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SUMMARY

Succinylation is a post-translational protein acylation modification that converts the cationic lysine 

side chain to an anion with large potential impacts on protein structure and function. Here we 

characterize the epigenome-wide distribution of succinyllysine marks in chromatin using 

chromatin immuno-precipitation sequencing (ChIP-seq). We estimate that more than one-third of 

all nucleosomes contain lysine succinylation marks and demonstrate a potential role of chromatin 

succinylation in modulating gene expression. We further demonstrate that defective tricarboxylic 

acid (TCA) cycle metabolism perturbs the succinyllysine distribution in chromatin, correlating 

with transcriptional responses. This is consistent with previous observations linking nucleosome 

succinylation with enhanced in vitro transcription. We additionally demonstrate that defective 

TCA cycle metabolism results in a DNA repair defect and sensitivity to genotoxic agents, 

consistent with previously reported chromatin hypersuccinylation effects observed in the context 

of SIRT7 depletion. Chromatin succinylation may thus represent a mechanism by which 

metabolism modulates both genome-wide transcription and DNA repair activities.
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INTRODUCTION

Lysine succinylation (Figure 1A [Zhang et al., 2011]) has emerged as a novel post-

translational modification (PTM) that directly couples tricarboxylic acid (TCA) cycle 

metabolism, via succinyl-CoA, to alterations in the charges, structures, and activities of 

proteins involved in diverse cellular processes. Global proteomic approaches have revealed 

that the lysine succinylome spans multiple biological compartments, including the nucleus, 

but with concentrated effects in the mitochondria (Park et al., 2013). Succinylation is one of 

many known acyl modifications capable of decorating the lysine residues in proteins, with 

others including acetylation, propionylation, malonylation, crotonylation, butyrylation, 

glutarylation, 2-hydroxyisobutyrylation, and β-hydroxybutyrylation (Chen et al., 2007; 

Choudhary et al., 2009; Dai et al., 2014; Du et al., 2011; Garrity et al., 2007; Tan et al., 

2011, 2014; Xie et al., 2016).

Significant discussion persists within the field regarding whether the attachment of the 

various acyl PTMs to lysine residues is enzyme mediated. Acetylation is the oldest known 

and best studied acyl PTM, and many acetyltransferases and deacetylases catalyzing the 

attachment and removal of acetyl marks, respectively, have been identified (Ito et al., 2000; 

McManus and Hendzel, 2000; Michishita et al., 2008; Ravindra et al., 2009; Tafrova and 

Tafrov, 2014; Warrener et al., 2010; Xiong et al., 2010; Yang et al., 2011; Zhang et al., 

1998). Several acetyltransferases have also been identified that promiscuously attach 

propionyl and butyryl groups to lysine residues (Leemhuis et al., 2008; Simithy et al., 2017). 

It remains less clear whether other acyl PTMs are attached to lysine residues in an enzyme-

mediated manner. Recent work has suggested that several of the larger acyl modifications 

such as succinylation, malonylation, crotonylation, glutarylation, and β-hydroxybutyrylation 

may predominantly functionalize proteins via a non-enzymatic mechanism (Simithy et al., 

2017; Wagner et al., 2017). This suggests that the rates of attachment for the various acyl-

Smestad et al. Page 2

iScience. Author manuscript; available in PMC 2018 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CoA species to lysine residues may be primarily governed by the concentrations of the 

involved reactants.

In contrast to the current paradigm of non-enzymatic succinylation, the process of 

desuccinylation may be mediated by specific enzymes. SIRT5 has been identified as a lysine 

desuccinylase that catalyzes the removal of succinyl marks from lysine residues in the 

mitochondria and cytoplasm (Du et al., 2011). Attenuation of SIRT5 alters the distribution of 

lysine succinylation marks (Park et al., 2013; Rardin et al., 2013). Importantly, depletion of 

SIRT5 has been shown to impair the function of complex II (succinate dehydrogenase 

[SDH]) and fatty acid β-oxidation, suggesting that succinylation inhibits mitochondrial 

enzymes (Park et al., 2013; Rardin et al., 2013). Recent work has extended these 

observations by identifying SIRT5 as an important regulator of cardiomyocyte biology via 

modulation of hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex subunit 

alpha (HADHA/ECHA) activity, a protein involved in fatty acid β-oxidation (Sadhukhan et 

al., 2016). These findings imply that lysine succinylation modulates enzyme activity in a 

previously unappreciated layer of biological regulation.

Initial reports of succinylation PTMs also included lysine succinylation of histones (Xie et 

al., 2012). These early studies revealed specific succinylation sites and characterized loss of 

yeast viability resulting from mutation of histone residues that are normally highly 

succinylated. These results suggested that histone succinylation is important for cell 

viability. Although provocative, the basis for these findings has remained unclear, and the 

relevance of histone succinylation for biological regulation has been uncertain. More recent 

work identified SIRT7 as a nuclear-localizing histone desuccinylase that functionally links 

the poly (ADP-ribose) polymerase (PARP) 1-dependent DNA damage response and 

chromatin compaction essential for cell survival following genotoxic stress (Li et al., 2016). 

A high priority for the field is to characterize other functions of histone lysine succinylation 

in regulating nuclear processes such as transcription.

We have been interested in the possibility that disease-causing TCA cycle defects may affect 

the lysine succinylome and contribute to pathologic processes. In the present work, we 

characterize succinylation in an inducible cell culture model of SDH loss, which results in 

accumulation of succinate and succinyl-CoA. This allowed us to characterize perturbation of 

the lysine succinylome relevant to several human malignancies including paraganglioma/

pheochromocytoma (PPGL), gastrointestinal stromal tumor (GIST), renal cell carcinoma 

(RCC), thyroid cancer, and colon cancer (Agaimy, 2016; Astuti et al., 2001; Baysal et al., 

2000; Gill et al., 2013; Nannini et al., 2014; Ni et al., 2015; Niemann and Müller, 2000; 

Pantaleo et al., 2015; Wang et al., 2016).

Our analyses reveal succinylation effects in several subcellular compartments, including 

histone and non-histone chromatin components in the nucleus. We characterize for the first 

time the epigenome-wide distribution of succinyllysine marks in chromatin using chromatin 

immunoprecipitation sequencing (ChIP-seq), revealing a potential role of chromatin 

succinylation in modulating gene expression. In addition, we analyze epigenome-wide 

patterns of chromatin succinylation perturbation in the context of SDH loss and document 

correlations with altered gene expression. These results are consistent with previous 
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observations linking nucleosome succinylation with enhanced in vitro transcription. We also 

demonstrate that defective TCA cycle metabolism results in a DNA repair defect and 

sensitivity to genotoxic agents, consistent with previously reported chromatin 

hypersuccinylation effects observed in the context of SIRT7 depletion. Chromatin 

succinylation may thus represent a mechanism by which metabolism modulates both 

genome-wide transcription and DNA repair activities.

RESULTS

SDH Loss Leads to Global Lysine Hypersuccinylation in Multiple Subcellular 
Compartments, Especially Mitochondria

Biallelic loss of genes encoding subunits of the SDH complex in the TCA cycle results in 

accumulation of succinate and succinyl-CoA (Figure 1B). Previous work has shown that 

these metabolic effects are only observed in the context of homozygous SDH subunit 

depletion, with no evidence for metabolic abnormalities in hemizygous lines (Smestad et al., 

2017). We therefore hypothesized that a global hypersuccinylation effect might be observed 

in the context of SDH loss due to accumulation of succinyl-CoA, the presumptive 

succinylating agent. We therefore performed immunostaining using an anti-succinyllysine 

antibody (PTM-401) to assess whether SDH loss results in an observable bulk protein 

hypersuccinylation effect (Figure 1C). Intriguingly, hypersuccinylation effects were 

observable both in the cytoplasm and the nucleus of SDH loss cells, but with most effects 

observable in the cytoplasm (Figure 1D). This inspired us to perform a more granular 

analysis of protein-specific hypersuccinylation effects. We therefore performed stable 

isotope labeling with amino acids in cell culture (SILAC) labeling of SDH knockout (SILAC 

light) and control (SILAC heavy) immortalized mouse embryonic fibroblast (iMEF) cell 

lines using 13C-labeled lysine and arginine followed by global proteomic analysis of 

succinylated peptides purified by immunoprecipitation (Figure 1E). Specificity of the anti-

succinyllysine antibody (PTM-401) was confirmed by analysis of the prevalence of 

succinyllysine and the various other acyl modifications in the antibody-enriched peptide 

pool (Figure S1A). Analysis of biological replicate experiments identified 2,776 unique 

succinylation sites, yielding quantifiable SILAC heavy/light ratios between replicates 

(Figure 1F, Table S1). Following succinylation site identification and quantification, 

distributions of median-normalized SILAC heavy/light ratios were log2-transformed, 

revealing a non-Gaussian distribution of SILAC log2 ratios with hypersuccinylation in the 

SDH loss cell line as hypothesized (Figure 1G). Analysis of the correlation between log2-

transformed SILAC heavy/light ratios in biological replicates (Figure 1H) confirmed 

reproducibility (Spearman correlation coefficient: 0.82; p value < 2.2 × 10−16).

As SDH loss may alter both protein abundance and protein lysine succinylation, we 

identified proteins whose change in lysine succinylation was disproportionate to their change 

in abundance upon SDH loss (Figure 1I). This analysis identified 78 such cases (Table S2). 

Matching gene ontologies and KEGG pathways associated with this set of proteins 

demonstrated a hypersuccinylation effect concentrated in the mitochondria, but that is 

detectable in several other cellular compartments (Figure 1J). Analysis of mitochondrial 

proteins in this differentially succinylated subset revealed dramatic effects for proteins 
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involved in glycolysis/TCA cycle, fatty acid catabolism, ketone body metabolism, heat 

shock response, solute transport, ATP synthesis, amino acid synthesis, and the electron 

transport chain (Figure S1B). Protein hypersuccinylation affecting multiple subcellular 

compartments in the context of SDH loss had not previously been reported. It is possible that 

hypersuccinylation may contribute to suppression of mitochondrial enzymatic activities in 

the context of SDH loss, similar to what has been previously described in the context of 

SIRT5 desuccinylase knockout (Park et al., 2013).

We next assessed the degree to which particular lysine residues are succinylated. A global 

proteomic analysis of peptide abundance was leveraged to determine stoichiometries of 

succinylated and unmodified peptides (Olsen et al., 2010). A sample of 363 sites was 

identified with adequate abundance for this calculation, yielding succinylation 

stoichiometries for both SDH loss and control cells (Table S3). Mean succinylation 

stoichiometries were 0.13 and 0.18, respectively, for control and experimental lines (Figures 

S1C–S1E), demonstrating succinylation to be a high-abundance PTM and confirming the 

bulk increase in lysine succinylation in the context of SDH loss (Figure S1E). Intriguingly, 

there is a strong correlation between the extent of succinylation in the control cell line and 

hypersuccinylation upon SDH loss (Figure S1F). Classification of proteins based upon 

observed subcellular localization patterns using data from the Cell Atlas (Thul et al., 2017) 

revealed that both normal succinylation and hypersuccinylation induced by SDH loss are 

detected in most subcellular compartments (Figure 1K). We were particularly intrigued that 

these effects were apparent in the nucleus, as was also seen in our anti-succinyllysine 

immunostaining analysis (Figures 1C and 1D). We further pursued this observation.

Lysine Succinylation of Chromatin Proteins Is Common and Increases upon SDH Loss

We extracted succinylation data for all histone and non-histone chromatin components and 

examined the absolute impact of SDH loss on succinylation stoichiometry (Figure 1L) and 

relative succinylation ratio (Figure 1M). Intriguingly, several sites displayed high baseline 

succinylation in control cells, with increased succinylation upon SDH loss. Importantly, 17% 

of histone H4K80 residues were succinylated in control cells. Since two copies of histone 

H4 are present in each nucleosome, this suggests that perhaps one-third of all nucleosomes 

contain at least one succinyl mark at H4K80. In the context of SDH loss, the fraction of 

H4K80 residues bearing succinylation marks increases to 0.24, indicating that this already 

highly abundant mark increases by a further 41%. This striking prevalence of histone 

succinylation suggests that succinylation of chromatin components may be important for 

regulating nuclear functions, including chromatin dynamics and transcription.

Genome-wide Chromatin Succinylation Correlates with Euchromatic Histone Marks

We hypothesized that succinylation of histones and other chromatin components encodes 

regulatory information and therefore that succinyllysine marks would be non-uniformly 

distributed across the genome. To test this hypothesis, we mapped the genome-wide 

distribution of succinyllysine marks in chromatin from control and SDH-loss iMEF cell lines 

using a ChIP-seq approach with a pan-succinyllysine antibody, comparing the pattern of 

DNA sequence enrichment to patterns observed for chromatin marks commonly found in 

euchromatic (H3K4me3) or heterochromatic (H3K27me3) regions. Following MNase 
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digestion and sonication, gel quantification of input chromatin fragments showed the 

chromatin to have an approximately mononucleosomal size distribution (Figure S2A), as did 

our analysis of mapped read lengths from paired-end read alignment following chromatin 

immunoprecipitation (ChIP) experiments involving formaldehyde cross-linking (Figure 

S2B). Quantified yields from ChIP experiments ranged between 0.4% and 4% (Figure S2C). 

Comparison of mapped reads from ChIP-seq experiments with input controls using an 

unbiased peak-calling algorithm identified several thousand peaks for each antibody (Figure 

2A), with an average succinyllysine ChIP peak width less than 500 bp (Figure S2D). 

Analysis of the genome-wide distributions of identified ChIP-seq peaks revealed that the 

most common pattern of localization is in the inter-genic regions (56%), followed by the 

introns (25%) and gene promoters (15% within 3 kbp of a transcription start site [TSS], 

11.4% within 1 kbp of a TSS) (Figures 2B and 2C). Compared to a distribution of randomly 

selected genomic coordinates, this represents significant enrichment for promoter-localizing 

peaks (6% within 3 kbp of a TSS, 2% within 1 kbp of a TSS) as opposed to what chance 

would have predicted (Figure 2B), suggesting that succinyllysine marks in chromatin may 

play a role in transcriptional regulation.

Analysis of succinyllysine peaks between two biological replicate experiments showed high 

reproducibility (Pearson correlation coefficient: 0.88; p value < 2.2 × 10−16; Figure 2D), 

suggesting that the positions and intensities of chromatin succinylation are biologically 

stable. We compared succinyllysine locations to euchromatic histone mark H3K4me3 and 

heterochromatic mark H3K27me3. Intriguingly, positions of succinyllysine marks correlate 

positively with euchromatic H3K4me3 marks (Spearman correlation coefficient: 0.23; p 

value < 2.2 × 10−16) and correlate negatively with H3K27me3 heterochromatic marks 

(Spearman correlation coefficient: −0.30; p value < 2.2 × 10−16) (Figure 2E). This is the first 

evidence that chromatin lysine succinylation is a euchromatic mark (see also Figure 2F).

Chromatin Succinyllysine Marks Form a Distinctive Pattern Near Gene Promoters

We next assessed the pattern of promoter chromatin succinylation to discern any potential 

role in regulating gene transcription. We generated aligned probe plots (Figure 3A) and 

average probe plots (Figure 3B) displaying the abundance of identified peaks as a function 

of distance from the annotated TSS. Intriguingly, succinyllysine modification displays a 

distinctive pattern of enrichment peaking 600 bp upstream and downstream of the TSS, with 

relative depletion at the TSS and beyond 600 bp from the TSS. This pattern is clearly 

distinct from those observed for H4K3me3 and H3K27me3, suggesting that promoter 

succinylation encodes additional gene regulatory signals.

Chromatin Succinylation in Promoters Correlates with Activating Histone Marks

We assessed whether succinylation in gene promoters (4-kbp window centered on the TSS) 

correlates with histone marks associated with actively transcribed (H3K4me3) or 

epigenetically repressed (H3K27me3) genes. Intriguingly, succinyllysine marks mapped to 

gene promoters were found to correlate positively with H3K4me3 marks (Pearson 

correlation coefficient: 0.38; p value < 2.2 × 10−16) and correlate negatively with 

H3K27me3 marks (Pearson correlation coefficient: −0.12; p value < 2.2 × 10−16; Figure 

3C). This coincidence of succinyl marks in chromatin with H3K4me3, but not with 
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H3K27me3, suggests that succinylation of chromatin at active gene promoters is 

functionally meaningful.

Chromatin Succinylation Is a Feature of Highly Expressed Genes

We directly tested the correlation between gene expression and bulk succinylation of 

chromatin at gene promoters using previously published transcriptomic data for our iMEF 

cell lines. We identified a meaningful correlation between gene promoter chromatin 

succinylation and gene expression (Pearson correlation coefficient: 0.32; p value < 2.2 × 

10−16; Figure 3D), comparable to the relationship observed for H3K4me3. This is a highly 

provocative observation suggesting that chromatin succinylation may play a functional role 

in transcriptional regulation. Intriguingly, previous in vitro studies have shown that bulk and 

non-specific succinylation of nucleosome core particles with succinic anhydride enhances 

transcription, possibly through electrostatic effects (Piñeiro et al., 1992). The findings of 

these early studies ultimately support our in vivo work analyzing genome-wide patterns of 

succinylation in chromatin and assessing correlations with gene expression. When taken 

together, these data support a claim that chromatin succinylation in gene promoters is 

transcription activating. Unlike acetylation, which neutralizes potential favorable 

interactions between cationic lysine side chains and anionic DNA or histone sites, 

succinylation converts the cationic lysine side chain to an anion with much greater potential 

for electrostatic disruption. This possible electrostatic mechanism for promoting an active 

chromatin state remains to be explored.

To assess whether chromatin succinylation patterns merely reflect the H3K4me3 status of a 

given promoter, or whether chromatin succinylation encodes unique information, we next 

assessed gene expression as a function of mapped ChIP-seq peaks for the various 

immunoprecipitation experiments. Comparing gene expression with ChIP-seq peaks for 

H3K27me3, H4K4me3, and succinyllysine, we observe that genes whose promoter 

chromatin is enriched in H3K27me3 marks are poorly expressed, whereas genes whose 

promoter chromatin is enriched in H3K4me3 or succinyllysine marks are strongly expressed 

(Figure 3E). We further classified promoters as having H3K4me3 marks, succinyllysine 

marks, or both. This analysis showed that even for promoters enriched in succinyllysine 

marks without H3K4me3 marks, gene expression levels were among the highest in the cell 

(Figure 3F). This result suggests that chromatin succinylation represents a novel 

information-carrying mark of gene activation that is non-redundant with H3K4me3.

SDH Loss Perturbs Genome-wide Chromatin Succinylation

We next assessed how SDH loss affects genome-wide chromatin succinylation. Our previous 

analysis of bulk protein succinylation after SDH loss demonstrated increased protein 

succinylation, including several chromatin components (Figure 1J). This analysis did not 

reveal how the distribution of succinyllysine chromatin marks changes genome-wide upon 

SDH loss. We therefore mapped succinyllysine chromatin marks in SDH knockout and 

control cell lines. Interestingly, this analysis revealed a small net decrease in mapped read 

abundance at positions of succinyllysine peaks in the SDH knockout line relative to control, 

but with a particular subset of loci displaying dramatic perturbation (Figure 4A). This result 

was reproducible, as indicated by a high degree of correlation between the results of 
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replicate experiments (Pearson correlation coefficient: 0.57; p value < 2.2 × 10−16; Figure 

4B). Analysis of the correlation between succinyllysine change and changes in histone 

marks at succinyllysine peaks revealed that change in succinyllysine marks is positively 

correlated with perturbation of H3K4me3 (Figure 4C) and negatively correlated with 

H3K27me3 (Figure 4D) marks. An observed positive correlation between succinylation and 

H3K4me3 changes is particularly intriguing, given the potential for succinylation and 

methylation at a given histone lysine position to be mutually exclusive and competing 

PTMs.

SDH Loss Selectively Perturbs Chromatin Succinylation in Promoters

We assessed which genomic regions undergo the greatest change in chromatin succinylation 

upon SDH loss. For this analysis, we selected the top 0.05 and bottom 0.95 quantiles of 

ChIP-seq peaks, ranked by observed succinylation difference (SDH knockout minus 

control). Thus these peaks correspond to the subset of peaks that display extreme 

hypersuccinylation and hyposuccinylation, respectively, upon SDH loss. We mapped these 

highly affected peaks relative to the population of all chromatin succinyllysine peaks. 

Intriguingly, the alteration preferentially affects gene promoters (Figures 4E and 4F), with 

45% of hypersuccinylated peaks and 30% of hyposuccinylated peaks mapping to promoters, 

compared with 15% of peaks belonging to the parental distribution. The fact that 

succinylation change in chromatin following SDH loss is highly enriched in gene promoters 

over other types of genomic regions further underscores the potential transcriptional 

regulatory role of this mark. Subsequent analysis of the perturbation H3K4me3 and 

H3K27me3 marks upon SDH loss yielded the similar finding that epigenetic impacts are 

concentrated in promoter regions (Figures S3A–S3H and S4A–S4C). Although the 

mechanism remains unknown, the observation that TCA cycle dysfunction due to SDH loss 

has concerted effects on chromatin succinylation in gene promoters emphasizes the apparent 

regulatory specificity of this novel mark.

Chromatin Succinylation Changes upon SDH Loss Correlate with Gene Expression 
Changes

We assessed whether changes in promoter chromatin succinylation upon SDH loss correlate 

with induced alterations in gene expression. Our previous analysis of the correlation 

between promoter succinylation and gene expression in normal cells showed that 

succinylation is a feature of highly expressed genes (Figures 3D–3F). We therefore 

hypothesized that changes in chromatin succinylation upon SDH loss would directly 

correlate with observed gene expression changes. This hypothesis is indeed supported by the 

data (Spearman correlation coefficient: 0.23; p value < 2.2 × 10−16; Figure 4G). This result 

suggests that either perturbation of chromatin succinylation causes altered gene expression 

or that the succinylation status of specific genomic loci dynamically changes to reflect 

perturbed gene expression patterns. Under either model, this observation constitutes a 

quantifiable transcriptional phenotype that is correlated with alterations in genome-wide 

succinylation of gene promoters.
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Changes in Chromatin Succinylation upon SDH Loss Selectively Affect Promoters of 
Genes Involved in Transcriptional Regulation

We assessed the extent to which chromatin succinylation plays a role in regulating the 

expression of genes controlling specific processes or pathways. We used the DAVID 

functional annotation database (Huang da et al., 2009) to perform functional annotation 

enrichment analysis on the top 0.05 quantile of differentially succinylated promoters for 

known gene ontologies, ranked according to the absolute value of succinylation change. The 

results (Figure 4H) reveal a genome-wide phenotype of selective hypersuccinylation impact 

on genes involved in transcriptional regulation and a specific hyposuccinylation effect upon 

genes involved in RNA processing. These trends provide strong evidence that chromatin 

succinylation cues specific transcriptional programs within cells. A representative genomic 

view displaying altered chromatin succinylation in the context of SDH loss is shown in 

Figure 4I.

Collectively, these observations support the hypothesis that chromatin succinylation is a link 

between the TCA cycle status and epigenetic transcriptional control. This result has 

implications both for normal cell growth and homeostasis, and for the mechanism of 

oncometabolites, such as succinate, that accumulate due to mutations affecting TCA cycle 

enzymes.

SDH Loss Results in a DNA Repair Defect Consistent with Chromatin Hypersuccinylation 
Effects

We next assessed whether SDH loss results in a DNA repair defect that is consistent with 

hypersuccinylation effects, similar to that observed in the context of SIRT7 depletion (Li et 

al., 2016). In the context of SIRT7 desuccinylase depletion, a defect in PARP1-dependent 

DNA repair becomes evident that is linked to failure in histone desuccinylation and 

chromatin compaction essential for repairing genotoxic damage. Upon genotoxic insult, 

SIRT7 −/− cells display abnormally elevated levels of gamma H2A.X, a marker for DNA 

damage. We therefore investigated whether hypersuccinylation of chromatin in the context 

of SDH phenocopies SIRT7 by similarly exhibiting a DNA repair defect. Strikingly, we 

observe that SDH loss results in heightened levels of DNA damage marker gamma H2A.X 

(phospho 139) (Figures 5A and 5B), consistent with a global DNA repair defect attributable 

to hypersuccinylation effects. Remarkably, this elevation in gamma H2A.X (phospho 139) 

occurs in the absence of an external genotoxic insult, suggesting that SDH loss results in a 

DNA repair defect that allows for accumulation of normal replication-induced errors to 

abnormally high levels. We additionally show that this intrinsic DNA repair defect 

predisposes SDH loss cells to be sensitive to genotoxic drugs such as gemcitabine (Figure 

5C) and etoposide (Figure 5D), further validating the claim of a DNA repair defect in the 

setting of SDH loss. This enhanced sensitivity to genotoxic compounds such as these is 

particularly remarkable because these compounds mediate toxicity during DNA replication 

and SDH loss results in slowed population doubling time (Smestad et al., 2017). 

Collectively, these experiments suggest that chromatin hypersuccinylation may generally 

impede DNA repair activities and form tantalizing conceptual links to recent work 

connecting SIRT7 desuccinylase activity with chromatin compaction essential for repair of 

genotoxic DNA damage.
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DISCUSSION

This work demonstrates for the first time that an SDH loss TCA cycle defect relevant to 

several human malignancies results in increased concentrations of succinyl-CoA and bulk 

protein hypersuccinylation affecting multiple subcellular compartments. Hypersuccinylation 

affects both histone and non-histone nuclear proteins. We estimate that more than one-third 

of all nucleosomes contain lysine succinylation marks and that this fraction is increased in 

the context of SDH loss. By investigating the genomic localization of succinyllysine 

modifications in chromatin via ChIP-seq, we show that succinyllysine ChIP-seq peaks are 

enriched in gene promoters and identify a bimodal pattern of peak enrichment flanking 

transcription start sites genome-wide that is suggestive of a role in transcriptional regulation. 

We also directly test the correlation between succinyllysine ChIP signal and gene 

expression. We find that there is indeed a strong correlation between gene expression and 

succinylation near the transcription start site and further show that promoter succinylation is 

strongly predictive of high gene expression. We further assess how succinyllysine marks in 

chromatin are perturbed in the context of SDH loss TCA cycle defect and show that 

chromatin succinylation changes are concentrated in gene promoters relative to other 

genomic regions. We show that promoter succinylation changes induced by SDH loss are 

correlated with observed transcriptional responses genome-wide, further underscoring the 

fact that promoter chromatin succinylation and gene expression are correlated.

Beyond in vivo correlative studies, the next level of evidence needed to establish that histone 

succinylation activates transcription could come from an in vitro assay to test this hypothesis 

under tightly controlled conditions. Conveniently, such assays have already been reported 

(Piñeiro et al., 1992). These early experiments involved treating histone octamers with 

succinic anhydride, reconstituting with transcriptional templates, and measuring the effects 

of nucleosome succinylation on transcription. Remarkably, the authors found that 

succinylated nucleosomes have potent transcription-activating properties. These studies, 

performed years before it was appreciated that succinylation is a relevant histone lysine 

PTM that occurs in living cells, strongly support our in vivo work analyzing genome-wide 

patterns of succinylation in chromatin and assessing correlations with gene expression. 

When taken together, these data strongly support a claim that chromatin succinylation in 

gene promoters activates transcription. It remains to be determined if the basis for this effect 

is primarily electrostatic, or if a family of regulatory succinyllysine “reader” proteins are 

also involved.

Finally, we demonstrate that SDH loss results in a DNA repair defect that may be linked to 

chromatin hyper-succinylation effects. Previous work performed by Li et al. has 

demonstrated that depletion of SIRT7 desuccinylase results in histone hypersuccinylation 

and a resultant defect in DNA double-strand break repair (Li et al., 2016). We were intrigued 

that SDH loss, another cause of histone hypersuccinylation, appears to phenocopy the DNA 

repair defect observed upon SIRT7 depletion. It is highly remarkable that the two currently 

known genetic causes of histone hypersuccinylation both result in DNA repair defects. 

Whether these observed DNA repair defects are related by a common mechanism remains to 

be determined.
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METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

SDH loss TCA cycle defect results in succinyl-CoA increase and 

hypersuccinylation

Succinyllysine modification of chromatin correlates with active gene expression

Chromatin succinyllysine change in SDH loss correlates with transcriptional 

change
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Figure 1. Global Lysine Succinylation Affects Multiple Cellular Compartments and Is Perturbed 
in the Context of SDH Loss
(A) Reaction of the ε-amino group of lysine with succinyl-CoA to form succinyllysine.

(B) TCA cycle metabolism and succinyl-CoA as a protein succinylating agent. Also shown 

are TCA cycle metabolites quantified for Sdhc fl/fl (experimental) and Sdhc fl/wt (control) 

cells 16 days after induction of Sdhc gene rearrangement with the doxycycline-inducible 

tetOcre system. Error bars indicate measurement standard deviations. Asterisks indicate 

comparisons that were statistically significant (p value < 0.05) by heteroscedastic 1-tailed t 

test.

(C) Pan-succinyllysine immunostaining of experimental and control cell lines.

(D) Quantification of mean cytoplasmic and nuclear pan-succinyllysine immunostaining 

intensity. Asterisks indicate degree of statistical significance by heteroscedastic 1-tailed t test 

(*p value < 2.2 × 10−16).

(E) Schematic of experimental design to assess differential protein succinylation in the 

context of SDHC loss. TetOcre-mediated Sdhc gene rearrangement is induced on day 0 by 

doxycycline. On the same day, Sdhc fl/fl (experimental) cells are transitioned to SILAC light 

media and Sdhc fl/+ (control) cells are transitioned to SILAC heavy media containing 

isotopically labeled lysine and arginine.
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(F) Overlap of succinylated sites quantified between two biological replicates.

(G) Distribution of SILAC log2 ratios of heavy and light peptides (averaged between 

replicate experiments).

(H) Spearman correlation analysis of site succinylation values from two biological 

replicates.

(I) Analysis of correlation between protein succinylation change (y axis) and protein 

abundance change (x axis). Subset of data points for which succinylation log2 ratio and 

abundance log2 ratio differed by more than 0.2 is highlighted in blue.

(J) Analysis of gene ontologies and KEGG pathways preferentially affected by differential 

protein succinylation in the context of SDHC loss. Terms are grouped according to ontology 

(MF, molecular function; CC, cellular component; BP, biological process) or KEGG 

pathway. Color reflects the average succinylation log2(fold-change) for identified proteins 

mapping to a given term [green, negative heavy/light log2(fold-change) and increased 

succinylation in SDHC loss]. See also Figure S1.

(K) Box plot showing succinylation stoichiometries (fraction of a given protein site that is 

succinylated) for proteins quantified in experimental and control cell lines, separated 

according to intracellular compartment. See also Figure S1.

(L) Succinylation stoichiometries for histone and non-histone chromatin proteins quantified 

in experimental (green) and control (gray) cell lines.

(M) Relative percent increase in histone protein succinylation quantified between 

experimental and control cell lines.
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Figure 2. Succinyllysine ChIP-Seq Peaks Correlate with Euchromatic Histone Marks
(A) Numbers of peaks for each ChIP-seq target identified via the MACS peak-calling 

algorithm. See also Figures S2.

(B) Genomic feature localization for identified peaks. x Axis indicates percentage of 

identified peaks for each immunoprecipitation mapping to a given feature type.

(C) Detailed analysis of succinyllysine peak localization. Dot plot indicates genomic feature 

peak localization pattern, with a solid line joining two or more dots indicating instances of 

peaks spanning one or more genomic feature type. Bar plot above dot plot indicates number 

of peaks represented by a given pattern.

(D) Correlation between input-subtracted succinyllysine peak intensities quantified between 

ChIP-seq biological replicates.

(E) Correlation between succinyllysine signal intensity and intensities of known histone 

marks (H3K4me3 and H3K27me3) at positions of identified succinyllysine peaks.

(F) Representative genomic view of mouse chromosome 3 showing several identified peaks 

for each ChIP-seq experiment. Shown are genomic annotations for genes, mRNAs, coding 

DNA sequences (CDS), identified ChIP-seq peaks, and wiggle plot representations of 

mapped reads from the various ChIP-seq experiments. For each experiment type, mapped 

reads for two biological replicates are shown.
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Figure 3. Chromatin Succinylation Exhibits Distinct Pattern of Localization Near Gene 
Promoters and Correlates with Gene Expression
(A) Plots of aligned probes showing chromatin mark enrichment over a 6-kbp window 

centered on the TSS. Individual lines on the plots correspond to specific TSS loci, with the 

shading of the plot representing the presence of ChIP-seq peaks. Genomic regions in the 

three plots are ordered independently according to the mean intensity.

(B) Probe trend plots covering a 6-kbp window centered on the TSS. Lines demonstrate 

relative peak frequency as a function of position, averaged across all annotated TSS.

(C) Analysis of correlation between succinyllysine signal intensity and intensities of known 

histone marks (H3K4me3 and H3K27me3) at TSS (4-kbp window centered on TSS).

(D) Analysis of correlation between chromatin ChIP-seq mark TSS abundance and gene 

expression (log2-transformed fragments per kilobase million (FPKM) values, then scaled in 

range of 0–1).

(E) Analysis of expression in subsets of genes containing ChIP-seq peaks within 3 kbp of 

the TSS for H3K27me3, H3K4me3, or succinyllysine. y Axis shows log2-transformed gene 

expression FPKM values.

(F) Detailed analysis of gene expression in subset of genes containing TSS-localizing ChIP-

seq peaks for H3K4me3 and/or succinyllysine.
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Figure 4. SDH Loss Results in Reproducible Perturbation of Chromatin Succinylation that 
Preferentially Affects the Promoters of Genes Involved in Transcriptional Regulation
(A) Distribution of observed differences in succinylation peak integrated areas between 

experimental (SDHC loss) and control cell lines. Vertical red lines indicate the cutoff 

positions for 0.05 and 0.95 quantiles.

(B) Correlation analysis of observed succinylation peak integrated intensity differences 

(experimental minus control) between replicate experiments (see also Figure S3).

(C) Correlation analysis of changes (experimental minus control) in succinyllysine and 

H3K4me3 integrated intensities measured at the positions of succinyllysine ChIP-seq peaks.

(D) Correlation analysis of changes (experimental minus control) in succinyllysine and 

H3K27me3 integrated intensities measured at the positions of succinyllysine ChIP-seq 

peaks.

(E) Analysis of genomic feature localization for succinyllysine peaks showing dramatic 

integrated intensity differences resulting from SDHC loss. 0.05 and 0.95 quantiles, as shown 

in panel (A). x Axis indicates percentage of identified peaks mapping to a given feature type. 

See also Figure S3.

(F) Average profile plot showing TSS relative position for succinyllysine peaks showing 

dramatic integrated intensity differences resulting from SDHC loss. See also Figure S3.
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(G) Analysis of correlation between promoter succinyllysine integrated intensity change and 

gene expression change [experimental minus control log2(FPKM)]; see also Figure S3.

(H) DAVID functional enrichment analysis of gene ontology impact for top 0.95 quantile of 

gene TSS (ranked according to absolute value of difference) affected by differential 

succinylation. x Axis value indicates degree of statistical significance for term enrichment 

relative to random gene set of the same size. Colors indicate mean succinyllysine difference 

(experimental minus control integrated TSS values) for differentially succinylated genes 

mapping to a given term (green, increased succinylation in experimental line; red, decreased 

succinylation in the experimental line).

(I) Representative genomic view of mouse chromosome 3 showing a succinyllysine peak 

dramatically affected by SDHC loss. Shown are genomic annotations for genes, mRNA, 

CDS, identified ChIP-seq peaks, and wiggle plot representations of mapped reads from the 

various ChIP-seq experiments; see also Figure S4.
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Figure 5. SDH Loss Results in a DNA Repair Defect Consistent with Chromatin 
Hypersuccinylation Effects
(A) Immunostaining for gamma H2A.X (phospho 139), with 4′,6-diamidino-2-phenylindole 

(DAPI) counterstain. Shown are representative images for two stable experimental (SDH 

loss) and control cell lines.

(B) Quantification of mean nuclear gamma H2A.X (phospho 139) immunostain intensity 

using automated image analysis.

(C) Analysis of differential cell line viability as a function of gemcitabine concentration. 

Viability quantification is in reference to untreated condition, with error bars corresponding 

to standard deviations from triplicate assay replicates.

(D) Analysis of differential cell line viability as a function of etoposide concentration. 

Viability quantification is in reference to untreated condition, with error bars corresponding 

to standard deviations from triplicate assay replicates.

Smestad et al. Page 21

iScience. Author manuscript; available in PMC 2018 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	SUMMARY
	Graphical Abstract
	INTRODUCTION
	RESULTS
	SDH Loss Leads to Global Lysine Hypersuccinylation in Multiple Subcellular Compartments, Especially Mitochondria
	Lysine Succinylation of Chromatin Proteins Is Common and Increases upon SDH Loss
	Genome-wide Chromatin Succinylation Correlates with Euchromatic Histone Marks
	Chromatin Succinyllysine Marks Form a Distinctive Pattern Near Gene Promoters
	Chromatin Succinylation in Promoters Correlates with Activating Histone Marks
	Chromatin Succinylation Is a Feature of Highly Expressed Genes
	SDH Loss Perturbs Genome-wide Chromatin Succinylation
	SDH Loss Selectively Perturbs Chromatin Succinylation in Promoters
	Chromatin Succinylation Changes upon SDH Loss Correlate with Gene Expression Changes
	Changes in Chromatin Succinylation upon SDH Loss Selectively Affect Promoters of Genes Involved in Transcriptional Regulation
	SDH Loss Results in a DNA Repair Defect Consistent with Chromatin Hypersuccinylation Effects

	DISCUSSION
	METHODS
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

