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Identification of an Epi-metabolic dependency on EHMT2/G9a
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Genomic studies have identified recurrent somatic alterations in genes involved in DNA methylation and post-translational
histone modifications in acute lymphoblastic leukemia (ALL), suggesting new opportunities for therapeutic interventions. In
this study, we identified G9a/EHMT2 as a potential target in T-ALL through the intersection of epigenome-centered shRNA and
chemical screens. We subsequently validated G9a with low-throughput CRISPR-Cas9-based studies targeting the catalytic G9a
SET-domain and the testing of G9a chemical inhibitors in vitro, 3D, and in vivo T-ALL models. Mechanistically we determined
that G9a repression promotes lysosomal biogenesis and autophagic degradation associated with the suppression of sestrin2
(SESN2) and inhibition of glycogen synthase kinase-3 (GSK-3), suggesting that in T-ALL glycolytic dependent pathways are at
least in part under epigenetic control. Thus, targeting G9a represents a strategy to exhaust the metabolic requirement of
T-ALL cells.
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INTRODUCTION
The identification of genes involved in DNA methylation and
post-translational histone modifications in hematologic malig-
nancies offers an opportunity for novel therapeutic intervention,
geared towards reversing or modulating epigenetic events
underpinning the leukemic state. Recently, several molecules
have entered early clinical phase testing in hematologic
neoplasms. Tazemetostat, the histone methyltransferase (HMT)
inhibitor of enhancer of zeste homologue 2 (EZH2) [1], is
currently in a single agent open-label, phase 1/2 trial in patients
with B-cell lymphomas and in combination with prednisolone in
diffuse large B-cell lymphoma (DLBCL) (NCT01897571). Pinome-
tostat (EPZ-5676), an inhibitor of the disruptor of telomeric
silencing-1 gene (DOT1L), has been assessed in phase 1 dose-
escalation studies in pediatric and adult patients with relapsed
and refractory AML and ALL [2, 3]. Similarly, pharmacologic
inhibition of menin-lysine methyltransferase 2A (KMT2A) binding
proved to be an effective antileukemic strategy in preclinical
models of KMT2A related leukemias [4] and supported clinical
trials evaluating menin inhibitors as targeted therapies in acute
leukemia [5].

The G9a/GLP complex represents an additional, druggable
methyltransferase target. In fact, several groups have developed
inhibitors targeting G9a and GLP with high specificity [6–9]. G9a
and GLP are conserved protein lysine methyltransferases that
contain a Su(Var), enhancer of zeste, trithorax (SET) domain. G9a
localizes in euchromatin regions and regulates gene expression and
chromosome structure through de novo mono- and di- methylation
of histone H3 lysine 9 (H3K9me1/2). Di- and trimethylation of lysine
9 of histone H3 (H3K9) in gene promoters have been associated
with transcriptional repression in several disease models [10, 11].
EHMT2, which encodes for the G9a protein, has emerged as a
potential tumor biomarker of aggressive cancers [11, 12].
In this manuscript, the intersection of multiple “omics”

approaches identified G9a as a therapeutic target in T-cell acute
lymphoblastic leukemia (T-ALL), an aggressive neoplastic disorder
of lymphoblasts committed to the T-cell lineage in need of new
treatment modalities, particularly in relapsed/refractory cases [13].
We determined that G9a suppression inhibits the metabolic sensor
sestrin2 (SESN2), promotes lysosomal biogenesis, autophagic
degradation and, ultimately leading to the inactivation of Glycogen
Synthase Kinase-3 (GSK-3) with impaired glycogen metabolism.
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RESULTS
G9a is a potential therapeutic target in T-ALL
To identify candidate therapeutic targets in T-ALL, we evaluated
inhibitors of epigenetic modifiers, including modulators of the
histone acetyltransferase (HAT) p300 (CTPB and C646) and
inhibitors of protein methyltransferases (PMTs), small molecules

targeting EZH2 (GSK126), DOT1L (SGC0946), and G9a (EHMT2)/
G9a-like-(GLP) (EHMT1) (UNC0638 and BIX01294). G9a/GLP
inhibitors significantly impaired cell viability compared to the
other molecules screened, as measured by the reduction of
cellular ATP content, and quantified by a lower area under the
curve (AUC) (Fig. 1A and Supplementary Fig. 1A–C). We next
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determined whether the effect of G9a inhibition, including with
UNC0642, a second-generation derivative of UNC0638 optimized
for high selectivity and in vivo potency against G9a and GLP [6],
is more profound in the lymphoblastic lineage compared to
other leukemias (e.g., myeloid) or cancer types. Indeed, analysis
of the Genomics of Drug Sensitivity in Cancer database [14] or
drug testing in clinical leukemia samples or cell lines revealed a
preferential activity of G9a inhibitors in T-ALL compared to other
tumor types (Fig. 1B, C and Supplementary Fig. 1D, E) (IC50,
BIX01294 mean= 2.52 ± 1.81 μM, 0.63 < x < 6.88; UNC0638
mean= 2.53 ± 1.16 μM, 1.18 < x < 5.03; UNC0642 mean= 3.49 ±
1.54 μM, 1.36 < x < 6.04).
To compare expression patterns of EHMT2 in T-ALL to other

cancers and normal cellular states, we analyzed several
transcriptional databases, including the Differentiation Map
(DMAP) [15], Cancer Cell Line Encyclopedia (CCLE) [16], and
primary T-ALL datasets [17, 18]. DMAP analysis showed a
comparatively higher expression of EHMT2 during CD4+/CD8+

T-cell lineage hematopoietic commitment (Supplementary Fig.
1F) and supports the hypothesis of a preferential cancer
dependency based on hematopoietic lineage commitment.
T-ALL displayed higher EHMT2/G9a expression compared to
other tumor types [16] (Fig. 1D), normal human thymocytes
(Fig. 1E, Supplementary Fig. 1G), or lymphocytes (Fig. 1F)
independent from the activation of known transcription
factor or recurrent mutations (Supplementary Fig. 1H). G9a is
expressed in T-ALL cell lines, including the two spliced isoforms,
long (G9a-l) and short (G9a-s) [10] (Fig. 1G). Consistent with the
differential distribution of G9a in normal and lymphoblast cells,
T-ALL were significantly more sensitive compared to lympho-
cytes (Fig. 1H, I) or to CD25+ thymocytes isolated from CD1
mice (Fig. 1J).

G9a blockade alters T-ALL proliferation, in vitro, 3D, and
preclinical T-ALL models
To validate G9a as a therapeutic target in T-ALL, we intersected
our results with a previously published short hairpin RNA
(shRNA) screen targeting nearly 350 chromatin regulator genes
in DND41 T-ALL cell line [19]. EHMT2 scored among the top 10
hits that impaired the viability of T-ALL cells (Fig. 2A), indicating
that T-ALL relies on EHMT2 expression. Because shRNA-based
screens are limited by the occurrence of off-target effects, we
took a CRISPR approach for target validation in two validated
Cas9 expressing models (PF382 and SUPT1). sgRNAs targeting
the enzymatic SET domain of G9a diminished G9a expression
(Fig. 2B) and resulted in decreased cell viability as measured by
trypan blue exclusion (Fig. 2C) and an ATP-based assay
(Supplementary Fig. 2A) compared to a non-active sgRNA guide
(#5) (Supplementary Fig. 2B). Loss of G9a induced apoptotic cell
death measured by Annexin V/propidium iodide (PI) staining
(Supplementary Fig. 2C).
Next, we created a 3D leukemia model (Supplementary Fig. 2D)

in a bioreactor device, (VITVO) [20] to recapitulate the complexity
of the bone marrow microenvironment, which can impair
response to small-molecule therapies. Cells were treated for 72 h
with UNC0642, at 5 and 10 μM. UNC0642 treatment caused a
dose-dependent decrease in T-ALL viability measured by an ATP-
based assay and GFP imaging quantification (Fig. 2D, E,
Supplementary Fig. 2E–G). We also seeded mesenchymal stromal
cells (HS-5) in the inner layer of the 3D VITVO chamber and 24 h
later we loaded PF382-GFP positive cells. HS-5 cells easily attached
and colonized the scaffold matrix promoting the formation of
visible three-dimensional architecture with PF382 cells after 24 h
of co-culture (Fig. 2F). UNC0642 treatment caused a viability
defect even in the context of a leukemia-stroma interaction

Fig. 1 T-ALL cells are dependent on EHMT2. A Effect of epigenetic modulators BIX01294, C646, CTPB, GSK126, SGC0946, and UNC0638 in
T-ALL cell lines (ALL/SIL, CCRF-CEM, DND41, HPB-ALL, HSB2, and PEER). BIX01294 is a diazepin-quinazolin-amine derivative that selectively
inhibits the H3K9 di-methylation activity of G9a, and to a lesser extent GLP, without competing for the S-adenosyl-methionine (SAM) cofactor;
C646 is a selective small-molecule inhibitor of histone acetyltransferase p300; CTPB is an amide derivative that selectively activates the histone
acetyltransferase (HAT) p300; GSK126 is a EZH2 methyltransferase inhibitor; SGC0946 is a highly potent and selective DOT1L methyltransferase
inhibitor; UNC0638 is a substrate-competitive small-molecule inhibitor with equal potency for G9a and GLP in cell-based assays. The scatter
dot plot represents the effect of small molecules on cellular viability calculated using the area under the curve (AUC) model of log
transformed dose-response data using GraphPad V7. A lower AUC corresponds to a greater sensitivity. Statistical significance among groups
for treated vs. vehicle (DMSO) (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001) was determined by one-way ANOVA using Bonferroni’s
correction for multiple comparison testing. B Graph showing response to the G9a inhibitor, UNC0638, in over 900 cancer cell lines screened as
part of the Genomics of Drug Sensitivity in Cancer Project (GDS). T-ALL cell lines are indicated in red, non-T-ALL cell lines in grey. Statistical
significance among groups (****P ≤ 0.0001) was determined by a non-parametric t-test (Mann–Whitney). C Effect of epigenetic modulators
BIX01294, UNC0638, UNC0642 in T-ALL (n= 10), AML (n= 5) cell lines and primary patients T-ALL cells (n= 4) and primary patients AML cells
(n= 4) samples. The scatter dot plot represents the effect of small molecules on cellular viability calculated using the area under the curve
(AUC) model of log transformed dose-response (BIX01294= 0 < [X] < 8 μM; UNC038= 0 < [X] < 10 μM; UNC042= 0 < [X] < 10 μM) data using
GraphPad V7. A lower AUC corresponds to a greater sensitivity. Statistical significance among groups (**P ≤ 0.01) was determined by a non-
parametric t-test (Mann–Whitney). D EHMT2 expression levels in 36 cancer types (1036 cancer cell lines). Data were obtained from the Cancer
Cell Line Encyclopedia [16]. A red bar represents the T-ALL cell lines. E G9a and H3K9me2 expression in human thymus and T-ALL
lymphoblasts. Formalin-fixed, paraffin embedded tissue sections were stained with anti-G9a and anti-H3K9me2. Scale bars, 20 μm. Hassall’s
corpuscles are indicated by arrowheads. F EHMT2 expression levels in T cells lymphocytes (n= 5) or in T-ALL lymphoblasts (n= 33). The line in
the box-and-whisker diagram represents the Log2 EHMT2 median expression calculated according to the ΔΔCT method. The upper edge
(hinge) of the box indicates the 75th percentile of the data, and the lower hinge the 25th percentile. The end of the vertical line represents the
minimum and the maximum data values. Statistical significance among groups (*P ≤ 0.05) was determined by a non-parametric t-test
(Mann–Whitney). G Western blot showing expression of G9a (l long isoform, s short isoform), GLP, and ICN1 in a panel of T-ALL cell lines. Actin
was used as a loading control. H Effect of G9a inhibitors BIX01294, UNC0638, and UNC0642 in primary T-ALL blasts (n= 3) or isolated T cells
(n= 6). Cells were grown at increasing concentrations of G9a/GLP inhibitors (BIX01294, UNC0638, and UNC0642) and viability evaluated at day
3 by an ATP-based assay and plotted as the percentage of viable cells relative to a DMSO control. Shown is the mean ± standard deviation (SD)
of a minimum of two replicates. I Effect of the G9a inhibitors BIX01294, UNC0638, and UNC0642 in primary T-ALL cells (n= 3) or isolated T cells
(n= 6). The scatter dot plot represents the effect of small molecules on cellular viability calculated using the AUC model of log transformed
dose-responses data using GraphPad V7. The line in the box-and-whisker diagram represents the AUC median. The upper edge (hinge) of the
box indicates the 75th percentile of the data, and the lower hinge the 25th percentile. The ends of the vertical line indicate the minimum and
the maximum data values. Statistical significance (*P ≤ 0.05) was determined by a non-parametric t-test (Mann–Whitney). J Effect of G9a
inhibitors BIX01294, UNC0638, and UNC0642 in CD25+ thymic cells isolated from CD1 mice or PDLX-0122 T-ALL cells. Cells were grown at
increasing concentrations of G9a/GLP inhibitors (BIX01294, UNC0638, and UNC0642) and viability evaluated at day 3 by an ATP-based assay
and plotted as the percentage of viable cells. Shown is the mean ± standard deviation (SD) of a minimum of three replicates.
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(Fig. 2F, G), consistent with the observation that G9a inhibitors
force T-ALL to undergo apoptosis (Supplementary Fig. 2H).
Next, we established an orthotopic xenograft from a T-ALL cell

line. After disease establishment, mice were treated for 12 days at
a dose of 5 mg/kg every other day with UNC0642 versus a vehicle
control by intraperitoneal injection. UNC0642 treatment resulted
in a reduction of the percentage of hCD45 positive MOLT16 cells

in the bone marrow of xenotransplanted mice compared to the
vehicle-administered control group and, consistently, a reduction
of leukemic infiltration in the spleen (Fig. 2H, I). These studies
prompted further in vivo experiments where we demonstrated
that UNC0642 reduces leukemic burden both in a slowly growing
(Fig. 2J) or fast growing (Fig. 2K) T-ALL patient-derived leukemia
xenograft (PDLX) models.
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These data credential EHMT2 as a candidate therapeutic target
in T-ALL and demonstrate that UNC0642 reduces T-ALL growth in
xenograft models supporting further preclinical optimization of
G9a inhibitors and evaluation in additional T-ALL models.

G9a inhibition modulates H3K9me1-2 in T-ALL
G9a primarily exerts its transcriptional silencing by targeting the
mono and dimethylation of lysine 9 at histone-3 (H3K9), while
methylation on H3 residues different from lysine 9 (e.g., H3K27)
has been rarely described [7].
To ensure that these drugs efficiently inhibit the histone

methyltransferase activity of G9a in T-ALL, we first quantified the
H3K9 methyl marks (me1-3) upon acid histone extraction and
found homogenous levels of methylated residues in both NOTCH1
mutated and wild-type T-ALL cell lines (Fig. 3A). Next, we
performed a bead-based histone post-translational modification
assay to simultaneously measure multiple histone modification
targets (Fig. 3B). In both PF382 and SUPT1 cell lines we observed a
decrease in H3K9me2 with each of the G9a inhibitors (Fig. 3C).
Consistent with previous reports, UNC0642 was the most robust
G9a inhibitor [9]. We then analyzed acid-extracted nuclear histone
fractionated proteins and whole-cell lysates derived from six T-ALL
cell lines treated with increasing concentrations of G9a inhibitors,
DMSO or the Notch Inhibitor Compound E as a negative control
by western blot, confirming a decrement of H3K9me2 (Fig. 3D,
Supplementary Fig. 3A–F). Furthermore, UNC0642 treatment
in vivo modulated the H3K9me2 mark in the bone marrow and
spleen of xenotransplanted mice compared to the vehicle-
administered control group (Fig. 3E). Consistently, sgRNA guided
genetic loss of EHMT2 caused a decrement of H3K9me2 levels
(Fig. 3F–I). These data support the on-target activity of both the
small molecules and genetic perturbation of EHMT2 as assessed
by altered levels of H3K9me2.

G9a loss suppresses Sestrin2 in T-ALL
To identify pathways associated with suppression of G9a, we
investigated the transcriptional consequence of G9a loss in RNA

isolated from PF382 cells, expressing either non-targeting control
sgRNA (sgNT), sgRNA #2 or treated with either vehicle or
UNC0642. We performed a regression analysis on the significant
differentially expressed genes, which showed high correlation
between the EHMT2 knock down and UNC0642 treatment (R2=
0.78, Supplementary Fig. 4A). We established a G9a signature of
mRNA transcripts repressed in sgRNA #2 or UNC0642 treatment
and ranked the top 50 by the signal to noise ratio (snr) (Fig. 4A).
G9a modulation significantly (P < 0.05; Log2 fold-change ≤−0.5 or
≥ 0.5) altered expression of 3% of transcribed genes (1448); with
nearly 55.5% downregulated and 44.5% upregulated, supporting
the notion that, depending on tumor types [21, 22], G9a mediated
H3K9 methylation can both promote and suppress gene
transcription. Next, we compared our G9a signature with
previously reported G9a/upregulated/downregulated gene sets
(GSE113493, GSE118992, GSE51512, GSE34925, GSE70914,
GSE41226) using gene set enrichment analysis (GSEA) [23]. G9a
transcriptional changes were significantly enriched in G9a-
modulated gene sets (P < 0.01, false discovery rate < 0.05)
(Supplementary Fig. 4B), suggesting a set of genes similarly
regulated by G9a across different cancer types. To identify genes
that contributed most strongly to the EHMT2 gene sets, we
applied leading edge analysis [23] to the G9a signatures
(Supplementary Fig. 4C) and transcription factor (TF) enrichment
analysis (TFEA), a method (Fig. 4B) that prioritizes transcription
factors based on the overlap between a given list of differentially
expressed genes, and previously annotated TF targets assembled
from ChIP-Seq experiments, RNA studies performed in different
tissues and conditions [24]. Both algorithms identified sestrin2
(SESN2) as a potential target of EHMT2. Interestingly, SESN2 was
identified in gene ontology (GO) pathways linked to cellular stress,
such as the “PERK-mediated unfolded protein response”
(GO:0036499; 6 counts; adj. P= 8.868987e-05), “response to
endoplasmic reticulum stress” (GO:0034976; 16 counts; adj. P=
8.868987e-05), “intrinsic apoptotic signaling pathway in response
to endoplasmic reticulum stress” (GO:0070059; eight counts; adj.
P= 2.588436e-04), “cellular response to starvation” (GO:0009267;

Fig. 2 G9a enzymatic abrogation impairs T-ALL proliferation in vitro, 3D and in vivo preclinical T-ALL models. A shRNA screen identified
that EHMT2 is required for T-ALL cell survival. Top hits are ranked with a negative Normalized Enrichment Score (NES). shRNA screen was
performed in DND41 T-ALL cell line [19]. B Schematic representation of the G9a protein with the indicated functional domains (top). On the
bottom, western blot showing expression of G9a in PF382 and SUPT1 cells 2 days post sgRNA selection. Protein lysates were stained with an
anti-G9a antibody. GAPDH was used as loading control. NT= non-targeting. C Effect of G9a loss in PF382 and SUPT1 cells at four or six days
post sgRNA selection. Histograms show cell count using the trypan blue exclusion assay. Error bar denotes the mean ± SD of a minimum of
three biological replicates. Statistical significance among groups (****P ≤ 0.0001) was determined by a non-parametric t-test (Mann–Whitney).
NT= non-targeting, #2= sgRNA #2 directed against EHMT2. D Live Dead assay of GFP+ PF382 in 3D cell culture treated with DMSO or
UNC0642 at the indicated concentrations. Representative immunofluorescence images of control or UNC0642 treated PF382 cells upon Live/
Dead® staining at 72 h. Scale bars: 1000 μm. E Cell viability assay of GFP+ PF382 cell in 3D culture treated with DMSO or UNC0642 at the
indicated concentrations. Cell death is indicated in the histogram as a fluorescence ratio between GFP+ (viable cells) and RFP+ (dead cells)
signals of the acquired fields. Error bars denote the mean ± standard deviation (SD) of one representative experiment. Statistical significance
among groups for treated vs. vehicle (DMSO) (****P ≤ 0.0001) was determined by one-way ANOVA using Bonferroni’s correction for multiple
comparison testing. F Preclinical validation of UNC0642 in PF382 co-cultured with HS-5 human stromal cells in 3D scaffolds. Representative
immunofluorescence images of control or UNC0642 treated PF382 (green) cultured in 3D scaffolds with stromal HS-5 cells (blue) at Day 3.
Scale bars: 1000 μm. G Preclinical validation of UNC0642 in PF382 co-cultured with HS-5 human stromal cells in 3D scaffolds. The histogram
shows the effect of UNC0642 treatment on PF382 cell viability as represented by a GFP fold increase relative to day 1. Error bars denote the
mean ± standard deviation (SD) of one representative experiment. Statistical significance among groups for treated vs. vehicle (DMSO) (*P ≤
0.05) was determined by one-way ANOVA using Bonferroni’s correction for multiple comparison testing. H Antileukemic activity of UNC0642 in
hCD45+ bone marrow infiltrating cells (top panels) and spleen (bottom panel) in a MOLT16 xenografted murine model after 12 days of
UNC0642 treatment (5 mg/kg/IP every 48 h) or vehicle (corn oil). Formalin-fixed, paraffin embedded tissue sections were stained with anti
hCD45 antibody. Scale bars, 100 or 20 μm. I The number of hCD45+ cells per field was represented as percentage relative to vehicle control.
Error bars denote the mean ± SD of eight fields from three representative mice treated with UNC0642 or the mean ± SD of three fields from
three representative vehicle treated mice. Statistical significance for treated vs. vehicle (*P ≤ 0.05, **P ≤ 0.01) was determined by non-
parametric t-test (Mann–Whitney). J Antileukemic activity of UNC0642 in hCD45+ T-ALL leukemia cells (bone-marrow and peripheral cells
T-ALL lymphoblasts) in a PDLX T-ALL, #0121, murine model after 26 days of UNC0642 treatment (5 mg/kg/IP every 48 h) or vehicle (corn oil).
Statistical significance for treated vs. vehicle (*P ≤ 0.05) was determined by non-parametric t-test (Mann–Whitney). K Antileukemic activity of
UNC0642 in hCD45+ T-ALL leukemia cells (bone-marrow and peripheral cells T-ALL lymphoblasts) in a PDLX T-ALL, #0122, murine model after
9 days of UNC0642 treatment (5 mg/kg/IP every 48 h) or vehicle (corn oil). Statistical significance for treated vs. vehicle (*P ≤ 0.05) was
determined by non-parametric t-test (Mann–Whitney). On the right Kaplan–Meier survival plots showing the overall survival (OS) of PDLX
T-ALL mice treated or untreated with UNC0642 (5 mg/kg/IP every 48 h) (**P ≤ 0.01).
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10 counts; adj. P= 1.161513e-03) (Supplementary Fig. 4D). These
results suggest that G9a loss may sensitize cells to the activation
of cell death and stress/autophagic related pathways.
To validate our transcriptional data, we repressed G9a catalytic

activity (Fig. 4C and Supplementary Fig. 4E), or expression

(Fig. 4D), and demonstrated that EHMT2/G9a inactivation caused
a decrement in sestrin2 expression in multiple T-ALL cell lines.
Because sestrin2 is a stress-induced protein involved in different
cellular adaptive responses by regulating ER stress, inflammation,
and autophagy [25], we decided to explore the contribution of
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SESN2 repression to the phenotypic changes caused by G9a
suppression.

G9a modulates glycolysis rate in T-ALL
Several studies suggest that sestrin2 inhibition leads to a
significant decrease of ATP cellular levels [26, 27] and aggravates
stress induced death pathways associated with glucose starvation
and the inhibition of glycolysis [27]. First, we genetically
suppressed SESN2 (Supplementary Fig. 5A) and demonstrated,
T-ALL cells undergo apoptosis (Supplementary Fig. 5B) similarly to
T-ALL cells lacking G9a (Supplementary Fig. 2C).
Next, we investigated the consequences of G9a/sestrin2 axis

inhibition on glycolysis using the Agilent Seahorse XFp assay. In
this assay, the glycolytic rate is evaluated by measuring, in real
time, the Extracellular Acidification Rate (ECAR). ECAR correlates
with the conversion of glucose to lactate, which results in the net
production of protons that exit the cells. Because mitochondrial
respiration contributes to the acidification of the cell medium by
producing CO2 (which is partially hydrated in the extracellular
medium), the Proton Efflux Rate (PER, a measurement of the
extracellular acidification rate) was obtained both under basal
condition and following inhibition of the mitochondrial function
by rotenone and antimycin A (Rot/AA). The contribution of
mitochondria/CO2 to extracellular acidification was subtracted
from PER to obtain the glycoPER which is the rate of protons
extruded in the extracellular medium during glycolysis (Supple-
mentary Fig. 5C).
Basal and compensatory glycolysis rates (i.e., glycolysis rate

measured following mitochondrial inhibition) were higher in
vehicle versus UNC0642, UNC0638, and BIX01294 treated cells
(Fig. 5A, Supplementary Fig. 5D), SESN2 (Fig. 5B) and EHMT2
knockdown cells (Fig. 5C, Supplementary Fig. 5E) suggesting that
G9a inhibition decreases the glycolytic flux in T-ALL.
We observed a trend toward a lower glycoPER in UNC0642

treated (Fig. 5D), SESN2 (Fig. 5E), and EHMT2 (Supplementary
Fig. 5F and 5H) deprived T-ALL cells versus DMSO or non-
targeting control, confirming a decrease in overall glycolysis
following G9a inhibition. Consistent with this, vehicle controls
had higher oxygen consumption rate (OCR) compared to
UNC0642 treated (Fig. 5F), SESN2 (Fig. 5G) and EHMT2
(Supplementary Fig. 5G and 5I) knockdown T-ALL cells
indicating that G9a inhibition may also negatively affect the
rate of mitochondrial respiration and therefore the capability of
the cells to compensate for the inhibition of glycolysis with an
increase of the oxidative phosphorylation. Collectively these
data suggest a role of G9a in the control of cellular energy
metabolism at least in part mediated by sestrin2 as demon-
strated in the gene signature analysis and western blot assays
following G9a suppression.

A consequence of defective glycolysis and ATP depletion is the
feedback activation of the AKT pathway energy sensors AMP-
activated protein kinase (AMPK) [28] and, ultimately, the inactiva-
tion of the glycogen synthase kinase-3 (GSK-3A/B) [29]. GSK-3
regulates the activity of Glycogen Synthase (GS), an enzyme that
mediates the conversion of glucose to glycogen. GSK-3 consists of
two serine-threonine kinase α and β paralogues and is involved in
several cellular processes [30–32]. GSK-3 is constitutively active in
resting cells; phosphorylation at GSK-3β/α Y216/279 is activating
and phosphorylation at GSK-3β/α S9/21 is inhibitory. Lysates from
G9a knockdown cells showed an increase in phosphorylation in
GSK-3β/α S9/21 (Fig. 5H) inhibitory sites with a preferential effect
on GSK-3α (Supplementary Fig. 6A). Similarly, lysates from G9a
inhibitor treated cells revealed similar changes in the phosphor-
ylation levels of the GSK-3β/α S9/21 sites, consistent with the
inhibition of GSK-3 kinase activity (Fig. 5I and Supplementary Fig.
6B). These events are independent from the inhibition of the
mTOR axis, yet consistent with previous reports [27], as shown by
the comparative analysis of the effects of G9a and GSK-3 inhibitors
(Fig. 5J) and the lack of modulation on p-AKT and p-AMPK
(Supplementary Fig. 6C).
Because GSK-3 inhibition has been previously shown to

increase cellular glycogen content [32], we asked whether G9a
inhibitor treated cells displayed glycogen accumulation in T-ALL.
G9a inhibition leads to an accumulation of Periodic Acid-Schiff
(PAS) positive complexes (Fig. 5K), glycogen-rich electron-dense
bodies in autophagosomes (Ap) (Supplementary Fig. 6D), and
results in the net accumulation of glycogen (Fig. 5L and
Supplementary Fig. 6E, F).
These data suggest that G9a loss is critical to the survival of

T-ALL by controlling cellular energy metabolism.

G9a suppression triggers autophagy in T-ALL
G9a modulation has been reported to induce a variety of
phenotypic changes in a cell context dependent manner [12]
and, among the most consistent, G9a inhibition promotes
autophagy-associated apoptosis [21, 33]. Because glycogen
accumulation leads to altered autophagosomes and lysosomes
fusion or degradation [34], we asked whether the metabolic
consequences of G9a suppression may alter autophagy in T-ALL.
Transmission electron microscopy (TEM) analysis showed an

accumulation of autophagic vesicles in apoptotic PF382 cells
(Fig. 6A, Supplementary Fig. 7A), with otherwise intact organelles
(Fig. 6A). Consistent with this finding May–Grunwald–Giemsa
(MGG) stained PF382 and SUPT1 cells treated with G9a inhibitors
for 48 h showed an increased accumulation of vacuoles in the
cytoplasm relative to DMSO control treatment (Fig. 6B). To
biochemically validate our ultra-structural analysis, we demon-
strated that all three G9a inhibitors cause a dose-dependent

Fig. 3 G9a inhibitors reduce H3K9me2 level in T-ALL. A Western blot showing expression of H3K9me1, H3K9me2, and H3K9me3 in a panel
of T-ALL cell lines. An acidic histone protein extraction was performed. Total histone-3 (H3) was used as a loading control. B Schematic
representation of the histone protein methyltransferase, Luminex beads assay. The beads/target panel included H3K9me1, H3K9me2,
H3K9me3, H3K27ac, H3K27me2, H3K27me3, and H3K36me3. C Luminex PMT assay. Lysates were obtained from acidic extraction upon 48 h
treatment with the indicated concentrations of G9a inhibitors. Histograms show the median fluorescence intensity of each histone mark
normalized to the intensity of total H3. Detection was repeated three times by diluting initial protein concentration with a 2.5-dilution series.
Graphs are representative of one out of three Luminex quantifications. Red bar indicates H3K9me2 quantification values. D Western blot
showing expression of H3K9me2 in PF382 and SUPT1 cells treated at the indicated concentrations of G9a inhibitors for 48 h. Protein lysates
were obtained using an acidic histone extraction protocol and stained with an antibody recognizing the H3K9me2 residue or total H3 used as
a loading control. E Modulation of H3K9me2 in xenografted murine models after 12 (PDX-MOLT16), 26 (PDLX-0121), 9 (PDLX-0122) days of
UNC0642 treatment (5 mg/kg/IP every 48 h) or vehicle (corn oil). Top panel= bone marrow, bottom panel= spleen. Scale bar: 20 μm.
Formalin-fixed, paraffin embedded tissue sections were stained with anti H3K9me2. Scale bars, 200 or 20 μm. F Effect of EHMT2 knock down on
H3K9me2 in PF382 cells 2 days post sgRNA selection. Immunofluorescence of permeabilized PF382 cells stained with anti-G9a (red) and anti-
H3K9me2 (green) (H) is shown. Cell nuclei were stained with DAPI (blue). Scale bar: 100 μm. NT= non-targeting, #2= sgRNA #2 directed
against EHMT2. G Quantitative immunofluorescence analysis of G9a/EHMT2 and H3K9me2. I Nuclear signal in PF382 cells after 2 days post
sgRNA selection. Error bars denote the mean ± standard deviation (SD) of fluorescence of single nucleus (arbitrary units); Statistical
significance among NT vs. sgRNA #2 was determined by unpaired t-test (***P ≤ 0.001).
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increase in the microtubule-associated light chain 3 (LC3) form (II)
protein levels bound to autophagosomes at 48 h post-treatment
(Fig. 6C). These effects were not seen in T-ALL treated with
chemotherapy or targeted agents (Supplementary Fig. 7B, C).
In addition to autophagosomes, identified by the presence of a

double membrane, TEM analysis revealed an increased number of
lysosomes (Supplementary Fig. 7D).
To provide further evidence of induction of autophagy by G9a

inhibitors in T-ALL cells, we performed acidotropic staining with
LysoTracker Red dye and observed a significant increase in the
number of acidic vesicles, indicative of autophagosome/lysosome
fusion in cell lines (Fig. 6D), a process reverted with the addition of
Bafilomycin A1 a known inhibitor of autophagosomes and

lysosome fusion (Supplementary Fig. 8A). Similarly, G9a inhibition
triggered autophagy in cells growing in 3D matrices (Supplemen-
tary Fig. 8B–E). Furthermore, genetic suppression of G9a levels
(Fig. 6E) caused the formation of autophagic acidotropic vesicles in
T-ALL cell lines (Fig. 6F). Because glycogen accumulation may result
in disruptive autophagosomes and lysosomes formation/degrada-
tion cycle [35] we repeated the acidotropic staining in the presence
or absence of 2-Deoxy-d-glucose (2-DG) to lock the activity of
hexokinase and inhibit the access of glucose for glycolysis and
glycogen formation. As shown in Supplementary Fig. 8F the
addition of 2-DG rescues the autophagosome formation suggesting
that the accumulation of glycogen is partially responsible for the
observed phenotype in G9a treated cells.
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The next question was to determine whether sestrin2 repression
plays a role in the autophagy observed with G9a loss. We therefore
in genetically suppressed SESN2 and demonstrated that in SESN2
deficient cells (Supplementary Fig. 5A) the lysotracker probe

accumulates in acidotropic vesicles (Fig. 6G), similarly to T-ALL cells
lacking G9a. Moreover, forced expression of cDNA-SESN2-orf in
PF382 and SUPT1 cells (Fig. 6H) partially rescued T-ALL cells from
UNC0642 mediated effect on autophagosomes formation (Fig. 6I).
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DISCUSSION
Following the recent success of inhibitors of DNA methyltrans-
ferases (DNMTs) and histone deacetylases (HDACs), some of which
are now clinically approved [36], a new wave of epigenetic
targeting molecules focused on histone methyltransferase inhibi-
tors have entered clinical investigation. DOT1L, EZH2, and LSD1
inhibitors are currently being evaluated in clinical trials with
evidence of therapeutic activity [37], underscoring their promise
as anti-cancer agents.
We credential EHMT2/G9a, a SET domain-containing histone

methyltransferase, as a potential therapeutic target in T-ALL and
focus on elucidating and linking the role of G9a inhibitors as
inducers of autophagic cell death. Epigenetic control of autophagy
by methyltransferases has been reported in the setting of
colorectal carcinoma where the methyltransferase EZH2 inhibits
several negative regulators of mTOR (mechanistic target of
rapamycin [serine/threonine]) leading to inhibition of autophagy
[38]. Using drosophila models, Artal-Martinez de Narvajas and
colleagues demonstrated that G9a binds to the promoter regions
of autophagy-associated genes LC3B, WIPI1, and DOR and
represses gene expression in a methyltransferase-dependent
manner. Importantly, they showed that when T cells undergo
glucose starvation, the G9a mono and di-methylation marks are
removed from the promoter regions of these autophagy genes,
resulting in their increased expression [39].
BIX01294, a G9a inhibitor, was identified as a chemical inducer

of autophagic cell death through a chemical screen in a single
engineered breast cancer cell line [40]. While the authors
suggested that the mechanism was through ROS-induced
autophagy, they did not provide extensive mechanistic evidence
for this phenomenon. Similarly, other studies in oral squamous cell
carcinoma [41] and neuroblastoma [42] have alluded to BIX01294-
induced autophagy. None of these studies were done in T-ALL,
however, and none explored whether this autophagic phenotype
was reproducible across other G9a inhibitors or was unique to the
BIX compound.

The SET domain-containing class of methyltransferase to
which G9a belongs has been implicated in several metabolic
diseases [43] and cellular states [44]. Although a direct role for
G9a in glycogen metabolism in T-ALL has not been reported
before, the notion that histone methyltransferases may be
involved in metabolic regulation via transcriptional modulation
has been postulated [22, 45]. Histone methylation and
demethylation reactions depend on metabolic coenzymes like
S-adenosylmethionine (SAM), flavin adenine dinucleotide (FAD)
α-ketoglutarate (αKG) that are strictly connected with glycolysis
and the tricarboxylic acid (TCA) cycle [46]. These metabolites fuel
the one-carbon metabolic pathways that, in turn, use specific
amino acids, i.e., threonine, serine, glycine, and methionine as
one carbon donor-unit for macromolecules synthesis and
ultimately cells proliferation. Recent findings suggest, for
example, that EHMT2 depletes serine and its downstream
metabolites by repressing the transcription of genes involved
in their biosynthesis such as phosphoglycerate dehydrogenase
(PHGDH), phosphoserine aminotransferase 1 (PSAT1), phospho-
serine phosphatase (PSPH), and serine hydroxymethyltransferase
2 (SHMT2) leading to a growth arrest in cancer cell lines of
different tissue origins [22]. Our transcriptional analysis also
suggests a similar modulation of one-carbon metabolism path-
ways and the suppression of key enzymatic regulators of the
serine-glycine metabolism including PHGDH, PSPH, SHMT2
and methylenetetrahydrofolate dehydrogenase/cyclohydrolase
(MTHFD2). Interestingly, suppression of the serine hydroxy-
methyltransferase 1 and 2 (SHMT1-2) inhibits the progression of
T-ALL in preclinical in vivo models [47], suggesting the need of
improvement of different strategies -selective inhibition or
epigenetic based- converging on one-carbon metabolism for
the treatment of T-ALL.
Our study suggests that EHMT2 is highly expressed in T-ALL and

that they do not tolerate the loss of G9a activity. In response to the
reduction of the glycolysis rate, T-ALL induce autophagy for
survival to avoid cell death due the metabolic exhaustion [48].

Fig. 5 G9a/EHMT2 modulates Glycogen Synthase Kinase-3 (GSK-3) in T-ALL. A Glycolytic phenotype in PF382 cells. Histograms represent
mean ± SD of three replicates of PF382 T-ALL cells treated with DMSO, BIX01294 (2 μM), or UNC0638 (5 μM) or UNC0642 (10 μM) on the x-axis.
The y-axis represents the glycolytic proton efflux rate (PER) at the basal and compensatory level. Statistical significance among groups (*P <
0.05, **P < 0.01) was determined by a non-parametric t-test (Mann–Whitney). B Glycolytic phenotype in SESN2 knock down PF382 cells.
Histograms represent mean ± SD of three replicates of SESN2 deprived T-ALL cells. The y-axis represents the glycolytic proton efflux rate (PER)
at the basal and compensatory level. Statistical significance among groups (*P < 0.05, ***P < 0.001) was determined by a non-parametric t-test
(Mann–Whitney). C Glycolytic phenotype in EHMT2 knock down PF382 cells. Histograms represent mean ± SD of three replicates of EHMT2
deprived T-ALL cells. The y-axis represents the glycolytic proton efflux rate (PER) at the basal and compensatory level. Statistical significance
among groups (*P < 0.05, **P < 0.01) was determined by a non-parametric t-test (Mann–Whitney). D Time resolved glycolytic proton efflux rate
(glycoPER). Traces represent the mean ± SD of three replicates of PF382 cells treated with DMSO or UNC0642 analyzed over 70-min time
course experiments. Statistical significance among groups for treated vs. vehicle (DMSO) (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001) was
determined by two-way ANOVA using Bonferroni’s correction for multiple comparison testing. E Time resolved glycolytic proton efflux rate
(glycoPER). Traces represent the mean ± SD of three replicates of SESN2 knock down PF382 analyzed over 70-min time course experiments.
Statistical significance among groups for treated vs. vehicle (DMSO) (*P < 0.05) was determined by two-way ANOVA using Bonferroni’s
correction for multiple comparison testing. F Oxygen Consumption Rate (OCR). Traces represent the mean ± SD of three replicates of PF382
T-ALL cells treated with DMSO or UNC0642 analyzed over a 70-min time course experiment. Statistical significance among groups for treated
vs. vehicle (DMSO) (****P < 0.0001) was determined by two-way ANOVA using Bonferroni’s correction for multiple comparison testing.
G Oxygen Consumption Rate (OCR). Traces represent the mean ± SD of three replicates of PF382 SESN2 knockdown cells analyzed over a
70-min time course experiment. Statistical significance among groups for treated vs. vehicle (DMSO) (****P < 0.0001) was determined by two-
way ANOVA using Bonferroni’s correction for multiple comparison testing. H Modulation of GSK-3 in PF382 and SUPT1 cells after 2 days post
sgRNA selection. Western blot showing expression phosphorylated serine-9 in GSK-3β or serine-21 in GSK-3α in T-ALL. Protein lysates were
stained with G9a/EHMT2, P-GSK-3α (Ser21), P-GSK-3β (Ser9), GSK-3 total. NT non targeting, #2= sgRNA #2 directed against EHMT2. See Fig. 6E
for EHMT2 knock down level. I Modulation of GSK-3 by the G9a inhibitor UNC0642. Western blot showing phosphorylation of serine-9 in GSK-
3β or serine-21 in GSK-3α in T-ALL. Cell lysates were obtained after 48 h of drug treatment as indicated. Protein lysates were stained with P-
GSK-3α (Ser21), P-GSK-3β (Ser9), and GSK-3 Total. HSP90 was used as loading control. J Western blot showing level of p-mTOR (Ser-2448),
sestrin2, and p-p70s6K in PF382 cells after UNC0642 treatment or 24 h of GSK-3 inhibitor (SB216763 and CHIR-99021) treatment at the
indicated concentration. Actin was used as a loading control. K Micrographs documenting Periodic Acid Shift (PAS) staining in PF382 and
SUPT1 cell lines treated with vehicle (DMSO) or the indicated doses of BIX01294, UNC0638, and UNC0642 for 48 h. Fine dispersed granular or
blocks of PAS+ (magenta) cytoplasmic and perinuclear material correspond to glycogen. Scale bars: 13 µm. L Effect of G9a inhibitors
BIX01294, UNC0638, and UNC0642 on cellular glycogen content. Histograms show the glycogen fold change increase relative to a DMSO
control after G9a inhibitors treatment for 48 h. Error bars denote the mean ± standard deviation (SD) of two biological replicates. Statistical
significance among groups (*P ≤ 0.05, **P ≤ 0.01) was determined by a non-parametric t-test (Mann–Whitney).
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Consistent with a EHMT2/G9a knockout Drosophila model where fly
stocks accumulate glycogen [49, 50], we have observed an increase
in glycogen-filled autophagosomes consistent with GSK-3 inhibition
and derailed autophagy leading to cell apoptosis. SESN2 contributes
to these events by sustaining the inhibition of both ATP generating

pathways: glycolysis and oxidative phosphorylation. Similarly, Ding
and colleagues demonstrated that sestrin2 inactivation sensitizes
cells to cell death associated with a rapid decline in the ATP level
bypassing the canonical caspase-dependent, ROS and mTORC1-
mediated apoptosis in lung adenocarcinoma models [27].
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GSK-3 recently emerged as a potential therapeutic target in
T-ALL [31, 51]. Tosello et al. demonstrated that 6-bromoindirubin-
3'-oxime (BIO) inhibits GSK-3 and promotes apoptosis. They
proposed that GSK-3 acts as an oncogene in T-ALL by promoting
the stabilization of proteins such as MCL1 and c-MYB and XIAP.
Furthermore, Hinze and colleagues showed that GSK3α inhibition
profoundly sensitized drug-resistant leukemias to asparaginase by
phenocopying a Wnt pathway activation signal [51]. Thus, a
potential new strategy to exploit our observations will be testing
the synergistic effect or identify effective combination strategies
of G9a and GSK-3 inhibitors in T-ALL.
Poor pharmacokinetic/pharmacodynamic properties of available

G9a drugs have limited their clinical development as potential
HMT targets in cancer. However, promising lead compounds are
emerging such as EZM8266 developed by Epizyme for sickle cell
disease and DMX8.1 developed by the collaborative effort of the
QIMR Berghofer Medical Research Institute and Domainex for solid
tumors.
In conclusion, drawing on insights from genetic and chemical

screens, these results suggest that G9a is an actionable dependency
in T-ALL and provide further support for the anti-proliferative effects
of suppressing G9a HMTase activity in T-ALL. Using a combination of
immunocytochemical and ultrastructural analysis, we show that
G9a/GLP inhibitors cause a rapid transition to late apoptosis and
autophagic phenotypes in T-ALL. Importantly, we demonstrate a
previously unexplored role of EHMT2 in the control of glycogen
metabolism in T-ALL, by modulating the metabolic sensor SESN2
and highlight a need for further investigations into the role of
methyltransferases in the epigenetic control of metabolism.

MATERIALS AND METHODS
The complete description of the methods reagents is available in the
Supplemental Materials and Methods.

Primary T-ALL samples and T-lymphocytes
Primary patient leukemic cells or tissue biopsies were obtained under an
approved protocol at the Parma University Hospital (n.18249/18/05/2017,
n.265/2019) and according to the declaration of Helsinki guidelines for the
protection of human rights.

Seahorse XFp glycolytic rate assay
The glycolysis in live cells was measured with the Seahorse XFp Glycolytic
Rate Assay (Agilent Technologies, #103346-100) and XFp Analyzer that
directly measures real time extracellular acidification rates (ECAR) and
oxygen consumption rate (OCR).

Histone PTM quantification
Multiplexed PTM histones (beads) quantification was determined by a
five point 2.5-dilution series of the samples normalizing for the level of

H3 and detected with a Luminex MagPix instrument at Active Motif
(Carlsbad, CA, USA).

T-ALL in vivo studies
Non-obese diabetic, severe combined immune-deficient, interleukin
(IL)-2 receptor gamma-deficient mice (NSG) were maintained in
pathogen-free facilities at the University of Perugia. Local IACUC
approved all procedures. T-ALLs cell, from previously established models
(PDLX-0221), were injected into the retro-orbital venous sinus in adult
(12–16 weeks old) sublethally-irradiated (0.9 Gy). PDLX-0121 (slowly
grower), TCRB-MYC/t(7;8)(q34;q24) rearrangement, CDKN2AB/9p21 bial-
lelic deletion, PTEN/10q24 deletion, received 26 doses of UNC0642 at
5 mg/kg every 48 starting 5 days post-transplant (euthanized 70 days
post-transplant). PDLX-0122, (fast grower), TRB-HOXA/inv(7)(p15q34),
PTPN2/18p11 deletion, TP53/17p13 deletion, MYC-translocation/t(8;?)
(q24;?), received for nine doses UNC0642 at 5 mg/kg every 48 h starting
1-day post-transplant. CD1 mice were bred in the Animal Facility of the
University of Parma and used to isolate thymic cells. Procedures were
performed in accordance with European Community Directive 2010/63/
UE and approved by the Ethics Committee of the University of Parma
(Prot. 51/OPBA/16).

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY
All data needed to evaluate the conclusion of this work are present in the paper.
Uncropped western blots are presented as Supplemental Material. Additional
information related to this manuscript may be requested from the corresponding
author.

REFERENCES
1. Cao R, Wang L, Wang H, Xia L, Erdjument-Bromage H, Tempst P, et al. Role of

histone H3 lysine 27 methylation in polycomb-group silencing. Science
2002;298:1039.

2. Shukla N, Wetmore C, O’Brien MM, Silverman LB, Brown P, Cooper TM, et al. Final
report of phase 1 study of the DOT1L inhibitor, pinometostat (EPZ-5676), in
children with relapsed or refractory MLL-r acute leukemia. Blood. 2016;128.

3. Stein EM, Garcia-Manero G, Rizzieri DA, Tibes R, Berdeja JG, Savona MR, et al. The
DOT1L inhibitor pinometostat reduces H3K79 methylation and has modest
clinical activity in adult acute leukemia. Blood 2018;131:2661–9.

4. Krivtsov AV, Evans K, Gadrey JY, Eschle BK, Hatton C, Uckelmann HJ, et al. A
Menin-MLL inhibitor induces specific chromatin changes and eradicates disease
in models of MLL-rearranged leukemia. Cancer Cell. 2019;36:660–73 e11.

5. Issa GC, Ravandi F, DiNardo CD, Jabbour E, Kantarjian HM, Andreeff M. Ther-
apeutic implications of menin inhibition in acute leukemias. Leukemia
2021;35:2482–95.

6. Liu F, Barsyte-Lovejoy D, Li F, Xiong Y, Korboukh V, Huang X-P, et al. Discovery of
an in vivo chemical probe of the lysine methyltransferases G9a and GLP. J
Medicinal Chem. 2013;56:8931–42.

Fig. 6 G9a suppression triggers apoptosis and autophagy in T-ALL. A TEM micrographs illustrating the morphology of untreated (DMSO)
T-ALL cells and the effects of BIX01294, UNC0638, and UNC0642. Black rectangles (upper) inscribe areas shown at higher magnification (lower)
to illustrate the phases of autophagosome (Ap) formation with G9a inhibitions. Scale bars: upper panels DMSO 1 µm, G9a inhibitors 2 µm;
lower panels DMSO 0.5 µm, G9a inhibitors 1 µm. B Representative images of May–Grunwald–Giemsa stained cytospin preparations of T-ALL
(PF382 and SUPT1) cultured in vehicle (DMSO) or BIX01294, UNC0638, or UNC0642 for 48 h. Extensive cytoplasmic vacuolization is apparent
following exposure to G9a inhibitors. Images were captured with a Leica ICC50W optical microscope (100X). Scale bars: 13 µm. C Western blot
showing expression of LC3B-II in PF382 and SUPT1 cells treated at the indicated concentrations of G9a inhibitors for 48 h. HSP90 was used as a
loading control. D LysoTracker® Red DND-99 staining of T-ALL cells labeled treated with BIX01294, UNC0638, and UNC0642 treatment for 48 h.
Scale bars: 100 µm. E Western blot showing expression of G9a, 2 days post sgRNA selection. Protein lysates were blotted with a G9a, LC3B-II
antibody, HSP90 was used as loading control. NT non-targeting, #2= sgRNA #2 directed against EHMT2. F LysoTracker® Red DND-99 staining
of T-ALL cells 2 days post sgRNA selection. Scale bar: 100 μm. NT non-targeting, #2= sgRNA #2 directed against EHMT2. Scale bars: 100 µm.
G LysoTracker® Red DND-99 staining of T-ALL cells 2 days post selection for shRNA targeting SESN2 selection. Scale bar: 200 μm. HWestern blot
showing expression of sestrin2 in wild type or cDNA-SESN2-orf PF382 and SUPT1 cells treated at the indicated concentrations of G9a inhibitors
for 48 h. HSP90 was used as a loading control. I LysoTracker® Red DND-99 staining in wild type or cDNA-SESN2-orf PF382 and SUPT1 cells
treated at the indicated concentrations of G9a inhibitors for 48 h. Scale bars: 200 µm (left). Histograms show the mean and standard deviation
of RFP per field (n= 10) relative to the vehicle control. Statistical significance among groups (*P < 0.05, ***P < 0.001, ****P < 0.0001) was
determined by a non-parametric t-test (Mann–Whitney).

A. Montanaro et al.

12

Cell Death and Disease          (2022) 13:551 



7. Tachibana M, Sugimoto K, Fukushima T, Shinkai Y. SET domain-containing pro-
tein, G9a, is a novel lysine-preferring mammalian histone methyltransferase with
hyperactivity and specific selectivity to lysines 9 and 27 of histone H3. J Biol
Chem. 2001;276:25309–17.

8. Kubicek S, O’Sullivan RJ, August EM, Hickey ER, Zhang Q, Teodoro Miguel L, et al.
Reversal of H3K9me2 by a small-molecule inhibitor for the G9a histone methyl-
transferase. Mol Cell. 2007;25:473–81.

9. Vedadi M, Barsyte-Lovejoy D, Liu F, Rival-Gervier S, Allali-Hassani A, Labrie V, et al.
A chemical probe selectively inhibits G9a and GLP methyltransferase activity in
cells. Nat Chem Biol. 2011;7:566.

10. Shankar SR, Bahirvani AG, Rao VK, Bharathy N, Ow JR, Taneja R. G9a, a multi-
potent regulator of gene expression. Epigenetics 2013;8:16–22.

11. Huang J, Dorsey J, Chuikov S, Zhang X, Jenuwein T, Reinberg D, et al. G9a
and Glp methylate lysine 373 in the tumor suppressor p53. J Biol Chem.
2010;285:9636–41.

12. Lehnertz B, Pabst C, Su L, Miller M, Liu F, Yi L, et al. The methyltransferase
G9a regulates HoxA9-dependent transcription in AML. Genes Dev.
2014;28:317–27.

13. Follini E, Marchesini M, Roti G. Strategies to overcome resistance mechanisms in
T-cell acute lymphoblastic leukemia. Int J Mol Sci. 2019;20:3021.

14. Yang W, Soares J, Greninger P, Edelman EJ, Lightfoot H, Forbes S, et al. Genomics
of Drug Sensitivity in Cancer (GDSC): a resource for therapeutic biomarker dis-
covery in cancer cells. Nucleic Acids Res. 2013;41:D955–D61.

15. Novershtern N, Subramanian A, Lawton LN, Mak RH, Haining WN, McConkey ME,
et al. Densely interconnected transcriptional circuits control cell states in human
hematopoiesis. Cell 2011;144:296–309.

16. Barretina J, Caponigro G, Stransky N, Venkatesan K, Margolin AA, Kim S, et al. The
Cancer Cell Line Encyclopedia enables predictive modelling of anticancer drug
sensitivity. Nature 2012;483:603.

17. Liu Y, Easton J, Shao Y, Maciaszek J, Wang Z, Wilkinson MR, et al. The genomic
landscape of pediatric and young adult T-lineage acute lymphoblastic leukemia.
Nat Genet. 2017;49:1211–8.

18. Chen B, Jiang L, Zhong ML, Li JF, Li BS, Peng LJ, et al. Identification of fusion
genes and characterization of transcriptome features in T-cell acute lympho-
blastic leukemia. Proc Natl Acad Sci USA. 2018;115:373–8.

19. Knoechel B, Roderick JE, Williamson KE, Zhu J, Lohr JG, Cotton MJ, et al. An
epigenetic mechanism of resistance to targeted therapy in T cell acute lym-
phoblastic leukemia. Nat Genet. 2014;46:364.

20. Candini O, Grisendi G, Foppiani EM, Brogli M, Aramini B, Masciale V, et al. A novel
3D in vitro platform for pre-clinical investigations in drug testing, gene therapy,
and immuno-oncology. Sci Rep. 2019;9:7154.

21. Ke XX, Zhang R, Zhong X, Zhang L, Cui H. Deficiency of G9a inhibits cell pro-
liferation and activates autophagy via transcriptionally regulating c-Myc expres-
sion in glioblastoma. Front Cell Dev Biol. 2020;8:593964.

22. Ding J, Li T, Wang X, Zhao E, Choi J-H, Yang L, et al. The histone H3 methyl-
transferase G9A epigenetically activates the serine-glycine synthesis pathway to
sustain cancer cell survival and proliferation. Cell Metabolism. 2013;18: https://
doi.org/10.1016/j.cmet.2013.11.004.

23. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene set enrichment analysis: a knowledge-based approach for inter-
preting genome-wide expression profiles. Proc Natl Acad Sci USA.
2005;102:15545–50.

24. Keenan AB, Torre D, Lachmann A, Leong AK, Wojciechowicz ML, Utti V, et al.
ChEA3: transcription factor enrichment analysis by orthogonal omics integration.
Nucleic Acids Res. 2019;47:W212–W24.

25. Wang LX, Zhu XM, Yao YM. Sestrin2: its potential role and regulatory mechanism
in host immune response in diseases. Front Immunol. 2019;10:2797.

26. Ben-Sahra I, Dirat B, Laurent K, Puissant A, Auberger P, Budanov A, et al. Sestrin2
integrates Akt and mTOR signaling to protect cells against energetic stress-
induced death. Cell Death Differ. 2013;20:611–9.

27. Ding B, Parmigiani A, Divakaruni AS, Archer K, Murphy AN, Budanov AV. Sestrin2
is induced by glucose starvation via the unfolded protein response and protects
cells from non-canonical necroptotic cell death. Sci Rep. 2016;6:22538.

28. Hardie DG. The AMP-activated protein kinase pathway–new players upstream
and downstream. J Cell Sci. 2004;117:5479–87.

29. Frame S, Cohen P, Biondi RM. A common phosphate binding site explains the
unique substrate specificity of GSK3 and its inactivation by phosphorylation. Mol
Cell. 2001;7:1321–7.

30. Banerji V, Frumm SM, Ross KN, Li LS, Schinzel AC, Hahn CK, et al. The intersection
of genetic and chemical genomic screens identifies GSK-3alpha as a target in
human acute myeloid leukemia. J Clin Invest. 2012;122:935–47.

31. Tosello V, Bordin F, Yu J, Agnusdei V, Indraccolo S, Basso G, et al. Calcineurin
and GSK-3 inhibition sensitizes T-cell acute lymphoblastic leukemia cells to
apoptosis through X-linked inhibitor of apoptosis protein degradation. Leuke-
mia 2016;30:812–22.

32. Wagner FF, Benajiba L, Campbell AJ, Weiwer M, Sacher JR, Gale JP, et al. Exploiting
an Asp-Glu “switch” in glycogen synthase kinase 3 to design paralog-selective
inhibitors for use in acute myeloid leukemia. Sci Transl Med. 2018;10:431.

33. De Smedt E, Devin J, Muylaert C, Robert N, Requirand G, Vlummens P, et al. G9a/
GLP targeting in MM promotes autophagy-associated apoptosis and boosts
proteasome inhibitor-mediated cell death. Blood Adv. 2021;5:2325–38.

34. van der Ploeg AT, Reuser AJ. Pompe’s disease. Lancet. 2008;372:1342–53.
35. Spampanato C, Feeney E, Li LS, Cardone M, Lim JA, Annunziata F, et al. Tran-

scription factor EB (TFEB) is a new therapeutic target for Pompe disease. Embo
Mol Med. 2013;5:691–706.

36. Arrowsmith CH, Bountra C, Fish PV, Lee K, Schapira M. Epigenetic protein families:
a new frontier for drug discovery. Nat Rev Drug Discov. 2012;11:384.

37. Morera L, Lübbert M, Jung M. Targeting histone methyltransferases and deme-
thylases in clinical trials for cancer therapy. Clin Epigenetics. 2016;8:57.

38. Wei F-Z, Cao Z, Wang X, Wang H, Cai M-Y, Li T, et al. Epigenetic regulation of
autophagy by the methyltransferase EZH2 through an MTOR-dependent path-
way. Autophagy. 2015;11:2309–22.

39. Artal-Martinez de Narvajas A, Gomez TS, Zhang J-S, Mann AO, Taoda Y, Gorman
JA, et al. Epigenetic regulation of autophagy by the methyltransferase G9a. Mol
Cell Biol. 2013;33:3983–93.

40. Kim Y, Kim Y-S, Kim DE, Lee JS, Song JH, Kim H-G, et al. BIX-01294 induces
autophagy-associated cell death via EHMT2/G9a dysfunction and intracellular
reactive oxygen species production. Autophagy. 2013;9:2126–39.

41. Ren A, Qiu Y, Cui H, Fu G. Inhibition of H3K9 methyltransferase G9a induces
autophagy and apoptosis in oral squamous cell carcinoma. Biochemical Bio-
physical Res Commun. 2015;459:10–7.

42. Ke X-X, Zhang D, Zhu S, Xia Q, Xiang Z, Cui H. Inhibition of H3K9 methyl-
transferase G9a repressed cell proliferation and induced autophagy in neuro-
blastoma cells. PLoS One. 2014;9:e106962.

43. El-Osta A, Brasacchio D, Yao D, Pocai A, Jones PL, Roeder RG, et al. Transient high
glucose causes persistent epigenetic changes and altered gene expression dur-
ing subsequent normoglycemia. J Exp Med. 2008;205:2683.

44. Chen H, Yan Y, Davidson TL, Shinkai Y, Costa M. Hypoxic stress induces dime-
thylated histone H3 lysine 9 through histone methyltransferase G9a in mam-
malian cells. Cancer Res. 2006;66:9009–16.

45. Teperino R, Schoonjans K, Auwerx J. Histone methyl transferases and demethy-
lases; Can they link metabolism and transcription? Cell Metab. 2010;12:321–7.

46. Ducker GS, Rabinowitz JD. One-carbon metabolism in health and disease. Cell
Metab. 2017;25:27–42.

47. Pikman Y, Ocasio-Martinez N, Alexe G, Dimitrov B, Kitara S, Diehl FF, et al. Tar-
geting serine hydroxymethyltransferases 1 and 2 for T-cell acute lymphoblastic
leukemia therapy. Leukemia. 2022;36:348–360.

48. Kawaguchi M, Aoki S, Hirao T, Morita M, Ito K. Autophagy is an important
metabolic pathway to determine leukemia cell survival following suppression of
the glycolytic pathway. Biochemical Biophysical Res Commun. 2016;474:188–92.

49. Riahi H, Brekelmans C, Foriel S, Merkling SH, Lyons TA, Itskov PM, et al. The
histone methyltransferase G9a regulates tolerance to oxidative stress-induced
energy consumption. PLoS Biol. 2019;17:e2006146.

50. An PNT, Shimaji K, Tanaka R, Yoshida H, Kimura H, Fukusaki E, et al. Epigenetic
regulation of starvation-induced autophagy in drosophila by histone methyl-
transferase G9a. Sci Rep. 2017;7:7343.

51. Hinze L, Pfirrmann M, Karim S, Degar J, McGuckin C, Vinjamur D, et al. Synthetic
lethality of Wnt pathway activation and asparaginase in drug-resistant acute
leukemias. Cancer Cell. 2019;35:664–76 e7.

ACKNOWLEDGEMENTS
This work was supported by an AIRC Start-up Investigator Grant (n. 17107 GR), the
Italian Minister of Health Ricerca Finalizzata (n° 95/GR-2011-02348917 GR),
Fondazione Umberto Veronesi Fellowship (GR), Fondazione Cariparma (3576/
2017, 0180/2018 GR), the Claudia Adams Barr Program in Cancer Research (GR), the
Grande Ale Onlus (GR), the Leukemia Research Foundation (GR), SCOR Award from
the Leukemia & Lymphoma Society (KS), the William Lawrence and Blanche
Hughes Foundation (KS), the Children’s Leukemia Research Association (KS). JJ
acknowledges the support by the grants R01HD088626 and R01GM122749 from
the U.S. National Institutes of Health. CM acknowledges the support by the Italian
Ministry of Education, University and Research (MIUR), PRIN- 2017PPS2X4. PS
acknowledges the support by the grants AIRC IG 2018—ID. 21352 and from the
MIUR- SIR n. RBSI14GPBL. AM was a Rotary International fellow (global grant
GG2096899) and was supported by the Italian Society of Experimental Hematology
(SIES) and MM is an EHA-ASH Translational Research Training in Hematology (TRTH)
and a Beat-Leukemia scholar. AG was supported by the Associazione Italiana
contro Leucemie-Linfomi e Mieloma (AIL, Parma chapter), and LP by the Feliciani
Ferretti fellowship.

A. Montanaro et al.

13

Cell Death and Disease          (2022) 13:551 

https://doi.org/10.1016/j.cmet.2013.11.004
https://doi.org/10.1016/j.cmet.2013.11.004


AUTHOR CONTRIBUTIONS
Conceptualization, GR and KS; methodology; investigations AM, SK, EC, MM, CR, LP,
AG, AS, MLM, RF, BL, LR, GA, EM, MM, FMAR, RLS, CM, AF, FA, PS, OC. Formal analysis
AM, SK., MM, PS, GR; writing—original draft, AM, SK, KS, GR. Funding acquisition GR,
and KS; resources, YX, JJ. Data curation, GA, KS, BK, GR; supervision, GR. Authors
thank Emilia Corradini for her technical assistance in TEM analysis, Barbara Bigerna
for her technical assistance in IHC, Costanza Anna Maria Lagrasta for technical
oversight, Sabrina Bonomini for flowcytometry based approaches supervision,
Riccardo Bonadonna for providing critical oversight over metabolic rescue data,
Pamela Criscuoli for her administrative support, Rigenerand for providing 3D
devices, and the physicians and our patients at the Hematology and BMT unit of the
University of Parma.

COMPETING INTERESTS
KS receives grant funding from Novartis, previously consulted for Rigel Pharmaceu-
ticals, AstraZeneca, KronosBio, and Auron Therapeutics, and has stock options with
Auron Therapeutics, on work unrelated to this manuscript.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-022-05002-5.

Correspondence and requests for materials should be addressed to Giovanni Roti.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

A. Montanaro et al.

14

Cell Death and Disease          (2022) 13:551 

https://doi.org/10.1038/s41419-022-05002-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Identification of an Epi-metabolic dependency on EHMT2/G9a in T-nobreakcell acute lymphoblastic leukemia
	Introduction
	Results
	G9a is a potential therapeutic target in T-nobreakALL
	G9a blockade alters T-nobreakALL proliferation, in�vitro, 3D, and preclinical T-nobreakALL models
	G9a inhibition modulates H3K9me1-2 in T-nobreakALL
	G9a loss suppresses Sestrin2 in T-nobreakALL
	G9a modulates glycolysis rate in T-nobreakALL
	G9a suppression triggers autophagy in T-nobreakALL

	Discussion
	Materials and methods
	Primary T-nobreakALL samples and T-nobreaklymphocytes
	Seahorse XFp glycolytic rate assay
	Histone PTM quantification
	T-nobreakALL in�vivo studies
	Reporting summary

	References
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




