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Abstract

Dipeptidyl peptidase (DPP)-4 is a multifunctional glyco-

protein involved in various biological and pathologic pro-

cesses. DPP-4 has been widely recognized as a therapeutic

target for type 2 diabetes mellitus but is also implicated in

the development of human malignancies. Here, we show

that inhibition of DPP-4 accelerates breast cancer metastasis

via induction of CXCL12/CXCR4, which activates mTOR

to promote epithelial–mesenchymal transition (EMT). In

cultured cells, DPP-4 knockdown induced EMT and cell

migration. Treatment with the DPP-4 inhibitor KR62436

(KR) promoted primary tumor growth and lung metastasis

in a 4T1 tumor allograft mouse model; DPP-4 knockdown

in 4T1 cells displayed similar phenotypes in vivo and in vitro.

KR treatment enhanced the levels of CXCL12/CXCR4 and

phosphorylated mTOR, which were associated with the

induction of EMT in metastatic cancer cells. KR-induced

EMT in cancer cells was inhibited by treatment with

the CXCR4 inhibitor AMD3100 or the mTOR inhibitor

rapamycin, and AMD3100 suppressed KR-induced metas-

tasis in vivo. Our findings suggest that DPP-4 plays a

significant role in cancer biology and that inhibition of

DPP-4 promotes cancer metastasis via induction of the

CXCL12/CXCR4/mTOR/EMT axis.

Significance: These findings reveal that inhibition of

DPP-4 increases the metastatic potential of breast cancer. This

is especially important given the potential use of DPP-4

inhibition as a therapeutic strategy for type 2 diabetes.

Introduction

Invasion and metastasis are the final common steps in the

progression of any type of humanmalignancy (1). Breast cancer is

the most commonly diagnosed cancer in women worldwide (2).

Most breast cancer–related deaths are caused by metastasis rather

than the primary tumor itself (3). However, the molecular

mechanisms that underlie breast cancer metastasis have not been

completely elucidated.

Epithelial–mesenchymal transition (EMT) is a molecular

program whereby epithelial cells undergo reprogramming from

a polarized, differentiated phenotype with numerous cell–cell

junctions to a mesenchymal phenotype (4). During EMT, cancer

cells lose their cell–cell adhesion properties and acquire invasive

and migratory properties (5). EMT has shown to be associated

with increased potential for cancer cell motility, metastasis, and

chemotherapy resistance (6).

Dipeptidyl peptidase (DPP)-4, a membrane glycoprotein, has

been shown to affect multiple biological processes, such as cell

differentiation, adhesion, immunomodulation, and apoptosis

(7). Accumulating evidence indicates that DPP-4 plays an impor-

tant role in cancer progression (8–10). A recent study confirmed

that aDPP-4 inhibitor does not increase tumor incidence butmay

promote the metastasis of multiple cancer cell lines (11). DPP-4

catalytically regulates the activity of biopeptides by proteolytically

cleaving a number of peptides, cytokines, and chemokines (12).

C-X-C motif chemokine 12 (CXCL12), also known as stromal

cell–derived factor 1 (SDF1), is a confirmed substrate of DPP-4

(13). CXCL12binds toC-X-C receptor 4 (CXCR4) andCXCR7and

thus regulates tumor growth andmetastasis (14). In breast cancer,

the CXCL12/CXCR4 axis plays an important role in directing the

metastasis of CXCR4þ cancer cells to organs that express high

CXCL12 levels, such as the lungs, bone marrow, and lymph

nodes (15). Therefore, an increase in CXCL12 levels in response

toDPP-4 inhibitor treatment couldbe relevant to themetastasis of

CXCR4-positive cancer (16).

mTOR, a major effector of the PI3K/Akt pathway, is associated

with mRNA translation, glucose metabolism, and autophagy and

is involved inmalignant transformation (17).mTOR exists in two

complexes: mTORC1 (containing mTOR, Raptor, etc.) and

mTORC2 (containingmTOR, Rictor, etc.). mTORC1 is somewhat
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sensitive to rapamycin treatment, whereasmTORC2 is believed to

be rapamycin insensitive (18). A recent finding implicated

mTORC1 and mTORC2 as key regulators of EMT. Knockdown

of mTORC1 and mTORC2 induced mesenchymal–epithelial

transition (MET), and inhibition of mTOR signaling suppressed

cancer cell migration and invasion (19). Furthermore, cross-talk

between the mTOR pathway and CXCL12/CXCR4 axis suggests

that mTORC1 knockdown is sufficient to decrease CXCR4-medi-

ated migration, and inhibition of mTORC1 by rapamycin

decreases primary tumor growth and CXCR4-mediated lymph

node metastasis (20).

Here, we hypothesize that activation of the CXCL12/CXCR4/

mTOR signaling pathway in response to DPP-4 suppression plays

a key role in the regulation of EMT andmetastasis in breast cancer.

Materials and Methods
Reagents and antibodies

KR62436hydrate (KR, K4264), AMD3100 (A5602), rapamycin

(R8781), and recombinant mouse CXCL12a (SRP4388) were

purchased from Sigma. Recombinant TGFb1 was purchased from

PeproTech (100-21). The following antibodies were purchased

from Abcam: rabbit polyclonal anti-aSMA (1:1,000, ab5694,

RRID: AB_2223021), mouse monoclonal anti-vimentin

(1:2,000, ab8978, RRID: AB_306907), rabbit polyclonal anti-

TGFbR2 (1:1,000, ab61213, RRID: AB_945809), goat polyclonal

anti-CXCR4 (1:1,000, ab1670, RRID: AB_302470), and rabbit

polyclonal anti-CXCL12 (1:1,000, ab18919, RRID: AB_444705).

The rabbit polyclonal anti-Smad3 (1:1,000, CST9513, RRID:

AB_2286450), rabbit polyclonal anti-phospho-mTOR (1:1,000,

2974, RRID: AB_2262884), rabbit polyclonal anti-mTOR

(1:1,000, 2983, RRID: AB_2105622), and rabbit polyclonal

anti-GFP (1:1,000, 2555, RRID: AB_ 10692764) antibodies were

purchased from Cell Signaling Technology. The mouse mono-

clonal anti–b-actin (1:10,000, A2228, RRID: AB_476697), rabbit

anti-TGFbR1 (1:500, SAB4502958, RRID: AB_10746304), and

goat polyclonal anti-DPP-4 (1:500, SAB2500328, RRID:

AB_10603974) antibodies were obtained from Sigma. A rat

monoclonal anti–E-cadherin antibody was purchased from

GeneTex (1:2,000, GTX11512, RRID: AB_381324). A rabbit poly-

clonal anti-phospho-Smad3 (s423 and s425) antibody (1:1,000,

600-401-919, RRID: AB_2192878)was purchased fromRockland

Immunochemicals. The neutralizing TGFb (1, 2, 3) antibody

(MAB1835, RRID: AB_357931), recombinant mouse DPP-4

(954-SE) and neutralizing CXCL12 antibody (MAB310, RRID:

AB_2276927) was purchased from R&D Systems. Fluorescein

(FITC)-conjugated anti-rat IgG (1:200,112-095-003, RRID:

AB_2338189) and Cy-conjugated anti-rabbit IgG (1:200, 111-

166-047, RRID: AB_2338010) secondary antibodies were

obtained from Jackson Immuno Research. Mounting medium

containing DAPI (H-1200, RRID: AB_2336790) was obtained

from Vector Laboratories.

Cell culture and treatment

The experimental cell lines were obtained from ATCC. Some

in vitro experiments were performed using cell lines obtained from

the ATCC and cryopreserved formore than 6months. In addition,

some results were confirmed using cell lines obtained from the

ATCC within 6 months. Identities of the cells were confirmed by

following methods: COI assay for human MCF 10A mammary

epithelial cells (CRL-10317, RRID: CVCL_0598), human MCF7

breast cancer cells (HTB-22, RRID: CVCL_0031), human

MDA-MB-231 breast cancer cells (HTB-26, RRID: CVCL_0062),

andmouse 4T1breast cancer cells (CRL-2539, RRID: CVCL_0125;

GFP-expressing cells), and short tandem repeat analysis forMCF7

cells and MCF10A cells. All cell lines were grown at 37�C in a 5%

CO2 atmosphere, used for 10 passages after reviving from the

frozen vials and regularly stained with DAPI (Vector Labs) to test

for Mycoplasma contamination every 3 months. Also, we con-

firmed negative test forMycoplasma by PCR (test no.18Q397, 21st

Nov. 2018, ICLASMonitoring Center, Japan). MCF10A cells were

cultured in MEBM supplemented with MEGM (BPE, hEGM,

insulin, hydrocortisone, and GA-1000; Lonza). MCF7 cells

(HTB-22, RRID: CVCL_0031) were cultured in ATCC-formulated

Eagle minimum essential medium with 0.01 mg/mL human

recombinant insulin and 10% (final concentration) FBS.

MDA-MB-231 cells were cultured in ATCC-formulated Leibovitz

L-15 medium with 10% FBS. A mixture of CO2 and air is

detrimental to cells when using this medium for cultivation.

4T1 cells were cultured in RPMI1640 medium with 10% FBS.

When the cells reached 70%–80% confluence, KR (50 mmol/L),

AMD3100 (30 mmol/L), TGFb1 (5 ng/mL), neutralizing TGFb

(1, 2, 3) antibody (1.0 mg/mL), rapamycin (1 mmol/L), recom-

binant mouse DPP-4 (1 mg/mL), recombinant mouse CXCL12a

(0.2 mg/mL), or neutralizing CXCL12 antibody (200 mg/mL) was

added to the experimental medium.

Transfection experiments

4T1 cells were transfected with siRNA (100 nmol/L) targeting

mouse DPP-4 (50-CCGUGCCAAUAGUUCUGCU-30; AM16704,

Invitrogen). MCF 10A, MCF7, and MDA-MB-231 cells were

transfected with siRNA (100 nmol/L) targeting human DPP-4

(50-GGAAUGCCAAGGAGGAAGGAAUCUUU-30; HSS102892,

Invitrogen). The transfection reagent Lipofectamine 2000

(Invitrogen) was used according to the manufacturer's instruc-

tions. Cells were incubated with Lipofectamine 2000 and siRNA

in serum-free medium for 6 hours. Then, the medium was

replaced with experimental medium. For DPP-4 siRNA transfec-

tions, 4T1 cells were treatedwith or without TGFb1 (1.0 g/mL) for

48 hours. The mouse DPP-4 shRNA vectors were constructed in

the pSIH vector (SystemBiosciences) using synthetic oligonucleo-

tides against mouse DPP-4 antisense sequences (shDPP-4-1: 50-

TAGAAGGAGTATTCAATGAGC-30 or shDPP-4-2, 50-AATAGT-

CAGCTA-GTGAATACG-30 or shDPP-4-3: 50-ATAGTAGAGGA-

TATTTCTTGG -30) with loop 50-CTCGAG-30. Lentivirus particles

were propagated in HEK293TN cells (System Biosciences)

following transfection with the pM2.G envelope vector and the

packaging psPAX2 vector (deposited by Didier Trono, Laboratory

of Virology and Genetics, Ecole Polytechnique Federale de

Lausanne, Switzerland; Addgene plasmid #12259 and #12260,

respectively, Addgene). Supernatants from 48-hour cultures were

collected, and then lentiviral particles were concentrated using

PEG-it solution (System Biosciences). Lentivirus transduction

efficiencies were then determined according to numbers of

GFP-positive 4T1 cells at 48 hours posttransduction. Lentivirus

experiments were approved by the Kanazawa Medical University

Safety Committee for Recombinant DNA experiment (protocol

number: 2018-11).

Mouse breast cancer models

Female BALB/c mice (8 weeks old; CLEA Japan, Inc., Japan,

RRID: MGI: 3586693) were anesthetized. Incisions (0.5 cm each)
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were made on the mouse abdomen between the 1st and 2nd sets

of nipples counting from the hind leg of the animal. Cultured 4T1

cells (5 � 105 cells in 20 mL of PBS) were injected into the

mammary fat pad of each mouse using a Hamilton syringe fitted

with a 25G needle. At 20 days posttumor cell injection, the

primary tumor measured approximately 500 mm3. At this point,

the mouse breast cancer model was treated with PBS orally, KR

(0.02 mg/g/day, orally), AMD3100 (0.0075 mg/g/day i.p), or KR

and AMD3100. Seven days after initiating treatment, the mice

were sacrificed, and the primary tumor tissues and lungs were

removed. The shRNA-control or shRNA-DPP-4–transduced 4T1

cells were injected into the mammary fat pad of each mouse.

Twenty-seven days after tumor cells injection, the mice were

sacrificed, and the primary tumors and lungs were analyzed. The

experiments described herein were conducted in accordance with

the animal protocols of Kanazawa Medical University (protocol

numbers 2014-89, 2013-114, and 2014-101, lentivirus shRNA

in vivo experiment protocol number 2018-17).

Western blot analysis

Proteins were harvested using RIPA lysis buffer containing

phenylmethylsulfonylfluoride, protease inhibitor cocktail, and

sodium orthovanadate (Santa Cruz Biotechnology). Protein

lysates were boiled in SDS sample buffer at 100�C for 6 minutes,

separated on SDS-polyacrylamide gels, and then transferred

onto polyvinylidene difluoride membranes (Pall Corporation)

using the semidry method. After blocking, the membranes were

incubated overnight with primary antibodies at 4�C, followed

by incubation with the corresponding peroxidase-conjugated

secondary antibody for 1 hour at room temperature. The blots

were developedwith an enhancedChemiluminescence Detection

System (Pierce Biotechnology) and visualized using an Image-

Quant LAS 400 Camera System (GE Healthcare Life Sciences).

Immunofluorescence analysis

Treated 4T1 cells were cultured on 8-well culture slides

(354630, BioCoat) for 48 hours. The cells were then fixed with

100%methanol for 10 minutes at �20�C and with acetone for 1

minute at �20�C. After being blocked with 2% BSA/PBS for 30

minutes at room temperature, the cells were incubated with

primary antibody for 1 hour, washed with PBS, and incubated

with the corresponding secondary antibody for 30 minutes. The

cells were then extensively washed three times with PBS and

mounted with mounting medium containing DAPI. The images

were analyzed by confocal microscopy (LSM710, Carl Zeiss).

Hematoxylin and eosin staining and Opal triple

immunofluorescence staining

Paraffin slides were deparaffinized in 2 changes of xylene for 5

minutes each and transferred to 100%, 95%, and 70% alcohol for

3 minutes each. Then, the slides were stained with hematoxylin

and eosin (H&E) solution. After being incubated in 3% H2O2

solution for 10 minutes to block endogenous peroxidase activity,

the slides were incubated in 300 mL of 10 mmol/L citrate buffer

(pH 6.0) at 100�C for 1 hour. The slides were incubated with

primary antibody for 1 hour, washed with TBST, and incubated

with the corresponding secondary antibody for 30minutes. Then,

the slides were incubated with reactive fluorophores (Opal 520,

Opal 570, and Opal 670; Opal 4-Color Automation IHC Kit,

NEL801001KT, Perkin Elmer). The proteins were stained sequen-

tially. Finally, the slides were mounted with spectral DAPI, and

the images were analyzed by confocal microscopy (LSM710,

Carl Zeiss).

Immunohistochemistry analysis

Paraffin slides were deparaffinized in 2 changes of xylene for

5 minutes each and transferred to 100%, 95%, and 70% alcohol

for 3 minutes each. After being incubated in 3% H2O2 at room

temperature for 10 minutes to block endogenous peroxidase

activity, the slides were incubated in 300 mL of 10 mmol/L

citrate buffer (pH 6.0) at 100�C for 1 hour. The slides were then

incubated with primary antibody for 1 hour, washed with PBS,

and incubated with the corresponding secondary antibody for

30 minutes. The slides were incubated with 100 mL of DAB

substrate solution (SK-4100, Vector Laboratories). After being

stained with hematoxylin for 2 minutes, the tissue slides were

dehydrated through 4 changes of alcohol (95%, 95%, 100%,

and 100%) for 5 minutes each and hyalinized in 3 changes of

xylene. The images were analyzed by the NanoZoomer Digital

Pathology System.

Transwell migration assay

Matrigel (BD,No. 356234)was thawed on ice overnight at 4�C.

Cell culture inserts (0264, BD Falcon) were coated with Matrigel

and incubated at 37�C for 1 hour. MCF 10A, MCF7, MDA-MB-

231, and 4T1 cells were placed in the top chamber of a cell culture

insert with serum-free medium, and complete media were added

to the bottom chambers of the inserts in 6-well plates. Following

treatment with control siRNA, DPP-4 siRNA, KR, AMD3100 or

KR, and AMD3100 for 24 hours, the cells that migrated through

the membrane were stained with hematoxylin and counted.

Migration was analyzed by microscopy (Carl Zeiss Microscopy).

Images of 6 different fields of view were obtained at 200�

magnification, and the results were quantified.

Morphologic evaluation

MCF 10A, MCF7, MDA-MB-231, and 4T1 cells were incubated

in 6-well plates (cell culture–treated multidishes; 140675,

Thermo Fisher Scientific) and treated with control siRNA or

DPP-4 siRNA.Morphologic changeswere analyzedbymicroscopy

(Carl Zeiss Microscopy).

Bouin buffer staining

To identifymetastasis on the lung surface, lung specimens were

perfused with 10% formaldehyde and then fixed in the same

solution after dissection. Next, the lungs were placed in Bouin

buffer (10% formaldehyde: 0.9% picric acid: 5% acetic acid ¼

15:5:1) for at least 24 hours after dehydration in 100% ethanol.

Surface lung metastasis was quantitated by counting the number

of metastatic nodules.

DPP-4 activity fluorometric assay

Primary tumor, lung, and plasma samples were homogenized

in 4 volumes of DPP-4 Assay Buffer (DPP-4 Activity Fluorometric

Assay Kit, K779-100, BioVision) and centrifuged at 13,000� g for

10 minutes to remove insoluble material. Plasma samples were

directly diluted in DPP-4 Assay Buffer. The samples were adjusted

to a final volume of 50 mL in a 96-well plate using DPP-4 Assay

Buffer. Reaction mix (40 mL) was added to each well, and the

96-well plate containing samples was incubated at 37�C for

30 minutes. DPP-4 activity was analyzed by Fluoroskan Ascent

(Thermo Fisher Scientific).

Inhibition of DPP-4 Accelerates Breast Cancer Metastasis
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ELISA

AmouseCXCL12ELISAkitwasused todetectCXCL12 (DY460,

R&D Systems). CXCL12 was quantitated according to the man-

ufacturer's instructions, and the results are presented in ng/mL.

MTT assay

In vitro MTT-based Assay Kit (TOX-1, Sigma) was used for

proliferation detection. Cells were incubated with reconstituted

MTT in an amount equal to 10% of the culture medium volume

for 2 hours. MTT assay was performed following the manufac-

turer's protocol. The absorbance was measured by spectrophoto-

metric assay at a wavelength of 570 nm.

RNA isolation and qPCR

Total RNA was isolated from small pieces of primary tumor

tissue and 4T1 cells using a Qiagen RNeasy Mini Kit (Qiagen).

Complementary DNA (cDNA) was generated by using Super-

Script (Invitrogen). qPCR was performed in a 7900HT Fast Real-

time PCR System (Life Technologies) using SYBRGreen (miScript

SYBRGreenPCRKit,Qiagen) and3ngof cDNA, and thedatawere

quantified using the delta–delta threshold cycle (Ct) method

(DDCt). All experiments were performed in triplicate, and b-actin

was utilized as an internal control.

Statistical analysis

The data are presented as the mean � SEM. One-way ANOVA

followed by Tukey multiple comparison test was used to deter-

mine significance, whichwas defined as P < 0.05, unless otherwise

noted. GraphPad Prism software (ver. 5.0f; RRID: SCR_002798)

was used for the statistical analysis.

Results
DPP-4 suppression was associated with EMT induction

To study the effects of DPP-4 inhibition on EMT, we utilized

siRNA-mediated knockdown of DPP-4. Western blot analysis

revealed that DPP-4 knockdown decreased expression of the

epithelial marker E-cadherin and increased expression of the

mesenchymal markers aSMA and vimentin in the human MCF

10A normal mammary epithelial cell line and in the MCF7

and MDA-MB-231 cancer cell lines (Fig. 1A), suggesting that

EMT is induced by DPP-4 suppression. Interestingly, the induc-

tion of EMT was significantly greater in metastatic cancer cells

(MDA-MB-231) than in other cells (Fig. 1A).

We treated the mouse 4T1 breast cancer cell line with an EMT

inducer, TGFb1, and found that DPP-4 knockdown augmented

EMT in the presence of TGFb1 (Fig. 1B). There was no significant

morphologic alteration in DPP-4-knockdown MCF 10A cells,

but DPP-4-knockdown MCF7 or MDA-MB-231 cells adopted

an elongated or spindle shape compared with control siRNA–

transfected cells (Fig. 1C). Transwell assays revealed that DPP-4

inhibition accelerated cell migration (Fig. 1D).

DPP-4 inhibition promoted EMT and metastasis in orthotopic

xenograft breast cancer models

To determine the pathologic significance of DPP-4 inhibition

in vivo, we analyzed 4T1 tumor–bearing female BALB/c mice.

Primary tumors and lungs were collected from these mice after 7

days of treatment with PBS or KR, a DPP-4 inhibitor. KR-treated

tumor-bearing mice exhibited increased primary tumor growth

and weight compared with control tumor-bearing mice (Fig. 2A).

The lungs of KR-treated mice had significantly more visible

metastatic nodules detected by Bouin buffer staining (Fig. 2B).

We also analyzed stable shRNA-DPP-4–transduced 4T1 cells and

confirmed that shRNA-DPP-4–transduced 4T1 cells displayed

same phenotype as KR-treated or DPP-4 siRNA–transfected 4T1

cells (Supplementary Fig. S1). Also, shRNA-DPP-4–transduced

4T1 cells displayed tumor growth and lung metastasis (Supple-

mentary Fig. S2).Wealso found that primary tumors inKR-treated

mice had a more invasive phenotype, with more metastatic

nodules in the lung, as analyzed by H&E staining (Fig. 2C). The

coimmunolabeling study with GFP, E-cadherin, and aSMA

revealed that 4T1 primary tumors and metastatic lung nodules

in KR-treated mice had mesenchymal characteristics (Fig. 2D).

Immunoblotting analysis of primary tumor tissues revealed that

KR treatment suppressed E-cadherin levels and increased the

levels of mesenchymal markers such as aSMA and vimentin

(Fig. 2E). Smad3 phosphorylation was induced by KR treatment

in primary tumor tissues (Fig. 2F).

DPP-4 suppression promoted CXCL12/CXCR4 axis–induced

mTOR pathway activation and EMT

In the presence of KR, CXCL12/CXCR4 expression and mTOR

phosphorylation were increased in 4T1 and MDA-MB-231 cells

(Fig. 3A and B). This KR-induced induction of CXCL12/CXCR4

expression and mTOR phosphorylation was inhibited by the

CXCR4 inhibitor AMD3100 (Fig. 3A and B). KR-induced mTOR

phosphorylation was inhibited by rapamycin (Fig. 3C and D).

Next, we investigated the role of the CXCL12/CXCR4/mTOR

axis inEMT inducedbyDPP-4 suppression. Treatmentwith theKR

suppressed E-cadherin and increasedaSMA, suggesting the induc-

tion of EMT (Fig. 4A and B), similar to the result of the siRNA

knockdown experiments in 4T1 and MDA-MB-231 cells (Fig. 1A

and B); cotreatment with AMD3100 suppressed KR-induced EMT

(Fig. 4A and B). As expected, the mTOR inhibitor rapamycin

inhibited KR-induced EMT in both 4T1 and MDA-MB-231 cells

(Fig. 4C and D). We performed CXCL12 incubation on the 4T1

cells and found that CXCL12 induced CXCR4 and mTOR activa-

tion associated with EMT. Such effects of CXCL12 were enhanced

in DPP-4 siRNA–transfected 4T1 cells (Supplementary Fig. S3A).

Furthermore, CXCL12-neutralizing antibody reduced DPP-4

siRNA- or KR-induced CXCR4 levels associated with suppression

of mTOR activation and EMT (Supplementary Fig. S3B and S3C);

CXCL12 cotreatment with AMD3100 or rapamycin suppressed

CXCL12 stimulation–induced EMT (Supplementary Fig. S3D

and S3E). Transwell assays revealed that KR-mediated suppres-

sion of DPP-4 increased the migration of both 4T1 cells and

MDA-MB-231 cells compared with control cells (Fig. 4E); this

effect on migration was suppressed by either AMD3100 or

rapamycin (Fig. 4E). KR-induced EMT was confirmed by gene

expression analysis of Snail, Slug, and ZEB1, key molecules for

the induction of EMT; AMD3100 and rapamycin suppressed

the expression of these EMT-associated proteins in 4T1 cells

(Supplementary Fig. S4).

The TGFb pathway did not contribute to EMT induced byDPP-4

inhibition

TGFb signaling is a vital player in EMT (21). To understand the

role of the interaction between DPP-4 and TGFb/Smad signaling

in EMT, we investigated the levels of TGFb receptors and down-

stream signaling molecules. Western blot analysis revealed that

DPP-4 knockdown induced TGFb receptor (TGFbR) 1 and

Yang et al.
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TGFbR2 expression, and Smad3 phosphorylation in 4T1 cells

(Fig. 5A). Similarly, DPP-4 knockdown induced Smad3 phos-

phorylation inMCF10Anormal breast epithelial cells aswell as in

both breast cancer cells, MCF7 and MDA-MB-231, yet Smad3

phosphorylation levels were associated with the aggressiveness of

cancer cells (Fig. 5B). We also confirmed Western blot analysis of

TGFb1, TGFb2, TGFb3, and BMP2, 4. Basically, TGFb1 was

dominantly induced by DPP-4 inhibition (Supplementary

Fig. S5). Confocal immunofluorescence images revealed that

KR-induced suppression of E-cadherin expression was associated

with increased nuclear localization of phosphorylated Smad3

compared with control (Fig. 5C).

To confirm the role of TGFb signaling in KR-induced EMT,

we suppressed TGFb signaling with a TGFb-neutralizing antibody

Figure 1.

Silencing DPP-4 promotes EMT in normal mammary epithelial cells and cancer cells. A,Western blot analysis of DPP-4, E-cadherin, aSMA, and vimentin in MCF

10A, MCF7, and MDA-MB-231 cells treated for 48 hours in the presence or absence of DPP-4 siRNA (100 nmol/L). Densitometric analysis of protein expression

relative to b-actin levels (n¼ 3 per group). B,Western blot analysis of DPP-4, E-cadherin, and aSMA. 4T1 cells were treated with or without TGFb1 (5 ng/mL) for

48 hours in the presence or absence of DPP-4 siRNA (100 nmol/L). Densitometric analysis of each protein level normalized to b-actin levels (n¼ 3 per group).

C,Morphologic evaluation of MCF 10A, MCF7, MDA-MB-231, and 4T1 cells treated with or without DPP-4 siRNA (100 nmol/L). Six different fields of view were

analyzed for each cell group. Images were obtained by microscopy at�200magnification (scale bar, 50 mm). D, Transwell migration assays in MCF 10A, MCF7,

MDA-MB-231, and 4T1 cells transfected with or without DPP-4 siRNA (100 nmol/L) for 48 hours. The cells that migrated through the membrane were stained with

hematoxylin and counted in 6 different fields of view. The cell migration data was normalized by cell proliferations as relative cell migration rate¼migrated cell

number/(post treated cell number�primary cell number)� 100%. Migration images were obtained by microscopy at�200magnification (scale bar, 100 mm).

The data in the graph are presented as the mean� SEM.
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(N-TGFb). N-TGFb nearly completely suppressed Smad3 phos-

phorylation (Fig. 5D), but KR-induced EMT was not inhibited by

cotreatment with N-TGFb (Fig. 5D). Moreover, KR-induced

expressionofCXCL12 andCXCR4andphosphorylation ofmTOR

were not suppressed by N-TGFb (Fig. 5E). However, TGFbR

induction and Smad3 phosphorylation by KR were suppressed

by AMD3100 (Supplementary Fig. S6).

CXCR4 suppression inhibited KR-induced breast cancer

metastasis

Finally, to confirmwhether CXCL12/CXCR4 axis plays a critical

role in DPP-4 suppression–induced cancer metastasis, we per-

formed AMD3100 intervention study in KR-treated 4T1 tumor–

bearing mouse. Compared with PBS-treated mice, DPP-4 activity

in all primary tumor, lung, and plasma was suppressed markedly

in either KR or KR with AMD3100-treated mice (Fig. 6A). As

expected, KR treatment increased the level of CXCL12 in the

primary tumor, lung, or plasma (Fig. 6B). Compared with KR

treatment alone, KR with AMD3100 inhibited body weight

reduction during the course of the experiment (Fig. 6C). MTT

assay revealed that AMD3100 suppressed KR-induced prolifera-

tion of 4T1 cells (Fig. 6D). AMD3100 treatment also reduced

volume (Fig. 6E), weight (Fig. 6F), and invasive phenotype of

primary tumor (Fig. 6G) in KR-treated mice. Furthermore,

AMD3100 inhibited KR-induced lung metastasis (Fig. 6H

and I). The Opal triple immunolabeling revealed that either in

primary tumor or lung metastasis, AMD3100 suppressed

KR-induced EMT in 4T1 cells that was labelled by GFP (Fig. 6J

and K). IHC analysis of primary tumor indicated that KR-treated

mice exhibited higher levels of the expression of CXCR4

and mTOR phosphorylation; AMD3100 blocked the KR-induced

CXCR4 and mTOR phosphorylation (Fig. 6L). AMD3100 also

Figure 2.

DPP-4 inhibition promotes EMT and metastasis in orthotopic allograft breast cancer models. A and B, Representative images of primary tumor (A) and

lung (B) tissues. The 4T1 tumor–bearing female BALB/c mice were treated with PBS or KR62436 (KR, 0.02 mg/g/day, orally); 7 days after treatment

was initiated, the mice were sacrificed, and the primary tumors and lungs were removed. The primary tumor weight was determined (n ¼ 6), and lung

surface metastases, including those on the obverse and reverse sides (n ¼ 3), were imaged and quantified. The data in the graph are presented as the

mean � SEM. Black arrows, lung surface metastases. C, Representative images of primary tumor and lung sections stained with H&E (scale bar, 25 mm;

magnification, �200). D, Representative images of Opal staining for GFP, E-cadherin, and aSMA in primary tumor and lung sections (scale bar,

100 mm; magnification, �200). E and F, Western blot analysis of E-cadherin, aSMA, vimentin (E), and p-Smad3 (F) in primary tumor tissues.

Densitometric analysis of protein expression relative to b-actin or Smad3 levels. Representative data from three independent analyses are shown.
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suppressed the EMT-associated gene expression of Snail, Slug, and

ZEB1 in primary tumor tissues (Supplementary Fig. S7).

Discussion

Patients with diabetes have a higher incidence of cancer than

the general population, and some antidiabetes drugs could be

relevant for the biology of cancer in the context of diabetes (22).

Therefore, establishing the safety andpotential detrimental effects

of diabetes drugs in terms of carcinogenesis and cancer biology is

essential for diabetes research. In this study, we focused on the

pleiotropic effects of DPP-4 inhibitors, which are in general

thought to be beneficial for human health, to better understand

the pathologic significance of DPP-4 inhibitors in cancer biology.

In brief, we report the following findings: (i) DPP-4 suppression

by siRNA, shRNA, or an inhibitor induced EMT in human and

mouse breast cancer cells. This induction was more significant in

aggressive cancer cells such as 4T1 andMDA-MB-231 cells. (ii) The

DPP-4 inhibition increased expression of both CXCL12 and its

receptor CXCR4 and phosphorylation of the downstream signal-

ingmoleculemTOR. (iii) TheCXCR4 inhibitor AMD3100 and the

mTOR inhibitor rapamycin each abolished the induction of EMT

by DPP-4 suppression. (iv) Unexpectedly, EMT induced by the

DPP-4 inhibitor was independent of TGFb signaling. (v) In vivo,

theDPP-4 inhibition enhanced themetastasis of 4T1breast cancer

allografts to the lung in a CXCL12/CXCR4–dependent manner.

These data provide clear evidence that DPP-4 negatively regulates

cancer metastasis via cleavage of CXCL12, and that a DPP-4

inhibitor could potentially facilitate this endogenous metastasis

mechanism in patients with cancer.

Currently, it remains unclear whether DPP-4 inhibitors are

detrimental to patients with diabetes with existing tumors. In

general, patientswith cancer are excluded fromdrug development

and clinical trial of diabetes therapies. Furthermore, the notion

that metastasis in patients with cancer could be associated with a

prescribed drug is rarely considered. Wang and colleagues

reported that the DPP-4 inhibitors saxagliptin and sitagliptin

increased the migration and invasion of multiple cancer cell lines

through nuclear factor E2–related factor 2 (NRF2) in a KEAP1-

C151–dependent manner (23). In our analysis of the molecular

mechanism by which DPP-4 inhibition promotes cancer metas-

tasis, we focused on DPP-4 biology in chemokine processing.

Figure 3.

Inhibition of DPP-4 by KR62436 promotes CXCL12/CXCR4 axis–induced phosphorylation of mTOR. A and B,Western blot analysis of CXCL12, CXCR4, and

p-mTOR in 4T1 (A) and MDA-MB-231 (B) cells treated with KR62436 (KR, 50 mmol/L), AMD3100 (AMD, 30 mmol/L), or KR and AMD for 48 hours. Densitometric

analysis of protein expression relative to b-actin or mTOR levels (n¼ 3 per group). C and D,Western blot analysis of p-mTOR in 4T1 (C) and MDA-MB-231 (D)

cells treated with KR 62436 (KR, 50 mmol/L), rapamycin (Rapa, 1 mmol/L), or KR and rapamycin for 48 hours. Densitometric analysis of protein expression

relative to mTOR levels (n¼ 3 per group).
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DPP-4 cleaves a number of chemokines and cytokines, such as

CXCL12, GM-CSF and granulocyte colony-stimulating factor

(G-CSF; ref. 24). CXCL12 is inactivated by exopeptidases, such

as DPP-4, matrix metalloproteinase (MMP)-2, and MMP-9 (24).

CXCL12 and its specific receptor CXCR4 play important roles

in hematopoiesis, angiogenesis, stem cell homing, and tumor

development and behavior (25). Furthermore, a recent report

showed that disruption of mTORC1 is sufficient to decrease cell

proliferation and CXCR4-mediated migration in HeLa cells, and

blockade of mTORC1 by rapamycin decreases primary tumor

growth and CXCR4-mediated lymph node metastasis and

increases animal survival (26). Evidence has shown that mTOR

knockdown in SW480 colon cancer cells increases E-cadherin

levels and decreases vimentin and aSMA levels (27). The results

we present here indicate that DPP-4 suppression induces the

CXCL12/CXCR4 axis and the subsequent activation of mTOR,

which are associated with the induction of EMT. Interestingly,

these pathways could underlie a beneficial effect of DPP-4

Figure 4.

AMD3100 or rapamycin blocks the KR62436-induced mesenchymal and invasive phenotype in metastatic cell lines. A and B,Western blot analysis of E-cadherin

and aSMA in 4T1 (A) and MDA-MB-231 (B) cells treated with KR62436 (KR, 50 mmol/L), AMD3100 (AMD, 30 mmol/L), or KR and AMD for 48 hours. Densitometric

analysis of protein expression relative to b-actin levels (n¼ 3 per group). C and D,Western blot analysis of E-cadherin and aSMA in 4T1 (C) and MDA-MB-231 (D)

cells treated with KR62436 (KR, 50 mmol/L), rapamycin (Rapa, 1 mmol/L), or KR and rapamycin for 48 hours. Densitometric analysis of protein expression relative

to b-actin levels (n¼ 3 per group). E, Transwell assays in 4T1 and MDA-MB-231 cells treated with KR62436 (KR, 50 mmol/L), AMD3100 (AMD,30 mmol/L), KR

and AMD, rapamycin (Rapa, 1 mmol/L), KR and AMD, or KR and rapamycin for 48 hours. The cells that migrated through the membrane were counted in

6 different fields of view. The cell migration data was normalized by cell proliferations as relative cell migration rate¼migrated cell number/(post treated cell

number�primary cell number)� 100%. Migration images were obtained by microscopy at�200magnification (scale bar, 100 mm). The data in the graph

are presented as the mean� SEM.
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inhibitors in terms of wound healing in patients with diabetes

(28). The effects of DPP-4 on CXCL12 cleavage are well known;

the data suggest that these effects of DPP-4 inhibitors on CXCR4-

positive cancer cells are potentially universal for any DPP-4

inhibitors.

Epithelial cells and endothelial cells can transform into

mesenchymal cells in response to certain types of stress or

insults (29). Indeed, we have shown that DPP-4 suppression

in endothelial cells represses TGFb2–induced EndMT

(30–32). Such effects of DPP-4 inhibition are thought to

associate with the induction of antifibrotic miRs such as

let-7 and miR-29, which have been shown to inhibit TGFb

signaling (33). In contrast, surprisingly, our findings revealed

that DPP-4 suppression is sufficient to induce EMT and cell

migration in normal mammary epithelial cells and cancer

cells. With regard to this, DPP-4 inhibition increased TGFb/

Smad signaling in breast cancer, but neutralization of TGFb

had absolutely no effect on the induction of EMT by DPP-4

Figure 5.

DPP-4 inhibition promotes EMT in a TGFb signal–independent manner. A,Western blot analysis of TGFbR1, TGFbR2, and p-Smad3 in DPP-4 siRNA–transfected

4T1 cells. The cells were treated with TGFb1 (5 ng/mL) for 48 hours in the presence or absence of DPP-4 siRNA (100 nmol/L). Densitometric analysis of protein

expression relative to b-actin or Smad3 levels is shown (n¼ 3 per group). B,Western blot analysis of p-Smad3 in DPP-4 siRNA–transfected MCF 10A, MCF7, and

MDA-MB-231 cells. Densitometric analysis of each protein normalized to Smad3 (n¼ 3 per group). C, Immunocytofluorescence analysis of E-cadherin and

p-Smad3 coexpression in 4T1 cells following KR62436 (KR, 50 mmol/L) treatment for 48 hours. For each slide, representative images of six different fields of view

at�200magnification were evaluated. The scale bar indicates 100 mm in each panel. D and E,Western blot analysis of E-cadherin, aSMA, vimentin, p-Smad3,

TGFbR1, TGFbR2, CXCL12, CXCR4, and p-mTOR in 4T1 cells treated with KR62436 (KR,50 mmol/L), neutralizing TGFb (1, 2, 3) antibody (N-TGFb, 1.0 mg/mL),

or KR and N-TGFb for 48 hours. Densitometric analysis of protein expression relative to b-actin levels (n¼ 3 per group).
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inhibition. This DPP-4 inhibitor–stimulated TGFb signaling

pathway was dependent on CXCL12/CXCR4 in breast cancer

cells. Furthermore, inhibiting DPP-4 in TGFb-treated cells

further stimulated the induction of EMT. These data suggest

that the effects of DPP-4 inhibition on mesenchymal trans-

formation of either epithelial cells or endothelial cells could

rely on cell type and the degree of dependence on the TGFb

signaling pathway.

Recently, studies have confirmed that there is cross-talk

between the TGFb and CXCL12 pathways. Evidence indicates

that TGFb induces CXCR4 in tumor cells (34), enhancing the

response to CXCL12 to promote invasion and metastasis (35).

We also revealed that DPP-4 suppression induces TGFb/Smad

signaling, but the TGFb-induced CXCR4 cascade was not

relevant for DPP-4–induced EMT and metastasis because the

KR-induced CXCL12/CXCR4/mTOR axis and EMT were not

suppressed by the TGFb-neutralizing antibody. These findings

further confirm that KR-induced EMT via the CXCL12/CXCR4/

mTOR axis is independent of TGFb/Smad signaling. The role of

TGFb/Smad signaling–dependent CXCL12/CXCR4 pathway

activation by DPP-4 suppression in cancer biology is not clear,

and further study is absolutely needed.

Figure 6.

AMD3100 suppresses breast cancer metastasis in KR62436-treated tumor-bearing mice.A and B, The analysis of DPP-4 activity (A) and CXCL12 quantity (B) in

primary tumor, lung, and plasma of 4T1 tumor–bearing female BALB/c mice treated with PBS, KR62436 (KR, 0.02 mg/g/day, orally), or KR and AMD3100(AMD,

0.0075 mg/g/day i.p.) for 7 days. The data in the graphs are shown as mean� SEM; n¼ 6. C, The analysis of body weight of 4T1 tumor–bearing female BALB/c

mice. The mouse breast cancer models were treated with KR62436 (KR, 0.02 mg/g/day, orally) or KR and AMD3100 (AMD, 0.0075mg/g/day i.p.) for 7 days. The

data in the curve graph are expressed as mean� SEM. n¼ 6. D,MTT assay of 4T1 cells treated with KR62436 (KR, 50 mmol/L), AMD3100 (AMD, 30 mmol/L), or

KR and AMD for 48 hours. The absorbance is shown as mean� SEM; n¼ 3. E, Representative images of primary tumor tissue. F, The tumor volume in each group

was measured ever day during the medicine intervention, and the tumor weight (bottom right) in each group was detected after sacrifice. The data in the graphs

are shown as mean� SEM; n¼ 6. G, Tumor sections were stained with H&E in each group. H&E images at�200magnification were obtained by microscopy.

Scale bars, 25 mm. H and I, The lung surface metastases (H) were imaged and the quantification of lung metastases (I) was performed. The lung sections were

stained with H&E in each group (H). H&E images at�200magnification were obtained bymicroscopy. Scale bars, 25 mm. The data in the graphs are shown as

mean� SEM; n¼ 3. J and K, Representative images of Opal staining for GFP, E-cadherin, and aSMA in primary tumor (J) and lung (K) sections. Scale bars,

100 mm. Magnification,�200. L, The IHC analysis of CXCR4 and p-mTOR in PBS, KR62436 (KR, 0.02 mg/g/day, orally), or KR- and AMD3100 (AMD, 0.0075 mg/

g/day i.p.)-treated mice. The images at�400magnification were obtained by NanoZoomer Digital Pathology System. Scale bars, 10 mm.
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In conclusion, we show here that DPP-4 inhibition accelerates

breast cancer metastasis by inducing EMT through CXCL12/

CXCR4–mediated mTOR activation. These data indicate that

DPP-4 inhibitors, in general thought to be safe, could be harmful

in a select population of patients with CXCR4-positive cancer.

Further study is necessary to monitor the effects of DPP-4 inhi-

bitors on human tumorigenesis. Moreover, these biological char-

acteristics of DPP-4 in cancer cells could lead to the identification

of novel therapeutic targets for cancer.
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