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Abstract
Dipeptidyl peptidase IV (DPPIV/CD26) is a transmembrane glycoprotein that inactivates or

degrades some bioactive peptides and chemokines. For this reason, it regulates cell prolif-

eration, migration and adhesion, showing its role in cancer processes. This enzyme is

found mainly anchored onto the cell membrane, although it also has a soluble form, an

enzymatically active isoform. In the present study, we investigated DPPIV/CD26 activity

and expression in cervical cancer cell lines (SiHa, HeLa and C33A) and non-tumorigenic

HaCaT cells. The effect of the DPPIV/CD26 inhibitor (sitagliptin phosphate) on cell migra-

tion and adhesion was also evaluated. Cervical cancer cells and keratinocytes exhibited

DPPIV/CD26 enzymatic activity both membrane-bound and in soluble form. DPPIV/CD26

expression was observed in HaCaT, SiHa and C33A, while in HeLa cells it was almost

undetectable. We observed higher migratory capacity of HeLa, when compared to SiHa.

But in the presence of sitagliptin SiHa showed an increase in migration, indicating that, at

least in part, cell migration is regulated by DPPIV/CD26 activity. Furthermore, in the pres-

ence of sitagliptin phosphate, SiHa and HeLa cells exhibited a significant reduction in adhe-

sion. However this mechanism seems to be mediated independent of DPPIV/CD26. This

study demonstrates, for the first time, the activity and expression of DPPIV/CD26 in cervical

cancer cells and the effect of sitagliptin phosphate on cell migration and adhesion.

Introduction
Cervical cancer is one of the most prevalent cancers in women worldwide. Infection by human
papillomavirus (HPV) is the main change that can lead to this type of cancer. Additionally,
some high-risk HPV subtypes may cause related malignancies [1, 2]. The treatment protocol
includes primary radiotherapy and adjuvant platinum-based chemotherapy [3], and mean
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survival of patients with advanced manifestations of this disease is short. Then, considering the
poor prognosis for this condition, the study of tumor biology may contribute to the develop-
ment of new therapeutic strategies that improve outcome.

The dipeptidyl peptidase IV gene family has the rare ability to cleave a prolyl bond two resi-
dues from N-terminal, and consists of four members (DPPIV/CD26, FAP, DP8 and DP9). The
role of this family in mechanisms such as inactivation of incretins, cleavage of chemokines, cell
migration, apoptosis and activation of lymphocytes, among others, has been the object of sev-
eral studies [4]. DPPIV/CD26 is the most studied enzyme of this family, and has several func-
tions involved in tumor progression.

The transmembrane glycoprotein DPPIV/CD26 is composed by an extracellular domain, a
transmembrane region, and a cytoplasmic tail [5]. This enzyme is found mainly anchored onto
the membrane of different cell types, in a dimeric form, although it also has a soluble form
(DPPIV/sCD26), an isoform enzymatically active in biological fluids [6, 7]. sCD26 does not
have transmembrane region and cytoplasmic residues, and it is also found in the dimeric form
[5, 8, 9].

The extracellular domain of DPPIV/CD26 encodes an ectopeptidase that cleaves N-terminal
dipeptides from polypeptides with proline or alanine in the penultimate position [5, 10, 11]. So,
many regulatory peptides containing this sequence are cleaved by this enzyme, resulting in their
inactivation or degradation [6, 12–17]. Considering this ability to regulate the activity of biopep-
tides, DPPIV/CD26 can regulate cell processes, acting as tumor suppressor or activator [5].

DPPIV/CD26 also acts as the main cellular binding protein for ecto-adenosine deaminase
(eADA) [18]. Moreover, it binds extracellular matrix proteins, like fibronectin and collagen
[19–23], and participates in signaling pathways by associating with the serine protease fibro-
blast activated protein-alpha (FAP-α), the protein tyrosine phosphatase CD45, plasminogen 2,
and the chemokine receptor CXCR4 [5, 24–27]. In view of these functions, DPPIV/CD26 regu-
lates various biological mechanisms that control functions associated with neoplastic transfor-
mation, such as cell proliferation, differentiation, migration, adhesion and survival [28].

Considering the relationship between DPPIV/CD26 and cancer, and that the expression
and role of this enzyme in human cervical carcinoma is unknown, we report for the first time
DPPIV/CD26 expression and enzymatic activity in one HPV-negative (C33A) and two HPV-
positive (SiHa and HeLa) cervix cancer cell lines and non-tumorigenic cell line of human kera-
tinocytes (HaCaT). We also evaluate the ability of cell migration and adhesion of SiHa and
HeLa cell lines in the presence or absence of sitagliptin phosphate, a DPPIV/CD26 inhibitor.

Materials and Methods

Materials
Dulbecco’s modified Eagle’s medium (DMEM), penicillin/streptomycin, trypsin/EDTA solu-
tion, fungizone, Gly-Pro-p-nitroanilide, p-nitroaniline, sitagliptin phosphate, N-Ethylmalei-
mide (NEM), bovine serum albumin (BSA) and extracellular matrix (ECM) proteins were
supplied by Sigma (Sigma Chemical Co., St. Louis, MO). Fetal bovine serum (FBS) was pur-
chased from Gibco (Gibco BRL, Grand Island, NY). M-MLV reverse transcriptase was pur-
chased from Promega (Madison, WI). Taq polymerase and oligonucleotides were acquired
from Invitrogen. DPPIV/CD26 antibody (FITC- 340426) was supplied by BD Biosciences (San
Jose, CA, USA). All other chemicals and solvents used were of analytical grade.

Maintenance of cell lines
The human cell lines derived from invasive cervical carcinoma, SiHa (HPV 16-positive), HeLa
(HPV 18-positive) and C33A (HPV-negative) were purchased from American Type Culture
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Collection (Rockville, MD; ATCC HTB-35, CCL-2 and HTB-31). Cell lines were maintained in
a culture flask in DMEM supplemented with 10% FBS in 5% CO2/95% air at 37°C. The sponta-
neously immortalized human epithelial cell line HaCaT (non- tumorigenic control cells), was
kindly donated by Dr. Luisa L. Villa (ICESP, School of Medicine, University of São Paulo) and
Dr. Silvya S. Maria-Engler (Faculty of Pharmaceutical Sciences, University of São Paulo) [29],
and maintained at the same conditions, but cultured with high-glucose DMEM.

Enzyme assays in adherent cells
Cell suspensions were seeded in 96-well plates (3.5 x 103 cells/well), and grown to confluence.
The cell monolayer was washed with Tris/HCl 0.1M, pH 7.4 and incubated in the same buffer
in the presence of the substrate Gly-Pro-p-nitroanilide 2.5 mM for 30, 60, 90 and 120 min of
reaction at 37°C. The reaction was interrupted adding 1 M sodium acetate buffer pH 4.4. After
centrifugation for 5 min at 10,000 x g, the absorbance of the supernatant was measured at 405
nm. The negative control of the reaction was prepared by adding sodium acetate buffer before
adding the substrate. Both the reactions and the control assays were carried out in triplicate. In
order to determine the concentration of p-nitroaniline released, a standard curve of p-nitroani-
line was prepared.

Enzymatic activity inhibition assays
To determine specifically the activity of DPPIV/CD26, and considering that the substrate Gly-
Pro-p-nitroanilide is also cleaved by DP-8, -9 and -2, enzymatic activity was determined using
inhibitors and optimum temperature and pH.

The DPPIV/CD26 enzymatic activity for adherent cells was assessed using sitagliptin phos-
phate, a DPPIV/CD26 inhibitor, and NEM, a DP-8 and -9 inhibitor. Cells were pre-incubated
for 20 min in the presence of the sitagliptin phosphate 2 mM or NEM 5 mM, and then the
assay was conducted exactly as described above, for 60 min. Furthermore, enzymatic activity
was analyzed in TE buffer pH 8.0, at room temperature, which excludes the activity of DP2.
This incubation was performed in the presence or absence of sitagliptin phosphate and NEM.

Enzyme assays in the supernatant of adherent cells
Adherent cells at confluence in flasks of 25 cm2 were washed with phosphate-buffered saline
(PBS) to remove the culture medium with serum. Then 2 mL of culture medium without
serum and without phenol red were added. After incubation in 5% CO2/95% air at 37°C for 1
h, the supernatant was collected and centrifuged for 5 min at 10,000 x g. An aliquot of superna-
tant was incubated in the presence of the substrate Gly-Pro-p-nitroanilide 2.5 mM, in TE
buffer pH 8.0, at room temperature, for 60 min. The reaction was interrupted adding 1 M
sodium acetate buffer pH 4.4. The enzyme activity was assayed and the reaction rate deter-
mined as described above.

Protein determination
For experiments with adherent cells, protein content was determined using the Bradford method
with bovine serum albumin as standard [30]. For experiments in supernatant of adherent cells,
protein content was measured using the Sensiprot kit (Labtest Diagnostica, MG, Brazil).

Real-time RT-PCR Analysis
Total RNA was isolated from cells using Trizol reagent (Life Technologies, Carlsbad, CA,
USA), in accordance with the manufacturer’s instructions. The cDNA species were synthesized
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with M-MLV reverse transcriptase (Promega, Madison, Wisconsin, USA) from 5 μg of total
RNA, with a random hexamer primer, according to the manufacturer’s instructions. SYBR
Green I-based real-time PCR was carried out in the MJ Research DNA Engine OpticonTM
Continuous Fluorescence Detection System (MJ Research Inc., Waltham, MA) [31]. All the
PCR mixtures contained the following: PCR buffer (final concentration of 10 mM Tris–HCl
pH 9.0, 50 mM KCl, 2 mMMgCl2, and 0.1% Triton X-100), 250 μM dNTPs, 0.5 μM of each
PCR primer (Table 1), 0.5× SYBR Green I (Molecular Probes), 5% DMSO, and 1U of Taq
DNA polymerase (Promega, Madison, WI) with 2 μL of cDNA, in a 25 μL of final volume reac-
tion mix. The samples were loaded into the wells of Low Profile 96-well microplates. After an
initial denaturation step for 1 min at 94°C, conditions for cycling were 35 cycles of 30 s at 94°C,
30 s at 56°C, and 1 min at 72°C. The fluorescence signal was measured right after incubation
for 5 s at 79°C following the extension step, which eliminates the possible primer dimer detec-
tion. At the end of the PCR cycles, a melting curve was generated to identify the specificity of
the PCR product. For each run, serial dilutions of human GAPDH plasmids were used as stan-
dards for quantitative measurement of the amount of amplified DNA. All samples were run in
triplicate, and the data were presented as the ratio of CD26/GAPDH.

Flow cytometry
Cells were cultured in 6-well plates, trypsinized and centrifuged to obtain a pellet of cells, and
then the DPPIV/CD26 antibody FITC-conjugated was added to each tube. After 20 minutes of
incubation at room temperature, protected from light, the cells were centrifuged and resus-
pended in PBS. In parallel, a sample was processed in the same way except for the addition of
the DPPIV/CD26 antibody (unlabeled control). As a positive control we used lymphocytes
extracted from whole blood. The samples were analyzed using a FACSVerse flow cytometer
(BD Biosciences, San Jose, CA, USA).

Cellular integrity
To evaluate cellular integrity during the enzymatic experiments, the activity of cytosolic
enzyme lactate dehydrogenase (LDH) was determined after the washing procedure and enzy-
matic reaction in the presence of the substrate for 120 min, and in the presence of inhibitors
for 80 min (corresponding to 20 min of pre-incubation and 60 min of reaction). LDH activity
released into the supernatant was measured according to a colorimetric method, LDH test kit
Liquiform (Labtest Diagnostica, MG, Brazil) and compared with the activity of cells lysed with
1.8% Triton X-100 [32].

Cellular viability
During the DPPIV/CD26 enzyme inhibition experiments, cell viability was confirmed by
counting of viable cells with trypan blue dye (after incubation with the inhibitor as described
above for LDH assay). After detachment of the cells with 0.25% trypsin/EDTA solution,

Table 1. Primer sequences.

Gene GenBank number Primer sequence (5’ to 3’) Probe type

DPPIV/CD26 NM_001935.3 GGCACCTGGGAAGTCATCGGGA Forward

AGAGGGGCAGACCAGGACCG Reverse

GAPDH NM_001256799.1 CAAAGTTGTCATGGATGACC Forward

CCATGGAGAAGGCTGGGG Reverse

doi:10.1371/journal.pone.0134305.t001
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DMEM/10% FBS was added and cells were diluted with Trypan Blue (1:1 v/v) to selectively
stain dead cells. Viable cells (trypan blue negative) were counted in a Neubauer chamber in an
optical microscope (Olympus, CX21 model, Tokyo, Japan). The results were expressed com-
pared with a control (cells in DMEM/10% FBS only) that represents 100% of cell viability.

Mitochondrial viability assay
Mitochondrial viability was assessed using the MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) assay. Suspensions of cells were seeded in 96-well plates (3.5×103

cells/well), grown to semi confluence, treated with different concentrations of sitagliptin phos-
phate and incubated for 24 h at 37°C. Treatments were withdrawn, the 0.5 mg/mL MTT solu-
tion was added to each well, and plates were incubated 3 h at 37°C. Formazan crystals formed
by tetrazolium cleavage were dissolved with DMSO and quantified at 570 and 630 nm using a
microplate reader (Spectramax M2e, SoftMax Pro Software Interface 5.4.1, USA). Results were
expressed as percentage of control, which was considered as 100% of cell viability.

Wound-healing assay
Suspensions of cells were seeded in 24-well plates (2.5 x104 cells/well) and grown to confluence.
Cell monolayers were then mechanically scratched with a yellow tip, and cell debris were
removed by washing with PBS. Only the culture medium was used as control, while in test sam-
ples culture medium plus sitagliptin phosphate 0.2mM was added. Cell migration into the
scratched region was recorded using an Olympus IX71 microscopy system coupled to an
Olympus DP73 digital camera at 0 and 24 h. The result was calculated by comparing the
wound closure after 24 h compared with initial time.

ECM coating and adhesion assay
Culture plates (96-well) were coated with ECM proteins (laminin, fibronectin, type I and IV
collagen) at final concentration of 20μg/mL for 12 hours at 4°C. Wells were washed and
blocked with 2% BSA in PBS for 1 hour at 37°C. Cervical cancer cells were seeded in 96-well
plates coated or uncoated (2 x104 cells/well) and incubated for 2 h at 37°C in the presence or
absence of sitagliptin phosphate 0.2 and 1mM. Treatment was withdrawn, and cells were
washed three times with PBS to remove the non-adherent cells. Adherent cells were fixed with
4% paraformaldehyde for 30 min and stained with 0.5% crystal violet (diluted in 20% metha-
nol). After cells were washed three times with Milli-Q water, to remove excess stain, and then
eluted in 10% acetic acid. The staining intensity of crystal violet was quantified at 570 nm using
a microplate reader (Spectramax M2e, SoftMax Pro Software Interface 5.4.1, USA).

Statistical analysis
The results are expressed as mean ± SD of three experiments in triplicate. Data were analyzed
using the Student’s t test or one-way analysis of variance (ANOVA) followed by the Tukey test
in the program Graph Pad Prism 5. Values of p<0.05 were considered significant.

Results

DPPIV/CD26 enzymatic activity on cells surface
In this study, we first investigated the linearity of enzyme activity as a function of time. We
used a new approach, which evaluates the DPPIV/CD26 enzymatic activity in intact cells,
not in cell lysate, as most of the studies describes. So, in order to investigate the activities
related to enzyme anchored onto the cell membrane, we evaluated Gly-Pro-p-nitroanilide
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hydrolysis in the intact monolayer of adherent cells. The human cervical carcinoma and ker-
atinocyte cell lines were able to promoted Gly-Pro-p-nitroanilide hydrolysis in a linear way,
for up to 120 min (Fig 1). In view of these results, to ensure the linearity of the reaction, for
enzymatic activity inhibition assays we defined a 60 min incubation time. Furthermore,
hydrolysis activities were higher in SiHa and HaCaT cell lines, when compared to HeLa and
C33A (Fig 1).

Cellular integrity and viability
During the enzymatic activity experiments, LDH activity was used as a marker of cell mem-
brane integrity and was measured in the cells after the washing procedure and incubation with
Gly-Pro-p-nitroanilide, sitagliptin phosphate and NEM. These activities were compared with
the LDH activity of cells lysed with 1.8% of Triton X-100, as a positive control for cell disrup-
tion. The results indicate that approximately 97% of the adherent cells are intact during enzy-
matic activity assay. Similar result was observed for enzymatic activity inhibition assays using
NEM 5 mM. On the other hand, in the experiments with sitagliptin phosphate there was a sig-
nificant increase in LDH release when cells were incubated with concentrations above 2 mM
(S1 Fig).

In order to confirm the results obtained by LDH assay during the enzymatic inhibition
assay with sitagliptin phosphate, in parallel, we performed the counting of viable cells using
Trypan blue. The results obtained were in accordance with the results of LDH release, where
concentrations above 2 mM of sitagliptin phosphate caused a significant reduction in cell

Fig 1. Time course curve for Gly-Pro-p-nitroanilide hydrolysis in adherent cells monolayer. Results
are mean values ± SD for three experiments. *Indicates statistical significance when cervical cancer cell lines
were compared to the non-tumorigenic cell line, HaCaT (ANOVA followed by Tukey’s test, p� 0.05).

doi:10.1371/journal.pone.0134305.g001
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viability. In the presence of Tris/HCl and 2 mM sitagliptin phosphate, cell viability remained at
approximately 99% (S2 Fig). Thus, we established the concentration of 2 mM of sitagliptin
phosphate for inhibition assays in adherent cells.

Inhibition assays and DPPIV/CD26 specific enzymatic activity
Due to the existence of proteins other than DPPIV/CD26 with potential activity to cleave N-
terminal dipeptides from polypeptides with proline or alanine in the penultimate position, we
measured the enzymatic activity in the presence of inhibitors and optimum temperature and
pH, to specifically determine the activity of DPPIV/CD26.

Initially we used sitagliptin phosphate 30 μM, which has been reported to selectively inhibit
DPPIV/CD26, but not DP-8 and -9 [33, 34]; however, in our tests this concentration of inhibi-
tor had no effect (data not shown). So, we performed a concentration curve of sitagliptin phos-
phate in order to determine the highest concentration that could inhibit the enzymatic activity
without impairing cell viability, as described above (S1 and S2 Figs). Considering that sitaglip-
tin phosphate 2 mM did not affect cell viability in any of the cell lines studied, we used this con-
centration for our experiments.

Since we chose a concentration of sitagliptin phosphate that has been described to be non-
specific for DPPIV/CD26, we used NEM, which is the specific inhibitor of DP-8 and -9, to con-
firm that these enzymes do not contribute to this cleavage activity, even though we evaluated
the activity in intact cells, and know that these enzymes are intracellular [35,36]. Another
enzyme, known as dipeptidyl peptidase 2 (DP2), also acts similarly to the DPPIV family mem-
bers. So, we used TE buffer pH 8.0, at room temperature, to exclude the activity of DP2, which
is a secreted enzyme [37].

The specific activities on the monolayer of adherent cells under different conditions (tem-
perature, pH, absence or presence of inhibitors) are shown in Table 2. We found an incomplete
inhibition when we used sitagliptin phosphate 2 mM in adherent cells at 37°C, pH = 7.4. There-
fore, when we perform the evaluation of the activity at room temperature, pH = 8.0, there was
a reduction of enzyme activity in the same order as that of the residual activity found, not
inhibited at 37°C, pH = 7.4. Moreover, when we used sitagliptin phosphate 2 mM at room tem-
perature, pH = 8.0, enzyme activity was completely abolished (Table 2). These results point to
a combined activity of DPPIV/CD26 and DP2 in Gly-Pro-p-nitroanilide hydrolysis at 37°C,
pH = 7.4. Finally, NEM did not affect enzyme activity, thus confirming that the DP-8 and -9
enzymes are not involved in substrate hydrolysis under these conditions (Table 2). So, we

Table 2. Specific activity of Gly-Pro-p-nitroanilide hydrolysis in absence (control) and in presence of sitagliptin phosphate 2mM, a DPPIV/CD26
inhibitor, and NEM 5mM, a DP-8 and -9 inhibitor, in the cell monolayer of keratinocytes and cervical cancer cell lines.

Cell
line

Control (37°C,
pH = 7.4)

Sitagliptin phosphate (37°C,
pH = 7.4)

Control (room,
pH = 8.0)

Sitagliptin phosphate (room,
pH = 8.0)

NEM (room,
pH = 8.0)

HaCaT 9.1± 0.1 0.8± 0.2* 8.0± 0.5 0.2± 0.1* 8.0± 0.4

SiHa 7.9± 0.1 2.6± 0.1* 6.0± 0.1# 0.1± 0.2* 5.7± 0.2

HeLa 4.0± 0.3 1.2± 0.1* 3.0± 0.2# 0.1± 0.1* 2.9± 0.2

C33A 3.7± 0.1 1.5± 0.1* 2.5± 0.2# 0.1± 0.1* 2.2± 0.3

Gly-Pro-p-nitroanilide hydrolysis was measured in immortalized keratinocytes (HaCaT) and in human cervical cancer cell lines (SiHa, HeLa and C33A) as

described in Material and Methods. Mean values ± S.D is expressed in specific activity (nmol of p-nitroaniline liberated/min/mg of protein). The values are

representative of three different experiments.

*Indicates statistical significance when the sitagliptin phosphate and NEM groups were compared to the respective control group.
#Indicates statistical significance when controls were compared, indicating the effect of pH and temperature. ANOVA followed by Tukey’s test, p � 0.05.

doi:10.1371/journal.pone.0134305.t002
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standardized the enzymatic activity of DPPIV/CD26 in cell monolayers, which could be deter-
mined at room temperature, pH = 8.0.

DPPIV/CD26 enzymatic activity in the supernatant of adherent cells
The determination of enzymatic activity in the supernatant was performed under conditions
which exclude the activity of DP2 (at room temperature, pH = 8.0, as mentioned previously).
In these conditions the hydrolysis activities were higher in SiHa and HaCaT cell lines, when
compared to HeLa and C33A, in the same way as for adherent cells (Tables 2 and 3). Consider-
ing that the supernatant was collected after just 1 h of incubation with adherent cells, this activ-
ity becomes significant, indicating the important presence of this enzymatic soluble form
(DPPIV/sCD26) secreted by the cervical cancer and non-tumoral HaCaT cells.

Gly-Pro-p-nitroanilide hydrolysis was measured in immortalized keratinocytes (HaCaT)
and in human cervical cancer cell lines (SiHa, HeLa and C33A) as described in Material and
Methods. Mean values ± S.D is expressed in specific activity (nmol of p-nitroaniline liberated
/min/mg of protein). The values are representative of three different experiments.

DPPIV/CD26 expression
To better investigate if the cervical cancer cells and HaCaT could present difference in the
DPPIV/CD26 gene and protein expression, we performed quantitative real-time RT-PCR and
flow cytometry analysis. The result showed that mRNA and protein levels of expression (Figs 2
and 3) correlates with the enzyme activity presented in the adherent cervical cancer cells and
HaCaT (Fig 1). As observed for the enzymatic profile of adherent cells, HaCaT and SiHa pre-
sented the highest DPPIV/CD26 expression. However, in the C33A cell line this protein was
expressed at low levels, while for the HeLa cell line, the DPPIV/CD26 was almost undetectable
(Figs 2 and 3).

Cell migration and adhesion
Taking into account the relationship of DPPIV/CD26 with mechanisms such as cell migration,
especially due to its hydrolytic activity that leads to degradation and inhibition of regulatory bio-
peptides, we evaluated the migration capacity in the SiHa and HeLa cervical cancer cell lines,
which had higher and lower enzymatic activity and expression of DPPIV/CD26, respectively.

Initially, we performed the MTT assay in order to determine the highest concentration of
sitagliptin phosphate without affecting cell viability after 24 h of incubation (migration assay
period). The results showed a decrease in mitochondrial viability when cells were incubated
with concentrations higher than 0.2 mM of sitagliptin phosphate (S3 Fig). For this reason, we
chose the concentration of 0.2 mM of sitagliptin phosphate to use in cell migration assay.

The wound-healing assay revealed a higher basal migratory ability of HeLa cells, when com-
pared to SiHa (Fig 4). However, in the presence of sitagliptin phosphate, SiHa cells showed a
significant increase in migration, while for the HeLa cell line there was no significant change,
indicating a possible relationship between DPPIV/CD26 enzyme activity and migration in
these cells.

Table 3. Specific activity of Gly-Pro-p-nitroanilide hydrolysis in room temperature, pH = 8.0, in the
supernatant of adherent cells.

HaCaT SiHa HeLa C33A

39.6± 0.9 29.1± 0.6 10.1± 1.0 11.4± 0.9

doi:10.1371/journal.pone.0134305.t003
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In order to determine whether cell adhesion of SiHa and HeLa cell lines could be affected by
the DPPIV/CD26 inhibitor, sitagliptin phosphate, we plated these cells in the presence or
absence of the inhibitor and cell adhesion was assessed after 2 h of incubation. With this incu-
bation time, control cells adhere on plastic, without spreading. But in the presence of ECM pro-
teins (laminin, fibronectin and type I collagen), after 2 hours has been observed cell spreading
and increased adhesion capacity (S4 Fig). The results indicated that after 2 h, HeLa cell line
adheres more than SiHa. Moreover, it was observed that, in the presence of sitagliptin phos-
phate 1 mM, both cell lines exhibit a significant reduction in cell adhesion in plastic plates
uncoated or coated with ECM proteins (Fig 5). Whereas sitagliptin phosphate has affected
adhesion also in HeLa cell line, which practically does not express DPPIV/CD26, we believe
that this effect may be mediated independent of DPPIV/CD26 enzymatic activity.

Discussion
Recently, cell surface proteases, such as DPPIV/CD26 have been described as tumor suppres-
sors for several types of cancer [28, 38–43]. DPPIV/CD26 suppresses the malignant phenotype,
possibly by degrading or inactivating growth factors and chemokines necessary for growth and
survival of cancer cells, and by modulating the extracellular microenvironment through its
interaction with extracellular matrix components [44].

We standardized a new approach to determine DPPIV/CD26 enzyme activity in intact cells
monolayer, employing different inhibitors and assay conditions. Sitagliptin phosphate was

Fig 2. DPPIV/CD26 expression profile determined by real-time RT-PCR analysis.Quantitative real-time
RT-PCR analysis of DPPIV/CD26 expression in cervical cancer cells (SiHa, HeLa and C33A) and
immortalized keratinocytes (HaCaT). The total RNA was isolated and the cDNA was analyzed with the
primers as described in Materials and methods section. Bars represent mean ± SD for three experiments.
*Indicates statistical significance when cervical cancer cell lines were compared to the non-tumorigenic cell
line, HaCaT (ANOVA followed by Tukey’s test, p� 0.05).

doi:10.1371/journal.pone.0134305.g002
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Fig 3. Cell surface expression of DPPIV/CD26 protein determined by flow cytometry analysis. Immortalized keratinocytes, HaCaT (a), cervical cancer
cells, SiHa (b), HeLa (c) and C33A (d) and lymphocytes extracted from whole blood (e). Cells were stained with the anti-human DPPIV/CD26 antibody FITC-
conjugated. The Y-axis shows relative cell number and the X-axis shows the fluorescence intensity. The solid black line depicts DPPIV/CD26 expression and
filled histogram is the unlabeled control. Histograms are representative from three independent experiments.

doi:10.1371/journal.pone.0134305.g003
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used to inhibit the DPPIV/CD26, and NEM was used to avoid the influence of the enzymes
DP-8 and -9 present in the cytosol. Furthermore, by measuring the Gly-Pro-p-nitroanilide
hydrolysis at pH 8.0, at room temperature, it was possible to exclude the activity of DP2, which
seems to be active at 37°C, pH 7.4. Then, using inhibitors and different conditions of pH and
temperature, we ruled out the participation of DP-8, -9 and -2, and determined the activity of
DPPIV/CD26 linked on cervical cells.

Fig 4. Cell migration using theWound-healing assay. SiHa (a) and HeLa (b) cervical cancer cells were analyzed 24 h after scratching in the absence
(control) and presence of 0.2 mM sitagliptin phosphate. (c) Quantification of the wound closure of cervical cancer cells in the absence (control) and presence
of sitagliptin phosphate. Results are mean values ± SD (n = 3). *Indicates statistical significance when the sitagliptin phosphate group was compared to the
respective control group. #Indicates statistical significance when controls were compared (ANOVA followed by Tukey’s test, p� 0.05).

doi:10.1371/journal.pone.0134305.g004

DPPIV/CD26 Affects Migration in Cervical Carcinoma Cells

PLOS ONE | DOI:10.1371/journal.pone.0134305 July 29, 2015 11 / 17



Fig 5. Effect of sitagliptin phosphate on cell adhesion.Comparison of the adhesion on plastic plates
uncoated or coated with ECM proteins (laminin, fibronectin, type I collagen and type IV collagen), of cervical
cancer cells SiHa (a) and HeLa (b) 2 h after plating in the absence (control) and presence of 0.2 or 1 mM
sitagliptin phosphate. Data were presented as the ratio of treatment absorbance/control absorbance. Results
are mean values ± SD (n = 3). *Indicates statistical significance when sitagliptin phosphate groups were
compared to the respective control group. (ANOVA followed by Tukey’s test, p� 0.05).

doi:10.1371/journal.pone.0134305.g005
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The differential Gly-Pro-p-nitroanilide hydrolysis in both adherent cells and the superna-
tant, which formed p-nitroaniline in vitro, suggests the existence of DPPIV/CD26 activity in
SiHa (HPV 16-positive), HeLa (HPV 18-positive), C33A (HPV-negative) cancer cells and
HaCaT (non-tumorigenic control cells). Moreover, the HaCaT cell line (non-tumoral control)
exhibited higher hydrolysis rate in both, cell membrane and supernatant. These results are in
agreement with literature data that demonstrate reduced DPPIV/CD26 enzyme activity in can-
cer cell lines, when compared to non-tumorigenic cells. This suggests that the loss of DPPIV/
CD26 activity may be correlated with tumor development and progression rate [28, 38, 40].

Although numerous studies have revealed the alterations in DPPIV/CD26 in cancer [6, 7,
45–48], expression seems variable, since the enzyme levels is increased in some tumors and
decreased in others [5]. Our data showed DPPIV/CD26 expression in HaCaT, SiHa and C33A,
and an almost undetectable expression in HeLa, which correlates with the measured enzymatic
activity in these cell lines. These differences can be related with the cellular origin of HeLa that
is derived from adenocarcinoma. Furthermore, HeLa differs from other cell lines tested being a
HPV 18-positive cell. However, additional studies are needed to elucidate this relationship.

Alteration in levels of DPPIV/CD26 activity and/or expression in serum are associated to
many pathophysiological conditions, including cancer [6, 7, 48, 49]. In this sense, nowadays,
the sCD26 isoform may be seen as a promising biomarker for many types of cancer. Studies on
human colorectal carcinoma showed a significant decrease in levels of this enzyme according
to the stages of the disease, which characterizes it as an indicator of malignancy [47, 50]. Our
experiments in the supernatant of human cervical cancer cells demonstrate that significant lev-
els of sCD26 had been released after 1 h of incubation. Thus, the soluble form of this enzyme
appears to be a promising biomarker to be investigated in serum or vaginal secretions of
patients with this pathology.

The overexpression of DPPIV/CD26 in ovarian carcinoma cells promoted a decrease in cell
migration and an increase in cell adhesion [41]. Considering the interaction of DPPIV/CD26
with extracellular matrix components and through regulation of E-cadherin, matrix metallo-
proteinases (MMPs), and tissue inhibitors of matrix metalloproteinases (TIMPs), it remains to
be more clearly established whether tumor progression is more affected by the ectopeptidase
activity or non-proteolytic mechanisms. Our results with cervical cancer cells showed that
HeLa, which presented the lowest DPPIV/CD26 expression, has a greater migration capacity
when compared with SiHa (cancer cell line that more express DPPIV/CD26). This may be due
either to the lower interaction with the extracellular matrix, or the lower degradation of biopep-
tides that stimulate cell migration. The migration assay in presence of sitagliptin phosphate
suggests that the enzymatic activity of DPPIV/CD26 is associated with this process, consider-
ing that the inhibition of this activity, in SiHa cells, increased migratory capacity. Then, lower
activity of DPPIV/CD26 is related to poor degradation of biopeptides required for cell migra-
tion, such as CXCL12, which facilitates this process.

DPPIV/CD26 binds to extracellular matrix proteins, such as fibronectin and collagen,
which indicates that it may be associated with cell adhesion and metastasis [23]. The introduc-
tion of DPPIV/CD26 in ovarian cancer cells produces a significant reduction in both, the
migration and invasive potential by controlling the E-cadherin expression, a protein involved
in cell adhesion [41]. Loss of expression is therefore linked to increased invasiveness and meta-
static potential [51]. These observations suggest that DPPIV/CD26 can play a crucial role in
anti-metastatic potential [43]. Our results showed a significant decrease in cell adhesion when
cells were treated with sitagliptin phosphate. Although this effect appears to be mediated inde-
pendent of DPPIV/CD26 enzymatic activity, in view of the HeLa cell line adhesion was also
affected by sitagliptin phosphate.
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The data obtained in the present study demonstrate, for the first time, that cervical cancer
cells present DPPIV/CD26 enzymatic activity, whether linked to cell membrane or in its solu-
ble form, revealing a differential expression that in turn translate to a modification in cell
migration. Considering that DPPIV/CD26 plays an important role in tumor biology, it is
believed that this protein may become an important biomarker as well as a therapeutic target.
Nevertheless, additional work is required to elucidate the molecular mechanisms associated
with DPPIV/CD26 in cervical cancer.

Supporting Information
S1 Fig. Cellular integrity assessed by the LDH activity. Cellular integrity assessed by the
activity of the cytosolic enzyme lactate dehydrogenase (LDH) after the washing procedure and
enzymatic reaction in the presence of the Tris/HCl buffer and DPPIV/CD26 inhibitor, sitaglip-
tin phosphate, in adherent cells HaCaT (a), SiHa (b), HeLa (c) and C33A (d) as described in
Material and methods. Results are mean values ± SD (n = 3). � Indicates statistical significance
when sitagliptin phosphate groups were compared to Tris/HCl (Student’s t-test, p� 0.05).
(TIF)

S2 Fig. Cellular viability evaluated by cell counting. Cellular viability was evaluated after the
washing procedure and enzymatic reaction in the presence of the Tris/HCl buffer and DPPIV/
CD26 inhibitor, sitagliptin phosphate, in adherent cells HaCaT (a), SiHa (b), HeLa (c) and
C33A (d) as described in Material and methods. Results are mean values ± SD (n = 3). � Indi-
cates statistical significance when treated groups were compared to the control (Student’s t-
test, p� 0.05).
(TIF)

S3 Fig. Cellular viability assessed by the MTT assay. Cellular viability was evaluated after 24
h of incubation in the absence (Control) or presence of the DPPIV/CD26 inhibitor, sitagliptin
phosphate, in adherent cells SiHa (a) and HeLa (b). Results are mean values ± SD (n = 3). �

Indicates statistical significance when sitagliptin phosphate groups were compared to the con-
trol (Student’s t-test, p� 0.05).
(TIF)

S4 Fig. Photographs of cervical cancer cells in the adhesion assay. Typical morphology of the
cell lines in culture flask (a), and after 2h of incubation in adhesion assay on uncoated plastic
plates (b) or coated with ECM proteins, laminin (c), fibronectin (d), type I collagen (e) and
type IV collagen (f), 200x magnification. Comparison of the adhesion on plastic plates
uncoated or coated with ECM proteins (g). Data were presented as the ratio of ECM coated
plates absorbance/ uncoated plastic plates absorbance. Results are mean values ± SD (n = 3).
�Indicates statistical significance when ECM coated plates were compared to the uncoated plas-
tic plates. (ANOVA followed by Tukey’s test, p� 0.05).
(TIF)

Acknowledgments
The authors are grateful to Dr. Luisa L. Villa and Dr. Silvya S. Maria-Engler for donating the
HaCaT cells.

Author Contributions
Conceived and designed the experiments: A. Beckenkamp A. Buffon MRWANB DAP LFZ.
Performed the experiments: A. Beckenkamp JBW JN DBS JDP. Analyzed the data: A.

DPPIV/CD26 Affects Migration in Cervical Carcinoma Cells

PLOS ONE | DOI:10.1371/journal.pone.0134305 July 29, 2015 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134305.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134305.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134305.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134305.s004


Beckenkamp A. Buffon JBWMRWDAP ANB JDP LFZ. Contributed reagents/materials/anal-
ysis tools: A. Buffon DAPMRW LFZ. Wrote the paper: A. Beckenkamp A. Buffon MRWANB
LFZ.

References
1. Rama CH, Roteli-Martins CM, Derchain SF, Longatto-Filho A, Gontijo RC, Sarian LO, et al. Prevalence

of genital HPV infection among women screened for cervical cancer. Rev Saude Publica. 2008; 42:
123–130. PMID: 18200349

2. de Cremoux P, de la Rochefordiere A, Savignoni A, Kirova Y, Alran S, Fourchotte V, et al. Different out-
come of invasive cervical cancer associated with high-risk versus intermediate-risk HPV genotype. Int
J Cancer. 2009; 124: 778–782. doi: 10.1002/ijc.24075 PMID: 19035459

3. Zagouri F, Sergentanis TN, Chrysikos D, Filipits M, Bartsch R. Molecularly targeted therapies in cervical
cancer. A systematic review. Gynecol Oncol. 2012; 126: 291–303. doi: 10.1016/j.ygyno.2012.04.007
PMID: 22504292

4. Yu DM, Yao TW, Chowdhury S, Nadvi NA, Osborne B, ChurchWB, et al. The dipeptidyl peptidase IV
family in cancer and cell biology. FEBS J. 2010; 277: 1126–1144. doi: 10.1111/j.1742-4658.2009.
07526.x PMID: 20074209

5. Havre PA, Abe M, Urasaki Y, Ohnuma K, Morimoto C, Dang NH. The role of CD26/dipeptidyl peptidase
IV in cancer. Front Biosci. 2008; 13: 1634–1645. PMID: 17981655

6. Cordero OJ, Salgado FJ, Nogueira M. On the origin of serum CD26 and its altered concentration in can-
cer patients. Cancer Immunol Immunother. 2009; 58: 1723–1747. doi: 10.1007/s00262-009-0728-1
PMID: 19557413

7. Eric-Nikolic A, Matic IZ, Dordevic M, Milovanovic Z, Markovic I, Dzodic R, et al. Serum DPPIV activity
and CD26 expression on lymphocytes in patients with benign or malignant breast tumors. Immunobiol-
ogy. 2011; 216: 942–946. doi: 10.1016/j.imbio.2011.01.005 PMID: 21281985

8. Lambeir AM, Diaz Pereira JF, Chacon P, Vermeulen G, Heremans K, Devreese B, et al. A prediction of
DPP IV/CD26 domain structure from a physico-chemical investigation of dipeptidyl peptidase IV
(CD26) from human seminal plasma. Biochim Biophys Acta. 1997; 1340: 215–226. PMID: 9252108

9. Iwaki-Egawa S, Watanabe Y, Kikuya Y, Fujimoto Y. Dipeptidyl peptidase IV from human serum: purifi-
cation, characterization, and N-terminal amino acid sequence. J Biochem. 1998; 124: 428–433. PMID:
9685737

10. DeMeester I, Korom S, Van Damme J, Scharpe S. CD26, let it cut or cut it down. Immunol Today.
1999; 20: 367–375. PMID: 10431157

11. Durinx C, Lambeir AM, Bosmans E, Falmagne JB, Berghmans R, Haemers A, et al. Molecular charac-
terization of dipeptidyl peptidase activity in serum: soluble CD26/dipeptidyl peptidase IV is responsible
for the release of X-Pro dipeptides. Eur J Biochem. 2000; 267: 5608–5613. PMID: 10951221

12. Oravecz T, Pall M, Roderiquez G, Gorrell MD, Ditto M, Nguyen NY, et al. Regulation of the receptor
specificity and function of the chemokine RANTES (regulated on activation, normal T cell expressed
and secreted) by dipeptidyl peptidase IV (CD26)-mediated cleavage. J Exp. 1997; 186: 1865–1872.

13. Shioda T, Kato H, Ohnishi Y, Tashiro K, IkegawaM, Nakayama EE, et al. Anti-HIV-1 and chemotactic
activities of human stromal cell-derived factor 1alpha (SDF-1alpha) and SDF-1beta are abolished by
CD26/dipeptidyl peptidase IV-mediated cleavage. Proc Natl Acad Sci U S A. 1998; 95: 6331–6336.
PMID: 9600965

14. Mentlein R. Dipeptidyl-peptidase IV (CD26)—role in the inactivation of regulatory peptides. Regul Pept.
1999; 85: 9–24. PMID: 10588446

15. Proost P, Struyf S, Schols D, Opdenakker G, Sozzani S, Allavena P, et al. Truncation of macrophage-
derived chemokine by CD26/ dipeptidyl-peptidase IV beyond its predicted cleavage site affects chemo-
tactic activity and CC chemokine receptor 4 interaction. J Biol Chem. 1999; 274: 3988–3993. PMID:
9933589

16. Hinke SA, Pospisilik JA, Demuth HU, Mannhart S, Kuhn-Wache K, Hoffmann T, et al. Dipeptidyl pepti-
dase IV (DPIV/CD26) degradation of glucagon. Characterization of glucagon degradation products and
DPIV-resistant analogs. J Biol Chem. 2000; 275: 3827–3834. PMID: 10660533

17. Lambeir AM, Proost P, Durinx C, Bal G, Senten K, Augustyns K, et al. Kinetic investigation of chemo-
kine truncation by CD26/dipeptidyl peptidase IV reveals a striking selectivity within the chemokine fam-
ily. J Biol Chem. 2001; 276: 29839–29845. PMID: 11390394

18. Dong RP, Tachibana K, Hegen M, Munakata Y, Cho D, Schlossman SF, et al. Determination of adeno-
sine deaminase binding domain on CD26 and its immunoregulatory effect on T cell activation. J Immu-
nol. 1997; 159: 6070–6076. PMID: 9550406

DPPIV/CD26 Affects Migration in Cervical Carcinoma Cells

PLOS ONE | DOI:10.1371/journal.pone.0134305 July 29, 2015 15 / 17

http://www.ncbi.nlm.nih.gov/pubmed/18200349
http://dx.doi.org/10.1002/ijc.24075
http://www.ncbi.nlm.nih.gov/pubmed/19035459
http://dx.doi.org/10.1016/j.ygyno.2012.04.007
http://www.ncbi.nlm.nih.gov/pubmed/22504292
http://dx.doi.org/10.1111/j.1742-4658.2009.07526.x
http://dx.doi.org/10.1111/j.1742-4658.2009.07526.x
http://www.ncbi.nlm.nih.gov/pubmed/20074209
http://www.ncbi.nlm.nih.gov/pubmed/17981655
http://dx.doi.org/10.1007/s00262-009-0728-1
http://www.ncbi.nlm.nih.gov/pubmed/19557413
http://dx.doi.org/10.1016/j.imbio.2011.01.005
http://www.ncbi.nlm.nih.gov/pubmed/21281985
http://www.ncbi.nlm.nih.gov/pubmed/9252108
http://www.ncbi.nlm.nih.gov/pubmed/9685737
http://www.ncbi.nlm.nih.gov/pubmed/10431157
http://www.ncbi.nlm.nih.gov/pubmed/10951221
http://www.ncbi.nlm.nih.gov/pubmed/9600965
http://www.ncbi.nlm.nih.gov/pubmed/10588446
http://www.ncbi.nlm.nih.gov/pubmed/9933589
http://www.ncbi.nlm.nih.gov/pubmed/10660533
http://www.ncbi.nlm.nih.gov/pubmed/11390394
http://www.ncbi.nlm.nih.gov/pubmed/9550406


19. Bauvois B. A collagen-binding glycoprotein on the surface of mouse fibroblasts is identified as dipepti-
dyl peptidase IV. Biochem J. 1988; 252: 723–731. PMID: 2901831

20. Hanski C, Huhle T, Gossrau R, Reutter W. Direct evidence for the binding of rat liver DPP IV to collagen
in vitro. Exp Cell Res. 1988; 178: 64–72. PMID: 2900773

21. Loster K, Zeilinger K, Schuppan D, Reutter W. The cysteine-rich region of dipeptidyl peptidase IV (CD
26) is the collagen-binding site. Biochem Biophys Res Commun. 1995; 217: 341–348. PMID: 8526932

22. Cheng HC, Abdel-Ghany M, Elble RC, Pauli BU. Lung endothelial dipeptidyl peptidase IV promotes
adhesion and metastasis of rat breast cancer cells via tumor cell surface-associated fibronectin. J Biol
Chem. 1998; 273: 24207–24215. PMID: 9727044

23. Cheng HC, Abdel-Ghany M, Pauli BU. A novel consensus motif in fibronectin mediates dipeptidyl pepti-
dase IV adhesion and metastasis. J Biol Chem. 2003; 278: 24600–24607. PMID: 12716896

24. Torimoto Y, Dang NH, Vivier E, Tanaka T, Schlossman SF, Morimoto C. Coassociation of CD26 (dipep-
tidyl peptidase IV) with CD45 on the surface of human T lymphocytes. J Immunol. 1991; 147: 2514–
2517. PMID: 1680916

25. Scanlan MJ, Raj BK, Calvo B, Garin-Chesa P, Sanz-Moncasi MP, Healey JH, et al. Molecular cloning
of fibroblast activation protein alpha, a member of the serine protease family selectively expressed in
stromal fibroblasts of epithelial cancers. Proc Natl Acad Sci U S A. 1994; 91: 5657–5661. PMID:
7911242

26. Gonzalez-GronowM, Grenett HE, Weber MR, Gawdi G, Pizzo SV. Interaction of plasminogen with
dipeptidyl peptidase IV initiates a signal transduction mechanism which regulates expression of matrix
metalloproteinase-9 by prostate cancer cells. Biochem J. 2001; 355: 397–407. PMID: 11284727

27. Herrera C, Morimoto C, Blanco J, Mallol J, Arenzana F, Lluis C, et al. Comodulation of CXCR4 and
CD26 in human lymphocytes. J Biol Chem. 2001; 276: 19532–19539. PMID: 11278278

28. Arscott WT, LaBauve AE, May V, Wesley UV. Suppression of neuroblastoma growth by dipeptidyl pep-
tidase IV: relevance of chemokine regulation and caspase activation. Oncogene. 2009; 28: 479–491.
doi: 10.1038/onc.2008.402 PMID: 18978811

29. Zanoni TB, Tiago M, Faiao-Flores F, de Moraes Barros SB, Bast A, Hageman G, et al. Basic Red 51, a
permitted semi-permanent hair dye, is cytotoxic to human skin cells: Studies in monolayer and 3D skin
model using human keratinocytes (HaCaT). Toxicology letters. 2014; 227: 139–149. doi: 10.1016/j.
toxlet.2014.03.007 PMID: 24657526

30. Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utiliz-
ing the principle of protein-dye binding. Anal Biochem. 1976; 72: 248–254. PMID: 942051

31. Zerbini LF, Wang Y, Cho JY, Libermann TA. Constitutive activation of nuclear factor kappaB p50/p65
and Fra-1 and JunD is essential for deregulated interleukin 6 expression in prostate cancer. Cancer
Res. 2003; 63: 2206–2215. PMID: 12727841

32. Buffon A, Ribeiro VB, Wink MR, Casali EA, Sarkis JJ. Nucleotide metabolizing ecto-enzymes in Walker
256 tumor cells: molecular identification, kinetic characterization and biochemical properties. Life Sci.
2007; 80: 950–958. PMID: 17169379

33. Kirby M, Yu DM, O'Connor S, Gorrell MD. Inhibitor selectivity in the clinical application of dipeptidyl pep-
tidase-4 inhibition. Clin Sci (Lond). 2010; 118: 31–41.

34. Wang A, Dorso C, Kopcho L, Locke G, Langish R, Harstad E, et al. Potency, selectivity and prolonged
binding of saxagliptin to DPP4: maintenance of DPP4 inhibition by saxagliptin in vitro and ex vivo when
compared to a rapidly-dissociating DPP4 inhibitor. BMC Pharmacol. 2012; 12:2. doi: 10.1186/1471-
2210-12-2 PMID: 22475049

35. Gorrell MD. Dipeptidyl peptidase IV and related enzymes in cell biology and liver disorders. Clin Sci
(Lond). 2005; 108: 277–292.

36. Yu DM, Ajami K, Gall MG, Park J, Lee CS, Evans KA, et al. The in vivo expression of dipeptidyl pepti-
dases 8 and 9. J Histochem Cytochem. 2009; 57: 1025–1040. doi: 10.1369/jhc.2009.953760 PMID:
19581630

37. Maes MB, Lambeir AM, Gilany K, Senten K, Van der Veken P, Leiting B, et al. Kinetic investigation of
human dipeptidyl peptidase II (DPPII)-mediated hydrolysis of dipeptide derivatives and its identification
as quiescent cell proline dipeptidase (QPP)/dipeptidyl peptidase 7 (DPP7). Biochem J. 2005; 386:
315–324. PMID: 15487984

38. Wesley UV, Albino AP, Tiwari S, Houghton AN. A role for dipeptidyl peptidase IV in suppressing the
malignant phenotype of melanocytic cells. J Exp Med. 1999; 190: 311–322. PMID: 10430620

39. Kajiyama H, Kikkawa F, Suzuki T, Shibata K, Ino K, Mizutani S. Prolonged survival and decreased inva-
sive activity attributable to dipeptidyl peptidase IV overexpression in ovarian carcinoma. Cancer Res.
2002; 62: 2753–2757. PMID: 12019149

DPPIV/CD26 Affects Migration in Cervical Carcinoma Cells

PLOS ONE | DOI:10.1371/journal.pone.0134305 July 29, 2015 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/2901831
http://www.ncbi.nlm.nih.gov/pubmed/2900773
http://www.ncbi.nlm.nih.gov/pubmed/8526932
http://www.ncbi.nlm.nih.gov/pubmed/9727044
http://www.ncbi.nlm.nih.gov/pubmed/12716896
http://www.ncbi.nlm.nih.gov/pubmed/1680916
http://www.ncbi.nlm.nih.gov/pubmed/7911242
http://www.ncbi.nlm.nih.gov/pubmed/11284727
http://www.ncbi.nlm.nih.gov/pubmed/11278278
http://dx.doi.org/10.1038/onc.2008.402
http://www.ncbi.nlm.nih.gov/pubmed/18978811
http://dx.doi.org/10.1016/j.toxlet.2014.03.007
http://dx.doi.org/10.1016/j.toxlet.2014.03.007
http://www.ncbi.nlm.nih.gov/pubmed/24657526
http://www.ncbi.nlm.nih.gov/pubmed/942051
http://www.ncbi.nlm.nih.gov/pubmed/12727841
http://www.ncbi.nlm.nih.gov/pubmed/17169379
http://dx.doi.org/10.1186/1471-2210-12-2
http://dx.doi.org/10.1186/1471-2210-12-2
http://www.ncbi.nlm.nih.gov/pubmed/22475049
http://dx.doi.org/10.1369/jhc.2009.953760
http://www.ncbi.nlm.nih.gov/pubmed/19581630
http://www.ncbi.nlm.nih.gov/pubmed/15487984
http://www.ncbi.nlm.nih.gov/pubmed/10430620
http://www.ncbi.nlm.nih.gov/pubmed/12019149


40. Wesley UV, Tiwari S, Houghton AN. Role for dipeptidyl peptidase IV in tumor suppression of human
non small cell lung carcinoma cells. Int J Cancer. 2004; 109: 855–866. PMID: 15027119

41. Kikkawa F, Kajiyama H, Shibata K, Ino K, Nomura S, Mizutani S. Dipeptidyl peptidase IV in tumor pro-
gression. Biochim Biophys Acta. 2005; 1751: 45–51. PMID: 16054016

42. Wesley UV, McGroarty M, Homoyouni A. Dipeptidyl peptidase inhibits malignant phenotype of prostate
cancer cells by blocking basic fibroblast growth factor signaling pathway. Cancer Res. 2005; 65: 1325–
1334. PMID: 15735018

43. Kajiyama H, Shibata K, Terauchi M, Ino K, Nawa A, Kikkawa F. Involvement of DPPIV/CD26 in epithe-
lial morphology and suppressed invasive ability in ovarian carcinoma cells. Ann N Y Acad Sci. 2006;
1086: 233–240. PMID: 17185520

44. Busek P, Stremenova J, Sromova L, Hilser M, Balaziova E, Kosek D, et al. Dipeptidyl peptidase-IV
inhibits glioma cell growth independent of its enzymatic activity. Int J BiochemCell Biol. 2012; 44: 738–
747. doi: 10.1016/j.biocel.2012.01.011 PMID: 22306301

45. Goscinski MA, Suo ZH, Nesland JM, Florenes VA, Giercksky KE. Dipeptidyl peptidase IV expression in
cancer and stromal cells of human esophageal squamous cell carcinomas, adenocarcinomas and
squamous cell carcinoma cell lines. APMIS. 2008; 116: 823–831. PMID: 19024603

46. Cro L, Morabito F, Zucal N, Fabris S, Lionetti M, Cutrona G, et al. CD26 expression in mature B-cell
neoplasia: its possible role as a new prognostic marker in B-CLL. Hematol Oncol. 2009; 27: 140–147.
doi: 10.1002/hon.888 PMID: 19247978

47. Cordero OJ, Imbernon M, Chiara LD, Martinez-Zorzano VS, Ayude D, de la Cadena MP, et al. Potential
of soluble CD26 as a serummarker for colorectal cancer detection. World J Clin Oncol. 2011; 2: 245–
261. doi: 10.5306/wjco.v2.i6.245 PMID: 21773075

48. Matic IZ, Ethordic M, Grozdanic N, Damjanovic A, Kolundzija B, Eric-Nikolic A, et al. Serum activity of
DPPIV and its expression on lymphocytes in patients with melanoma and in people with vitiligo. BMC
Immunol. 2012; 13:48. doi: 10.1186/1471-2172-13-48 PMID: 22908963

49. de Andrade CF, Bigni R, Pombo-de-Oliveira MS, Alves G, Pereira DA. CD26/DPPIV cell membrane
expression and DPPIV activity in plasma of patients with acute leukemia. J Enzyme Inhib Med Chem.
2009; 24: 708–714. PMID: 19469710

50. De Chiara L, Rodriguez-Pineiro AM, Rodriguez-Berrocal FJ, Cordero OJ, Martinez-Ares D, Paez de la
Cadena M. Serum CD26 is related to histopathological polyp traits and behaves as a marker for colo-
rectal cancer and advanced adenomas. BMC Cancer. 2010; 10:333. doi: 10.1186/1471-2407-10-333
PMID: 20584285

51. Kajiyama H, Kikkawa F, Khin E, Shibata K, Ino K, Mizutani S. Dipeptidyl peptidase IV overexpression
induces up-regulation of E-cadherin and tissue inhibitors of matrix metalloproteinases, resulting in
decreased invasive potential in ovarian carcinoma cells. Cancer Res. 2003; 63: 2278–2283. PMID:
12727850

DPPIV/CD26 Affects Migration in Cervical Carcinoma Cells

PLOS ONE | DOI:10.1371/journal.pone.0134305 July 29, 2015 17 / 17

http://www.ncbi.nlm.nih.gov/pubmed/15027119
http://www.ncbi.nlm.nih.gov/pubmed/16054016
http://www.ncbi.nlm.nih.gov/pubmed/15735018
http://www.ncbi.nlm.nih.gov/pubmed/17185520
http://dx.doi.org/10.1016/j.biocel.2012.01.011
http://www.ncbi.nlm.nih.gov/pubmed/22306301
http://www.ncbi.nlm.nih.gov/pubmed/19024603
http://dx.doi.org/10.1002/hon.888
http://www.ncbi.nlm.nih.gov/pubmed/19247978
http://dx.doi.org/10.5306/wjco.v2.i6.245
http://www.ncbi.nlm.nih.gov/pubmed/21773075
http://dx.doi.org/10.1186/1471-2172-13-48
http://www.ncbi.nlm.nih.gov/pubmed/22908963
http://www.ncbi.nlm.nih.gov/pubmed/19469710
http://dx.doi.org/10.1186/1471-2407-10-333
http://www.ncbi.nlm.nih.gov/pubmed/20584285
http://www.ncbi.nlm.nih.gov/pubmed/12727850

