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SUMMARY

Loss-of-function mutations in the SDHB subunit
of succinate dehydrogenase predispose patients to
aggressive tumors characterized by pseudohy-
poxic and hypermethylator phenotypes. The mecha-
nisms leading to DNA hypermethylation and its
contribution to SDH-deficient cancers remain un-
demonstrated. We examine the genome-wide distri-
bution of 5-methylcytosine and 5-hydroxymethylcy-
tosine and their correlation with RNA expression in
SDHB-deficient tumors and murine Sdhb�/� cells.
We report that DNA hypermethylation results from
TET inhibition. Although it preferentially affects
PRC2 targets and known developmental genes,
PRC2 activity does not contribute to the DNA hyper-
methylator phenotype. We also prove, in vitro and
in vivo, that TET silencing, although recapitulating
the methylation profile of Sdhb�/� cells, is not suffi-
cient to drive their EMT-like phenotype, which re-
quires additional HIF2a activation. Altogether, our
findings reveal synergistic roles of TET repression
and pseudohypoxia in the acquisition of metastatic
traits, providing a rationale for targeting HIF2a and
DNA methylation in SDH-associated malignancies.

INTRODUCTION

Succinate dehydrogenase (SDH) is the mitochondrial enzyme

that catalyzes oxidation of succinate into fumarate in the tricar-

boxylic acid (TCA) cycle. It consists of 4 subunits encoded by

the SDHA, SDHB, SDHC, and SDHD (SDHx) genes. Germline

mutations in one of these genes predispose to pheochromocy-

toma and paraganglioma (PPGL), rare neuroendocrine tumors

that arise in the adrenal medulla and the parasympathetic or

sympathetic nervous systems, respectively. Notably, mutations

in the SDHB gene are associated with increased risk of metasta-

tic disease (Gimenez-Roqueplo et al., 2003) and poor prognosis

(Amar et al., 2007).

Mutations affecting other TCA cycle enzymes, such as fuma-

rate hydratase (germline mutations on FH) and isocitrate dehy-

drogenase (somatic mutations on IDH1 or IDH2) are found,

although infrequently, in PPGL (Castro-Vega et al., 2014; Clark

et al., 2014) and often lead to other forms of cancer (Morin

et al., 2014).

Mechanistically, mutations affecting SDH, fumarate hydra-

tase (FH), or isocitrate dehydrogenase (IDH) enzymes induce

accumulation of oncometabolites (succinate, fumarate, and

(R)-2-hydroxyglutarate, respectively), which inhibits 2-oxoglu-

tarate (2-OG)-dependent dioxygenases such as hypoxia-

inducible factors (HIF) prolyl-hydroxylases (PHDs); ten-eleven

translocation (TET) dioxygenases that hydroxylate DNA-meth-

ylated cytosines (5-methylcytosine [5mC]) into 5-hydroxyme-

thylcytosine (5hmC), and JmjC domain-containing histone

lysine demethylases (KDM). Nevertheless, the affinity of

each oncometabolite for these various dioxygenases varies

greatly (Rose et al., 2011), and the specific contributions of

these impaired enzymatic activities in the tumor phenotype

remain undetermined.

PHD inhibition results in pseudohypoxia; i.e., abnormal stabi-

lization of HIF1a and/or HIF2a transcription factors and subse-

quent expression of hypoxia-inducible genes, even in nor-

moxia. It was the first discovered oncometabolite-induced

pathway. Because tumor hypoxia is a known inducer of epithe-

lial-to-mesenchymal transition (EMT), cancer stem cell pheno-

types, andmetastases (Marie-Egyptienne et al., 2013), pseudo-

hypoxia has long been considered a driver mechanism in the

invasive and metastatic behavior of oncometabolite-driven

tumors.

KDM and TET enzymes are involved in epigenetic regulation,

which is altered in most cancers. For example, global DNA

hypomethylation and specific promoter CpG island hyperme-

thylation are hallmarks of cancer. In particular, polycomb

repressive complex 2 (PRC2) targets are highly prone to

cancer-specific hypermethylation (Ohm et al., 2007;
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Schlesinger et al., 2007). PRC2 is a transcriptionally repressing

complex catalyzing tri-methylation of lysine 27 of histone H3

(H3K27me3). In embryonic stem cells (ESCs), it is involved in

repression of poised developmental genes (Lee et al., 2006).

The PRC2 complex can also recruit the DNA methyltrans-

ferases DNMT1 and DNMT3a to its target genes (Viré et al.,

2006) and has been implicated in DNA hypermethylation in

cancers not driven by oncometabolites (Ohm et al., 2007;

Schlesinger et al., 2007). Several studies have suggested a

link between TET and PRC2 (Haffner et al., 2013; Putiri et al.,

2014; Verma et al., 2018), but it remains unexplored whether

PRC2 participates in DNA methylation in oncometabolites-

driven tumors.

The role of TET enzymes in shaping the DNA methylome of

such tumors has been partially investigated. Several groups,

including ours, studied the methylome of oncometabolite-

driven tumors and reported enhanced DNA methylation in

(Killian et al., 2013; Letouzé et al., 2013; Lu et al., 2013) and

outside CpG islands (Killian et al., 2013; Letouzé et al.,

2013). However, these studies were performed using methyl-

ome arrays or reduced-representation bisulfite sequencing

(enrichment in CG-rich regions), and no genome-wide, un-

biased method has been used so far. Besides, the classical

bisulfite conversion used in these studies is not able to distin-

guish 5mC from 5hmC. Global 5hmC levels in these tumors

were measured using immunolabeling (Figueroa et al., 2010;

Killian et al., 2013; Letouzé et al., 2013; Xiao et al., 2012), fluo-

rescence-activated cell sorting (FACS) (Figueroa et al., 2010;

Turcan et al., 2012), or dot blot (Xiao et al., 2012). These

experiments showed a reduction in global levels of 5hmC

that parallels the increased 5mC levels. Rampal et al. (2014)

reported, in the first study published so far regarding oncome-

tabolite-driven tumors, the genome-wide 5mC and 5hmC

patterns in TET2, WT1, and IDH-mutated acute myeloid leuke-

mia but did not assess the correlation between 5mC and

5hmC in these tumors.

In the present study, we analyze DNA methylation and

hydroxymethylation along the genome in SDHB-deficient

tumors. We used a tractable cellular model that recapitu-

lates most of the phenotypic characteristics of SDHB-

mutated tumors to determine how the pattern of hyperme-

thylation and related transcriptional changes are established.

We also provide evidence that pseudohypoxia cooperates

with hypermethylation in inducing an EMT-like pheno-

type, suggesting synergistic requirements for tumor initiation

and progression of aggressive SDHB-mutated tumors.

Figure 1. MeDIP-Seq Analysis of DNA Methylation in SDHB-mut Tumors Identifies Enrichment in PRC2 Targets

(A) Hierarchical clustering of the tumors based on methylation of the 1,000 most variant peaks.

(B) Volcano plot indicating the number of differentially methylated peaks between SDHB-mut and SDHB-wild-type (WT) PPGL.

(C) Preferential location of hypermethylated peaks in SDHB-mut versus SDHB-WT tumors and segregation in CGI-based or gene-based features.

(D) Hypermethylated peaks in SDHB-mut versus SDHB-WT tumors (identified bymeDIP-seq) are strongly enriched in genesmarked by H3K27me3 or targeted by

SUZ12, EED, or PRC2 in ESCs (gene sets described by Ben-Porath et al. 2008). The gene set called ‘‘PRC2_targets’’ is composed of genes that possess the

H3K27me3mark at their promoters and are bound by SUZ12 and EEDPolycomb proteins in ESCs. A description of genomic features used to analyze meDIP-seq

is provided in Figure S1.

(E) Microarray-based analysis of expression of PRC2 targets in a cohort of 113 genetically determined PPGL tumors described in Letouzé et al. (2013). Middle bar,

median; box, interquartile range; bars extend to 1.5 times the interquartile range.

See also Figure S1.

4552 Cell Reports 30, 4551–4566, March 31, 2020



Figure 2. PRC2 Targets Are Enriched among Hypermethylated and Downregulated Genes in Sdhb�/� versus Wild-type (WT) imCCs, but

PRC2 Inhibition Does Not Alter the DNA Methylation or Cell Phenotype of Sdhb�/� imCCs

(A) Volcano plot indicating the number of differentially methylated peaks between Sdhb�/� and Sdhb-WT imCCs.

(B) Hypermethylated peaks in Sdhb�/� compared with Sdhb WT imCCs (identified by meDIP-seq) are strongly enriched in genes marked by H3K27me3 or

targeted by PRC2 in ESCs.

(C) Downregulated genes in Sdhb�/� compared with Sdhb-WT imCCs (identified in RNA sequencing [RNA-seq] data) are enriched in genes marked by

H3K27me3 or targeted by PRC2 in ESCs.

(D) Inhibition of trimethylation of H3K27 by the PRC2 inhibitor GSK343 (3 mM).

(E) qRT-PCR dosage of known PRC2 targets (DNA hypermethylated or not in Sdhb�/� imCCs) in cells treated with GSK343 for 5–7 passages.

(legend continued on next page)
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RESULTS

Genome-wide DNA Methylation and the PRC2 Pathway
in SDHB-Deficient Tumors and Cells
Using methylation arrays and reduced-representation bisulfite

sequencing (RRBS), we have previously described a hyperme-

thylator phenotype in tumors carrying an SDHx mutation and in

spontaneously immortalized mouse chromaffin cells (imCCs)

with complete Sdhb knockout (Letouzé et al., 2013). To further

investigate DNA methylation patterns using an un-biased and

genome-wide method, we used methylated DNA Immunopre-

cipitation sequencing (meDIP-seq) in human PPGL carrying or

not carrying SDHB mutations. As expected, we found strong

DNA hypermethylation (80% of differentially methylated peaks)

in SDHB-mutated (SDHB-mut) compared with SDHB wild-type

(WT) tumors (Figures 1A and 1B). Hypermethylated peaks were

more frequent at CpG islands (CGIs) and promoters (defined

as 500 bp before and after the transcription start sites [TSSs]

and hereafter referred to as TSS 500), but they were also detect-

able in the rest of the genome (Figures 1C and S1A).

Gene set analysis of hypermethylated genes in SDHB-mut

tumors revealed strong enrichment in genes deregulated in

cancer and in genes encoding proteins involved in pluripotency

or development. The most significantly enriched sets of genes

were polycomb targets and genes marked by H3K27me3 in

ESCsandneural precursor cells (Figure 1D; TableS1). A heatmap

of DNA methylation, established from the methylome array data

from the French COMETE (COrtico et MEdullo-surrénale, les Tu-

meurs Endocrines) cohort (4 non-tumoral samples and 145PPGL

samples) (Letouzé et al., 2013) and restricted to the gene set

BENPORATH_ES_WITH_H3K27ME3, showed strong hyperme-

thylation in tumors carrying anSDHx genemutation (Figure S1B).

To address whether this hypermethylation was accompanied by

reduced RNA expression, we used the transcriptomics data on

the COMETE cohort of PPGL encompassing 17 SDHB-, 40

VHL-, 37 NF1-, and 19 RET-mutated PPGL samples. SDHB-

mut tumors showed the lowestmean expression of PRC2 targets

among all PPGL subgroups (Figure 1E).

We also compared expression of the PRC2 core components

EZH2, SUZ12, and EED among the expression clusters

described in Burnichon et al. (2011). EZH2 and SUZ12were over-

expressed in cluster C1A, which is composed of tumors with

mutations on genes encoding TCA cycle enzymes (Figure S1C),

whereas the PRC1 components RING1 and BMI1 were not

(Figure S1D). EZH2 and SUZ12 were also overexpressed in

metastatic compared with benign tumors (Figure S1E).

To investigate whether PRC2 participates in the DNA

hypermethylator phenotype, we used the Sdhb�/� imCC model,

which recapitulates the strong DNA hypermethylation observed

by meDIP-seq in SDH tumors (Figure 2A) and the enrichment in

PRC2 among hypermethylated (Figure 2B) or transcriptionally

repressed genes (Figure 2C). We treated imCCs with a specific

PRC2 inhibitor, GSK343, a potent and highly selective EZH2 in-

hibitor (Verma et al., 2012), for up to 7 passages. GSK343 treat-

ment resulted in sustained inhibition of H3K27me3 (Figure 2D)

but did not modify global 5mC levels (Figure S2A) or 5hmC levels

(Figure S2B). Nevertheless, most polycomb targets downregu-

lated in Sdhb�/� cells were also hypermethylated at their TSS

500. We thus selected seven PRC2 targets that were downregu-

lated in Sdhb�/� cells. These genes are involved in neural differ-

entiation (Hand2 [Stanzel et al., 2016], Gdnf [Roussa and Kriegl-

stein, 2004], Stmn2 [Liu et al., 2002], and Wnt11 [Elizalde et al.,

2011]) and cell migration and subsequent development of the

central nervous system (Sema6d [Toyofuku et al., 2004], Spock2

[Schnepp et al., 2005], and Spock3 [Yamamoto et al., 2014]).

Five of them were also hypermethylated at their TSS 500 and

two were not. Treatment with GSK343 did not reactivate the

expression of DNA-hypermethylated genes, whereas it pro-

moted re-expression of the two genes that were not DNA

methylated (Figure 2E). We showed, by chromatin immunopre-

cipitation, that the H3K27me3 mark was detected in these 2

genes only in Sdhb�/� cells, which returned to baseline following

GSK343 treatment (Figures 2F and 2G). In contrast, genes that

were DNA hypermethylated in Sdhb�/� cells did not bear an

increased H3K27me3 mark in Sdhb�/� compared with WT cells

(Figure S2C), showing that their repression was solely mediated

by DNA rather than histone methylation.

To confirm these results with a different PRC2 inhibitor and

using a global methylation technique, we used the UNC1999

inhibitor, highly selective for EZH2 and EZH1, and its close

analog UNC2400 (>1,000-fold less potent than UNC1999) as

a negative control (Figure 2H) and analyzed their effect on

methylation profiles using RRBS. Unsupervised hierarchical

clustering based on the 1,000 most variant features showed

that the methylation profiles of UNC1999-treated cells remained

very close to that of UNC2400-treated or untreated cells,

regardless of the genotype (Figure 2I). In particular, Sdhb�/�

imCCs remained hypermethylated when treated with the

EZH1/2 inhibitor UNC1999 (Figure 2J).

We have shown previously that Sdhb�/� cells display a

mesenchymal-like phenotype with increased adhesion and

migration properties (Loriot et al., 2015). Notably, PRC2 inhibi-

tion did not reduce the migration or adhesion capacities of

Sdhb�/� cells (Figures 2K and S2D). Altogether, these results

suggest that, although PRC2 represses a subset of its targets

through deposition of H3K27me3 marks in SDH-deficient cells,

(F and G) Chromatin immunoprecipitation using an antibody against H3K27me3 or negative control rabbit immunoglobulin G (IgG) was performed on the indi-

cated cell lines. The Hand2 (F) and Gdnf (G) genes were quantified by qPCR using primer pairs, as indicated in Figure S7B. Shown is the mean of 3 experiments (+

SEM). Student’s test was performed to compare the H3K27me3 chromatin immunoprecipitation (ChIP) signal with the background IgG signal.

(H) Inhibition of H3K27me3 by the PRC2 inhibitor UNC1999 compared with vehicle or the negative control UNC2400.

(I) Unsupervised hierarchical clustering based on the 1,000 most variant features in RRBS data from cells treated with UNC1999, UNC2400, or vehicle.

(J) Smooth scatterplot comparing methylation levels identified by RRBS in Sdhb�/� cells treated with UNC1999 or vehicle.

(K) Collectivemigrationwas followed using awound scratch assay after treatment withGSK343.Migration is represented as the closure percentage of thewound.

The data in (E) and (K) are the mean of 3 independent experiments (+SEM). Student’s tests were performed to compare GSK343-treated with untreated cells

(*p < 0.05, ***p < 0.001). Quantification of global 5mC and 5hmC levels in cells treated with GSK343, ChIP-qPCR experiments with additional primer pairs, and

adhesion experiments are provided in Figure S2.
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Figure 3. Detection of Methylation or Hydroxymethylation in SDHB-mut Compared with SDHB Wild-type (WT) Tumors and Correlation be-

tween Methylation or Hydroxymethylation Difference and Gene Expression Changes

(A) Number of regions in which 5hmC was detected by (ox)RRBS.

(B) Distribution of 5hmC rates (RRBS-oxRRBS) in regions where it was detected in SDHB WT (top) or SDHB-mut (bottom) tumors.

(C) Number and overlap of differentially methylated and hydroxymethylated regions in SDHB-mut compared with SDHB-WT tumors.

(legend continued on next page)
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it is not responsible, per se, for the DNA hypermethylation or for

the aggressive phenotype of Sdhb�/� cells.

Analysis of DNA Hydroxymethylation in SDHB-Deficient
Tumors and Cells
Previous studies suggested that DNA hypermethylation could

result from succinate-driven inhibition of TET demethylases. To

directly test this hypothesis, we precisely quantified 5mC and

5hmC modifications along the genome after enrichment for

CpG-rich regions using oxidative RRBS (oxRRBS) (Booth et al.,

2012) in human tumors and imCCs. DNA methylation data were

highly correlated with meDIP-seq data (Figure S3A) and

confirmed the enrichment of PRC2 targets among genes

hypermethylated at their TSS 500 in SDHB-mut tumors

(Benjamini-Hochberg (BH) adjusted p values: BENPORATH_

ES_WITH_H3K27ME3 = 1.41E�38; BENPORATH_SUZ12_

TARGETS = 1.35E�35; BENPORATH_EED_TARGETS =

5.06E�21; BENPORATH_PRC2_TARGETS = 1.25E�24).

5hmC mapping in tumors from the same genotype was highly

correlated, indicating the robustness of themethod (Figure S3C).

Hydroxymethylation was more abundant in gene bodies than in

promoter regions (Figures S3D, S4A, S4B, S5A, and S5B).

Hydroxymethylation was reduced in SDHB-mut compared

with SDHB-WT tumors and cells, sustaining the hypothesis

that the hypermethylator phenotype is caused by inhibition

of oxidative demethylation. In human tumors, the number of

features with detectable 5hmC was reduced by 40% in

CGIs, 73% in CGI shores, 69% in CGI shelves, and 67%

outside of CGIs (Figure 3A). In terms of gene features, the

number of features with detectable 5hmC was reduced

by 32% in promoter regions and 54% in gene bodies (Fig-

ure S4A). Furthermore, in these features, where 5hmC was

detected, the level of hydroxymethylation (RRBS-oxRRBS)

was decreased in SDHB-mut tumors regardless the feature

considered (Figures 3B and S4B). For instance, the peak

of the 5hmC rate in gene bodies was 2.9% in SDHB WT

tumors but only 1.6% in SDHB-mut tumors (Figure S4B).

Similar results were observed in the cellular model (Figures

S5A and S5B).

There was a significant (p < 2.2e�16, Fisher’s exact test)

overlap between 5mC gain and 5hmC loss, with above 4,000

features being both hypermethylated and hypohydroxymethy-

lated (Figures 3C and S4C). We also observed a significant

anti-correlation between delta-5mC and delta-5hmC in

SDHB-mut versus SDHB WT tumors, both in CGI-based (Fig-

ure 3D) and gene-based features (Figure S4D). Similarly, we

found a significant correlation between increased 5mC and

decreased 5hmC following Sdhb knockout (KO) in cells (Figures

S5C and S5D).

As expected, enhanced 5mC levels and reduced 5hmC levels

both correlated with a reduction in gene expression (Figures 3E

and 3F). Restricting this analysis to PRC2 targets or genes

marked by H3K27me3 shows that, as observed in other tumor

types (Ohm et al., 2007; Schlesinger et al., 2007), most PRC2

targets were repressed by DNA methylation and not only by

histone H3K27 methylation (Figures 3G and 3H). Interestingly,

these repressed PRC2 targets also mostly showed low 5hmC

levels (Figures 3I and 3J).

Combined Tet1/Tet2 KnockdownMimics theMethylator
Phenotype of Sdhb-Deficient Cells
To evaluate the contribution of TET enzyme inhibition to the

hypermethylator phenotype, we knocked down their coding

genes in WT imCCs. Because Tet3 was barely expressed in

imCCs (Figure S6A), we generated a double knockdown (KD)

by infecting WT imCCs with lentiviruses expressing short hairpin

RNAs (shRNAs) targeting Tet1 and Tet2, which led to 50% to

60% inhibition of expression of both enzymes in two different

clones (Figure 4A). Global quantification of 5mC and 5hmC by

ELISA showed reduced 5hmC and increased 5mC levels in

Tet1+Tet2KD cells, comparable with those observed in Sdhb-

deficient cells (Figure 4B). RRBS analysis of DNA methylation

in shSCR (short hairpin scramble RNA) and Tet1+Tet2KD imCCs

(clone 74) revealed that the hypermethylator phenotypes

induced by Sdhb KO or Tet1+Tet2KD were highly similar (Figures

4C andS6B), with a significant overlap of hypermethylated loci at

the level of individual CpG sites (Figure 4D) and gene features

(Figure S6C; p < 2.2e�16, Fisher’s exact test). Molecular Signa-

tures Database (MSigDB) enrichment analysis showed strong

enrichment in PRC2 targets among the genes hypermethylated

at their TSS 500 in Tet1+Tet2KD cells (Figure S7A), as in

Sdhb�/� cells. Accordingly, PRC2 targets that are both downre-

gulated and DNA hypermethylated in Sdhb�/� cells were also

repressed in Tet1+Tet2KD cells. In contrast, the few targets

downregulated but not DNA hypermethylated were only

repressed and marked by H3K27me3 in Sdhb�/� cells but not

in Tet1+Tet2KD cells (Figures 4E and S7B). Altogether, these

data reinforce the demonstration that, in Sdhb�/� cells, DNA

methylation of most PRC2 targets is the result of TET enzyme in-

hibition rather than increased PRC2 activity and recruitment of

DNA methyltransferase. They are in accordance with other

studies in ESCs showing that TET1 and PRC2 have redundant

targets (Williams et al., 2011a).

We then investigated the phenotype of Tet1+Tet2KD imCCs

and compared it with Sdhb-deficient cells. The proliferation

rate of Tet1+Tet2KD imCCs was lower than that of WT and

shSCR cells but slightly higher than that of Sdhb�/� cells (Fig-

ure 4F). Moreover, Tet1+Tet2KD imCCs exhibited increased

(D) Correlation between delta-5mC and delta-5hmC in SDHB-mut versus SDHB-WT tumors. Characteristics of genome-scale mapping of 5mC and 5hmC are

provided in Figure S3. 5hmC detection in gene-based features in SDHB-mut compared to SDHBWT tumors is provided in Figure S4. 5hmC detection in Sdhb�/�

compared with Sdhb-WT imCCs is provided in Figure S5.

(E) Gene expression change versus methylation difference at TSS 500.

(F) Gene expression change versus hydroxymethylation difference at gene bodies.

(G andH) Analysis restricted to gene set ‘‘BENPORATH_ES_WITH_H3K27ME3.’’ Shown is gene expression change versusmethylation (G) or hydroxymethylation

(H) difference at TSS 500.

(I and J) Analysis restricted to gene set ‘‘BENPORATH_PRC2_TARGETS.’’ Shown is gene expression changemethylation (I) or hydroxymethylation (J) at TSS 500.
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Figure 4. Double Knockdown (KD) of Tet1 and Tet2 in Wild-type (WT) imCCs Recapitulates the DNA Hypermethylation Observed in Sdhb�/�

Cells

(A) Western blot analysis of TET1 and TET2 in total protein extracts from imCCs of the indicated genotypes.

(B) ELISA dosage of global 5hmC (left) and 5mC (right) levels in imCCs infected by scramble shRNA (shSCR) or Tet1+Tet2 shRNA.

(C) Smooth scatterplot of significantly differentially methylated features (identified by RRBS) in Sdhb�/� versus Sdhb-WT imCCs (top) or Tet1+Tet2KD versus

shSCR imCCs (bottom) in each kind of CGI-based feature.

(D) Comparison of methylation changes induced by Tet1+Tet2KD and Sdhb�/� imCCs, considering all differentially methylated CpG sites (delta > 0.1) in at least

one condition.

(E) qRT-PCR dosage of known PRC2 targets (hypermethylated or not in Sdhb�/� imCCs) in cells of the indicated genotypes.

(F) Proliferation index of the indicated cell lines.

(legend continued on next page)
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adhesion and migration compared with WT and shSCR cells but

did not reach the levels of adhesion and migration of Sdhb�/�

cells (Figures 4G and 4H).

DNA Hypermethylation and Hypoxia Act in Synergy to
Fully Recapitulate the Sdhb-Deficient Phenotype
BecauseSdhb�/� cells also exhibit a pseudohypoxic phenotype,

we investigated whether hypoxia drives mesenchymal transition

in these cells. Pseudohypoxia was characterized by massive

overexpression of HIF2a but not HIF1a (Figure 5A). In all cell

types, HIF2a stabilization and nuclear translocation can be

induced at levels similar to that of Sdhb�/� cells by O2 depriva-

tion for 72 h (Figure 5B). Indeed, cultivating all Sdhb WT cells

at 2% O2 induced transient activation of the HIF1a pathway

from 4–24 h of hypoxia (as shown by expression of its preferen-

tial targets Glut1, Pgk1, and Ldha), whereas the HIF2a pathway

(as revealed by Epas1, Mmp9, and Tgfa mRNAs) was induced

only after 72 h of hypoxia (Figures 5C and 5D). This is in agree-

ment with transcriptomics analysis in our large cohort of PPGL,

which comprised 23 SDHx-mutated tumors. We used a list of

11 genes that have been described as HIF1a-specific targets

(Figure 5E) and of 9 HIF2a-specific (Figure 5F) targets (Keith

et al., 2011) and compared their mean expression in the group

of SDH-mutated PPGL with VHL-, NF1-, and RET-mutated

ones. This analysis showed that SDH- and Von Hippel-Lindau

(VHL)-related tumors display a HIF2a signature compared with

RET orNF1-mutated tumors. In contrast, HIF1a targets are high-

ly expressed in VHL-mutated PPGL but not SDH tumors.

In line with previous reports (Thienpont et al., 2016), RRBS

and ELISA analyses showed that this modest hypoxia was not

sufficient to repress TET activity (Figures 5G and 5H). Indeed,

only 1,374 features were differentially methylated between nor-

moxia and hypoxia, whereas over 12,000 were differentially

methylated following Sdhb KO. These changes were balanced

between hyper- and hypomethylation (Figure 5G).

Cultivating cells for 72 h at 2% O2 mimics the pseudohypoxic

features of Sdhb�/� cells. Interestingly, these hypoxic conditions

had no or a moderate effect on WT or shSCR cells but enhanced

adhesion and migration of Tet1+Tet2KD imCCs (Figures 6B and

6C). Notably, under these conditions, Tet1+Tet2KD imCCs

reached the migration capacity of Sdhb KO cells.

Sdhb�/� cells display a mesenchymal morphology, high-

lighted by intense staining of actin filaments in all of the

cytoplasm, whereas in Tet1+Tet2KD imCCs, like in WT cells,

staining was mainly cortical in normoxia. Strikingly, cultivating

Tet1+Tet2KD imCCs in hypoxia modified their morphology to-

ward an Sdhb deficiency-like mesenchymal phenotype (Fig-

ure 6D). Accordingly, hypoxic Tet1+Tet2KD imCCs displayed

molecular hallmarks of neuro-endocrine-to-mesenchymal

transition, such as Snai1 and Twist1 overexpression and

Cdh2 (N-Cadherin is themain cadherin expressed in neuroendo-

crine cells) downregulation (Figure 6E).

To investigate whether hypoxia could also induce metastatic

traits in Tet1+Tet2KD imCCs in vivo, we grew these cells for

72 h in normoxia or hypoxia before injection into the tail vein of

immunocompromised mice. This metastatic model has a lung

tropism. We therefore sacrificed the mice 41 days after grafting

and harvested the lungs, in which the number of metastatic

cells was quantified by qPCR on genomic DNA. We showed

that the metastatic burden was twice as high in mice injected

with hypoxic cells than in those with normoxic cells, confirming

in vivo the contribution of hypoxia to the metastatic phenotype

(Figure 6F).

These data suggest that HIF2a inhibition could counteract

metastatic traits of SDHB-mut PPGL. To further investigate

the effect of HIF2a inhibition on Sdhb�/� cells, we silenced

HIF2a using specific shRNA lentiviral vectors. To avoid a poten-

tial HIF1a response counteracting HIF2a loss, we also infected

cells with a lentiviral vector expressing a HIF1a-targeting

shRNA together with the shHIF2a (Figures 7A and 7B), and we

selected 3 clones bearing only HIF2a or HIF2a+HIF1a silencing.

HIF2a inhibition reversed the overexpression of Mmp9, Tgfa,

and Snai1 observed in Sdhb KO cells (Figure 7C). It also had a

strong effect on the phenotype of Sdhb-deficient cells, leading

to changes in cell morphology (Figure 7D) as well as decreased

proliferation and migration. In contrast, HIF2a loss had little

effect on cell adhesion, in agreement with the small effect of

hypoxia on adhesion of Tet-depleted cells (Figures 7E–7G).

HIF1a repression had no additional effect on all of these features.

Altogether, our data demonstrate that hypermethylation and

repression of PRC2 targets and developmental genes increase

phenotypic plasticity, allowing acquisition of mesenchymal traits

induced by HIF2a to recapitulate the SDHB deficiency

phenotype.

DISCUSSION

In this study, we investigated the mechanisms by which hyper-

methylation occurs in SDH-deficient tumors and cells. Because

of the low levels of 5hmC in tumors and cultured somatic cells,

there have been very few studies that analyzed the content

and distribution of 5hmC in non-embryonic cells and cancer.

Hence, the link between SDH tumor hypermethylation and

TET inhibition has been postulated but actually never truly

demonstrated. Our data show that SDH-driven hypermethyla-

tion does result from TET inhibition and subsequent loss of

5hmC.

It may seem contradictory that the hypermethylator pheno-

type of SDH-deficient tumors mainly affects CGIs, whereas

hypo-hydroxymethylation is mostly observed in gene bodies.

However, it is important to note that hypo-hydroxymethylation

in CGIs is very difficult to detect because of the very low

level of 5hmC in these features (about 0.4% in our data).

Because of this very low level at baseline, we are

(G) Adhesion of the indicated cell lines 3 h after plating.

(H) Closure index of the wound scratch assay after 15-h migration of the indicated cell lines.

The data in (B), (E), (F), (G) and (H) are the mean of 3 experiments (+SEM). Student’s test was performed to compare Sdhb�/� cells withWT cells and Tet1+Tet2KD

cells with shSCR cells and Sdhb�/� cells (*p < 0.05, **p < 0.01, ***p < 0.001). TET3 protein levels and RRBS analyses for each kind of gene-based features are

provided in Figure S6.
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Figure 5. Pseudohypoxia in Sdhb�/� imCCs Leads to Stabilization of HIF2a and Can Be Mimicked by Long-Term Moderate Hypoxia

(A) Western blot of HIF1a and HIF2a in total cellular extracts of WT or Sdhb�/� imCCs cultured in normoxia (21% O2).

(B) HIF2a immunofluorescence staining in cells cultivated in normoxia or hypoxia (2% O2) for 72 h.

(C and D) Kinetics of induction of various (C) HIF1a or (D) HIF2a targets by qRT-PCR measurements in the indicated cell lines cultured at 2% O2 in a hypoxic

chamber.

(E and F) Heatmap based on mean expression of (E) HIF1a or (F) HIF2a target genes in human PPGL with SDH (n = 23), VHL (n = 40), NF1 (n = 37), or RET (n = 19)

driver mutations.

(G) Left: number of differentially methylated features in Sdhb�/� (versus WT) or hypoxic (versus normoxic) imCCs. Right: smooth scatterplot of methylation levels

identified by RRBS in hypoxic compared with normoxic WT imCCs.

(H) Global 5hmC and 5mC levels, measured by ELISA in cells incubated for 72 h at 21% or 2% O2. Student’s test was performed to compare normoxic and

hypoxic conditions for 5hmC and 5mC quantification. No significant difference was observed.

The data in (C), (D) and (H) are the mean of 3 experiments (+ SEM).
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Figure 6. Hypoxia Synergizes with TET Inhibition to Drive Neuro-endocrine-to-Mesenchymal Transition and Subsequent Metastatic Traits

(A) The indicated cell lines were cultivated for 72 h at 21% (normoxia) or 2% O2 (hypoxia) before running a 7 day proliferation test in normoxia or hypoxia.

(B) After 72 h of incubation at 21% or 2%O2, the indicated cell lines were plated in normoxia or hypoxia, and the percentage of adherent cells was quantified 3 h

later.

(legend continued on next page)
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underpowered to detect a decrease of 5hmC within a single

CGI. However, we detect 5hmC in a lower number of CGIs in

SDH-mut compared with SDH WT tumors (Figure 3B). Thus,

5hmC decreases in CGIs following SDH deficiency, even

though this phenomenon is hard to quantify at the level of a sin-

gle island. The correlation between the intensity of 5mC and

5hmC changes (Figure 3D) is also a strong argument for the

pairing of these two changes.

We reveal that a significant fraction of genes hypermethylated

consecutive to SDHB mutation are known PRC2 targets and

genes marked by H3K27me3 histone modification in ESCs.

Polycomb groups are mainly involved in transient repression

of developmental genes in ESCs through deposition of the

H3K27me3 mark at bivalent promoters. Strikingly, several

studies have shown that polycomb targets are more prone (up

to 12-fold) to cancer-specific hypermethylation (Ohm et al.,

2007; Schlesinger et al., 2007) in cancers not driven by oncome-

tabolites, supporting a stem cell origin of cancer in which revers-

ible gene repression would be replaced by permanent silencing.

This switch would not cause de novo repression but might

significantly reduce epigenetic plasticity, locking the cell into a

perpetual state of self-renewal and predisposing it to subse-

quent malignant transformation. The fact that polycomb targets

are not highly methylated in non-SDH PPGL suggests a different

oncogenic origin in these mostly benign tumors. Thus, our re-

sults are in accordance with studies showing that underexpres-

sion of polycomb-regulated genes is restricted to poorly differ-

entiated tumors and associated with poor clinical outcome

(Ben-Porath et al., 2008).

Because two PRC2 core components, EZH2 and SUZ12, are

overexpressed in SDH-deficient tumors, we investigated

whether hypermethylation of these gene sets was caused by

PRC2 activity. Although a subset of PRC2 targets are indeed

repressed by PRC2-mediated trimethylation of H3K27, PRC2

pharmacological inhibition does not counteract DNA hyperme-

thylation in Sdhb�/� cells, and Tet1+Tet2KD imCCs also show

DNA hypermethylation, preferentially at PRC2 targets. This

points to a prominent role of oncometabolite-mediated inhibi-

tion of TET enzymes rather than the DNA methyltransferases

DNMT1 and DNMT3a recruited by PRC2.

Several studies have shown redundancy between PRC2

and TET targets in ESCs (Pastor et al., 2011; Verma et al.,

2018; Williams et al., 2011a; Wu et al., 2011). Neri et al. (2013)

showed a physical interaction between TET1 and the PRC2

complex specifically in ESCs, whereas Williams et al. (2011a)

failed to find this interaction in HEK293 cells. It thus remains un-

clear whether TET enzymes still convert 5mC to 5hmC at PRC2

targets in differentiated cells and in cancer cells. Redundancy

between TET and PRC2 targets in cancer cells has been demon-

strated by some studies (Putiri et al., 2014; Thomson et al., 2016)

but denied by others (Fernandez et al., 2018; Uribe-Lewis et al.,

2015). Our study differs in that we did not compare normal

with cancer tissues, but we compared tumor samples carrying

or not carrying SDHB mutations and isogenic cells carrying or

not carrying Sdhb deletion or Tet1+Tet2 KD. Under these condi-

tions, we were able to demonstrate that, in PPGL tumors and in

mouse cells originating from the adrenal medulla, TET enzymes

counteract DNA methylation preferentially at genes marked by

H3K27me3 and targeted by PRC2 in ESCs. Thus, TET inhibition

leads to repression of PRC2 target genes notably involved in

neural differentiation (Stmn2 [Liu et al., 2002] andWnt11 [Elizalde

et al., 2011]) and cell migration and subsequent development

of the central nervous system (Sema6d [Toyofuku et al., 2004],

Spock2 [Schnepp et al., 2005], and Spock3 [Yamamoto et al.,

2014]).

Mechanistic insights into the PRC2-TET relationship could

be gained from the literature onWT1mutations in acute myeloid

leukemia (AML), which aremutually exclusive with IDH1/2, TET2

(Wang et al., 2015), and EZH2 (Bolouri et al., 2018) mutations.

Interestingly, WT1 can recruit EZH2 (Xu et al., 2011), TET2

(Wang et al., 2015), (Rampal et al., 2014) and TET3 (Rampal

et al., 2014) to specific targets and may therefore be the clue

to explain the redundancy between PRC2 and TET targets.

Accordingly, Sinha et al. (2015) showed that WT1 mutations

lead to hypermethylation of PRC2 targets in AML. However,

WT1 is hardly expressed in PPGL cells and imCCs (data not

shown), so another, still unknown transcription factor and/or

non-coding RNA is probably involved in recruiting TET enzymes

at PRC2 target promoters in PPGL.

In the second part of this study, we analyzed the functional

consequences of DNA hypermethylation because of TET

silencing and HIF2a stabilization. We show that the mesen-

chymal-like phenotype and metastatic behavior of Sdhb-defi-

cient cells result from synergistic effects of TET inhibition and

pseudohypoxia. Her et al. (2015) showed that TET inhibition

by succinate is oxygen dependent in SDH loss models of

PPGL. They suggested that the increased incidence and

worst prognosis of SDH-related PPGL in patients living at

high altitude or with chronic hypoxia because of respiratory

or circulatory pathologies is due to TET inhibition by hypoxia.

In contrast, we showed previously, in a large cohort of PPGL

from patients living at normal altitude, that DNA hypermethy-

lation was evidenced in all SDH-mutated PPGL (Letouzé

et al., 2013). Similarly, Sdhb KO in imCCs results in TET-medi-

ated DNA hypermethylation even under normoxic conditions.

The hypoxic conditions we used in this study were neither

(C) Closure index of the wound scratch assay after 15-h migration of the indicated cell lines pre-cultured for 72 h at 21% or 2% O2.

(D) Actin staining was performed using fluorescent phalloidin toxin in the indicated cell lines cultivated for 72 h at 21% or 2% O2.

(E) qRT-PCR measurement of known drivers of neuro-endocrine-to-mesenchymal transition (Loriot et al., 2015) in the indicated cell lines incubated for 72 h at

21% or 2% O2. All data are the mean of 3 experiments.

(F) Evaluation of in vivometastatic behavior of Tet1+Tet2KD imCCs (Cl74 andCl12) precultured for 72 h at 21%or 2%O2. After preculture in normoxia or hypoxia,

106 cells were injected in PBS in the tail vein of NMRI nudemice. 41 days later, themicewere sacrificed, and the lungswere snap frozen in liquid nitrogen. genomic

DNA (gDNA) extraction was performed on entire lungs, and metastatic charge was quantified by qPCR using primers specific for the loxP site present in imCCs.

The data in (A), (B), (C) and (E) are the mean of 3 experiments (+ SEM). Student’s test was performed to compare normoxic and hypoxic conditions (*p < 0.05,

**p < 0.01, ***p < 0.001).
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necessary nor sufficient to inhibit TET activity in our cells.

Therefore, the effect of hypoxia we observed on cell behavior

is not mediated by increased DNA methylation but, rather, by

HIF2a-mediated gene transcription. Thienpont et al. (2016)

showed that acute hypoxia is necessary to repress TET activ-

ity because the Michaelis Constant (Km) for TET1 and TET2

were, respectively, 0.31% and 0.53% O2. Thus, altitude may

Figure 7. HIF2a Silencing Counteracts

Pseudohypoxia in Sdhb�/� Cells and Re-

verses Their Mesenchymal Phenotype

(A) qRT-PCR measurement of Epas1 and Hif1a

expression in the indicated cell lines and clones.

(B) Protein expression of Hif2a in pure clones of

Sdhb�/� imCCs stably expression shRNAs tar-

geting Hif2a (clones 16, 9, 10, 11, and 17) or HIF2a

and HIF1a (clone 1). Clones 9, 11, and 1 had nearly

complete extinction of Hif2a expression and were

selected for further experiments.

(C) qRT-PCR measurement of Mmp9 and Tgfa

(markers ofpseudohypoxia) andSnai1 (EMTmarker)

expression in the indicated cell lines and clones.

(D) Actin staining was performed using fluorescent

phalloidin toxin in the indicated cell lines and

clones.

(E) Proliferation index of the indicated cell lines and

clones.

(F) Adhesion of the indicated cell lines 1 h after

plating.

(G) Closure index of the wound scratch assay after

10-h migration of the indicated cell lines.

The data in (A), (C), (E), (F), and (G) are the mean of

3 experiments (+ SEM). Student’s test was per-

formed to compare all cell lines with Sdhb�/� cells

(*p < 0.05, **p < 0.01, ***p < 0.001).

synergize with oncometabolites and

intra-tumoral acute hypoxia in repres-

sion of TET enzymes, but it is probably

not the leading mechanism.

HIF1a and HIF2a proteins have been

found to be overexpressed in the nuclei

of some SDH-deficient tumors, but a

few studies suggest that HIF2a plays a

more important role than HIF1a in tumor-

igenesis (Favier et al., 2009; Holmquist-

Mengelbier et al., 2006; Nilsson et al.,

2005; Qin et al., 2014). Here we demon-

strate that pseudohypoxia in Sdhb�/�

and in SDH-mutated PPGL is driven by

HIF2a stabilization rather than HIF1a and

that the kinetics of stabilization of both

proteins may explain this observation.

Indeed, HIF1a is stabilized in short-term

acute hypoxia, whereas HIF2a is stabi-

lized in moderate but prolonged hypoxia

(Holmquist-Mengelbier et al., 2006;

Uchida et al., 2004). We confirmed previ-

ous observations that HIF1a levels

decline after several hours of hypoxia

(Koh et al., 2011; Uchida et al., 2004), whereas HIF2a levels in-

crease later in long-term hypoxia (Holmquist-Mengelbier et al.,

2006; Uchida et al., 2004). Several mechanisms may play a

role in HIF1a decline in long-term hypoxia: HIF-mediated expres-

sion of antisense transcripts from the HIF1A locus (Uchida et al.,

2004); HAF-, HSP70-, or Carboxyl terminus of HSC70-interact-

ing protein (CHIP)-mediated HIF1a-specific degradation (Koh
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et al., 2008, 2011; Luo et al., 2010). Thus, pseudohypoxia mimics

long-term hypoxia with massive HIF2a stabilization but no HIF1a

stabilization.

High HIF2a levels have been implicated in the undifferenti-

ated and aggressive phenotype of some pseudohypoxic

cancers (Myszczyszyn et al., 2015; Pietras et al., 2010).

Here we show that, in chromaffin cells, hypoxia is not

sufficient to induce EMT but synergizes with epigenetic

modifications resulting from SDHB loss to drive neuro-endo-

crine-to-mesenchymal transition and subsequent invasive

behavior. This may explain why pseudohypoxic VHL-mutated

PPGL (which are not highly hypermethylated) are rarely

metastatic, whereas SDHB-mut PPGL are more prone to

metastasis.

Similarly, all oncometabolites do not identically repress the

various 2-OG-dependant dioxygenases, which could be a

clue regarding the different phenotypes of oncometabolite-

mediated tumors. Indeed, histone demethylases such as

JMJD2A are inhibited by all oncometabolites (Chowdhury

et al., 2011; Xiao et al., 2012), with higher affinity for 2-hy-

droxyglutarate (2-HG) than for succinate and fumarate,

whereas the affinity of TET enzymes for 2-HG is lower than

for succinate and fumarate (Laukka et al., 2016). Finally,

PHDs are inhibited by succinate and fumarate (Isaacs et al.,

2005; Selak et al., 2005), but the effect of the R-enantiomer

of 2-hydroxylglutarate (R-2-HG) is still debated (Chowdhury

et al., 2011; Williams et al., 2011b; Zhao et al., 2009) and

may even activate these enzymes (Koivunen et al., 2012; Los-

man et al., 2013). In consequence, IDH-mutated gliomas,

which have a good prognosis, would be hypermethylated

but not pseudohypoxic. Conversely, SDH and FH tumors,

which are both pseudohypoxic and DNA hypermethylated,

are associated with increased risk of regional and distant

spread in PPGL as well as hereditary leiomyomatosis and

renal cell cancer (caused by germline FH mutations). Thus,

the comparison of the distinct metastatic susceptibility of

VHL, IDH, and FH tumors (Henegan and Gomez, 2016) is in

accordance with our data showing that TET inhibition

and pseudohypoxia are needed to synergistically drive

malignancy.

We show that, surprisingly, cell adhesion was very high in

Sdhb�/� cells compared with WT or Tet1+Tet2KD cells but was

not highly affected by HIF2a inhibition or hypoxia. This suggests

that the remarkably high adhesion properties of Sdhb�/� cells

may be in great part driven by pathways other than DNA methyl-

ation and pseudohypoxia; for example, metabolic reprogram-

ming (Lussey-Lepoutre et al., 2015; Sousa et al., 2019).

Although these findings do not explain why only half of all

SDHB-mut tumors become metastatic, we and others have

shown recently that TERT activation and ATRX mutations are

frequently associated with metastatic progression of these tu-

mors (Fishbein et al., 2015; Svahn et al., 2018; Dwight et al.,

2018; Job et al., 2019). Nonetheless, it should be noted

that imCCs have achieved spontaneous immortalization right

beforeSdhb inactivation (Letouzé et al., 2013). Thus, we propose

a tripartite model where TET-mediated hypermethylation,

pseudohypoxia, and immortalization propel the transition of

SDHB-mut tumors toward metastasis.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-H3K27me3 Diagenode Cat# C15410069, RRID: AB_2814977

anti-5mC Calbiochem Cat# NA81-50UG, RRID: AB_213180

anti-5hmC Active Motif Cat# 39769, RRID: AB_10013602

anti-ssDNA Millipore Cat# MAB3299, RRID: AB_94795

biotinylated secondary antibody VECTOR Cat# BA-1000, RRID: AB_2313606

HRP-conjugated mouse secondary antibodies Biovision Cat# 6402-05, RRID: AB_657968

HRP-conjugated rabbit secondary antibodies Biorad Cat# 170-6515, RRID: AB_11125142

anti-actin Sigma-Aldrich Cat# A5316, RRID: AB_476743

anti-TET1 Millipore Cat# 09-872, RRID: AB_10806199

anti-TET2 Proteintech Cat# 21207-1-AP, RRID: AB_10734584

anti-TET3 Active motif Cat#61744 clone 23B9; RRID: AB_2793753

anti-HIF2a Abcam Cat# ab8365, RRID: AB_306519

anti-HIF2a Abcam Cat# ab109616, RRID: AB_11156727

Anti-H3K27me3 Active Motif Cat# 39156, RRID: AB_2636821

anti-H3-Cterminal Active Motif Cat# 39451, RRID: AB_2793242

Anti-Hif2a antibody R&D Systems Cat# AF2997, RRID: AB_2098218

Donkey anti-rabbit secondary antibody, Alexa Fluor

594

Invitrogen Cat# A-21207, RRID: AB_141637

Bacterial and Virus Strains

pLKO.1 empty vector Sigma-Aldrich

Tet1 shRNA pLKO.1-puro vector Sigma-Aldrich TRCN0000341849

Tet2 shRNA pLKO.1-puro vector Sigma-Aldrich TRCN0000250894

HIF1a pLKO.1-puro vector Sigma-Aldrich TRCN0000232220

HIF2a pLKO.1-puro vector Sigma-Aldrich TRCN000082304

shSCR pLKO.1-puro vector Sigma-Aldrich SHC016

Biological Samples

HUMAN: Frozen paraganglioma samples COMETE Collection N/A

Chemicals, Peptides, and Recombinant Proteins

DMEM (Dulbecco Modified Eagle Medium) GIBCO 31966-021

Fetal bovine serum GIBCO 10270

Penicillin/Streptomycin GIBCO 15140-122

UNC1999 Sigma-Aldrich SML0778

UNC2400 SGC https://www.thesgc.org/chemical-probes

GSK343 Sigma-Aldrich SML0766

DMSO Sigma-Aldrich D4540

trypsin-EDTA 0.05% GIBCO 25300-054

puromycin Invivogen CAS 58-58-2

polybrene Sigma-Aldrich TR-1003-G

proteinase K Sigma-Aldrich 1245680500

PBS GIBCO 10010-015

QiaAmp DNA mini kit, QIAGEN 51306

DNA coating buffer Thermofisher 17250

Kathon Supelco 5-00127

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Tween 20 Sigma-Aldrich P1379

Streptavidin HRP BD Bioscience 554066

RIPA buffer Abcam Ab156034

NuPAGE� Novex 4–16% Bis-Tris gradient gel Invitrogen NP0335BOX

PVDF membrane Millipore IPVH00010

nitrocellulose membrane Amersham 10600001

H2SO4 VWR 20700.298

trichloroacetic acid Sigma-Aldrich T6399

acetone VWR E646-1L

formaldehyde VWR 11699404

triton buffer Sigma-Aldrich T8787

Phalloidin-TRITC toxin Sigma-Aldrich #P1951

vectashield with Dapi VECTOR H-1200

Critical Commercial Assays

AllPrep extraction kit QIAGEN 80204

NEXTflex PCR-Free DNA Sequencing kit Diagenode ref. C02010021

MagMeDIP kit Diagenode C02010021

Genomic DNA Clean & Concentrator kit Zymo Research ref. D4010

RNeasy plus mini-kit QIAGEN 74134

iScript enzyme BioRad 1708891

TrueMethyl 24 kit Cambridge Epigenetix N/A

SuperScript SybrGreen BioRad #1725151

iDeal ChIP-qPCR kit Diagenode #C01010180

GenElute Mammalian genomic DNA kit Sigma-Aldrich #G1N350

Genomic DNA Clean & Concentrator kit Zymo Research ref. D4010

Deposited Data

MeDIP-seq, RRBS and oxRRBS data European Genome

Phenome Archive

EGA: EGAS00001004252

Experimental Models: Cell Lines

MOUSE: imCC WT Letouzé et al., 2013 N/A

MOUSE: imCC Sdhb�/� Letouzé et al., 2013 N/A

Experimental Models: Organisms/Strains

NMRI nude mice Janvier Lab N/A

Oligonucleotides

Oligonucleotides This study Table S3

Software and Algorithms

bowtie2 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

Picard Tools Broadinstitute http://picard.sourceforge.net

SAMtools Li et al., 2009 http://samtools.sourceforge.net

MACS Zhang et al., 2008 https://github.com/taoliu/MACS

bedtools Quinlan and Hall, 2010 https://bedtools.readthedocs.io/en/latest/

GAT Heger et al., 2013 https://gat.readthedocs.io/en/latest/

Bioconductor DiffBind package Stark and Brown, 2011 https://bioconductor.org/packages/release/

bioc/html/DiffBind.html

Bedmap tool from the BEDOPS suite Neph et al., 2012 https://bedops.readthedocs.io/en/latest/

Bioconductor DESeq package Anders and Huber, 2010 https://bioconductor.org/packages/release/

bioc/html/DESeq.html

(Continued on next page)
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests should be directed to andwill be fulfilled by the LeadContact, Judith Favier (judith.favier@inserm.fr).

This study did not generated new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patients and tumor samples
We used tumor samples from 4 patients (see gender and age of the patients in the table Data generated) recruited in the COMETE

network and previously characterized by HM27methylomeChip and transcriptomic arrays in Letouze et al., 2013. This seminal paper

identified 3 clusters: M1 (mainly SDH tumors), M2 (contains most VHL tumors), and M3 (included NF1, RET, and sporadic tumors).

To be homogeneous, 2 NF1-mutated pheochromocytomas were selected in cluster M3, and compared to 2 SDHB-mutated pheo-

chromocytomas from cluster M1.

Mammalian cell line
imCC were cultured in DMEM (Dulbecco Modified Eagle Medium, GIBCO) with 10% FBS (Fetal bovine serum, GIBCO) and 1%

antibiotics (penicillin/streptomycin, GIBCO). Cells were grown at 37�C, in 5% CO2.

Data generated

Mouse model
Athymic nude NMRI female mice (6-weeks old, Janvier Labs, France) were maintained in specific pathogen-free conditions in a

temperature-controlled environment with 12 h light, 12 h dark cycles and received food and water ad libitum at the animal facility

of the PARCC Paris, France. Animal experiments were performed by certified personal following the French law on animal experi-

mentation n�2013-118 and were approved by the French Ethical Committee (#16922-2017122215408962v4).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

FastQC Babraham Bioinformatics http://www.bioinformatics.babraham.ac.uk/

projects/fastqc/

tophat2 Kim et al., 2013 https://ccb.jhu.edu/software/tophat/index.shtml

HTSeq Anders et al., 2015 https://htseq.readthedocs.io/en/release_0.11.1/

R statistical software The R Foundation https://cran.r-project.org

BS-Seeker2 Guo et al., 2013 https://github.com/BSSeeker/BSseeker2

methylKit package Akalin et al., 2012 https://bioconductor.org/packages/release/

bioc/html/methylKit.html

R code from the GSEA website https://www.gsea-msigdb.org/gsea/index.jsp

PRISM 8 Graphpad https://www.graphpad.com/scientific-

software/prism/

NIS-advanced imaging software Nikon https://www.microscope.healthcare.nikon.

com/products/software/nis-elements

Other

MSigDB database version 5.1 UCSD, Broad Institute https://www.gsea-msigdb.org/gsea/msigdb/

index.jsp

Genotype Sample Gender Age at surgery meDIP-seq oxRRBS RRBS Transcriptomic

SDHB-WT (NF1-mut) Human tumor HS_033 Female 66 yes yes yes arrays

SDHB-WT (NF1-mut) Human tumor HS_045 Female 52 yes yes yes arrays

SDHB-mut Human tumor HS_144 Male 28 yes yes yes arrays

SDHB-mut Human tumor HS_196 Female 31 yes yes yes arrays

Sdhblox/lox (WT) imCC Female yes yes yes RNA-seq

Sdhb�/� imCC Female yes yes yes RNA-seq

Tet1+Tet2KD imCC Cl74 Female no no yes no
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METHOD DETAILS

MeDIP-seq analysis
gDNA extracted with AllPrep extraction kit (QIAGEN) was fragmented by sonication and used to prepare non-amplified DNA

libraries with the NEXTflex PCR-Free DNA Sequencing kit. 1ug of the equimolar pool of all sample libraries (with internal IP

‘‘spike-in’’ controls added) was kept as input, and 3ug was used for meDIP-seq with MagMeDIP kit (Diagenode ref. C02010021).

Immunoprecipitation was conducted following manufacturer instructions. Briefly, after heat-denaturation, DNA was incubated

overnight with magnetic beads coated with anti-5mC antibody. Beads were washed and then eluted by proteinase K digestion

of the antibody. Eluted DNA was further purified with Genomic DNA Clean & Concentrator kit (Zymo Research ref. D4010). IP effi-

ciency and specificity was verified by qPCR targeting the internal controls. Sequencing was performed on an Illumina HiSeq2000

as paired-end 75 bp reads.

Fastq files were aligned to the reference human genome hg19 and mouse genome mm10 with bowtie2 (Langmead and Salzberg,

2012). We filtered and kept only readsmapping to one location. Duplicated reads were removed from the datasets using Picard Tools

(http://picard.sourceforge.net) and total number of reads were down-sized to the minimum available read count for each type of

samples (MeDIP 48.106 reads and INPUT 74.106 reads for human samples, and MeDIP 62.106 reads and INPUT 73.106 reads for

mouse samples) using SAMtools (Li et al., 2009). Peaks were identified using MACS (Zhang et al., 2008) (-s 50 -p 10�5 -m 10,30)

and associated to closest TSS using bedtools (Quinlan and Hall, 2010). We used GAT (Heger et al., 2013) to perform genomic asso-

ciation analysis of our peaks with gene annotations and CpG island, shore, and shelf annotation. We used the Bioconductor DiffBind

package (Stark and Brown, 2011) to define a common set of peaks between all samples (peaks common to at least two samples are

considered). We used the bedmap tool from the BEDOPS suite (Neph et al., 2012) to collect read counts for all MeDIP and INPUT

samples within the common set of peaks. We created a normalized binding matrix with, for each peak and MeDIP sample, a

read count normalized with peak size. The log2 normalized binding matrix from the 1,000 most variant peaks (based on standard

deviation of the normalized read counts) was used to classify the samples according to their binding patterns using hierarchical

clustering (with Euclidian distance and Ward method). We used the Bioconductor DESeq package (Anders and Huber, 2010) to

test for differential read counts between samples, without correcting for size factors as libraries had been previously down-sized.

RNA-seq analysis
Quality of reads was assessed for each sample using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Fastq

files were aligned to the reference Human genome hg19/GRCh37 or to the reference Mouse genome mm10 with tophat2 (-p 16 -r

150 -g 2–library-type fr-firststrand) (Kim et al., 2013). We removed reads mapping to multiple locations. We used HTSeq (Anders

et al., 2015) to obtain the number of reads associated to each gene in the Gencode vM9 (Mouse) database, restricting to protein-

coding genes, antisense and lncRNAs. We used the Bioconductor DESeq package (Anders and Huber, 2010) to import raw HTSeq

counts for each sample into R statistical software and extract the count matrix. After normalizing for library size, we normalized the

countmatrix by the coding length of genes to compute FPKMscores (number of fragments per kilobase of exonmodel andmillions of

mapped reads). We used the Bioconductor DESeq package to obtain size factors and dispersion estimates, and perform differential

expression analysis.

oxRRBS and RRBS Analyses
RRBS was performed by Integragen SA (Evry, France), as previously described (Letouze et al.). This analysis does not distinguish

5mC from 5hmC, and considering the low levels of 5hmC compared to 5mC, it represents a good estimation of 5mC levels.

oxRRBS analysis is required for 5hmC quantification. An additional oxidative step converts 5hmC to 5fC which is sensitive to bisul-

fite treatment, unlike 5mC and 5hmC. Each sample is thus run for both RRBS and oxRRBS procedures in parallel. 5hmC levels are

calculated by subtracting RRBS – oxRRBS signals.

oxRRBS was performed by Integragen SA (Evry, France), as described in Letouzé et al. (2013) for the MspI Reduced Represen-

tation part, and following the TrueMethyl 24 kit manufacturer protocol user guide version 3.1 (https://www.nugen.com/support/

user-manuals) for the OxBS part. In brief, 4 mg of genomic DNA plus CeGX Sequencing Control (3% W/W) were digested with

MspI (NEB) then SPRI 2.2X purified. After end-repair, A-tailing, and ligation to methylated Illumina adapters, the library fragments

of 40–220 bp were gel isolated, and oxidative bisulfite- and only bisulfite-converted DNA templates were generated using the True-

Methyl 24 kit (Cambridge Epigenetix) for each sample according to the manufacturer’s instructions. Last, oxRRBS- and RRBS-con-

verted DNAwere PCR amplifiedwith 16 cycles, SPRI 1.8X purified and sequenced on an Illumina HiSeq2000 or HiSeq4000 as paired-

end 75 bp reads.

We generated approximately 30 millions uniquely aligned reads for each sample, which covered z8 million CpG (Figure S1C;

Table S2). We used BS-Seeker2 (Guo et al., 2013) to map RRBS data to the human genome hg19/GRCh37 or Mouse genome

mm10 and retrieve the number of methylated and unmethylated cytosines at each covered CpG site. Methylation rates were then

integrated across CpG island (CGI)-based and gene-based features. CGI-based features were defined as follows: CpG islands

(from UCSC database hg19/GRCh37 or Mouse mm10), shores (2 kb on each side of the island) and shelves (2 kb on each side of

the shores). DNA methylation outside CpG islands was analyzed by grouping CpG sites not located in CGI-based features every

100kb window. Gene-based features were defined based on Ensembl Homo sapiens GRCh37.p13 or Mus musculus GRCm38.78
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assembly. We calculated for each gene the methylation rate across the promoter region (TSS ± 500bp) and the gene body

(Figure S1A).

5hmC detection using (ox)RRBS data
To detect the presence of 5hmC, we compared the proportions of converted C bases between the RRBS and oxRRBS experiments

in each CGI- and gene-based feature using Fisher’s exact tests, corrected for multiple testing using Benjamini Hochberg procedure.

We verified that >90%of featureswith a significant difference (q < 0.05) had an excess of converted bases in the oxRRBS experiment,

as expected, indicating that we detected true 5hmC signal and not random noise. Finally, we considered that 5hmC was detected in

a feature when the q value of the Fisher’s exact test was < 0.05, with R 100 CpGs analyzed, and we estimated the 5hmC rate as

the delta between the proportions of converted C bases in the RRBS and oxRRBS experiments. For other features the 5hmC rate

was considered to be zero.

Differential (hydroxy)methylation analysis
We compared methylation rates across all CGI-based and gene-based features (covered by at least 50 reads). q values were

computed by comparing the number of (hydroxy) methylated and un(hydroxy)methylated reads in each condition using a logistic

regression and the SLIMmethod for pvalue adjustment, as implemented in themethylKit package (Akalin et al., 2012). We also calcu-

lated the methylation rate difference (delta) between each pair of test and reference sample. We considered as differentially meth-

ylated every region with a q-value < 0.05 and a methylation delta >0.05 or <�0.05 in at least 80% of test-reference pairs.

Gene set enrichment analysis
We used the GSEA method (Subramanian et al., 2005) to identify gene sets overrepresented among up/down- regulated and

hyper/hypomethylated genes. The GSEA method calculates an enrichment score that reflects the degree to which genes belonging

to a given gene set are overrepresented at the top or bottom of a gene list, ranked for example by their expression fold-change be-

tween two conditions. The statistical significance (nominal p value) of the enrichment score is derived using a permutation test

procedure, and p values across gene sets are adjusted for multiple testing. We used the R code downloaded from the GSEAwebsite

(https://www.gsea-msigdb.org/gsea/index.jsp) to calculate enrichment scores, significance p values and q-values, which we

adapted to be able to provide any ranked gene list as input. For RNA-seq analyses, genes were ranked according to their expression

fold-change between the two conditions (e.g., Sdhb�/� versus wild-type cells). For MeDIP-seq analyses, genes were ranked ac-

cording to the fold-change of methylation signal within their TSS region (TSS ± 500 bp) between the two conditions. For RR(ox)

BS analyses, genes were ranked according to the methylation rate difference (delta) within their TSS region (TSS ± 500 bp) between

the two conditions.We downloaded gene sets from theMSigDB database (version 5.1) and restricted our analysis to the hallmark (H),

curated (C2) and oncogenic (C6) gene sets.

Inhibition of PRC2 activity
When stated they WT or Sdhb�/� imCC were treated with GSK343 or vehicle (DMSO) for 5 to 7 passages (17 to 24 days), or treated

with UNC1999, UNC2400 or vehicule (DMSO) for 15 days, or cultured for indicated times at 2% O2 in a nitrogen-supplemented

hypoxic incubator. For GSK343 treatments, the classical of dose of 3 mMwas chosen (Mohammad et al., 2017) as it allows a potent

EZH2 inhibition (IC50 = 4nM) and has been described as the growth IC50 value (2.9 mM) in themost sensitive cell lines studied (prostate

cancer cell line LNCaP) (Verma et al., 2012). For UNC1999 and UN2400 (Konze et al., 2013) we chose a dose of 1 mM as used in

Wassef et al. (2019).

Proliferation assay
Proliferation curves were established on a 7 days period. When stated, cells were preincubated for 72h in normoxia or hypoxia before

cell counting. Proliferation index were calculated as the differential coefficient of the linear regression from cell proliferation curves.

Adhesion assay
After complete detachment from their plate using trypsin-EDTA 0.05% (GIBCO), cells were plated in 12-wells dishes. Cell adhesion

was analyzed by taking picture 1 to 3 h post-seeding. Percentage of adhesive cells at 1 to 1.5 h allowed accurate comparison of

WT to Sdhb�/� cells. 3 h were more appropriate to distinguish Tet1+Tet2KD cells from shSCR cells, but at that time point, 100%

Sdhb�/� cells were adherent, in normoxia as in hypoxia.

Wound scratch assay
Wound scratch assays were performed as described elsewhere (Loriot et al., 2015) and analyzed using ImageJ software or using

Nikon videomicroscope and NIS-advanced imaging software. The experiments were performed in triplicates.

shRNA stable transduction
Lentiviral constructs were purchased at Sigma-Aldrich. pLKO.1 is the parental viral vector without shRNA. WT imCC (30000) were

infected in a serum-free medium containing 8 mg/mL polybrene by either 10 MOI of Tet1 (TRCN0000341849) and 10 MOI of Tet2
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(TRCN0000250894) shRNA vectors, or 20 MOI of scramble shRNA vector targeting no known mammalian genes (shSCR SHC016).

48 h post-infection, transduced cells were selected by puromycin treatment (4 mg/mL) for 13 days and sub-cloned. Clones were

screened for Tet1 and Tet2 knockdown by qRT-PCR and protein inhibition in selected clones was confirmed by Western Blot.

Sdhb�/� imCC (50,000) were seeded in 48-well plates. 24 h later, cells were washed twice with PBS and transduced with

10 MOI of lentiviral vectors (pLKO.1-puro, Sigma-Aldrich) encoding shRNAs for HIF1a (TRCN0000232220) or HIF2a

(TRCN000082304) in the presence of polybrene [8 mg/ml] and serum-free medium. Double transductions (HIF1a +HIF2a) were

performed at a MOI of 20. 24 h later, fresh complete medium was added and selection was started with puromycin [4 mg/ml] for

wild-type or [2 mg/ml] for Sdhb�/�. After 1 week of selection, cells were trypsinized and amplified. Then, to obtain clones, a limiting

dilution assay was performed for each condition in 96-well plates. Clones were screened for HIF2 or HIF1+HIF2 knockdown by

qRT-PCR and HIF2a protein inhibition in selected clones was confirmed by Western Blot.

Reversed Transcription and Quantitative Real-Time PCR
Total RNAs were extracted from cell pellets using RNeasy plus mini-kit (QIAGEN) as described by the manufacturer. Reverse

transcription was performed using random primers and iScript enzyme (BioRad), during 30 mn at 42�C. qRT-PCR was run with

SuperScript SybrGreen (BioRad) and normalization was performed with Ubc, B2m and 18S amplifications, and comparisons

were calculated using the DDCt method. Primers’ sequences were as follows:

Ubc: F 50-AGCCCAGTGTTACCACCAAG-30; R 50-ACCCAAGAACAAGCACAAG-30;
18 S: F 50-CGCGGTTCTATTTTGTTGGT-30; R 50-AACCATAAACGATGCCGAC-30;
B2m: F 50-ATTCACCCCCACTGAGACTG-30; R 50-TGCTATTTCTTTCTGCGTGC-30

Hand2: F 50-CCAGCTACATCGCCTACCTC-30; R 50-TGGTTTTCTTGTCGTTGCTG-30

Gdnf: F 50-CTGTCTGCCTGGTGTTGCT-30; R 50-CTGCCGCTTGTTTATCTGGT-30

Wnt11: F 50-TCCGATGCTCCTATGAAGGT-30; R 50-CTGACAGGTAGCGGGTCTTG-30

Sema6d: F 50-GCTTCCCAGAAGACGATGAG-30; R 50-CTGTTTGGGGGATTTCATTT-30

Stmn2: F 50-CTACGACGACATGGAGGTGA-30; R 50-CCTCTTCTCTGCCAACTGCT-30

Spock2: F 50-CCATCGGTTGGATGTTCTCT-30; R 50-GACACCTGGCTTCTTCTTGG-30

Spock3: F 50-AGGATTCACTTGGCTGGATG-30; R 50-TTTATCCCCTGTCGCTTCTG-30

Snai1: F 50-TGGAAAGGCCTTCTCTAGGC-30; R 50-AAAAGCACGGTTGCAGTGG-30

Twist1: F 50-GACTCCAAGATGGCAAGCTG-30; R 50-TTCTCTGGAAACAATGACATCTAGGT-30

Cdh2: F 50-GAAGATGTTTACAGCGCAGTCTT-30; R 50-CTCGCTGCTTTCATACTGAACTT-30

Epas1: F 50-AGGGCCACAGCAAAGAGAG-30; R 50-CATCACGGGATTTCTCCTTC-30

Glut1: F 50-AAACATGGAACCACCGCTAC-30; R 50-GGAGAAGCCCATAAGCACAG-30

Hif1a: F 50-TCAGCATACAGTGGCACTCA-30; R 50-AAGGGAGCCATCATGTTCCA-30

ChIP-qPCR
Chromatin immunoprecipitation was performed on 1*106 cells using the iDeal ChIP-qPCR kit (Diagenode #C01010180) following

manufacturer instructions with 1 mL of anti-H3K27me3 antibody (Diagenode #C15410069) or 1 mL of rabbit IgG from the kit as a nega-

tive control. qPCR was performed using the following primer pairs: Hand2 F8/Hand2 R8; Hand2 F3/Hand2 R3; Binding site for PRC1

on Gdnf (https://www.chipprimers.com): Gdnf F1/Gdnf R1; Binding site for PRC2 on Gdnf (https://www.chipprimers.com):Gdnf F2/

Gdnf R2; Wnt11 F/Wnt11 R; Sema6d-Iso1 F/Sema6d-Iso1 R; Sema6d-Iso2 F/Sema6d-Iso2 R; Stmn2 F/Stmn2 R; Spock2 F/Spock2

R; Spock3 F/Spock3 R. Primers sequences are detailed in Table S3.

Results of immunoprecipitation were represented as percentage of input. Experiments were repeated 3 times.

5mC and 5hmC ELISA
Colorimetric detection of global levels of 5mC and 5hmC was performed by ELISA. Briefly, 1 mg of purified (QiaAmp DNA mini kit,

QIAGEN) DNA was added to 1mL of DNA coating buffer (Thermofisher). After denaturation, 200 mL of DNA (ELISA 5hmC and ssDNA)

or 100 mL of DNA + 100 mL of coating buffer (ELISA 5mC) were dropped in duplicates in a 96-well plate and incubated for 2 h at 37�C.
After blocking for 30 min with PBS 0.5% BSA 0.05% Kathon, anti-5mC (Calbiochem NA81 1/5000), anti-5hmC (Active Motif #39769

1/200) or anti-ssDNA (Millipore MAB3299 1/200), and secondary antibodies were added to the wells and incubated overnight at 4�C.
Antibodies were diluted in blocking buffer supplemented with 0.1% Tween 20. Finally, Avidin HRP (BD Bioscience) 1/2500 was incu-

bated for 30mn and reaction was developed using TMB and stoppedwith 1NH2SO4. The absorbance was read at 450 nm. 5mC and

5hmC levels were normalized by absorbance of ssDNA ELISA. Experiments were repeated 3 times.

Western Blot analysis
Total proteins were extracted in RIPA buffer, resolved on NuPAGE�Novex 4%–16%Bis-Tris gradient gel (Invitrogen), transferred on

PVDF membrane (for TET western blotting) or nitrocellulose membrane (for HIF western blotting). After blocking in PBS-milk solution

(5%), membranes were incubated with specific primary antibodies, followed by incubation with corresponding HRP-conjugated

secondary antibodies. The antibodies used were: anti-actin (Sigma-Aldrich A5316 1/50000), anti-TET1 (Millipore #09-972 1/500),
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anti-TET2 (Proteintech #21207-1-AP 1/400), anti-TET3 (Active motif #61744 clone 23B9 1/400), anti-HIF2a (Abcam #ab8365 1/1000;

Figure 6) or, anti-HIF2a (Abcam ab109616, 1/500; Figure 7).

For H3K27me3 and H3-Cterminal western blots, proteins were extracted by acidic lysis with 0,2M H2SO4, and precipitated with

trichloroacetic acid. Pellets were washed with acetone and resuspended in diluted loading buffer and sonicated. Western blot

conditions were identical. Proteins were transferred on nitrocellulose membrane. Anti-H3K27me3 (Active Motif #39156) was diluted

1/1000 and anti-H3-Cterminal (Active Motif #39164) was diluted 1/2000.

Fluorescent staining
Actin staining was performed on cultured cells fixed for 5 mn with ice cold 4% formaldehyde and permeabilized with 0.5% triton

buffer for 10mn. Phalloidin-TRITC toxin (Sigma #P1951) diluted 1/1000was incubated for 1h andwashed beforemounting the cover-

slip in vectashield with Dapi. Fluorescence was observed on a confocal microscope and 13 z stacks of 0.5 mm were merged.

Hif2a immunofluorescence was performed on cultured cells fixed for 5mnwith ice cold 4% formaldehyde. After blocking for 30mn

with PBS 1%BSA 0.1% triton, coverslips were incubated of 2h with Hif2a antibody (R&D Systems #AF2997) diluted 1/100 in blocking

buffer. Primary antibody was washed and coverslips were blocked in PBS 1% BSA and incubated for 2h with secondary antibody

before mounting in vectashield with Dapi.

In vivo metastasis assay
Tet1+Tet2 KD imCC were cultured for 72h at 21%O2 (normoxia) or 2%O2 (hypoxia), and subsequently trypsinized, centrifuged, and

resuspended in PBS before injection. 106 cells were injected in the tail vein of immunocompromised NMRI nude mice. Two different

clones of Tet1+Tet2 KD imCC were injected in 10 mice per clone, 5 mice for normoxic cells and 5 for hypoxic cells. 41 days after

inoculation, mice were sacrificed and lungs were snap-frozen in liquid nitrogen. Genomic DNA extraction was performed on entire

lungs using GenElute Mammalian genomic DNA kit (Sigma #G1N350). Metastatic burden was quantified by qPCR using primer pairs

specific for the loxP site present in imCC (Letouzé et al., 2013) (but absent from mice lungs):

Forward primer in Sdhb intron 1 and Reverse primer in Sdhb intron1 and loxP site (Table S3).

We previously verified in gDNA extracted from normal mouse tissue that this primer pair does not allow any DNA amplification (data

not shown). 18S primer pair was used for normalization.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are represented as mean (of at least 3 independent experiments) ± SEM (standard error of the mean). Student tests were per-

formed using PRISM software. For additional information, see Table S4.

DATA AND CODE AVAILABILITY

All raw sequence data have been deposited to the European Genome Phenome Archive. The accession number for the MeDIP-seq,

RRBS, and oxRRBS data reported in this paper is EGA: EGAS00001004252.
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Figure S1. Related to Figure 1. Polycomb pathway in SDH-deficient tumors. A, Description of genomic 
features used to analyze meDIP-seq and (ox)RRBS data. B, Heatmap of DNA methylation obtained from the 
methylome array data fromLetouzé et al., 2013, restricted to the gene set 
“BENPORATH_ES_WITH_H3K27ME3”. C, Microarray-based expression analysis of PRC2 components 
EZH2, EED and SUZ12 in a cohort of 4 non-tumoral samples and 145 PPGL tumors. Expression clusters have 
been described in Burnichon et al., 2011. EZH2 and SUZ12 are overexpressed in C1A cluster encompassing 
tumors with SDH deficiency. D, Expression of PRC1 components RING1 and BMI1 in the same cohort. No 
overexpression of RING1 or BMI1 is observed in C1A cluster.  E, Microarray-based expression analysis of 
PRC2 components EZH2 and SUZ12 in the same cohort, comprising 130 benign (B) and 15 metastatic (M) 
tumors.  
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Figure S2. Related to Figure 2. Effects of PRC2 inhibition in imCC. A, B, Quantification of global 5mC and 
5hmC levels by ELISA in cells treated with 3µM GSK343 or vehicle for 5 to 7 passages (mean of 3 experiments 
+ SEM). Student test was performed to compare GSK343-treated to untreated cells. No significant difference 
was observed. C, Chromatin immunoprecipitation using an antibody against H3K27me3 or negative control 
rabbit IgG was performed on indicated cell lines. Wnt11, Sema6d, Stmn2, Spock2 and Spock3 genes were 
quantified by qPCR. Mean of 3 experiments (+ SEM). D, Quantification of cell adhesion 1 hour after seeding. 
Cells were pretreated with the 3µM GSK343 or vehicle for 5 to 7 passages (mean of 3 experiments + SEM). 
Student test was performed to compare GSK343-treated to untreated cells. No significant difference was 
observed.  
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Figure S3. Related to Figure 3. Characteristics of genome-scale mapping of 5mC and 5hmC. A, Correlation 
of 5mC change between SDHB-mut and SDHB-WT tumors quantified by oxRRBS versus meDIP-seq. B, 
Coverage and sequencing depth of oxRRBS experiments in each tumor and cell line. C, 5hmC levels quantified 
by oxRRBS in each genomic feature. Correlation between tumors of same genotype. D, Proportion of features 
with detectable 5hmC (coverage >1000, positive value for RRBS-oxRRBS signal, and a significant q-value in at 
least one sample) 
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Figure S4. Related to Figure 3. 5-hmC detection in gene-based features in SDHB-mutated compared to 
SDHB-wild-type tumors. A, Number of regions in which 5hmC was detected. B, Distribution of 5hmC rates in 
regions where it was detected in SDHB-wild-type (top) or SDHB-mutated (bottom) tumors. C, Number and 
overlap of differentially methylated and hydroxymethylated regions in SDHB-mutated compared to SDHB-WT 
tumors. D, Correlation between delta-5mC and delta-5hmC in SDHB-mutated vs SDHB-WT tumors. 
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Figure S5. Related to Figure 3. 5-hmC detection in Sdhb-/- compared to Sdhb-wild-type imCC. A, Number 
of regions in which 5hmC was detected. B, Distribution of 5hmC rates in regions where it was detected in Sdhb 
WT (top) or Sdhb-/- (bottom) cells. C, Number of differentially methylated and hydroxymethylated regions in 
Sdhb-/- compared to Sdhb-WT cells. D, Correlation between delta-5mC and delta-5hmC in Sdhb-/- vs Sdhb-WT 
cells. 
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Figure S6. Related to Figure 5. Effects of Tet1 and Tet2 knock-down in imCC. A, Western blot analysis of 
TET3 in total protein extracts from imCC, mouse embryonic stem cells and mouse thymus. B, Smoothscatter 
plot from significantly differently methylated features in Sdhb-/- vs Sdhb-WT imCC (top) or Tet1+Tet2KD vs 
shSCR imCC (bottom) C, Correlation of hypermerthylated gene-based features in Tet1+Tet2KD vs Sdhb-/- imCC.  
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Figure S7. Related to Figure 5. PRC2 and TET have redundant targets in chromaffin cells. A, 
Hypermethylated genes in Tet1+Tet2KD imCC compared to shSCR imCC are enriched in genes marked by 
H3K27me3 or targeted by SUZ12, EED or PRC2 in ES cells. B, Chromatin immunoprecipitation using an 
antibody against H3K27me3 or negative control rabbit IgG was performed on indicated cell lines. Hand2 and 
Gdnf genes were quantified by qPCR using 2 different primer pairs as indicated. Mean of 3 experiments (+ 
SEM). Student test was performed to compare H3K27me3 ChIP signal to background IgG signal.  
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Supplementary Table 2. Related to Figure 1: Number of features with detected 5hmC in human tumors 
	
	
CGI-based features 
 

 
island.HS_033 island.HS_045 island.HS_144 island.HS_196 shore.HS_033 shore.HS_045 shore.HS_144 shore.HS_196 shelf.HS_033 shelf.HS_045 shelf.HS_144 shelf.HS_196 

Number of features with sufficient 
coverage 23010 23010 23010 23010 32717 32717 32717 32717 21410 21410 21410 21410 
Number of features with significant 
difference in oxRRBS 3003 4320 2789 2331 4689 6782 2141 1862 2670 4091 1165 915 
Number of features with significant 
positive difference in oxRRBS 2599 3871 2125 1788 4448 6523 1795 1560 2562 3970 963 772 
Proportion of good coverage features 
with significant positive difference 0.1129509 0.1682312 0.0923512 0.0777053 0.1359538 0.1993765 0.0548644 0.0476816 0.1196637 0.1854274 0.0449790 0.0360579 

 
Gene-based features 
 

 
TSS500.HS_033 TSS500.HS_045 TSS500.HS_144 TSS500.HS_196 body.HS_033 body.HS_045 body.HS_144 body.HS_196 

Number of features with sufficient 
coverage 46455 46455 46455 46455 58799 58799 58799 58799 
Number of features with significant 
difference in oxRRBS 5880 7022 5629 4467 22645 26152 12425 10979 
Number of features with significant 
positive difference in oxRRBS 4767 5939 4105 3145 22260 25767 11606 10329 
Proportion of good coverage features 
with significant positive difference 0.1026154 0.1278442 0.0883651 0.0676999 0.3785779 0.4382217 0.1973843 0.1756663 
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Supplemental Table S3. Related to STAR Methods - Oligonucleotides 

Ubc F 5′-AGCCCAGTGTTACCACCAAG-3′ 
Ubc R 5′-ACCCAAGAACAAGCACAAG-3′ 
18S F 5′-CGCGGTTCTATTTTGTTGGT-3′ 
18S R 5′-AACCATAAACGATGCCGAC-3′ 
B2m F 5’-ATTCACCCCCACTGAGACTG-3’ 
B2m R 5’-TGCTATTTCTTTCTGCGTGC-3’ 

Hand2 F 5’-CCAGCTACATCGCCTACCTC-3’ 
Hand2 R 5’-TGGTTTTCTTGTCGTTGCTG-3’ 
Gdnf F 5’-CTGTCTGCCTGGTGTTGCT-3’ 
Gdnf R 5’-CTGCCGCTTGTTTATCTGGT-3’ 

Wnt11 F 5’-TCCGATGCTCCTATGAAGGT-3’ 
Wnt11 R 5’-CTGACAGGTAGCGGGTCTTG-3’ 

Sema6d F 5’-GCTTCCCAGAAGACGATGAG-3’ 
Sema6d R 5’-CTGTTTGGGGGATTTCATTT-3’ 
Stmn2 F 5’-CTACGACGACATGGAGGTGA-3’ 
Stmn2 R 5’-CCTCTTCTCTGCCAACTGCT-3’ 
Spock2 F 5’-CCATCGGTTGGATGTTCTCT-3’ 
Spock2 R 5’-GACACCTGGCTTCTTCTTGG-3’ 
Spock3 F 5’-AGGATTCACTTGGCTGGATG-3’ 
Spock3 R 5’-TTTATCCCCTGTCGCTTCTG-3’ 
Snai1 F 5’-TGGAAAGGCCTTCTCTAGGC-3’ 
Snai1 R 5’-AAAAGCACGGTTGCAGTGG-3’ 
Twist1 F 5’-GACTCCAAGATGGCAAGCTG-3’ 
Twist1 R 5’-TTCTCTGGAAACAATGACATCTAGGT-3 
Cdh2 F 5’-GAAGATGTTTACAGCGCAGTCTT-3’ 
Cdh2 R 5’-CTCGCTGCTTTCATACTGAACTT-3’ 
Epas1 F 5’-AGGGCCACAGCAAAGAGAG-3’ 
Epas1 R 5’-CATCACGGGATTTCTCCTTC-3’ 
Glut1 F 5’-AAACATGGAACCACCGCTAC-3’ 
Glut1 R 5’-GGAGAAGCCCATAAGCACAG-3’ 
Hif1a F 5’-TCAGCATACAGTGGCACTCA-3’ 
Hif1a R 5’-AAGGGAGCCATCATGTTCCA-3’ 

Hand2 F8 5’-GAAAATGGATGCGCTGAGAC-3’ 
Hand2 R8 5’-GTTCTTGGGCGCTTATTGTT-3’ 
Hand2 F3 5’-AAGGCGAGATGAGTCTGGTG-3’ 
Hand2 R3 5’-TAAGCCAGCCGTGGAAGTAG-3’ 
Gdnf F1 5’-TGGGCTATGAAACCAAGGAG-3’ 
Gdnf R1 5’-CAACATGCCTGGCCTACTTT-3’ 
Gdnf F2 5’-CTCTGGCCTTTTGCTTCAAC-3’ 
Gdnf R2 5’-CTAATCTCGACCCCGCATAA-3’ 
Wnt11 F 5’-GAGAGCCGAGCACAACTGAC-3’ 
Wnt11 R 5’-GCGAGGATAGCTTCTTCCAG-3’ 

Sema6d-Iso1 F 5’-TCCACAGAAGCGCCATAGAC-3’ 
Sema6d-Iso1 R 5’-GGGAGCTGAGAGCGTAACAC-3’ 
Sema6d-Iso2 F 5’-CTGTGGATGGTGCCTTGTT-3’ 
Sema6d-Iso2 R 5'-GACACCCTAGTAGCCGCTCA-3’ 

Stmn2 F 5’-GACCCTTCTCCTTTGCCTTC-3’ 
Stmn2 F R 5’-GATGTGCACGCACGGAGT-3’ 
Spock2 F 5’-ATTTCATGGAGGACGAGCAA-3’ 
Spock2 R 5’-TACTGCGAGATGGACGACAG-3’ 
Spock3 F 5’-TGGCTCACGACAATCTCTCA-3’ 
Spock3 R 5’-CGTCTCGGAATTTGTTCCAC-3’ 

Sdhb intron 1 Forward 5’-CTCATCGGGCTCCAGTTAAA-3’ 
Sdhb intron1 and loxP site reverse 5’-GCCGGCCATTTCTGACAC-3’ 
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Supplemental Table S4. Related to Methods – Statistical section 

figure statistical test n analysis details statistical details Stastistical software 
Fig 1 A - 
C. Fig 2 
A   2 tumors / genotype 

in Method section "MeDIP-seq 
analysis"  in figure legend R statistical software 

Fig1 D. 
Fig 2 B - 
C 

enrichment score 
and nominal p-
value 2 tumors / genotype 

in Method section "Gene set 
enrichment analysis" 

in Method section "Gene set enrichment 
analysis" 

R code downloaded from the 
GSEA website  

Fig 1 E 
median with 
interquartile range 

cohort of 113 genetically-determined 
PPGL tumors described in Letouze et al., 
2013. in Method section "RNA-seq analysis" in figure legend 

R statistical software and 
Bioconductor DESeq package  

Fig 2 E mean with SEM 

3 independant experiments. In each 
experiment, 3 wells of each cell line. 
qPCR in triplicates. 

in Method section "Reversed 
Transcription and Quantitative Real-
Time PCR" 

student test between treated and 
untreated cells: * p<0.05,  ** p<0.001,  
*** p<0.0001 Graphpad Prism 

Fig 2 F - 
G mean with SEM 

3 independant experiments. qPCR in 
triplicates. in Method section "ChIP-qPCR" 

student test: * p<0.05,  ** p<0.001,  *** 
p<0.0001 Graphpad Prism 

Fig 2 I - J 

logistic regression 
and the SLIM 
method for pvalue 
adjustment 

1 RRBS experiment per treatment and 
cell type 

in Method section "oxRRBS and 
RRBS Analyses" 

in Method section "Differential 
(hydroxy)methylation analysis" 

methylKit package (Akalin et 
al., 2012) 

Fig 2 K mean with SEM 3 independant experiments 
in Method section "Wound scratch 
assay" 

student test between treated and 
untreated cells: * p<0.05,  ** p<0.001,  
*** p<0.0001 Graphpad Prism 

Fig 3 & 5 
C   

Fig. 3: 4  tumor samples (2 SDHB-
mutated and 2 SDHB-wt). 
Fig. 5C: 4 cell line samples (1 Sdhb wt, 
1 Sdhb -/-, 1 sh_Scr, 1 sh_TET). 

in Method section "oxRRBS and 
RRBS Analyses" 

in Method sections "5hmC detection 
using (ox)RRBS data" and "Differential 
(hydroxy)methylation analysis" 

Fisher’s exact tests, corrected 
for multiple testing using 
Benjamini Hochberg procedure 

Fig 3 D. 
Fig 4. Fig 
5D correlation 

Fig. 3D and Fig. 4: 4  tumor samples (2 
SDHB-mutated and 2 SDHB-wt). 
Fig. 5D: 4 cell line samples (1 Sdhb wt, 
1 Sdhb -/-, 1 sh_Scr, 1 sh_TET). 

in Method section "oxRRBS and 
RRBS Analyses" and "RNA-seq 
analysis" Pearson correlation. R statistical software 

Fig 5 B mean with SEM 
3 independant experiments. ELISA in 
triplicates 

in Method section "5mC and 5hmC 
ELISA" 

student test between Sdhb-/- and WT 
and between shTet and shSCR cells: * 
p<0.05,  ** p<0.001,  *** p<0.0001 Graphpad Prism 

Fig 5 E. 
Fig 6 C - 
D mean with SEM 

3 independant experiments. In each 
experiment, 3 wells of each cell line. 
qPCR in triplicates. 

in Method section "Reversed 
Transcription and Quantitative Real-
Time PCR" 

student test between Sdhb-/- and WT 
and between shTet and shSCR cells: * 
p<0.05,  ** p<0.001,  *** p<0.0001 Graphpad Prism 
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Fig 5 F mean with SEM 3 independant experiments 
in Method section "Proliferation 
assay" 

student test between Sdhb-/- and WT 
and between shTet and shSCR cells: * 
p<0.05,  ** p<0.001,  *** p<0.0001 Graphpad Prism 

Fig 5 G mean with SEM 3 independant experiments in Method section "Adhesion assay" 

student test between Sdhb-/- and WT 
and between shTet and shSCR cells: * 
p<0.05,  ** p<0.001,  *** p<0.0001 Graphpad Prism 

Fig 5 H mean with SEM 3 independant experiments 
in Method section "Wound scratch 
assay" 

student test between Sdhb-/- and WT 
and between shTet and shSCR cells: * 
p<0.05,  ** p<0.001,  *** p<0.0001 Graphpad Prism 

Fig 6 E - 
F   

119 tumors (SDH (n=23), VHL (n=40), 
NF1 (n=37) or RET (n=19)) in figure legend 

hierarchical clustering was performed using the ClustVis software with 
default settings. https://biit.cs.ut.ee/clustvis/ 

Fig 6 H mean with SEM 
3 independant experiments. ELISA in 
triplicates 

in Method section "5mC and 5hmC 
ELISA" 

student test between normoxic and 
hypoxic cells: no significative difference Graphpad Prism 

Fig 7 A mean with SEM 3 independant experiments 
in Method section "Proliferation 
assay" 

student test between normoxic and 
hypoxic cells: * p<0.05,  ** p<0.001,  
*** p<0.0001 Graphpad Prism 

Fig 7 B mean with SEM 3 independant experiments in Method section "Adhesion assay" 

student test between normoxic and 
hypoxic cells: * p<0.05,  ** p<0.001,  
*** p<0.0001 Graphpad Prism 

Fig 7 C mean with SEM 3 independant experiments 
in Method section "Wound scratch 
assay" 

student test between normoxic and 
hypoxic cells: * p<0.05,  ** p<0.001,  
*** p<0.0001 Graphpad Prism 

Fig 7 E mean with SEM 

3 independant experiments. In each 
experiment, 3 wells of each cell line. 
qPCR in triplicates. 

in Method section "Reversed 
Transcription and Quantitative Real-
Time PCR" 

student test between normoxic and 
hypoxic cells: * p<0.05,  ** p<0.001,  
*** p<0.0001 Graphpad Prism 

Fif 7 F mean with SEM 

Two different clones of Tet1+Tet2 KD 
imCC injected in 10 mice per clone, 5 
mice for normoxic cells and 5 for 
hypoxic cells 

in Method section "In vivo metastasis 
assay" 

student test between normoxic and 
hypoxic cells: * p<0.05,  ** p<0.001,  
*** p<0.0001 Graphpad Prism 

Fig 8 A & 
C mean with SEM 

3 independant experiments. In each 
experiment, 3 wells of each cell line. 
qPCR in triplicates. 

in Method section "Reversed 
Transcription and Quantitative Real-
Time PCR" 

student test relative to Sdhb-/- cells: * 
p<0.05,  ** p<0.001,  *** p<0.0001 Graphpad Prism 

Fig 8 E mean with SEM 3 independant experiments 
in Method section "Proliferation 
assay" 

student test relative to Sdhb-/- cells: * 
p<0.05,  ** p<0.001,  *** p<0.0001 Graphpad Prism 

Fig 8 F mean with SEM 3 independant experiments in Method section "Adhesion assay" 
student test relative to Sdhb-/- cells: * 
p<0.05,  ** p<0.001,  *** p<0.0001 Graphpad Prism 

Fig 8 G mean with SEM 3 independant experiments 
in Method section "Wound scratch 
assay" 

student test relative to Sdhb-/- cells: * 
p<0.05,  ** p<0.001,  *** p<0.0001 Graphpad Prism 
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