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Abstract

A major impediment to the development of effective treatments for metastatic or unresectable 

pheochromocytomas and paragangliomas has been the absence of valid models for pre-clinical 

testing. Attempts to establish cell lines or xenografts from human pheochromocytomas and 

paragangliomas have previously been unsuccessful. NOD-scid gamma (NSG) mice are a recently 

developed strain lacking functional B-cells, T-cells and NK cells. We report here that xenografts of 

primary human paragangliomas will take in NSG mice while maintaining their architectural and 

immunophenotypic characteristics as expressed in the patients. In contrast to grafts of cell lines 

and of most common types of primary tumors, the growth rate of grafted paragangliomas is very 

slow, accurately representing the growth rate of most pheochromocytomas and paragangliomas 

even in metastases in humans. Although the model is therefore technically challenging, primary 

patient derived xenografts of paragangliomas in NSG mice provide a potentially valuable new tool 

that could prove especially valuable for testing treatments aimed at eradicating the small tumor 

deposits that are often numerous in patients with metastatic paraganglioma.
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Introduction

Ten to 15% of pheochromocytomas and up to 40% of extra-adrenal paragangliomas give rise 

to metastases, with metastatic risk depending on tumor location and patient genotype [1] [2]. 

There is currently no highly effective treatment after metastases occur, and many patients die 

from chemotherapy complications, excess catecholamine secretion or a large tumor burden 
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[3]. In the absence of metastases, local invasion or complications resulting from surgical 

resection can produce extreme morbidity, requiring treatment strategies that balance 

iatrogenic injury against risk of metastasis [4] [5].

A major impediment to the development of effective treatments has been the absence of 

valid experimental models for pre-clinical testing. Although mouse models [6], rodent 

pheochromocytoma cell lines [7–9] and other cell lines [10] have yielded important 

information, there is no model representing both the genotype and the fully developed 

phenotypes of actual tumors that are most likely to metastasize or cause local morbidity, 

particularly tumors that occur in patients with germline mutations of the SDHB gene, which 

encodes a subunit of succinate dehydrogenase [6]. Attempts over many years to establish 

human pheochromocytoma and paraganglioma cell lines directly from primary cell cultures 

have been unsuccessful, as have attempts to xenograft primary tumors in nude mice and 

other immunosuppressed mouse strains [11].

NOD-scid gamma (NSG) mice are a recently developed strain lacking functional B-cells, T-

cells and NK cells [12]. It is reported that most types of primary human tumors will take as 

xenografts in these mice, while maintaining their characteristics as expressed in the patients 

[12]. We therefor undertook a study both to evaluate NSG mice as potential recipients of 

grafts from pheochromocytomas and paragangliomas and to begin using these grafts as an 

intermediate step in establishing human cell lines.

Materials and Methods

The study was performed with stored cryopreserved aliquots of viable cells from 13 primary 

human pheochromocytomas and paragangliomas representing both SDHB-mutated and 

SDHB-wild type genotypes. Studies of the banked tumor samples were approved by the 

Institutional Review Boards of the National Institutes of Health and Tufts Medical Center. 

Patients provided written informed consent. The characteristics of the tumors are 

summarized in Table 1. Prior to cryopreservation the tumor cells were dissociated in 

collagenase followed by trypsin as previously described [13]. Each aliquot contained a 

heterogeneous mixture of cell types including chief cells, sustentacular cells and endothelial 

cells reflecting the proportions of cell types in the intact tumor tissue. Replicate aliquots 

from each tumor had previously been tested unsuccessfully in attempts to establish cell lines 

directly from primary cultures.

The cryopreserved cells were rapidly thawed, resuspended in RPMI1640 medium with 15 % 

fetal bovine serum, centrifuged and resuspended in fresh medium after aspirating the 

supernatant. Approximately 500,000 cells were injected subcutaneously into both rear flanks 

of NSG mice in vehicle consisting of 1 part medium: 2 parts Matrigel. The mice were 

maintained in sterile cages with periodic monitoring. Because large tumor masses did not 

form, the mice were kept until general health issues required them to be euthanized.

At necropsy, injection sites that contained tumor were resected en bloc, fixed in 10% neutral 

buffered formalin, dehydrated in a graded ethanol series and embedded in paraffin. For 

comparison to sections of the intact tumor tissue, sections were stained 
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immunohistochemically with antibodies directed against chromogranin A (CgA) (# 

LK2H10, Ventana, pre-diluted), S100 (# 4C4.9, Ventana, pre-diluted), Ki 67 (# 30.9, 

Ventana, pre-diluted), tyrosine hydroxylase (TH) (#22941, Immunostar, 1:4000), and 

succinate dehydrogenase B (SDHB)(#HP0028668, Sigma). In addition, sections of the 

xenografts were stained for CD31 using an antibody that reacts with human but not murine 

endothelium (Cell Marque # 1A10, pre-diluted). This permitted us to assess the relative 

contributions of human and mouse endothelium to vascularization of the grafts. The Mach 4 

system from Biocare Medical was used for detection.

Results

There were tumor takes in 3 of the 13 mice, euthanized at 12, 11, and 10 months (#’s 4, 7 

and 10 in Table 1). No takes were present before 10 months. Engraftment was successful in 

both male and female mice, and with both SDHB-mutated and SDHB-wild type tumors. In 

every case, the tumor implants were bilateral and appeared nearly identical grossly and 

microscopically, indicating that the grafting procedure was reproducible and success was not 

random (Figure 1).

Histologically, the grafts recapitulated the morphological and immunophenotypic features of 

their parent tumors, including the same pattern of retained or lost tyrosine hydroxylase, 

chromogranin and SDHB. The tumor architecture exhibited a prominent mesh of capillaries 

and variable numbers of tumor cells including chief cells and sustentacular cells arranged in 

small nests in subcutaneous fibroadipose tissue and within a proteinaceous matrix consistent 

with residual matrigel (Figs. 1 and 2). In one tumor (Fig. 2), capillaries were very prominent 

while tumor cells were extremely rare. Immunoreactivity for CD31 was demonstrated in the 

majority of tumor vessels but not in peritumoral mouse vessels. Because the antibody 

employed was human-specific, this indicated a major contribution of human endothelium to 

vascularization of the grafts. Ki-67, which was also a human-specific antibody, showed 

occasional labeled chief cells and endothelial cells (Fig. 2), while mitoses were extremely 

rare. The low proliferative activity of the grafts mirrored that in the parent tumors.

Discussion

This report is the first to describe successful xenografts of human pheochromocytomas or 

paragangliomas in any mouse strain. Because the tumors are rare they are difficult to study. 

Our laboratory maintains an archive of cryopreserved cells from primary 

pheochromocytomas and paragangliomas dating back several decades. The availability of 

replicate aliquots of cells in the archive permits experiments to be repeated and new ideas to 

be tested. All tumors in this study had been previously tested in unsuccessful attempts to 

establish pheochromocytoma and paraganglioma cell lines from primary monolayer cultures. 

Although chief cells from several of the tumors survived for more than one year in cell 

cultures, there was no evidence of proliferation at any time, as confirmed by the absence of 

bromodeoxyuridine labelling [14]. In contrast to cell cultures, chief cells both survived and 

proliferated in NSG mice, as evident from the presence of mitotic figures, Ki-67 labeling 

and formation of grossly visible tumors.

Powers et al. Page 3

Endocr Pathol. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



An additional characteristic of the tumor xenografts was reconstitution of the tumor 

microarchitecture, including the formation of prominent tumor vasculature and Zellballen 

with a typical relationship between sustentacular cells and chief cells. This is a particularly 

intriguing finding because the nature and origin of sustentacular cells have been debated. 

Some evidence suggests a non-neoplastic origin from a peritumoral or intratumoral 

population of benign glial-like cells [15], while countervailing evidence suggests that they 

are integral parts of tumors, possibly contributing to tumor development. The latter is 

supported by their reported expression of stem cell markers in both normal [16,17] and 

neoplastic [18] paraganglionic tissue. This issue could not be resolved in the present study 

because small cell clusters were undoubtedly present in the initially injected cell 

suspensions, and we could not determine whether the sustentacular cells were ever 

completely separate from the chief cells.

An important additional finding was that the tumor vasculature consisted in large part of 

human rather than mouse-derived endothelium. This suggests that the optimal grafting 

protocol in future studies should employ heterogeneous rather than purified tumor cell 

populations. The finding that some areas of tumor contained Ki-67-labelled tumor vessels 

without any tumor cells is consistent with the fact that endothelium in some paragangliomas 

in vivo can also show more robust labelling than the neoplastic chief cells.

The ready acceptance of primary tumor xenografts by NSG mice and other new mouse 

strains has led to increasing use of a new approach to pre-clinical drug testing employing 

“patient–derived xenografts” (PDXs) [12]. A PDX model can consist of tumor from an 

individual patient or multiple representative tumors with a very limited number of serial 

passages, the latter often being commercially available. The rationale for this approach is 

that primary xenografts or early in vivo passages are likely to resemble a patient’s tumor 

more closely than established cell lines, and may therefore be more valid predictors of drug 

response. This study provides proof of principle for the potential use of NSG mice in PDX 

models of pheochromocytoma and paraganglioma. Although the growth rate of the grafted 

cells was slow and the tumors were small, the slow growth accurately represents the growth 

rate of most pheochromocytomas and paragangliomas even in metastases [19]

It should be noted that the numbers of tumor cells injected in this study were small because 

the aliquots were originally apportioned for cell culture studies. Both the tumor size and 

incidence of successful engraftment are likely to be increased in future investigations by 

increasing the number of injected cells, which will also shorten the waiting period before 

studies can be conducted in a practical manner. This model could be especially suited for use 

in conjunction with exquisitely sensitive imaging techniques such as 68Ga-DOTATATE 

PET/CT [20] for testing the effects of potential therapies on small, slowly growing tumor 

deposits that typify most metastases.

While PDX models are a potentially important new pre-clinical tool, there is still a pressing 

need for human pheochromocytoma and paraganglioma cell lines to provide a reliable 

homogeneous source of cells for both basic and translational research. The present findings 

suggest that xenografts in NSG mice will further the goal of establishing cell lines by means 

of repeated alternate passaging of cells between cultures and mice. This time-tested 
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technique, which selects for increasingly rapid proliferation in culture and in vivo, was used 

to establish both the PC12 rat pheochromocytoma and MPC mouse pheochromocytoma line 

[7,8], currently the most widely studied pheochromocytoma models.
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Figure 1. 
A. Representative bilateral subcutaneous grafts of SDHB-mutated paraganglioma in a NSG 

mouse (Mouse 10). B. TH expression in subcutaneous tumor nodules from a sporadic, TH-

positive paraganglioma (mouse 7). C. Zellballen architecture, sustentacular cell and mitotic 

figure in a SDHB-mutated paraganglioma (mouse 4)
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Figure 2. 
A. Xenograft of a SDHB-mutated paraganglioma showing an area with only sparse nests of 

tumor cells (arrows) in a proteinaceous background containing a web of numerous 

capillaries resembling the vascular architecture of paragangliomas in vivo. B. 

Immunohistochemical stain for human CD31 demonstrating that many of the vessels within 

the graft are human-derived. Vessels in the adjacent mouse tissue are unstained. C. Ki-67 

labelling of tumor-derived endothelial cells in an area devoid of tumor cells.
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