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Abstract  

 

Background: Tyrosine kinase inhibitors (TKIs) are key therapeutic drugs for advanced 

renal cell carcinoma (RCC), although TKI efficacy will be often limited due to the 

acquired resistance, which is a critical issue in RCC management. Regarding 

chemoresistance, a contribution of cancer stem-like cells (CSCs) has been recently paid 

attention. We investigate whether cancer stemness plays a critical role in RCC cell 

proliferation and TKI sensitivity. 

Methods: We established 15 patient-derived cancer cells (PDCs) from RCC surgical 

specimens and examined CSC-related gene expression and TKI sunitinib (SUN) 

sensitivity for each PDC line. We generated SUN-resistant RCC models from ACHN and 

769-P cells. 

Results: A CSC-related gene DPP4 that encodes peptidase dipeptidyl peptidase IV is 

abundantly expressed in RCC among various cancers. DPP4 expression was correlated 

with CSC biomarkers such as CD133 and ALDH1A3 in RCC PDCs. DPP4 expression 

was generally associated with 50% inhibition concentration of SUN in PDCs. In SUN-

resistant RCC cells, DPP4 and ALDH1A3 levels were upregulated compared with those 

in parental cells. DPP4 inhibitor sitagliptin enhanced SUN-dependent RCC growth 

inhibition. DPP4 expression was repressed by ALDH1 inhibitor and recovered by 

retinoic acid in RCC cells. Chromatin immunoprecipitation using anti-RAR showed a 

functional RAR binding site in DPP4 promoter.  

Conclusions: Our results define that DPP4 could be a critical factor for determining SUN 

sensitivity in RCC through a combinatory function of CSC biomarker ALDH1. TKI 

efficacy could be improved by DPP4 inhibition especially in advanced RCC with CSC 

enrichment. 
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1. Introduction 

Renal cell carcinoma (RCC) is the most common tumor among kidney cancers in 

adults and its incidence is more than 400 ,000 worldwide in 2018[1, 2]. In general, RCC 

exhibits good prognosis if treated at an early stage. Nevertheless, patients with metastatic 

RCC are often suffered from poor prognoses despite of the usage of tyrosine kinase 

inhibitors such as sunitinib (SUN) or new therapeutic drugs such as immune checkpoint 

inhibitors. Alternative therapeutic strategies for advanced RCC remain to be established. 

Clinical evidence has accumulated in terms of the relationship between metabolic 

disorders and cancer pathophysiology. Epidemiologic studies have revealed that type 2 

diabetes is associated with an increase in incidence and mortality from solid tumors 

including RCC [3, 4]. Diabetic medications could potentially suppress cancer progression 

as exemplified by dipeptidyl peptidase 4 (DPP4) inhibitors could suppress lung metastasis 

of colorectal cancer [5] and tumor growth of hepatocellular carcinoma and breast 

cancer[6]. Metformin usage is also associated with a reduced RCC incidence among type 

2 diabetic patients [7].  

Recent advance in cancer studies has defined the clinical relevance of cancer stem-like 

cells (CSCs), which are characterized by unlimited cell division and self-renewal ability; 

and play an essential role in tumor recurrence, metastasis and chemoresistance [8]. CSC 

markers such as CD44, CD133, OCT3/4, aldehyde dehydrogenase 1 (ALDH1) and CXC-

chemokine receptor 4 (CXCR4) have been also proposed as potential biomarkers for renal 

CSCs [9]. Among CSC markers, CD133 overexpression was observed in SUN-resistant 

RCC cells [10]. SUN treatment increases a subset of CD133+/CXCR4+ RCC cells, which 

exhibit CSC traits associated with SUN resistance[11]. DPP4/CD26 has been recently 

shown as a CSC-related marker in gastric [12] and colorectal cancers [13, 14]. DPP4 

upregulation was also observed in high stage RCC [15] and soluble form of DPP4 was 

shown as a poor prognostic factor for RCC patients [16]. While a DPP4 antibody was 

shown to inhibit the growth of RCC cells and its xenograft tumors [17], it remains to be 

clarified whether DPP4 contributes to the pathophysiology of advanced RCC with CSC 

traits and DPP4 inhibition could facilitate RCC treatment. 

In the present study, we generated 15 patient-derived cancer cells (PDCs) from 

surgical RCC specimens based on three-dimensional (3D) spheroid culture, which 

preferentially enriches CSC population [18-20]. We showed that DPP4 expression is 
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inversely associated with SUN sensitivity in RCC PDC lines. By establishing SUN-

resistant RCC cell models, we defined a contribution of DPP4 to the growth of RCC cells 

and xenograft tumors. DPP4 expression was repressed by ALDH1 inhibitor and 

recovered by retinoic acid (RA) in RCC cells. Chromatin immunoprecipitation (ChIP) 

using retinoic acid receptor  (RAR) antibody also showed a functional RAR binding 

site in DPP4 promoter. Taken together, CSC-related factor ALDH1 and its downstream 

RA/RAR signaling could potentially regulate DPP4 transcription in RCC cells.  

 

2. Materials and methods 

2.1. Cancer cells and PDC lines 

All human RCC samples were resected from patients, after obtaining an informed 

consent at the Saitama Medical Center. The Ethics Committee of Saitama Medical Center, 

Saitama Medical University, approved all the procedures performed (1363-IV). 

Processing of tumor samples was carried out as previously described [20]. Patients 

characteristics for established PDCs are summarized in Table S1. 

The human RCC cell lines, ACHN and 769-P, were obtained from American Type 

Culture Collection (ATCC) and authenticated by short tandem repeat (STR) analysis at 

BEX Co., LTD (Tokyo, Japan). ACHN and 769-P cells were maintained in DMEM and 

RPMI medium (Nacalai Tesque, Kyoto, Japan), respectively, supplemented with 10% 

FBS, 100 U/ml penicillin and 100 µg/ml streptomycin at 37°C in a humidified 5% CO2 

incubator. SUN-resistant RCC cell lines, ACHN-R and 769-P-R, were generated from 

the parental ACHN and 769-P cells by exposure to increasing concentrations of SUN up 

to 10 µmol/L for more than 6 months. 

 

2.2. Determination of the IC50 of SUN and in vitro assays for cell growth 

Cells were seeded in a 96-well ultralow attachment plate at a density of 2,000 

cells/well with 100 µl of medium. SUN was added at the concentrations of 0, 0.01, 0.1, 

1, 2.5, 5, 7.5, 10, 12.5, 15, 20, or 50 µM. Cell growth was examined using the CellTiter-

Glo 3D Assay (Promega, San Luis Obispo, CA, USA) at day 3. Average of 4 measured 

values were used for drawing sigmoid curves by using the ImageJ software 

(https://imagej.nih.gov/).  

https://imagej.nih.gov/
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2.3. cDNA synthesis and quantitative reverse-transcription PCR 

RNA extraction, cDNA synthesis and quantitative reverse-transcription (qRT)-PCR 

were carried out as previously described [20]. All qRT-PCR primers used in the present 

study are listed in Table S2. 

 

2.4. siRNA and transfection 

siRNAs targeting DPP4 and ALDH1A3, and control siRNA (siControl) were 

purchased from RNAi Inc. (Tokyo, Japan) and introduced into cells with RNAiMAX 

reagents (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. 

SiRNA sequences were listed in Table S3 

 

2.5. Immunocytochemistry 

Immunocytochemistry was carried out as described [20]. The primary antibodies used 

were: goat polyclonal anti-DPP4 antibody (dilution 1:100, AF1180-SP, R&D Systems, 

Minneapolis, MN, USA) and rabbit polyclonal anti-OCT3/4 antibody (dilution 1:100, 

19857, Abcam, Cambridge, MA, USA). 

 

2.6. Immunohistochemistry 

Formalin-fixed tissues were embedded in paraffin and sectioned. The Histofine kit 

(Nichirei, Tokyo, Japan), which employs the streptavidin-biotin amplification method, 

was used for immunohistochemical analyses of DPP4. The antibodies against KI67 

(dilution 1:100; MIB1) and DPP4 (dilution 1: 100, AF1180-SP) were purchased from 

Dako (Carpinteria, CA, USA) and R & D Systems, Inc. (Minneapolis, MN, USA), 

respectively. Specialized pathologists evaluated percentages of immune-positive tumor 

cells. 

 

2.7. Chromatin immunoprecipitation 

Chromatin immunoprecipitation (ChIP) was carried out as described previously [20]. 

The sequences of primers are shown in Table S4. 

 

2.8. Animal experiments 
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All animal experiments were approved by the Animal Care and Use Committee of 

Saitama Medical University and conducted in accordance with the Guidelines and 

Regulations for the Care and Use of Experimental Animals by Saitama Medical 

University. Male athymic nude mice (BALB/c-nu/nu, 6 weeks old) were purchased from 

Clea Japan (Tokyo, Japan). ACHN and ACHN-R cells were trypsinized and washed with 

PBS, and 5×106 cells of each cell line were subcutaneously implanted with 150 µl 

Matrigel (BD Biosciences, San Diego, CA, USA). Tumor size was measured every other 

day. Tumor volume (V) was determined using the equation: V = (L×W2)×0.52, where L 

is the length and W is the width of the tumor. When xenografts reached a volume of 180 

mm3, the mice bearing ACHN cells were orally administered SUN (20 mg/kg), and the 

mice bearing ACHN-R cells were randomly selected for oral administration of either 

single SUN (20 mg/kg) or SUN (20 mg/kg) in combination with DPP4 inhibitor 

sitagliptin (SITA)(30 mg/kg). The solvent of each drug was carboxymethylcellulose 

sodium (0.5% wt/vol) containing NaCl (1.8% wt/vol), Tween 80 (0.4% wt/vol) and 

benzyl alcohol (0.9% wt/vol) as previously described [21]. Dosing schedule was 2 days 

on and 1 day off.  

 

2.9. Statistical analysis 

Data were analyzed with a two-sided Student’s t-test for pairwise comparison. For 

multiple comparison, two-way ANOVA test was used. Statistical computations were 

carried out using the software JMP 9.0.0 (SAS Institute, Cary, NC, USA). 

 

3. Results 

3.1. DPP4 is highly expressed in kidney cancer PDCs. 

We firstly showed that DPP4 expression levels in kidney cancer were notably higher 

than those in other cancers of various origins in two datasets retrieved from Oncomine 

(https://www.oncomine.org/) (Fig. 1A). Next, we established kidney cancer PDCs from 

15 primary tumors of clear cell RCC. The characteristics of patients corresponding to 

each PDCs are listed in Table S1. Furthermore, DPP4 was upregulated in 3D cultured 

kidney cancer cells, ACHN and 769-P, compared to two-dimensional (2D) cultured cells. 

Notably, its expression was considerably higher in kidney cancer PDCs than 3D cultured 

ACHN and 769-P (Fig. 1B).  

https://www.oncomine.org/
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The 3D culture method is suitable for enrichment of CSC, therefore we evaluated the 

CSC population in these PDCs by immunocytochemistry for DPP4 and OCT3/4 (Fig. 

S1). DPP4-positive, OCT3/4-positive and double-positive rates were: 26.1%, 100% and 

26.1% in RCC-9 cells; 95.7%, 95.7% and 91.3% in RCC-13 cells; 90.0%, 92.5% and 

82.5% in RCC-2 cells, respectively. Hematoxylin and eosin staining and DPP4 

immunohistochemistry of PDC spheroids and the corresponding original tumors showed  

that DPP4 staining was relatively weak in RCC-9, and strong in RCC-13 and RCC-2, in 

both PDCs and original tumors (Fig. 1C). Next, in 15 PDCs, we evaluated the association 

of DPP4 and other CSC-related genes including, CD133, ALDH1A3, ALDH1A1, 

OCT3/4, CD44, CXCR4 by qRT-PCR. Our results revealed that DPP4 expression levels 

were significantly correlated with CD133 and ALDH1A3 (Fig. S2A). CD133 was a well-

known CSC-related gene associated with SUN resistance [11, 22], hence we measured 

the half maximal inhibitory concentration (IC50) values of SUN in PDCs. Among the 

genes, CD133, ALDH1A3 and DPP4 were significantly correlated with the IC50 values of 

SUN (Fig. S2B and S2C). Heatmap analysis showed the association of the expression 

levels of CSC-related genes and the IC50 values of SUN (Fig. 1D). 

 

3.2. DPP4 was upregulated in SUN-resistant ACHN and 769-P cells 

Next, we experimentally generated SUN-resistant ACHN and 769-P cells and 

designated them as ACHN-R and 769-P-R cells. The IC50 values of SUN are shown in 

Table 1. In SUN-resistant cells, the rates of DPP4-positive cells were increased compared 

to their parental cells as assessed by immunocytochemistry. DPP4-positive, OCT3/4-

positive and double-positive rates were: 24.3%, 78.6% and 18.6% in ACHN cells; 68.9%, 

93.4% and 65.6% in ACHN-R cells; 7.6%, 74.5% and 7.0% in 769-P cells; 94.8%, 92.9% 

and 90.3% in 769-P-R cells, respectively (Fig. S1). DPP4 and ALDH1A3 expression 

levels were upregulated in ACHN-R and 769-P-R (Fig. 2A and 2B). 

 

3.3. DPP4 inhibition enhanced the growth inhibitory effect of SUN in resistant cells in 

vitro and in vivo 

While single administration of DPP4 inhibitor SITA showed almost no effect on 

growth of ACHN and 769-P parental/SUN-resistant cells (Fig. S3A), the combination of 

SUN and SITA suppressed spheroid growth of ACHN-R/769-P-R cells, RCC-2 and 
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RCC-13 PDCs in vitro (Fig. 2C and 2D, and Fig. S3B). Moreover, DPP4 knockdown by 

siRNA enhanced the growth inhibitory effect of SUN in RCC-2 and RCC-13 PDCs (Fig. 

3). 

As in vivo experiment, when ACHN/ACHN-R xenograft tumor volumes reached 180 

mm3, we began oral administration of SUN with SITA and/or vehicle on schedule of 2 

days on and 1 day off. ACHN-R xenograft tumors showed SUN resistance compared to 

parental cells, however, combination treatment of SUN and SITA suppressed tumor 

growth in ACHN-R tumors to the same level of ACHN with SUN (Fig. 4A-D). Ki67 

immunohistochemistry and hematoxylin and eosin staining of resected tumors of 

representative mice in each group are shown in Fig. 4E and F. Ki67 index, a nuclear 

marker of cell proliferation, was elevated in ACHN-R + SUN group compared with 

others. 

 

3.4. ALDH1A3 regulated DPP4 expression levels by modulating the RA and RA receptor  

pathway 

CSC-related genes are known to be upregulated in certain situations, such as sphere 

forming assay and 3D culture, however the regulation of these genes remains unclear. 

ALDH1A3 and DPP4 have been correlated, therefore we hypothesized that there would 

be an association between the mechanisms of regulation of ALDH1A3 and DPP4. 

ALDH1A3 is the enzyme involved in retinol metabolism, converting retinol to retinoic 

acid (RA), which acts as a ligand for RA receptors. Disulfiram, which is one of the FDA-

approved inhibitors of both ALDH1 and ALDH2 used for the treatment of alcoholism, 

suppressed DPP4 expression levels in ACHN-R and 769-P-R cells, and this effect was 

reversed by the administration of all-trans retinoic acid (ATRA) (Fig. 5A). 

Downregulation of ALDH1A3 by siRNA also suppressed the expression levels of DPP4 

(Fig. 5B). The promoter region of the DPP4 gene that includes RARα-binding sites was 

retrieved from the hg38 Human Genome dataset, and scanned with matrix profiles for a 

RA response element (RARE) using the open-access transcription factor binding profile 

database JASPAR (http://jaspar.genereg.net/) [23]. At a relative profile score threshold 

>85% on the JASPAR algorithm, one candidate RARE was identified in about -1800 bp 

from the transcription start site. We confirmed functional RARα binding to the sequence 

including RARE in ACHN-R and 769-P-R cells by ChIP-PCR assay using a RARα 

http://jaspar.genereg.net/
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antibody or control IgG (Fig. 5C). Taken together, RA/RAR signaling may modulate 

DPP4 transcription by activating the DPP4 promoter that includes the functional RARα 

binding site (Fig. 5D). 

 

4. Discussion 

CSC-related genes are co-expressed under certain culture conditions, such as the 3D 

culture [18, 20]. However, their association with each other and their contribution to stem-

like traits remain to be clarified. In the present study, the analysis of the response to SUN 

in CSC-enriched kidney cancer PDCs revealed that ALDH1A3 and RA regulated the 

expression levels of DPP4 via RARα binding to RARE on the promoter region, which 

was transcriptionally correlated with CD133. A previous report has shown that DPP4 is 

regulated by RA via phosphorylation of STAT1α [24] in B lymphocytic leukemia cells, 

meanwhile we demonstrated that there was direct binding of RA to the promoter region 

of DPP4 in kidney cancer CSCs. 

Moreover, AR had a potential role as a target for therapeutic interventions, in 

combination with SUN, to overcome drug resistance in RCC. Although there may be 

several mechanisms involved in the regulation of DPP4, we considered ALDH1A3/RA 

as one of the major pathways. 

SUN is a tyrosine kinase inhibitor of platelet-derived growth factor receptors 

(PDGFRs) and vascular endothelial growth factor receptors (VEGFRs). DPP4 inhibitors 

have the potential to suppress tumor growth, because expression of VEGF was lower in 

Dpp4 deficient mice [25]. However, in recent studies, PDGFR-mediated anti-tumor effect 

has attracted attention in kidney cancer. An in vitro study has revealed that PDGFR-β is 

expressed in ACHN, Caki-1 and Caki-2 cells, and reported a tendency for a positive 

correlation between the sensitivity to SUN and PDGFR-β, whereas expression of VEGFR 

1–3 was not observed in the three cell lines [26]. The DPP4 inhibitor SITA had the 

potential to attenuate PDGFR-β-induced proliferation and migration of human pulmonary 

arterial smooth muscle cells [27]. Regarding the association of vascularization in tumors, 

pre-treatment tumor fractional blood volume was found to be a predictive biomarker of 

subsequent reduction in tumor blood volume in response to SUN, although acquired 

resistance to SUN was not associated with a parallel increase in tumor blood volume [28].  



10 

While Inamoto T et al. have shown that anti-CD26 antibody treatment remarkably 

inhibited growth of Caki-2 RCC cells, and tumor growth in tumor-bearing mice [17], our 

results indicated that the DPP4 inhibitor SITA, as a single agent treatment, did not have 

a drastic growth inhibitory effect both on SUN-resistant cells and parental cells, whereas 

showed an additive effect on SUN treatment of kidney cancer CSCs. DPP4 is a serine 

exopeptidase that cleaves X-proline or X-alanine dipeptides from the N-terminus of 

polypeptides, and targets various inflammatory cytokines. IL-6 [29] and IL-8 [30] have 

been involved in SUN resistance, hence DPP4 may affect cytokine signaling. CXCR4, 

chemokine receptor 4, is also known as one of the CSC markers in RCC and there has 

been a report showing an association between SUN resistance and CD133 [11], however 

the present study did not show a positive correlation of the expression levels of CXCR4 

and SUN resistance. Adding on that, CD44 has been reported as a CSC-related gene 

involved in SUN resistance [31], meanwhile has not been correlated with resistance. 

Further studies are required in the future to examine the interaction between CSCs and 

other populations of cancer cells in tumors. 

ALDH1A1 and ALDH1A3 are known to be associated with RA metabolism, whereas 

the expression profiles of the three subtypes of ALDH1 are different and depend on 

organs and tissues. Actually, it has been shown that downregulation of ALDH1A3 

enhanced cisplatin sensitivity of cancer-initiating cells in lung cancer [32] and colorectal 

cancer cells [33], while knockdown of ALDH1A1, not ALDH1A3, reduced therapy 

resistance in breast cancer cells [34]. Among the three subtypes, ALDH1A1 is one of the 

established CSC-related genes, and ALDH1A2 as well as ALDH1A3 would have essential 

roles in the survival of RCC PDCs. To the best of our knowledge, this is the first report 

to evaluate the roles of the subtypes of ALDH1As in RCC. In CSC-enriched populations, 

ALDH1A3 is the important subtype in tyrosine kinase inhibitor resistance.  

DPP4 was notably highly expressed in RCC PDCs compared to RCC cell lines even 

in 3D culture conditions. Combination therapy of DPP4 inhibitors and tyrosine kinase 

inhibitors may be a promising treatment option for RCC patients.  

 

5. Conclusions 
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Targeting of the ALDH1A3/RA/DPP4 axis is a promising treatment strategy for 

overcoming refractory CSC populations of renal cell carcinoma, and could be a useful 

tool for precision medicine. 
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Legends to figures 

 

Fig. 1. DPP4 is highly expressed in kidney cancer PDCs and correlated with half of 

the inhibitory concentration values of sunitinib. A. DPP4 expression levels in various 

cancer cell lines were retrieved from the Oncomine database 

(https://www.oncomine.org). BLCA: bladder cancer, BCNS: brain and central nerve 

system tumor, BRCA: breast invasive carcinoma, COAD: colon adenocarcinoma, ESCA: 

Esophageal carcinoma, STAD: stomach adenocarcinoma, HNSC: head and neck 

squamous cell carcinoma, KC, kidney cancer, LAML: acute myeloid leukemia, LIHC: 

liver hepatocellular carcinoma, LC: lung cancer, LYM: lymphoma, SKCM: skin 

cutaneous melanoma, MYL: myeloma, OV: ovarian serous cystadenocarcinoma, PAAD: 

pancreatic adenocarcinoma, PRAD: prostate adenocarcinoma, SARC: sarcoma. B. DPP4 

expression levels in kidney cancer patient-derived cells (PDCs) and of two-dimensional 

(2D) or three-dimensional (3D) cultured ACHN and 769-P cells. C. Hematoxylin and 

Eosin staining, and DPP4 immunohistochemistry of PDCs and the corresponding original 

tumors. Bright field images of PDCs were also shown. Scale bars; 50 µm. D. Heatmaps 

for half maximal inhibitory concentration (IC50) values of sunitinib (SUN) and mRNA 

expression levels of cancer stem-like cells (CSC)-related genes in PDCs. 

 

Fig. 2. DPP4 is upregulated in sunitinib (SUN)-resistant cells and the DPP4 inhibitor 

sitagliptin (SITA) overcomes SUN resistance in kidney cancer cells. A and B. DPP4 

and ALDH1A3 expression levels are upregulated in 3D cultured ACHN-R (A) and 769-

P-R (B) cells compared to their parental cells. C and D. The DPP4 inhibitor sitagliptin 

(SITA) enhances the growth inhibitory effects of SUN on 3D cultured kidney cancer cells 

(C) and PDCs (D). Data are shown as mean ± SD, n = 3; *P < 0.05 by two-sided Student’s 

t-test. 

 

Fig. 3. DPP4 knockdown by siRNA enhanced sunitinib (SUN) growth inhibitory 

effect in RCC-2 and RCC-13 cells. A and B. DPP4 knockdown efficiency in RCC-2 

(A) and RCC-13 (B) cells. C and D. DPP4 knockdown by siRNA enhanced SUN growth 

inhibitory effect in RCC-2 (C) and RCC-13 (D) cells. Data are shown as mean ± SD, n = 

3; *P < 0.05 by two-way ANOVA t-test. 

https://www.oncomine.org/
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Fig. 4. Sitagliptin (SITA) overcomes sunitinib （SUN) resistance in vivo tumor 

derived from kidney cancer cells. A. Xenograft tumor growth curve of ACHN treated 

by SUN and ACHN-R cells treated by SUN with/without SITA: ACHN + SU group (n = 

6), ACHN-R + SUN group (n = 6) and ACHN-R + combination of SUN and SITA group 

(n = 6). Data are shown as mean ± SD, n = 6; *P < 0.05 by two-sided Student’s t-test. 

The tumor volume was estimated by measuring the tumor size. B. Tumor weight and 

body weight at Day 13 (endpoint) in each group. Data are shown as mean ± SD, n = 6; 

*P < 0.05 by two-sided Student’s t-test. C. Representative pictures of xenograft tumor-

bearing nude mice at Day 13. Scale bars; 10 mm. D. Resected tumors from xenograft 

tumor-bearing nude mice at Day 13. Scale bars; 10 mm. E. Ki67 index of resected tumors. 

Ki67 immunohistochemistry was performed on the resected tumors and the proportion of 

ki67-positive cells (ki67 index) were determined. Data are shown as mean ± SD, n = 6; 

*P < 0.05 by two-sided Student’s t-test. F. Representative images of Hematoxylin and 

Eosin staining, and Ki67 immunohistochemistry of resected tumors. Scale bars; 50 µm. 

 

Fig. 5. DPP4 upregulation mediated by ALDH1A3 and retinoic acid signaling. A. 

All-trans retinoic acid (ATRA) rescues DPP4 expression suppressed by the ALDH1 

inhibitor disulfiram (DSF). DSF concentrations used were 15 and 25 µM for ACHN-R 

and 769-P-R cells, respectively. Dimethyl sulfoxide was used as vehicle. Data are shown 

as mean ± SD, n = 3; P-value was evaluated by two-sided Student’s t-test. B. ALDH1A3 

siRNA suppressed DPP4 expression. Data are shown as mean ± SD, n = 3; P-value was 

evaluated by two-way ANOVA. C. RARα binding to DPP4 promoter region. Schematic 

representation of DPP4 gene promoter region with a putative retinoic acid responsive 

element (RARE). Chromatin immunoprecipitation (ChIP)-PCR was performed in 

ACHN-R and 769-P-R cells using anti-RARα antibody or control IgG. The regions 

containing the RARE and for background were amplified using PCR primers: 

Peak_Fw/Peak_Rv and Upstream_Fw/Upstream_Rv, respectively. Data are shown as 

mean ± SD, n = 3; P-value was evaluated by two-sided Student’s t-test. D. The schematic 

model of ALDH1A3/RA/DPP4 axis in DPP4-high cancer stem-like cells in kidney 

cancer.   
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Table 1. IC50 of sunitinib (SUN) in parental and SUN-resistant cell lines 

Cell lines 
IC50 of SUN (µM) 

2D 3D 

ACHN 1.3 3.8 

ACHN-R 10.0 12.9 

769-P 5.0 8.8 

769-P-R 12.9 12.9 
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Legends to Supplementary Figures 

 

Fig. S1. Immunocytochemistry demonstrating expression of DPP4 and OCT3/4 in 

RCC-9, RCC-13 cells and RCC-2 PDCs. A. Immunocytochemistry of PDCs using 

DPP4 (green) and OCT3/4 (red) antibodies. Secondary antibodies conjugated with FITC 

and Cy-3 were used for detecting DPP4 and OCT3/4 antibodies, respectively. Cell nuclei 

were stained with DAPI (blue). B. Immunocytochemistry of 3D cultured ACHN, ACHN-

R, 769-P, and 769-P-R cells using DPP4 (green) and OCT3/4 (red) antibodies. Secondary 

antibodies conjugated with FITC and Cy-3 were used for detecting DPP4 and OCT3/4 

antibodies, respectively. Cell nuclei were stained with DAPI (blue). C. Population of 

DPP4-positive cells and OCT3/4-positive cells in 3D cultured RCC-9, RCC-2, RCC-13, 

ACHN, ACHN-R, 769-P and 769-P-R cells. DPP4-positive, OCT3/4-positive and 

double-positive rates: 26.1%, 100% and 26.1% in RCC-9 cells; 95.7%, 95.7% and 91.3% 

in RCC-13 cells; 90.0%, 92.5% and 82.5% in RCC-2 cells; 24.3%, 78.6% and 18.6% in 

ACHN cells; 68.9%, 93.4% and 65.6% in ACHN-R cells; 7.6%, 74.5% and 7.0% in 769-

P cells; and 94.8%, 92.9% and 90.3% in 769-P-R cells. n = 5. Scale Bars; 100 µm. 

 

Fig. S2. Correlation analysis between CSC-related gene expression levels and IC50 

values for sunitinib (SUN) in PDCs. A. The expression levels of DPP4 were plotted 

with those of CSC-related genes. B and C. The IC50 values for SUN were plotted against 

the expression levels of CSC-related genes (B) and DPP4 (C). Spearman’s rank 

correlation coefficient (r) and the statistical significance (p) were calculated by using JMP 

9.0.0 (SAS Institute, Cary, NC, USA). 

 

Fig. S3. DPP4 inhibition represses spheroid growth of kidney cancer cells and PDCs. 

A. Dose-response effect of sitagliptin (SITA) on 3D spheroid growth in ACHN-R, 769-

P-R and their parental cells. B. Combination effect of SITA and sunitinib (SUN) on 3D 

spheroid growth of ACHN and 769-P cells. C and D. DPP4 knockdown by siRNA 

enhanced the inhibitory effect of SUN on spheroid growth in RCC-2 (C) and RCC-13 

(D). Data are shown as mean ± SD, n = 3; P-value was evaluated by two-sided Student’s 

t-test. 
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Table S1. Characteristics of patients for renal cell carcinoma (RCC) PDCs 

Name Age Sex Stage IC50 of SUN (µM) 

RCC-1 64 M Ⅰ 10.6 

RCC-2 78 M Ⅰ 15.3 

RCC-3 67 M Ⅲ 13.2 

RCC-4 82 M Ⅰ 5.2 

RCC-5 82 M Ⅰ 6.5 

RCC-6 77 F Ⅳ 10.8 

RCC-7 56 M Ⅰ 13.9 

RCC-8 86 M Ⅰ 11.0 

RCC-9 71 M Ⅰ 7.7 

RCC-10 77 M Ⅲ 8.0 

RCC-11 80 M Ⅰ 15.2 

RCC-12 79 M Ⅱ 7.8 

RCC-13 71 M Ⅰ 11.1 

RCC-14 78 F Ⅰ 12.2 

RCC-15 83 F Ⅰ 8.1 

SUN: sunitinib, F: female, M: male. 
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Table S2. Sequences of primers for qRT-PCR 

Primer name Sequence 

DPP4_Fw CCAAACGGCACTTTTTTAGCA 

DPP4_Rv GAGTATTCAATAAGTGGGACTTCTGTGT 

CD44_Fw GTGATGGCACCCGCTATG 

CD44_Rv ACTGTCTTCGTCTGGGATGG 

CD133_Fw CAGAGTACAAACGCCAAACCA 

CD133_Rv AAATCACGATGAGGGTCAGC 

OCT3/4_Fw TTCAGCCAAACGACCATCTG 

OCT3/4_Rv CACGAGGGTTTCTGCTTTGC 

ALDH1A1_Fw CGCAAGACAGGCTTTTCAGAT 

ALDH1A1_Rv CCCTCTCGGAAGCATCCA 

ALDH1A3_Fw TGGATCAACTGCTACAACGC 

ALDH1A3_Rv CACTTCTGTGTATTCGGCCA 

CXCR4_Fw GCATGACGGACAAGTACAGGCT 

CXCR4_Rv AAAGTACCAGTTTGCCACGGC 

36B4_Fw CCACGCTGCTGAACATGCT 

36B4_Rv GATGCTGCCATTGTCGAACA 
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Table S3. Sequences of small interfering RNAs for knockdown of target genes 

Oligo nucleotide name  Sequence 

siDPP4 #1 
Sense strand GGAGGGUACGUAACCUCAAUG 

Antisense strand UUGAGGUUACGUACCCUCCAU 

siDPP4 #2 
Sense strand CAGUCGCAAAACUUACACUCU 

Antisense strand AGUGUAAGUUUUGCGACUGUC 

siALDH1A3 #1 
Sense strand UUUUGAACUUCAGUAUUGGUU 

Antisense strand CCAAUACUGAAGUUCAAAAGU 

siALDH1A3 #2 
Sense strand UUUUCACUUCUGUGUAUUCGG 

Antisense strand GAAUACACAGAAGUGAAAACU 

siControl 
Sense strand GUACCGCACGUCAUUCGUAUC 

Antisense strand UACGAAUGACGUGCGGUACGU 
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Table S4. Sequences of primers for ChIP-PCR 

Primer name Sequence 

Peak_Fw CTAATGTGTTGGCCAGCTGCTACC 

Peak_Rv GTCCGATGGGGCATTACCACATGA 

Upstream_Fw GTCCAGGCTGAGGTGGTCTCATGC 

Upstream_Rv TGGCAAGAGTCACCACTGCTCCAG 
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