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1. Experimental details: Image Segmentation Procedure 

1.1 Segmentation cell covered area 

Bayesian inference for the automated adjustment of an image segmentation pipeline was used to perform 

image segmentation of the cell covered area (Moskopp et al., 2019). In detail, a binary manual 

segmentation into cell covered area and background of a region of interest was used as training data. 

Bayesian inference allowed to adjust the parameters of a predefined image segmentation pipeline 

consisting of a sequence of edge detection, blurring, threshold setting and area size filtering (Moskopp et 

al., 2019). Consecutively, the optimized parameters were applied to every image series resulting in binary 

images of cell covered and background area. The algorithm outputs the cell covered area as a percentage 

of the area of the entire mosaic image as a function of time. Changes in cell covered area are defined as 

the sum of the differences between two consecutive images in the time series. Pixels that were classified 

as background in the first and cell covered area in the second of two consecutive images as well as pixels 

that were classified as cell covered area in the first and background in the second of two consecutive 

images were counted and expressed as percentage in relation to the image canvas size. 

1.2 Segmentation of pseudopodia 

The Trainable Weka Segmentation Fiji plugin was used to perform image segmentation of pseudopodia 

(Hall et al., 2009, Arganda-Carreras et al., 2017, Arganda-Carreras et al., 2016). In detail, due to 

computational limitations the maximum size of images were 600 x 450 pixels. Therefore, the 2 x 2 field of 

view mosaics were randomly cropped into regions of interests with the size of 600 x 450 pixels. A binary 

image segmentation was manually performed into pseudopodia and background based on three cropped 

regions of interests at time points 0 h, 12 h and 24 h from a random sample. Consecutively, these manually 

segmented images were used as training data for the Trainable Weka Segmentation. Then, the trained 

classifier was applied to the image series. However, due to computational limitations a dt = 60 min was 

used. In-house software written in python was used to correct for artifacts using size-thresholds and image 

erosion algorithms. Pseudopodia were classified as region of coherent pixels in an 8-chain neighborhood. 

Further, pseudopodia were categorized into two distinguished groups based on size and length of axes of 

orientation of the binarized pseudopodia shape: Simple elongated pseudopodia are defined by a structure 

quotient of ≥ 3 (longer axis of orientation divided by shorter axis of orientation). Pseudopodia with a structure 

quotient < 3 were classified as intersected/branched pseudopodia. 
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2. Experimental details: qRT-PCR primers 

Table S1: Primer sequences  

Gene Forward primer sequence Reverse primer sequence bp 

Human 

ITGA7 TATTGACTCGGGGAAAGGTCT CCAGCCATCACTGTTGAGG 205 

LAMB1 AGGAACCCGAGTTCAGCTAC CACGTCGAGGTCACCGAAAG 103 

COL4A2 GGTTTCTACGGAGTTAAGGGTG GCCAGGGTAACCCCTCAGT 225 

CTNNB1 AAAGCGGCTGTTAGTCACTGG CGAGTCATTGCATACTGTCCAT 215 

EPAS1 GACCAATGCAGTACCCAGAC GTGGCTGGAAGATGTTTGTC 184 

ACTIN AAGGCCAACCGTGAAAAGAT GTGGTACGACCAGAGGCATAC 110 

Mouse 

Reln CTGTGTCATACGCCAAGAACA GGGGAGGTACAGGATGTGGAT 101 

Actin AAGGCCAACCGTGAAAAGAT GTGGTACGACCAGAGGCATAC 110 

Itga7 CACACCGATATGAGTCTCGACA GTCCTGGCTTAGCACAAAGCA 86 

Lamb1 ATGTGACTCCCGAGACCCTTA ACACCATTTTCCGATTGCCAC 120 

 

3. Experimental details: In vivo animal studies 

Subcutaneous tumor model 

Transplantation of the cells (MPC or MPC-mCherry cells) into NMRI nu/nu mice, anesthesia and 

determination of tumor volume were carried out as described previously (Ullrich et al., 2014).  

 

Mouse liver metastasis model 

A number of 2×106 cells (MPC or MPC-mCherry cells) were injected intravenously into the tail vein of 10-

week-old female SKH1 mice (Crl:SKH1-EliteHrhr, immunocompetent, hairless; Charles River Laboratories, 

Sulzfeld, Germany) that exclusively developed liver metastases (Ullrich et al., 2018). 
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Small animal imaging 

At 35 days after cell injection, anesthesia was induced and maintained with inhalation of 10% (v/v) 

desflurane (Baxter, Unterschleissheim, Germany) in 30% (v/v) oxygen air. Magnetic resonance imaging 

(MRI) of mice bearing MPC liver metastases was performed using a 7 Tesla small animal scanner (BioSpec 

70/30, Bruker, Billerica, MA, USA) with a T2-weighted multi-slice multi-echo sequence with an effective 

echo time of 21.8 ms and a repetition time of 1438 ms at a spatial resolution of 0.2×0.2×0.6 mm and a slice 

distance of 0.7 mm (Ullrich et al., 2018). After MRI, animals were killed using CO2 inhalation and cervical 

dislocation. MR images were analyzed using ROVER (Helmholtz-Zentrum Dresden-Rossendorf, Dresden, 

Germany). In series of consecutive coronal images, numbers of metastases (n) and volume of total 

metastatic load (V) in the liver were quantified from regions of interest (ROIs) drawn using the manual ROI 

editing tool with ROI segmentation enabled and ROI intersection excluded. 

Fluorescence imaging (FLI) of MPC-mCherry metastases was performed in dissected livers using the In-

vivo Xtreme optical imaging system (Bruker). Detection of mCherry was performed at λEx/Em = 600/700. 

Reference images were captured at λEx/Em = 480/535 nm. Images were analyzed using MI SE 7.2 (Bruker). 

Regions of specific mCherry-fluorescence were assessed by normalization with reference images (Ullrich 

et al., 2018). 

4. Experimental details: Microarray analysis  

mRNA data from 91 samples was extracted from gene expression array datasets (López-Jiménez et al., 

2010, Qin et al., 2014). Briefly, microarray image acquisition and analysis was performed with GenePixTM 

Pro (Axon Instruments Inc). The “.gpr” files were read and analyzed with limma R package (version 3.26.9) 

(Ritchie et al., 2015). Background correction was done using the “normexp” method. Normalization within 

arrays was performed using the “loess” method. Normalization between arrays was executed by applying 

the “quantile” method and differential expression analysis between HIF2α mutated and cluster-2 tumor 

samples was computed. Genes determined to be significantly different between HIF2α mutated and cluster-

2 tumors were analyzed in DAVID (version 6.8) (Sherman and Lempicki, 2009, Huang et al., 2009) with the 

human genome as background. The functional annotation tool was applied to map genes to the KEGG 

pathways. Network chart of the enriched pathways was produced using Networkanalyst.ca’s “List 

Enrichment Network” (Zhou et al., 2019).  
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5. Experimental details: Data mining 

RNAseq data from the TCGA project was downloaded from UCSC Xena (http://xena.ucsc.edu/). The 

expression of the selected genes was compared between the eight tumors with mutations in HIF2α and the 

68 tumors identified to have a kinase signaling cluster subtype by Fishbein et al. (Fishbein et al., 2017). 

Level 3 TCGA RPPA data was obtained from The Cancer Proteome Atlas portal 

(https://tcpaportal.org/tcpa/index.html); protein levels for caveolin-1 and beta-catenin were analyzed 

between HIF2α-mutated tumors (n=5) and the ones with activation of kinase signaling (n=34). 

6. Study design PPGL patients 

Two different study arms were defined starting from a retrospective PPGL cohort including 793 patients 

(Supplementary Figure 1). Study A addresses the question whether patients with mutations in cluster 1 

genes bear a higher risk to develop metastatic disease compared to patients with cluster 2 mutations, 

independently of SDHB mutations. Therefore, 425 patients with known genetic background were included 

and grouped into these three different subgroups. Study B focused on the biochemical phenotype of 

PPGLs. Here, 666 patients were included, excluding those with mutations in SDHB, and divided into 

adrenergic and non-adrenergic. 

 

Figure 1: Flowchart of the retrospective PPGL study defining different subgroups related to underlying 

mutations (study A) or the biochemical phenotype (study B).  
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7. HIF2α silencing  in hPheo1 cells  

HIF2α was stably knocked down by viral transduction with lentiviral particles (Origene, TL315484V) 

containing a short hairpin RNA (shRNA) against human HIF2α/EPAS1 (hPheo1(-)EPAS-1: 

GTATGAAGAGCAAGCCTTCCAGGACCTGA or a non-targeting shRNA (TR30021V: 

GCACTACCAGAGCTAACTCAGATAGTACT) as control (hPheo1 ctrl). Briefly, hPheo1 cells (0.5x105) were 

seeded in a 24-well plate. Medium was removed after 24 h and lentiviral particles with multiplicity of infection 

(MOI) of 1, 2, 5, 10 or 15 were added in 500 µL of fresh medium. Cells were incubated for 17 h and split 

(1:10). Puromycin (1:1000) was routinely added for selection. Successful transfection was confirmed by 

qPCR and western blot analysis (Figure 2A and Supplementary Figure 2).  

 

Figure 2: HIF2α expression in hPheo1 crtl and hPheo1(-)EPAS1 cells under normoxic conditions. Western blot 

analysis of (A) HIF2α after 15 min exposure time. (B) Membrane after re-incubation with anti-actin and an exposure 

time of 5 min. 
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8. Comparison of baseline cell characteristics of MPC and MTT cells 

By the tail vein injection of mouse pheochromocytoma cells (MPC) and subsequent re-selection of 

metastatic liver lesions a more aggressive pheochromocytoma cell line named MTT was obtained 

(Martiniova et al., 2009). As initial step, we investigated the baseline characteristics of both cell lines in 

regard to their pro-metastatic cell features. MTT cells revealed a significantly increased growth rate 

(Supplementary Figure 3A), migration and invasion capacity (Supplementary Figure 3B-C) as well as 

adhesion to the extracellular matrix proteins collagen and laminin (Supplementary Figure 3D-E). Thus we 

could confirm the more aggressive behaviour of the MTT cells also with the methods used here. 

 

Figure 3: MTT cells showed an increased pro-metastatic behavior compared to MPC cells. (A) MTT cells showed 

an enhanced growth rate compared to the MPC cells analyzed by counting the number of proliferating cells. The (B) 

migration and (C) invasion capacity was also investigated using Boyden-Chamber assays with or without matrigel 

coating showing an increased capacity of the MTT cells. Moreover, MTT cells showed an enhanced adhesion to the 

extracellular matrix proteins (D) collagen and (E) laminin. Three to four independent experiments (n = 12-24). Mean ± 

SEM. Unpaired t-test vs. MPC control, *p<0.05 or, **p<0.001. 
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9. Impact of Hif2α on the pro-metastatic behavior of MTT cells 

Similar to MPC cells, MTT cells naturally lack Hif2α. We expressed Hif2α in MTT cells (MTT H2A) and used 

their counterpart cell lines transfected with empty vector (MTT control) as a control (Bechmann et al., 2019). 

In contrast to the MPC-mCherry cells, resulted the expression of Hif2α in MTT cells in a diminished cell 

growth after 144 h cultivation (Supplementary Figure 4A). Furthermore, diminished the expression of Hif2α 

the ability of the cells to form colonies (Supplementary Figure 4B) and reduced spheroid growth 

(Supplementary Figure 4C).  

 

Figure 4: Expression of Hif2α diminished proliferative properties of MTT cells. (A) Expression of Hif2α reduced 

the number of proliferative cells significantly. Cultivation under hypoxic conditions diminished the growth pattern of both 

cell lines significantly. Four independent experiments (n = 12). (B) The ability to form colonies was also reduced by the 

expression of Hif2α. Four independent experiments (n = 12). (C) Spheroid formation and growth were significantly 

diminished by expressing Hif2α. Four independent experiments (n = 12). Mean ± SEM. ANOVA and Bonferroni post 

hoc test comparison vs. MTT control, *p<0.05 or, **p<0.01. 

 

Expression of Hif2α represses the migration capacity of MTT cells, while the invasion capacity is 

significantly increased. Exposure to hypoxia diminished the migration capacity of the control cells, but the 

MTT H2A cells were not affected (Supplementary Figure 5A-B). In contrast, hypoxia had no effect on the 

invasion capacity of the control cells, while hypoxia reduced the invasive capacity of the MTT H2A cells. 

Expression of Hif2α resulted in a decreased adhesion to collagen, while the adhesion to laminin was not 

affected (Supplementary Figure 5C-D). Exposure to hypoxia reduced the ability to attach to collagen and 

laminin in MTT control cells. The diminished adhesion capacity of the MTT H2A to collagen was not further 

affected by hypoxia, but the adhesion capacity to laminin was significantly increased. 
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Figure 5: Expression of Hif2α led to diverse effects on the pro-metastatic behavior of MTT cells. (A) Expression 
of Hif2α diminished the migration capacity of MTT cells. Furthermore, exposure to hypoxia reduced the migration 
capacity of both cell lines. Expression of Hif2α had the opposite effect on the (B) invasion capacity of the cells, which 
is significantly increased by the expression of Hif2α. Hypoxia reduced the invasion capacity. (C) Adhesion capacity to 
collagen was significantly diminished by the expression of Hif2α, while the (D) adhesion to laminin was not affected. 
Exposure to hypoxia reduced the ability to attach to collagen and laminin in MTT control cells. The diminished adhesion 
capacity of the MTT H2A to collagen was not further affected by hypoxia, but the adhesion capacity to laminin was 
significantly increased. Four independent experiments (n =24). Mean ± SEM. ANOVA and Bonferroni post hoc test 
comparison vs. normoxia, *p<0.05, **p<0.01; vs. MTT control, #p<0.05, ##p<0.01. 

 

In the highly aggressive MTT cells, expression of Hif2α had no additional effect on cell migration and 

adhesion. Only the invasion capacity of the cells was significantly increased by the expression of Hif2α. 

Nonetheless, cluster formation and reorganization was monitored for 24 h (Supplementary Figure 6) 

obtaining similar effects as for the MPC-mCherry cells (Figure 5) indicating that the expression of Hif2α also 

led to impairment of focal adhesion and cytoskeletal remodeling processes in MTT cells. Moreover, 

expression of Hif2α induced the formation of pseudopodia in MTT cells (Supplementary Figure 7). Despite 

the increased aggressiveness of MTT cells, expression of Hif2a seems to additionally increase the pro-

metastatic properties of these cells, although to a lesser extent than in MPC cells. 
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Figure 6: Hif2α-dependent cluster formation and cell dynamics in MTT cells. (A-C) Representative sections of 
MTT control cells (black frame) recorded 0 h, 12 h, and 24 h after seeding using phase contrast microscopy. MTT 
control cells form clear distinguishable cell clusters, while (D-F) MTT H2A cells (red frame) seem to be less tightly 
connected. Scale bar: 100 µm. (G-L) Cluster masks were assessed using in-house software to identify conjoint groups 
of cells (see methods). Random pseudocolors are used to facilitate the identification of conjoint cell clusters and 
networks. Rectangles indicate the regions shown in A-F. Scale bar: 500 µm. While (G-I) MTT control cells form compact 
delimited clusters, (J-L) MTT H2A cells build wide networks with frayed edges. Within this network, single cells are able 
to move between different clusters. (M) Analysis of the cell covered area over time shows that cluster formation 
saturated after 5 h for MTT control cells, while the cell covered area of the MTT H2A cells continuously increased 
throughout the observation interval. (N) Moreover, changes in cell covered area are given as a difference between two 
consecutive images (dt = 5 min) of the time series. In general, MTT H2A cells show higher values for changes in cell 
covered area compared to MTT control cells. This might indicate a higher instability of cell clusters and furthermore, 
reflect the enhanced dynamic of MTT H2A cells. Four experiments (n=4). 
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Figure 7: Hif2α-dependent formation of pseudopodia in MTT cells. (A-C) Representative sections of MTT control 
cells (black frame) recorded 0 h, 12 h, and 24 h after seeding using phase contrast microscopy. MTT control cells form 
sporadic pseudopodia between their compact clusters, while (D-F) MTT H2A cells (red frame) build a dynamic 
meshwork of pseudopodia. Scale bar: 100 µm. (G-L) Individual pseudopodia were identified using the trainable weka 
segmentation algorithm and our own software (see methods). Pseudopodia were classified as either solitary 
pseudopodia (red) or intersected as well as branched pseudopodia (yellow). (M) The count of single pseudopodia 
shows that MTT control cells have an almost constant number of single pseudopodia 6 h after seeding, while MTT H2A 
cells continue to form and elongate new pseudopodia. (N) Furthermore, the number of intersected or branched 
pseudopodia continues to increase during the observation period in MTT H2A cells. MTT control cells show intersected 
or branched pseudopodia less often. This effect might be a result of enhanced cell dynamics as well as a higher 
probability to form solitary cell pseudopodia in MTT H2A cells compared to control. Four experiments (n=4). 
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10. Hif2α-dependent effect of PT-2385, a specific HIF2α inhibitor, on pheochromocytoma 

cells pro-metastatic behavior 

Our data showed for the first time that HIF2α is major driver of the pro-metastatic phenotype of 

pseudohypoxic cluster 1 PPGLs. This property might be a suitable target for therapeutic purposes, 

especially in patients, who suffer from metastases. Therefore, we investigated the effect of PT-2385, a 

selective HIF2α antagonist with potent anti-tumorigenic activity in clear cell renal cell carcinoma (Courtney 

et al., 2018), on pheochromocytoma progression and metastasis in vitro.  

In renal cell carcinomas, a concentration of 10 µM resulted in nearly complete inhibition of HIF2α target 

genes (Wallace et al., 2016). Therefore, MPCmCherry cells were treated with 10 µM PT-2385 or DMSO as 

control and the Hif2α-dependent effects on the number of proliferating cells, cell migration as well as 

invasion were analyzed. Under normoxic and hypoxic conditions, PT-2385 showed no effect on the number 

of proliferating cells (Supplementary Figure 8A-B). Independently of Hif2α expression, PT-2385 did not 

affect the migration and invasion capacity of MPCmCherry cells (Supplementary Figure 8C-D).  
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Figure 8: Hif2α-dependent effect of PT-2385 on MPCmCherry cells. (A-B) The number of proliferating cells were 

determined in absence and presence of 10 µM PT-2385. Under (A) normoxic and (B) hypoxic conditions, neither in 

MPCmCherry-EV celsl nor in MPCmCherry-H2A cells treatment with PT-2385 resulted in a measurable effect on the 

number of proliferating cells. Four independent experiments (n = 8). Mean ± SEM. (C) The migration capacity of both 

cell lines was not affected by treatment with PT-2385. (D) Treatment with PT-2385 had no effect on the invasion 

capacity of the cells. Four independent experiments (n = 24). Mean ± SEM. ANOVA and Bonferroni post hoc test 

comparison vs. normoxia, *p<0.05, **p<0.01; vs. MPCmCherry-EV, #p<0.05, ##p<0.01. 

To confirm these results, we have repeated the experiments using MTT cells re-expressing Hif2α and their 

counterpart cell line. Under normoxic conditions, PT-2385 reduced significantly the number of proliferating 

MTT H2A cells, while MTT control cells were not affected (Supplementary Figure 9A). Under hypoxic 

conditions, no effect on the number of both cell lines could be detected (Supplementary Figure 9B). The 

migration capacity of MTT control cells was significantly reduced by treatment with PT-2385, while the MTT 

H2A were not affected (Supplementary Figure 9C). Under hypoxic conditions, PT-2385 had no effect on 

the migration capacity. Moreover, treatment with PT-2385 had no effect on the invasion capacity of the cells 

under normoxic nor hypoxic conditions (Supplementary Figure 9D). In summary, PT-2385 showed no effect 

on cell proliferation and the pro-metastatic behavior in a Hif2α-dependent manner in our 

pheochromocytoma cell model system.   
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Figure 9: Hif2α-dependent effect of PT-2385 on MTT cells. (A-B) Number of proliferating cells were determined in 

absence and presence of 10 µM PT-2385. Under (A) normoxic, number of proliferating MTT H2A cells was significantly 

reduced by treatment with PT-2385, while the MTT control cells were not affected. Under (B) hypoxic conditions, PT-

2385 had no effect on the number of proliferating cells. Four independent experiments (n = 8). Mean ± SEM. ANOVA 

and Bonferroni post hoc test comparison vs. untreated cells, **p<0.01. (C) Under normoxic conditions, migration 

capacity of MTT control cells was significantly reduced by treatment with PT-2385, while the MTT H2A were not 

affected. Under hypoxic conditions, PT-2385 had no effect on the migration capacity of both cells. Moreover, (D) 

treatment with PT-2385 had no effect on the invasion capacity of the cells under both normoxic and hypoxic conditions. 

Four independent experiments (n = 24). Mean ± SEM. ANOVA and Bonferroni post hoc test comparison vs. normoxia, 

*p<0.05, **p<0.01; vs. MTT control, #p<0.05, ##p<0.01. 
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11. Mutations in HIF2α affect genes of the focal adhesion and extracellular matrix (ECM)-

receptor interaction pathway 

Gene expression profiling showed an impairment of genes involved in focal adhesion and extracellular 

matrix-receptor interaction in HIF2α -mutated PPGLs compared to cluster 2 PPGLs (Figure 6). 

Supplementary Figure 10 depicts genes affected in the focal adhesion pathway. Regulations in the 

extracellular matrix (ECM)-receptor interaction pathway are shown in Supplementary Figure 11. 

 

 

Figure 10: Genes of the focal adhesion pathway regulated in HIF2α mutated tumors compared to cluster 2 
PPGLs. DAVID KEGG pathway analysis. Genes regulated in PPGLs with HIF2α mutations compared to cluster 2 
tumors are highlighted with red stars.  
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Figure 11: Genes of the extracellular matrix (ECM)-receptor interaction pathway regulated in HIF2α mutated 
tumors compared to cluster 2 PPGLs. DAVID KEGG pathway analysis. Genes regulated in PPGLs with HIF2α 
mutations compared to cluster 2 tumors are highlighted with red stars. 
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To confirm these results we used a second PPGL data set extracted from The Cancer Genome Atlas 

(Supplementary Figure 12).  

 

 

Figure 12: Box and whisker tukey plots indicating the expression of a selected gene set in the PPGL TCGA 
cohort in kinase signaling (n=68) and in HIF2α (n=8) tumors. RNAseq data was downloaded from UCSC Xena 
(http://xena.ucsc.edu/). Two-tailed Mann-Whitney test was applied to test for significant differences. 
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12. Mutations in HIF2α affect protein expression of beta-catenin and caveolin 1 

In the PPGL TCGA cohort protein levels of beta-catenin encoded by the CTNNB1 gene and caveolin 1 

encoded by the CAV1 gene were available. In comparison to PPGLs with an activation of kinase signaling 

pathways, tumors bearing a mutation in HIF2α showed a significant up-regulation of caveolin 1, while beta-

catenin was just in trend up-regulated (Supplementary Figure 13).  

 

Figure 13: Box and whisker tukey plots showing the protein levels of beta-catenin and caveolin 1 in the PPGL 
TCGA cohort in kinase signaling (n=34) and in HIF2α (n=5) tumors with RPPA data available. Data was obtained 
from level 3 RPPA PPGL platform and downloaded from https://tcpaportal.org/tcpa/index.html. Two-tailed Mann-
Whitney test was applied to test for significant differences. 
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12. HIF2α expression is associated with regulation of genes involved in focal adhesion 

and ECM-receptor interaction pathway in pheochromocytoma cells  

To confirm our in vivo findings, we investigated the effect of HIF2α on the expression pattern of genes 

involved in focal adhesion and ECM-receptor interaction pathway in our pheochromocytoma cell models. 

In MPCmCherry cells Itga7 and Lamb1 were not detectable independently of their Hif2α expression level, 

but comparable to the results obtained in the microarray analysis led the expression of Hif2α in these cells 

to a significant downregulation of Reln (Supplementary Figure 14A). In the hPheo1 cells knockdown of 

HIF2α result in a significant downregulation of LAMB1 and COL4A2 confirming thereby the HIF2a 

dependent regulation of these genes (Supplementary Figure 14B).  

 

Figure 14: Expression of Reln, LAMB1 and COL4A2 in dependence of the HIF2α expression in 
pheochromocytoma cells. qRT-PCR analysis of MPCmCherry and hPheo1 cells. (A) Expression of Hif2α decreased 
Reln expression in MPC-mCherry cells. (B) Constitutive downregulation of HIF2α in hPheo1 cells diminished the 
expression of LAMB1 and COL4A2 significantly. Six to seven independent experiments (n=6-7). t-test vs. 
MPCmCherry-EV or hPheo1 ctrl *p<0.05, **p<0.001.  
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