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Co-option of pre-existing vascular beds in adipose tissue 
controls tumor growth rates and angiogenesis
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ABSTRACT

Many types of cancer develop in close association with highly vascularized 
adipose tissues. However, the role of adipose pre-existing vascular beds on tumor 
growth and angiogenesis is unknown. Here we report that pre-existing microvascular 
density in tissues where tumors originate is a crucial determinant for tumor growth 
and neovascularization. In three independent tumor types including breast cancer, 
melanoma, and fibrosarcoma, inoculation of tumor cells in the subcutaneous tissue, 
white adipose tissue (WAT), and brown adipose tissue (BAT) resulted in markedly 
differential tumor growth rates and angiogenesis, which were in concordance with 
the degree of pre-existing vascularization in these tissues. Relative to subcutaneous 
tumors, WAT and BAT tumors grew at accelerated rates along with improved 
neovascularization, blood perfusion, and decreased hypoxia. Tumor cells implanted 
in adipose tissues contained leaky microvessel with poor perivascular cell coverage. 
Thus, adipose vasculature predetermines the tumor microenvironment that eventually 
supports tumor growth.

INTRODUCTION

Microvasculature distributed in various tissues exhibit 
marked differences in their density, structure, architecture, 
and functions. Among all tissues, adipose tissues, 
especially brown adipose tissue (BAT) is probably the most 
vascularized tissue in the body [1–4]. Each adipocyte is 
engulfed with vascular capillaries that form a high density of 
vascular network to nourish the adipocytes. Endothelial cells 
and perivascular cells such as pericytes are the two primary 
cell types that have direct interactions with adipocytes [2]. 
Additionally, endothelium of adipose vasculature contains 
fenestrae to mediate exchanges of hormones and other 
large molecules with the surrounding and remote tissues [5, 
6]. Adipose tissue is probably the largest endocrine organ 
in the body and adipocytes produce various adipokines, 
hormones, growth factors, and cytokines to regulate its 
local microenvironment and the distal macroenvironment 
[4, 7–13]. Adipocytes constantly experience expansion 
and shrinkage according to their metabolic functions. To 

cope with alterations of adipocytes, the adipose vasculature 
exhibits marked plasticity during adipose tissue expansion 
and shrinkage [14, 15].

While white adipose tissue (WAT) stores excessive 
energy, BAT commits to energy expenditure by generating 
heat [16]. Under certain circumstances such as cold 
exposure, WAT, especially subcutaneous WAT, undergoes 
a browning transition and contributes to non-shivering 
thermogenesis [17–20]. This phenotypic and metabolic 
transition augments angiogenesis, which supplies fuel for 
thermogenesis [3, 17]. It is now known that endothelial 
cells produce various growth factors and cytokines to 
regulate adipocyte functions [4]. Additionally, vessel 
wall cells including endothelial cells and pericytes serve 
as a stem cell reservoir for supplying preadipocytes 
and adipocytes [21]. Adipocytes also produce various 
angiogenic factors including VEGF and angiopoietin to 
induce angiogenesis [2, 4, 17, 22, 23].

Tumor growth is dependent on angiogenesis that is 
stimulated by various tumor-derived angiogenic factors 
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[24–27]. Inhibition of tumor angiogenesis is an effective 
approach for treatment of human cancers [24]. Tumors 
originating from different tissue microenvironments 
are exposed to different vascular beds. The pre-existing 
vasculature in various tissues would provide an uneven 
opportunity for tumor angiogenesis, growth, invasion, and 
possibly drug responses [28, 29]. In this present study, we 
provide compelling evidence to demonstrate that tumors 
implanted in highly vascularized WAT and BAT tissues 
exhibit accelerated tumor angiogenesis and growth. 
Thus, pre-existing vessels stimulate tumor development, 
angiogenesis and growth rate. The clinical implication 
of our findings may suggest that tumors originating from 
adipose-associated tissues have a growth advantage and 
may respond differently to anti-cancer drugs.

RESULTS

Differential breast cancer growth in 
subcutaneous tissue, WAT and BAT

To investigate the variation of pre-existing vascular 
beds in different tissues in modulating tumor growth, 
we chose subcutaneous tissue, WAT and BAT for our 
study. Immunohistochemical staining of these tissues show 
that inguinal WAT (iWAT) and interscapular BAT (iBAT) 
contained substantially higher density of microvessel 
than the subcutaneous tissue (P < 0.001) (Figure 1A). 
Microvessel density of iBAT was approximately 4-fold 
higher than that in iWAT (P < 0.001) (Figure 1B). Under 
the experimental temperature condition (22-23 °C), a 

Figure 1: Vascularity in subcutaneous tissue, iWAT and iBAT. A. H&E, CD31, CD31 plus perilipin, Iba1 plus perilipin and UCP1 
plus perilipin staining of subcutaneous tissue (S.C), iWAT and iBAT of adult healthy C57BL/6 mice (n = 8 mice/group). Representative 
micrographs are shown. Arrows point to microvessel, UCP1, and Iba1 positive signals in their corresponding panels. Bar = 50 μm. B. 
Quantification of CD31+ microvessel density (n = 8 random fields/group), number of Iba1+ (n = 6-8 random fields/group), and UCP1+ 
signals (n = 6 random fields/group). *p<0.05; **p<0.01; ***p<0.001. Data were presented as mean determinants ± S.E.M.
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substantial number of iBAT adipocytes expressed UCP1, 
which is a key mitochondrial protein responsible for non-
shivering thermogenesis (Figure 1A and 1B). It appeared 
that iBAT contained fewer inflammatory macrophages 
relative to subcutaneous and iWAT tissues (P < 0.01) 
(Figure 1A and 1B).

For studying tumor growth, we chose an EO771 
mouse breast cancer model because breast cancer 
development and progression are tightly associated with 
adipose depots. Implantation of 0.5 x 106 EO771 cells in 
the dorsal subcutaneous region of syngeneic C57BL/6 
mice resulted in a relative slow growth rate. At 15 days 
after tumor implantation, the average tumor size was less 
than 0.1 cm3 (Figure 2A). Notably, implantation of the 
same number of EO771 cells in iWAT resulted in a marked 
accelerated tumor growth rate relative to subcutaneous 
implantation (P < 0.001) (Figure 2A). Implantation of 
tumor cells in iBAT led to an exceptionally fast growth, 

which was nearly 10-fold greater than subcutaneous 
tumors. While tumors implanted in subcutaneous 
tissue had a delayed onset of tumor takeoff, iWAT and 
iBAT showed accelerated tumor takeoff. Particularly, 
implantation of tumor cells in iBAT resulted in almost 
immediate tumor growth without the delayed tumor 
takeoff period. These findings demonstrate that tumors 
implanted in the highly vascularized adipose tissues 
exhibit accelerated growth rates and tumors in iBAT show 
an exceptional growth advantage.

Alterations in the tumor microenvironment

We investigated angiogenesis in tumors grown in 
different tissues and discovered that the degree of tumor 
vascularization reconciled with the degree of pre-existing 
microvessel density. In iWAT, a nearly 2-fold increase of 
microvessel density was observed as compared to that 

Figure 2: Growth rate, angiogenesis, permeability, and blood perfusion of EO771 mouse mammary tumors. A. 
Approximately 0.5 x 106 tumor cells were implanted in subcutaneous region of the dorsal back, iWAT and iBAT of each adult mouse. 
Tumor growth rates were measured as volume and weighed (n = 8 mice/group). Representative tumors are shown. B. CD31+ microvessel 
density and morphology, NG2+ pericytes associated area and % NG2+ pericyte coverage microvessel of tumors implanted in subcutaneous 
tissue, iWAT and iBAT. Arrows indicate tumor microvessel, pericytes, and pericyte coverage in their corresponding panels. Bar = 50 μm. 
Quantification of CD31+ microvessel density, NG2+ pericytes associated area, and % of NG2+ pericyte coverage (n = 8 random fields/group). 
C. Extravasation of rhodamine-labeled 70-kDa dextran in subcutaneous, iWAT and iBAT implanted tumors. Arrows point to the extravasated 
dextran signals. Bar = 50 μm. Quantification of the extravasated dextran positive signals (n = 6 random fields/group). D. Blood perfusion of 
2000-kDa dextran in subcutaneous, iWAT and iBAT implanted tumors. Arrows point to the dextran-perfused vessels. Bar = 50 μm. Quantification 
of the dextran-perfused positive signals (n = 6 random fields/group). *p<0.05; **p<0.01; ***p<0.001. Data were presented as mean  
determinants ± S.E.M.
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of subcutaneous tumors (P < 0.01) (Figure 2B). In iBAT 
tumors, an exceptional high vessel density was detected. 
Additionally, it appeared that microvessel displayed a 
dilated and disorganized phenotype in iBAT tumors, which 
also lacked pericyte coverage. In concordance with the 
disorganization phenotype and lack of pericyte coverage, 
tumor vessels in iWAT and iBAT were highly leaky of 
70-kDa dextran (P < 0.01) (Figure 2C). Consistent with 
augmented tumor angiogenesis, blood perfusion was also 
proportionally increased in iWAT and iBAT (P < 0.001) 
(Figure 2D). 

We next investigated the microenvironment of 
tumors grown in different tissues. In both iWAT- and 
iBAT-implanted tumors, we found intimate interactions 
between tumor cells and adipocytes. Substantial numbers 
of adipocytes were present in tumor tissues and they 
showed positivity for perilipin (Figure 3A). Another 
interesting finding is that tumors in iWAT (P < 0.01) and 
iBAT (P < 0.001) contained markedly higher numbers of 
tumor-associated macrophages (TAMs) (Figure 3A and 
3B). Consistent with increased blood perfusion, tumor 

Figure 3: Microvessel, inflammation, and tissue hypoxia of EO771 mouse mammary tumors implanted in subcutaneous, 
iWAT and iBAT tissues. A. Representative micrographs of H&E, endomucin plus perilipin, Iba1, and pimonidazole staining. Arrows 
point to adipocytes, microvessel, Iba1 and pimonidazole positive signals. Bar = 100 μm. B. Quantification of number of Iba1+ (n = 8 random 
fields/group), and pimonidazole+ signals (n = 6 random fields/group). **p<0.01; ***p<0.001. Data were presented as mean determinants 
± S.E.M.
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tissues implanted in iWAT and iBAT showed decreased in 
tissue hypoxia (P < 0.001) (Figure 3A and 3B).

Melanoma growth in subcutaneous, iWAT 
and iBAT tissues

We chose a melanoma model to further validate our 
findings from the breast cancer model since melanoma, 
especially invasive melanoma, exhibits vertical growth 
which is often in associated with the adipose tissue. In 
principle, the melanoma model reproduced the findings 
from the breast cancer model (Figure 2). Similar to the 
breast cancer model, implantation of mouse B16-F10 
melanoma in iWAT and iBAT syngeneic C57BL/6 mice 

resulted in marked accelerated growth rates compared 
to subcutaneous tumors (P < 0.001) (Figure 4A). Again, 
tumors implanted in the iBAT showed advantages of 
tumor takeoff and growth, which were significantly 
greater than tumors implanted in the iWAT. Consistetly, 
iWAT and iBAT tumors were highly vascularized with 
reduced pericyte coverage compare to subcutaneous 
tumors (Figure 4B and 4C). Tumors-implanted in iWAT 
and iBAT also showed decreased in hypoxia, higher 
numbers of Iba1 positive cells (P < 0.01 in iWAT and P < 
0.001 in iBAT), and infiltration of adipocytes (Figure 4D 
and 4E). These findings provide additionally supportive 
evidence that tumors in adipose tissues possess quick 
takeoff and accelerated growth rates.

Figure 4: Growth rate, angiogenesis, microvessel, inflammation and tissue hypoxia of B16-F10 mouse melanoma tumors 
implanted in subcutaneous, iWAT and iBAT tissues. A. Approximately 0.5 x 106 tumor cells were implanted in subcutaneous 
region of the dorsal back, iWAT and iBAT of each adult mouse. Tumor growth rates were measured as volume and weighed (n = 8 mice/
group). Representative tumors are shown. B. CD31+ microvessel density and morphology, NG2+ pericytes associated area and % NG2+ 
pericyte coverage microvessel of tumors implanted in subcutaneous tissue, iWAT and iBAT. Arrows indicate tumor microvessel, pericytes, 
and pericyte coverage in their corresponding panels. Bar = 100 μm. C. Quantification of CD31+ microvessel density, NG2+ pericytes 
associated area, and % of NG2+ pericyte coverage (n = 8 random fields/group). D. Representative micrographs of H&E, endomucin plus 
perilipin, Iba1, and pimonidazole staining. Arrows point to adipocytes, microvessel, Iba1 and pimonidazole positive signals. Bar = 100 
μm. E. Quantification of number of Iba1+ (n = 8 random fields/group), and pimonidazole+ signals (n = 6 random fields/group). *p<0.05; 
**p<0.01; ***p<0.001. Data were presented as mean determinants ± S.E.M.
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Fibrosarcoma growth in subcutaneous, iWAT 
and iBAT tissues

We chose a third tumor model, mouse fibrosarcoma 
T241 to further validate our findings. Consistent with 
the results from breast and melanoma models, similar 
observations were seen in the fibrosarcoma T241 model: 
higher pre-existing vascular density in iWAT and iBAT 
supports faster tumor takeoff as compared to tumors 
implanted subcutaneously (Figure 5A). Tumor growth 
rates were significantly faster in tumors implanted in the 
iWAT and iBAT (P < 0.001) (Figure 5A). The microvessel 
density of tumors implanted in iWAT and iBAT was 
significantly higher than that of subcutaneous tumors (P 
< 0.001) (Figure 5B and 5C). Similarly, pericyte coverage 

in iWAT and iBAT were reduced as compared to the 
subcutaneously implanted tumors (Figure 5B and 5C). 
Fibrosarcoma tumors implanted in the iWAT and iBAT 
also demonstrated increased infiltration of adipocytes 
and Iba1 positive cells (Figure 5D and 5E). These results 
further validate our findings that higher pre-existing 
vascular density in the adipose tissues initiates tumor 
takeoff and supporting tumor growth.

DISCUSSION

Our present work provides novel insights on the pre-
existing vascular niches in different tissues in supporting 
tumor takeoff and growth. Among other dissimilarities, 

Figure 5: Growth rate, angiogenesis, microvessel and inflammation of T241 mouse fibrosarcoma tumors implanted 
in subcutaneous, iWAT and iBAT tissues. A. Approximately 0.5 x 106 tumor cells were implanted in subcutaneous region of 
the dorsal back, iWAT and iBAT of each adult mouse. Tumor growth rates were measured as volume and weighed (n = 8 mice/group). 
Representative tumors are shown. B. CD31+ microvevessel density and morphology, NG2+ pericytes associated area and % NG2+ pericyte 
coverage microvessel of tumors implanted in subcutaneous tissue, iWAT and iBAT. Arrows indicate tumor microvessel, pericytes, 
and pericyte coverage in their corresponding panels. Bar = 100 μm. C. Quantification of CD31+ microvessel density, NG2+ pericytes 
associated area, and % of NG2+ pericyte coverage (n = 8 random fields/group). D. Representative micrographs of H&E, endomucin plus 
perilipin and Iba1 staining. Arrows point to adipocytes, microvessel and Iba1 positive signals. Bar = 100 μm. E. Quantification of number 
of Iba1+ (n = 8 random fields/group). *p<0.05; **p<0.01; ***p<0.001. Data were presented as mean determinants ± S.E.M.
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vascular beds in various tissues are different in numbers, 
structures and functions. Despite this knowledge, the role 
of pre-existing vasculature in the initial tumor formation 
and subsequent growth remains elusive. Our data show 
that implantation of tumor cells in highly vascularized 
iWAT and iBAT tissues results in an accelerated tumor 
takeoff. In support of this view, some of the most common 
human cancers including breast cancer, prostate cancer, 
colorectal cancer, and pancreatic cancer are all originating 
from the adipose environment. High incidences of 
these cancers could reflect the fact that they are likely 
newly formed cancers that escaped dormancy. It is also 
known that an anatomical barrier made of fibrous septae 
often exists surrounding the tumor mass in the adipose 
environment. Perhaps, the fibrous septae serves as the 
protective structure for tumor cell invasion and accelerated 
growth. In fact, tumors which have the fibrous septae are 
often pathologically defined as benign tumors even though 
malignant cells may have similar genetic alterations.

Another interesting aspect of adipose associated 
cancers is that malignant cells might be able to switch their 
metabolic programs toward a lipogenic pathway rather 
than solely glucose-dependent pathways. It is known that 
the lipogenic pathway provides excessive energy for tumor 
cell proliferation and migration, leading to an accelerated 
growth rates and invasiveness [37]. Therefore, the adipose 
microenvironment not only provides high density of 
microvessel that support tumor formation and growth, but 
could also reprogram of tumor cells metabolism to support 
invasion.

Genetic mutations of oncogenes and tumor 
suppressor genes occur frequently in many other non-
adipose-associated tissues as well. However, these tumors 
can remain dormant for years without growth and may 
not even progress into clinically detectably mass. An 
outstanding example is the thyroid cancer, where in situ 
microscopic carcinomas are present in virtually all thyroid 
glands of autopsied individuals ages between 50 to 70  
[38]. These cancer patients can live for years and even the 
rest of their lives without developing clinically manifested 
cancer disease. Assuming that a dormant thyroid tumor is 
present in an adipose tissue microenvironment, this tiny 
tumor would have grown into angiogenic tumor within a 
relatively short time. This interesting possibility warrants 
further investigation. Another interesting aspect of adipose 
tissues in facilitating tumor growth is the unique metabolic 
profiles of adipocytes and immune response. It is likely 
that certain types of cancer cells are able to utilize lipid 
for generation of sufficient energy for their proliferation 
and mobility, leading to invasion and metastasis. Also, 
the abundant number of inflammatory cells in the 
adipose environment could facilitate cancer invasion and 
metastasis.

Our findings could be further expanded to metastatic 
cancer growing in highly vascularized mesentery 
environment where the adipose tissue is a major 

component. It is known that metastatic tumors grow in the 
mesentery at an accelerated rate and contain a high density 
of microvessel [39]. The high density of microvessel in 
adipose tissues would provide vascular niches for tumor 
cell co-option. In fact, the initial formation of a microscopic 
primary tumor or a metastatic niche is attained by co-
option of the pre-existing vascular network in a given 
tissue [40–42]. Even a microscopic tumor with only a few 
hundreds of cells is dependent on nutrient and oxygen 
supply from the pre-existing vasculature by free diffusion. 
However, further expansion of a tumor size beyond a few 
cell layers requires intratumoral neovascularization [40]. 
It is likely that a high number of pre-existing microvessel 
would result in an enhanced angiogenic response, which 
would accelerate tumor growth. In this regard, the pre-
existing vasculature stimulates subsequent tumor growth.

Treatment of adipose tissue-associated cancers 
with antiangiogenic drugs may result in differential 
responses due to the vascular plasticity in the adipose 
tissue. Some cancer types such as pancreatic cancer 
growing in the adipose tissue are completely resistant to 
antiangiogenic therapy. Perhaps, antiangiogenic drugs 
such as bevacizumab do not target the proangiogenic 
factors in the adipose tissue. Another example is the breast 
cancer patients who did not show overall survival benefits 
from anti-VEGF-based antiangiogenic drugs, resulting 
in the withdrawal of previously approved bevacizumab 
for treatment [43]. It warrants further investigation and 
clinical validation to demonstrate if this is a general trend 
of drug response for adipose-related cancers.

MATERIALS AND METHODS

Animals

Female C57BL/6 mice at age between 6-8-week-old 
were obtained from the breeding facility of the Department 
of Microbiology, Tumor and Cell Biology at Karolinska 
Institute, Stockholm, Sweden. All animal studies were 
approved by the North Stockholm Experimental Animal 
Ethical Committee.

Cell culture

Monolayers of EO771 tumor cells were cultured in 
Roswell Park Memorial Institute (RPMI) 1640 medium 
(HyClone; catalog no. SH30027.01), supplemented with 
10% (vol/vol) heat-inactivated fetal bovine serum (FBS) 
(HyClone; catalog no. SH30160.03) and penicillin-
streptomycin (100 U/mL) (HyClone; catalog no. 
SV30010). Monolayers of B16-F10 and fibrosarcoma 
T241 tumor cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) (HyClone; catalog no. 
SH30243.01), supplemented with 10% (vol/vol) heat-
inactivated FBS and penicillin-streptomycin (100 U/mL). 
All cell lines were purchased from the ATCC. All cell 
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lines were not authenticated after purchase or transferred 
from other laboratories but were routinely tested negative 
for mycoplasma by using the Mycoplasma Detection Kit 
(Lonza).

Mouse tumor models

Cultured tumor cells at the concentration of 0.5 
x 106 cells in 30 μL of phosphate-buffered saline (PBS) 
were subcutaneously (s.c.) injected into the dorsal back 
along the midline of each mouse in the Dorsal S.C 
group (n = 8 mice). To visualize adipose depots, small 
subcutaneous incisions were created in regions of mouse 
iWAT and iBAT (n = 8 mice per group). Approximate  
0.5 x 106 tumor cells in 30 μL PBS were injected into the 
iWAT depot or the iBAT depot of each mouse, followed 
by closure of incisions with sterile surgical suture 
(Ethicon; VICRYL V422 4-0). For pain relief, operated 
mice received twice daily for 2 days s.c. injection of  
Temgesic (RB Pharmaceuticals) (0.1 mg/kg). Tumor sizes 
were measured every other day with a caliper and tumor 
volumes were calculated according to a standard formula: 
length × width2 × 0.52). At the end of each experiment, 
mice were sacrificed by cervical dislocation. Tumors were 
dissected and tumor tissues were immediately fixed at 4°C 
overnight with 4% paraformaldehyde (PFA), followed by 
washing with PBS prior to whole-mount staining.

Vascular permeability, perfusion and hypoxia 
probe labeling

The hypoxia probe pimonidazole hydrochloride 
(Hypoxyprobe; catalog no. HP2-1000) at a dose of 60 
mg/kg was intravenously (i.v.) injected into each mouse 
that was sacrificed 30 minutes later. Tumor tissues were 
dissected and immediately fixed in 4% PFA. Lysinated 
rhodamine-fixable dextran (LRD) at a molecular weight 
of 70- or 2000-kDa (Invitrogen, catalog no. D1818 and 
D7139) was intravenously injected into the tail vein of 
each tumor-bearing mouse when the tumor size reached 
0.8 cm3. At 5 minutes after injection with 2000-kDa 
dextran and 15 minutes after injection with 70-kDa 
dextran, mice were sacrificed, and tumor tissues were 
immediately fixed in 4% PFA overnight and further 
analyzed by whole-mount staining.

Whole-mount staining

Tissue whole-mount staining was performed 
as described previously [30–32]. Briefly, fresh tumor 
tissues fixed at 4°C overnight with 4% PFA were washed 
with PBS. Tumor tissues were cut into small and thin 
pieces using a scalpel blade, followed by digestion with 
proteinase K (20 mM in Tris buffer, pH 7.5) for 5 minutes. 
Tissues were permeabilized with 100% methanol for 
30 minutes and blocked a PBS-based blocking buffer 

containing 3% milk and 0.3% Triton X-100 (Sigma-
Aldrich; catalog no. X100). Tissue samples were double 
immunostained at 4°C overnight with a rat anti-mouse 
CD31 antibody (BD Pharmingen; catalog no. 553370; 
1:200) and a rabbit anti-mouse NG2 antibody (Millipore; 
catalog no. MAB5384; 1:200). Stained tumor tissues were 
further blocked with 3% milk, followed by incubation at 
room temperature for 2 hours with secondary antibodies 
including: a goat anti-rat Alexa 555 (Invitrogen; catalog 
no. A21434; 1:400); a goat anti-rat Cy5 (Millipore; catalog 
no. AP183S; 1:400); or a goat anti-rabbit Cy5 (Millipore; 
catalog no. AP132S; 1:400). Tissues were thoroughly 
washed with PBS at 4°C overnight before mounting in 
Vectashield mounting medium (Vector Laboratories; 
catalog no. H-1000). Samples were stored at −20°C in dark 
until images were captured using a confocal microscope 
(Nikon D-Eclipse C1, Nikon Corp.). Quantitative analyses 
were performed from the data of at least 6-8 different 
random fields using the Adobe Photoshop CS5 program.

H&E staining

Paraffin-embedded tissues were sectioned at 5 μm 
in thickness and baked at 60°C for 1 hour. Tissue samples 
were deparaffinized using Tissue-Clear (Sakura; catalog 
no. 1466) and hydrated with decreasing concentration of 
ethanol. Samples were stained with hematoxylin (Sigma-
Aldrich; catalog no. MHS16-500ML), rinsed with water 
for 10 minutes, and counterstained with Eosin Y solution 
(Sigma-Aldrich; catalog no. 318906) followed by 
dehydration and mounted with Pertex (HistoLab; catalog 
no. 00801). Stained tissues were examined using a light 
microscope (Nikon Eclipse TS100, Nikon Corp.).

Immunohistochemistry

Paraffin-embedded tissues were sectioned at 5 
μm in thickness and baked at 60°C for 1 hour. After 
deparaffinization and hydration, tissue antigens were 
retrieved by boiling for 15 minutes in an unmasking 
solution (Vector Laboratories; catalog no. H3300). Tissue 
samples were washed three times with PBS, followed 
by blocking with 4% a non-immune serum (Vector 
Laboratories; catalog no. S-1000), and were stained 
overnight at 4°C with primary antibodies including: a 
rat anti-mouse Endomucin (eBioscience; catalog no. 14-
5851-85; 1:100); a rabbit anti-mouse UCP1 (Abcam; 
catalog no. ab 10983; 1:100); a rabbit anti-mouse Iba1 
(WAKO; catalog no. 019-19741; 1:400); and a Guinea 
pig anti-mouse perilipin (Fitzgerald; catalog no. 20R-
PP004; 1:400). Tissue samples were incubated at 
room temperature for 45 min with species-matching 
fluorescein-labeled secondary antibodies: a goat anti-
rat Alexa 555 (Invitrogen; catalog no. A21434; 1:400), 
a donkey anti-rabbit Alexa 647 (Invitrogen; catalog no. 
A31573; 1:400), and a goat anti-guinea pig Alexa 649 
(Jackson Immunogen; catalog no. 106-495-003; 1:400). 
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For detection of tumor hypoxia, a FITC-conjugated mouse 
anti-pimonidazole monoclonal antibody (Hypoxyprobe; 
catalog no. clone 4.3.11.3; 1:400) was used. Tissue 
slides were mounted with Vectashield mounting medium 
containing DAPI for nuclear staining (Vector Laboratories; 
catalog no. H-1200) and stored at −20°C in dark until 
images were captured using a fluorescence microscope 
(Nikon digital sights, Nikon Corp.).

Image analysis

CD31+ microvessel area per field, NG2+ covered 
pericyte area per field and pimonidazole+ area per field, 
were quantified using the Adobe Photoshop CS5 program 
[33–36]. The positive signals were detected as pixels 
using the color range tool. The pixel numbers displayed 
on the histogram window were recorded and converted 
to micrometer square per field using the Microsoft Excel 
program. The number of Iba1+ cells per field was counted 
manually using the count tool in the Adobe Photoshop 
program.

Statistical analysis

Data represent means ± SEM. P values were 
determined by unpaired Student’s t test. *P < 0.05 was 
considered significant. 

ACKNOWLEDGMENTS

Y.C.’s laboratory is supported through research 
grants from: the Swedish Research Council; the Swedish 
Cancer Foundation; the Karolinska Institute Foundation; 
the Karolinska Institute distinguished professor award; the 
Torsten Soderbergs foundation; the European Research 
Council (ERC) advanced grant ANGIOFAT (Project no 
250021); the Knut Alice Wallenberg Foundation; the Novo  
Nordisk Foundation for the advanced grant; the Alex and 
Eva Wallströms foundation and the Lars Hiertas Minne 
foundation.

CONFLICTS OF INTEREST

The authors disclose no potential conflicts of 
interest.

REFERENCES

1. Cao Y. Angiogenesis as a therapeutic target for obesity 
and metabolic diseases. Chem Immunol Allergy. 2014; 
99:170-179.

2. Cao Y. Angiogenesis and vascular functions in modulation 
of obesity, adipose metabolism, and insulin sensitivity. Cell 
Metab. 2013; 18:478-489.

3. Cao Y. Adipose tissue angiogenesis as a therapeutic target 
for obesity and metabolic diseases. Nat Rev Drug Discov. 
2010; 9:107-115.

4. Cao Y. Angiogenesis modulates adipogenesis and obesity. 
J Clin Invest. 2007; 117:2362-2368.

5. Cao R, Brakenhielm E, Wahlestedt C, Thyberg J, Cao Y. 
Leptin induces vascular permeability and synergistically 
stimulates angiogenesis with FGF-2 and VEGF. Proc Natl 
Acad Sci U S A. 2001; 98:6390-6395.

6. Kamba T, Tam BY, Hashizume H, Haskell A, Sennino 
B, Mancuso MR, Norberg SM, O’Brien SM, Davis RB, 
Gowen LC, Anderson KD, Thurston G, Joho S, et al. 
VEGF-dependent plasticity of fenestrated capillaries in the 
normal adult microvasculature. Am J Physiol Heart Circ 
Physiol. 2006; 290:H560-576.

7. Friedman JM, Halaas JL. Leptin and the regulation of body 
weight in mammals. Nature. 1998; 395:763-770.

8. Campfield LA, Smith FJ, Burn P. Strategies and potential 
molecular targets for obesity treatment. Science. 1998; 
280:1383-1387.

9. Coll AP, Farooqi IS, O’Rahilly S. The hormonal control of 
food intake. Cell. 2007; 129:251-262.

10. Spiegelman BM, Flier JS. Adipogenesis and obesity: 
rounding out the big picture. Cell. 1996; 87:377-389.

11. Crowley VE, Yeo GS, O’Rahilly S. Obesity therapy: 
altering the energy intake-and-expenditure balance sheet. 
Nat Rev Drug Discov. 2002; 1:276-286.

12. Kadowaki T, Yamauchi T, Kubota N, Hara K, Ueki K, 
Tobe K. Adiponectin and adiponectin receptors in insulin 
resistance, diabetes, and the metabolic syndrome. J Clin 
Invest. 2006; 116:1784-1792.

13. Trayhurn P, Bing C, Wood IS. Adipose tissue and 
adipokines--energy regulation from the human perspective. 
J Nutr. 2006; 136:1935S-1939S.

14. Brakenhielm E, Cao R, Gao B, Angelin B, Cannon B, 
Parini P, Cao Y. Angiogenesis inhibitor, TNP-470, prevents 
diet-induced and genetic obesity in mice. Circ Res. 2004; 
94:1579-1588.

15. Rupnick MA, Panigrahy D, Zhang CY, Dallabrida SM, 
Lowell BB, Langer R, Folkman MJ. Adipose tissue mass 
can be regulated through the vasculature. Proc Natl Acad 
Sci U S A. 2002; 99:10730-10735.

16. Cannon B, Houstek J, Nedergaard J. Brown adipose tissue. 
More than an effector of thermogenesis? Ann N Y Acad 
Sci. 1998; 856:171-187.

17. Xue Y, Petrovic N, Cao R, Larsson O, Lim S, Chen S, 
Feldmann HM, Liang Z, Zhu Z, Nedergaard J, Cannon 
B, Cao Y. Hypoxia-independent angiogenesis in adipose 
tissues during cold acclimation. Cell Metab. 2009; 
9:99-109.

18. Shabalina IG, Petrovic N, de Jong JM, Kalinovich AV, 
Cannon B, Nedergaard J. UCP1 in brite/beige adipose tissue 
mitochondria is functionally thermogenic. Cell Rep. 2013; 
5:1196-1203.



Oncotarget38291www.impactjournals.com/oncotarget

19. Cohen P, Spiegelman BM. Brown and Beige Fat: Molecular 
Parts of a Thermogenic Machine. Diabetes. 2015; 
64:2346-2351.

20. Cohen P, Levy JD, Zhang Y, Frontini A, Kolodin DP, 
Svensson KJ, Lo JC, Zeng X, Ye L, Khandekar MJ, 
Wu J, Gunawardana SC, Banks AS, et al. Ablation of 
PRDM16 and beige adipose causes metabolic dysfunction 
and a subcutaneous to visceral fat switch. Cell. 2014; 
156:304-316.

21. Tang W, Zeve D, Suh JM, Bosnakovski D, Kyba M, 
Hammer RE, Tallquist MD, Graff JM. White fat progenitor 
cells reside in the adipose vasculature. Science. 2008; 
322:583-586.

22. De Bock K, Georgiadou M, Carmeliet P. Role of endothelial 
cell metabolism in vessel sprouting. Cell Metab. 2013; 
18:634-647.

23. Sung HK, Doh KO, Son JE, Park JG, Bae Y, Choi S, 
Nelson SM, Cowling R, Nagy K, Michael IP, Koh GY, 
Adamson SL, Pawson T, et al. Adipose vascular endothelial 
growth factor regulates metabolic homeostasis through 
angiogenesis. Cell Metab. 2013; 17:61-72.

24. Folkman J. Tumor angiogenesis: therapeutic implications. 
N Engl J Med. 1971; 285:1182-1186.

25. He C, Zhao C, Kumar A, Lee C, Chen M, Huang L, Wang 
J, Ren X, Jiang Y, Chen W, Wang B, Gao Z, Zhong Z, et al. 
Vasoprotective effect of PDGF-CC mediated by HMOX1 
rescues retinal degeneration. Proc Natl Acad Sci U S A. 
2014; 111:14806-14811.

26. Li X, Kumar A, Zhang F, Lee C, Tang Z. Complicated life, 
complicated VEGF-B. Trends Mol Med. 2012; 18:119-127.

27. Cao Y. VEGF-targeted cancer therapeutics-paradoxical 
effects in endocrine organs. Nat Rev Endocrinol. 2014; 
10:530-539.

28. Avtanski DB, Nagalingam A, Bonner MY, Arbiser JL, 
Saxena NK, Sharma D. Honokiol activates LKB1-miR-
34a axis and antagonizes the oncogenic actions of leptin 
in breast cancer. Oncotarget. 2015; 6:29947-29962. doi: 
10.18632/oncotarget.4937.

29. Lim SD, Stallcup W, Lefkove B, Govindarajan B, Au 
KS, Northrup H, Lang D, Fisher DE, Patel A, Amin MB, 
Arbiser JL. Expression of the neural stem cell markers NG2 
and L1 in human angiomyolipoma: are angiomyolipomas 
neoplasms of stem cells? Mol Med. 2007; 13:160-165.

30. Iwamoto H, Zhang Y, Seki T, Yang Y, Nakamura M, Wang 
J, Yang X, Torimura T, Cao Y. PlGF-induced VEGFR1-
dependent vascular remodeling determines opposing 
antitumor effects and drug resistance to Dll4-Notch 
inhibitors. Sci Adv. 2015; 1:e1400244.

31. Jensen LD, Nakamura M, Brautigam L, Li X, Liu Y, 
Samani NJ, Cao Y. VEGF-B-Neuropilin-1 signaling is 

spatiotemporally indispensable for vascular and neuronal 
development in zebrafish. Proc Natl Acad Sci U S A. 2015; 
112:E5944-5953.

32. Yang X, Zhang Y, Hosaka K, Andersson P, Wang J, 
Tholander F, Cao Z, Morikawa H, Tegner J, Yang Y, 
Iwamoto H, Lim S, Cao Y. VEGF-B promotes cancer 
metastasis through a VEGF-A-independent mechanism and 
serves as a marker of poor prognosis for cancer patients. 
Proc Natl Acad Sci U S A. 2015; 112:E2900-2909.

33. Xue Y, Lim S, Yang Y, Wang Z, Jensen LD, Hedlund EM, 
Andersson P, Sasahara M, Larsson O, Galter D, Cao R, 
Hosaka K, Cao Y. PDGF-BB modulates hematopoiesis and 
tumor angiogenesis by inducing erythropoietin production 
in stromal cells. Nat Med. 2012; 18:100-110.

34. Lim S, Honek J, Xue Y, Seki T, Cao Z, Andersson P, Yang 
X, Hosaka K, Cao Y. Cold-induced activation of brown 
adipose tissue and adipose angiogenesis in mice. Nat 
Protoc. 2012; 7:606-615.

35. Cao R, Lim S, Ji H, Zhang Y, Yang Y, Honek J, Hedlund 
EM, Cao Y. Mouse corneal lymphangiogenesis model. Nat 
Protoc. 2011; 6:817-826.

36. Xue Y, Lim S, Brakenhielm E, Cao Y. Adipose 
angiogenesis: quantitative methods to study microvessel 
growth, regression and remodeling in vivo. Nat Protoc. 
2010; 5:912-920.

37. Menendez JA, Lupu R. Fatty acid synthase and the 
lipogenic phenotype in cancer pathogenesis. Nat Rev 
Cancer. 2007; 7:763-777.

38. Folkman J, Kalluri R. Cancer without disease. Nature. 
2004; 427:787.

39. Chen C, Parangi S, Tolentino MJ, Folkman J. A strategy 
to discover circulating angiogenesis inhibitors generated by 
human tumors. Cancer Res. 1995; 55:4230-4233.

40. O’Reilly MS, Holmgren L, Shing Y, Chen C, Rosenthal 
RA, Moses M, Lane WS, Cao Y, Sage EH, Folkman J. 
Angiostatin: a novel angiogenesis inhibitor that mediates 
the suppression of metastases by a Lewis lung carcinoma. 
Cell. 1994; 79:315-328.

41. O’Reilly MS, Boehm T, Shing Y, Fukai N, Vasios G, 
Lane WS, Flynn E, Birkhead JR, Olsen BR, Folkman J. 
Endostatin: an endogenous inhibitor of angiogenesis and 
tumor growth. Cell. 1997; 88:277-285.

42. Cao Y, O’Reilly MS, Marshall B, Flynn E, Ji RW, Folkman 
J. Expression of angiostatin cDNA in a murine fibrosarcoma 
suppresses primary tumor growth and produces long-
term dormancy of metastases. J Clin Invest. 1998; 
101:1055-1063.

43. D’Agostino RB, Sr. Changing end points in breast-cancer 
drug approval--the Avastin story. N Engl J Med. 2011; 
365:e2.


