level of
ubiquitously expressed DP8 mRNA suggests the importance of
this enzyme in epithelial cells. In each of these cell lines ubig-
uitous but differential expression of DP8 and DP9 mRNA and
protein was detected but no correlation was observed between
the levels of mRNA and protein. This highlights the importance
in following gene expression measurements with protein-based
investigations.

While low, but ubiquitous expression of FAP mRNA was
detected in all cell lines, its translated protein product was only
detected in MDA-MB-231 and HeLa cells. The identification of
FAP as an intracellular antigen suggests that FAP may be stored
in intracellular compartments of MDA-MB-231 and HeLa cells
where it remains until external stimuli results in translocation,
and presentation of FAP on the surface of these cells. Expression
of DP4 protein was strongly correlated, in a linear manner, with
its mRNA expression. In contrast, the level of ubiquitously
expressed DP8 and DP9 mRNA did not correlate with their
level of ubiquitously expressed protein, suggesting that post-
transcriptional regulation plays an important role in controlling
translation of these proteins in breast and ovarian cancer and/or
that post-translational turnover is high.

The size of immunoreactive DP8 and DP9 protein bands
detected by western blotting are consistent with previous
studies (33,36,54). The detection of a smaller molecular mass
immunoreactive band between 53 kDa and 99 kDa for both
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DPS8 and DP9 may be the result of specific degradation prod-
ucts, suggesting high lability of DP8 and DP9, or may be an
alternative translation product/splice variant. High lability has
also been observed for recombinant DP8/DP9 proteins (6,55).
Interestingly, for the first time a strong negative non-reciprocal
relationship was identified between DP9 and DPA4. It is likely
that this relationship is cell line and/or tissue dependent in the
context of pathogenic conditions.

The positive linear relationship observed between expres-
sion of DP9 and FAP proteins is most likely due to the
post-transcriptional level effects of DP4 expression on both
these proteins and not an independent relationship between
DP9 and FAP. Increase in DP4 mRNA and protein decreases
the level of DP9 protein but not mRNA and correlates with
the absence of FAP protein expression but not mRNA. No
reciprocal relationship was observed between DP9 mRNA or
FAP mRNA and DP4 protein suggesting that DP4 is the key
player in this negative relationship. It can be speculated that
despite the primarily cytoplasmic localization of DP9, in the
event of decreased or lost DP4 expression, DP9 protein levels
may increase and eventuate in its translocation to the plasma
membrane were it compensates for some of the loss of DP4
activity. Evidence supporting the presence of DP9 and/or DP§
on the surface of DP4 negative lymphoid cells, including flow
cytometry detection of DP9 protein on the surface of cells, has
recently been presented (56). Furthermore, it has been suggested
that DP9 may play a compensatory role in cell growth regula-
tion in DP4” mice (57).

Due to the absence of FAP protein on the surface of SKOV3
cells and the complete absence of DP2, the significantly higher
level of DP-like activity in the membrane fraction of SKOV3
cells, compared to all other cell lines, can be attributed to DP4.
In this study we detected the highest level of expressed DP4
protein on the surface of SKOV3 cells. This is in contrast to other
studies were SKOV3 cells were found to have low DP4 expres-
sion and were hence used for gain-of-function studies involving
overexpression of DP4 (23,58). Previously, MDA-MB-231 cells
were found to be FAP mRNA negative (30) as determined by
northern blot analysis. Heterologous overexpression of FAP in
MDA-MB-231 has been shown to provide a gain-of-function
leading to more rapid tumor growth compared to controls in
mouse models (31,59). The difference in expression of DP4 and
FAP in the present study suggests that morphological changes
have likely occurred due to differences in routine cell culture
and handling between international research groups and the
importance of re-phenotyping cell lines before beginning these
types of over and under expression studies.

In MDA-MB-231 cells, the significant increase in activity
against H-Ala-Pro-pNA, but not H-Gly-Pro-pNA is likely due to
the intracellular expression of FAP which kinetically favours the
hydrolysis of H-Ala-Pro-substrates over H-Gly-Pro-substrates
(8,60). With the exception of MDA-MB-231 cells, the level of
soluble DP-like activity was fairly constant across all cell lines
(no significant differences). Apart from the contribution of intra-
cellular FAP in MDA-MB-231 cells, this study suggest that DP8
and/or DP9 are the major enzymes responsible for the observed
DP-like activity in soluble fractions of all cell lines with the
contribution of DP2 to these activities being negligible. This is
supported by the detection of little to no enzyme activity against
the DP2 substrate of H-Lys-Ala-pNA in soluble fractions of cell
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lines and the complete absence of DP2 at the mRNA level in
MDA-MB-453, OVCA-432 and SKOV3 cells, all of which were
positive for DP8 and DP9 at the mRNA and protein level.

Although DP2 is a soluble enzyme, it is primarily local-
ized to vesicular structures (61) making it highly probable
that its activity will be observed in membrane fractions of the
cell lines isolated in this study. Indeed, as displayed in Fig. 5,
a higher level of DP2 activity was observed in the membrane
fractions of cell lines. In addition, a moderately positive but
non-significant correlation was detected between DP2 mRNA
and membrane H-Lys-Ala-pNA activity. However, membrane
activity against H-Lys-Ala-pNA was detected in all cell lines,
including in the three cell lines negative for DP2 mRNA,
MDA-MB-453, OVCA-432 and SKOV3 cells. Therefore,
we cannot exclude the likelihood of another enzyme being
responsible for some of the observed DP2-like activity in
the cell lines that are DP2 negative or positive at the mRNA
level. Likewise, in soluble fractions the level of activity against
H-Lys-Ala-pNA was fairly constant and may be due to the
expression of some DP2 protein, in the DP2 positive cell lines,
and another enzyme. Of most interest was the identification of
a significantly positive correlation between the level of DP9
protein and soluble activity against H-Lys-Ala-pNA. Purified
recombinant DP9 retains a low level of residual activity against
H-Ala-Pro-pNA at acidic pH 5.5 (62) thus we can speculate that
DP9 may be responsible for some of the soluble activity against
H-Lys-Ala-pNA observed in the present study. Although DP4
is capable of cleaving H-Lys-Ala-pNA, its activity at acidic
pH 5.5 is negligible (63) thus it is not likely to be the enzyme
responsible for the observed DP2-like activity. In addition,
significantly higher levels of activity were detected in the
membrane fraction compared to soluble fraction of the DP4
and DP2 negative MDA-MB-453 cells. These findings suggest
that an alternate membrane-associated enzyme, or enzymes, is
responsible for hydrolysis of H-Lys-Ala-pNA at an acidic pH.
This is further supported by the detection of residual activity
against H-Lys-Ala-pNA in intact cells following treatment
with selective DP2 inhibitors (64,65). As a number of amino-
peptidases are capable of cleaving N-terminal Lys and Ala
residues (66-69) it is reasonable to suggest that one or more
aminopeptidases may be responsible for the cleavage of Lys,
then Ala, from the synthetic substrate and thus release of pNA
for colorimetric detection in the DP2 enzyme assay.

The higher level of endopeptidase activity against Suc-Ala-
Pro-pNA in soluble fractions compared to membrane fractions
is consistent with the cytosolic localization of PEP. Forms of
membrane bound PEP have been identified (70) and may be
responsible for some of the detected membrane endopeptidase
activity against Suc-Ala-Pro-pNA. Unique to the DP4-like gene
family, FAP also has endopeptidase activity (60), displaying
a strong specificity for NH,-Gly-Pro-substrates (71), poorly
cleaving synthetic Suc-Ala-Pro containing substrates (8). Thus,
its contribution to the activity against Suc-Ala-Pro-pNA in FAP
positive MDA-MB-231 and HeL a is likely to be minimal, if any.

Recent data suggest that high levels of endogenous DP4, DP§
and DP9 can provide a survival mechanism for ESFT, protecting
ESFT cells from endogenous NPY-induced cell death (16) while
heterologous overexpression of DP8 and DP9 has been shown
to enhance staurosporine-induced apoptosis and spontaneous
apoptosis in the case of DP9 (17,36). These differences highlight
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the importance of investigating endogenous expression of DPs
in the context of differing pathological settings. Furthermore, it
suggests that the roles of DP8 and DP9 may be tumor specific.
As we have found in the present study, the expression of DP4 in
relation to DP9 is likely to play an important role in breast and
ovarian cancer pathogenesis. Lu et al investigated the roles of
DPs in ESFT, individual siRNA knockdown of DP4, DPS, DP9
and FAP was performed in human ESFT cell lines, however
no increase in DP9 mRNA levels was detected following
siRNA decrease in DP4 mRNA (16). Unfortunately, the Lu ef al
study did not measure protein level expression. In all cell lines
analyzed in our study, we observed no correlation between the
endogenous expression of DP8 and DP9 mRNA and protein.
This is consistent with the Yao er al observation of no change in
DPS8 protein expression following heterologous overexpression
of DP9 in HEK293T and HepG2 cells (36).

Yao et al showed that DP9 overexpression inactivated phos-
phoinositide 3-kinase (PI3K)/Akt signaling in an epidermal
growth factor (EGF)-dependent manner, attenuating cell prolif-
eration and enhancing apoptosis (36). Akt is a key activator of
cell growth and survival mechanisms (72). Dysregulation of
the PI3K/Akt pathway resulting in enhanced Akt signaling is a
common feature of many cancers, including breast and ovarian
cancer (73,74), that helps drive tumorigenesis (72). Thus drugs
inhibiting the PI3K/Akt molecular pathway are attractive for the
therapeutic treatment of breast and ovarian cancer (72,73,75).
Aberrant expression of the EGF receptor (EGFR) is also
observed on the surface of numerous cancers; thus, a complex
interplay between levels of EGFR, DP9, and members of the
PI3K/Akt pathway are likely to contribute to context specific
roles of DP9 in cancer. Inhibition of the Akt pathway may be a
potential mechanism by which overexpression of DP9 enhances
apoptosis in HepG2 and HEK293T cell lines and implicates a
potential therapeutic role for DP9 in breast and ovarian carci-
noma.

Breast cancer is a largely hormone-dependent cancer with
the status of steroid hormones, including estrogen, progesterone
and androgen, and the expression of human epidermal growth
factor receptor 2 (HER?2) playing a prominent role in the devel-
opment and progression of tumors (76-79). MCF-7 cells used in
this study are one of the most widely utilized cell models for
estrogen receptor (ERc) positive breast cancer (60). In contrast,
the other two breast cancer cell lines, MDA-MB-231 and
MDA-MB-453, are ERc negative. MDA-MB-231 are known
to be highly invasive and are positive for EGFR expression
while MDA-MB-453 cells are weakly invasive, and lack EGFR
expression (42). All three ovarian cancer cell lines, OVCA-429,
OVCA-432 and SKOV3 are ERc* (44); however, despite having
a functional estrogen receptor SKOV3 cells are unresponsive to
estrogen or anti-estrogen treatment (47). SKOV3 cells express
high levels (over-express) HER2 while both OVCA-432 and
OVCA-429 cells express lower levels of HER2 in relation to
SKOV3 cells (46). Interestingly, the absence of DP4 expression
in breast cancer cell lines, MDA-MB-231, MDA-MB-453 and
HeLa cells coincides with the reported ERc negative status of
these lines. An increase in DP4 expression upon increasing ERc
positive nature of ovarian cancer patient samples has been previ-
ously reported; however, no correlation was found between DP4
protein and steroid hormone receptor expression or severity of
disease in patients (80). The findings in our current study suggest
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that this should be revisited and investigated in the context of
DP9 and DP4.

In summary, this study demonstrates for the first time that
DPS8 and DP9 are expressed in breast and ovarian carcinoma
cell lines and suggests future investigations are required into
understanding the complex interplay between the levels of DP9,
DP4 and steroid hormone receptor status in breast and ovarian
cancer. In addition, this study highlights the need for elucidating
the mechanisms controlling transcription and post-transcrip-
tional regulation of DP8, DP9, DP4 and FAP. Confirmation
of our findings in clinical cancer samples is needed. Further
investigations may identify novel DP specific pathways that can
be targeted for the development of new treatments for breast and
ovarian cancer.
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