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Abstract

Mitochondria can function as signaling organelles, and part of this output leads to epigenetic 

remodeling. The full extent of this far-reaching interplay remains undefined. Here, we show 

that MYC transcriptionally activates IDH2 and increases alpha-ketoglutarate (αKG) levels. 

This regulatory step induces the activity of αKG-dependent DNA hydroxylases and RNA 

demethylases, thus reducing global DNA and RNA methylation. MYC, in a IDH2-dependent 

manner, also promotes the nuclear accumulation of TET1-TET2-TET3, FTO and ALKBH5. 

Notably, this subcellular movement correlated with the ability of MYC, in an IDH2-dependent 

manner, and, unexpectedly, of αKG to directly induce O-GlcNAcylation. Concordantly, 

modulation of the activity of OGT and OGA, enzymes that control the cycling of this non-

canonical mono-glycosylation, largely recapitulated the effects of the MYC-IDH2-αKG axis on 

the subcellular movement of DNA and RNA demethylases. Together, we uncovered a hitherto 

unsuspected crosstalk between MYC, αKG and O-GlcNAcylation which could influence the 

epigenome and epitranscriptome homeostasis.

Introduction

Alpha-ketoglutarate (αKG) is an essential intermediate metabolite. The main physiologic 

source of αKG is the oxidative decarboxylation of isocitrate executed by three isocitrate 
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dehydrogenases (IDH), the NADP-dependent cytoplasmic IDH1 and mitochondrial IDH2, 

and the evolutionary distinct NAD-dependent mitochondrial IDH31. In addition, in normal 

and malignant proliferating cells, anaplerotic reactions can also contribute to the αKG 

pools. In this instance, glutamine is first deaminated to glutamate by glutaminase (GLS), 

and glutamate, through the action of glutamate dehydrogenase (GDH) or transaminases 

(glutamate pyruvate transaminases, GPTs, and glutamate oxaloacetate transaminases, GOT) 

is converted into αKG1, 2. Furthermore, the metabolic repair enzymes D2HGDH and 

L2HGDH promote the oxidation of the D-2-HG and L-2-HG into αKG3, 4. In physiologic 

conditions these reactions are likely to be only minor contributors to the cellular pool of 

αKG, given the low physiologic levels of the precursor metabolite 2-HG. However, multiple 

metabolic disturbances associate with aberrant accumulation of D-2-HG and L-2-HG, and in 

those instances their oxidation to αKG may be quantitatively relevant5–7.

Once present, αKG activities are pleotropic. As a TCA cycle intermediate, it participates 

in the generation of reducing equivalents, contributes to energy production, and it is a 

source of precursors for biosynthesis of macromolecules8. In addition, αKG is an important 

nitrogen scavenger in multiple metabolic pathways, and given the reversibility of GDH 

activity, αKG also contributes to the glutamate pool1, 2, 8. Importantly, αKG is an obligatory 

co-substrate for a large class of dioxygenases, including multiple enzymes that control 

epigenetics, including histone demethylases, DNA hydroxylases, RNA demethylases, and 

prolyl-hydroxylases9. Further, in a variety of model systems, αKG supplementation was 

recently shown to be clinically beneficial, positively impacting longevity in C elegans and 

mammals and decreasing frailty in mice10, 11.

The role of αKG as a rate-limiting co-substrate for multiple dioxygenases came to the fore 

with the discovery of mutant neomorphic IDH1 and IDH2 isoforms in a variety of cancer 

types12. These enzymes aberrantly reduce αKG to D-2-HG, instead of to isocitrate, resulting 

in D-2-HG accumulation. The structural similarity between αKG and D-2-HG results in 

competitive inhibition of αKG-dependent dioxygenases, and a phenotype of DNA, RNA 

and histone hypermethylation emerges, which contributes to the pathogenesis of cancers 

harboring IDH1/2 mutations9, 13. These observations link αKG homeostasis to cancer 

biology14.

Remarkably, despite the importance of αKG generation by IDHs, and the presence of IDH1 

and IDH2 mutations in cancer, very little is known about the transcriptional regulation of 

these genes, except for an association between SREBP (sterol regulatory element binding 

protein) and C/EBPβ with IDH1, and PCAF (p300/CBP-associated factor) with IDH215–17. 

Conspicuously, no regulatory relationship has been established between IDH1 and IDH2 and 

transcription factors that play a significant role in cancer metabolism, a putative interplay 

that deserves close examination.

MYC is a prototypical oncogene, and its “driver” role in multiple hematological and 

epithelial malignancies is unquestionable18, 19. MYC oncogenicity has many facets, 

including a role on cancer-associated metabolic reprograming20. MYC transcriptionally 

regulates various enzymes that positively influence anapleorotic mitochondrial metabolism 

(e.g., GLS and GDH), glycolysis (LDHA), and the transport of glucose and glutamine 
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across the cell membrane (GLUT1, SLC1A5)20. In addition, more recently, we showed that 

MYC transcriptionally induces D2HGDH and L2HGDH, adding a new layer to MYC’s 

regulation of intermediary metabolism5. These recent data, together with the known role of 

MYC in glutaminolysis, suggest that the activities of this transcriptional factor may be an 

important hub for the control of αKG homeostasis. Still, it remains to be defined if MYC 

also transcriptionally regulates IDHs, the main contributors to the cellular pool of αKG.

Here, focusing on the IDH isoforms that play a role in cancer, we show that MYC binds 

to the promoter and transcriptionally activates IDH2, but not IDH1. The regulation of IDH2 

by MYC has a significant impact on the cellular levels of αKG, and on the function of 

the dioxygenases that control DNA and RNA methylation. Importantly, we found that in 

addition to increasing the activity of these enzymes, MYC, in an IDH2-dependent manner, 

also influences their sub-cellular localization. In this regard, we discovered that the MYC-

IDH2-αKG axis promotes nuclear accumulation of the TET DNA hydroxylases and the 

RNA demethylases in association with O-GlcNAcylation, a post-translational modification 

characterized by the attachment of single O-linked N-acetylglucosamine (O-GlcNAc) 

moiety to serine or threonine residues in hundreds of cellular proteins21. In addition, 

we showed that D2HGDH and L2HGDH are also intermediaries in the MYC-mediated 

regulation of O-GlcNAcylation. These data suggest that MYC functions as a control hub for 

αKG homeostasis and uncover a hitherto unrecognized participation of O-GlcNAcylation 

in the MYC-driven, and αKG-executed, activation and sub-cellular movement of TET 

enzymes and RNA demethylases. These findings also suggest that pharmacological targeting 

of O-GlcNAc transferase (OGT) or of O-GlcNAcase (OGA), enzymes that control the 

cycling of O-GlcNAcylation, may be a valid approach to modulate the epigenome and 

epitranscriptome.

Materials and Methods:

Cell lines.

The Burkitt’s lymphoma cell line HS-Sultan, and P493-6, a human B cell line carrying 

a conditional MYC gene22, were cultured at 37°C in 5%CO2 in RPMI-1640 medium 

(Invitrogen) containing 10% (vol/vol) fetal bovine serum (FBS), as we described23. 

HEK-293T were maintained in Dulbecco’s modified Eagle media (DMEM; Mediatech) 

with 10% FBS, as we described24, 25. The cell lines were preexistent in the investigator’s 

laboratory and earlier purchased from Invitrogen or ATTC. MYC suppression with 

tetracycline, cell line authenticity, Mycoplasma testing were done as we described5.

Mice and isolation of murine mature splenic B lymphocytes.

Spleens from Eμ-Myc transgenic (B6.Cg-Tg[IgHMyc]22Bri/J) or WT mice, 2 to 3-months 

old, male and female, were harvested and analyzed, as we recently described5. Mature B 

lymphocytes were and purity, validate by FACS and RNA isolated as we reported26–28. The 

investigators were not blind to the mice genotype during the experiment; the mice were not 

randomized. All animal procedures were approved by the Institute Animal Care and Use 

Committee of the University of Texas Health Science Center at San Antonio, San Antonio, 

TX, USA.
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Compounds.

Exposure of cell lines to dimethyl 2-oxoglutarate (DMαKG; Sigma-Aldrich, #349631) 

octyl-D-2-HG, octyl-L-2-HG (Toronto Research Chemicals, #H942595 and #H942596), 

dimethyloxalylglycine (DMOG; Frontier Scientific, D1070) was performed as we 

described5. Cells were also exposed to Thiamet G (5μM, OGA inhibitor, #HY-12588, 

MedChemExpress) and to OSMI-1 (20μM, OGT inhibitor, #SML1621, Sigma-Aldrich) for 

16h.

Luciferase Reporter assays.

Two DNA fragments, 1013bp and 1147bp, surrounding the transcriptional start site (TSS) 

of the genes IDH1 and IDH2, respectively, were cloned into pGL3-basic vector (Promega). 

The reporter assays in HEK-293T cells were performed as we recently described5, 29. The 

primers sequences are listed in Supplementary Table S1.

Chromatin Immune Precipitation (ChIP)-PCR assay:

HS-Sultan cells were used in these assays performed as we recently described in details5, 30, 

and included as positive control for MYC binding the well-characterized E-box in the 

LIN28B promoter (CATGTG)31.

Generation of genetic models.

CRISPR-Cas9 technology was used to knockout (KO) the IDH2, D2HGDH and L2HGDH 

genes in P493-6 cells, as we reported5. For the KO of IDH2, independent transductions 

were performed to create unique cell models termed IDH2-KO-1 (RNA guide#2 cloned 

into lentiCRISPR v2-puromycin) and IDH2-KO-2 (combination of RNA-guides #3 into 

lentiCRISPR v2-puromycin, and #4 cloned into pL-CRISPR.EFS.GFP)32. For double 

D2HGDH/L2HGDH KO, a combination of lentiCRISPR v2 puromycin (expressing 

L2HGDH guide#1) and pL-CRISPR.EFS.GFP (expressing D2HGDH guide#2)5, 33 was 

used. Virus generation was performed as we previously described34, 35. IDH2, D2HGDH 

and L2HGDH knockout was confirmed by western blotting. For each gene, multiple unique 

guide RNAs were used (Table S1).

Protein isolation, subcellular fractionation and western blots.

Whole-cell lysates (WCL) were examined as we described36. Nuclear and cytoplasmic 

proteins were extracted and analyzed as we recently reported5. The following antibodies 

were used: c-MYC (clone 9E10; #sc-40, Santa Cruz Biotechnology), IDH2 (#ab55271, 

Abcam), OGT (#24083, Cell Signaling Technology), OGA (Cat #14711–1-AP, Proteintech), 

O-GlcNAc (clone RL2, #MA1–072, Thermo-Fisher Scientific), D2HGDH (#13895–1-AP, 

Proteintech), L2HGDH (#15707–1-AP, Proteintech), ALKBH5 (# ab69325, Abcam), FTO 

(c-3, #sc-271713, Santa Cruz Biotechnology), TET1 (#SAB2700730, Sigma-Aldrich), TET2 

(#18950, Cell Signaling Technology), TET3 (#: ABS463, EMD Millipore Corporation), 

METTL3, METTL14, WTAP (# 69391, # 51104 and #56501, all from Cell Signaling 

Technology), β-actin (# A2228, Sigma-Aldrich), Lamin A (#A303–433A-M, Bethyl 

Laboratories), Tubulin (#62204 Invitrogen). PVDF membranes were stripped and re-probed 

with relevant antibodies for loading control, as reported37.
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Quantification of m6A in RNA and 5hmC/5mC in DNA.

m6A levels and 5hmC/5mC marks were quantified using ELISA-based EpiQuik™ 

m6A RNA Methylation Quantification Kit (Epigentek, #P-9005), and with the 

Hydroxymethylated DNA (5hmC) Quantification Kit and Methylated DNA (5mC) 

Quantification Kit (Epigentek, #P-1034 and #P-1036), respectively, as we described5, 13. 

All assays were performed in triplicate and multiple biological replicates completed.

Demethylases activity.

The activity of m6A RNA demethylases and DNA hydroxylases (TET enzymes) was 

quantified in nuclear protein of the relevant models, as before5, using the m6A Demethylase 

Activity Kit and the 5mC-Hydroxylase TET Activity Assay Kit, respectively (Epigentek, 

#P-9013 and #P-3086).

Metabolite quantification by mass spectrometry.

The measurements of the D-2-HG, L-2-HG and αKG were performed by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS), as we described earlier3, 5.

Quantification and Statistical Analysis.

Analyses were performed using a one-way or two-way ANOVA, with Bonferroni’s multiple 

comparison post-hoc test, and two-tailed Student’s t-test. P<0.05 was considered significant. 

When appropriate, equal variance was calculated with an F-test (t-test) or with a Bartlett’s 

statistics for equal variances (ANOVA). All data involving statistics are presented as mean 

± SD or ± SEM. The number of replicates and the statistical test used are described in the 

figure legends. Data analyses were performed in the GraphPad Prism 8 software (version 

8.3.1, GraphPad Software Inc).

Results:

IDH2 is a transcriptional target of MYC.

Using reporter assays, we identified DNA sequences near the annotated transcription start 

sites for IDH1 and IDH2 containing basal promoter activity (Figure 1A and Supplementary 

Figure S1A). We used the MatInspector software and the “regulation” function of the 

UCSC genome browser to identify putative transcription factor binding sites common to 

both promoter regions; two putative E-boxes were found in the IDH2 promoter and one in 

the IDH1 promoter (Supplementary Table S2). To test the ability of MYC to transactivate 

these promoters, we performed reporter assays in HEK-293T cells co-transfected with 

MYC or control vectors and identified an MYC-dependent reporter activity in IDH2 but 

not IDH1 (Figure 1B and Supplementary Figure S1B). We then performed chromatin 

immunoprecipitation of MYC in the Burkitt’s lymphoma cell line HS-Sultan followed by 

real-time qPCR (ChIP-qPCR) and showed that MYC binds to E-box #2 in the IDH2 locus 

(Figure 1C). To confirm the relevance of these interactions, we used the human B cell 

line P493-6, which has MYC expression under the control of a tetracycline responsive 

element; turning MYC OFF in these cells decreased IDH2 expression, while restoring 

MYC expression progressively increased its levels (Figure 1D). This tight regulation was 
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not detected in respect to the IDH1 transcript (Supplementary Figure S1C). Finally, we 

isolated splenic mature B cells from Eμ-Myc mice and littermate wild-type (WT) controls 

(n = 4), and using qRT-PCR, we showed that the expression of Idh2, but not Idh1 was 

significantly higher in mature B cells from Eμ-Myc mice than from WT controls (Figure 

1E and Supplementary Figure S1D). We concluded that IDH2 is a transcriptional target of 

MYC.

IDH2 contributes to the MYC-driven elevation of αKG levels and modulation of DNA and 
RNA methylation.

We found that MYC transcriptionally activates IDH2 (Figure 1). Earlier, we reported that 

MYC regulates the mitochondrial enzymes D2HGDH and L2HGDH, and through them the 

activity of TET DNA hydroxylases and RNA demethylases5. Here, we sought to determine 

the contribution of the newly found MYC-IDH2 interplay to these processes. We speculated 

that MYC, via modulation of IDH2 transcription, increases αKG levels and the activity of 

the αKG-dependent TET DNA hydroxylases and RNA demethylases.

To test this concept, we first generated CRISPR-based two IDH2 knockout (KO) models 

(using distinct guideRNAs) in the MYC-inducible P493-6 cells. Thereafter, we quantified 

αKG levels in MYC-inducible IDH2 WT or KO P493-6 cells. At baseline (MYC ON), WT 

cells expectedly displayed significantly higher αKG levels than IDH2 KO isogenic models 

(Figure 2A). To investigate the kinetics of the MYC/IDH2-dependent αKG production, we 

suppressed and restored MYC expression in IDH2 WT or KO cells and measured αKG. 

In absence of MYC and early after it was re-expressed, the levels of αKG were similar 

irrespectively of the genetic integrity of IDH2. However, 24h post-MYC re-expression the 

“baseline” status re-emerged and αKG levels were again higher in IDH2 WT cells (Figure 

2A), which corresponds to the transcriptional activation of IDH2 shown in Figure 1D. To 

examine the potential relationship between MYC, IDH2 and αKG-dependent dioxygenases, 

we quantified 5hmC/5mC and m6A levels in the MYC-inducible IDH2 WT or KO P493-6 

cells; as an additional relevant control, we also created and tested new double D2HGDH/

L2HGDH KO P493-6 cells, since in our earlier study we showed that these genes are 

also directly regulated by MYC, but examined exclusively individual KO models5. In WT 

P493-6 cells, turning MYC expression ON, resulted in a ~ 50% increase in the abundance 

of 5hmC DNA marks. In contrast, in IDH2 KO cells, MYC-mediated increase in the 

deposition of 5hmC was limited to ~15% (ranging from 11% to 19%, Figure 2B); in 

agreement with our earlier data in single D2HGDH or L2HGDH KO cells, double genetic 

removal of these enzymes also significantly blocked MYC-mediated increase in 5hmC 

abundance (Figure 2B). Corresponding changes were detected with 5mC quantification, 

with KO of IDH2 and of D2HGDH/L2HGDH limiting MYC’s ability to reduce 5mC 

levels (Figure 2B). Correlating with the 5hmC/5mC data, we found that MYC-mediated 

induction of TET activity was significantly reduced in IDH2 KO, as well as in the 

double D2HGDH/L2HGDH KO cells (Figure 2C). Notably, these genetic and metabolic 

perturbations did not modify the TET1–3 levels (Figure 2C). We next examined the role 

of IDH2, downstream to MYC, in controlling RNA m6A levels and RNA demethylase 

activity. MYC induction in WT P493-6 cells resulted in a significantly more pronounced 

decrease in m6A levels than in the IDH2 KO counterpart cells. In addition, in cells 
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lacking IDH2, or D2HGDH/L2HGDH, MYC-mediated activation of RNA demethylases 

was significantly reduced (Figure 2D); importantly, in these genetic models the expression 

of RNA demethylases FTO and ALKBH5, or of components of the RNA methyltransferase 

complex, METTL3, METTL14 and WTAP was unchanged (Figure 2D). Of note, while 

the effects of D2HGDH/L2HGDH deficiency on DNA and RNA methylation result from a 

combination of abnormal accumulation 2-HG and limited αKG generation, as we showed 

recently5, in respect to IDH2 only the latter applies, since D-2HG and L-2-HG levels 

were, expectedly, unmodified in IDH2 KO cells (Supplementary Figure S2). We concluded 

that MYC-mediated transcriptional activation of IDH2, as well as of other mitochondrial 

dehydrogenases, influence the epigenome and epitranscriptome.

αKG rescues the genetic models of IDH2 knockout.

We showed that IDH2 integrity is important for the MYC-mediated increase in αKG levels, 

and subsequent activation of TET DNA hydroxylases and RNA demethylases (Figure 2). 

Next, we tested the essentiality of αKG to this process. In brief, MYC expression was 

turned OFF in the P493-6 cells WT or KO for IDH2, and then restored in the presence or 

absence of cell-permeable dimethyl-αKG for 24h, and DNA and RNA collected. In absence 

of αKG we confirmed that IDH2 KO significantly blunted the MYC-driven increase in 

the deposition of 5hmC, and removal of m6A marks (Figure 3A). Conversely, restoring 

MYC expression in the presence of αKG fully rescued the IDH2 KO phenotype (Figure 

3A). Notably, αKG also rescued the DNA and RNA hypermethylation associated with 

the double genetic deletion of D2HGDH and L2HGDH (Figure 3A). This observation 

supports our earlier report that in addition to the excessive accumulation of 2-HG, loss of 

these dehydrogenases also decreases αKG generation3, 5. In addition, these data support 

the concept that the competitive inhibition of αKG-dependent dioxygenases by D-2-HG 

and L-2-HG may be overcome by αKG, an indication that this intermediate metabolite is 

rate-limiting for the activity of TET hydroxylases and RNA demethylases. To cross-validate 

the role of αKG in the MYC-driven regulation of DNA and RNA methylation, we turned 

MYC expression OFF and restored it in the presence of cell-permeable octyl-D-2-HG, 

octyl-L-2-HG or DMOG (Dimethyloxallyl Glycine), a classical competitive inhibitor of 

αKG-dependent enzymes. We once more validated the ability of MYC to significantly 

increase 5hmC deposition and removal of m6A and showed that DMGO and 2-HG block 

MYC-mediated modulation of these markers (Figure 3B), even though we recognize that 

the effects of 2-HG on DNA and RNA methylation may be detected irrespective of the 

mechanistic context. We concluded that the transcriptional activation of mitochondrial 

dehydrogenases by MYC influences the epigenome and epitranscriptome at least in part 

by promoting αKG generation.

IDH2 contributes to the MYC effects on the subcellular localization of DNA hydroxylases 
and RNA demethylases.

We have recently discovered that at least part of the positive effects of MYC and of αKG 

on the activity of TET enzymes and RNA demethylases is secondary to modulation of 

their sub-cellular localization, in particular nuclear accumulation5. In this earlier report, 

we demonstrated that single KO of D2HGDH or L2HGDH blunted MYC-driven nuclear 

localization of TET1/2/3 and FTO or ALKBH5 and that synthetic αKG promoted, while 
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2-HG and DMOG limited nuclear accumulation of these enzymes5. Here, we examined 

whether this interplay extends to IDH2 function. To this end, we modulated MYC 

expression in IDH2 WT or KO P493-6 cells, and isolated nuclear and cytosolic fractions, 

as well as whole cell lysates. The double D2HGDH/L2HGDH KO cells were also included 

in these assays for additional validation of our earlier data obtained in single D2HGDH 

or L2HGDH KO cells5. In WT P493-6 cells, inducing MYC expression led to a marked 

increase of TET1-2-3, FTO and ALKBH5 in the nucleus, in association with a decrease in 

the cytoplasmic fraction, even though in some instances we cannot exclude the possibility 

that part of the proteins that are excluded from the nucleus relocate to insoluble cellular 

fractions. More importantly, we found that in IDH2 KO cells the effects of MYC expression 

on the nuclear accumulation and cytoplasmic depletion of DNA hydroxylases and RNA 

demethylases were significantly blunted (Figure 4). Combined deletion of D2HGDH and 

L2HGDH also limited MYC effect of the nuclear accumulation of these proteins, and 

further validated our earlier results with single D2HGDH or L2HGDH KO cells5. In 

these KO models, nuclear accumulation of DNA and RNA demethylases following MYC 

re-expression was severely blunted but not completely abolished, suggesting residual effect 

of the intact genes (i.e., IDH2 in D2/L2HGDH KO cells, and D2HGDH/L2HGDH in the 

IDH2 KO models). A similar interpretation can be ascribed to the marked, but incomplete, 

block in MYC-driven 5hmC increase and m6A decrease in IDH2 and D2/L2HGDH KO 

models (Figure 3A). Future generation of triple KO cells should address this possibility. 

We concluded that the higher TET and RNA demethylase activities associated with MYC’s 

transcription activation of IDH2 may relate both to an increase in the cellular pool of 

the co-substrate αKG, and to the accumulation of the enzymes in the relevant nuclear 

compartment.

IDH2, D2HGDH/L2HGDH and αKG influence O-GlcNAcylation to modulate the sub-cellular 
localization of TET enzymes and RNA demethylases FTO and ALKBH5.

We showed that MYC, in part via transcription activation of IDH2, promotes the nuclear 

localization of TET1-2-3 and FTO and ALKBH5 (Figure 4). Earlier, we reported that 

D2HGDH, L2HGDH, and also supplementation of exogenous αKG could rapidly promote 

enrichment of these enzymes in the nucleus at the cost of cytoplasmic depletion5. 

These observations suggested that a covalent modification, possibly promoted by the 

interplay between MYC and mitochondrial intermediary metabolism, could contribute to the 

subcellular movement of these αKG-dependent dioxygenases. To examine this hypothesis, 

we considered O-GlcNAcylation as a prime candidate because this post-translational 

modification is nutrient responsive and has been shown to influence sub-cellular localization 

of proteins21. First, we showed that inducing MYC expression progressively increased the 

deposition of O-GlcNAc moieties to proteins (Figure 5A) – see densitometric quantification 

below the WB panels. Of note, MYC did not significantly influence the expression 

of enzymes that control the cycling of this mono-glycosylation; it did not modify the 

expression levels of O-GlcNAcase (OGA) and had only a small effect on O-GlcNAc 

transferase (OGT) (Figure 5A), as reported earlier38. Indeed, the induction of OGT 

expression appeared disproportionally modest when compared to the marked increase in 

O-GlcNAcylation, suggesting that MYC utilizes other mediators to control the deposition 

of O-GlcNAc in target proteins. To address this possibility, we tested the impact of 
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IDH2, D2HGDH and L2HGDH on MYC-mediated O-GlcNAcylation. Genetic deletion 

of any of these three mitochondrial enzymes blunted the positive influence of MYC on 

O-GlcNAcylation (Figure 5B, Supplementary Figure S3A). Notably, the modest increase 

in OGT levels associated with MYC expression was detected equally in all models but it 

was not sufficient to overcome the negative consequences that deleting IDH2 or D2HGDH 

and L2HGDH had on O-GlcNAcylation (Figure 5B). These data raised the possibility that 

MYC-driven elevation of αKG, secondary to the transcription activation of IDH2, D2HGDH 

and L2HGDH (Figure 2A and5), could be associated with the increase in O-GlcNAcylation. 

To test this idea, we supplemented αKG to IDH2 or D2HGDH and/or L2HGDH KO 

cells and were able to rescue their defective O-GlcNAcylation (Figure 5C, Supplementary 

Figure 3A) - densitometric quantification is shown below the WB panels 5B and 5C. 

Importantly, neither IDH2, D2HGDH/L2HGDH KO, nor αKG supplementation, modified 

OGT and OGA expression as to explain their impact on O-GlcNAcylation (Supplementary 

Figure S3B). UDP(uridine diphosphate)-GlcNAc, the donor substrate for O-GlcNAcylation, 

is the final product of the nutrient sensing hexosamine biosynthetic pathway (HBP)39. Two 

enzymes control the first and rate-limiting step in the HBP, glutamine-fructose-6-phosphate 

transaminase 1 and 2 (GFPT1 and GFPT2)39. Recently, in KRAS/LKB1 dependent lung 

cancer models, GFPT2 was found to be abnormally expressed and to drive heightened 

O-GlcNAcylation40. For this reason, we tested whether increased GFPT1 or GFPT2 

expression could contribute to our findings. GFPT1 was the only isoform expressed in 

P493-6 cells, and its expression was not meaningfully modified by MYC expression, IDH2 

KO, D2HGDH/L2HGDH KO, or by exposure to αKG. Thus, modulation of GFPT1 and 

GFPT2 is not responsible for the MYC-IDH2-αKG-mediated increase in O-GlcNAcylation 

(Supplementary Figure S3C).

We reasoned that the positive effects of MYC and αKG on O-GlcNAcylation may be 

mechanistically linked to the modulation of the subcellular localization of TET-1-2-3 and 

FTO/ALKBH5 (Figure 4, and 5) by the MYC-IDH2-D2/L2HGDH-αKG axis. To test this 

proposition, we exposed lymphoid and epithelial cell models to OGT and OGA inhibitors 

(OSMI-1 and Thiamet-G, respectively), isolated nuclear and cytoplasmic fractions, and 

determined the effects of global O-GlcNAcylation on the subcellular localization of DNA 

hydroxylases and RNA demethylases. We found that pharmacological modulation of O-

GlcNAc levels markedly influenced the subcellular compartment in which these enzymes 

were located. In brief, TET1, TET3, FTO and ALKBH5 were enriched or depleted in 

the nucleus when O-GlcNAcylation was elevated or suppressed, respectively, in most 

instances in association with corresponding change in cytoplasmic levels (Figure 5D). This 

observation recapitulated the effects of MYC expression and αKG exposure in promoting 

both O-GlcNAcylation (Figure 5A–B) and nuclear accumulation of these proteins (Figure 4 

and5). However, remarkably, TET2 subcellular movement occurred in the opposite direction, 

with increase and decrease in O-GlcNAcylation resulting in the nuclear depletion and 

accumulation, respectively, of this enzyme (Figure 5D) - densitometric quantification is 

shown below the WB panels 5B and 5C. We also verified if modulation of global O-

GlcNAcylation levels modified the expression or sub-cellular localization of OGT and OGA. 

In agreement with earlier evidence41, 42, we detected a marked increase or decrease in OGT 

levels in cells with low or high O-GlcNAcylation, respectively (Figure 5D, Supplementary 
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Figure 4). OGA levels were also modulated, in the opposite direction, with decrease 

or increase in cells with low or high O-GlcNAcylation levels, respectively (Figure 5D, 

Supplementary Figure 4). Notably, the changes in OGA levels were cell specific and 

consistently detected in HEK-293T but not in the B lymphoid P493-6 model. Lastly, the 

degree of global O-GlcNAcylation did not alter the subcellular localization of OGT and 

OGA – the former was found in both nuclear and cytosolic fractions, whereas OGA was 

primarily detected in the cytosol41, 42 (Supplementary Figure 4).

We also attempted to rescue the phenotype of IDH2 and D2HGDH/L2HGDH KO by 

increasing O-GlcNAcylation with the OGA inhibitor Thiamet-G. In these assays, we 

found that the defective MYC-driven nuclear accumulation of TET1, TET3, FTO and 

ALKBH5 could be restored with exposure to Thiamet-G and associated increase in 

O-GlcNAcylation (Figure 5E). Importantly, these changes were functionally relevant as 

exposure to Thiamet-G rescued the defective MYC-driven increase and decrease in 5hmC 

and m6A marks, respectively, in the KO cells (Figure 5E). We concluded that MYC, at 

least in part via modulation of IDH2 and D2HGDH/L2HGDH expression and activity, and 

in an αKG-dependent manner, modulates O-GlcNAcylation of cellular proteins. Moreover, 

pharmacological disturbance of this post-translation modification directly impacts the sub-

cellular localization of DNA and RNA demethylases and it can correct the effects of a 

defective intermediary metabolism.

Discussion:

In this work, we showed that MYC binds to the IDH2 promoter, transcriptionally activates 

it, and increases the cellular levels of αKG. We also demonstrated that downstream to 

the MYC-IDH2-αKG interplay, DNA and RNA are demethylated in association with an 

increase in activity and nuclear accumulation of the TET DNA hydroxylases and the 

RNA demethylases FTO and ALKBH5. The increased activity of these enzymes can 

be ascribed to the elevation of the rate limiting co-substrate αKG secondary to IDH2 

transcriptional induction. However, the mediators of the nuclear enrichment of TETs and 

FTO/ALKBH5 that followed MYC induction and αKG accumulation were less obvious. 

We discovered that MYC and αKG increased O-GlcNAcylation and that this ubiquitous 

post-translational modification could drive the subcellular movement of DNA hydroxylases 

and RNA demethylases.

The contribution of MYC to metabolism in normal and neoplastic tissues is extensive43, 44. 

The data presented here add a new facet to “MYC’s metabolic toolkit”, the transcriptional 

targeting of IDH2 and attendant contribution to the cellular pool of αKG. Notably, MYC 

did not target the cytoplasmic IDH1, which suggests a more dominant role for MYC 

in coordinating mitochondrial energy metabolism; the relationship between MYC and 

the evolutionary distinct NAD-dependent IDH3 remains to be investigated. We recently 

reported that MYC transcriptionally activates D2HGDH and L2HGDH, mitochondrial 

dehydrogenases which perform the essential oxidation of the toxic metabolite 2-HG into 

αKG, and showed that that interplay also influenced the epigenome and epitranscriptome5. 

Herein, in multiple assays, we utilized a double D2HGDH and L2HGDH KO model, 

which thoroughly validated the earlier data in single D2HGDH or L2HGDH KO cells. In 
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particular, these data reinforced the concept that 2-HG oxidation can significantly influence 

the αKG pool, perhaps in part because a variety of environmental factors (e.g., hypoxia 

and acidosis) can promote the promiscuous generation and abnormally elevate the levels of 

the precursor metabolite 2-HG6, 7. Thus, MYC controls at least three cellular systems that 

produce αKG: reactions that promote 2-HG oxidation5, the anaplerotic events derived from 

glutaminolysis44, and, as reported here, transcriptional activation of IDH2. We suggest that 

MYC is a master node for the generation of mitochondrial αKG.

There is ample recognition that mitochondria function as a signaling organelles2, 45 and 

that part of these activities include epigenetic remodeling46. We added to this knowledge 

by showing that MYC, in a IDH2-αKG dependent manner activate TET DNA hydroxylases 

and RNA demethylases and promote remodeling of the epigenome and epitranscriptome. 

Remarkably, we discovered that these effects were not exclusively associated with the actual 

or relative availability of αKG as a co-substrate to these enzymes, but that it also involved 

modulation of their subcellular localization, namely a movement from the cytosol to the 

nucleus, as we recently reported in the context of D2HGDH and L2HGDH expression and 

activity5. In this previous report, we demonstrated that the effects occur rapidly following 

exposure to ectopic αKG and that they were not accompanied of changes in the total levels 

of these enzymes, suggesting that a covalent post-translational modification may participate 

in this process5.

Here, we found that MYC and αKG increased O-GlcNAcylation and showed that this 

post-translational modification could independently drive the subcellular movement of DNA 

hydroxylases and RNA demethylases. We focused on this ubiquitous, non-canonical, mono-

glycosylation as a putative mechanistic link between MYC/αKG and sub-cellular movement 

of TETs and FTO/ALKBH5 for two main reasons: 1) UDP-GlcNAc, the donor substrate 

for O-GlcNAcylation, is the final product of the nutrient sensing HBP, which integrates 

glucose, glutamine, amino acid, fatty acid and nucleotide metabolism, much of which is also 

positive modulated by MYC activity21, 39, 44; 2) O-GlcNAcylation has been shown earlier to 

influence subcellular compartmentalization of proteins21, including that of TET347. Further, 

TET1, 2 and 3 have been identified as binding partners of OGT48–50. In the latter context, 

the binding appears to primarily bring OGT to chromatin, promote O-GlcNAcylation 

of histone 2B’s serine 112 and subsequently activate transcription, although the role of 

OGT in the O-GlcNAcylation of TET proteins and on modulation of their stability has 

not been excluded21, 51. In addition, O-GlcNAcylation has been linked to the control of 

subcellular movement and activation of the NF-κB pathway52, 53. Gratifyingly, the focus 

on this post-translational modification was rewarding and we added several novel concepts 

at the interface of intermediate metabolism, O-GlcNAcylation and subcellular localization 

of αKG-dependent dioxygenases: First, in a B lymphocyte model, we showed that MYC 

expression is a major positive regulator of global O-GlcNAcylation. Although it is tempting 

to link this enhanced global O-GlcNAcylation to a putative MYC-driven higher flux through 

the HBP, recent evidence suggest that nutrient availability and O-GlcNAcylation are not 

always directly correlated, but instead O-GlcNAcylation levels vary according to the overall 

metabolic needs of the cells54. Perhaps in agreement with this line of thought, we found that 

MYC positive effects on O-GlcNAcylation are at least in part dependent on the expression of 

the mitochondrial dehydrogenases IDH2, D2HGDH, and L2HGDH, and appear independent 
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of GFPT1. Second, in agreement with the role of IDH2, D2HGDH and L2HGDH in 

generating αKG, synthetic cell permeable αKG rescued their deletion and, in the context 

of MYC re-expression, significantly increased O-GlcNAc deposition. The role played by 

αKG (and IDH2 and D2-L2HGDH) in this process is intriguing, and surely in future 

work it will be important to test the possibility that OGT activity is stimulated by αKG. 

Third, we demonstrated that TET enzymes are differentially regulated by O-GlcNAcylation, 

with TET1 and TET3 accumulating in the nucleus and TET2 in the cytosol upon OGA 

inhibition (increase in O-GlcNAcylation). This observation is notable because in an earlier 

report of ectopic transient expression of TET1, TET2, and TET3 in HEK-293T cells, 

only TET3 was influenced by O-GlcNAcylation, which in that instance, contrary to our 

data, was shown to promote its nuclear export (29). The reasons for this difference are 

unclear and the cell model is less likely to account for it since we showed that both in 

lymphoid (P493-6) and epithelial (HEK-293T) models, increase in O-GlcNAcylation retains 

endogenous TET3 in the nucleus. Thus, we are tempted to ascribe this distinction to the 

ectopic overexpression used earlier (29). A discrepancy in data related to the interaction of 

OGT/O-GlcNAcylation with TET has been noted before, i.e., the relative roles of TET1, 

TET2, and TET3 in modulating OGT48–50, and experimental conditions, in particular 

ectopic overexpression may have been the reason for some of these differences55. An 

interesting aspect of our data relates to the distinct effect of O-GlcNAcylation on TET2 vs. 

TET1/TET3. While the reasons for this difference are not immediately clear, it implies that 

the TET1 and TET3 may be the main mediators of 5hmC accumulation downstream of the 

putative MYC/O-GlcNAc interplay. In addition, these data suggest that the accumulation 

of TETs in the nucleus following MYC induction/αKG supplementation is not simply 

because these enzymes associate to OGT and chromatin, otherwise TET2 would also be 

enriched in the nucleus in condition of increased O-GlcNAcylation. Fourth, we showed for 

that O-GlcNAcylation promoted and FTO and ALKBH5 nuclear localization, suggesting 

that akin to the association between this mono-glycosylation and epigenetic programs 

mediated by histone modification and DNA methylation21, deposition of O-GlcNAc may 

also influence the epitranscriptome. Examination of a putative binding of OGT and/or OGA 

with FTO and/or ALKBH5 is an important step for future investigation. Likewise, it will 

important to define if, beyond TETs and FTO/ALKBH5 examined here, O-GlcNAcylation 

also influences the subcellular localization of other αKG-dependent enzymes. Lastly, we 

confirmed earlier suggestions that changes if global O-GlcNAc levels can influence the 

expression of OGT and OGA in a compensatory fashion, which possibly reflects an attempt 

to restore O-GlcNAcylation homeostasis41, 42.

We are cognizant that this study also has limitations. It is possible that exogenous cell 

permeable αKG increases O-GlcNAcylation in manner that is independent of the pathway 

modified by MYC, even though it “rescued” the phenotype of cells lacking dehydrogenases 

that generate αKG. In addition, the link between MYC/IDH2/αKG, O-GlcNAcylation and 

nuclear localization of DNA and RNA demethylases remains correlative. The identification 

and mutation of the serine and threonine residues which are targeted for OGT-mediated 

mono-glycosylation is necessary to establish a causal link. Also, we primarily modulated 

global O-GlcNAcylation and, thus, the accompanying changes in the subcellular localization 

of TETs and FTO/ALKBH5 may be related to the O-GlcNAc deposition or removal in 
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proteins that control nuclear/cytoplasmic shuttling. We find this possibility less likely due 

to the known direct O-GlcNAcylation of TET enzymes, and the movement in the opposite 

direction of TET2 vs. TET1 and TET3. Finally, as noted above, two burning questions raised 

by these data are still to be answered: Is OGT an αKG-dependent enzyme? Does OGT 

bind to FTO and ALKBH5 and influence their stability/function and the epitranscriptome at 

large.

In summary, we showed that MYC induces IDH2 transcription, and that this novel 

interplay, in an αKG-dependent manner, modulates the activity and promotes the nuclear 

accumulation of DNA and RNA demethylases. We demonstrated that the MYC-αKG axis 

positively influences global O-GlcNAcylation and correlated it to the subcellular movement 

of TETs and FTO/ALKBH5. Finally, we showed that pharmacological perturbation of OGT 

and OGA can be used to control the sub-compartment in which the αKG-dependent TET 

DNA hydroxylase and RNA demethylases primarily reside, and global 5hmC and m6A 

levels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IDH2 is a transcriptional target of MYC.
A) Luciferase activity of the putative IDH2 promoter region – arrows indicate transcriptional 

start sites; gray and red squares are putative E-boxes (n=3). B) Luciferase activity of the 

IDH2 promoter in HEK-293T cells co-transfected with MYC. C) ChIP-qPCR of MYC 

binding to E-boxes in IDH2 promoter; +ctrl is the well-characterized E-box of the LIN28B 
promoter, -ctrl is a promoter region of IDH2 lacking a predicted E-box (n=3). D) left panel: 

q-RT-PCR of IDH2 mRNA in P493-6 cells (n=3); Right panel: representative immunoblot of 

one of the assays with tetracycline-regulated MYC expression in P493-6 cells. E) q-RT-PCR 

of Idh2 mRNA in mature B-cells from Eμ-Myc mice and WT mice (n=4). Data shown are 

mean −/+ SD; p values in b) and e) are from two-tailed Student’s t-test.
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Figure 2. MYC-IDH2-αKG axis, DNA/RNA methylation and demethylase activity.
A) Quantification of αKG in P493-6 cells with WT or KO for IDH2 (MYC ON or OFF); 

MYC immunoblots are on the left. Data shown are mean −/+ SEM (n=3), p<0.05, two-tailed 

Student’s t-test. B) Left to right panels: quantification of MYC-induced increase or decrease 

of 5hmC and 5mC, respectively, in WT, IDH2 KOs, and double D2HGDH/L2HGDH KO 

P493-6 cells. Data are mean −/+ SD (n=3), p<0.0001, one-way ANOVA. Bonferroni post-

test, 5hmC: p=0.0007 WT vs IDH2 KO-1, p=0.0001 WT vs. IDH2 KO-2, p<0.0001 WT vs. 

D2/L2 KO; 5mC: p=0.0006 WT vs. IDH2 KO-1, p<0.0001 WT vs. IDH2 KO-2, p<0.0001 

WT vs. D2/L2 KO. WB of IDH2 in KO cells is at the right of the panels. C) Quantification 

of MYC-induced TET activity in WT, IDH2 KO, and D2HGDH/L2HGDH double KO 

P493-6 cells. Data are mean −/+ SD (n=3), p<0.0001, one-way ANOVA. Bonferroni post-

test: p<0.0001 WT vs. IDH2 KO-1, p<0.0001 WT vs. IDH2 KO-2, p<0.0001 WT vs. 

D2/L2 KO; WBs of MYC, IDH2, D2HGDH, L2HGDH, TET1, TET2, TET3, and are 

shown to the right. D) Left to right panels: quantification of MYC-induced decrease and 

increase in m6A levels and RNA demethylase activity, respectively, in WT, IDH2 KOs, 

and double D2HGDH/L2HGDH KO P493-6 cells. Data are mean −/+ SD (n=3), p<0.0001, 

one-way ANOVA. Bonferroni post-test, m6A: p<0.0001 WT vs. IDH2 KO-1, p=0.0002 WT 

vs. IDH2 KO-2, p<0.0001 WT vs. D2/L2 KO; RNA demethylase activity: p<0.0001 WT 

vs. IDH2 KO-1, p<0.0001 WT vs. IDH2 KO-2, p<0.0001 WT vs. D2/L2 KO. WBs of 

FTO, ALKBH5, METL3, WTAP, and METTL14 in WT, IDH2 KOs, and double D2HGDH/

L2HGDH KO P493-6 cells are shown to the right.
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Figure 3. Intermediate metabolites modulate MYC-IDH2 effects on DNA and RNA methylation.
A) Left to right panels - 5hmC and m6A levels in P493-6 cells (MYC OFF or ON; WT, 

IDH2 KO or D2/L2HGDH KO), with or without DMαKG rescue (5 mM) (n=3); p values 

are from two-tailed Student’s t test. B) Left to right panels - 5hmC and m6A levels in 

P493-6 cells (MYC OFF or ON) exposed to DMOG (1 mM), octyl-D-2-HG or L-2-HG (100 

μM) (n=3); p values are from two-tailed Student’s t test.
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Figure 4. Control of the subcellular localization of TET1-3, FTO and ALKBH5 by the MYC-
IDH2 and MYC- D2HGDH/L2HGDH interplays.
WBs of TET1-3, FTO and ALKBH5 in subcellular fractions and WCL of P493-6 cells 

(WT, IDH2-KO or D2HGDH/L2HGDH KO) in MYC OFF and ON status. Densitometric 

measurements of protein levels are shown at the bottom of the WB displays; the bar-graphs 

on the right represent mean ± SEM of densitometric quantifications of biological replicates 

for this assay (n=2 to 5). P values are from two-sided Student’s t-test (each KO vs. WT), 

*p≤0.05, **p≤0.01. All values are relative to controls (MYC OFF) and corrected by lamin A 

or tubulin; sh and lg exp = short and long exposures, respectively.
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Figure 5. O-GlcNAcylation and the modulation of TET enzymes and RNA demethylases FTO 
and ALKBH5.
A) WB of global O-GlcNAc in P493-6 cells with MYC OFF and ON (various time points 

post tetracycline withdrawal). Also shown are MYC, OGT and OGA expression. B) WB 

of global O-GlcNAc in WT P493-6 cells, IDH2 KO or D2HGDH/L2HGDH double KO 

all with MYC OFF and ON (24h post tetracycline withdrawal). Also show are WBs for 

MYC and OGT. The WB-based confirmation of the IDH2 and D2HGDH/L2HDH KO is 

shown in figure 2. C) WB of global O-GlcNAc in WT P493-6 cells, IDH2 KO or D2HGDH/

L2HGDH double KO; all with MYC OFF or MYC ON and KO cells with MYC ON 

supplemented with dimethyl αKG (5mM for 24h post tetracycline withdrawal). D) WBs of 

TET1-3, FTO and ALKBH5 in subcellular fractions and WCL of P493-6 parental cells (top) 

or HEK-293T parental (bottom), exposed to DMSO control (ctrl), OSMI-1 (OGTi, 20μM 

for 16h) or Thiamet-G (5μM for 16h). Purity of the fractions is confirmed by Lamin A and 

Tubulin expression. WB quantification of global O-GlcNAc, OGT and OGA are shown to 
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the right. E) WBs of TET1, TET3, FTO and ALKBH5 in nuclear fractions of WT, IDH2 

KO or D2HGDH/L2HGDH double KO P493-6 cells all with MYC OFF, MYC ON or MYC 

ON with supplementation of Thiamet-G (OGAi 5μM for 24h post tetracycline withdrawal). 

WB of global O-GlcNAc, quantification of 5hmC and m6A levels are shown in the bottom 

panels; p values for are from two-tailed Student’s t test (n=3). Densitometric measurements 

of protein levels are shown at the bottom of the WB displays. All values are relative to 

controls and already corrected by WCL abundance, which is shown for reference. All assays 

were subjected to multiple biological replicates.
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