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Abstract
CD105 (endoglin) is a transmembrane protein that functions as a TGF-beta coreceptor and is highly expressed on endothelial 
cells. Unsurprisingly, preclinical and clinical evidence strongly suggests that CD105 is an important contributor to tumor 
angiogenesis and tumor progression. Emerging evidence suggests that CD105 is also expressed by tumor cells themselves 
in certain cancers such as renal cell carcinoma (RCC). In human RCC tumor cells, CD105 expression is associated with 
stem cell-like properties and contributes to the malignant phenotype in vitro and in xenograft models. However, as a regu-
lator of TGF-beta signaling, there is a striking lack of evidence for the role of tumor-expressed CD105 in the anti-tumor 
immune response and the tumor microenvironment. In this study, we report that tumor cell-expressed CD105 potentiates 
both the in vitro and in vivo tumorigenic potential of RCC in a syngeneic murine RCC tumor model. Importantly, we find 
that tumor cell-expressed CD105 sculpts the tumor microenvironment by enhancing the recruitment of immunosuppressive 
cell types and inhibiting the polyfunctionality of tumor-infiltrating  CD4+ and  CD8+ T cells. Finally, while CD105 expression 
by endothelial cells is a well-established contributor to tumor angiogenesis, we also find that tumor cell-expressed CD105 
significantly contributes to tumor angiogenesis in RCC.
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Introduction

Kidney cancer is the 8th most diagnosed type of cancer, 
accounting for approximately 4% of all new cancer cases in 
the USA [1]. Of all kidney cancer subtypes, renal cell car-
cinoma (RCC) is the most prominent. Further, RCC is the 
deadliest urological cancer, with 12% overall survival prob-
ability after metastasizing [2, 3]. Several factors contribute 
to the aggressive and metastatic nature of RCC, including 
vascularization, stemness, and resistance to therapy [4, 5].

CD105 (endoglin) is a 180 kDa transmembrane glyco-
protein that serves as a co-receptor for the TGF-β signal-
ing complex [6, 7]. CD105 is associated with angiogenesis 
in many cancer types since it is highly enriched in rap-
idly dividing endothelial cells [8–12]. In RCC, CD105 is 
expressed on both the tumor cells and the tumor-associated 

vasculature, and this expression correlates with reduced 
overall survival [13, 14].

A recent study suggests that tumoral expression of CD105 
predicts a worse prognosis independent of its endothelial 
expression in RCC [13]. This prognostic value of tumor-
associated CD105 is related, in part, to its role as a mediator 
of cancer stem cell-like properties [15–17]. However, the 
role of tumoral CD105 in regulating the diverse immune 
mechanisms that mediate tumor progression is still unclear. 
Solid tumors are highly heterogeneous, consisting of both 
malignant and diverse non-malignant cell types that can be 
pro- and anti-tumorigenic. In fact, TGF-β signaling regu-
lates various physiological effects and is crucial for tumor 
progression and metastasis [18, 19].

The effect of tumoral CD105 on tumor progression in 
immunocompromised models has been well-characterized 
[16]. However, the role of tumor cell-expressed CD105 has 
not been fully explored in a relevant immunocompetent 
model. To address this, we generated a CD105-deficient 
murine RCC cell line and confirmed that CD105 regulates 
tumorigenicity in vitro and in vivo in syngeneic mice. Our 
results also demonstrate that the presence of CD105 impacts 
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the functionality of tumor-infiltrating T cells in the RCC 
tumor microenvironment (TME). Finally, our data sup-
port the hypothesis that tumoral CD105 recruits myeloid-
derived suppressor cells (MDSCs) and tumor-associated 
macrophages (TAMs) into the TME to potentiate VEGF-
induced angiogenesis.

Materials and methods

Cell line and culture

The murine RCC tumor cell line, Renca, was obtained from 
ATCC and cultured in RPMI media supplemented with 10% 
FBS and 1% penicillin/streptomycin at 37 °C and 5%  CO2. 
CD105 knockout cells were generated utilizing pCas-Guide-
EF1a-GFP vector targeting the first exon of the murine 
CD105 gene. 48 hours post-transfection of the assembled 
p-Cas vector into semi-confluent Renca cells, GFP FACS 
sorting was carried out with a BD FACS sorter followed by 
single-cell cloning to select successfully edited cells.

Mice

Male Balb/c mice [6-8 weeks old] were purchased from The 
Jackson Laboratory (Bar Harbor, ME) and housed at the 
Texas Tech University Health Sciences Center (TTUHSC) 
Laboratory Animal Resource Center (LARC) in Abilene. All 
experiments were performed in accordance with the regula-
tions of the TTUHSC Institutional Animal Care and Use 
Committee.

Quantitative polymerase chain reaction (qPCR)

RNA was extracted from respective tissues or cell lines with 
the Qiagen RNEasy Mini kit. Subsequently, 1ug of RNA 
was converted to cDNA using Applied Biosystem Reverse 
Transcription kit and quantitative PCR (qPCR) performed 
with Applied Biosystems Sybr Green Master mix and a Step 
One Plus Real-Time PCR system. Fold change was calcu-
lated using the  (2−∆∆ct) method, with all results normalized 
to 18s rRNA as the reference gene. Primers utilized in the 
study are shown in Supplementary Table 1.

Western blot

Cells were lysed with RIPA lysis buffer containing protease 
inhibitor cocktail. Lysates were cleared by centrifugation, 
mixed with NuPAGE LDS sample buffer, and reducing 
agent, boiled for 10 min, and separated by electrophore-
sis on a NuPAGE Bis–tris gel. Separated proteins were 
subsequently transferred to a PVDF membrane followed 
by blotting with primary antibody against murine CD105 

(Biolegend clone: MJ7/18) and GAPDH (cell signaling, 
#5174) overnight at 4 °C. Blots were incubated with Strepta-
vidin-HRP for CD105 and peroxidase-conjugated anti-rabbit 
antibody for GAPDH. Signal was developed with enhanced 
chemiluminescence (ThermoScientific) and visualized using 
a UVP imager.

Colony formation assay

103 wild-type control (Control) or CD105 knockout cells 
(crCD105) were plated in triplicate in a 6-well dish and cul-
tured at 37 °C and 5%  CO2. Culture media were replenished 
every 72 h. After ten days, cells were fixed with methanol 
and stained with 0.01% gentian violet for 10 min. Images 
of each well were taken. Cell count and colony area were 
quantified using ImageJ.

Cell proliferation assay

2 ×  104 of Control or crCD105 cells were plated in each well 
of a 96-well plate and cultured for 48 and 72 h. Cell prolif-
eration was assessed using Cytoscan SRB Kit according to 
the manufacturer’s protocol. The absorbance of each well 
was measured at 560 nm on a plate reader.

Transwell migration assay

4 ×  104 of either Control or crCD105 Renca cells were 
seeded on the upper chamber of an 8um pore transwell 
insert. RPMI supplemented with 10% FBS was added to 
the lower chamber of the transwell system and cultured for 
24 and 48 h at 37 °C and 5%  CO2. Subsequently, residual 
cells were removed from the upper chamber of the transwell 
insert, fixed with ethanol, and stained with 0.01% gentian 
violet. Migrated cells were imaged at three fields of view 
with the Cytation 5 imager, and the % area covered by 
migrated cells was quantified using ImageJ.

Scratch assay

5 ×  105 of Control or crCD105 cells were allowed to reach 
confluency in a six-well plate and gap made with a p200 tip. 
The gap closure rate was monitored over 72 h, and images 
were taken at regular intervals using a confocal microscope. 
The gap area at each time point was analyzed using ImageJ 
and recorded as a % decrease from the baseline.

Tube formation assay

1 ×  104 Control or crCD105 cells were plated in triplicate 
on a 96-well plate coated with 50ul Matrigel (Corning®) in 
the absence of serum for 6 h. Tube formation was observed 
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under a light microscope, images taken using the Cytation 
5 imager, and tube branches were quantified using ImageJ.

Tumor challenge

1 ×  106 of Control or crCD105 Renca cells were subcutane-
ously implanted into the flank of male Balb/c mice (n = 5/
group). Tumor formation and progression were monitored 
every other day, and tumor volume was recorded and calcu-
lated as  (LxW2 ÷ 2)[20]. For the orthotopic model, 5 ×  104 
of either Control or crCD105 was implanted into the left 
kidney of mice as previously described [21]. After 20 days, 
kidneys and metastatic lungs were excised. Tumor weight 
was calculated by subtracting the weight of the healthy kid-
ney from the diseased kidney. Kidney tumors were processed 
for downstream analysis, and lungs were fixed in Bouin’s 
solution for 24 h, after which the fixative was replaced with 
70% ethanol. Lung metastatic nodules were quantified and 
imaged with a Motin FEIN OPTIC SMZ-168 stereomicro-
scope connected to a ToupTek digital camera.

Flow cytometry

Excised tumors were processed into single-cell suspension 
by maceration through a 70-um cell strainer. 2 ×  106 of the 
resultant cell suspension was either left unstimulated or 
stimulated with T cell Activation cocktail with Brefeldin A 
(Biolegend). Subsequently, cells were surface-stained with 
APC-Cy7-conjugated TCR-b, Percp-Cy5.5-conjugated CD4, 
Pe-Cy7-conjugated CD8, APC-conjugated-CD11b, PerCp-
Cy5.5-conjugated-Gr-1, AF700-conjugated-CD11c, PE-con-
jugated-CD206, BV605-conjugated-CD45 or intracellularly 
stained with PE-conjugated-IFN-γ, AF700 conjugated-
TNF-α, APC-conjugated-IL-2, and PE-conjugated-FoxP3. 
For the cell proliferation assay, 1 ×  106 of either Control or 
crCD105 cells were stained with AF488 conjugated- Ki67 
and PeCy7-conjugated-CD44. For the detection of CD105, 
1 ×  106 of either Control or crCD105 was stained with 
PeCy7-conjugated-CD105. Data were collected using BD 
LSR Fortessa flow cytometer, and results were analyzed 
using Flowjo 10.7 software. Antibodies were purchased 
from Biolegend and used at a dilution factor of 1:100 for 
intracellular stains and 1:200 for surface stains.

Immunohistochemistry and H&E

For immunohistochemistry, 10-um-thick paraffin-embed-
ded lung sections were stained with anti-mouse CD8a (Cell 
signaling), and peroxidase-conjugated anti-rabbit antibody 
was used as the secondary reagent. Color was subsequently 
developed with DAB substrate (Vector laboratories). Slides 
were scanned with Aperio Scanscope, and positive staining 

in at least eight different fields was quantified by ImageJ. 
H&E staining was carried out as previously described [22].

Hemoglobin assay

1 ×  106 or 1.2 ×  106 of Control or crCD105 Renca cells, 
mixed with Matrigel (200ul of Matrigel and 100ul of cells), 
were injected s.c into the flank of male Balb/c mice. Tumors 
were monitored, and plugs were excised on Day 23. Excised 
plugs were processed in 10mls of RPMI media and centri-
fuged. The resultant pellet was lysed with 1 ml of ACK lysis 
buffer. Tumor RBC lysates were stored at -80O prior to the 
hemoglobin assay. Hemoglobin content was measured with 
ThermoScientific Colorimetric Hemoglobin Detection Kit 
according to the manufacturer’s protocol.

TCGA data analysis

The TCGA kidney cancer data were accessed and analyzed 
from the University of Alabama Cancer data analysis por-
tal (http:// ualcan. path. uab. edu./). Gene correlation analysis 
from the pan kidney cancer cohort was analyzed from the 
GEPIA 2 database (http:// gepia2. cancer- pku. cn/).

Statistical analysis

All results are presented as parametric Student t tests except 
for survival plots which are shown as Mantel-Cox. Data were 
analyzed using GraphPad Prism software, and significant p 
values were depicted in the figures as follows, *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001 ns P > 0.05. Error 
bars are shown as ± SEM.

Results

CD105 is highly expressed in RCC.

Based on the data obtained from The Cancer Genome Atlas 
and modified through UALCAN ( http:// ualcan. path. uab. 
edu./), CD105 expression is significantly elevated in pri-
mary RCC tumors in comparison with normal kidney tissue 
(Fig. 1A). In line with this, previous studies have demon-
strated that elevated expression of CD105 in RCC corre-
lates to a worse prognosis and predicts poorer outcomes [14, 
23]. While the expression of CD105 has long been asso-
ciated with vascular endothelial cells, recent studies have 
found expression of CD105 by human RCC tumor cell lines 
and tumor cells within clinical RCC tissues [13, 15, 16]. 
Since we seek to determine the role of tumor cell-expressed 
CD105 in a syngeneic mouse model of RCC, we assessed 
the expression of CD105 by the murine RCC tumor cell 
line, Renca. Much like in human RCC, CD105 is highly 

http://ualcan.path.uab.edu
http://gepia2.cancer-pku.cn/
http://ualcan.path.uab.edu
http://ualcan.path.uab.edu
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expressed by Renca in comparison with a non-transformed 
fibroblast cell line, 3T3 as determined by both qPCR and 
flow cytometry (Fig. 1B–D).

CD105 improves in vitro tumor proliferation 
but reduces in vitro tumor cell migration

To determine the role of tumoral CD105 expression on the 
malignant phenotype of RCC, we utilized CRISPR-Cas9 
with CD105-targeting gRNAs to generate a CD105 knockout 
cell line,  crCD105, along with a control cell line utilizing 
the same plasmid with an irrelevant gRNA, Control. Knock-
out of CD105 in Renca was confirmed by Western blot and 
qPCR (Fig. 2A, B) To assess the impact of CD105 ablation 
on RCC tumor cell growth and proliferation, we carried out 
several assays to determine proliferative capacity. After plat-
ing out equivalent numbers of Control and crCD105 RCC 
tumor cells, a significant reduction in cell proliferation was 
found in crCD105 cells by an SRB assay after 48 and 72 h 
(Fig. 2C). A clonogenic assay confirmed our observation 
that deletion of CD105 reduces tumor cell proliferation as 
crCD105 cells display a significantly lower colony formation 

capacity compared to Control Renca cells as demonstrated 
by the number of colonies formed and the area covered by 
the colonies (Fig. 2D). We confirmed the above experiments 
with another CD105-deficient cell line (KD) that was gener-
ated by targeting a separate region of CD105 with CRISPR-
Cas9 (Supplemental Fig. S1A–C). Since KD cells have a less 
robust CD105 deletion but displayed similar characteristics 
with crCD105, all subsequent experiments were carried out 
with crCD105.

Further, we performed intracellular staining of cells with 
a fluorophore-conjugated antibody against Ki67, a marker 
of cellular proliferation. The intensity of Ki67 was higher 
on the Control cells than on the crCD105 cells (Fig. 2E). 
While CD105 enhances the proliferative capacity of RCC 
tumor cells, this also enhances resistance to chemothera-
peutic agents as previously reported in human RCC tumor 
cells [16]. We confirmed these observations in murine RCC 
as crCD105 Renca cells were more sensitive to cytotoxicity 
by doxorubicin and fludarabine than Control Renca tumor 
cells (Supplementary Fig. S2A-D). The role of CD105 in 
enhancing cell proliferation in RCC tumor cells could be 
due, in part, to its potentiation of a stem cell-like pheno-
type observed in human RCC tumor cells [16]. In fact, we 
find that CD105 depletion of Renca tumor cells results in a 
concomitant reduction in a marker of cancer cell stemness, 
CD44 (Fig. 2F) [16].

Migration is an essential step during cancer progression 
[24]. Since CD105 regulates cell migration and adhesion 
[25, 26], we sought to confirm whether this migratory char-
acter mediated by CD105 is maintained in the murine model 
of RCC. In a transwell migration assay, a significantly higher 
number of cells migrated toward a chemoattractant in the 
crCD105 Renca group than in the Control Renca group after 
48 h (Fig. 2G). This enhanced migratory phenotype after 
CD105 depletion was confirmed in a scratch assay, where 
the crCD105 Renca cell line displayed a significantly higher 
gap closure rate than the Control Renca cell line (Fig. 2H).

CD105 enhances in vivo tumor growth 
and metastasis

Endothelial cell-associated CD105 and tumoral CD105 
mediate different characteristics since endothelial CD105 
promotes tumor progression by increasing vascularization 
and angiogenesis, and tumor cell-expressed CD105 is a 
cancer stem cell marker [15, 17, 27]. However, the effect 
of tumoral CD105 independent of its endothelial expres-
sion on in vivo tumor growth has not been evaluated in an 
immunocompetent model. To assess this, 1 ×  106 cells of 
either Control or crCD105 cells were implanted subcuta-
neously in Balb/c mice. Interestingly, mice that were inoc-
ulated with crCD105 tumor cells initially demonstrated 
significantly enhanced tumorigenicity compared to those 

Fig. 1  CD105 is highly expressed in renal cell carcinoma. A Expres-
sion of CD105 between normal kidney tissues and primary tumor 
based on data obtained from TCGA. B–D Expression of CD105 
between Renca and NIH-3T3. B mRNA expression of CD105. C 
Mean fluorescence intensity (MFI) of CD105. D Representative his-
tograms of the expression of CD105
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that received Control cells (Fig. 3A). However, crCD105 
tumor progression was stunted after nascent tumor for-
mation, whereas Control tumor progression was signifi-
cantly more rapid after formation (Fig. 3B–D). This result 

suggests that CD105 indeed supports tumor progression 
and higher tumor burden.

Since subcutaneous implantation may not sufficiently 
recapitulate the TME of RCC tumors developing within 
the kidney and does not provide information about 

Fig. 2  Tumoral CD105 enhances tumor cell proliferation A pro-
tein and B mRNA expression of CD105 on Renca cells after treat-
ment with a CD105-targeting CRISPR/Cas9 vector. C Comparison of 
growth rate between Control and crCD105 at 48 and 72 h. D Repre-
sentative images of colony formation and statistical quantification of 
the number of colonies and proliferation ratio. The proliferation ratio 

is defined as the area covered by colonies/total area of well. E MFI 
of the proliferation marker ki67 and F MFI of CD44. G Representa-
tive image and statistical quantification of migrated cells in transwell 
migration assay. H Representative image and statistical quantification 
of scratch assay
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spontaneous metastasis, we utilized an orthotopic implan-
tation model of RCC to confirm our findings [28, 29]. 
crCD105 or Control Renca cells were implanted into the 
left kidney of male Balb/c mice (n = 10/group) and moni-
tored for 20 days. As in the subcutaneous model, there 

was a significant reduction in renal tumor formation and 
outgrowth in CD105-deficient tumor cells (Fig. 3E, F). 
Furthermore, we found that CD105 promoted metastasis 
as the incidence of lung metastasis was lower and the lung 
nodules were significantly reduced in the CD105-deficient 

Fig. 3  Tumoral CD105 promotes in  vivo tumor growth and metas-
tasis A Kaplan–Meier plot for tumorigenicity. B Longitudinal tumor 
growth rate of subcutaneously implanted Control and crCD105 
tumors. C The individual tumor growth pattern of Control and D 
CD105-deficient tumors. E Representative image of diseased kid-

neys from both the Control and crCD105 intra-renal tumor challenge 
groups. F Final tumor mass of orthotopic tumors. G Incidence of 
metastasis between Control and crCD105. H Representative image of 
metastatic nodules. I quantification of metastasis in the lungs
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tumor cells in comparison with Control tumor-bearing 
mice (Fig. 3G–I, Supplementary Fig S4A).

Deletion of CD105 improves the functionality 
of tumor‑infiltrating lymphocytes.

As CD105 is a co-receptor for the immunosuppressive 
cytokine TGF-beta, we sought to determine whether it’s 
potentiation of tumor progression is linked to the suppres-
sion of functional anti-tumor immunity. To determine the 
role of tumoral CD105 in the anti-tumor T cell response, we 
investigated tumor-infiltrating T cell functionality in both 
crCD105 and Control s.c. tumor-bearing mice. Compared 
to Control tumors, crCD105 tumors demonstrated a signifi-
cantly higher percentage of  CD8+ T cells producing anti-
tumor inflammatory cytokines, including IFN-� and TNF-� , 
but no significant difference in IL-2 production (Fig. 4A–C). 
In addition,  CD4+ T cells in the TME of crCD105 tumor 
tissues showed a higher population of cells producing IFN-
� , TNF-�, and IL-2 (Fig. 4F–H). As increased anti-tumor 
potential of tumor-infiltrating T cells is associated with 
multi-cytokine production, we sought to determine the pro-
portion of tumor-infiltrating  CD8+ and  CD4+ T cells that 
were triple or double-cytokine producers. The  CD8+ cells 
in the TME of the crCD105 tumors showed a significantly 
higher population of IFNγ+IL-2+TNFα+(Fig. 4D, E). Also, 
the IFNγ+ TNFα+  CD8+ T cells were significantly higher 
in the CD105-deficient tumors than in the Control tumors 
(Fig. 4D, E). Similarly, for the  CD4+ T cell population, there 
was a significantly higher population of IFNγ+IL-2+TNFα+ 
triple producers and IFNγ+ IL-2+ double producers (Fig. 4I, 
J).

To confirm that a similar improvement in the TME was 
observed in the orthotopic tumors, we carried out immu-
nophenotyping analysis. As in the subcutaneous model, 
crCD105 kidney tumor tissues displayed improved IFN-� 
(Fig. 5A, F), TNF-� (Fig. 5B and G), and modest effect on 
IL-2 production (Fig. 5C, H) by both  CD8+ and  CD4+T 
cells. The polyfunctionality of these immune cells is further 
demonstrated by significantly higher multi-cytokine produc-
tion (IFNγ+IL-2+TNFα+) by  CD8+ T cells (Fig. 5D, E) and 
 CD4+ T cells (Fig. 5I, J) and provides a rationale for the 
reduced tumor outgrowth in the CD105-deficient tumor tis-
sues. Overall, the critical observation here is that deletion of 
CD105 polarized the TME toward a more immunologically 
“hot” phenotype.

CD105 promotes an immunosuppressive TME highly 
infiltrated with MDSCs and M2‑TAMs

MDSCs play an important role in RCC progression [30, 31]. 
As in human RCC, the TME of the Renca model used herein 
is also characterized by heavy infiltration of MDSCs and 

TAMs [31]. Therefore, we investigated whether the deletion 
of CD105 impacts the proportion and phenotype of these 
immune cell populations. We found a significantly reduced 
population of  CD11b+Gr1+ MDSCs in the orthotopically 
implanted CD105-deficient tumor tissues (Fig.  5K–M). 
This finding was substantiated in subcutaneously implanted 
CD105-deficient tumors as well (Fig.  6A–C). Impor-
tantly, a higher proportion of MDSCs found in Control 
tumors are monocytic MDSCs  (CD11bhiGr-1lo), a highly 
immunosuppressive subset (Figs.  5M, 6C). Further-
more, we observed that the TME of Control tumors was 
enriched with a higher population of myeloid lineage cells 
 (CD11b+Gr-1−) than crCD105 tumors (Figs. 5N, 6D). These 
 CD11b+Gr1− cells displayed a higher population of conven-
tional DCs  (CD11b+CD11c+) (Fig. 6E), but a lower popu-
lation of the M2-macrophage marker  (CD11b+  CD206+) 
(Fig. 6F) in the TME of the CD105-deficient tumor tissues. 
To confirm that CD105 potentiates immunosuppression 
within the TME, we analyzed the expression of genes that 
are markers of TAMs. While there was not a significant dif-
ference in expression of genes associated with M1-TAM, 
there was a significant decrease in the expression of genes 
associated with the M2-macrophage phenotype (Socs-2, 
Arg-1, Mgl-1) in crCD105 tumors (Fig. 6G). Similarly, we 
found a significantly reduced population of  CD4+Foxp3+ 
in the crCD105 tumors (Figs. 5O, Fig. 6I, J). Not surpris-
ingly, the expression of immunosuppressive markers and 
cytokines, including Il10, Tgf b1, pdcd1 and Mmp9 (Fig. 6H, 
J), was higher in Control tumors. To corroborate our results, 
we explored the publicly available TCGA database. We con-
firmed that increased expression of Cd105 positively corre-
lates with the expression of suppressive markers, including 
Cd206 and Socs-2, but negatively correlates with the expres-
sion of genes associated with a cytotoxic phenotype, such as 
C2ta (MHC2) (Supplementary Fig. S5A). Taken together, 
our results suggest that deletion of CD105 improves the 
landscape of the TME, rendering it less conducive to infil-
tration of MDSCs, M2-TAMs and potentially Tregs.

Tumoral CD105 contributes to RCC vascularization

The contribution of endothelial cell-expressed CD105 to 
angiogenesis is well established. However, it has not been 
thoroughly investigated whether this is solely depend-
ent on the expression of CD105 by the endothelial cells 
or whether tumoral-expressed CD105 contributes to this 
effect. A previous study suggested that  CD105+ tumor cells 
can differentiate into an endothelial cell subtype [15]. Vas-
culogenic mimicry, commonly assayed as the formation of 
tubular structures on Matrigel, depicts a mechanism where 
differentiation of tumor cells with stem cell-like properties 
directly contributes to tumor vascularization [32]. Therefore, 
we carried out an in vitro vasculogenic assay to examine 
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Fig. 4  Tumoral CD105 regulates the functionality of TIL in the sub-
cutaneous TME Gating strategy for tumor-infiltrating lymphocytes, 
and cytokine production is as presented in Supplementary Figure 
S3A A IFN-� , B TNF-�, C IL-2 producing  CD8+T cells. D, E Mul-

ticytokine production by  CD8+ T cells in the Control and crCD105 
tumor tissues. F–H Population of F IFN-� and G TNF-� and H IL-2 
producing  CD4+ T cells. I, J Multicytokine production by  CD4+ T 
cells in the Control and crCD105 tumor tissues
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Fig. 5  Tumoral CD105 regulates the functionality of TIL in the 
orthotopic TME Gating strategy for tumor-infiltrating lymphocytes, 
and cytokine production is as presented in Supplementary Figure 
S3A. Production of A IFN-� and B TNF-� and C IL-2 by the tumor-
infiltrating  CD8+ T cells. D, E Multicytokine production by  CD8+ T 
cells in the Control and crCD105 tumor tissues. F–H The population 

of  CD4+ T cells producing F IFN-� G TNF-� , and H IL-2. I-J Mul-
ticytokine production by  CD4+ T cells in the Control and crCD105 
TME. K tSNE plots of Gr-1. Population of L  CD11b+  Gr1+MDSCs 
M CD11b +  Gr1lo cellsmMDSCs N myeloid population defined as 
 CD11b+ Gr-1− and O  CD4+  foxp3+ Tregs in the TME of Control in 
comparison with the crCD105 Renca tumors
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the abilities of crCD105 or Control cells to form endothe-
lial cell-like tubes [33]. After 6 h of plating respective cell 
lines on Matrigel, Control cells displayed extensive tube 
formation capacity, while crCD105 cells formed very few 
endothelial-like tubes (Fig. 7A, B). Since vasculogenesis and 
tube formation capacity are driven by Vegfa, [34] we exam-
ined the relative expression of Vegfa in both Control and 
crCD105 cell lines. In congruence with our vasculogenic 
assay results, we found a significantly higher expression of 
Vegfa in the Control cells in comparison with the crCD105 
cells (Fig. 7C).

To translate our in vitro study into a clinically relevant 
model, we analyzed publicly available data from TCGA. We 
confirmed that the expression of CD105 by primary tumors 
positively correlates with the expression of angiogenic mark-
ers, including Vegfa, Cd31( Supplementary Fig S5B). Not 
surprisingly, the expression of CD105 does not correlate 
with Vegfd, a gene with a product primarily involved in lym-
phangiogenesis (Supplementary Fig S5B). We then evalu-
ated the vascular density by quantifying the hemoglobin lev-
els in the crCD105 or the Control tumor tissues, as shown in 
the schedule in Fig. 7D. Interestingly, we found significantly 
reduced hemoglobin levels in the crCD105 tumors compared 
to the Control tumors (Fig. 7E). Quantification of the expres-
sion of Cd31 (Fig. 7F), Vegfa (Fig. 7G), and Vegfd (Fig. 7H) 
further confirmed the data observed from the TCGA data as 
we saw a significantly reduced expression of Cd31 and Vegfa 
in the crCD105 tumors but no difference in the expression of 
Vegfd. Altogether, the data demonstrate that tumoral CD105 
is involved in regulating vascularization and angiogenesis in 
conjunction with endothelial cell-expressed CD105.

Discussion

Endoglin is a complex protein involved in various cellular 
functions mediated by TGF-� signaling [35]. The effect of 
CD105 in RCC is even more complicated due to its expres-
sion by both tumor cells and endothelial cells [13]. While 
extensive reports have been made regarding the angiogen-
esis-inducing properties in endothelial cells [36], little is 
known about the function of tumor cell-expressed CD105. 

Recently, it has been suggested that tumor-expressed CD105 
may serve as an independent prognostic factor in RCC 
[13]. Similarly, it has been postulated that tumor-expressed 
CD105 is involved in mediating stemness and chemore-
sistance of RCC tumors [15, 16]. Furthermore, these stud-
ies describe the possible implication of CD105 in epithe-
lial–mesenchymal transition (EMT), including increased 
motility and invasiveness of CD105-expressing tumor cells. 
[17]. However, these studies did not investigate the implica-
tion of tumoral CD105 on the TME. The immune system 
plays a vital role in tumor growth characteristics and anti-
tumor or pro-tumor responses; therefore, it is imperative to 
understand how tumoral CD105 perturbates the TME.

This current study investigated the role of tumor-
expressed CD105 in tumorigenicity independent of its 
vasculature expression using a syngeneic mice model. Our 
observation that downregulation of CD105 supports tumor 
development but smaller and less vascularized tumors is 
consistent with what has been demonstrated in prostate car-
cinoma [37]. Further, our in vitro studies support previous 
findings that tumoral CD105 promotes a malignant pheno-
type characterized by clonogenicity, proliferation, stemness, 
and chemoresistance [16]. Interestingly, our study shows that 
CD105-expressing tumor cells migrate slower in a wound 
healing and transwell migration assay but showed increased 
metastasis in an orthotopic model of RCC. This result is 
consistent with what has been previously reported in prostate 
cancer and mouse fibroblasts over-expressing CD105 [26, 
37, 38]. The reduction in in vivo metastasis in contrast to the 
in vitro metastatic potential could be the result of enhanced 
anti-tumor immunity as we observed improved  CD8+ T cell 
infiltration into the lungs of mice that were challenged with 
CD105-deficient Renca cells (Supplementary Fig. S4).

The TME of RCC is complex with infiltration of various 
immune cells, including TILs, MDSCs, cancer-associated 
fibroblasts (CAFs), and TAMs [39] Further, recent evidence 
has shown that attenuation of CD105 signaling by a mono-
clonal antibody, TRC105, reduces Treg infiltration into the 
TME [40]. Similarly, anti-endoglin monoclonal antibodies 
have been demonstrated to mediate their antitumor effect 
via  CD8+ T cells [41]. Further, Grange et al. demonstrated 
in vitro that CD105 + renal cancer cells and their derived 
exosomes interfered with optimal maturation of DCs and 
proliferation and activity of T cells [42]. Our results are 
in concert with these findings. We observed significant 
improvement in the functionality of  CD8+ and  CD4+ T 
cell subsets in the TME of CD105-deficient Renca tumors 
as characterized by enhanced multi-cytokine production 
in infiltrates of both subcutaneous and orthotopic tumors 
(Figs. 4 and 5A–H).

Furthermore, we found that tumor-expressed CD105 
is important for the elevated infiltration of MDSCs and 
M2-TAMs in Renca tumors. The role of MDSC and TAMs 

Fig. 6  Tumor cell-expressed CD105 mediates suppression of the 
TME Gating strategy for MDSCs and TAMS is as presented in Sup-
plementary Fig.  3A and B A Representative dot plots for MDSCs. 
The population of B  CD11b+Gr1+ MDSCs and C  CD11bhiGr1lo cells 
mMDSCs. D Quantification and tSNE plots of myeloid cells in the 
TME of Control tumor tissues as compared to the CD105-deficient 
tumor tissues. E Population of dendritic cells and F M2-like cells. 
G Heat map showing the expression of markers of M2-TAMs and 
H Mmp9, an MDSC recruiting cytokine in the TME I frequency of 
 CD4+Foxp3+ cells to the TME J heat map of markers of immunosup-
pression including Il-10,foxp3,pdcd1, and tgfb1 in the TME

◂
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in angiogenesis is well-documented [43, 44]. It has been 
demonstrated in various cancer models that Gr-1-expressing 
cells promote angiogenesis via VEGF and MMP-9 produc-
tion [45], and this prompted us to investigate how tumoral 
CD105 affected tumor angiogenesis. We found that deletion 
of tumoral CD105 correlated with reduced vasculogenic and 
angiogenic potential both in vitro and in vivo, similar to 

what has been previously reported in the xenograft model 
(46). This suggests that tumoral CD105 modulates the 
expression of pro-angiogenic factors in the TME that likely 
synergize with endothelial CD105 expression to promote 
tumor angiogenesis in RCC.

To our knowledge, this is the first study to demonstrate 
the ability of tumoral CD105 to modulate tumorigenicity 

Fig. 7  Tumor cell-expressed 
CD105 contributes to intra-
tumoral vasculogenesis and 
angiogenesis A Representative 
images for tube formation. 
B Quantification of the tube 
formation assay C mRNA 
expression of Vegfa by tumor 
cells. D Experimental schedule 
for Matrigel angiogenesis assay. 
E Quantification of hemoglobin 
content. mRNA expression of F 
Cd31 and G Vegfa and H Vegfd 
between the tumor tissues from 
the CD105-deficient Renca cells 
and the Control Renca cells
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and the TME in an immunocompetent model of RCC, with a 
potential synergistic effect on tumor vascularization. There-
fore, strategies to manage RCC may benefit from under-
standing the diverse roles of tumor-expressed CD105 inde-
pendent of its well-established endothelial cell-associated 
functions.
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