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ABSTRACT
Pericytes are contractile cells that surround the endothelium 
of capillaries and venules throughout the body. Pericytes were 
once thought to have a limited role in blood pressure control 
and angiogenesis. Today, knowledge about pericytes and other 
perivascular stem cells has vastly expanded. The understanding 
of the biologic significance of pericytes was most changed by the 
recognition of the perivascular identity of mesenchymal stem cells. 
The following review article will summarize the known functions 
and importance of pericytes in particular relevance to tumor biology. 
These roles include: (1) pericytes as the potential cell of origin for 
multiple soft tissue tumors; (2) the role of pericyte in regulating 
tumor cell vascular invasion; and 3) angiotropism or ‘pericytic 
mimicry’ as a mechanism of malignant tumor spread. Although not 
discussed, the role of pericytes in pathophysiology far exceeds the 

realms of tumor biology, including cardiovascular atherosclerotic 
disease, chronic kidney disease, fibrotic repair processes, and 
fibroproliferative diseases. In summary, the known roles of pericytes 
in tumor formation, growth, and invasion have greatly expanded. 
These include pericytic differentiation in soft tissue tumors, regulation 
of vascular invasion in solid tumors, and extravascular migratory 
migration of common malignancies.  
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INTRODUCTION
Pericytes are mural cells common to the microvasculature that enwrap 
endothelial cells. These supportive perivascular cells are essential 
to angiogenesis as well as tissue homeostasis, vessel permeability, 
and blood pressure control. In terms of angiogenesis, they have 
been found to be integral to blood vessel development both during 
development and in adulthood[1]. In recent years, the known roles 
of pericytes in tumor biology have vastly increased. For example, 
pericyte malfunction or loss has been associated with increased 
frequency of vascular invasion, and consequent metastatic disease[2,3]. 
Alternatively, tumor cells in several malignancies can circumvent 
intravascular invasion via adopting a pericyte-like phenotype (or 
pericyte mimicry) and migrating along the extravascular surface of 
vessels[4-6]. While accumulating evidence points to the pericyte as a 
key regulator of intravascular and extravascular tumor spread, the 
conceptual understanding of this is in evolution, as discoveries in 
stem cell biology and tumor biology continue to shape the field.
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Figure 1 Schematic of pericyte / perivascular stem cell location, 
purification and MSC properties. (Left) Perivascular cells including 
pericytes which closely enwrap the microvessels (red) and adventitial cells, 
which lie in the adventitia of larger vessels (green). (Center) Perivascular 
stem cells can be isolated by fluorescence activated cell sorting (FACS), 
by differential expression of CD146 and CD34. (Right) Both pericytes 
and adventitial cells demonstrate multilineage differentiation potential 
characteristic of MSC, including the ability to differentiate down 
osteogenic, myogenic, chondrogenic, and adipogenic lineages.

    Substantial evidence points to pericytes as the native in vivo 
progenitors of mesenchymal stem cells (MSC)[7,8]. Three lines of 
evidence support this hypothesis: (1) MSC markers have been 
found to be co-expressed in vivo in a perivascular location, (2) 
purified pericytes give rise to multiple mesodermal tissues after 
in vivo transplantation, and (3) purified pericytes give rise to cells 
identical to MSC in culture[9,10]. Figure 1 highlights the conceptual 
understanding of pericytes and other perivascular stem cells (PSC) 
as MSC progenitor cells. In addition, the potential role of pericytes 
and other perivascular cells in soft tissue tumor biology has greatly 
increased[4,11]. Multiple lines of evidence suggest the possibility that 
pericytes and other PSC may be the putative cell of origin for several 
perivascular, mesenchymal tumors.
    In this review, we discuss the diverse roles of pericytes in tumor 
biology. This includes the maintenance of tumor vasculature, role in 
vascular invasion and extravascular tumor migration. As well, select 
soft tissue tumors are discussed, owing to their architectural and 
cytologic resemblance to pericytes. 

    Multiple investigators have targeted pericytes or the pericyte 
– endothelial cell complex in the context of tumor biology and 
observed increase vascular permeability, increased tumor cell 
vascular invasion, and tumor metastasis. Xian et al examined the role 
of pericytes in limiting vascular invasion in a mouse pancreatic β cell 
tumor model[3]. NCAM (neural cell adhesion molecule) deficient mice 
displayed perturbed pericyte – endothelial cell interaction, resulting 
in increased vascular permeability and pancreatic β cell tumor cell 
metastasis[3]. This finding was also extended to mice deficient in 
pericytes themselves, using Pdgfbret/ret mice. Here, loss of pericytes in 
the Pdgfbret/ret mouse resulted in significant and widespread pancreatic 
β cell tumor metastasis. Conversely, aberrant upregulation of NCAM 
had the reverse effects, limiting vascular invasion and metastatic 
potential[3]. Cooke et al studied the effects of pericyte deficiency in 
breast adenocarcinoma metastasis, with strikingly similar findings. 
Here, the investigators used a transgenic mouse that allowed for 
selective ablation of NG2+ pericytes using ganciclover treatment[17]. 
While pericyte depletion slowed tumor growth, it also increased the 
rate of vascular invasion and distant carcinoma metastasis. Similar 
results were found by selective ablation of another pericyte marker, 
PDGFR-β (platelet derived growth factor receptor-β)[17]. Likewise, 
pharmaceutical inhibition of PDGFR-β using two tyrosine kinase 
inhibitors (Imatinib and Sunitinib) replicated the findings of genetic 
pericyte ablation, including decreased pericyte coverage, altered 
vascular structures, and increased rate of tumor metastasis. Recently, 
investigators have attempted to subcategorize pericytes by cell 
surface marker expression. For example, Birbair et al has described 
type 1 and 2 pericytes based on differential expression of Nestin 
and NG2[18]. Interesting type 2 pericytes only seem to participate in 
tumoral angiogenesis in this model, although selective targeting of 
type 2 pericytes has not yet been employed[18]. Thus, across multiple 
carcinoma models, the targeting of pericytes or the pericyte – 
endothelial cell interaction results in increased vascular permeability, 
increased vascular invasion, and consequent metastasis.	
    Disruption or dissociation of pericytes from their endothelial cells 
also results in an hypoxic tumor microenvironment, which in some 
models favors tumor cell epithelial-to-mesenchymal transition (EMT) 
and increased tumor invasiveness[19]. Overexpression of hypoxia-
inducible factor-1alpha (HIF-1α) has been shown to activate the EMT 
master regulator TWIST by binding to a hypoxia response element in 
the TWIST promoter[20].
    Similarly, HIF-1α also binds to the Met promoter and upregulates 
expression of this hepatocyte growth factor (HGF) receptor protein, 
promoting tumor invasion[21,22] and EMT[22] in multiple cancer cell 
lines in vitro. These findings have also been extended to tumor 
hypoxia induced by pericyte deficiency. Cooke et al. found that 
selective pericyte ablation, as previously discussed by either genetic 
or pharmaceutical methods, led to increased expression of HIF-
1α and Met as well as a transcriptional profile consistent with 
a mesenchymal rather than epithelial program (EMT)[17]. Thus, 
selective pericyte ablation likely has multiple effects favoring tumor 
metastasis, including increased vascular permeability favoring 
vascular invasion, but also hypoxia induced EMT favoring tumor cell 
invasiveness.
    In addition, multiple lines of evidence suggest that pericytes play 
a role in resistance to anti-angiogenic therapy. Overall, it appears 
that vessels without pericyte coverage (or ‘naked’ vessels) are more 
susceptible to VEGF-targeted agents[23]. In contrast, mature vessels 
with pericyte coverage seem to persist in the setting of anti-VEGF 
agents[24-26]. This observation has led to the concept of combination 
therapy using both VEGF and PDGFR inhibitors[25,26]. It appears that 

PERICYTES IN TUMOR SPREAD
Two important roles for pericytes in tumor spread have been 
identified, including in (1) vascular invasion and (2) angiotropism/
pericyte mimicry.  Each is discussed separately below.

Pericytes implicated in vascular invasion 
Multiple lines of evidence suggest that pericytes play a naturally 
protective role against vascular invasion by tumor cells. First, 
established evidence has shown that pericytes around tumor vessels 
demonstrate a more disorderly arrangement, cell shape abnormalities, 
and loosened attachment[12-14]. These findings have been verified 
ultrastructurally. By electron microscopy, tumor associated pericytes 
have been observed to have increased distance from associating 
blood vessels as well as abnormal cytoplasmic processes and 
endothelial interactions[15,16]. This incomplete coverage and loosened 
endothelial - pericyte interaction are thought to result in increased 
vascular permeability. In fact, reduced pericyte coverage along 
tumor associated vessels has been associated with poor prognosis in 
breast ductal adenocarcinoma[17]. These structural and ultrastructural 
changes are associated with abnormal protein marker expression 
in tumor associated pericytes. For example, aberrant desmin 
immunoreactivity was found in pericytes associated with pancreatic 
adenocarcinoma - a rare finding in normal pancreatic pericytes[15]. 
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in many clinical scenarios, combination anti-VEGF/anti-PDGFR 
approaches are more effective in pruning tumor vessels then either 
approach alone[25,26]. However, this combinatorial effect has not been 
observed by all investigators[27,28].

Pericyte mimicry / Extravascular migratory metastasis
Conversely, a novel paradigm for metastasis has been described 
within the past 15 years. Apart from the classical mechanism of 
lymphovascular invasion, extravascular migratory metastasis 
(EVMM) leads to metastasis without tumor cell entry into the 
blood stream. During EVMM, angiotropic tumor cells migrate in 
a ‘pericytic-like’ manner along the external or abluminal surfaces 
of vascular channels, without intravasation. By this mechanism, 
tumor cells may spread to nearby or more distant sites. In doing so, 
these tumors adopt the position of perivascular cells, particularly 
the pericyte[5,29]. Pericyte mimicry has been documented in common 
malignancies of the skin, brain, pancreas, and prostate.
    Pericyte mimicry, or angiotropism, has been most thoroughly 
studied in melanoma[5,6,14,29-31]. Lugassy et al first described the 
pericyte-like position of invading melanoma cells along the blood 
vessel basal lamina[32-34]. In fact, 91% of cases of human melanoma 
reviewed in another study did not have a clearly defined basement 
membrane[35]. Building on these findings, human melanoma cells 
were shown to localize to both endothelial tubules formed in vitro 
as well as invade in a perivascular fashion when injected ex vivo 
into the brains of mice[6,36]. Pericyte mimicry in melanoma has 
been confirmed at the immunophenotypic level, where angiotropic 
melanoma cells express pericyte antigens PDGFR-β, NG2, and 
CD146[30]. Further, microarray analysis showed increased expression 
of PDGF-β after migration of melanoma cells along the abluminal 
surface of endothelial tubules during the co-culture of endothelial 
cells and melanoma cells[30], indicating increased expression of 
a receptor key in the endothelium’s recruitment of pericytes. 
Additionally, the interaction between the abluminal endothelial 
tubules and angiotropic melanoma cells induced differential 
expression of malignancy associated genes, linked to metastasis 
(CCL2, ICAM1 and IL6) and disease progression (CCL2, ICAM1, 
SELE, TRAF1, IL6, SERPINB2 and CXCL6)[30]. Angiotropism has 
been shown to be clinically quite relevant, as angiotropism is a poor 
prognostic indicator in malignant melanoma[37].
    Recently, Bald et al used HGF overexpressing mice with 
impaired cell cycle control and predisposition toward development 
of melanoma[31]. Chemically-induced melanoma formation was 
followed by UV exposure, causing melanoma cell to invade via the 
abluminal surfaces of blood vessels[31]. Overall, intermittent intense 
UV exposure stimulated angiogenesis, melanoma cell motility, and 
increased melanoma-endothelial cell interaction[31]. This important 
finding indicates that neutrophil-rich inflammatory response increases 
angiotropism, pericytic mimicry and metastasis, paving the way 
for future experimental manipulation. Importantly, in the molecular 
study mentioned above[22], ten genes directly linked to inflammation 
were upregulated (CCL2, IL6, TRAF1, CXCL6, SELE, ICAM1, 
SERPINB2, SLC7A2, C2CD4B, PDGFB), raising important 
questions about whether inflammation is the cause or the result of 
such gene expression in angiotropic melanoma.
    Fascinating parallels have been drawn between angiotropism of 
melanoma cells and that of malignant glial cells in glioblastoma. 
Among the routes of glioblastoma spread, migration along the 
abluminal surface of blood vessels has been well documented[38]. 
Indeed, transplanted glioma cells (GL26 murine glioma cell line) 
adopt an angiotropic distribution[6]. This gradual adoption of an 

angiotropic location of glioma cells was observed either in culture 
with capillary-like matrigel cultures, or after direct injection into 
the mouse brain[6]. In all cases, the glioma cells did not enter 
the luminal space, but instead remained in a pericytic location. 
These experimental findings are consistent with the fact that even 
the most malignant glial tumors generally do not penetrate the 
vascular basement membrane[38]. Cheng et al further delineated 
the phenomenon of pericyte mimicry in high grade glial tumors 
in an experimental mouse model[39]. Using in vivo lineage tracing, 
Cheng showed that glioblastoma stem cells (GSC) can adopt an 
immunophenotype similar to pericytes. Moreover, GSC were found 
to generate αSMA+ (αSmooth Muscle Actin) pericyte-like cells 
in vivo[39]. For this reason, when observing human pathological 
specimens, a glioblastoma cell origin was identified for the vast 
majority of intra-tumoral pericyte cells. Moreover, pericytic cells 
outside the glial tumor were identified to have GSC markers - another 
experimental model of angiotropism. Recent studies in GBM have in 
fact found that GBM cell angiotropism is associated with dramatic 
changes in the structure of pre-existing blood vessels, termed ‘vessel 
co-option’[40]. This change in vessel morphology was associated with 
intimate connections between GBM (glioblastoma multiforme) cells 
and native pericytes, resulting in altered contractility of the pericytes 
themselves[40]. Other investigators have examined the importance of 
CNS (central nervous system)-specific pericyte cytokine both in the 
maintenance of the blood brain barrier[41], and chemokine elaboration 
and the probable crosstalk between CNS pericytes and tumors, 
especially in the context of inflammation and hypoxia[42,43].
    In addition, pancreatic and prostate adenocarcinomas have 
also display angiotropism. For example, angiotropism has been 
documented in several cases of prostatic adenocarcinoma[14]. 
Remarkably, angiotropism was detected in all cases examined of 
prostatic adenocarcinoma, at least focally. These findings were 
recapitulated both in vitro and in vivo using the prostate carcinoma 
cell line PC3. Using a co-culture method with capillary like 
structures, PC3 cells gradually adopted a perivascular distribution 
with time in culture. Similar findings were seen in vivo in a chick 
chorio-allantoic membrane (CAM) model. After injection of GFP 
labeled PC3 tumor cells, a propensity for the PC3 cells to associated 
with the perivascular space was again observed[14]. Similarly clinical 
correlates have been described in pancreatic adenocarcinoma[44]. In 
case reports, soft tissue metastases encircling the celiac artery and its 
branches have been reported as an example of EVMM in pancreatic 
adenocarcinoma. These finding were verified by endoscopic 
ultrasound guided fine needle aspiration (FNA)[44]. All sum, these 
new data suggest that common malignancies of the skin, brain, 
pancreas and prostate all show evidence of pericyte mimicry/EVMM 
as a mode of tumor spread.

PERIVASCULAR CELLS AS MESENCHYMAL 
STEM CELL PROGENITORS
In recent years, in vivo localization of MSC has been accomplished, 
showing that the native residence of MSC is clearly in a perivascular 
location[9]. Indeed, immunoflourescent co-expression of MSC 
markers (including CD44, CD90, CD73, and CD105) align with 
classic pericyte markers, such as CD146[9]. As mentioned, purified 
pericytes have demonstrable MSC characteristics at the clonal level, 
including expression canonical MSC markers, and exhibition of 
multilineage mesodermal differentiation potential[9]. Pericytes have 
been documented to give rise to several cell types in vivo such as 
dendritic cells[45], white adipocytes[10], and skeletal satellite cells[46] 



(Figure 1). Despite these studies, there remains much debate about 
the pericytic origin of mesenchymal stem/progenitor cells in both 
development and in adult tissue repair and maintenance[8,11]. 
    Interestingly, a second population of perivascular cells has been 
more recently identified with MSC attributes, termed adventitial 
cells. These cells are so named as they reside in the tunica adventitia, 
unlike pericytes which closely contact the abluminal surface of 
endothelium[47]. With divergent expression of cell surface markers, 
these CD34+CD146-CD31- perivascular stem cells are distinct 
from pericytes, but exhibit similar MSC properties[47]. Currently, 
PSC have been examined as a plentiful source of adult MSC for 
musculoskeletal tissue regeneration[8,48,49]. 
    In terms of tumor biology, the capability of perivascular MSC such 
as pericytes to self-renew implicates PSCs as potential cells of origin 
of many perivascular mesenchymal tumors[4]. 

PERICYTES IN TUMORIGENESIS
The pericytic/perivascular family of soft tissue tumors are generally 
composed of modified vascular smooth muscle cells. These consist 
of glomus tumor and its variants, myopericytoma, and solitary 
fibrous tumor / hemangiopericytoma (SFT/HPC). The clinical and 
histologic representation, as well as the possibility of perivascular 
origin is described below. Also discussed is the PEComa (perivascular 
epithelioid cell tumor) family of tumors, with dual myoid-
melanocytic differentiation.

Classic (Sporadic) Glomus Tumor
Classic glomus tumor are predominantly benign, subcentimeric, 
red-blue nodules, that histologically resemble the thermoregulatory 
glomus body[50]. They are most often located subcutaneously, 
typically on the distal upper extremities and most often in a 
subungual location[51,52]. Pain with temperature sensitivity is a 
common finding. Histologically, glomus tumors demonstrate a 
variably prominent perivascular growth pattern (Figure 2). This 
architectural feature, combined with smooth differentiation by 
immunohistochemical and electron microscopy shows some overlap 
with microvascular pericytes. For example, glomus cells demonstrate 
immunoreactivity for vimentin and α-smooth muscle actin. As well, 
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electron microscopy reveals abundant cytoplasmic actin filaments 
and numerous superficial pinocytotic vesicles, again suggestive of 
modified pericytic or smooth muscle differentiation[53,54]. The extent 
to which glomus cells retain properties of pericytes has not yet been 
explored, such as attributes similar to MSC.	

Glomus tumor variants
A number of glomus tumor variants diverge from the typical 
appearance and presenting features of glomus tumor, yet still 
express similarity in perivascular tumor growth and pericytic/
myoid immunophenotype. One variant, known as glomuvenous 
malformation or glomangioma, is made up of typical glomus cells, 
but has an architecture more similar to a cavernous hemangioma. 
Lesions generally arise during childhood and are less painful than 
typical glomus tumor[50]. Another variant, glomangiomyoma, displays 
partial or focal smooth muscle differentiation and lies on a spectrum 
with similarity to angiomyoma. Glomangiomatosis (diffuse glomus 
tumor) are extremely rare, diffuse, infiltrative lesions typically 
associated with adipose tissue[50]. Atypical and malignant glomus 
tumors are exceedingly rare, deep-seated, proliferative, larger 
tumors. Folpe et al. proposed the following classification scheme for 
malignancy in glomus tumor: deep-seated location and a size > 2 cm, 
or atypical mitotic figures, or moderate to high nuclear grade and ≥5 
mitotic figures/50 hpf[55]. 

Myopericytoma
Myopericytoma is a benign, painless, well circumscribed tumor 
with pericytic/smooth muscle differentiation. Unlike glomus tumor, 
myopericytomas are most often dermal or subcutaneous tumors 
typically found on the lower extremities and more common in 
men. Much like glomus tumor, the histological picture is that of a 
perivascular proliferation of myoid cells. However, myopericytoma 
typically has a whorling perivascular pattern of tumor cell 
arrangement (Figure 2). Cytologically, myopericytoma cells have 
less conspicuously enlarged nuclei and more eosinophilic cytoplasm 
than glomus cells. Electron microscopy reveals evidence of pericytic/
myoid differentiation, including thin filaments, subplasmalemmal 
densities, and pinocytotic vesicles[54].  

Figure 2 Histological appearance of pericytic soft tissue tumors. (A,B) Typical appearance of glomus tumor, including rounded tumor cells arranged 
in a solid to perivascular arrangement with focal stromal myxoid change. (C,D) Typical appearance of myopericytoma, including a perivascular 
proliferation of cells with ovoid nuclei and abundant eosinophilic cytoplasm. (E,F) Typical appearance of the angioleiomyoma – similar to myopericytoma, 
angioleiomyoma consist of tumor cells with smooth muscle differentiation and an angiocentric growth pattern. (G,H) Typical appearance of solitary fibrous 
tumor (SFT), including a low grade proliferation of spindled cells on a variably fibrotic background, with large branching blood vessels.



Solitary Fibrous Tumor (SFT)/Hemangiopericytoma (HPC)
Before 2002, hemangiopericytoma (HPC) was considered by most 
sources a perivascular neoplasm. Currently, the WHO (World 
Health Organization) considers solitary fibrous tumor (SFT) and 
HPC along a spectrum of tumors with overlapping morphology and 
demonstrating CD34 immunoreactivity. The typical appearance is 
that of spindled cells arranged in a so-called ‘pattern-less pattern,’ 
set in variable amounts of fibrous stroma with prominent, branching 
(or staghorn-shaped) blood vessels (Figure 2). In general, SFT / HPC 
is not considered a lesion of pericytes, which are generally CD34 
negative. The exception to this is potentially in the sinonasal region 
(discussed below). 

Hemangiopericytoma-Like Tumor of Nasal Passages (HTNP)
Unlike the typical SFT / HPC, hemangiopericytoma-like tumor 
of nasal passages (HTNP) is a distinct entity which arises in 
the nasal passages, often in female patients[50]. The histologic 
appearance of HTNP is similar to typical SFT/HPC, although 
only a minority of HTNP demonstrate CD34 immunoreactivity[56]. 
Indeed, morphological and immunohistochemical similarities to 
glomangiopericytoma of soft tissue has led some to adopt the term 
glomangiopericytoma as a more accurate classification[57]. Although 
some investigators have considered HTNP to display true pericytic / 
myoid differentiation[58], a comprehensive evaluation of this has not 
yet been performed.

PEComa family of tumors 
Unlike other perivascular myoid tumors previously discussed, 
the PEComa family tumors are a unique group of diverse tumors 
with dual smooth muscle and melanocytic differentiation and 
unknown histogenesis[50,59]. Renal and extrarenal angiomyolipomas 
are most common PEComa family tumor. Other variants include 
lymphangiomyomatosis, clear cell sugar tumor of the lung, and 
others. Tumor cells may be either epithelioid or spindled, but 
all PEComa family tumors are characterized by their prominent 
perivascular growth pattern and dual myomelanocytic differentiation. 
Interesting theoretical parallels can be drawn between angiotropic 
melanoma, discussed earlier, and PEComa. However, while 
angiotropism is associated with a poor prognosis in malignant 
melanoma[37], PEComa family tumors are defined by their 
vasculocentric growth and a similar prognostic significance for this 
growth pattern has not been established. 

SUMMARY
Far from being inert bystanders in tumorigenesis and tumor spread, 
pericytes and other perivascular stem cells have significant function 
in tumor biology. As their biologic relevance continues to expand, 
more and more investigators have turned to pericytes as potential 
regulators of local and distant tumor spread. Pericytic regulation of 
tumor spread has been studied across diverse malignancies, including 
melanoma, various adenocarcinomas, and glioblastoma, to name 
a few. In particular to regulation of tumor spread, it seems that 
pericytes play at least a dual role: including (1) prevention/regulation 
of vascular invasion, but also (2) probable regulation of angiotropism/
pericyte mimicry. From these standpoints, methods to reinforce the 
pericyte - endothelial cell interaction may be an important future 
adjunct to traditional chemotherapeutic agents. As investigators have 
already shown, pericytes may be subcategorized based on cell surface 
marker expression. Selected targeting of pericyte subpopulations may 
be a future promising avenue for tumor-specific effects. Finally in 
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terms of tumorigenesis, several lines of evidence suggest pericytic 
differentiation in a number of soft tissue tumors. While interesting 
to posit that the pericyte is the cell of origin for select perivascular / 
mesenchymal tumors, further investigation in this area is required. 

ACKNOWLEDGEMENTS
AWJ was supported by the UCLA Pathology Translational Research 
Fund. We thank AS James for his excellent technical assistance.

CONFLICT OF INTERESTS  
There are no conflicts of interest with regard to the present study.

REFERENCES 
1.	 Dore-Duffy P: Pericytes and adaptive angioplasticity: the role of 

tumor necrosis factor-like weak inducer of apoptosis (TWEAK). 
Methods in molecular biology (Clifton, NJ 2014, 1135:35-52.

2.	 O’Keeffe MB, Devlin AH, Burns AJ, Gardiner TA, Logan ID, 
Hirst DG, McKeown SR: Investigation of pericytes, hypoxia, and 
vascularity in bladder tumors: association with clinical outcomes. 
Oncology research 2008, 17(3):93-101.

3.	 Xian X, Hakansson J, Stahlberg A, Lindblom P, Betsholtz C, 
Gerhardt H, Semb H: Pericytes limit tumor cell metastasis. The 
Journal of clinical investigation 2006, 116(3):642-651.

4.	 Mravic M, Asatrian G, Soo C, Lugassy C, Barnhill RL, Dry SM, 
Peault B, James AW: From pericytes to perivascular tumours: cor-
relation between pathology, stem cell biology, and tissue engineer-
ing. International orthopaedics 2014.

5.	 Lugassy C, Barnhill RL: Angiotropic melanoma and extravascular 
migratory metastasis: a review. Advances in anatomic pathology 
2007, 14(3):195-201.

6.	 Lugassy C, Haroun RI, Brem H, Tyler BM, Jones RV, Fernandez 
PM, Patierno SR, Kleinman HK, Barnhill RL: Pericytic-like an-
giotropism of glioma and melanoma cells. Am J Dermatopathol 
2002, 24(6):473-478.

7.	 Corselli M, Crisan M, Murray IR, West CC, Scholes J, Codrea 
F, Khan N, Peault B: Identification of perivascular mesenchymal 
stromal/stem cells by flow cytometry. Cytometry Part A : the 
journal of the International Society for Analytical Cytology 2013, 
83(8):714-720.

8.	 Murray IR, West CC, Hardy WR, James AW, Park TS, Nguyen A, 
Tawonsawatruk T, Lazzari L, Soo C, Peault B: Natural history of 
mesenchymal stem cells, from vessel walls to culture vessels. Cel-
lular and molecular life sciences : CMLS 2014, 71(8):1353-1374.

9.	 Crisan M, Yap S, Casteilla L, Chen CW, Corselli M, Park TS, An-
driolo G, Sun B, Zheng B, Zhang L et al: A perivascular origin for 
mesenchymal stem cells in multiple human organs. Cell Stem Cell 
2008, 3(3):301-313.

10.	 Tang W, Zeve D, Suh JM, Bosnakovski D, Kyba M, Hammer 
RE, Tallquist MD, Graff JM: White fat progenitor cells re-
side in the adipose vasculature. Science (New York, NY 2008, 
322(5901):583-586.

11.	 Caplan AI: All MSCs are pericytes? Cell stem cell 2008, 3(3):229-
230.

12.	 Abramsson A, Berlin O, Papayan H, Paulin D, Shani M, Betsholtz 
C: Analysis of mural cell recruitment to tumor vessels. Circulation 
2002, 105(1):112-117.

13.	 Allt G, Lawrenson JG: Pericytes: cell biology and pathology. 
Cells, tissues, organs 2001, 169(1):1-11.

14.	 Lugassy C, Vernon SE, Warner JW, Le CQ, Manyak M, Patierno 
SR, Barnhill RL: Angiotropism of human prostate cancer cells: 
implications for extravascular migratory metastasis. BJU Int 2005, 
95(7):1099-1103.

15.	 Morikawa S, Baluk P, Kaidoh T, Haskell A, Jain RK, McDonald 



vascular surface. Cancer Microenviron 2013, 6(1):19-29.
31.	 Bald T, Quast T, Landsberg J, Rogava M, Glodde N, Lopez-Ra-

mos D, Kohlmeyer J, Riesenberg S, van den Boorn-Konijnenberg 
D, Homig-Holzel C et al: Ultraviolet-radiation-induced inflamma-
tion promotes angiotropism and metastasis in melanoma. Nature 
2014, 507(7490):109-113.

32.	 Lugassy C, Christensen L, Le Charpentier M, Faure E, Escande 
JP: Angio-tumoral laminin in murine tumors derived from human 
melanoma cell lines. Immunohistochemical and ultrastructural 
observations. Journal of submicroscopic cytology and pathology 
1998, 30(2):231-237.

33.	 Lugassy C, Barnhill RL, Christensen L: Melanoma and extravas-
cular migratory metastasis. Journal of cutaneous pathology 2000, 
27(9):481.

34.	 Lugassy C, Shahsafaei A, Bonitz P, Busam KJ, Barnhill RL: Tu-
mor microvessels in melanoma express the beta-2 chain of lam-
inin. Implications for melanoma metastasis. Journal of cutaneous 
pathology 1999, 26(5):222-226.

35.	 Lugassy C, Dickersin GR, Christensen L, Karaoli T, LeChar-
pentier M, Escande JP, Barnhill RL: Ultrastructural and immu-
nohistochemical studies of the periendothelial matrix in human 
melanoma: evidence for an amorphous matrix containing laminin. 
Journal of cutaneous pathology 1999, 26(2):78-83.

36.	 Lugassy C, Kleinman HK, Fernandez PM, Patierno SR, Webber 
MM, Ghanem G, Spatz A, Barnhill RL: Human Melanoma Cell 
Migration Along Capillary-Like Structures In Vitro: A New Dy-
namic Model for Studying Extravascular Migratory Metastasis. 
2002, 119(3):703-704.

37.	 Barnhill R, Dy K, Lugassy C: Angiotropism in cutaneous mela-
noma: a prognostic factor strongly predicting risk for metastasis. 
The Journal of investigative dermatology 2002, 119(3):705-706.

38.	 Giese A, Westphal M: Glioma invasion in the central nervous sys-
tem. Neurosurgery 1996, 39(2):235-250; discussion 250-232.

39.	 Cheng L, Huang Z, Zhou W, Wu Q, Donnola S, Liu JK, Fang 
X, Sloan AE, Mao Y, Lathia JD et al: Glioblastoma stem cells 
generate vascular pericytes to support vessel function and tumor 
growth. Cell 2013, 153(1):139-152.

40.	 Caspani EM, Crossley PH, Redondo-Garcia C, Martinez S: Glio-
blastoma: a pathogenic crosstalk between tumor cells and peri-
cytes. PLoS ONE 2014, 9(7):e101402.

41.	 Pieper C, Marek JJ, Unterberg M, Schwerdtle T, Galla HJ: Brain 
capillary pericytes contribute to the immune defense in response 
to cytokines or LPS in vitro. Brain research 2014, 1550:1-8.

42.	 Matsumoto J, Takata F, Machida T, Takahashi H, Soejima Y, Funa-
koshi M, Futagami K, Yamauchi A, Dohgu S, Kataoka Y: Tumor 
necrosis factor-alpha-stimulated brain pericytes possess a unique 
cytokine and chemokine release profile and enhance microglial 
activation. Neurosci Lett 2014, 578:133-138.

43.	 Anfuso CD, Motta C, Giurdanella G, Arena V, Alberghina M, 
Lupo G: Endothelial PKCalpha-MAPK/ERK-phospholipase A2 
pathway activation as a response of glioma in a triple culture 
model. A new role for pericytes? Biochimie 2014, 99:77-87.

44.	 Levy MJ, Gleeson FC, Zhang L: Endoscopic ultrasound fine-
needle aspiration detection of extravascular migratory metastasis 
from a remotely located pancreatic cancer. Clin Gastroenterol 
Hepatol 2009, 7(2):246-248.

45.	 Krautler NJ, Kana V, Kranich J, Tian Y, Perera D, Lemm D, 
Schwarz P, Armulik A, Browning JL, Tallquist M et al: Follicular 
dendritic cells emerge from ubiquitous perivascular precursors. 
Cell 2012, 150(1):194-206.

46.	 Dellavalle A, Maroli G, Covarello D, Azzoni E, Innocenzi A, 
Perani L, Antonini S, Sambasivan R, Brunelli S, Tajbakhsh S et 
al: Pericytes resident in postnatal skeletal muscle differentiate into 
muscle fibres and generate satellite cells. Nature communications 
2011, 2:499.

47.	 Corselli M, Chen CW, Sun B, Yap S, Rubin JP, Peault B: The tu-
nica adventitia of human arteries and veins as a source of mesen-

305 © 2015 ACT. All rights reserved.

Scott MA et al. Pericytes in Tumors

DM: Abnormalities in Pericytes on Blood Vessels and Endothe-
lial Sprouts in Tumors. The American journal of pathology 2002, 
160(3):985-1000.

16.	 Barlow KD, Sanders AM, Soker S, Ergun S, Metheny-Barlow LJ: 
Pericytes on the tumor vasculature: jekyll or hyde? Cancer micro-
environment : official journal of the International Cancer Micro-
environment Society 2013, 6(1):1-17.

17.	 Cooke VG, LeBleu VS, Keskin D, Khan Z, O’Connell JT, Teng 
Y, Duncan MB, Xie L, Maeda G, Vong S et al: Pericyte depletion 
results in hypoxia-associated epithelial-to-mesenchymal transition 
and metastasis mediated by met signaling pathway. Cancer cell 
2012, 21(1):66-81.

18.	 Birbrair A, Zhang T, Wang ZM, Messi ML, Olson JD, Mintz A, 
Delbono O: Type-2 pericytes participate in normal and tumoral an-
giogenesis. American journal of physiology 2014, 307(1):C25-38.

19.	 Harris AL: Hypoxia--a key regulatory factor in tumour growth. 
Nature reviews Cancer 2002, 2(1):38-47.

20.	 Yang MH, Wu MZ, Chiou SH, Chen PM, Chang SY, Liu CJ, Teng 
SC, Wu KJ: Direct regulation of TWIST by HIF-1alpha promotes 
metastasis. Nature cell biology 2008, 10(3):295-305.

21.	 Fujiuchi Y, Nagakawa O, Murakami K, Fuse H, Saiki I: Effect of 
hepatocyte growth factor on invasion of prostate cancer cell lines. 
Oncology reports 2003, 10(4):1001-1006.

22.	 Ren Y, Cao B, Law S, Xie Y, Lee PY, Cheung L, Chen Y, Huang X, 
Chan HM, Zhao P et al: Hepatocyte growth factor promotes can-
cer cell migration and angiogenic factors expression: a prognostic 
marker of human esophageal squamous cell carcinomas. Clinical 
cancer research : an official journal of the American Association 
for Cancer Research 2005, 11(17):6190-6197.

23.	 Benjamin LE, Golijanin D, Itin A, Pode D, Keshet E: Selective 
ablation of immature blood vessels in established human tumors 
follows vascular endothelial growth factor withdrawal. The Jour-
nal of clinical investigation 1999, 103(2):159-165.

24.	 Inai T, Mancuso M, Hashizume H, Baffert F, Haskell A, Baluk P, 
Hu-Lowe DD, Shalinsky DR, Thurston G, Yancopoulos GD et al: 
Inhibition of vascular endothelial growth factor (VEGF) signaling 
in cancer causes loss of endothelial fenestrations, regression of 
tumor vessels, and appearance of basement membrane ghosts. The 
American journal of pathology 2004, 165(1):35-52.

25.	 Bergers G, Song S, Meyer-Morse N, Bergsland E, Hanahan D: 
Benefits of targeting both pericytes and endothelial cells in the 
tumor vasculature with kinase inhibitors. The Journal of clinical 
investigation 2003, 111(9):1287-1295.

26.	 Erber R, Thurnher A, Katsen AD, Groth G, Kerger H, Hammes 
HP, Menger MD, Ullrich A, Vajkoczy P: Combined inhibition of 
VEGF and PDGF signaling enforces tumor vessel regression by 
interfering with pericyte-mediated endothelial cell survival mech-
anisms. Faseb J 2004, 18(2):338-340.

27.	 Hainsworth JD, Spigel DR, Sosman JA, Burris HA, 3rd, Farley C, 
Cucullu H, Yost K, Hart LL, Sylvester L, Waterhouse DM et al: 
Treatment of advanced renal cell carcinoma with the combination 
bevacizumab/erlotinib/imatinib: a phase I/II trial. Clin Genitourin 
Cancer 2007, 5(7):427-432.

28.	 Kuhnert F, Tam BY, Sennino B, Gray JT, Yuan J, Jocson A, Nayak 
NR, Mulligan RC, McDonald DM, Kuo CJ: Soluble receptor-
mediated selective inhibition of VEGFR and PDGFRbeta signal-
ing during physiologic and tumor angiogenesis. Proceedings of 
the National Academy of Sciences of the United States of America 
2008, 105(29):10185-10190.

29.	 Lugassy C, Peault B, Wadehra M, Kleinman HK, Barnhill RL: 
Could pericytic mimicry represent another type of melanoma cell 
plasticity with embryonic properties? Pigment Cell Melanoma Res 
2013, 26(5):746-754.

30.	 Lugassy C, Wadehra M, Li X, Corselli M, Akhavan D, Binder SW, 
Peault B, Cochran AJ, Mischel PS, Kleinman HK et al: Pilot study 
on “pericytic mimicry” and potential embryonic/stem cell proper-
ties of angiotropic melanoma cells interacting with the abluminal 



306© 2015 ACT. All rights reserved.

Scott MA et al. Pericytes in Tumors

chymal stem cells. Stem cells and development 2012, 21(8):1299-
1308.

48.	 Crisan M, Corselli M, Chen WC, Peault B: Perivascular cells for 
regenerative medicine. Journal of cellular and molecular medicine 
2012, 16(12):2851-2860.

49.	 James AW, Zara JN, Zhang X, Askarinam A, Goyal R, Chiang 
M, Yuan W, Chang L, Corselli M, Shen J et al: Perivascular stem 
cells: a prospectively purified mesenchymal stem cell population 
for bone tissue engineering. Stem cells translational medicine 
2012, 1(6):510-519.

50.	 Weiss SW, Goldblum J: J. Enzinger and Weiss’s Soft Tissue Tu-
mors.: Mosby Elsevier; 2008.

51.	 Nuovo M, Grimes M, Knowles D: Glomus tumors: a clinico-
pathologic and immunohistochemical analysis of forty cases. Surg 
Pathol 1990, 3:31-45.

52.	 Van Geertruyden J, Lorea P, Goldschmidt D, de Fontaine S, 
Schuind F, Kinnen L, Ledoux P, Moermans JP: Glomus tumours 
of the hand. A retrospective study of 51 cases. J Hand Surg Br 
1996, 21(2):257-260.

53.	 Ghadially FN: Diagnostic electron microscopy of tumours. Lon-
don: Butterworth; 1980.

54.	 Erlandson R: Diagnostic transmission electron microscopy of tu-
mors.: Raven Press; 1994.

55.	 Folpe AL, Fanburg-Smith JC, Miettinen M, Weiss SW: Atypical 
and malignant glomus tumors: analysis of 52 cases, with a pro-
posal for the reclassification of glomus tumors. Am J Surg Pathol 
2001, 25(1):1-12.

56.	 Yasui R, Minatogawa T, Kanoh N, Nakata Y, Kubota A: Nasal 
septal hemangiopericytoma-like tumor: a case report with an im-
munohistochemical study. Am J Rhinol 2001, 15(4):267-270.

57.	 Thompson LD: Sinonasal tract glomangiopericytoma (hemangio-
pericytoma). Ear Nose Throat J 2004, 83(12):807.

58.	 Kuo FY, Lin HC, Eng HL, Huang CC: Sinonasal hemangiopericy-
toma-like tumor with true pericytic myoid differentiation: a clini-
copathologic and immunohistochemical study of five cases. Head 
Neck 2005, 27(2):124-129.

59.	 Armah HB, Parwani AV: Perivascular epithelioid cell tumor. Arch 
Pathol Lab Med 2009, 133(4):648-654.

Peer reviewer: Nupura Sudhir Bhise, Harvard/MIT Health 
Sciences & Technology Division, 288 Prospect Street, Apt. 5, 
Cambridge, USA


