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Abstract
Intratumoral heterogeneity, including in clear cell renal cell carcinoma, is a potential 
cause of drug resistance and metastatic cancer progression. We specified the het-
erogeneous population marked by endoglin (also known as CD105) in a preclinical 
model of clear cell renal cell carcinoma progression. Highly malignant derivatives of 
human clear cell renal cell carcinoma OS-RC-2 cells were established as OS5Ks by 
serial orthotopic inoculation in our previous study. Expression of both ENG (encoding 
endoglin) mRNA and protein were heterogeneously upregulated in OS5Ks, and the 
endoglin-positive (ENG+) population exhibited growth dependency on endoglin in 
anchorage-independent cultures. Despite the function of endoglin as a type III recep-
tor, transforming growth factor β and bone morphogenetic protein-9 signaling were 
unlikely to contribute to the proliferative phenotype. Although endoglin has been 
proposed as a marker for renal cancer-initiating cells, the OS5K-3 ENG+ population 
did not enrich other reported cancer-initiating cell markers or differentiate into the 
ENG– population. Mouse tumor inoculation models revealed that the tumor-forming 
capabilities of OS5K-3 ENG+ and ENG– cells in vivo were highly dependent on the 
microenvironment, with the renal microenvironment most preferable to ENG+ cells. 
In conclusion, the renal microenvironment, rather than the hypothesized ENG+ cell-
centered hierarchy, maintains cellular heterogeneity in clear cell renal cell carcinoma. 
Therefore, the effect of the microenvironment should be considered when evaluat-
ing the proliferative capability of renal cancer cells in the experimental settings.
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1  | INTRODUC TION

Renal cell carcinoma is the 13th most common cause of cancer-
related deaths worldwide, with clear cell renal cell carcinoma 
(ccRCC) the most common histological type.1,2 Although the cure 
rate for early stage renal cancer is high, the prognosis of advanced 
disease with distant metastases is poor.2 Cancer stem cell (CSC) or 
cancer-initiating cell (CIC) theories have been proposed to explain 
clinical difficulties, such as treatment resistance and metastasis. 
CSC/CIC was originally analyzed in hematopoietic cancer and some 
types of other solid cancers, in which mutations in stem cells or early 
progenitors might give rise to the development of cancer. Therefore, 
the initial CSC/CIC theory supports a hierarchical model that argues 
for the existence of a particular population of cells characterized by 
self-renewal, high tumorigenicity, and the capability to reconstitute 
the cellular heterogeneity. Subsequent studies have also shown that 
cancer cells exhibit plasticity or activate the transcriptional program 
of their ancestors or distinct lineages, resulting in the production of 
CICs.3-5 In this setting, it is still controversial whether all the cancer 
cell populations in the tumor are explained in the hierarchical model, 
implying the difficulty of targeted therapy against a particular popu-
lation. Several molecules normally expressed in specific cell lineages 
have been proposed as the CSC/CIC markers in many types of can-
cer, including in renal cancer.6,7

The interaction between cancer cells and the tumor microen-
vironment is essential for the acquisition of malignant phenotypes 
and the maintenance of CSC/CICs.4 We have identified the molec-
ular mechanisms underlying tumor progression by applying orthot-
opic tumor inoculation models to simulate the interaction with the 
tumor microenvironment.8-12 As for ccRCC, we focused on the roles 
of transforming growth factor β (TGF-β) family signaling, including 
TGF-β and BMP, as mediators of the interaction. TGF-β family sig-
naling involves 2 types of kinase receptors: type I and type II. Upon 
ligand binding, type I and II receptors form a complex to transduce 
signals by the activation of Smad proteins, as well as by non-Smad 
pathways, such as the MAPK pathways.13,14 We previously reported 
that high expression of c-Ski, a transcriptional co-repressor, accel-
erated the progression of ccRCC by attenuating Smad-dependent 
TGF-β signaling.10 TGF-β family signaling is also modified by co-
receptors called type III receptors, which include betaglycan 
(TGFBR3) and endoglin (ENG, also known as CD105).13 In our pre-
vious study, low betaglycan expression in ccRCC cells contributed 
to their metastatic capabilities by enhancing cellular migration, as 
well as by the attenuation of TGF-β2-mediated decrease of aldehyde 
dehydrogenase (ALDH)-positive cancer cells, in which CICs were en-
riched.8 Endoglin is preferentially characterized in endothelial cells 
as well as mesenchymal stem cells.15 Endoglin on vascular endothe-
lial cells is regarded as a target for ccRCC therapy as exemplified by 
the clinical development of Carotuximab (TRC105).16,17 Renal cancer 
cells have also been reported to express endoglin. The expression 
of endoglin in cancer cells, rather than that in endothelial cells, cor-
relates with poor prognosis in ccRCC patients.18 Notably, endoglin 
has been reported to be heterogeneously expressed and enriched 

CIC population of renal cancer.6,7,19,20 However, the dynamics of 
endoglin-expressing ccRCC cells during tumor progression have not 
been well characterized.

The present study aimed to investigate the impact of endoglin 
expression in ccRCC progression. Toward this goal, we examined 
the CSC/CIC properties of endoglin-positive (ENG+) ccRCC cells and 
their tumor-forming capabilities in various microenvironments.

2  | MATERIAL S AND METHODS

2.1 | Cell culture

Human ccRCC cells OS-RC-2 (RIKEN Cell Bank) and their deriva-
tives were cultured in RPMI 1640 medium (Thermo Fisher Scientific) 
containing 10% fetal bovine serum (FBS), unless otherwise de-
scribed. The establishment of OS-RC-2 derivatives stably expressing 
mCherry has been described previously.9

2.2 | Renal orthotopic tumor model

All animal experiments were approved by the Animal Ethics 
Committee of The University of Tokyo. OS-RC-2 derivatives were 
suspended in 50 μl HBSS and inoculated into the renal subcapsule 
of BALB/c-nu/nu mice (5-wk-old males) as previously described.9,21 
Tumor weights were calculated by subtracting the weight of the 
unaffected kidney from that of the tumor-bearing kidney for each 
sample.

2.3 | Evaluation of metastasis using tissue clearing

For the detection of metastatic tumors in mouse models, the 
whole brain and lung were cleared by CUBIC-L/R as previously 
described.21,22 The brains of the mice were co-stained with anti-
α-smooth muscle actin (α-SMA) antibody, as indicated in Table S1. 
Images were acquired with a light-sheet fluorescence microscopy 
RAPID with a ×0.63 objective. Metastatic tumors were evalu-
ated based on mCherry expression visualized using ImageJ soft-
ware (National Institutes of Health, MD, USA). Computational 
methods for the quantification of metastasis have been described 
previously.23

2.4 | Statistical analysis

Comparisons between 2 independent samples were performed 
using a two-sided Student t test or Welch t test, depending on the 
results of the F-test. Comparisons between 2 paired groups and 
among groups were performed using a paired t test and using one-
way ANOVA followed by Tukey multiple comparison test. All statis-
tical analyses were performed using Prism 6 software (GraphPad). 
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Significant differences were defined as *P  <  .05, **P  <  .01, and 
***P < .001.

2.5 | Other methods

Further information on material and method is provided in 
Supporting Information (Table S2, S3, Appendix S1).

3  | RESULTS

3.1 | Characterization of the proliferative 
phenotype of ENG+ ccRCC cells

In our previous study,9 we utilized serial orthotopic inoculation of 
human ccRCC cells (parental OS-RC-2 [OSPa] or parental 786-O [786-
Pa]) and established highly malignant derivatives, namely, OS5K-1, 
OS5K-2, and OS5K-3, or 786-3K. In this study, RNA-sequencing 
analysis in our published data revealed that ENG mRNA expres-
sion was higher in the derivatives compared with that in OSPa cells 
(Figure  1A). Furthermore, chromatin immunoprecipitation (ChIP)-
sequencing analysis for the acetylation of histone H3 at lysine-27 
(H3K27ac) showed that the H3K27ac levels near the transcription 
start site of ENG gene locus were higher in the derivatives compared 
with those in OSPa cells (Figure  1B). Endoglin protein expression 
exhibited the same trend as ENG mRNA expression (Figure  1C). 
Moreover, flow cytometric analysis revealed that the ENG+ popula-
tion was higher in the derivatives compared with that in the parental 
cells (Figures 1D and S1A). ENG+ cells comprised more than 50% of 
the cell population in OS5K-2 and OS5K-3 and approximately 15% in 
OSPa (Figure 1D). An analysis of clinical data also showed that ENG 
mRNA expression was upregulated in ccRCC tissues compared with 
that in adjacent normal tissues (Figure  S1B). Therefore, to charac-
terize the increased population of ENG+ cells in OS5K-3, ENG+ and 
ENG– cells were sorted from OSPa and OS5K-3 cells (Figure S1C). 
Quantitative real-time PCR (qRT-PCR) analysis showed that ENG 
mRNA expression was upregulated in OS5K-3 ENG+ cells compared 
with that in OSPa ENG+ cells (Figure 1E). To analyze the prolifera-
tive and colony-forming capability of OS5K-3 ENG+ cells, we used 
a cell proliferation assay in 2D culture and agar gel-based colony 
formation assay in 3D culture. These assays showed that OS5K-3 
ENG+ cells exhibited significantly faster proliferation (Figure 1F) and 
anchorage-independent growth (Figure 1G) compared with OS5K-3 
ENG– cells and OSPa cells. These results suggested that endoglin ex-
pression was modified by exposure to the renal microenvironment, 
which may account for the phenotype of rapid proliferation.

To investigate whether endoglin upregulation is sufficient to 
promote rapid proliferation, we next established OSPa cells ex-
pressing ENG (Figure  2A,B). ENG overexpression slightly, but sig-
nificantly, promoted the proliferation rate of OSPa cells (Figure 2C). 
Next, to investigate whether endoglin is essential for anchorage-
independent growth of OS5K-3 ENG+ cells, we knocked down the 

expression of ENG gene either by short hairpin RNAs (shRNAs) or 
by small interfering RNAs (siRNAs) (Figure 2D, Figure S2A). Endoglin 
knockdown by shRNAs attenuated the anchorage-independent 
growth of OS5K-3 ENG+ cells in vitro (Figure  2E). A similar result 
was obtained in siRNA-mediated silencing of endoglin (Figure S2B). 
The introduction of shRNA also attenuated anchorage-independent 
growth of unsorted OS5K-3 cells (Figure 2F,G). These results sug-
gested that the growth of OS5K-3 ENG+ cells is dependent on en-
doglin in anchorage-independent cultures. However, upregulation of 
endoglin by itself does not fully promote the tumor cell proliferation 
observed in OS5K-3 ENG+ cells, implying the existence of unknown 
cofactors that cooperate with endoglin to stimulate cell division.

3.2 | Identification of the signaling pathway 
activated in ENG+ renal cancer cells

To investigate the mechanism by which endoglin promotes the pro-
liferation of OS5K-3 ENG+ cells, we first focused on the function of 
endoglin as a type III TGF-β receptor. Endoglin modulates TGF-β fam-
ily signaling in endothelial cells, especially by upregulation of activin 
receptor-like kinase (ALK)1-Smad1/5/8 signaling and downregula-
tion of TGF-β-ALK5-Smad2/3 signaling.13 Therefore, we hypoth-
esized that endoglin attenuates TGF-β-induced growth inhibition 
in ENG+ ccRCC cells by attenuating phosphorylation of Smad2/3. 
Although TGF-β induced the phosphorylation of both Smad2 and 
Smad1/5/8, there was no significant difference between OS5K-3 
ENG+ and ENG– cells (Figure  3A,B). shRNA-mediated knockdown 
of ENG enhanced TGF-β1-induced phosphorylation of Smad2, sug-
gesting that endoglin functionally attenuates TGF-β-ALK5-Smad2/3 
signaling in OS5K-3 ENG+ cells (Figure 3C). In contrast, TGF-β1, 2, 
and 3 significantly suppressed the anchorage-independent growth 
of OS5K-3 ENG+ cells to different extents (Figure 3D). These results 
suggested a limited contribution of TGF-β signaling to the highly pro-
liferative phenotype of OS5K-3 ENG+ cells.

Endoglin acts as an accessory receptor that forms complexes 
with ALK1 and enhances BMP-9-ALK1-Smad1/5 signaling in endo-
thelial cells.24 We therefore hypothesized that enhanced sensitiv-
ity to BMP-9 promotes the proliferation of OS5K-3 ENG+ cells and 
accordingly investigated the roles of BMP-9-ALK1-Smad1/5/8 sig-
naling in OS5K-3 ENG+ cells. A preliminary experiment verified that 
FBS increased Smad1/5/8 phosphorylation in a dose-dependent 
manner (Figure  4A). This was canceled by LDN193189, a small-
molecule ALK1/2/3/6 inhibitor, indicating the presence of BMPs 
in FBS (Figure  4B). Therefore, we reduced FBS concentration and 
investigated the effects of exogenous BMP-9 on renal cancer cells. 
Phosphorylation of Smad1/5/8 and the expression of its target gene, 
inhibitor of DNA binding 1 (ID1), were induced by the stimulation 
with BMP-9. This was in turn attenuated by the knockdown of en-
doglin, suggesting that endoglin functionally participates in BMP-9-
Smad1/5/8 signaling in OS5K-3 ENG+ cells (Figure 4C,D). However, 
phosphorylation of Smad1/5/8 was not enhanced in OS5K-3 ENG+ 
cells compared with ENG– cells across all FBS concentrations with or 
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without BMP-9 (Figure 4A). Functionally, BMP-9 slightly decreased 
the colony formation of OS5K-3 ENG+ cells, contrary to the hypoth-
esis of BMP-9-induced proliferation (Figure 4E). Of note, qRT-PCR 
analysis showed that the expression of ACVRL1 (encoding ALK1) 
was significantly higher in OS5K-3 ENG– cells compared with that 
in ENG+ cells (Figure 4F). This might be responsible for the similar 
phosphorylation levels of Smad1/5/8 between OS5K-3 ENG+ and 
ENG– cells. Overall, these results suggested that neither TGF-β 
nor BMP-9 signaling explains the highly proliferative phenotype of 
OS5K-3 ENG+ cells in vitro.

Therefore, we then attempted to identify the signaling pathways 
involved in the proliferation of OS5K-3 ENG+ cells. Phospho-kinase 
array analysis revealed differences in phosphorylation profiles be-
tween ENG+ and ENG– cells in OSPa and OS5K-3 (Figure 5A). In par-
ticular, the phosphorylation levels of Akt (T308), proline-rich Akt1 
substrate of 40 kDa (PRAS40) (T246), and glycogen synthase kinase 
(GSK)-3α/β (S21/S9) were upregulated in OS5K-3 ENG+ cells com-
pared with those in OSPa cells and OS5K-3 ENG– cells. PRAS4025 and 
GSK-3α/β26 are known to be downstream proteins of Akt signaling. 
Akt phosphorylation (T308) in OS5K-3 ENG+ cells was confirmed by 
immunoblotting of independent lysates of OS5K-3 ENG+ and ENG– 
cells (Figure 5B). However, knockdown of ENG did not strongly alter 
the phosphorylation levels of Akt, although a slight reduction was 
observed (Figure 5C, Figure S3). These results suggested that Akt 
signaling is upregulated in OS5K-3 ENG+ cells in vitro, but endoglin 
might have limited effect on the pathway.

3.3 | Assessment of the cancer stem cell-like 
potential of ENG+ cells

We next validated the CSC/CIC properties of OS5K-3 ENG+ cells be-
cause endoglin has been reported to be a marker for cancer stem-like 
cells in renal cell carcinoma.6,7,19,20 Therefore, we first examined the 
expression of markers reported to be enriched in CSC/CICs, including 
CD44, CD24, CXCR4, ALDH1A1, POU5F1 (encoding Oct4), MYC, KLF4, 
and PROM1 (encoding CD133).6,7,27,28 However, their expression was 
not necessarily high in ENG+ cells sorted from OS5K-3 or 786-3K 
cells compared with that in ENG– cells (Figure 6A, Figure S4A). Based 
on CSC theory, stem-like cells can reconstitute the “differentiated” 
population of cancer cells by asymmetric cell division. Therefore, we 
examined whether OS5K-3 ENG+ cells re-established both ENG+ 
and ENG– cells in a long-term culture. However, the sorted ENG+ 
cell population remained homogeneous with high expression of en-
doglin, implying that ENG+ cells did not reproduce ENG– cells, and 

vice versa (Figure  6B, Figure  S4B). We also investigated whether 
CICs were enriched in OS5K-3 ENG+ cells using an orthotopic in-
oculation model. ENG+ cells did not exhibit increased tumor-forming 
capability compared with ENG– cells, even with fewer numbers of 
inoculated cells (Figure 6C-F). Although endoglin is important for the 
highly proliferative phenotype and anchorage-independent growth 
of renal cancer cells, endoglin-expressing cells do not serve as renal 
cancer stem-like cells, at least in our model.

3.4 | Evaluation of the tumor-forming and 
metastatic capabilities of ENG+ cells in various tumor 
microenvironments

Although OS5K-3 ENG+ cells showed increased anchorage-
independent growth in vitro (Figure  1G), their tumor-forming ca-
pability was not different from that of ENG– cells in the orthotopic 
inoculation model in vivo (Figure 6C-F). This discrepancy led us to 
hypothesize that the tumor microenvironment determines the pro-
liferative capability of ccRCC cells. Therefore, tumor-forming ca-
pabilities were examined in the subcutaneous environment as well 
as the environments in common metastatic sites for renal cancer, 
using several mouse tumor models. In the subcutaneous inoculation 
model, OS5K-3 ENG– cells exhibited significantly increased tumor-
forming capability compared with ENG+ cells (Figure 7A). In the in-
travenous injection of tumor cells, OS5K-3 ENG– cells formed more 
experimental metastatic lung tumors compared with ENG+ cells 
(Figure 7B). In contrast, in the intracardiac injection of tumor cells, 
OS5K-3 ENG+ and ENG– cells formed similar levels of metastatic 
brain tumors (Figure 7C). Overall, these results suggested that the 
tumor-forming and metastatic capabilities of ENG+ and ENG– cells 
are highly dependent on their microenvironment.

4  | DISCUSSION

The present study examined the role of endoglin in the progression of 
ccRCC both in vitro and in vivo. ENG+ cells, the proportion of which 
is thought to be increased in the interaction with their renal micro-
environments, exhibited an endoglin-dependent highly proliferative 
phenotype in vitro. However, ENG+ cells did not necessarily act as 
CSC/CICs, and ENG+ and ENG– cells showed distinct tumorigenic 
characteristics under several different microenvironments in vivo.

Endoglin has been proposed as a marker for renal cancer stem-
like cells or CICs, although this remains controversial. This was first 

F I G U R E  1   Endoglin-positive population in highly malignant ccRCC cells has a characteristic of rapid proliferation in vitro. A, ENG mRNA 
expression in RNA-sequencing analysis of OS-RC-2 derivatives (re-analyses of the data in GSE131137). B, H3K27ac peaks near the ENG gene 
region in OS-RC-2 derivatives (re-analyses of the data in GSE131139). C, Immunoblots for the indicated proteins of OS-RC-2 derivatives. D, 
Percentage of ENG+ population in OS-RC-2 derivatives (flow cytometry). E, ENG mRNA expression of sorted OSPa and OS5K-3 ENG+ and 
ENG– cells (qRT-PCR; Tukey multiple comparison test). F, Cell proliferation assay for f sorted OSPa and OS5K-3 ENG+ and ENG– cells in 2D 
culture (Tukey multiple comparison test). G, Colony formation assay for sorted OSPa and OS5K-3 ENG+ and ENG– cells. Top panel: Images of 
colonies; bottom panel: numbers of colonies counted on day 18 (Tukey multiple comparison test; scale bar, 500 μm). All data are presented 
as the mean ± SD. *P < .05, **P < .01, ***P < .001. MW, molecular weight
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F I G U R E  2   Endoglin is essential for the anchorage-independent growth of ENG+ ccRCC cells in vitro. A, ENG mRNA expression of GFP- or 
hemagglutinin (HA)-tagged endoglin-overexpressing OSPa cells (qRT-PCR; Welch t test). B, Immunoblots for the indicated proteins of GFP- 
or HA-tagged endoglin-overexpressing OSPa cells. C, Cell proliferation rates of GFP- or ENG-expressing OSPa cells in 2D culture (Student 
t test). D, ENG mRNA expression of shRNA-introduced OS5K-3 ENG+ cells (qRT-PCR; Tukey multiple comparison test). E, Colony formation 
assay for shRNA-introduced OS5K-3 ENG+ cells. Left panels: Representative images. Right panel: numbers of colonies counted on day 18 
(Tukey multiple comparison test; scale bar, 500 μm). F, ENG mRNA expression of shRNA-introduced OS5K-3 cells (qRT-PCR; Tukey multiple 
comparison test). G, Colony formation assays for shRNA-introduced OS5K-3 cells. Left panel: representative images; right panel: numbers of 
colonies counted on day 19 (Tukey multiple comparison test; scale bar, 500 μm). All data are presented as the mean ± SD. *P < .05, **P < .01, 
***P < .001
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F I G U R E  3   Transforming growth factor β provides only a limited explanation for the function of endoglin in ENG+ ccRCC cells. A, 
Immunoblots of cell lysates with the indicated antibodies. OSPa and OS5K-3 ENG+ and ENG– cells were treated with TGF-β for 1 h (β1, 
TGF-β1; β2, TGF-β2; β3, TGF-β3). B, Immunoblots of cell lysates with the indicated antibodies. OSPa and OS5K-3 ENG+ and ENG– cells were 
pre-cultured under 1% FBS for 1 d and treated with TGF-β for 1 h (β1, TGF-β1; β2, TGF-β2; β3, TGF-β3). C, Immunoblots of cell lysates with 
the indicated antibodies. shRNA-transfected OS5K-3 ENG+ cells were treated with TGF-β1 for 1 h. D, Colony formation assay for TGF-β-
stimulated OS5K-3 ENG+ and ENG– cells. Left panel: representative images; right panel: number of colonies counted on day 21. Data are 
presented as the mean ± SD (Tukey multiple comparison test; scale bar, 500 μm). ***P < .001
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reported using patient-derived ccRCC or undifferentiated renal can-
cer cells, in which CICs were defined as cells with the following prop-
erties: clonogenic capability; the potential to differentiate both in 
vitro and in vivo; and enhanced expression of the markers for stem-
ness, including Oct4.19 Later, it was shown that ENG+ cells formed 
more colonies in vitro than did ENG– cells and expressed mesenchy-
mal stem cell markers, including CD44, in ACHN and Caki-2 cells.29 
In addition, endoglin has been reported to be essential for tumor 
formation, gemcitabine resistance, and epithelial-mesenchymal 
transition (EMT) phenotype in the papillary renal cell carcinoma cells 
ACHN.20,30

However, a recent study that used the Caki-1 cells derived from 
skin metastasis of ccRCC indicated that CD44–/ENG– cells enriched 
CSCs.31 In this study, CSCs had high tumorigenicity with distinctive 
angiogenic and metabolic characteristics in subcutaneous models. 
Therefore, we examined the tumorigenicity in several microenviron-
ments, including in the kidney, and verified whether endoglin serves 
as a marker for CSC/CICs in ccRCC, using parental ccRCC cells OS-
RC-2 and their derivatives. In an in vivo orthotopic tumor model, 
ENG+ cells did not exhibit higher tumorigenicity than ENG– cells. 
In contrast, ENG– cells showed higher tumorigenicity under some 
experimental conditions, such as in the subcutaneous inoculation 

F I G U R E  4   Bone morphogenetic protein-9 does not explain the function of endoglin in ENG+ ccRCC cells. A, Immunoblots of cell lysates 
with the indicated antibodies. Cells were pre-cultured with the indicated FBS concentration for 1 d and treated with BMP-9 for 1 h. B, 
Immunoblots of cell lysates with the indicated antibodies. Cells were pre-treated with 0.1 μmol/L LDN193189 or DMSO for 1 d under the 
indicated FBS concentration and then stimulated with BMP-9 for 1 h. C, Immunoblots of cell lysates with the indicated antibodies. OS5K-3 
ENG+ cells were cultured under 1% FBS and subsequently transfected with siRNA. After 3 d, cells were stimulated with BMP-9 for 1 h. D, 
ID1 mRNA expression of siRNA-introduced and BMP-9-stimulated OS5K-3 ENG+ cells (qRT-PCR). Cells were pre-cultured under 1% FBS for 
1 d prior to siRNA transduction. After 3 d, cells were stimulated with BMP-9 for 2 h (Tukey multiple comparison test). E, Colony formation 
assay for BMP-9-stimulated OSPa and OS5K-3 ENG+ and ENG– cells cultured in 3% FBS. Left panel: representative images; right panel: 
number of colonies counted on day 19 (Tukey multiple comparison test; scale bar, 500 μm). F, ACVRL1 mRNA expression of sorted OSPa 
and OS5K-3 ENG+ and ENG– cells (qRT-PCR; Tukey multiple comparison test). All data are presented as the mean ± SD. *P < .05, **P < .01, 
***P < .001

F I G U R E  5   Akt signaling is upregulated 
in ENG+ tumor cells. A, Phospho-kinase 
array of OS-RC-2 derivatives. Top panel: 
immunoblotted membranes (highlighted 
squares: spots with obvious differences 
in phosphorylation levels); bottom panel: 
quantifications of phosphorylation levels 
of the highlighted spots (bars: mean ± SD 
of technical duplicate). B, Immunoblots for 
the indicated proteins of sorted OS5K-3 
ENG+ and ENG– cells. C, Immunoblots 
for the indicated proteins of shRNA-
introduced OS5K-3 ENG+ cells (numbers: 
signal ratio of pAkt/Akt compared with 
that of shNTC)
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model. In addition, ENG+ cells did not reproduce ENG– cells in long-
term cultures. These results did not support the simplified ENG+ 
cell-centered CSC theory. They alternatively suggested that ENG+ 
and ENG– cells may be distinct lineages and may have different 
characteristics. Each lineage may have a distinct spectrum of tumor-
forming capability under various primary and metastatic microenvi-
ronments, a distinct signaling profile, and a distinct spectrum of drug 
sensitivity. Therefore, the therapeutic strategy for ccRCC may need 
to be a cellular heterogeneity- or microenvironment-oriented ap-
proach rather than being CSC/CIC-oriented. In this study, we could 
not clarify the mechanism by which endoglin expression is upregu-
lated. The origin of ENG+ cells and whether cells highly expressing 
endoglin are from a unique lineage throughout ccRCC progression 
should be addressed in future studies.

We previously found that TGF-β-mediated tumor suppression 
is attenuated in ccRCC8,10; therefore, we hypothesized that endog-
lin, a type III TGF-β receptor, also has a pro-proliferative role by 
modulating TGF-β family signaling. However, neither TGF-β nor 
BMP-9 signaling largely contributed to the difference in prolifer-
ative activity between OS5K-3 ENG+ and ENG– cells (Figures  3 
and 4). Therefore, we explored other signaling pathways that 
might promote the survival and proliferation of ENG+ cells. Based 
on the results of phospho-kinase array analysis (Figure  5A), we 
hypothesized that endoglin promoted the proliferation of ENG+ 
cells by activating the Akt pathway. Indeed, a phosphatidylinosi-
tol 3-kinase (PI3K) inhibitor and mechanistic target of rapamycin 
(mTOR) inhibitor effectively suppressed anchorage-independent 
proliferation of ENG+ cells (data not shown). A previous study using 
vascular endothelial cells, in which endoglin was preferentially ex-
pressed, also reported that the intracellular domain of endoglin ac-
tivated PI3K and Akt signaling through an adaptor protein named 
Gα-interacting protein C-terminus-interacting protein (GIPC).32 
However, in the present study, knockdown of endoglin did not sig-
nificantly alter the phosphorylation level of Akt, suggesting that 
it had limited influence on the Akt pathway. Another possibility is 
that the signaling pathways crucial for ENG+ cells are masked by 
the crosstalk of signaling. Differences in the expression of several 
genes (Figure  6A) and the microenvironment-dependent tumori-
genicity (Figure 7) may suggest that the ENG+ and ENG– cells have 
distinct characteristics and therefore cannot be simply compared 
in one signaling pathway. Previous studies have suggested other 
possible mechanisms by which endoglin promotes cancer cell pro-
liferation. One study on pancreatic cancer cells found that inhibi-
tion of the interaction between endoglin and GIPC attenuated cell 
proliferation, induced cell differentiation, and sensitized the cells 
to gemcitabine.33 Therefore, the intracellular domain of endoglin 

may be involved in the promotion of ccRCC cell proliferation by 
interacting with other molecules, whether it be involved in Akt sig-
naling or not.

The present study also showed the importance of the 
tumor microenvironment in cancer cell proliferation. ENG+ cells 
showed a superior proliferative capability to ENG– cells in vitro 
(Figure  1F,G). However, their tumor-forming capability in vivo 
was similar to that of ENG– cells in the orthotopic inoculation 
model (Figure  6C-F) and experimental brain metastasis model 
(Figure  7C), and inferior in the subcutaneous inoculation model 
(Figure 7A) and experimental lung metastasis model (Figure 7B). 
This suggests that there are different mechanisms of tumor for-
mation in the various tumor microenvironments, and these differ-
ences can be mainly attributed to the differences in extracellular 
matrices, humoral factors, or other unknown factors. In partic-
ular, ENG+ cells exhibited the most enhanced tumorigenicity in 
their primary site of the kidney, indicating that the primary tumor 
microenvironment plays an important role in maintaining cellular 
heterogeneity. Notably, endoglin plays a critical role in angiogen-
esis and is one of the genes responsible for hereditary hemor-
rhagic telangiectasia (Osler-Weber-Rendu disease).34 A previous 
study reported that ENG–/CD44– renal cancer cells displayed a 
distinctive capability to induce angiogenesis.31 The interference 
of endothelial signaling may have resulted in the failure in angio-
genesis and the lower tumorigenic capability of ENG+ cells in sub-
cutaneous inoculation model compared with colony formation in 
vitro, in which angiogenesis is not needed.

In conclusion, these results support that the renal microenviron-
ment, rather than the hypothesized ENG+ cell-centered hierarchy, 
maintains cellular heterogeneity in ccRCC. Therefore, the effect of 
the microenvironment should be considered when evaluating the 
proliferative capability of renal cancer cells in the experimental 
settings.
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