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Summary:

Mitochondrial D2HGDH and L2HGDH catalyze the oxidation of D-2-HG and L-2-HG,
respectively, into a KG. This contributes to cellular homeostasis in part by modulating the activity
of aKG-dependent dioxygenases. Signals that control the expression/activity of D2HGDH/
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L2HGDH are presumed to broadly influence physiology and pathology. Using cell and mouse
models, we discovered that MY C directly induces D2HGDH and L2HGDH transcription. Further,
in a manner suggestive of D2HGDH, L2HGDH and aKG dependency, MY C activates TET
enzymes and RNA demethylases, and promotes their nuclear localization. Consistent with these
observations, in primary B cell lymphomas MY C expression positively correlated with enhancer
hypomethylation and overexpression of lymphomagenic genes. Together, these data provide
additional evidence for the role of mitochondria metabolism in influencing the epigenome and
epitranscriptome, and imply that in specific contexts wild-type TET enzymes could demethylate
and activate oncogenic enhancers.

Graphical Abstract

(1) MYC induces D2HGDH and L2HGDH transcription (2) D2-L2HGDH oxidizes 2-HG to aKG

(3) MYC/D2-L2HGDH/aKG axis increases the activity and nuclear localization of TETs and FTO/ALKBHS
DNA and RMNA are demethylated

eTOC blurb:

The mitochondrial dehydrogenases D2HGDH and L2HGDH, catalyze the essential oxidation of 2-
HG into aKG. Qiu et al. identify MY C as a regulator of these enzymes and show that MYC
induces the activity and promotes nuclear localization of DNA and RNA demethylases in a
manner suggestive of D2HGDH-/L2HGDH- and a KG dependency.
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Introduction:

There is increasing recognition of mitochondria as signaling organelles. An important facet
of this “adjunct” mitochondrial function is epigenetic modulation, as exemplified by the
generation of acetyl-CoA and S-adenosylmethionine used in the acetylation and
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methylation, respectively, of DNA and histones(Chandel, 2015). The discovery of isocitrate
dehydrogenase (IDH1 and IDH2) mutations in cancer further highlighted the interplay
between mitochondria and epigenetics. In this instance, aberrant accumulation of the
metabolite D-2-hydroglutarate (D-2-HG) competitively inhibited multiple epigenetic
regulators that belong to the family alpha-ketoglutarate (a KG)-dependent dioxygenases,
including TET DNA hydroxylases, histone demethylases (HDM), and RNA demethylases,
resulting in a hypermethylator phenotype(Yang et al., 2012). These cancer-associated
observations suggested that physiologic control of 2-HG/aKG homeostasis may play an
underappreciated role in epigenetic regulation. Two mitochondrial dehydrogenases,
D2HGDH and L2HGDH, catalyze the oxidation of the enantiomers D-2-HG and L-2-HG,
respectively, into aKG(Ye et al., 2018). In humans, loss of either of these evolutionarily
conserved enzymes leads to severe neuro-metabolic syndromes (D- or L-2-hydroxyglutaric
aciduria)(Kranendijk et al., 2012), indicating that they perform an essential functional role.
Interestingly, while the removal of 2-HG by D2HGDH and L2HGDH is well characterized,
the generation of this “orphan” metabolite is more obscure. In mammals and other
organisms, D-2-HG and L-2-HG are produced mainly by promiscuous enzymatic reactions
with aKG as their apparent direct precursor(Fan et al., 2015; Struys, 2006; Struys et al.,
2007; Struys et al., 2004; Struys et al., 2005). Notably, the side reactions that generate 2-HG
are also influenced by environmental conditions, such as hypoxia and metabolic
acidosis(Intlekofer et al., 2015; Oldham et al., 2015). Indeed, the amounts of 2-HG in
distinct models (from serum of healthy volunteers, to normal tissue, primary tumors and
cancer cell lines) seem to vary substantially(DiNardo et al., 2013; Gross et al., 2010;
Oldham et al., 2015; Shim et al., 2014). Notably, in the few reports in which the actual
concentration of 2-HG and a KG was provided side-by-side in the same cell type(Gross et
al., 2010; Oldham et al., 2015), the abundance of 2-HG was sufficiently high to make it
possible for it to (upon oxidation by D2HGDH and L2HGDH) meaningfully contribute to
the cellular pool of aKG. Surprisingly, in spite of the essential role of D2HGDH and
L2HGDH in limiting the pathogenic accumulation of 2-HG, and the broad control of
epigenetic remodeling modulated by 2-HG and aKG levels, the signals that regulate the
expression and activity of these mitochondrial dehydrogenases have not yet been elucidated.
To start to address this knowledge gap, we characterized D2HGDH and LZHGDH promoter
regions, and mapped putative binding sites that were shared by both promoters, with
emphasis on those for transcriptional factors known to influence metabolism and cell
growth.

Using reporter and chromatin immunoprecipitation (ChlP) assays, inducible cell lines and a
transgenic mouse model we discovered that MY C transcriptionally regulates the D2HGDH
and L2HGDH genes. Further, using multiple gain and loss-of-function cell models we found
that MY C, in a manner suggestive of D2HGDH/L2HGDH/a.KG dependency, activates TET
DNA hydroxylases and RNA demethylases, thus controlling the cellular epigenome and
epitranscriptome. We also found that the expression of MYC and D2HGDH/L2HGDH, and
elevation of aKG levels, promoted the nuclear localization of these enzymes. Lastly,
consistent with these observations, we found that in primary B cell lymphomas MYC
expression positively correlated with enhancer hypomethylation and overexpression of
lymphomagenic genes.
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Results:
MYC directly targets and induces D2HGDH and L2HGDH transcription.

Using reporter assays, we identified DNA sequences near the annotated transcription start
sites for D2HGDH and L2HGDH containing basal promoter activity (Figure 1A-B). We
used the Matlnspector software and the “regulation” function of the UCSC genome browser
to identify putative transcription factor binding sites common to both promoter regions;
canonical and non-canonical E-boxes were found in the D2HGDH (n=2) and LZHGDH
(n=4) promoters. We performed ChiP followed by real-time quantitative PCR (ChIP-qPCR)
and confirmed that MY C binds to specific E-boxes within these loci (Figure 1C-D),
canonical E-box #2 in the D2HGDH promoter and the E-boxes #3/4 in L2HGDH (these two
E-boxes were too close to allow for individual mapping of MY C binding). To test the ability
of MYC to transactivate these promoters, we repeated the reporter assays in cells co-
transfected with MY C or control vectors and identified a MY C-dependent reporter activity
in the D2HGDH and L2HGDH promoters (Figure 1C/D). We further validated these
findings, including the conservation and location of the functional E-boxes, by analyzing
PhyloP and ChiP-Seq data (UCSC Encode, Figure S1A/B). To confirm the relevance of
these interactions, we used the human B-cell line P493-6, which has MY C expression under
the control of a tetracycline responsive element; turning MYC OFF in these cells decreased
D2HGHD and L2HGDH expression while restoring MYC progressively increased their
levels (Figure 1E/F). This regulation was not simply an indirect effect of MY C-driven cell
cycle progression, because when MY C expression was reestablished in serum-deprived
conditions, the cells did not proliferate but the expression of D2HGDH/L2ZHGDH was again
readily induced (Figure S1C). Next, we isolated splenic mature B-cells from Ep-Myc mice
and littermate WT controls (n=6). Using qRT-PCR, we showed that the expression of
D2hgdhand L2hgadhis significantly higher in mature B-cells from Eu-Myc mice than from
WT controls (Figure 1E/F). Finally, we queried the Pan-Cancer Atlas (~11,000 tumors from
over 30 cancer types, from the Cancer Genome Atlas - TCGA - consortium) and found a
significant correlation between MY C amplification and L2HGDH, but not D2HGDH,
expression (p <2.2e-16) (Figure S1D). Together, we concluded D2HGDH and LZHGDH are
direct transcriptional targets of MYC.

MYC influences TET and RNA demethylase activity and modulate DNA and RNA
methylation in vitro and in vivo.

D2HGDH and L2HGDH modify 2-HG/aKG homeostasis(Ye et al., 2018), which in turn
control the function of a host of enzymes belonging to the a KG-dependent dioxygenases
family(Loenarz and Schofield, 2008). TET DNA hydroxylases (TET1, 2 and 3) and RNA
demethylases (FTO and ALKBHD5) belong to this group of enzymes, and their activity is
modulated by the relative or absolute availability of a KG(Carey et al., 2015; Elkashef et al.,
2017; Lin et al., 2015). We reasoned that MY C’s targeting of D2HGDH and L2HGDH, and
attendant effect on 2-HG/a.KG levels, may influence the epigenome and epitranscriptome.
To start to address this postulate, we quantified TET and RNA demethylase activity in
nuclear lysates of multiple cell models of MY C variable expression, and we used mass-
spectrometry as well as antibody-based methodologies to quantify 5ShmC, 5mC and m®A
abundance. In P493-6 cells, turning MY C expression OFF resulted in a significant decrease
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in TET function, while restoring MY C expression increased TET activity. These changes
were functionally relevant as they resulted in an increase in the deposition of 5hmC marks,
and consequent decrease in 5mC abundance (Figure 2A). Similar results were found in
HEK-293T with MYC ectopic expression and in DLBCL cell lines with ShRNA-mediated
knockdown of MYC (Figure S2A). Next, we isolated mature B-cells from lymphoma-free
Ep-Myc and WT mice and showed that the deregulation of MYC, increased TET activity
and modulated 5hmC and 5mC levels in vivo (Figure 2B). Notably, in none of these models
MY C influenced TET1-3 expression (Figure 2A/B). We also examined MYC effects
towards RNA methylation. In P493-6 cells, turning MY C expression ON significantly
elevated RNA demethylase activity and decreased the abundance of m6A marks (Figure 2C).
A similar result was obtained when comparing B-cells from Ep-Myc vs. WT mice (Figure
2D). In no instance, MY C modified the expression of FTO and ALKBHS5, or of METTLS3,
METTL14 and WTAP, components of the RNA methyltransferase complex (Figure 2C-D).
We confirmed that these MY C-induced changes are not simply a consequence of an
increased cell proliferation, since when MY C expression is induced in cells cultured in
serum deprived conditions (0.25%), an identical outcome is detected (Figure S2B). We
concluded that MY C increases the activity of TET and RNA demethylases, and thus, in the
tested models, it promotes DNA and RNA demethylation.

MYC modulation of TET and RNA demethylase activity is dependent on D2HGDH and

L2HGDH.

We found that MY C transcriptionally activates D2HGDH and L2HGDH (Figure 1) and
increase the activity of TET DNA hydroxylases and RNA demethylases (Figure 2). Here, we
sought to test if these events are interconnected. To genetically isolate the contribution of all
relevant players, we chose to knock-out (KO) D2HGDH or L2HGDH in the MY C-inducible
P493-6 cells. In cells WT for D2ZHGDH and L2HGDH, turning MY C expression ON,
resulted in a ~50% increase in the abundance of 5hmC marks in DNA. In contrast, in
D2HGDH or L2HGDH KO cells, MY C-mediated increase in the deposition of 5hmC was
limited to ~14% (ranging from 12-16%, Figure 3A, Figure S3A), a ~70% blockade on

MY C-mediated increase in 5hmC abundance. Corresponding changes were detected with
5mC quantification, with KO of D2HGDH or L2ZHGDH limiting MYC’s ability to reduce
5mC levels (Figure 3A). In agreement with the 5ShmC/5mC data, we found that MY C-
mediated induction of TET activity was reduced by ~50% in D2HGDH and L2HGDH KO
cells (Figure 3A). We also showed that D2HGDH and L2HGDH KO cells accumulated D-2-
HG and L-2-HG, respectively (Figure S3A), and that these genetic and metabolic
perturbations did not modify the inducible expression of MYC or TET1-3 levels (Figure
3A), suggesting that the changes in 5hmC/5mC result from modulation of TET activity. We
next examined the role of D2HGDH and L2HGDH, downstream to MYC, in controlling
RNA m®A levels and RNA demethylase activity. MYC induction in D2HGDH/L2HGDH
WT cells resulted in significantly more pronounced decrease in m8A levels than in
D2HGDH/L2HGDH KO cells — 22% vs. ~9% (7% to 10.5%), a ~60% blockade on MY C-
associated decrease in méA levels (Figure 3B). In addition, in cells lacking D2HGDH or
L2HGDH, MY C-mediated activation of RNA demethylases was reduced by ~55% (Figure
3B). We also showed that MY C modulation or D2HGDH and L2HGDH KO did not modify
the expression of FTO, ALKBH5, METTL3, METTL14 or WTAP (Figure 3B), suggesting
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that the MYC-D2HGDH/L2HGDH axis influences the epitranscriptome by inducing RNA
demethylase activity. Expectedly, KO of D2ZHGDH and L2HGDH, with consequent
accumulation of 2-HG was sufficient to suppress the activity of TET and RNA demethylases
and to modify 5ShmC and mBA levels (Figure S3B). Nonetheless, with the use of an inducible
cell model, we were able to isolate MYC’s role in modulating TET and RNA demethylase
activity via these mitochondrial enzymes. Still, given the accumulation of 2-HG in these
cells, we cannot be entirely certain that the transcriptional activation of D2HGDH and
L2HGDH by MYC accounts for all its effects on DNA and RNA methylation. Lastly, we
showed that the effects of D2HGDH and L2HGDH KO on DNA and RNA methylation were
not limited to the P493-6 cell model. We also generated double D2HGDH/L2HGDH KO in
two MY C-expressing DLBCL cell lines and detected significant increases in 5hmC and méA
levels (Figure 3C). We concluded that MY C’s influence on the epigenome and
epitranscriptome may be mediated, at least in part, by the transcriptional activation of the
mitochondrial enzymes D2HGDH and L2HGDH.

Intermediary metabolism links the MYC-D2HGDH-L2HGDH axis to the control of DNA and
RNA methylation.

We speculated that MY C, via modulation of D2ZHGDH and L2ZHGDH transcription,
increases aKG levels and the activity of the a KG-dependent TET DNA hydroxylases and
RNA demethylases. To test this concept, we quantified aKG levels in MY C-inducible
D2HGDH and L2HGDH WT or KO cells. At baseline (MYC ON), D2HGDH/L2HGDH
WT cells displayed higher aKG levels than D2HGDH or L2ZHGDH KO isogenic models
(Figure 4A, Figure S4A). This observation agrees with the ability of these enzymes to
oxidize 2-HG into aKG. To investigate the kinetics of the MYC/D2HGDH/L2HGDH-
dependent aKG production, we suppressed and restored MY C expression in D2HGDH/
L2HGDH WT or KO cells and measured aKG. In absence of MYC, and early after it was
re-expressed, the levels of a KG were similar irrespectively of the genetic integrity of
D2HGDH and L2HGDH. However, 24h post MY C re-expression the “baseline” status re-
emerged and aKG levels were again higher in D2HGDH/L2HGDH WT cells (Figure 4A,
Figure S4A). Further, in agreement with the role of these enzymes in converting 2-HG into
aKG, in D2HGDH/L2HGDH WT cells the levels of 2-HG were decreased once MYC is
turned ON (Figure S4B). In addition, we quantified D-2-HG and L-2-HG in D2HGDH and
L2HGDH KO cells, respectively, with MY C silenced and upon its re-expression. In these
KO models, we found that MYC expression increased the abundance of 2-HG, in particular
that of L-2-HG (Figure S4C). These data support the concept that 2-HG levels may be
sufficient for the MY C-induced, D2HGDH/L2HGDH executed, generation of aKG.
However, final evidence that the 2-HG dehydrogenases can meaningfully influence the
cellular aKG pool requires examination of intermediary metabolism with isotope tracing
and the generation of additional KO models.

We rescued DNA/RNA methylation in the D2HGDH or L2ZHGDH KO cells with synthetic
cell-permeable a KG (Figure 4B, Figure S4D). Conversely, cell-permeable D-2-HG and L-2-
HG, and dimethyloxaloylglycine (DMOG), abrogated MY C effects towards 5hmC, 5mC and
mSA (Figure 4C, Figure S4E). Similarly, in additional cell models aKG increased TET and
RNA demethylase activity, whereas D-2-HG suppressed them (Figure 4D), with concordant
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modifications on 5hmC and m8A (Figure S4F). It should be noted that the effects of these
synthetic metabolites on DNA and RNA methylation are known and may be present
irrespective of the mechanistic context. Once more, genetic and pharmacological
modulations did not modify the total expression of TET1-3, FTO, ALKBH5, METLLS3,
METLL14 and WTAP (Figures 4B-C).

MY C is known to regulate other facets of intermediary metabolism that result in
accumulation of aKG, notably glutaminolysis, a process in which glutamine is converted to
glutamate and then a KG via the successive action of the MY C-regulated glutaminases and
glutamate dehydrogenase(Hsieh et al., 2015). Thus, to test the relative contribution of this
anaplerotic reaction vs. D2ZHGDH and L2HGDH activation on the MY C-mediated
regulation of DNA and RNA methylation, we quantified 5hmC and m6A levels in conditions
devoid of glutamine or in the presence of the glutaminase inhibitor CB-839. Using isogenic
models, we found that inducing MYC in cells growing in glutamine-free media or in the
presence of CB-839, only modestly limited (~20%) the deposition of 5hmC marks in the
DNA when compared to the effects of MYC in cells grown in glutamine replete media
(Figure 4E, Figure S4G). Likewise, we found that although absence of glutamine diminished
the impact of MYC on reducing m®A levels, it accounted for a smaller fraction (~35%) of
MY C-mediated RNA demethylation (Figure 4E, Figure S4G). Interestingly, although the
effects of CB-839 on 5hmC were nearly identical to those of glutamine deprivation (21% vs.
18% block on MY C-mediated accumulation), the consequences of CB-839 exposure on
mBA levels were much more pronounced than that of glutamine deprivation (68% vs. 35%
block on MYC-mediated RNA demethylation) (Figure 4E). This observation does not relate
to a putative CB-839-mediated change in the expression of RNA demethylases or
components of the methyltransferase complex, nor does it derive from an overt off-target
effect of CB-839 towards RNA demethylases (Figure S4H). Presently, we cannot exclude
the possibility that an uncharacterized property of CB-839 is to promote the deposition of
mBA in RNA. We concluded that the control of D2HGDH/L2HGDH by MYC, and its
consequences on intermediate metabolites, plays an important part on the hydroxylation of
5-methylcytosine in DNA and the demethylation of m8A RNA. We also posit that aKG
abundance is rate limiting for these dioxygenases and that increasing amounts of this co-
substrate promotes TET and RNA demethylases activity.

MYC, D2HGDH/L2HGDH and intermediate metabolites modulate the subcellular
localization of TETs and FTO/ALKBH5.

The existing paradigm, established in part after the discovery that IDH1/2 mutant cells
accumulate D-2-HG and supported by in vitro enzymology(Dang et al., 2010; Ward et al.,
2010; Xu et al., 2011), is that 2-HG (as well as fumarate and succinate(Xiao et al., 2012))
competitively inhibits the obligatory co-substrate a KG and suppress the activity of
dioxygenases, including TET1-3, FTO and ALKBH5(Elkashef et al., 2017; Lin et al., 2015).
Surprisingly, in our models we found that even after the cells were lysed and metabolite
levels presumably equilibrated, TET and RNA demethylase activity remained distinct across
comparison groups (Figures 2 to 4). This was puzzling because the expression of the
relevant proteins in the whole cell lysate was consistently similar across the genetic and
pharmacological models employed (Figures 2-4). Interestingly, an earlier clinical-
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pathological report on SDH-mutant pheochromocytomas, which accumulate succinate,
showed that loss of 5ShmC in these tumors was associated with nuclear exclusion of
TET1(Hoekstra et al., 2015). Thus, we examined if MYC, D2-L2HGDH and their metabolic
output could influence the sub-cellular localization of TET1-3, FTO and ALKBHS. In
P493-6 cells, modulating MY C expression led to a marked change in the abundance of
nuclear TET1-3, FTO and ALKBHS5 - a decrease in their nuclear levels was detected in
absence of MYC, which were restored after MYC re-expression (Figure 5A, Figure S5A).
Cytoplasmic expression of TET2, TET3, ALKBHS5 and FTO was readily detected (FTO was
primarily found in the cytosol), and we could ascertain that in the MY C-OFF state at least a
fraction of these proteins accumulated in the cytosol and that following MY C re-expression
their cytoplasmic levels decreased (Figure 5A, Figure S5A). Presently, we cannot exclude
the possibility that at least part of the proteins that are excluded from the nucleus relocate to
insoluble cellular fractions. Importantly, as we showed earlier (Figures 2-4), the total protein
level (whole cell lysate) of TET1-3, FTO and ALKBHS5 did not vary between MYC OFF vs.
ON states. Next, we asked if cell-permeable a KG and 2-HG could also influence this
subcellular movement. In DLBCL cell lines, a KG mimicked MY C effects and promoted
nuclear accumulation. Conversely, D-2-HG and/or L-2-HG decreased the levels of TETs and
FTO/ALKBHS in the nucleus in association with an increase in their cytoplasmic level
(Figure 5B, Figure S5B). We showed that KO of D2HGDH or L2HGDH blunts MYC effects
on 5hmC and TET activity, as well as on m8A and RNA demethylase activity (Figure 3).
Concordantly, we found that in D2HGDH or L2HGDH KO cells the effects of MYC
expression on the nuclear accumulation and cytoplasmic depletion of DNA hydroxylases
and RNA demethylases were significantly dampened (Figure 5C, Figure S5C). We next
tested the ability of ectopically expressed D2HGDH to directly mediate changes in the sub-
cellular localization of a KG-dependent dioxygenases. Although the effects were,
expectedly, more subtle than in the models shown in Figures 5A-C, expression of TET1-3
and FTO/ALKBHS5 was reliably found to be higher in the nucleus of HEK-293 cells
reconstituted with D2HGDH WT, than in isogenic models expressing an empty vector or the
previously characterized loss-of-function D2HGDH mutants(Lin et al., 2015) (Figure 5D,
Figure 5D). In contrast, a corresponding decrease in the cytoplasmic expression of TET1-3
and FTO/ALKBHS5 was less consistently detected. The reasons for this discrepancy are not
clear, but they could reflect the nature of the cell model (chronic stable ectopic expression of
D2HGDH in an epithelial cell) or the overall more modest change in subcellular
localization, which makes it technically difficult to consistently detect differences in the
cytoplasmic fraction. Lastly, we transiently transfected HEK-293T with a FLAG-TET3
construct and analyzed immunofluorescence (IF, anti-FLAG and anti-TET3 antibodies) by
confocal microscopy, following exposure of the cells to vehicle control, aKG or 2-HG. In
cells exposed to control, we detected an approximately equal number of cells with nuclear-
only versus nuclear and cytosolic TET3 expression. Upon exposure to aKG (5mM, 6h),
there was a significant shift to nuclear-only signal, now accounting for ~80% of the cells.
However, we could not detect a cytoplasmic enrichment of transiently transfected TET3 in
cells exposed to 2-HG (200uM, 6h) (Figure 5E, Figure S5E). We confirmed these
observations with WB analysis of the transiently transfected FLAG-TET3 construct, as well
as of endogenous TET3 in HEK-293T cells (Figure S5E). Unfortunately, the endogenous
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TET3 protein was not detectable by IF (Figure S5E). Thus, we were unable to address the
effect of 2-HG in cytoplasmatic expression of TET3 in DLBCL cell lines using IF.

We concluded that MYC-D2HGDH/L2HGDH-aKG axis leads to accumulation of DNA
hydroxylases and RNA demethylases in the nucleus. In addition, MY C silencing is
associated with nuclear exclusion of TETs and FTO/ALKBHS5. Conversely, the effect of 2-
HG on the subcellular movement of these proteins is less clear, and it may be cell-type
specific. Likewise, whereas ectopic expression of WT D2HGDH increased nuclear TET1-3
and FTO/ALKBHS5 abundance, its effects on their cytoplasmic expression were not uniform.
The mechanistic basis for the control of this nuclear-cytoplasmic shuttling remains to be
determined, but it may involve covalent modification(s) shared by TETs and FTO/ALKBH5
(and possibly other a KG-dependent dioxygenases), which could be catalyzed by an enzyme/
pathway that is stimulated by aKG. We also cannot exclude the possibility that activated
TETs and FTO/ALKBHS5 reside in chromatin-associated complexes and, thus, become
enriched in the nucleus.

MYC expression associates with enhancer demethylation in primary DLBCL.

We showed that by modulating intermediary metabolism, the MYC-D2HGDH-L2HGDH
axis increases the activity and modulate the subcellular localization of TETs (Figures 2-5).
Characterization of TET KO mouse models showed that these enzymes preferentially target
methylated DNA at enhancer regions, promoting their demethylation and target gene
transcription(Hon et al., 2014; Lio et al., 2016; Lu et al., 2014; Rasmussen et al., 2015). To
test if the positive effects of MYC on TET activity that we detected in vitro and in vivo were
also present in unmodified human B cell lymphomas, we utilized the DLBCL TCGA dataset
(https://portal.gdc.cancer.gov/projects/ TCGA-DLBC), as it has matched methylation and
expression data from primary tumors. To interrogate enhancer methylation, we mapped all
probes from the Illumina 450K platform to enhancers previously characterized as active in
DLBCL(Chapuy et al., 2013). To test if the global pattern of enhancer methylation
associated with MYC expression in this DLBCL cohort, we calculated the percentage of
unmethylated probes (beta value < 0.3) for each DLBCL sample and found that enhancer
hypomethylation significantly correlated to MYC expression in this tumor type (r=0.38,
p=0.009) (Figure 6A). Further validating this correlation, we found that tumors in the top
and bottom quantiles of MY C expression displayed significantly higher and lower
percentage of unmethylated enhancer probes, respectively (p=0.03) (Figure 6B). In this
cohort of DLBCL, we also found that MYCand LZHGDH expression were highly positively
correlated (r=0.6095, p=0.0000108). For each tumor in this dataset, we also applied a single
sample gene set enrichment analysis (SSGSEA) to derive a “MYC activity score” and
confirmed that MY C activity significantly correlated to MY C expression (r=0.46,
p=0.0013), but notto 7E71, TETZ2or TET3expression (Figure S6A). Expectedly, DLBCLSs
harboring TET2 mutation displayed significantly higher enhancer methylation than TET2
WT tumors (Figure S6B). More importantly, after excluding the potentially confounding
effects of TET2-mutant DLBCLs, MY C expression remained significantly correlated with
enhancer hypomethylation (r=0.33, p=0.04). We next tested if the MY C-associated enhancer
demethylation was functionally relevant. Here, for each enhancer the beta values of all
probes mapped to it were averaged and this aggregated value was correlated to the
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expression of the gene closest to, or overlapping with, the enhancer. A biologically coherent
negative correlation between enhancer methylation and target transcript expression was
found for multiple genes, including several products previously implicated in lymphoma
pathogenesis, including, FOXP1, PIM1, ATF5, KLHL14 and BRD2 (Figure 6C and Table
S1)(Baron et al., 2012; Butler and Aguiar, 2017; Dekker et al., 2016; Greenwald et al., 2004;
Reddy et al., 2017; Vater et al., 2015). We concluded that DLBCLs with high MYC
expression/activity display global enhancer hypomethylation and increased expression of a
biologically relevant subset of the genes. Future studies should clarify the importance of
these interplays to MYC lymphomagenesis. It is possible that once the MY C-driven
activation of D2HGDH/L2HGDH is disrupted, MYC will lose some of its pro-growth
properties. To start to address this possibility, we examined the effects of D2HGDH and/or
L2HGDH KO in the MY C-driven growth of P493-6 cells. We did not find any consistent
difference in the growth of D2HGDH/L2HGDH WT vs. KO cells (data not shown). These
data suggest that in P493-6 cells, single KO of each of these mitochondrial dehydrogenases
is not essential for the pro-growth MY C program. Presently, we cannot exclude the
possibility that this outcome reflects the limitations of a model that accumulates significant
amounts of 2-HG, thus making it difficult to isolate an individual gene’s role on cell growth.
The generation of MY C-insensitive D2HGDH and L2HGDH alleles in lymphoma cell
models should help answer this question.

Discussion:

In this report, we showed that MY C transcriptionally activates the genes encoding the
mitochondrial enzymes that perform the essential oxidation of 2-HG into a KG. Structural
and functional integrity of D2HGDH and L2HGDH is critical to physiology, as
demonstrated by their extensive evolutionary conservation and by the severity of 2-
hydroxyglutaric acidurias, inborn errors of metabolism caused by homozygous loss of
D2HGDH and/or L2HGDH(Kranendijk et al., 2012; Ye et al., 2018). MYC’s role in
metabolism remodeling is broad, particularly in cancer(Hsieh et al., 2015). The data
presented here add a new item to “MY C’s metabolic toolkit”, the direct control of 2-HG
levels. By influencing the function and subcellular localization of DNA and RNA
demethylases, and hence remodeling the epigenome and epitranscriptome, the MYC/D2-
L2HGDH axis may also play a part on MYC’s role in development and stem cell
reprograming. Interestingly, the relationship between MYC and D-2-HG has been suggested
before in the context of breast cancer(Mishra et al., 2018). In that instance, MYC appears to
modulate iron metabolism and influence ADHFEL1 (alcohol dehydrogenase, Iron Containing
1) one of the mitochondrial enzymes that produces D-2-HG as a side reaction(Struys et al.,
2005). We postulate that in normal cells, MYC’s transcriptional activation of D2HGDH and
L2HGDH may function as a physiologic defense to the multiple enzymes that can
promiscuously generate 2-HG(Fan et al., 2015; Intlekofer et al., 2015; Oldham et al., 2015;
Struys et al., 2005).

A corollary of the MY C-mediated induction of D2HGDH and L2HGDH is the generation of
aKG. Using KO cells, as well as pharmacological/metabolic blockade of glutaminolysis, we
found that D2HGDH/L2HGDH-mediated reactions appear to contribute a meaningful
fraction (but certainly not all) of the a KG accumulated downstream of MYC. The role of
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MY C in controlling various regulators of glutaminolysis, a significant source of aKG is well
established(Hsieh et al., 2015). Our data show that a second source of aKG, 2-HG
oxidation, is also regulated by MYC. It often goes unacknowledged that in primary cancer
cells and cell lines the levels of 2-HG can be surprisingly high(Gross et al., 2010; Oldham et
al., 2015), even in absence of IDH1/2 mutations, a finding that may reflect an environment
that promotes the promiscuous generation of 2-HG (e.g., hypoxia and acidosis)(Intlekofer et
al., 2015; Oldham et al., 2015). Thus, it is possible to speculate that in specific contexts, the
amount of 2-HG may be high enough that upon oxidation it will influence the cellular pool
of aKG. Thus, MYC influences two cellular systems that produce aKG, 2-HG oxidation
and glutaminolysis, and it will be of interest to examine in future work if MY C also directly
controls the transcription/function of IDHs.

Alpha-KG has pleiotropic effects in intermediary metabolism and beyond(Zdzisinska et al.,
2017). However, with the recent discovery of naturally occurring competitive inhibitors to
aKG (2-HG, succinate, fumarate(Xiao et al., 2012; Yang et al., 2012; Ye et al., 2018)) much
emphasis has been placed on its role as an obligatory co-substrate for multiple dioxygenases.
Within this context, we propose that MYC, in a manner suggestive of D2HGDH/L2HGDH/
aKG dependency, may activate TET DNA hydroxylases and RNA demethylases.
Remarkably, we discovered that these effects are not exclusively associated with the actual
or relative availability of a KG as an enzyme co-substrate, but that it also involves a hitherto
unknown influence on the subcellular location of these enzymes. We showed that the

MY C/D2-L2HGDH axis and aKG promote nuclear accumulation. Conversely, the role of 2-
HG in regulating the nuclear exclusion of these enzymes remains to be defined, as our
findings in lymphoid vs. epithelial models were not concordant. How this modulation of
subcellular movement is achieved remains to be defined, but covalent modifications
previously implicated in TET nuclear localization are good candidates(Zhang et al., 2014).
Lastly, although in our cell models FTO is mainly located in the cytosol, we found that its
previously reported shuttling between the cytosol and nucleus(Gulati et al., 2014) is also
influenced by MYC/D2-L2HGDH/aKG.

Considering the broad expression pattern of MYC, and the plethora of genes that can be
simultaneously influenced by modulation of the epigenome and epitranscriptome, it is
plausible that this mitochondria-centered signaling node may regulate various physiologic
processes. Less intuitive, but by no means antithetical, is how to reconcile MYC
oncogenicity with the increased activity of a KG-dependent dioxygenases that we
uncovered. This may initially appear contrary to current thought because inhibition of
dioxygenases is germane to IDH1/2-mutant tumors(Yang et al., 2012). However, recent
evidence suggests that in AML, D-2-HG may in fact have anti-tumor activity(Su et al.,
2018). This finding is relevant in the context of our discovery because in that report D-2-HG
was found to suppress AML growth via inhibition of FTO and, downstream to it, MY C. This
observation, together with our data, suggest the existence of a self-regulatory loop in which
MYC, via D2HGDH/L2HGDH and a KG, activates FTO thus sustaining its own expression.
Furthermore, the activation and change in subcellular location of RNA demethylases
downstream to MY C and a KG that we report here, agrees with emerging evidence that FTO
and ALKBHS5 function as oncogenes in multiple cancer types(Deng et al., 2018),
irrespective of the fact that the specificity of these two RNA demethylases towards unique
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chemical modification and RNA species has become a matter of recent debate(Mauer et al.,
2017; Mauer et al., 2019; Wei et al., 2018).

We found that MYC, in a manner suggestive of D2HGDH/L2HGDH/aKG dependency, may
activate TET DNA hydroxylases and promote their nuclear localization. In human neoplasia,
TET enzymes have thus far been reported to function primarily as tumor suppressors(Huang
and Rao, 2014). Thus, its activation downstream of MYC, a classical oncogene, requires
rethinking of this monolithic labeling. An initial clue to the putative oncogenic role of TETs
derives from their preferential targeting of enhancer sequences, promoting their
demethylation and thus activation(Hon et al., 2014; Lio et al., 2016; Lu et al., 2014;
Rasmussen et al., 2015). The putative influence of MYC-TET interplay on enhancer
hypomethylation is noteworthy because aberrantly active enhancers (or super-enhancers) is a
feature of multiple cancers, including DLBCL(Aran and Hellman, 2013; Chapuy et al.,
2013; Hnisz et al., 2013). Reassuringly, when we examined the methylation pattern of
DLBCL enhancers, we found that tumors with high MY C expression/activity displayed
enhancer hypomethylation and active transcription of genes previously implicated in
lymphoma pathogenesis. Thus, we propose that in tumors harboring MY C deregulation and
wild-type TET genes, oncogenic enhancers may be activated.

Significance:

D-2-hydroxygluturate (D-2-HG) and L-2- hydroxygluturate (L-2-HG) are naturally
occurring metabolites generated by fortuitous side reactions catalyzed by various enzymes.
Two mitochondrial dehydrogenases, D2HGDH and L2HGDH, convert these metabolites
into a-ketoglutarate (aKG). Germline loss of either enzyme leads to severe neuro-metabolic
syndromes, indicating that accumulation of 2-HG is pathogenic and that D2HGDH and
L2HGDH perform an essential function. Further, in cancer cells, somatically mutated IDH1
or IDH2 acquire neomorphic activity and generate D-2-HG resulting in competitive
inhibition of a KG-dependent dioxygenases, including DNA and RNA demethylases. Still,
despite the critical role of D2HGDH and L2HGDH in limiting the pathogenic accumulation
of 2-HG, and the broad control of epigenetic remodeling modulated by 2-HG and aKG
levels, the signals that regulate expression and activity of these mitochondrial
dehydrogenases remains undefined. While characterizing D2HGDH and L2HGDH
promoters, we identified active MYC binding sites and confirmed, in vitro and in vivo, that
MY C drives the expression of these genes. Using multiple genetic models, we showed that
MYC, in a manner suggestive of D2HGDH/L2HGDH dependency, modulates 2-HG/aKG
homeostasis, induces the activity of the a KG-dependent TET enzymes and RNA
demethylases, and thus promotes DNA and RNA demethylation. Notably, the effects of the
MY C-D2HGDH/L2HGDH-aKG axis were not only due to higher levels of the co-substrate
aKG, but also driven by nuclear accumulation of TET, FTO and ALKBHS5, perhaps
mediated by a still uncharacterized covalent modification. Consistent with the putative
relevance of this interplay, in primary B-cell lymphomas MY C expression positively
correlated with enhancer hypomethylation/activation, presumably due to heightened TET
activity, which associated with overexpression of lymphomagenic genes. Together, these
data identify MY C as a direct regulator of the essential 2-HG dehydrogenases, provide

Cell Chem Biol. Author manuscript; available in PMC 2021 May 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Qiuetal. Page 13

additional evidence of the multilayered control of epigenetic modifications, and reinforce the
role of mitochondria metabolism in influencing the epigenome and epitranscriptome.

Lead Contact and Materials Availability

Please contact the corresponding author Ricardo Aguiar (aguiarr@uthscsa.edu) for reagents
and resources included in this research. All unique reagents generated in this study are
available from the Lead Contact with a completed Materials Transfer Agreement.

Experimental Model and Subject Details

Cell lines.

The DLBCL cell lines SU-DHLS8 (female), SU-DHL10 (male), OCI-Ly1 (male), OCI-Ly3
(male), OCI-Ly8 (male), OCI-Ly10 (female), Pfeiffer (male) and U2932 (female), Burkitt’s
lymphoma cell line HS-Sultan (male), and P493-6 (information on sex unavailable), a
human B cell line carrying a conditional MY C gene(Schuhmacher et al., 1999), were
cultured at 37°C in 5%CO0O2 in RPMI-1640 medium (Invitrogen) containing 10% (vol/vol)
fetal bovine serum (FBS), or 20% FBS (OCI-Ly3 and OCI-Ly10). HEK-293 (female,ATCC)
and HEK-293T cells (female, Thermo-Fisher Scientific) were maintained in Dulbecco’s
modified Eagle media (DMEM; Mediatech) with 10% FBS, as we described(Kim et al.,
2009). In P493-6 cells, MYC suppression was achieved by exposing the cells to 100ng/ml of
tetracycline. In most assays, samples were collected immediately before tetracycline
addition to the media (MYC ON), following 36-48h of tetracycline exposure (MYC OFF),
and at various time points after tetracycline is washed away (MYC ON). The identity of all
cell lines was confirmed by VNTR analysis and verified online at the DSMZ and ATTC cell
banks and tested for Mycoplasma contamination throughout this project. All the cell lines
were preexistent in the investigator’s laboratories and/or were earlier obtained from ATCC
or DSMZ cell banks.

Mice and isolation or murine mature splenic B lymphocytes.

A colony of Eu-Myc transgenic mice (B6.Cg-Tg[lgHMyc]22Bri/J) was maintained by in-
house breeding of C57BL/6 females with Eu-Myc males. Eight to 12-week-old sex-matched
WT and Ep-Myc littermates (all without clinical evidence of lymphoma) were euthanized,
and their splenic B cells purified using the mouse B-Cell Enrichment kit (StemCell
Technologies). In brief, spleens were harvested from mice, single cell generated by
dissociation, and mature B lymphocytes purified using the mouse B-Cell Enrichment Kit in
the RoboSep Automated Cell Separator (Stem Cell Technologies). Subsequently, the purity
and degree of enrichment was determined by fluorescence-activated cell sorter (FACS)-
based measurement of CD19-positive cells, in pre- and post-separation aliquots.
Consistently, the fraction of CD19-positive cells was >95%. as we described(Bouamar et al.,
2015). High molecular weight DNA was extracted using the Gentra Puregene DNA
purification kit (Qiagen), RNA isolation was completed using the Trizol method (TRIzol
Reagent, Life technologies) and whole-cell lysates (WCL) were extracted in 2% Sodium
Dodecyl Sulfate (SDS), 10% glycerol, 50mM Tris pH6.8, 2mM 2-Mercaptoethanol, boiled
for 5-10 minutes, cooled at room-temperature and immediately thereafter loaded in the gels,
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as we described(Jiang and Aguiar, 2014). 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.

Method Details

Compounds.

Cell lines were exposed to 1mM or 5mM of dimethyl 2-oxoglutarate (DMaKG; Sigma-
Aldrich) for 8-24h, to 20-100uM of octyl-D-2-HG or octyl-L-2-HG (Toronto Research
Chemicals) for 8-24h, to 1mM dimethyloxalylglycine (DMOG; Frontier Scientific) for
8-24h, and to CB-839 (Cayman Chemical) for 24h. When appropriate, dimethyl sulfoxide
(DMSO; Sigma-Aldrich) was used as vehicle control. In P493-6 cells, MY C suppression
was achieved by exposing the cells to 100ng/ml of tetracycline (Sigma-Aldrich).

Luciferase Reporter assays.

Two DNA fragments, 915bp and 931bp, flanking the putative transcriptional start site (TSS)
of the genes D2HGDH and L2HGDH, respectively, were PCR-amplified, sequence verified
and cloned into pGL3-basic vector (Promega). These constructs were co-transfected into
HEK-293T cells with the pCMVB-gal plasmid. In subsequent assays, the co-transfection
also included a MYC expressing plasmid ()CDNA3-FLAG-MYC). Cells were harvested
24h after transfection, and luciferase and p-galactosidase activities measured, as we
described(Ortega et al., 2015). In brief, the cells were in PBS, followed by addition of 250l
of reporter lysis buffer (Promega) and incubation for 20 minutes. The lysate was centrifuged
for 30 seconds and the supernatant collected. Next, 20 pl of the cell lysate was transferred to
a 1.5 ml of centrifuge tube containing 100yl of the Luciferase Assay Reagent Il (LAR 1)
(Promega), followed by luminescence reading in luminometer. Concomitantly, 50 pl of cell
lysate was incubated with 50 pl of Assay 2X Buffer (B-Galactosidase Enzyme Assay
System, Promega). Incubation was performed at 37°C until a faint yellow color developed,
at which time 150 pl of 1M Sodium Carbonate stop reaction was added, followed by
absorbance reading . The primers sequences are listed in Supplementary Table S2.

Chromatin Immune Precipitation (ChIP)-PCR assay:

HS-Sultan cells were fixed in 1% Formaldehyde (Thermo-Fisher Scientific) for 10 minutes
at room temperature and neutralized with 125mM glycine (Thermo-Fisher Scientific),
followed by washing in cold PBS. The cell pellet was re-suspended in 500 ml of SDS lysis
buffer (50mM Tris [pH8.0], 1%SDS, 10mM EDTA). Chromatin was sheared with samples
on ice using Sonicator 3000 (Misonix Incorporated) - seven 10” bursts with 30” intervals.
The sonicated prep was centrifuged at 15,0009 for 10°, and the supernatant diluted 1:10 in
ChlIP dilution buffer (16.7 mM Tris-HCI [pH 8.1], 167 mM NaCl, 1.1% Triton X-100, 1.2
mM EDTA), and incubated for 16h at 4°C with an anti-c-MYC antibody (Santa Cruz
Biotechnology) or normal mouse 1gG (Santa Cruz Biotechnology) pre-bound to Dynabeads
protein G (Invitrogen). The immunoprecipitation mixture beads were pulled down using a
magnet, supernatant removed, followed by sequentially washing with low salt immune
complex wash buffer (20 mM Tris [pH 8.0], 150 mM NaCl, 1% Triton X-100, and 2 mM
EDTA), high salt immune complex wash buffer (20 mM Tris [pH 8.0], 500 mM NaCl, 1%
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Triton X-100, and 2 mM EDTA), and LiCl immune complex wash buffer (10 mM Tris [pH
8.0], 0.25 M LICl, 1% NP-40, 1% deoxycholic acid, and 1 mM EDTA), and TE (10 mM Tris
[pH 8.0], 1 mM EDTA). The beads were next incubated in 0.1 M NaHCO3 and 1% SDS for
30 minutes at RT to elute chromatin DNA. Cross-link reversion was performed at 65°C for
4h and proteins removed using proteinase K in an incubation of 45°C for 1h. The naked
DNA was extracted, treated with Rnase A and recovered in molecular biology grade water.
Q-PCR was performed in the StepOnePlus Real-Time PCR System Thermal Cycling Block
(Applied Biosystems), as we described(Bouamar et al., 2013). Primer sequences are listed in
Table S1.

Generation of genetic models.

CRISPR-Cas9 technology was used to knockout (KO) the D2HGDH and/or LZHGDH genes
in P493-6, OCI-Ly1 and OCI-Ly8 cell lines. In single gene KOs, the lentiCRISPR v2
puromycin was used(Sanjana et al., 2014). For double D2HGDH/L2HGDH KO, a
combination of lentiCRISPR v2 puromycin and pL-CRISPR.EFS.GFP(Heckl et al., 2014)
was used. lentiCRISPR v2 was a gift from Feng Zhang (Addgene plasmid # 52961); pL-
CRISPR.EFS.GFP was a gift from Benjamin Ebert (Addgene plasmid # 57818). ShRNA-
mediated MY C knockdown was implemented with Tet-pLKO-puro, a gift from Dmitri
Wiederschain (Addgene plasmid # 21915)(Wiederschain et al., 2009); virus generation was
performed, as we previously described(Kim et al., 2011). In brief, HEK-293T cells were co-
transfected with the lentiCRISPR v2 (or pL-CRISPR.EFS.GFP) and the packing and envelop
plasmids PAX2 and pMD2.G, respectively (Addgene #s 12260 and 12259). Cells
supernatant was collected at 48h and 72h, and lymphoma cell lines transduced by
spinoculation, followed by polyclonal population selection and/or clone generation by
limiting dilution, as we reported(Cooney et al., 2018). D2HGDH and/or L2ZHGDH knockout
was confirmed by western blotting and by Sanger sequencing (in clonal populations). For
each gene, at least two distinct guideRNAs or ShRNAs were used ( Table S2).

Protein isolation, subcellular fractionation and western blots.

Whole-cell lysates (WCL) were extracted in 2% Sodium Dodecyl Sulfate (SDS), 10%
glycerol, 50mM Tris pH6.8, 2mM 2-Mercaptoethanol, boiled for 5-10 minutes, cooled at
room-temperature and immediately thereafter loaded in the gels. Nuclear and cytoplasmic
proteins were extracted by EpiQuik Nuclear Extraction Kit | (Epigentek), following the
manufacturer’s instructions. In brief, first, the cytoplasmic fraction is removed from the
nuclear pellets. Next, to extract nuclear proteins 1% NP40, 50mM Tris pH8.0,150mM NacCl,
10% glycerol, ImM EDTA, is added to the nuclear pellet, incubated on ice for 15 minutes
with vortex (5 seconds) every 3 minutes, and centrifuged for 10 minutes at 14,000 rpm at
4°C. The nuclear and cytoplasmic fractions were concentrated in Amicon Ultra Centrifugal
Filters-10K (Millipore) by centrifugation, 5-15 minutes at 4°. Lastly, 10% glycerol was
added to the final cytosolic extracts. All proteins were separated by SDS/polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluoride (PVDF) membrane, as we
described(Suhasini et al., 2016). To detect TET1 and TET2, 6-8% of SDS/polyacrylamide
gels were used, and transferred at 40V (4°C, for 16 hours), followed by overnight incubation
with the primary antibodies. All other gel transfers were performed at 110V for 1-2h at 4°C.
The following antibodies were used: c-Myc (clone 9E10; #sc-40, Santa Cruz
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Biotechnology), D2HGDH (#13895-1-AP, Proteintech), LZHGDH (#15707-1-AP,
Proteintech), ALKBH5 (# ab69325, Abcam), FTO (c-3, #sc-271713, Santa Cruz
Biotechnology), m6A (#202003, Synaptic System), 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), 5-Methylcytosine and 5-hydroxymethylcytosine (#28692 and
#51660, Cell Signaling Technology), p-actin (# A2228, Sigma-Aldrich), Lamin A
(#A303-433A-M, Bethyl Laboratories), Tubulin (#62204 Invitrogen). PVDF membranes
were stripped with OneMinute Western Blot Stripping Buffer (#GM6001, GM Biosciences)
and re-probed with relevant antibodies for loading control.

m6A RNA quantification.

mBA levels were quantified with two methodologies, as we reported(Elkashef et al., 2017).
First, we used the ELISA-based EpiQuik™ m6A RNA Methylation Quantification Kit
(Epigentek), according to the manufacturer guidelines. In this assay, abundance of m6A
marks was quantified by absorbance and reported as relative values to the negative and
positive controls, an RNA containing no m8A and an m8A oligo normalized to be 100%
methylated. All assays were performed in triplicate and multiple biological replicates
completed. For all models, we utilized 200ng of total RNA per well. In addition, m6A levels
were measured with a dot-blot assay implemented with an anti-mBA antibody (Synaptic
System), as we reported(Elkashef et al., 2017). In all applications, RNA was isolated using
the Trizol method (TRIzol Reagent, Life technologies) and quantified by UV
spectrophotometry.

5hmC and 5mC quantification.

High molecular weight DNA was obtained from relevant human cell lines and murine
primary B cells. For the quantification of 5hmC and 5mC marks, three methods were used.
In all instances, at least three independent biological replicates were performed, often
utilizing more than one methodology, and including multiple technical triplicates.

Mass spectrometry: 5mC quantification was performed at Zymo Research Epigenetics
Services. In brief, a selected reaction monitoring (SRM)-based mass spectrometry assay was
used to quantify 5-methyl-2’-deoxycytidine (5mdC). The assay was designed to measure
5mdC concentrations as a percentage of 2’-deoxyguanosine (dG) (e.g. — [5mdC]/[dG]). The
calibrated range for the analyte was 0-25% for 5mdC using a fixed 40 pmol amount of dG as
an internal standard. The amount of 5mdC in the sample was calculated using the area ratio
and standard curves in the range of 0-25% 5mdC/dG and reported as the percent of 5mdC.
The 5hmC quantification was performed as previously described(Mariani et al., 2014). In
brief, hydrolyzed genomic DNA was injected onto a HPLC Zorbax Eclipse Plus C18 RRHD
column (Agilent Technologies). The analytes were separated by gradient elution using 5%
methanol/0.1% formic acid (mobile phase A) and 100% methanol (mobile phase B) at a
flow rate of 0.25 mL/min. Mobile phase B was increased from 0 to 3% in 5 min, to 80% in
0.5 min, kept at 80% for 2 min, then switched to initial conditions in 2.5 min. The effluent
from the column was directed to the Agilent 6490 Triple Quadrupole mass spectrometer
(Agilent Technologies). Calibration solutions with varying amounts of 5-hmC (0%-3%) and
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fixed amount of C were analyzed together with the samples. The solutions were prepared
from a 200-bp DNA standard containing 57 cytosines, which are homogeneous for C and 5-
hmC. Calibration plots of %5-hmC versus MRM Response ratio were constructed based on
the data obtained, and %5-hmC is obtained from the ratio of [5-hmC/(5-mC+5-hmC+C)].
The %5-hmC in the samples was determined from the calibration plots.

Dot-blot assay: DNA was extracted using the Gentra Puregene DNA purification kit
(Qiagen), samples were denatured at 95°C for 10 min and placed on ice for 5 minutes before
multiple dilutions were immobilized on a nitrocellulose membrane Hybond-N (Amersham
Biosciences). Subsequently, the membranes were air-dried, UV crosslinked, blocked with
5% non-fat milk followed by 16h incubation with anti-5hmC and anti-5mC antibodies (Cell
Signaling Technology). The membranes were then stained with methylene blue to confirm
equal DNA input.

ELISA-based: For the quantification of 5hmC and 5mC marks, 200 and 100 ng of DNA,
respectively, was added to each well (96-well plate format), followed by incubation with
primary (anti-5hmC or anti-5mC) and secondary antibodies and developed by colorimetric
methods (Epigentek), as reported earlier(Lin et al., 2015). Abundance of 5hmC and 5mC
marks was quantified by absorbance and reported as relative values to the positive controls,
methylated polynucleotide containing 20% of 5hmC or 50% 5mC, respectively.

Demethylases activity.

The activity of DNA hydroxylases (TET enzymes) and m6A RNA demethylases was
quantified in the nuclear protein of the relevant models. In brief, 10 million cells/sample
were processed for isolation of nuclear lysate using the Nuclear Extraction Kit | (Epigentek).
Next, for quantification of m6A demethylase activity the nuclear protein was incubated in
wells stably coated with the m6A substrate (m6A Demethylase Activity Kit, Epigentek). The
active m8A demethylases present in the lysates bind to and demethylate the m8A contained
in the immobilized substrate, while the un-demethylated m®A in the substrate is recognized
by an m®A antibody. The amount of un-demethylated m6A, which is inversely proportional
to enzyme activity, is then colorimetrically quantified through an ELISA-like reaction. For
the quantification of TET activity, the nuclear lysates is added to microplate wells stably
coated with a methylated (5mC) substrate (5SmC-Hydroxylase TET Activity Assay Kit,
Epigentek). Active TETSs bind to the substrate and convert the methylated substrate to
hydroxymethylated products. The TET-converted hydroxymethylated products are
recognized with a 5hmC antibody. The amount of hydroxymethylated products, which is
proportional to TET activity, is colorimetrically measured by reading the absorbance in a
microplate spectrophotometer.

Metabolite quantification by mass spectrometry.

The measurements of the D-2-HG, L-2-HG and a KG were performed as we described
earlier(Lin et al., 2015), using liquid chromatography-tandem mass spectrometry (LC-MS/
MS). In brief, 20 ul aliquot of the extracted samples were injected for chromatographic
separation on an Agilent Hypersil ODS 4.0 x 250 mm, 5 um column (Santa Clara, CA). The
column oven was set at 30 °C. Solvent A was 125 mg | =} ammonium formate, pH =3.6,
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solvent B was acetonitrile. The enantiomers were eluted using the programme: 0 to 0.5 min
—100% A, 0.5 to 3.5 min—Ilinear gradient to 96.5% A, 3.5 to 25 min—96.5% A and 3.5%
B. The flow rate was set at 0.5 ml min =1, 50% of the post-column eluate was diverted to
waste and the remainder injected into API 3000 triple—quadrupole mass spectrometer
equipped with an electrospray ionization source (Applied Biosystems) and operating in
negative ion mode. Turbo ionspray gas was set at 8 | min ~1 the temperature at 500 °C and
the ionspray voltage at —4,200V for 2-HG and at —1,700V for aKG. Product ion transitions
were monitored at 363.2 to 147.2 for L-2-HG and D-2-HG, 367.1 to 151.1 for D,L-[3,3,4,4-
D4]-2-hydroxyglutaric acid, 145.15 to 101.1 for aKG, and 149.2 to 105.2 for 2-
ketopentanedioic acid-[D4]. Protein concentration was measured using the RC DC Protein
Assay (Bio-Rad) and on SmartSpec Plus (Bio-Rad).

TET3 immunofluorescence analysis by confocal microscope:

Lipofectamine was used to transfect HEK-293T cells with an empty p3XFLAG-CMV vector
(Sigma-Aldrich) or with the FLAG-tagged FH-TET3-pEF plasmid(Ko et al., 2013), a gift
from Anjana Rao (Plasmid #49446, Addgene); 8h after transfection the cells were reseeded
and grown for 36h in 35mm glass bottom microwell dishes (MatTek Corporation).
Subsequently, the cells (three plates/condition) were exposed to DMaKG (5mM), a solution
of octyl-D-2-HG and octyl-L-2-HG (100uM each) or DMSO for 6h, immediately followed
by fixation in 4% paraformaldehyde (30 minutes at RT) and permeabilization in 0.1% Triton
X100 (10 minutes at RT). Blocking was performed with 5% donkey serum in PBS at RT for
45 minutes. The plates were washed with PBS twice and exposed to either FLAG antibody
(Sigma-Aldrich) at 1:400 dilution, or TET3 primary antibody (HPA050845, Sigma-Aldrich)
at 1:25 dilution for 2h at RT. Anti-mouse (Alexa Fluor 488, Invitrogen) and anti-rabbit
secondary antibodies (Alexa Fluor 568, Invitrogen) at 1:1000 dilution were added to anti-
FLAG and anti-TET3 stained cells, respectively, for 45minutes. Lastly, all plates were
stained with 4,6-diamidino-2-phenylindole (DAPI, 1:1000 dilution) for 10 minutes at RT,
washed with PBS and stored at 4°C until images were collected. Slides were imaged with a
Leica SP8 confocal microscope (Leica Microsystems, Mannheim, Germany) using a 100 x
oil objective with excitations set at 355, 488, and 552 nm to detect DAPI, FLAG and TET3
signals, respectively. Images were exported as TIFF files using Leica LAS X software.
Nuclear and cytosolic signals in transfected cells were identified and scored by two
independent observers. Cells were sorted into the following categories: nuclear signal only,
cytoplasmic and nuclear signals or exclusive cytoplasmic signal. For statistical analysis, the
latter two categories were combined and compared to the nuclear only subset.

Enhancer methylation and gene expression analysis.

The DLBCL cohort studied (Schmitz et al., 2018)was from The Cancer Genome Atlas
(TCGA) program and downloaded from Broad firehose (version 2016_01_28). The
coordinates for DLBCL active enhancers were obtained from Chapuy et al.(Chapuy et al.,
2013) and all Hlumina 450K array probes mapped to these regions (n=21,856) retained; for
downstream analysis, probes mapping to promoters were removed. The MY C expression
value for each DLBCL in this cohort was obtained from their RNA-seq analysis. To examine
the global pattern of enhancer methylation, we used median absolute deviation to select the
top 3000 most variable probes from the 21,856 total. Next, we calculated the percentage of
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unmethylated probes (beta value < 0.3) for each sample and used Pearson correlation to
examine the association between these values and MY C expression. For this analysis, we
removed the two cases with the lowest MY C expression due to their exceptional profiles.
The beta value cutoff 0.3 was selected based on previous reports(Zheng et al., 2016), as well
as on manual examination of the beta value distribution. In an additional analysis, we
divided the tumors into four quantiles according to MY C expression and calculated the
percentages of unmethylated probes (amongst the 3000 most variable) in DLBCLSs assigned
to the top and bottom quantiles. To derive a “MY C activity score” we applied single sample
gene set enrichment analysis (SSGSEA) using 17 MY C upregulated genes that are part of a
reported MYC gene signature(Jung et al., 2017). We also examined the functional
consequence of enhancer methylation, i.e. if methylation status correlates to the target gene
expression. In brief, for each DLBCL active enhancer, we identified methylation probes and
averaged their beta value to represent the enhancer methylation. Enhancers for which the
methylation probes did not capture proper signal (TCGA data) or those which the closest
gene was a non-coding RNAs were excluded from the downstream analysis. Subsequently,
we calculated the Pearson correlation between enhancer methylation and the expression
(RNA-seq data) of the gene mapping closest to, or overlapping with, each enhancer region.

Somatic copy number alterations (SCNAs) and gene expression analysis.

The GISTIC2.0 algorithm(Mermel et al., 2011), was used to define the somatic copy number
alterations in the MYC locus in 10713 human tumors (TCGA sample pan-cancer dataset)
(Hutter and Zenklusen, 2018). Correlation between D2HGDH or LZHGDH mRNA
expression and SCNA was calculated using the Spearman test in 9890 tumors for which both
expression and copy number data were available.

Quantification and Statistical Analysis

Analyses were performed using a one-way or two-way ANOVA, with Bonferroni’s multiple
comparison post-hoc test, two-tailed Student’s t-test, and Chi-square test. P<0.05 was
considered significant. Data analyses were performed in the Prism software (versions 5.02
and 8.02, GraphPad Software Inc) and Excel (Microsoft).

Data and Code availability:

This study did not generate any unique datasets or code
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Refer to Web version on PubMed Central for supplementary material.
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. MY C directly induces the transcription of D2HGDH and L2HGDH
. The MYC D2HGDH/L2HGDH interplay influences intermediary metabolism
. The MYC-D2HGDH/L2HGDH axis activates TET and RNA demethylases

. MY C-expressing B-cell lymphomas display hypomethylated and active
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Figure 1. D2HGDH and L2HGDH are transcriptional targets of MYC.
a) D2HGDH and b) L2HGDH. Luciferase activity of promoter regions — arrows indicate

transcriptional start sites; blue squares are putative E-boxes. ¢) D2HGDH and d)
L2HGDH. Left panels: ChIP-gPCR of MY C binding to E-boxes in D2HGDH or L2HGDH
promoters; +ctrl is the L/N28B promoter, —ctrl is a promoter region lacking a predicted E-
box. Right panels: Luciferase activity of D2ZHGDH and L2HGDH promoters in cells co-
transfected with MYC. e) D2HGDH and f) LZHGDH. Left panels: Q-RT-PCR of
D2HGDH and LZHGDH mRNA in P493-6 cells; Center panel: Immunoblot of tetracycline-
regulated MYC expression in P493-6 cells; Right panels: Q-RT-PCR of D2HGDH and
L2HGDH mRNA in mature B-cells from Ep-Myc mice and WT mice. Data shown are mean
-/+ SD.
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Figure 2. Regulation of demethylase activity and DNA/RNA methylation by MYC.
a) Left to right panels - TET activity in P493-6 cells following MY C suppression and re-

induction, quantification of 5ShmC and 5mC using mass-spectrometry or antibody-based dot-
blots in MYC ON-OFF-ON P493-6 cells, and WBs of MYC, TET1, TET2 and TET3. b)
Left to right panels - TET activity in mature B-cells from WT or Ey-Myc mice (pooled
nuclear lysate of 4 WT vs. 4 Eg-Myc mice measure in a technical triplicate), quantification
of 5hmC and 5mC using mass-spectrometry or antibody-based dot-blots, and WBs of TET1,
TET2 and TET3. c) Left to right panels — RNA demethylase activity in P493-6 cells
following MYC suppression and re-induction, quantification of m8A levels using antibody-
based ELISA and dot-blots in P493-6 cells, and WBs for MYC, METL3, METTL14, WTAP,
FTO and ALKBHS. d) Left to right panels - RNA demethylase activity in mature B-cells
from WT or Ep-Myc mice (pooled nuclear lysate of 3 WT vs. 3 Epu-Myc mice measure in a
technical triplicate), quantification of m6A using antibody-based ELISA and dot-blots, and
WBs of FTO and ALKBHS5. Data shown are mean —/+ SD. In a) and c) three sets of
proteins, TETL/TET3/FTO/ALKBHS5, TET2/METTL14, and METTL3/WTAP were each
run in the same gel and thus share the loading control, B-actin. In b) and d) TETL/TET3 and
TET2/FTO share the p-actin.
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Figure 3. D2HGDH and L2HGDH roles on MY C-modulated DNA/RNA methylation and
demethylase activity.
a) Left to right panels — MYC-induced modulation of 5hmC and 5mC levels in WT and

D2HGDH or L2HGDH KO P493-6 cells, quantification of MYC-induced TET activity in
WT and D2HGDH or L2ZHGDH KO P493-6 cells, and WBs of D2HGDH, L2HGDH, TET1,
TET2, TET3 and MYC. b) Left to right panels — MY C-induced modulation of m6A levels
in WT and D2HGDH or L2HGDH KO P493-6 cells, quantification of MY C-induced RNA
demethylase activity in WT and D2HGDH or L2HGDH KO P493-6 cells, and WBs of FTO,
ALKBH5, METL3, WTAP and METTL14 in WT and D2HGDH or L2HGDH KO P493-6
cells. ¢) Left to right panels — 5ShmC and mBA levels in D2HGDH/L2HGDH WT or KO
clones in DLBCL cell lines OCI-Ly1 and OCI-Ly8; WBs for D2HGDH and L2HGDH are
shown at the top. The percentage of MYC-induced changes in a) and b) represent the
difference between the measures in MYC OFF and ON cells (full data in Figure S3). Data
shown are mean —/+ SD. In a) and b), TET1I/ALKBH5 and TET3/FTO were detected in the
same gel and share the B-actin loading control.
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Figure 4. MYC-D2HGDH-L2HGDH axis, intermediate metabolites and TET/RNA demethylases
activity.

a) QuZntification of aKG in P493-6 cells (MYC ON or OFF) with WT or KO of D2HGDH
and L2HGDH; MYC immunoblots are on the left, ***p<0.001, two-way ANOVA,
Bonferroni's post-test. b) 5hmC and m8A levels in P493-6 cells (MYC OFF or ON;
D2HGDH and L2HGDH WT or KO), with or without DMaKG rescue (5mM); WBs are on
the right; p values are from two-tailed Student’s t-test ¢) 5hmC and 5mC (left panels) and
mOA (right panel) levels in P493-6 cells (MYC OFF or ON) exposed to DMOG (1mM),
octyl-D-2-HG or L-2-HG (100uM); p values are from one-way ANOVA. WBs of relevant
proteins are also shown. d) Left panel: TET activity in DLBCL cell lines exposed to
DMaKG (5mM) ,**p<0.01, ***p<0.001, Student’s t-test; center-panel: RNA demethylase
activity of HEK-293T cells exposed to DMaKG, one-way ANOVA; right panel: RNA
demethylase activity in DLBCL cell lines exposed to octyl-D-2-HG (100uM), **p<0.01,
***n<0,001, Student’s t-test. e) Fold increase in 5hmC and decrease of méA (left and right
panels) upon MY C induction in cells grown in full media (Glut+), in glutamine-free media
(Glut=) or in the presence of CB-839 (1uM) (3 biological replicates for both assays, 5 and 9
technical replicates for 5ShmC and m8A, respectively); p values are from two-tailed Student’s
t-test. Data are mean —/+ SD. In b), the sets of proteins MYC/TET2/FTO/METLL14, TET3/
METLL3/WTAP and TETL/ALKBHS5 were detected in the same filter and share the B-actin
loading control. In ¢), TET3/METLL3/METLL14, and FTO/ALKBHS5 share the B-actin
loading control.
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Figure 5. Control of the subcellular localization of TET1-3, FTO and ALKBH5 by MYC,
D2HGDH/L2HGDH, and aKG/2-HG.

a) WBs of TET1-3, FTO and ALKBHS5 in nuclear and cytoplasmic fractions, and whole cell
lysate (WCL) of P493-6 cells upon MY C suppression and its re-expression. Two exposures
(short and long) are shown for FTO. b) WBs of TET1-3, FTO and ALKBHS in the
subcellular fractions and WCL of DLBCL cell lines exposed to DMaKG (5mM), octyl-D-2-
HG or octyl-L-2-HG (100uM) for 8h. ¢) WBs of TET1-3, FTO and ALKBHS in subcellular
fractions and WCL of P493-6 cells (D2HGDH and L2HGDH WT or KO) upon MYC
suppression and its re-expression. d) WBs of TET1-3, FTO and ALKBH5 in HEK-293 cells
expressing an empty vector (MSCV), D2HGDH WT or the G131X and A208T mutants.
Densitometric measurements of protein levels are shown at the bottom of WB displays — all
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values are relative to controls and already corrected by WCL abundance, which is shown for
reference. e) immunofluorescence of HEK-293T cells transiently transfected with a FLAG-
TET3 plasmid and exposed to DMaKG (5mM), octyl-D-2-HG and L-2-HG (100uM/each)
or DMSO for 6h; scale bar is 10 pm. Scoring of nuclear vs. nuclear and cytoplasmic
expression in the three conditions is shown on the right; p<0.001, Chi-square.
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Figure 6. MYC expression, enhancer methylation and activity in primary DLBCL.
a) Heat map of enhancer methylation in primary DLBCL assembled according to their MYC

expression (top row). Each column is one tumor (n=46) and each row an enhancer probe
(n=3000). b) comparison of the percentage of unmethylated enhancer probes in primary
DLBCL mapped to the top and bottom quantiles of MY C expression. ¢) volcano plot
depicting the relationship between enhancer methylation and target gene expression in
primary DLBCL; genes with a highly significant correlation are in red, and representative
examples of those with known role in lymphoma biology labeled. P value in a) is from
Pearson correlation. In b) all data points are shown (min to max) and the p value is from a
two-tailed Student’s t-test.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-c-MYC (clone 9E10)

Santa Cruz Biotechnology

Cat#sc-40, ProSci Cat#51-118,
RRID:AB_1947601

Rabbit polyclonal anti-D2HGDH

Proteintech

Cat#13895-1-AP, RRID:AB_2089330

Rabbit polyclonal anti-L2ZHGDH

Proteintech

Cat#15707-1-AP, RRID:AB_2133202

Mouse polyclonal anti-ALKBH5

Abcam

Cat#ah69325, RRID:AB_1267666

Mouse monoclonal anti-FTO - Fatso (C-3)

Santa Cruz Biotechnology

Cat#sc-271713, RRID:AB_10707817

Mouse monoclonal anti-m6A

Synaptic System

Cat#202003, RRID:AB_2279214

Mouse monoclonal anti-TET1 (Clone GT1462)

Sigma-Aldrich

Cat#SAB2700730

Rabbit monoclonal anti-TET2

Cell Signaling Technology

Cat#18950, RRID:AB_2798809

Rabbit polyclonal anti-TET3

EMD Millipore Corporation

Cat#ABS463

Rabbit polyclonal anti-TET3

Sigma-Aldrich

Cat#HPA050845; RRID:AB_2681256

Rabbit monoclonal anti-METTL3 (Clone D2160)

Cell Signaling Technology

Cat#96391; RRID:AB_2800261

Rabbit monoclonal anti-METTL14 (Clone D8K8W)

Cell Signaling Technology

Cat#51104, RRID:AB_2799383

Rabbit polyclonal anti-WTAP

Cell Signaling Technology

Cat#56501, RRID:AB_2799512

Rabbit monoclonal anti-5-Methylcytosine (Clone D3S2Z)

Cell Signaling Technology

Cat#28692, RRID:AB_2798962

Mouse monoclonal anti-5-hydroxymethylcytosine (Clone
HMC31)

Cell Signaling Technology

Cat#51660, RRID:AB_2799398

Mouse monoclonal anti-B-actin (clone AC-74)

Sigma-Aldrich

Cat#A2228, RRID:AB_476697

Mouse monoclonal anti-FLAG (Clone M2)

Sigma-Aldrich

Cat#F3165, RRID:AB_259529

Rabbit polyclonal anti-Lamin A

Bethyl Laboratories

Cat#A303-433A-M, RRID:AB_10951693

Mouse monoclonal anti-Tubulin (Clone DM1A)

Thermo-Fisher

Cat# 62204, RRID:AB_1965960

Normal mouse 1gG

Santa Cruz Biotechnology

Cati#sc-2025, RRID:AB_737182

Donkey anti-mouse IgG Alexa Fluor 488

Thermo-Fisher

Cat#A-21202; RRID:AB_141607

Donkey Anti-rabbit IgG Alexa Fluor 568

Thermo-Fisher

Cat#A-10042, RRID:AB_2534017

Chemicals, Peptides, and Recombinant Proteins

Dimethyl 2-oxoglutarate

Sigma-Aldrich

Cat#349631, CAS: 13192-04-6

Octyl-D-2-HG

Toronto Research Chemicals

Cat#H942595, CAS:1391068-16-8

Octyl-L-2-HG

Toronto Research Chemicals

Cat#H942596, CAS: 1391067-96-1

Dimethyloxalylglycine (DMOG)

Frontier Scientific

Cat#D1070, CAS: 89464-63-1

CB-839 Cayman Chemical Cat#2203
Dimethyl sulfoxide Sigma-Aldrich Cat#D8418, CAS: 67-68-5
Tetracycline Sigma-Aldrich Cat#T-7660, CAS: 64-75-5

Glycine Thermo-Fisher Scientific Cat#BP381-5, CAS: 56-40-6
Formaldehyde Thermo-Fisher Scientific Cat#28908, CAS: 50-00-0
Dynabeads protein G Invitrogen Cat#10003D

OneMinute Western Blot Stripping Buffer GM Biosciences Cat#GM6001

4,6-diamidino-2-phenylindole - DAPI

Sigma-Aldrich

Cat#D9542, CAS: 28718-90-3
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Trizol

Life technologies

Cat#15596018, CAS: 108-95-2 (Phenol),
CAS: 593-84-0 (Guanidine isothiocyanate),
CAS: 1762-95-4 (Ammonium thiocyanate).

Critical Commercial Assays

5mC-Hydroxylase TET Activity Assay Kit Epigentek Cat#P-3086
m6A Demethylase Activity Kit Epigentek Cat#P-9013
Methylated DNA (5mC) Quantification Kit Epigentek Cat#P-1034
Hydroxymethylated DNA (5hmC) Quantification Kit Epigentek Cat#P-1036
EpiQuik™ m6A RNA Methylation Quantification Kit Epigentek Cat#P-9005
EpiQuik Nuclear Extraction Kit | Epigentek Cat#OP-0002
Gentra Puregene DNA purification kit Qiagen Cat#158667
Luciferase Assay Systems Promega Cat#E1500
B-Galactosidase Enzyme Assay System Promega Cat#E2000

Lipofectamine 2000

Thermo-Fisher

Cat#11668-019

Mouse B Cell Isolation Stemcell Technologies Inc Cat#19854
High Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat#4368814
Amicon Ultra Centrifugal Filters-10K Millipore Cat#UFC501096
Experimental Models: Cell Lines

SU-DHLS8 ATCC CRL-2961
SU-DHL10 ATCC CRL-2963
OClI-Ly1 DSMzZ ACC-722
OCl-Ly3 DSMZ ACC-761
OClI-Ly8 Cellosaurus CVCL_8803
OCl-Ly10 Cellosaurus CVCL_8795
Pfeiffer ATCC CRL-2632
U2932 DSMZ ACC-633
HS-Sultan ATCC CRL-1484
P493-6 Cellosaurus CVCL_6783
HEK-293 ATCC CRL-1573
HEK-293FT Invitrogen R70007

Experimental Models: Organisms/Strains

C57BL/6 mice

Charles River

Strain code: 027

B6.Cg-Tg(IghMyc)22Bri/J

The Jackson laboratory

Stock number: 002728

Oligonucleotides

Primers for PCR, see Table S2 This paper N/A
ShRNA and guide RNA, see Table S2 This paper N/A
Recombinant DNA

pGL3-basic vector Promega Cat# 1751
pCDNA3-FLAG-MYC gift from Dr. Yuzuru Shiio N/A

pLCRISPR.EFS.GFP

Heckl et al., 2014

Addgene plasmid #57818
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

lentiCRISPR v2

Sanjana et al., 2014

Addgene plasmid #52961

FH-TET3-pEF

Koetal., 2013

Addgene plasmid #49446

Tet-pLKO-puro

Wiederschain et al., 2009

Addgene plasmid #21915

PAX2 unpublished Addgene plasmid #12260
pMD2.G unpublished Addgene plasmid #12259
pCMVB-gal Clontech Cat# PT2004-5
p3XFLAG-CMV Sigma-Aldrich Cat# E7658

Software and Algorithms

Prism Software

GraphPad Software Inc

version 5.02 and 8.2.0

UCSC genome browser

Public website

https://genome.ucsc.edu

The Cancer Genome Atlas (TCGA) program

Broad firehose - version
2016 _01 28

https://gdac.broadinstitute.org/

GISTIC2.0 algorithm

Mermel et al. 2011 (PMID
21527027)

ftp://ftp.broadinstitute.org/pub/GISTIC2.0/
all_versions

Matlnspector

Genomatix

https://www.genomatix.de/downloads.html

Others

35mm glass bottom microwell dishes

MatTek Corporation

P35GCOL-1.5-14-C

Nylon membrane - Hybond-N

GE Healthcare

Cat # RPN82N

HPLC Zorbax Eclipse Plus C18 RRHD

Agilent

Cat# 959996-902

Pan-Cancer Atlas

Hutter and Zenklusen, 2018
(PMID 29625045)

https://gdc.cancer.gov/node/905/

TCGA DLBCL dataset

Schmitz et al. 2018 (PMID
29641966)

http://gdac.broadinstitute.org/

Enhancer coordinates

Chapuy et al. 2013 (PMID
24332044)

Table S7; https://www.sciencedirect.com/
science/article/pii/S1535610813004911?via
%3Dihub
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