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1  |  INTRODUC TION

Renal cell carcinoma (RCC) is the most common type of cancer, and 
it was estimated that there were more than 431,288 new cases of 
kidney cancer and 179,368 deaths worldwide in 2020.1 Clear cell 
RCC (ccRCC) is a common histology accounting for approximately 
70% of RCC cases and is associated with chronic tissue inflamma-
tion.2–5 Systemic inflammation is frequently observed in the ad-
vanced stage of RCC.6–8 Recent clinical studies have demonstrated 

that the expression of inflammation-related genes and neutrophilic 
infiltration in tumor tissue are prognostic markers for metastatic 
RCC.9,10 In addition, 10%–15% of RCCs are considered undifferen-
tiated, more aggressive forms that exhibit increased inflammatory 
signals.11,12 Inflammation is believed to prevent epithelial cell differ-
entiation13–15; however, the factors that regulate inflammation and 
RCC differentiation have not been identified.

Members of the angiopoietin-like protein (ANGPTL) family con-
tribute to angiogenesis and the maintenance of hematopoietic stem 
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Abstract
Inflammation is observed in many tumors, which affects metastasis, infiltration, 
and immune escape and causes poor differentiation of the cancer cells. However, 
the molecular basis underlying the relationship between inflammation and poor dif-
ferentiation in tumors has not been identified. In this study, we demonstrate that 
angiopoietin-like protein-8 (ANGPTL8), which is induced by stress stimuli such as 
inflammation, is involved in the maintenance of the undifferentiated state of clear 
cell renal cell carcinoma (ccRCC) cells. ANGPTL8 is also involved in the production 
of chemokines that attract immune suppressor cells to the tumor microenvironment. 
ANGPTL8 sustains the continuous production of chemokines by activating the NF-κB 
signaling pathway and maintains the undifferentiated state of ccRCC cells. Finally, 
ANGPTL8 is induced by STAT3 signaling, which is activated by immune cells in the 
tumor microenvironment. These results support a role for ANGPTL8 in determining 
the properties of ccRCC by hampering tumor cell differentiation and establishing the 
tumor microenvironment.
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cells.16–18 Previous studies have shown that ANGPTL 2, 3, 4, 6, and 
7 are pro-inflammatory factors that regulate tumor progression.16,17 
For example, ANGPTL2 is a factor that controls regeneration, differ-
entiation, and the stem cell niche formation in various organs.19–22 
ANGPTL8 is a relatively small protein with a molecular weight of 
22 kDa. ANGPTL8 interacts with ANGPTL3 and increases plasma 
levels of triglycerides.23 Xu et al. (2021) reported that the expression 
of ANGPTL8 was associated with a poor prognosis in patients with 
ccRCC based on the analysis of data from The Cancer Genome Atlas 
(TCGA).24 However, the role of ANGPTL8 in ccRCC has not been 
determined.

Inflammation induced by tumor cells establishes a tumor mi-
croenvironment consisting of tumor cells, extracellular matrix, 
mesenchymal fibroblasts, vascular endothelial cells, and immune 
cells. These factors contribute to tumor growth, infiltration, and 
metastasis.25 The cells that make up the tumor microenvironment 
are induced by chemokines produced primarily by the tumor. Of 
these, chemokine (C-X-C motif) ligands CXCL1 and CXCL2 play an 
important role in the formation of the tumor microenvironment and 
are positively correlated with prognosis.26 Immune cells, such as 
macrophages, contribute to the maintenance of the inflammatory 
tumor microenvironment by producing cytokines such as interleu-
kin (IL)-6 and tumor necrosis factor (TNF)-α. Tumor-promoting im-
mune cells, such as myeloid-derived suppressor cells (MDSCs) and 
tumor-associated macrophages (TAMs), are recruited by CXCL1 and 
CXCL2.27,28

In this study, we discovered that ANGPTL8 was highly correlated 
with inflammation in ccRCC. We demonstrated that ANGPTL8 
maintained cancer cells in an undifferentiated state by inducing 
the expression of the CXCL1 and CXCL2 chemokines by activating 
the NF-κB signaling pathway. We also found that ANGPTL8 was in-
duced by the STAT3 signaling pathway. These results indicate that 
ANGPTL8 has an important role in ccRCC tumor progression by es-
tablishing the tumor microenvironment.

2  |  MATERIAL S AND METHODS

2.1  |  Cell lines and cell cultures

Caki-1 and KMRC-1, human ccRCC cell lines, were purchased from 
the Japanese Collection of Research Bioresources Cell Bank. Caki-1 
cells were cultured in RPMI-1640 medium (Wako) supplemented 
with 10% FBS and 1% penicillin/streptomycin, and KMRC-1 cells 
were cultured in high-glucose DMEM medium (Wako) supple-
mented with 10% FBS and 1% penicillin/streptomycin. All cells were 
cultured at 37°C in a humidified incubator containing 5% CO2. For 
the tumor sphere assay, wild-type or ANGPTL8 knockout (KO) Caki-1 
and KMRC-1 cells (1 × 103) were seeded in 96-well, Nunclon Sphere-
Treated, U-Shaped-Bottom Microplates (Thermo Fisher Scientific) 
and cultured for 5 days. For experiments evaluating STAT3, 2 × 105 
Caki-1 cells were seeded in six-well dishes and treated with 20-ng/
mL IL-6 or 10-μM Stattic for 24 h.

2.2  |  Generation of ANGPTL8-overexpressing cells

Caki-1 and KMRC-1 cells were transduced with the pLenti-CMV-
MCS-GFP puro vector containing FLAG-tagged ANGPTL8 or 
the empty vector using FuGENE (Promega). The coding region 
of ANGPTL8 (RefSeq NM_018687.7) containing FLAG at the C-
terminus was replaced with GFP. Transfected cells were incubated 
with 2-μg/m< puromycin to select ANGPTL8-expressing cells. 
The expression levels of ANGPTL8 were confirmed using immu-
noblotting (Figure  S2B). The cells infected with the empty vector 
(mock) were used as controls in experiments evaluating ANGPTL8-
overexpressing cells.

2.3  |  ANGPTL8 knockout cells

The LentiCRISPR v2 neo, psPAX2, and pCMV-VSV-G vectors were 
obtained from Addgene. The sequences of guide RNAs were cloned 
into the BsmBI sites of the LentiCRISPR v2 neo vector. The lenti-
viruses containing the guide RNAs were produced in 293 T cells 
cotransfected with the lentiCRISPR v2 neo, psPAX2, and pCMV-
VSV-G. Caki-1 and KMRC-1 cells were infected with the lentivirus 
and cloned under G418 selection. Sequence analysis confirmed 
the genetic deletion in exon 1 of human ANGPTL8 (Figure S2A,B). 
The levels of ANGPTL8 were confirmed using immunoblotting 
(Figure S2C). Wild-type cells were used as controls in experiments 
evaluating ANGPTL8 KO cells.

2.4  |  Real-time quantitative RT-PCR

Real-time quantitative RT-PCR was carried out as described.29 
Oligonucleotide primers are listed in Tables S1.

2.5  |  Immunoblot analysis and antibodies

Cells were homogenized in lysis buffer containing 1% NP-40 and 
the complete protease inhibitor cocktail (Roche Diagnostics). 
Extracts prepared from the supernatants were separated using 
SDS-PAGE, and the proteins were transferred to PVDF mem-
branes. Immunodetection was performed using ECL Prime with the 
ImageQuant LAS 4000 mini system (GE Healthcare) according to the 
manufacturer's protocol. The antibodies are listed in the Supporting 
Information file. The ANGPTL8 antibody was kindly provided by 
Immuno-Biological Laboratories.

2.6  |  Quantification of CXCL1 and CXCL2 and 
ANGPTL8 levels using ELISA

The cell culture medium was collected to quantify proteins using 
ELISA according to the manufacturer's instructions. Detailed 
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information on the materials used for ELISA is provided in the 
Supporting Information file.

2.7  |  Reporter assay for NF-κB activity

Cells (4  × 104) were seeded in 24-well plates and cotransfected 
with the pGL4.32[luc2P/NF-κB-RE/Hygro]vector (Promega) and 
pRL-TK vector (Promega) for normalization (total plasmid amount: 
0.5 μg) using FuGENE (Promega). The cells were lysed with 100 μL 
of passive lysis buffer 24 h later. Luciferase activity was measured 
using the dual-luciferase reporter assay system (Promega). Details 
on the materials used for the dual-luciferase assay are shown in the 
Supporting Information file.

2.8  |  Chemotaxis assays

THP-1 cells treated with PMA were resuspended in RPMI-1640 me-
dium containing 0.1% FBS at a final concentration of 2 × 105 cells/
mL. The cells in suspension (300 μL) were seeded in the upper com-
partment of a transwell insert with a pore size of 8.0 μm (Corning). 
Caki-1 cells (4 × 104 cells in 700 μL RPMI-1640 medium containing 
0.5% FBS) were seeded in the lower compartment. After 6 h of incu-
bation, the cells migrating from the upper to the lower compartment 
were evaluated.

2.9  |  Cell proliferation and cell viability assays

Wild-type or ANGPTL8 KO Caki-1 and KMRC-1 cells (3 × 103) were 
seeded in 96-well plates, and the Cell Counting Kit-8 (Dojindo) was 
used according to the manufacturer's instructions. Cell proliferation 
and viability after cisplatin treatment were evaluated. The experi-
ment was performed in triplicate.

2.10  |  Scratch assay

Wild-type or ANGPTL8 KO Caki-1 cells (2 × 105) were seeded in a 
six-well plate. The next day, a scratch was created at the bottom of 
the wells using a 840-μm pipette tip (Labcon). The filling of the gap 
by the tumor cells was imaged at 0, 6, and 24 h using an EVOS FL 
fluorescence microscope (Thermo Fisher Scientific).

2.11  |  Promoter assay

Cells (4  × 104) were seeded in a 24-well plate and cotransfected 
with the indicated promoter constructs and pRL-TK vector for 
normalization (total plasmid amount: 0.5  μg) using FuGENE. 
Each promoter construct was created by inserting the promoter 

region approximately 1,500 bases upstream from the transcription 
start site for the chemokine (approximately 450 bases upstream 
from the transcription start site for the ANGPTL8 promoter) into 
the pGL4.10[luc2] vector (Promega). The binding sites in all pro-
moter regions were identified using JASPAR (https://jaspar.gener​
eg.net), and site-directed mutagenesis was performed to create 
promoter constructs in which the transcription factor binding 
site was deleted. The primers used to create these constructs are 
listed in Table S1. The cells were lysed with 100 μL of passive lysis 
buffer 24 h later. Luciferase activity was measured using the dual-
luciferase reporter assay system. All samples were tested in trip-
licate from different wells, and the averages of the results were 
reported.

2.12  |  Flow cytometry analysis

Cells (5  × 105) were incubated with the indicated antibodies for 
30 min at 4°C. After treatment, all cells were washed with PBS and 
analyzed using the FACS Calibur system and the CellQuest Pro soft-
ware (BD Biosciences, Franklin Lakes). The antibodies are listed in 
the Supporting Information file.

2.13  |  RNA sequencing

The RNeasy Mini Kit was used to extract total RNA from Caki-1 cells 
mock-infected with the empty vector (n  =  3), Caki-1 cells overex-
pressing ANGPTL8 (n = 3), and Caki-1 cells with ANGPTL8 KO (n = 3) 
in accordance with the manufacturer's instructions. The libraries 
were prepared using the TruSeq standard mRNA library kit (cat. no, 
20020594; Illumina) and sequenced using NovaSeq 6000 (Illumina). 
The sequence reads were mapped to the human reference genome 
HG19 using TopHat2 version 2.1.0. The transcripts were assembled 
using Cufflinks version 2.2.1. Differentially expressed genes were 
determined using Cuffdiff. Gene ontology (GO) analysis using the 
CDS expression data from the RNA sequencing was conducted using 
Metascape.30 The TRRUST was used to search for transcription fac-
tors that regulate enriched genes.31

2.14  |  TCGA database analysis

The human RCC data were derived from TCGA Research Network, 
which can be found at http://cance​rgeno​me.nih.gov/. The data-
set from this resource that supports the findings of the present 
study is available on cBioPortal (https://www.cbiop​ortal​org/). 
Data were retrieved from the “Kidney Renal Clear Cell Carcinoma, 
TCGA, PanCancer Atlas” dataset in the cBioPortal dataset. 
Coexpression analysis of each mRNA gene and the ANGPTL8 
mRNA was performed using the coexpression data obtained from 
cBioPortal.32,33

https://jaspar.genereg.net
https://jaspar.genereg.net
http://cancergenome.nih.gov/
https://www.cbioportalorg/
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2.15  |  Statistical analysis

All statistical analyses were performed using the Prism software 
version 8 (GraphPad). A two-tailed Student's t-test was used to 
compare two samples. The log-rank test was used for the analy-
sis of the Kaplan–Meier plots. All results were confirmed using at 
least three independent in vitro experiments. Data were shown as 
averages ± the standard error of the mean. Results with p-values of 
<0.05 were considered statistically significant.

3  |  RESULTS

3.1  |  ANGPTL8 levels in tumor cells correlate with 
both systemic inflammation and poor prognosis in 
patients with clear cell renal cell carcinoma

Serum CRP, a marker of systemic inflammation, has been used as a 
prognostic marker in RCC.34 Therefore, we initially investigated fac-
tors that correlate with CRP expression in ccRCC using TCGA data-
base. The analysis of a ccRCC cohort from TCGA database revealed 
that ANGPTL8 mRNA levels were positively correlated with CRP 
mRNA levels in ccRCC tissues (Figure 1A). Therefore, we established 
ANGPTL8-overexpressing Caki-1 and KMRC-1 cells, which are rep-
resentative human ccRCC cell lines (Figure S1A). There was no dif-
ference in cell proliferation compared to the mock cells in both cell 
lines (Figure 1B and Figure S1B). We performed an RNA-sequence 
analysis using Caki-1 cells and found that chemotaxis-related genes 
(CXCL1 and CXCL2) were significantly upregulated by GO analysis 
(Figure 1C,D). From these results, we hypothesized that ANGPTL8 
expression in ccRCC may promote tumor cell progression by induc-
ing CXCL chemokines.

3.2  |  ANGPTL8 knockout in clear cell renal cell 
carcinoma cells not only decreases chemotaxis-
related gene expression but increases urogenital 
development-related gene expression

Next, we established ANGPTL8 KO Caki-1 and KMRC-1 cells using 
the CRISPR/Cas9 system to confirm whether ANGPTL8 KO in 
ccRCC cells reduces the expression of CXCLs (Figure S2A–C). There 
was no difference in cell proliferation between the wild-type and 
ANGPTL8 KO cells (Figure  2A and Figure  S2D). We performed an 
RNA-sequence analysis of ANGPTL8 KO Caki-1 cells and found that 
chemotaxis-related genes (CXCL1 and CXCL2) were markedly de-
creased in ANGPTL8 KO cells based on GO analysis (Figure 2B,C, and 
Figure  S2E). Next, we examined the genes that were upregulated 
in ANGPTL8 KO cells to determine the effect of ANGPTL8 deletion 
in ccRCC cells. Surprisingly, we found that several genes associ-
ated with the development of the urogenital system were enriched 
among a total of 342 genes upregulated in ANGPTL8 KO Caki-1 
cells (Figure 2D and Figure S2F). Therefore, we next examined the 

relationship between ANGPTL8 and the development of the uro-
genital system in ccRCC.

3.3  |  Knockout of ANGPTL8 in clear cell renal cell 
carcinoma cells promotes differentiation to proximal 
tubule-like cells

Based on RNA-sequence analysis, we observed increased mRNA 
levels associated with urogenital development, such as FGFR2, 
GATA2, and HOXD13, in ANGPTL8 KO Caki-1 cells compared with 
the mock cells (Figure 3A). In contrast, the mRNA levels of CD44 and 
MET, which are considered undifferentiated cell markers in RCC,35 
were decreased in ANGPTL8 KO Caki-1 cells (Figure 3B). These re-
sults were also confirmed at the protein level, except for FGFR2, 
which was not detected in KMRC-1 cells (Figure 3C,D). However, ex-
cept for MYC, the expression levels of several cancer stem markers 
in RCC,35–38 including NANOG, SOX2, and POU5F1, were not signifi-
cantly decreased (Figure S3A). These results suggest that ANGPTL8 
is not involved in the acquisition of the cancer stem cell phenotype. 
The staining of Lotus tetragonolobus lectin (LTL), a marker of proxi-
mal tubules, was significantly increased in both ANGPTL8 KO Caki-1 
and KMRC-1 cells compared with the wild-type cells (Figure 3E and 
Figure S3B). In contrast, CD44 and MET expression were decreased 
in both ANGPTL8 KO Caki-1 and KMRC-1 cells compared to the wild-
type cells (Figure 3D and Figure S3C). The expression levels of E-
cadherin, a distal tubule marker, and PODXL, a glomerular epithelial 
cell marker, were slightly upregulated in ANGPTL8 KO Caki-1 cells 
compared with the wild-type cells (Figure  S3D,E). It is generally 
known that RCC cells exhibit acquired cisplatin resistance. As CD44 
is associated with resistance to cisplatin in other cancer cells,39–41 
we examined whether ANGPTL8 KO in ccRCC cells reduces cispl-
atin resistance. ANGPTL8 KO Caki-1 cells showed decreased vi-
ability to cisplatin compared to the wild-type cells. (Figure S3F,G). 
Next, we examined the effect of ANGPTL8 KO on sphere formation 
in both cell lines. ANGPTL8 KO Caki-1 and KMRC-1 cells exhibited 
attenuated sphere formation compared with the wild-type cells 
(Figure 3F,G and Figure S3I,J). In addition, ANGPTL8 KO Caki-1 cells 
showed markedly reduced migratory ability compared to the wild-
type cells (Figure 3H,I and Figure S3H). These findings suggest that 
ANGPTL8 suppresses differentiation and increases drug resistance 
in ccRCC cells.

3.4  |  The cancer-promoting chemokines 
CXCL1 and CXCL2 are regulated by ANGPTL8

Inflammation in the cancer microenvironment is recognized 
as a factor in cancer cell undifferentiation, as described in the 
Introduction.14,42 RNA-sequence analysis showed that ANGPTL8 KO 
in Caki-1 cells reduced the expression level of chemotaxis-related 
genes (Figure  2B). The CXCL1 and CXCL2 proteins secreted by 
cancer cells are important factors for the malignant phenotype by 
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attracting immunosuppressive cells, such as MDSCs and TAMs.27,28 
Nishida et al. reported the prognostic value of CXCL1 and CXCL2 in 
ccRCC.5 Therefore, we measured CXCL1 and CXCL2 mRNA levels in 

ANGPTL8 KO Caki-1 cells using quantitative RT-PCR. The expres-
sion of CXCL1 and CXCL2 was significantly downregulated in both 
ANGPTL8 KO Caki-1 and ANGPTL8 KO KMRC-1 cells compared 

F I G U R E  1  ANGPTL8 in clear cell renal cell carcinoma (ccRCC) cells correlates with poor RCC prognosis and inflammation (A) Correlation 
of ANGPTL8 and CRP expression in ccRCC based on the analysis of The Cancer Genome Atlas database (n = 354). Each value is presented 
on a log scale. Pearson's product–moment correlation analysis. (B) Cell proliferation of ANGPTL8-overexpressing Caki-1 cells and control 
Caki-1 cells with normal ANGPTL8 expression cells (mock). (C) Ranking of the top 10 upregulated gene ontology (GO) terms in Caki-1 cells 
following ANGPTL8 expression based on the GO analysis of the CDS expression data of RNA sequencing. (D) CXCL1 and CXCL2 expression 
in ANGPTL8-overexpressing Caki-1 cells by RNA-sequence analysis. Each gene (n = 3) is presented as fragments per kilobase of exon million 
mapped reads (FPKM). **p < 0.01; unpaired Student's t test.
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with the wild-type cells (Figure S4A,B). The CXCL1 and CXCL2 pro-
tein levels in the cell supernatant were also markedly decreased in 
ANGPTL8 KO Caki-1 compared to the wild-type cells (Figure 4A). In 
addition, CXCL1 and CXCL2 expression was partially reversed in 
ANGPTL8 KO Caki-1 cells transfected with the ANGPTL8 overexpres-
sion vector (Figure 4A). We hypothesized that by deleting ANGPTL8, 
differentiated cells might no longer having difficulty in going to an 
undifferentiated state despite ANGPTL8 rescuing. Therefore, we 

speculated that chemokine expression might not be fully restored. 
We also observed that CXCL1 and CXCL2 mRNA levels in ccRCC 
were positively correlated with ANGPTL8 expression in the analysis 
of TCGA KIRC dataset (Figure 4B). In contrast, we confirmed that 
there was no relationship between these chemokines and ANGPTL8 
mRNA in other cancers, such as melanoma, colorectal cancer, pan-
creatic cancer, glioblastoma, and stomach cancer, by analyzing other 
TCGA datasets.

F I G U R E  2  Knockout of ANGPTL8 in clear cell renal cell carcinoma (ccRCC) cells downregulates CXCLs and upregulates urogenital 
development-related genes. (A) Cell proliferation assay of wild-type and ANGPTL8 knockout (KO) Caki-1 cells. (B) Ranking of the top 
10 upregulated gene ontology (GO) terms in Caki-1 cells following ANGPTL8 KO based on GO analysis of CDS expression data of RNA 
sequencing data. (C) CXCL1 and CXCL2 levels in ANGPTL8 KO Caki-1 cells by RNA-sequence analysis. Each gene (n = 3) is presented as 
fragments per kilobase of exon million mapped reads (FPKM). (D) Ranking of the top 10 downregulated GO terms in Caki-1 cells following 
ANGPTL8 KO based on the GO analysis of the CDS expression data of RNA sequencing data. **p < 0.01; unpaired Student's t-test.
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FIGURE 3  Legend on next page
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F I G U R E  4  ANGPTL8 regulates CXCL1 
and CXCL2 and attracts immune cells, 
such as MDSC and TAM. (A) Comparison 
of CXCL1 and CXCL2 levels in the 
culture medium of wild-type, ANGPTL8 
knockout (KO), and ANGPTL8 KO rescued 
by the ANGPTL8-overexpressing 
vector in Caki-1 cells. Data represents 
means ± SD from three experiments. (B) 
Correlation of the ANGPTL8 and CXCL1, 
and CXCL2 expression in clear cell renal 
cell carcinoma (ccRCC) by analysis of The 
Cancer Genome Atlas (TCGA) database 
(n = 354). Each value is presented in 
log scale. Pearson's product–moment 
correlation analysis. (C) Migration of 
THP-1 cells co-cultured with wild-type 
or ANGPTL8 KO Caki-1 cells (n = 3). (D) 
Correlation of ANGPTL8 and CD33 or 
CD68 expression in ccRCC by analysis 
of TCGA database (n = 354). Each value 
is presented on the log scale. Pearson's 
product–moment correlation analysis. 
*p < 0.05, **p < 0.01; unpaired two-tailed 
Student's t-test.

F I G U R E  3  Knockout of ANGPTL8 in clear cell renal cell carcinoma (ccRCC) cells promotes a differential state in proximal tubule-like cells. 
(A) FGFR2, GATA2, and HOXD13 levels in ANGPTL8 knockout (KO) Caki-1 cells by RNA-sequence analysis. Each gene (n = 3) is presented 
as fragments per kilobase of exon million mapped reads (FPKM). (B) CD44 and MET levels in ANGPTL8 KO Caki-1 cells by RNA-sequence 
analysis. Each gene (n = 3) is presented as fragments per kilobase of exon million mapped reads (FPKM). (C) FGFR2, GATA2, HOXD13, 
and ACTB protein levels in ANGPTL8 KO Caki-1 and KMRC-1 cells using immunoblotting. (D) FACS analysis of cell surface CD44 and MET 
in wild-type Caki-1 cells and ANGPTL8 KO Caki-1 cells. Green line, ANGPTL8 KO Caki-1 cells. Purple area, wild-type Caki-1 cells. (E) FACS 
analysis of LTL staining in wild-type Caki-1 and ANGPTL8 KO Caki-1 cell cultures. (F) Representative images of the colony formation assay 
in wild-type and ANGPTL8 KO Caki-1 cells. Scale bar, 1,000 μm. (G) Quantitative analysis of the colony formation assay shown in Figure 3F. 
(H) Representative image showing cell motility of the wild-type and ANGPTL8 KO Caki-1 cells at 0, 6, and 24 h. Left, wild-type Caki-1 cells. 
Right, ANGPTL8 KO Caki-1 cells. Scale bar, 500 μm. (I) Quantitative analysis of cell motility at indicated times using the cell migration assay 
shown in Figure 3H (n = 3). Displayed values are presented as the percentage of the range at 0 h, which is set as 100%. **p < 0.01; unpaired 
two-tailed Student's t-test.
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Next, we examined whether ANGPTL8 expression by ccRCCs 
attracted immune cells. The number of migrated THP-1 cells was 
significantly decreased when cultured with ANGPTL8 KO Caki-1 

compared with the wild-type cells (Figure 4C). We also confirmed 
from TCGA database that the mRNA levels of CD33, a marker for 
MDSC, and CD68, a marker for TAM, were positively correlated with 
that of ANGPTL8 in ccRCCs (Figure 4D). Based on these results, we 
hypothesized that the expression of ANGPTL8 in ccRCCs may at-
tract immune cells, such as MDSCs or TAMs, by upregulating CXCL1 
and CXCL2 and contribute to the establishment of the tumor micro-
environment to maintain undifferentiated ccRCC cells.

3.5  |  ANGPTL8 induces CXCL1 and CXCL2 through 
NF-κB

We next examined the mechanism through which ANGPTL8 induces 
chemokine expression. Based on the results of our RNA-seq experi-
ments, we examined the transcription factors that may be involved 
in chemokine expression. From the results of the analysis using 
TRRUST, we focused on NF-κB, which was significantly upregulated 
in ANGPTL8-overexpressing cells (Figure 5A,B). The activity of NF-
κB in ANGPTL8 KO Caki-1 and KMRC-1 cells was significantly re-
duced compared with the wild-type cells (Figure 5C and Figure S5A). 
We also confirmed that phosphorylation of p65, a representative 
marker for NF-κB activation, was decreased in ANGPTL8 KO Caki-1 
cells (Figure 5D). Deletion of the NF-κB site in the promoter region 
of CXCL1 and CXCL2 resulted in reduced transcriptional activity of 
these chemokines (Figure S5B). These results indicate that ANGPTL8 
activates NF-κB to induce CXCL1 and CXCL2.

3.6  |  ANGPTL8 is induced by STAT3 in clear cell 
renal cell carcinoma cells

Although we have demonstrated that ANGPTL8 maintains undiffer-
entiation and upregulates CXCL1 and CXCL2 expression, we have not 
determined how ANGPTL8 is induced in ccRCC. The transcription 
factors regulating genes correlated with ANGPTL8 in the TCGA KIRC 
dataset were searched using TRRUST. We found that STAT3 may be 
important for ANGPTL8 induction (Figure  6A). We identified sev-
eral STAT3-binding sites in the promoter region of human ANGPTL8 
(up to 1300 bp upstream) (Figure S6A). IL-6 is a cytokine that acti-
vates STAT3, and ANGPTL8 tends to be induced by IL-6 stimulation 
in Caki-1 and KMRC-1 cells (Figure 6B and Figure S6B). In contrast, 
Stattic, a STAT3 inhibitor, significantly reduced ANGPTL8 expression 
in Caki-1 and KMRC-1 cells (Figure 6C and Figure S6C). Furthermore, 
the reporter assay confirmed that ANGPTL8 was directly regulated 
by STAT3 (Figure 6D and Figure S6D). These results indicate that the 
induction of ANGPTL8 in ccRCC is regulated by STAT3.

4  |  DISCUSSION

In this study, we demonstrated that ANGPTL8 inhibits differentia-
tion in ccRCC and upregulates CXCL1 and CXCL2 by activating the 

F I G U R E  5  ANGPTL8 activates NF-κB signaling pathway (A) 
Ranking of the top 14 upregulated transcription factor targets in 
ANGPTL8 overexpressing Caki-1 cells by the enrichment analysis 
of the CDS expression data of the RNA sequencing. (B) Ranking of 
the top 20 downregulated transcription factor targets in ANGPTL8 
knockout (KO) Caki-1 cells by the enrichment analysis of the CDS 
expression data of the RNA sequencing. (C) Relative comparison 
of luciferase activity between wild-type and ANGPTL8 KO Caki-1 
cells transfected with an NF-κB expression plasmid. Data represent 
means ± SD from three experiments. (D) Representative images 
of the immunoblotting analysis of p65 and p-p65 protein levels in 
wild-type and ANGPTL8 KO Caki-1 cells. **p < 0.01; unpaired two-
tailed Student's t-test.
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NF-κB pathway. In addition, we found that ANGPTL8 was induced by 
STAT3. Our results reveal a novel role for ANGPTL8 in ccRCC cancer 
progression (Figure  6E). In addition, our results support an earlier 
study by Xu et al., who reported that ANGPTL8 was involved in the 
poor prognosis of patients with ccRCC based on TCGA analysis.24

The protein structure of ANGPTL1–ANGPTL7 includes an N-
terminal coiled-coil domain and a C-terminal fibrinogen-like domain; 
however, ANGPTL8 is the only member of the ANGPTL family that 
lacks a C-terminal fibrinogen-like domain and appears to exhibit 
functions different from those of other ANGPTL family members. 
In fact, the main role of ANGPTL8 is to interact with ANGPTL3 and 
increase the plasma levels of triglycerides and non-esterified fatty 
acids.23 A previous study reported that ANGPTL8 was expressed in 

hepatocellular carcinoma,43 suggesting that ANGPTL8 may contrib-
ute to cancer progression.

Angiopoietin-like protein-8 family members are secretory pro-
teins that activate signaling pathways in an autocrine or a paracrine 
manner.17 Therefore, we measured ANGPTL8 levels in the culture 
medium of ccRCC cells using a Human ANGPTL8 Assay Kit (IBL). 
We confirmed that ANGPTL8 protein was significantly increased 
in the medium of ANGPTL8-overexpressing Caki-1 cells, whereas 
it was barely detectable in the culture medium of mock Caki-1 
cells (Figure S5C). In contrast, stimulation with the culture medium 
from ANGPTL8 overexpressing Caki-1 cells did not activate NF-κB 
in ANGPTL8 KO Caki-1 cells (Figure  S5D). Several studies showed 
that intracellular, rather than extracellular ANGPTL8, activated 

F I G U R E  6  STAT3 induces ANGPTL8 
expression (A) Ranking of the top 18 
transcription factors that are highly 
correlated with ANGPTL8 by enrichment 
analysis of the top 3,000 genes in 
The Cancer Genome Atlas TCGA 
KIRC dataset. (B) Relative ANGPTL8 
expression in Caki-1 cells treated with 
PBS or human recombinant IL-6. Data 
from the PBS-treated cultures was set 
as 1. Data represent means ± SD from 
three experiments, p = 0.08; unpaired 
two-tailed Student's t-test. (C) Relative 
ANGPTL8 expression in Caki-1 cells 
treated with DMSO or Stattic, which 
is a STAT3 inhibitor. Data from the 
DMSO-treated cultures was set as 1. 
Data represent means ± SD from three 
experiments, **p < 0.01 unpaired two-
tailed Student's t-test. (D) Reporter 
assay for the STAT3-binding site in the 
promoter region of ANGPTL8. Comparison 
of STAT3-binding sites with and without 
mutation. The lack of mutation is shown 
as mock. Data represent means ± SD from 
three experiments, **p < 0.01; unpaired 
two-tailed Student's t-test. (E) ANGPTL8 
maintains the undifferentiated state in 
renal carcinoma and upregulates CXCL1 
and CXCL2 to attract immune cells, which 
activates STAT3 signaling for ANGPTL8 
induction in the tumor microenvironment.
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intracellular signaling pathways.44,45 Therefore, we hypothesize that 
intracellular ANGPTL8 is important for ccRCC differentiation, al-
though further study is needed.

ANGPTL8 is highly expressed in the liver and adipocytes, 
whereas it is not abundantly expressed in healthy kidneys or RCCs.24 
In contrast, analysis of TCGA database revealed that ANGPTL8 
mRNA levels were associated with ccRCC progression.24 These re-
sults suggest that the induction of ANGPTL8 in ccRCC may be im-
portant for ccRCC development and that ANGPTL8 levels in ccRCC 
may represent a prognostic marker.

We demonstrated that ANGPTL8 upregulates CXCL1 and CXCL2 
expression through the NF-κB pathway. Zhang et al. previously re-
ported that ANGPTL8 suppresses NF-κB activity in response to 
TNF-α.44 Therefore, we also examined the relationship between 
ANGPTL8 and TNF-α in ccRCC. We confirmed that the activity of 
NF-κB was reduced in ANGPTL8-overexpressing Caki-1 cells com-
pared with mock Caki-1 cells, which was consistent with their find-
ings (Figure S5E). Therefore, we hypothesized that ANGPTL8 has a 
dual function, which includes repressing NF-κB in TNF-α signaling 
under inflammatory conditions and activating NF-κB under normal 
conditions to maintain undifferentiation in ccRCC cells. The phos-
phorylation of p65 was weak in ANGTPL8 KO cells (Figure 5D), sug-
gesting that ANGPTL8 might be involved in IKK activation, which is 
responsible for the S536 phosphorylation of p65. However, we did 
not determine the detailed mechanism by which ANGPTL8 activates 
NF-κB signaling in ccRCC, which will be a subject of future studies.

We observed that ANGPTL8 KO in ccRCC cells promoted differ-
entiation. In contrast, overexpressing ANGPTL8 in ccRCC cells did 
not significantly promote undifferentiation. These results indicate 
that excessive levels of ANGPTL8 are not needed to inhibit the dif-
ferentiation of ccRCC cells, although some ANGPTL8 expression 
may be required for normal renal cancer cell function.

We demonstrated that ANGPTL8 was induced via the STAT3 
signaling pathway. In recent reports, STAT3 has been shown to con-
tribute to RCC progression and metastasis.46–48 Our results suggest 
one mechanism by which STAT3 activity affects ccRCC progression 
through ANGPTL8 signaling. IL-6 is a major STAT3 activator and is 
produced by many immune cells, such as MDSCs and TAMs.49,50 
Therefore, MDSCs and/or TAMs in the tumor microenvironment may 
promote ANGPTL8 induction in ccRCCs. In addition, it was reported 
that ANGPTL8 was induced by the endoplasmic reticulum (ER) 
stress pathway. We confirmed that ANGPTL8 was induced in Caki-1 
cells by tunicamycin, which is an ER stress inducer (Figure S6E), sug-
gesting that ANGPTL8 is induced in the tumor microenvironment 
in ccRCC cells by hypoxia and malnutrition. We hypothesize that 
ANGPTL8 is also induced by ER stress in ccRCCs and induces CXCL1 
and CXCL2 to attract MDSCs and TAMs. These factors combine to 
create an aggressive tumor microenvironment in ccRCC.

In summary, we demonstrate a role for ANGPTL8 in maintain-
ing ccRCC cell properties. Based on these findings, we propose that 
downregulation of ANGPTL8 promotes the differentiation of ccRCC 
cells. These studies may lead to new therapeutic strategies to pre-
vent ccRCC progression.
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