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Abstract
The origin of blood and lymphatic vessels in high-grade serous adenocarcinoma of ovary (HGSOC) is uncertain. We evalu-
ated the potential of cancer stem cells (CSCs) in HGSOC to contribute to their formation. Using spheroids as an in vitro model 
for CSCs, we have evaluated their role in primary malignant cells (PMCs) in ascites from previously untreated patients with 
HGSOC and cell lines. Spheroids from PMCs grown under specific conditions showed significantly higher expression of 
endothelial, pericyte and lymphatic endothelial markers. These endothelial and lymphatic cells formed tube-like structures, 
showed uptake of Dil-ac-LDL and expressed endothelial nitric oxide synthase confirming their endothelial phenotype. Elec-
tron microscopy demonstrated classical Weibel–Palade bodies in differentiated cells. Genetically, CSCs and the differentiated 
cells had a similar identity. Lineage tracking using green fluorescent protein transfected cancer cells in nude mice confirmed 
that spheroids grown in stem cell conditions can give rise to all three cells. Bevacizumab, a monoclonal antibody that targets 
vascular endothelial growth factor inhibited the differentiation of spheroids to endothelial cells in vitro. These results suggest 
that CSCs contribute to angiogenesis and lymphangiogenesis in serous adenocarcinoma of the ovary, which can be inhibited.

Keywords  Cancer stem cells · Endothelial cells · Pericytes · Lymphangiogenesis · Bevacizumab · Serous adenocarcinoma 
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Introduction

Over the last few years, tumour vascularization has been 
demonstrated to occur through angiogenesis, vasculo-
genesis, vasculogenic mimicry, vascular co-option and 

intussusceptive angiogenesis [1]. However, the origin of 
the component cell types of a blood vessel such as endothe-
lial cells (ECs) and pericytes is unknown [2]. CSCs have 
been reported to be one of the reasons for recurrence of 
the tumour as they are resistant to conventional chemother-
apy and other targeted therapies [3]. Recently, it has been 
demonstrated that a proportion of ECs arise from CSCs in 
glioblastoma (GBM) [4, 5]. However, it was demonstrated 
by another group that the glioblastoma stem-like cells give 
rise to pericytes and not ECs [6]. This route of tumour vas-
cularization via CSCs has been convincingly shown only in 
GBM whereas there are little data in other types of cancer 
[7, 8]. The origin of ECs and other stromal cells, which form 
a tumour blood vessel in other tumour types, remains to 
be determined. Lymphangiogenesis is the development of 
new lymph vessels from pre-existing lymph vessels, which 
contribute to the metastasis of the tumour [9]. However, the 
origin of lymphatic endothelial cells (LECs) in a tumour has 
also not been evaluated. HGSOC accounts for the majority 
of deaths due to ovarian cancer. It is diagnosed mostly at the 
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advanced stages and the outcome can be improved. Hence, 
our objective was to study if the origin of ECs, pericytes and 
LECs in HGSOC is from CSCs.

Results

Proximity of blood vessels to CSCs

We have evaluated the localization of blood vessels and 
CSCs in ovarian tumours by double immunohistochemistry 
(IHC) (Fig. 1a–c). The CSCs were identified by their expres-
sion of ALDH1A1, as there is no conclusive evidence for a 
unique marker for ovarian CSCs [10]. The co-immunostain-
ing of ALDH1A1 and CD31 showed that the blood vessels 
lie adjacent to CSCs in HGSOC (Fig. 1d). The pink stain 
represents the CD31 positive blood vessels and brown stain 
indicates the ALDH1A1 positive CSCs. The proximity of 
blood vessels to CSCs was observed in different specimens 
of HGSOC. The double immunostaining of ALDH1A1 and 
SMA showed that ALDH1A1 and SMA are co-expressed 

in tumours of HGSOC (Fig. 1e). Tissue incubated with no 
primary antibody (negative control) had no stained cells 
(Fig. 1f).

Expression of endothelial markers in cells 
from malignant ascites

PMCs from previously untreated patients with HGSOC 
were used for our experiments. CD31, CD105, CD144 
are well known surface markers of blood vessels [11]. 
The Aldefluor assay that identifies ALDH1A1 high cells 
was used simultaneously with antibodies against endothe-
lial markers (Fig. 2a) and evaluated by flow cytometry 
(FC). Interestingly, using the ALDH1A1 functional assay 
together with an analysis of expression of endothelial 
markers, CD31, CD105, CD144 and CLEC14A, we 
identified a small population of cells (mean < 1%) co-
expressing both ALDH1A1 and an endothelial marker 
(Table S1).

Fig. 1   Expression of ALDH1A1, CD31 and SMA by IHC in 
HGSOC. Representative images showing the expression of a CD31, 
b ALDH1A1 and c SMA in paraffin sections of a tumour (HGSOC). 

H&E stained sections are shown in the left panels of (a–c). Double 
IHC of ALDH1A1 (brown) with d CD31 (pink) and e SMA (pink), f 
no primary antibody control. Scale bar: 10 µm
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Fig. 2   Expression of endothe-
lial markers and ALDH1A1 in 
PMCs. a PMCs were analysed 
for expression of endothelial 
markers and CSCs by flow 
cytometry (FC). Representative 
FC plot for Aldefluor assay—(i) 
unstained, (ii) DEAB control 
and (iii) ALDH1A1 (top panel), 
Expression of endothelial 
markers, (iv) CD31, (v) CD105, 
(vi) CLEC14A and (vii) 
CD144 (middle panel) and Co-
expression of ALDH1A1 and 
(viii) CD31, (ix) CD105, (x) 
CLEC14A and (xi) CD144 (bot-
tom panel). All antibodies were 
labelled with respective fluoro-
chromes and the cells were also 
labelled with isotype specific 
antibody control for each fluoro-
phore and the fluorescence was 
less than 0.5% (data not shown). 
b Expression of (i) CD105 
and (ii) CLEC14A in PMCs 
cultured in EGM. Expression of 
(iii) CD105 and (iv) CLEC14A 
in HUVECs. (v) No primary 
antibody control (NC). Scale 
bar: 50 µm. Objective EC Plan-
Neofluar 40X/0.75, Carl Zeiss 
Axio imager 3.1. c Repre-
sentative FC plots showing the 
expression of CD105 (second-
ary antibody labelled with 
AF647), CLEC14A (secondary 
antibody labelled with PE) and 
co-expression of CD105 and 
CLEC14A in spheroids and 
cells cultured in EGM. Statisti-
cal analysis of the difference 
in expression of each marker 
(right panel) is shown graphi-
cally (Wilcoxon signed rank 
test). d PMCs were sorted for 
ALDH1A1+ cells by Aldefluor 
assay and were cultured for 
7 days in EGM. Flow cytom-
etry analysis of these cells with 
CD31 PE and CD105 AF647 
is shown
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Fig. 2   (continued)
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ECs are derived from CSCs in vitro

Spheroids formed by PMCs were grown under stem cell 
medium (SCM) for 1 to 2 weeks initially and dispersed 
to single cells and were cultured in endothelial growth 
medium (EGM) for 7 days. The immunostaining of cells 
grown in EGM by CD105 and CLEC14A antibodies 
showed that they express both markers (Fig. 2b). Human 
Umbilical Vein ECs (HUVECs) served as control. PMCs 
(n = 32) were grown initially under 3D conditions for 
7 days to form spheroids and further grown in EGM for 
7 days. Cells grown under SCM and EGM were evalu-
ated for the expression of CD105 and CLEC14A by FC 
(Fig. 2c). Cells grown in EGM showed a significantly 
higher expression of CD105 (P = 0.001) and CLEC14A 
(P = 0.012). The combined expression of both markers 
was also significantly higher (P = 0.01) in cells grown 
in EGM (Table S2a). In addition, PMCs when sorted for 
ALDH1A1+ cells by FACS and cultured in EGM, showed 
expression of both CD31 and CD105 (Fig. 2d). To confirm 
our observations, the FC analysis was performed simul-
taneously in a single tube using antibodies against CD31, 
CD105, CD144 and CLEC14A. All the markers showed 
an increase in cells grown in EGM compared to spheroids 
in at least 4 out of 5 samples (data not shown).

Functional analysis of ECs derived from CSCs

The classical assay used to evaluate the functional prop-
erty of ECs is the uptake of Dil-labelled acetylated low 
density lipoprotein (Dil-ac-LDL) [12]. The PMCs, when 
cultured in EGM, showed uptake of Dil-ac-LDL (Fig. 3a). 
Secondly, we evaluated for expression of eNOS [13]. The 
immunofluorescence of cells cultured in EGM showed 
expression of eNOS (Fig. 3b). In the third assay, we dem-
onstrated that PMCs cultured in EGM formed tube-like 
structures when grown in 3D conditions after 24 h of seed-
ing (Fig. 3c) [14]. All these assays were performed after 
verifying that cells grown in EGM expressed endothelial 
specific markers (data not shown). HUVECs served as the 
control for all the three assays.

Ultra‑structure of ECs derived from CSCs

The cells cultured in EGM from the ovarian cancer cell 
lines, CAOV3 and OVCAR3 (both derived from patients 
with HGSOC), showed characteristic features of ECs when 
observed under a transmission electron microscope (TEM) 
similar to that of HUVECs. We observed the presence of 
Weibel–Palade bodies (WPBs), the storage granules of von 
Willebrand factor (vWF), which is one of the reported 

features of ECs [15–17]. We could also identify the gap 
junctions between two cells (Fig. 3d) which are also a 
special characteristic of ECs [18].

Co‑expression of CCNE1 and endothelial marker, 
CD31 in HGSOC

Cyclin E1 (CCNE1) is localized to chromosome 19q12 
and has been shown to be amplified in malignant cells of 
HGSOC [19]. It is reported to be amplified and overex-
pressed in 24.5% (146/594 cases) of patients with HGSOC 
[20]. We selected formalin fixed paraffin embedded (FFPE) 
sections of CCNE1 expressing tumours (n = 5) for IHC. To 
demonstrate if blood vessels are derived from malignant 
cells, double IHC was performed in these tumours. CCNE1 
was primarily expressed in the nuclei and CD31 + ECs also 
co-expressed CCNE1 in their nuclei. The results showed that 
a proportion of ECs (~ 25%) expressing CD31 also expressed 
CCNE1 (Fig.S1).

Are pericytes derived from ovarian CSCs?

Spheroids formed by PMCs (n = 10) were grown in DMEM 
supplemented with 10% FBS for 6 days. Pericytes were 
identified by their expression of desmin and Smooth muscle 
actin (SMA). The FC analysis showed that the expression of 
both desmin and SMA was increased (Fig. 4a, P = 0.03 and 
P = 0.017, respectively; Table S2b). CCNE1 is amplified in 
HGSOC and it can be demonstrated by FISH using specific 
probes. We performed immuno-FISH with a spectrum green 
labelled CCNE1 specific probe and an antibody against 
SMA in formalin fixed sections of HGSOC. The amplifica-
tion of CCNE1 in SMA+ pericytes confirms that they are 
genetically identical to the ovarian tumour cells (Fig. 4b). 
By Immuno-FISH and double IHC, we demonstrated that 
CCNE1 was predominantly localized to the nucleus in cells 
positive for either SMA or desmin (Fig. 4b).

Lymphatic endothelial cells (LECs) are derived 
from ovarian CSCs in vitro

VEGF-C is the ligand for LECs and signals via vascular 
endothelial growth factor receptor 3 (VEGFR3) [21, 22]. 
Spheroids formed by PMCs (n = 10) cultured in EGM along 
with VEGF-C (100 ng/ml), were evaluated for the expres-
sion of VEGFR3 by FC. Cells grown in EGM with VEGF-
C, showed increased expression of VEGFR3 compared to 
spheroids in all the samples (Fig. 5a–c). The mean differ-
ence in expression of VEGFR3 was significant (P = 0.028) 
(Table S2c). In addition, the dispersed cells cultured in 3D 
conditions with EGM containing VEGF-C, formed tube-like 
structures after 24 h of seeding (Fig. 5d, e).
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Ovarian CSCs support tumour angiogenesis 
and lymphangiogenesis in vivo

We transfected cells from two cell lines, CAOV3 and 
OVCAR3, with GFP vector (pLKO.1-puro-CMV-Tur-
boGFP, Sigma) to enable tracking of these cells. These sta-
bly GFP transfected cells were grown in SCM to form sphe-
roids which were injected subcutaneously to the right flank 
of nude mice. Tumours were formed in mice injected with 
spheroids from CAOV3 (n = 3/4) and OVCAR3 (n = 3/6) 
cells, respectively. Hematoxylin and eosin (H&E) staining 

of the frozen sections from xenograft tumours formed by 
spheroids from CAOV3 and OVCAR3 cells showed the his-
tology of adenocarcinoma (Fig. 6a). The immunostaining 
of the same frozen tumour sections with CD31 antibody 
showed the presence of 10% of CD31+ blood vessels co-
expressing GFP (Fig. 6b).

The immunofluorescence of the same xenograft tumour 
(frozen) sections with SMA antibody, showed the co-expres-
sion of GFP in SMA+ pericytes (Fig. 6c). This suggested 
that a proportion of pericytes (20–25%) was derived from 
GFP+ ovarian CSCs.

Fig. 3   Functional analysis and ultra-structure of CSC derived ECs. 
Cells were incubated with 1  µg/µl of Dil-ac-LDL for 4  h at 37  °C. 
a Uptake of Dil-ac-LDL by HUVECs (top), PMCs grown in SCM 
(middle) and EGM (bottom), Scale bar: 20  µm. b Expression of 
eNOS by HUVECs, PMCs grown in SCM and EGM are shown, 
Scale bar: 20 µm. Objective EC Plan-Neofluar 40X/0.75, Carl Zeiss 

Axio imager 3.1. c Formation of tube-like structures by HUVECs, 
PMCs grown in SCM and EGM are shown, Scale bar: 50  µm. d 
Ultra-structure of cells cultured in EGM was visualized by TEM. 
Weibel–Palade bodies (white arrows), and inter-cellular junctions 
(arrow heads) were observed in CAOV3 and OVCAR3 cell lines. N 
represents nuclei
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Fig. 4   CSCs in HGSOC give rise to pericytes in vitro. a Representa-
tive FC plots showing the expression of desmin and SMA in PMCs. 
Statistical analysis of the difference in expression of desmin and 
SMA is shown graphically (Wilcoxon signed rank test). b Immuno-
FISH of SMA and CCNE1 probe in a primary ovarian tumour. Arrow 
shows the CCNE1 amplification in the nucleus of a SMA+ pericyte 
(top panel). Co-expression of CCNE1 and desmin in primary ovar-

ian tumour by IHC (bottom panel). Anti-rabbit PE secondary anti-
body was used for CCNE1 (red fluorescence) and anti-mouse FITC 
was used for desmin (green fluorescence). Dual staining of CCNE1 
and desmin in a blood vessel was observed (white arrows), Scale bar: 
50  µm. Objective EC Plan-Neofluar 100X/1.3 oil, Carl Zeiss Axio 
imager 3.1
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On immunofluorescence with VEGFR3 antibody on the 
xenograft tumour (frozen) sections, co-expression of GFP in 
VEGFR3+ vessels (5–10%) was observed (Fig. 6d).

Bevacizumab inhibits the differentiation of ovarian 
CSCs to ECs

The spheroids from PMCs (n = 10) were treated with and 
without Bevacizumab (1 µg/µl) in EGM for 7 days. On 
FC analysis, the expression of CD105 and CLEC14A was 
decreased in all the samples when treated with Bevacizumab 
(Table S3). Although individually the decrease in expression 
of either CD105 or CLEC14A was not significant, the cells 
expressing both were significantly reduced following treat-
ment with Bevacizumab (P = 0.04). (Fig. 7a).

Further, cells from spheroids formed by CAOV3 cells 
were grown in EGM with and without Bevacizumab (1 µg/
µl). The expression of eNOS was significantly increased 
when cells are grown in EGM as compared to spheroids in 
SCM, which was inhibited in the presence of Bevacizumab 
(Fig. 7b).

Spheroids from CAOV3 cells were cultured in EGM in 
either the presence or absence of Bevacizumab or cediranib 
(VEGFR2 inhibitor). We examined primarily the MAP 
kinase, PI-3 kinase/AKT and STAT3 pathways. As an 

additional control, spheroids grown in SCM were starved 
for 48 h. In CAOV3, there was no expression of pERK in 
spheroids grown in SCM, whereas it was expressed in cells 
cultured in EGM. There was a reduction in the expression of 
the pERK upon treatment with Bevacizumab and cediranib. 
There was weak expression of pAKT in the cells cultured in 
EGM as well as cells treated with cediranib and no expres-
sion of pAKT in cells treated with Bevacizumab. Interest-
ingly, there was a reduction in the expression of pSTAT3 on 
treatment with Bevacizumab and cediranib (Fig. 7b).

Discussion

Angiogenesis is an important hallmark of cancer [23]. The 
correlation of vascular density in primary ovarian tumours 
with outcome has been conflicting [24]. Despite this, recent 
randomized trials have shown that anti-angiogenic drugs 
significantly improve disease free survival [25].

Usually, tumour cells get their nutrients and oxygen 
through neighbouring stroma. However, the cells in the inner 
core of the tumour are under hypoxia and they use other 
mechanisms of vascularization as previously described [2, 
26]. There is controversy in glioma whether CSCs give rise 
to ECs or pericytes [2].

Fig. 5   Lymphatic endothelial differentiation of PMCs from malignant 
ascites. Representative FC analysis of PMCs with VEGFR3 antibody 
in a spheroids and b cells in EGM with VEGF-C. Statistical analysis 
of the difference in expression of c VEGFR3 shown graphically (Wil-

coxon signed rank test). PMCs grown in d SCM and e in EGM with 
VEGF-C (100  ng/ml). Tube-like structures were formed by PMCs 
when grown in EGM containing VEGF-C (e), scale bar: 50 µm
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Spheroids represent a good model of the tumours and 
when grown under SCM, are enriched in CSCs [27]. In this 
report, we have consciously chosen PMCs due to 2 reasons. 
Firstly, majority of our patients present with advanced stages 
of disease (85–90%) where primary surgery is not under-
taken and the tissue from trucut biopsy is primarily used for 
pathological diagnosis. Although interval cytoreduction is 
performed after 3–4 cycles of preoperative chemotherapy, 
the biology of the residual tumour may not be identical. Sec-
ondly, PMCs are a better representation of the malignancy 
with all phenotypic variations and can be easily obtained 
following therapeutic paracentesis. Malignant ascites from 
patients diagnosed with HGSOC is a cell suspension com-
prising of ovarian tumour cells, macrophages and mesothe-
lial cells. The cells from isolated PMCs would after culture 

of 7–14 days, retain only malignant cells and are enriched 
in CSCs. We have evaluated this carefully and shown that 
malignant cells can be enriched by gating and excluding 
CD45+ macrophages during the FC analysis. It was also 
shown that spheroids from malignant ascites exhibit proper-
ties of CSCs and have increased expression of ALDH1A1 as 
compared to cells grown as monolayer [27, 28].

The co-expression of ALDH1A1 and endothelial mark-
ers (< 1%) in PMCs at presentation could be in cells already 
committed to differentiate which support the formation of 
new blood vessels.

In this report, we have identified a 1.5-fold increase in 
the combined expression of CD105/CLEC14A in cells from 
EGM in a significant proportion of patient samples. Further, 
to prove conclusively that CSCs contribute to angiogenesis, 

Fig. 6   Lineage tracking of ovarian CSCs in  vivo. a Representa-
tive images of the mice bearing tumours formed by spheroids from 
CAOV3 and OVCAR3 cells. Circle in red colour indicates tumour. 
Frozen sections from xenograft tumours formed by CAOV3 (top) 
and OVCAR3 (bottom) cell lines are shown (H&E). b Representa-
tive images of GFP, expression of CD31 (PE) are shown, respectively. 
Arrows indicate GFP+/CD31+ blood vessels in frozen sections. c 

Expression of SMA in xenograft tumours formed by GFP+ spheroids 
from CAOV3 and OVCAR3 cells. Arrows indicate GFP+/SMA+ 
blood vessels. d Expression of VEGFR3 in the xenograft tumours 
formed by GFP+ spheroids using CAOV3 and OVCAR3 cell lines. 
Arrows indicate GFP+/VEGFR3+ blood vessels, Scale bar: 100 µm. 
Objective EC Plan-Neofluar 100X/1.3 oil, Carl Zeiss Axio imager 3.1
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Fig. 7   VEGF pathway in endothelial differentiation. a Expression 
of CD105, CLEC14A and co-expression of CD105 and CLEC14A 
in spheroids, cells cultured in EGM and treated with Bevacizumab 
(1 µg/µl). Statistical analysis of the difference in expression of CD105 
and CLEC14A is shown graphically (Wilcoxon signed rank test). b 
Expression of eNOS in CAOV3 cells (left panel) grown as spheroids 
in SCM, Dispersed cells from spheroids grown in EGM ± Bevaci-

zumab, Western blot (right panel) of CAOV3 cells showing the phos-
phorylation of (i) ERK, (ii) AKT and (iii) STAT3 with and without 
drugs. Lanes 1—cell lysate, 2—spheroids (starved), 3—spheroids in 
SCM, 4—cells in EGM, 5—cells in EGM with Bevacizumab (1 µg/
µl) 6—cells in EGM with cediranib (1 µM), 7—SKOV3 cells stimu-
lated with EGF (10 min) as control lysate for the pAKT antibody
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when ALDH1A1+ sorted cells were grown in EGM; there 
was significant increase in the expression of CD31 and 
CD105.

Further, we have demonstrated that these cells are func-
tionally ECs through different assays. When cells grown in 
EGM were plated on a 3D matrix, tube-like structures were 
formed which resembled blood vessels. The cells derived 
from spheroids grown in EGM, when incubated with Dil-ac-
LDL, showed uptake of ac-LDL [12]. Our results suggested 
that at least, 10% of the primary cells from malignant ascites 
expressed eNOS when grown under endothelial conditions.

The presence of WPBs and the inter-cellular junctions in 
the ECs derived from ovarian CSCs shown by TEM support 
the finding that the CSC derived ECs showed characteristic 
features of their normal counterpart [17, 18].

To demonstrate that a proportion of ECs are from CSCs, 
GFP transfected spheroids were transplanted to mice. The 
in vivo differentiation potential of spheroids to ECs was 
demonstrated by the fact that GFP+/CD31+ blood vessels 
were observed in xenograft tumours formed by CAOV3 and 
OVCAR3 spheroids. All of the commercially available anti-
bodies against murine CD31, Endoglin or CLEC14A were 
cross reactive with human ECs. So we were unable to detect 
if there was any contribution from murine vessels in the 
xenograft experiments.

It has been reported that CD34+ ECs were found in 
xenograft tumours formed by CD44+ cells suggesting that 
CSC like cells in ovarian cancer can act as vascular progeni-
tors [29]. Similarly, in mouse xenograft tumours formed by 
CD44+/CD24− cells from mammospheres, it was reported 
that intra tumour blood vessels stained positive for HLA 
Class I and human CD31 supporting the fact that a propor-
tion of ECs were derived from the transplanted CSCs [7].

Upon quantification of the expression of pericyte specific 
markers, there was a fourfold increase in the expression of 
both desmin and SMA. CCNE1 is amplified and overex-
pressed in 24.5% (146/594 cases) of patients with HGSOC 
[20]. As this is primarily a genetic alteration observed in 
malignant cells, it should not be detectable in ECs or peri-
cytes. In our study, CCNE1 is expressed in ECs. Immuno-
FISH on primary ovarian tumours showed that CCNE1 was 
amplified in α-SMA+ pericytes suggesting genetic identity 
between pericytes and tumour cells. The pericyte differen-
tiation was further confirmed by lineage tracking in immu-
nocompromised mice. When GFP+ spheroids were trans-
planted to NcR nude mice, they formed tumours with GFP+/
SMA+ blood vessels.

Altogether, our results provide strong evidence that ovar-
ian CSCs can give rise to both ECs and pericytes. This is 
the first report demonstrating the differentiation of pericytes 
from ovarian CSCs. This is in contrast to CSCs from GBM 
where it was conclusively proven that the differentiated cells 
are pericytes and not ECs [6]. During hypoxic conditions, 

the CSC derived angiogenesis or lymphangiogenesis acts as 
an alternative to sprouting angiogenesis, which occurs from 
the neighbouring normal vessels.

Lymphangiogenesis is also responsible for metastasis of 
the tumour cells [2, 9]. Normal embryonic cells were shown 
to differentiate to LECs [30]. In this report, the proportion 
of cells grown in EGM with VEGF-C expressing VEGFR3 
increased by a factor of 3.5. It is also demonstrated that 
these LECs are functional as they form tube-like structures 
in appropriate conditions. In xenograft tumours, GFP+/
VEGFR3+ vessels were present suggesting the lymphatic 
endothelial differentiation of ovarian CSCs in vivo. Recently, 
it was also demonstrated that bone marrow derived mesen-
chymal stem cells can give rise to LECs in lung cancer and 
the herbal drug, jinfukang reduced the number of LYVE1+ 
cells and the weight of the tumour in chimeric mice [31]. 
This is the first report in any tumour type to demonstrate the 
lymphatic endothelial differentiation of CSCs.

Bevacizumab, an anti VEGF monoclonal antibody, has 
been shown to be clinically effective in ovarian cancer [25]. 
There was a significant reduction in the co-expression of the 
endothelial markers, CD105 and CLEC14A (P = 0.04) in the 
cells treated with Bevacizumab. This suggests that VEGF 
has a role in the differentiation of CSCs to ECs.

VEGF binds and activates VEGFR2, which further sig-
nals via ERK, PI3 K and STAT3 pathways in ECs [32–34]. 
Immunoblotting showed the activation of ERK pathway in 
CAOV3 cells upon endothelial differentiation compared to 
control, whereas AKT pathway was not active in spheroids 
or cells in EGM. The phosphorylation of ERK was inhib-
ited in CAOV3 cells on treatment with Bevacizumab and 
cediranib. The phosphorylation of STAT3 was inhibited par-
tially by Bevacizumab and completely blocked by cediranib 
in CAOV3 cells. Further experiments are required to evalu-
ate whether the MAP kinase pathway or STAT3 pathway is 
essential for this endothelial differentiation. The endothelial 
differentiation was also inhibited on treatment with STAT3 
inhibitor, Niclosamide in CAOV3 cells (data not shown). 
STAT3 pathway was shown to be influential for the endothe-
lial differentiation of CD133+ cells in ovarian cancer cell 
line, A2780 [35].

The mechanism of differentiation can be explored further 
by biochemical and genetic experiments. Ideally, changes in 
expression of genes in CSCs before and after differentiation 
can be analysed by RNA sequencing. This together with 
evaluation of all downstream pathways upon signalling by 
VEGF could suggest how this transdifferentiation occurs. 
However, even in glioma the exact mechanistic basis for 
transdifferentiation has not been understood completely.

Vascular mimicry is another mechanism in which tumour 
cells mimic ECs and form vascular channels. It has been 
demonstrated that patients with GBM acquires resistance 
to anti-angiogenic therapy and the tumour switches its 
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vascularization via vasculogenic mimicry. Vascular mimicry 
was also demonstrated in ovarian tumours [36].

The results presented in this report make a compelling 
argument to support the observation that a proportion of 
ECs, pericytes and LECs in serous adenocarcinoma of the 
ovary are derived from CSCs. Quantitative determination of 
co-expression of CSC and endothelial markers can be per-
formed in human ovarian tumours. It is difficult to ascertain 
the contribution of different types of tumour angiogenesis 
within a tumour. There are also no data which have sys-
tematically examined this. Chemotherapy as convention-
ally administered is cytotoxic to the majority of cells within 
a tumour. We have shown previously that vascular counts 
decrease following chemotherapy in ovarian tumours [24]. 
The CSCs which are relatively resistant survive all initial 
treatments and are possibly responsible for recurrence of 
cancer. In this context, angiogenesis contributed by CSCs 
may be more important. In this report, we have shown that 
VEGF pathway is responsible for endothelial differentiation 
of ovarian CSCs. These results suggest an additional mecha-
nism through which Bevacizumab and other VEGF specific 
inhibitors may influence response to treatment. In clinical 
trials with inhibitors of VEGF, improved disease free sur-
vival has been documented in the initial and recurrent setting 
[37–40]. Ultimately drugs targeting CSCs that can improve 
response to chemotherapy and prevent recurrence will be the 
way forward [41–43].

Materials and methods

Detailed materials and methods are included in the Supple-
mentary Information.

Patients

Malignant ascites was collected from patients attending Can-
cer Institute, Chennai, who were diagnosed with HGSOC 
prior to any treatment during therapeutic paracentesis. The 
clinical parameters such as serum CA125 and serum CEA 
were reviewed and the patients with the ratio of serum 
CA125 to serum CEA greater than 25, ascitic fluid cytology 
showing presence of malignant cells, and the trucut biopsy 
of the tumour confirming serous ovarian carcinoma were 
included in the study. This study was approved by the Insti-
tutional Ethics Committee, Institutional Stem cell Research 
Committee and the National Advisory committee on Stem 
cell Research and Therapy.

Processing of primary malignant ascites

Malignant ascites from untreated patients with serous 
adenocarcinoma of ovary were collected during therapeu-
tic paracentesis at presentation. The cells were pelleted by 
brief centrifugation at 1500 RPM for 5 min. Further, the 
cells were incubated with Red blood cell (RBC) lysis buffer 
(Ammonium chloride (8.02 g), sodium bicarbonate (0.84 g), 
EDTA (0.37 g) in 1000 ml of double distilled water) for 
15 min followed by centrifugation at 1500 RPM for 5 min. 
The supernatant was discarded and the cells were seeded on 
egg white in stem cell medium for the formation of sphe-
roids over 1–2 weeks [44].

Spheroid culture and differentiation

Spheroids grown in SCM were dispersed to single cells. 
Further, these cells were grown in EGM for 7 days before 
analysis. For pericyte differentiation, the dispersed cells 
from spheroids were cultured in DMEM with 10% FBS for 
6 days. Similarly, for lymphatic endothelial differentiation, 
the spheroids were dispersed to single cells and grown in 
EGM containing VEGF-C (100 ng/ml) for 7 days.

Flow cytometry (FC)

The expression of specific markers was evaluated by FC 
according to standard protocols. Briefly, the cells were 
blocked with 5% FBS for 15 min followed by incubation 
with primary and secondary antibodies. Cells were ana-
lysed in a flow cytometer (Mo-flo flow cytometer, Beckman 
Coulter).

Uptake of Dil‑ac‑LDL

Spheroids formed from PMCs were dispersed and cultured 
in EGM for 7 days. The PMCs from malignant ascites cul-
tured in EGM on coverslips were incubated with Dil-ac-LDL 
(1 µg/ml) for 4 h at 37 °C. After 4 h, the cells were washed 
with PBS and observed under fluorescent microscope [12]. 
The images were captured using Objective EC Plan-Neofluar 
40X/0.75, Carl Zeiss Axio imager 3.1.

Immunofluorescence

Cells were grown on coverslips and fixed with ice-cold 
methanol and further treated with appropriate primary and 
secondary antibodies. DAPI at a concentration of 1 µg/ml 
for 15 min was used to stain the nuclei. The images were 
captured using Objective EC Plan-Neofluar 40X/0.75, Carl 
Zeiss Axio imager 3.1.
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Tube formation assay

Spheroids formed by PMCs in SCM were dispersed and cul-
tured in EGM for 7 days. Further, these cells were seeded 
on egg white in EGM and observed for 24 h for the for-
mation of tube-like structures [45, 46]. Spheroids in SCM 
and HUVECs served as the control. For lymphatic vessels, 
PMCs dispersed from spheroids grown in EGM containing 
VEGF-C were plated on matrigel for 24 h to demonstrate 
tube formation.

Transmission electron microscopy (TEM)

Spheroids from OVACR3 and CAOV3 cells were dispersed 
to single cells and grown in EGM with 2% FBS for 7 days. 
The cell lines grown in conventional medium such as 
DMEM or RPMI with 10% FBS served as the control. Cells 
were prepared for analysis according to standard protocols. 
Ultra-thin sections were cut and observed under an electron 
microscope (JEOL TEM) [16].

Drug studies

The cells were cultured in EGM in the presence or absence 
of drugs like Bevacizumab (Roche) at a concentration of 
1 µg/µl and cediranib (Selleck Chemicals) at a concentration 
of 1 µM and cultured for 7 days. Treated cells were analysed 
by FC and immunoblotting according to standard protocols.

Immunohistochemistry (IHC)

The FFPE sections were processed for IHC as previously 
described [24]. Primary antibodies used were ALDH1A1 
(Abcam), or CCNE1 (Santa Cruz Biotechnology), both at a 
dilution of 1:50 and then treated with anti-rabbit HRP anti-
body. For the double IHC, the tissues were blocked with 
serum blocking reagent and incubated with a second primary 
antibody, CD31 and SMA, both at a dilution of 1:50. The 
tissues were further incubated with anti-mouse AP antibody 
and further stained with fast red. For double immunofluo-
rescence with Desmin and CCNE1, anti-mouse antibody 
labelled with FITC (1:100) was used for desmin (1:50) 
and anti-rabbit PE labelled antibody (1:100) was used for 
CCNE1 (1:50). DAPI at 1 µg/ml was used to stain the nuclei.

Western blotting

Cells grown in specific conditions were initially washed with 
PBS and were then lysed using ice-cold lysis buffer contain-
ing 150 mM NaCl,1 mM Tris–HCl pH 8.0, 1 mm EDTA, 1% 
Triton X-100, Protease inhibitor (1X), 2 mM Sodium Fluo-
ride, 1 mM PMSF, 2 mM Sodium Orthovanadate (fresh). 
The lysates were centrifuged at 10,000 rpm for 20 min and 

supernatant was stored in 1.5 ml tubes at − 80 °C. For immu-
noblotting, proteins were quantified by Bicinchoninic acid 
(BCA) assay and 40-50 µg of total protein was resolved on 
SDS-PAGE and then transferred to polyvinylidene difluoride 
(PVDF) 0.45 µm (Amersham). Blocking was done after 
washes in 5% skimmed milk for 1 h at room temperature. 
The blots after washes were incubated with the respective 
antibodies pERK, ERK, pAKT, pSTAT3 and GAPDH (Cell 
Signaling technologies) at the following dilutions: 1:1000, 
1:1000, 1:1000, 1:2000, 1:10,000, respectively overnight at 
4 °C. The blots were then incubated with secondary anti-
bodies (anti-mouse IgG HRP (1:30,000) & anti-rabbit IgG 
HRP (1:30,000) Jackson Immunologicals) for 1 h at room 
temperature followed by washing. The blots were then visu-
alized by Enhanced Chemiluminescence (Pierce) on X-ray 
film by auto-radiography.

In vivo studies

The cancer cells from ovarian cancer cell lines, OVCAR3 
and CAOV3, were stably transfected with GFP plasmid 
(pLKO.1-puro-CMV-TurboGFP, Sigma). The transfected 
cells were selected for stable expression of GFP by growing 
the cells in puromycin (200 ng/ml). The stably transfected 
cells were plated on 3D matrix with SCM for formation 
of spheroids. Further, 1 × 106 dispersed cells from sphe-
roids were resuspended in 100 µl of DMEM with an equal 
amount of growth factor reduced matrigel and were injected 
subcutaneously to the right flank of the female nude mice 
(n = 10). Specific Pathogen Free Ncr Nude (NCRNU) mice 
were procured from Vivo Bio Tech Ltd., Hyderabad, India. 
This study was approved by the Institutional Animal Ethics 
Committee.

Immunofluorescence (IF) on xenograft tumours

Tumours on reaching size of 1.5 cm3 were excised and 
immediately snap frozen in liquid nitrogen. Using a cryostat, 
frozen sections of 4 micron were cut and immediately fixed 
with acetone for 10 min. The tissues were further blocked 
in 1.5% BSA for 1 h and incubated with primary antibodies 
(CD31, SMA and VEGFR3 at a dilution of 1:50) for over-
night at 4 °C. Tissues were further incubated with anti-rabbit 
PE labelled secondary antibody (1:100) for 1 h at room tem-
perature, followed by nuclear staining with DAPI at 1 µg/ml 
for 10 min at room temperature. The images were captured 
using Objective EC Plan-Neofluar 100X/1.3 oil, Carl Zeiss 
Axio imager 3.1.
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Statistical analysis

All the data from FC are represented as Mean ± S.E.M. For 
samples without normal distribution, statistical analysis was 
performed using Wilcoxon signed rank test. A P value less 
than 0.05 was considered significant.

All the statistical analyses were performed using SPSS 
version 20.
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