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DOTI1L Activity Promotes Proliferation and Protects
Cortical Neural Stem Cells from Activation of
ATF4-DDIT3-Mediated ER Stress In Vitro
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ABSTRACT

Growing evidence suggests that the lysine methyltransferase DOT1L/KMT4 has important roles in
proliferation, survival, and differentiation of stem cells in development and in disease. We investi-
gated the function of DOTLL in neural stem cells (NSCs) of the cerebral cortex. The pharmacological
inhibition and shRNA-mediated knockdown of DOT1L impaired proliferation and survival of NSCs.
DOTILL inhibition specifically induced genes that are activated during the unfolded protein
response (UPR) in the endoplasmic reticulum (ER). Chromatin-immunoprecipitation analyses
revealed that two genes encoding for central molecules involved in the ER stress response, Atf4
and Ddit3 (Chop), are marked with H3K79 methylation. Interference with DOT1L activity resulted
in transcriptional activation of both genes accompanied by decreased levels of H3K79 dimethyla-
tion. Although downstream effectors of the UPR, such as Ppplrl5a/Gadd34, Atf3, and Tnfrsf10b/
Dr5 were also transcriptionally activated, this most likely occurred in response to increased ATF4
expression rather than as a direct consequence of altered H3K79 methylation. While stem cells are
particularly vulnerable to stress, the UPR and ER stress have not been extensively studied in these
cells yet. Since activation of the ER stress program is also implicated in directing stem cells into dif-
ferentiation or to maintain a proliferative status, the UPR must be tightly regulated. Our and pub-
lished data suggest that histone modifications, including H3K4me3, H3K14ac, and H3K79me2, are
implicated in the control of transcriptional activation of ER stress genes. In this context, the loss of
H3K79me2 at the Atf4- and Ddit3-promoters appears to mark a point-of-no-return that activates
the death program in NSCs. STEM CELLS 2016;34:233-245

SIGNIFICANCE STATEMENT

Posttranslational histone modification control gene expression. They are means to pass on tran-
scriptional information from one cell generation to another. We describe the impact of histone
H3 dimethylation at lysine 79 (H3K79me2) in neural stem cells. Inhibiting the enzymatic activity
mediating this modification leads to cell division defects and cell death by controlling expres-
sion of central transcription factors implicated in stress response. Histone methylations are a
way to balance how stem cells can cope with the activation of the stress response, which can
range from proliferation to differentiation and, in case of H3K79me2, to the control of cell
death.

related protein 53 binding protein 1) to DNA
double-strand-breaks (DSBs), and initiates the

INTRODUCTION

DOT1L (DOT1-like, histone H3 methyltransfer-
ase/KMT4) methylates histone H3 at position
lysine 79 and it is responsible for mono-
(H3K79mel), di- (H3K79me2), and trimethyla-
tion (H3K79me3). H3K79 methylation is con-
served from yeast to humans but it mediates
different cellular effects. In yeast, Dot1 is impli-
cated in telomeric silencing [1], and in global
genomic repair [2]. Mammalian DOT1L facili-
tates recruitment of TRP53BP1 (transformation

STEM CELLS 2016;34:233-245 www.StemCells.com

repair process as well as transcription after
UV-damage induced DSBs [3, 4]. DOTIL is also
implicated in cell-cycle-control. In this context,
DOT1L is required for the correct assembly of
the centrosome and mitotic spindle, and also
regulates cell cycle progression into S-phase
through repression of genes for various cyclin-
dependent kinase inhibitor proteins in cancer
cells [5]. Mitosis in various organ systems and
meiosis are both affected in conditions of

©2015 The Authors STEM CELLS published by
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impaired DOTL1L function [6, 7]. Whether and to what extent
DOTI1L function and H3K79 methylation influence the prolifera-
tive capacity of embryonic stem cells (ESCs) is not entirely clear.
Whereas the genetic deletion of DOT1L impairs proliferation,
shRNA-mediated knockdown of DOTI1L suggests that prolifera-
tion in undifferentiated mouse ESCs is not strictly dependent
upon DOT1L function [8, 9]. However, when ESCs with shRNA-
mediated knockdown of DOTIL are cultured in the presence of
retinoic acid to induce differentiation, the cells respond with
decreased proliferation, cell cycle arrest in G2/M-phase, and
hyperploidy. Transcriptome analyses of these cells revealed
altered expression of genes implicated in cell cycle control and
proliferation [9]. Knockdown of DOT1L during cardiogenic differ-
entiation of mouse ESCs results in a delayed expression of genes
implicated in cardiomyocyte differentiation, although changes
in cell proliferation and/or survival have not been reported [10].
Accordingly, hearts from mice with a cardiac-specific knockout
of Dotll display hypertrophic ventricles with reactive fibrosis,
increased apoptosis, and intracellular vacuoles indicative of
autophagy [11]. Furthermore, DOT1L deficiency also impairs dif-
ferentiation, cell cycle progression, and survival during prenatal
erythropoiesis [12]. Postnatally, DOT1L is also necessary for the
maintenance of hematopoietic stem cells (HSCs) and lineage-
specific hematopoietic progenitors [13]. In mixed lineage leuke-
mia (MLL), MLL fusion proteins (e.g., MLL-AF9 (MLLT3)) aber-
rantly recruit DOT1L to promoters of transcription factors that
maintain the proliferative state of HSCs. Deletion of DOTIL in
this setting interferes with cell cycle progression as well, albeit
there is no change in cell death rates [13]. In contrast, DOT1L
deficiency in mouse intestinal stem cells revealed higher rates
of apoptosis, although these cells had normal rates of prolifera-
tion, and the mice did not display any major phenotype [14].
DOTIL is also implicated in the reprogramming of human
somatic cells. Inhibition of DOT1L induces transcription of pluri-
potency genes such as NANOG and LIN28 during the generation
of induced pluripotent stem cells from fibroblasts. In contrast to
other DOT1L-deficient cells, these DOT1L-inhibited fibroblasts
displayed no alterations in cell cycle profiles or cell survival [15].
Taken together, these studies indicate that one major function
of DOT1L is to control proliferation, survival, and differentiation
in a variety of stem cells, although its action might be context-
dependent. The latter is illustrated by the finding that H3K79
methylation is associated with actively transcribed genes [16],
but that it is also detectable at transcriptionally repressed loci
[17, 18]. Since DOTIL has been purified as component of differ-
ent protein complexes [19, 20], the network of interacting pro-
teins might be responsible for controlling context-specific
functions. Whereas DOT1L-RNA polymerase Il complexes confer
transcriptional activity, DOT1L-AF9 is implicated in transcriptional
repression. H3K79 hypermethylation, mediated by AF9-DOTIL, is
implicated in transcriptional repression of epithelial ENaCu (epi-
thelial sodium channel) [18], and of Tbr1 (T-box protein 1) during
development of the cerebral cortex [17].

DOTIL has further important functions in nervous system-
derived stem cells since patients presenting with neural tube
defects (NTD) have decreased levels of H3K79 methylation
[21]. Furthermore, the protein survival motor neuron (SMN)
binds H3K79mel and me2, and mutations of the SMN1 gene
are associated with spinal muscular atrophy [22].

The implications of H3K79 methylation in neurological dis-
eases and the expression of DOT1L-interacting AF9 in neural

©2015 The Authors STEM CELLS published by Wiley Periodicals, Inc. on behalf of AlphaMed Press

stem cells (NSC) of the cerebral cortex prompted us to study
the role of DOTI1L in NSCs and central nervous system develop-
ment in further detail. Here, we report that pharmacological
inhibition of DOTI1L activity in cortical-derived NSCs results in
decreased cell proliferation and increased apoptosis. Our data
reveal that the induction of a chronic endoplasmic reticulum
(ER) stress response mainly activates the apoptotic pathway.
Inactive DOTIL results in decreased H3K79me2 at the pro-
moters of two central ER stress transcription factors Atf4 and
Ddit3. Activation of both is part of the downstream program of
the unfolded protein response (UPR) that drives cells into apo-
ptosis under conditions of prolonged and/or unresolved ER
stress. Together, our data shed further light into the epigenetic
mechanisms regulating the ER stress pathway in NSCs, and
establish a link between ER stress and DOTI1L-mediated
H3K79me?2.

Mice
All experiments with mice were carried out following Euro-
pean Communities Council Directive of November 24, 1986
(86/609/EEC) and approval of local authorities (X-11/09S, X14/
04H).

Primary Cultures of NSCs

Cortical cells were isolated from embryonic NMRI mice at
E14.5 and cultivated as described recently [23].

DOTLL Inhibitors

Five micromolar SGC0946 (gift from P. Brown) or where spe-
cifically indicated 1 uM, 5uM, or 10 uM EPZ5676 (Active Bio-
chemicals, Wanchai, Hong Kong) in dimethyl sulfoxide (DMSO)
(Sigma-Aldrich, St. Louis, MO, USA) was applied to cortical
cells after 4-5 hours at DIV (days in vitro) 0 and refreshed
every second day. DMSO was used as control treatment.

Microarray Analysis

E14.5-derived cortical NSCs were treated with 5uM SGC0946
and harvested at DIV3. Total RNA of treated and control sam-
ples from three independent experiments was isolated and
hybridized to GeneChip Mouse Gene 2.0 ST Array (Affymetrix,
Santa Clara, CA, USA).

Chromatin Immunoprecipitation-Sequencing

Cortical E14.5 NSCs from wild-type animals were isolated and
directly fixed with 1% freshly prepared paraformaldehyde
(PFA) (Roth, Karlsruhe, Germany) for 5 minutes at room tem-
perature. Chromatin was sheared within 30 high-energy 30
seconds on and 30 seconds off cycles using Bioruptor Next
Gen System (Diagenode, Seraing, Belgium). Ten micrograms of
chromatin was incubated with either H3K79me2 antibody
(2 ug, ab3594, Abcam, Cambridge, U.K.) or rabbit 1gG (2 ug,
C15410206, Diagenode, Seraing, Belgium) at 4°C overnight.
Immune complexes were washed with different buffers and
DNA was extracted from the beads in 1% SDS/100 mM
NaHCO;. Reverse cross-linking was achieved by RNase A
(Sigma-Aldrich, St. Louis, MO, USA) and subsequent Protein-
ase K (Roche, Basel, Switzerland) digestion. DNA samples were
purified using MinElute Reaction Cleanup Kit and PCR purification
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Kit (both Qiagen, Hilden, Germany). For library preparation NEB
Next Ultra DNA Library Prep Kit for Illumina (NEB, Ipswich, MA,
USA) was used to convert 10ng immunoprecipitated DNA and
input-DNA into indexed libraries for next-generation multiplex
sequencing on the lllumina platform. Sequencing adaptors and
PCR primers were from NEB (NEBNext Multiplex Oligos for lllu-
mina, Index Primers Set 1 E7335, or Set 2 E7500S) (NEB, Ipswich,
MA, USA). Samples were sequenced paired-end with a read
length of 50 bp to the desired depth using lllumina’s HiSeq2500.
Detailed information is provided in Supporting Information
Methods.

Chromatin Immunoprecipitation-Sequencing Data
Analysis

Chromatin immunoprecipitation sequencing (ChIP-seq) reads
were mapped to the mm9 genome assembly using Bowtie2
[24]. PCR duplicates were removed. Both ChIP-seq runs were
merged and more than 65 million reads/sample analyzed. The
genome was binned for read coverage of input and ChIP sam-
ples. The number of reads per bin was calculated and normal-
ized to the total number of mappable reads (reads per
kilobase per million, RPKM). Integrative genome viewer was
used for enrichment visualization of the read coverages.
MACS2 was applied for peak calling [25].

Statistics

Unpaired Student’s t test, one sample t test, and one- or two-way
ANOVA were applied, except for ChIP-seq and microarray analysis.
Detailed information on the respective test used is provided with
each experiment. Data are given as mean = SEM, n > 3, p-value:
* p < .05; ¥ p < .01; ¥** p < .001; **** p < 0001.

Additional Material and Methods are in Supporting
Information.

RESULTS

Inhibition of DOT1L Activity in Primary Cortical NSCs
Results in Impaired Proliferation, Survival, and
Neuronal Differentiation

To assess the role of active DOTIL in mouse cortical NSCs we
treated E14.5-derived cells with the substrate analog inhibitor,
SGC0946 [26]. We verified via immunoblotting that this treat-
ment resulted in a significant loss of H3K79me2 and me3 on
a global level in total protein lysates (Fig. 1A, 1C). We further
assessed whether inhibition of DOT1L activity and H3K79me2/
3 might result in alterations of other histone modifications,
for which association to H3K79me2/3 has been reported [8,
27]. However, we did not observe any global changes in
H3K9me2, H4K20me3, and H2Bub, respectively (Fig. 1B, 1D).
Next we analyzed the cellular response to DOTIL inhibition
using real-time cell analyses (RTCA). As illustrated in Figure
1E, cell proliferation and/or survival were impaired after
DOT1L inhibition compared to the control condition. We cor-
roborated this finding using an shRNA-mediated knockdown
of DOTLL (Fig. 1F). To discriminate whether cortical NSC prolif-
eration and/or survival were dependent upon DOTIL function,
we performed various immunocytochemistry (ICC) stainings.
BrdU-pulsing of NSCs and subsequent anti-BrdU ICC staining
revealed a significantly lower fraction of proliferating cells
under conditions of DOTIL inhibition (Fig. 1G, 1I). We also

observed more activated Caspase3 (CASP3)-positive cells after
DOT1L inhibition (Fig. 1G, 1H, 1J). The decreased proliferation
and increased apoptosis resulted in fewer numbers of HuC/D-
positive neurons after 4 DIV (Fig. 1H, 1K). Propidium-iodide-
based flow cytometry analyses corroborated our finding of
increased cell death after DOTLL inhibition as indicated by a
significant increase in cells in the sub-Gl-fraction (Fig. 1L,
1M). Since DOTIL function might be important for transition
from G2- to M-phase [7], we also assessed for specific
changes in cell cycle parameters and observed fewer cells in
the G2/M-fraction, but no significant changes in cell numbers
in any of the other cell cycle phases, that is, G1 and S (Fig.
1M). Taken together we concluded from these data that
DOT1L function is necessary for proliferation and survival of
cortical NSCs during the neurogenic phase.

DOTLL Activity Prevents Transcriptional Induction of
Metabolic and ER Stress Genes in Cortical NSCs

Epigenetic modification of histones is an important mechanism
for transcriptional control and we rationalized that DOT1L activ-
ity will affect gene transcription in cortical NSCs. We addressed
this question by analyzing changes in the transcriptome of
E14.5-derived cortical NSCs following perturbation of DOTI1L
activity using microarray technology. From three independent
experiments, we retrieved 27 genes with at least twofold
altered expression levels with significant p-values (p <.05) (Fig.
2A). Most of the altered genes had increased expression, that
is, 24 genes out of 27, indicating that DOT1L may mainly func-
tion to suppress gene transcription in cortical NSCs. This finding
corroborated our earlier reported influence of DOT1L on Thri-
transcription during cortical development [17]. Similar results
were also obtained from intestinal tissue [14] and ESCs [9], in
which deactivation of DOTIL resulted also in only a small num-
ber of transcriptionally altered genes. Using quantitative real-
time PCR (qRTPCR) we corroborated the significant increase in
gene transcription for 22 out of 24 upregulated and a signifi-
cant decrease in one out of three downregulated candidates
(Fig. 2B, dark blue and red bars). Gene ontology analysis of all
27 genes revealed that most of them were associated with
metabolic processes, specifically lipid and steroid metabolism,
cell death, and with the response to stress (Fig. 2C). In total,
11 genes were associated specifically with ER stress. We man-
ually inspected the microarray data for further ER stress-related
genes that might be altered after DOT1L inhibition, but which
did not fulfill our initially applied stringent selection criteria.
This analysis identified 10 additional genes that were changed
upon DOTLL inhibition and associated with ER stress. We sub-
sequently assessed the expression levels of all 21 ER stress-
associated genes by gRTPCR with and without interference
with DOTI1L activity. Nineteen of these ER stress genes were
significantly increased upon DOTLL inhibition (Fig. 2B, dark and
light blue bars). Next, we assessed whether cortical NSCs expe-
rienced ER stress after shRNA-mediated knockdown of DOTI1L.
This analysis revealed six ER stress genes with significantly
increased levels of transcription (Fig. 2D). In addition, overex-
pression of DOTILL resulted in decreased activity of seven ER
stress genes (Fig. 2E), indicating that alteration of the ER
stress-associated transcriptional program was indeed linked to
DOTI1L function.

To assess whether an altered ER-metabolism was also
observable on a cellular level, we used electron microscopy

www.StemCells.com ©2015 The Authors STEM CELLS published by Wiley Periodicals, Inc. on behalf of AlphaMed Press
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and assessed the morphology of DOT1L-inhibited and DMSO-
treated NSCs. Inhibitor-treated cells showed clear signs of ER
swellings, which were rarely identified in the control condition
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Based on these data, we concluded that DOTIL activity is
necessary to protect cortical NSCs from activation of a tran-
scriptional program that results in ER stress. Consistently,
DOTIL activity suppressed the activation of the Atf (Activator
of transcription) 3/Atf4/Ddit (DNA-damage inducible tran-
script) 3 transcription factor cascade.

Transcriptional Regulation of Metabolic and ER
Stress Genes by DOTILL Is Cell-Type Specific

We next sought to analyze whether the role of DOT1L in sup-
pressing the activation of the ER stress transcriptional program
was also observed in different cell systems. To exemplarily investi-
gate this, we treated mouse embryonic fibroblasts (MEF) as well
as a human acute myeloid leukemia (AML) cancer cell line,
MOLM-13, with the DOTIL inhibitor. MEFs were chosen as a
well-established model system, which is widely used to study the
roles of histone modifications. MOLM-13 cells were chosen as a
leukemia disease model for which pharmacological DOT1L inhibi-
tion might serve as potential therapy [28]. DOTLL inhibition did
not influence proliferation and/or survival of MEFs as indicated
by RTCA analyses (Fig. 4A). Consistently, gRTPCR analyses
revealed that the Atf3/Atf4/Ddit3 transcription factor cascade
was not activated. However, several of ER stress effectors
involved in lipid or cholesterol biochemistry showed increased
levels of transcription (Fig. 4B). Although MOLM-13 cells died
after prolonged treatment with the DOTL1L inhibitor, which is in
accordance to published data (Fig. 4C), activation of ER stress
genes did not appear to account for this cell death as assessed at
DIV3 and 7 of inhibition (Fig. 4D, 4E). Therefore, we concluded
that ER stress-induced cell death upon DOT1L inhibition might be
cell type-specific and not a general hallmark of DOTI1L activity.
Pharmacological inhibition of DOT1L entered phase | clinical
trials as therapeutic strategy for treatment of specific types of
leukemia. Here, a different DOT1L inhibitor, namely EPZ5676
[29], is used. We therefore tested whether treatment of cortical
NSCs with EPZ5676 corroborated our findings using SGC0946. Fig-
ure 5 shows that different concentrations of EPZ5676 efficiently
interfered with DOT1L-mediated H3K79me2 (Fig. 5A, 5B), and
with cell proliferation and/or survival in a concentration-
dependent manner in the RTCA assay (Fig. 5C). ICC revealed
increased apoptosis (Fig. 5D, 5E) and little effect on neuronal dif-
ferentiation (Fig. 5F). Application of EPZ5676 also induced tran-
scription of the transcription factor cascade Atf3/Atf4/Ddit3, and
of further ER stress-associated genes (Fig. 5G). We concluded

that DOTIL inhibition activated ER stress in cortical NSCs inde-
pendent from the different modes of inactivation (small molecule
inhibitors, shRNA) and independent from a specific drug used in
the assays (SGC0946 and EPZ5676).

DOT1L-Mediated H3K79me2 Is Enriched at Genes
Involved in ER Stress and Suppresses Expression
of the ER Stress-Associated Transcription Factors
Atf4 and Ddit3

Next we used ChIP and subsequent sequencing (ChIP-seq) to
uncover the distribution of H3K79me2 in the genome of
E14.5-derived NSCs from wild-type forebrains. We specifically
analyzed the H3K79me2 pattern at ER stress genes, which
had an altered expression after DOTILL inhibition with
SGCO0946 in the previous experiments. We observed an enrich-
ment of H3K79me2 at eight out of 21 analyzed genes includ-
ing Atf4, Ddit3, Ppplrl5a (protein phosphatase 1, regulatory
(inhibitor) subunit 15A, Gadd34), Eroll (ERO1-like), Nfe2l2
(nuclear factor, erythroid derived 2, like 2, Nrf2), Tm7sf2
(transmembrane 7 superfamily member 2), Lss (lanosterol syn-
thase), and Mvd (mevalonate (diphospho) decarboxylase) (Fig.
6Aa, 6Ab). The ChIP-seq profile indicated that H3K79me2 was
distributed over the entire gene, ranging from the transcrip-
tional start site (TSS) over the gene body to the transcrip-
tional end site (TES). H3K79me2 peaked after the TSS and
declined in the 3’ direction. We observed a slight enrichment
of H3K79me2 in three genes, namely Bcl2 (B cell leukemia/
lymphoma 2), Thbs1 (thrombospondin 1), and Pck2 (phosphoe-
nolpyruvate carboxykinase 2) (Fig. 6Ac). Atf3, Eif4ebpl
(eukaryotic translation initiation factor 4E binding protein 1),
Chacl (ChaC, cation transport regulator 1), Tnfrsf10b (tumor
necrosis factor receptor superfamily, member 10b), Slc7all
(solute carrier family 7 (cationic amino acid transporter,
y + system), member 11), Slc7a3, Stc2 (stanniocalcin 2), Cavl
(caveolin 1), Scdl (stearoyl-Coenzyme A desaturase 1), and
Hmox1 (heme oxygenase 1) were not enriched for H3K79me2
compared to the input profile (Fig. 6Ad—6Af).

We concluded from these data that the majority of tran-
scriptional changes that we observed after DOTIL inhibition
were due to regulatory mechanisms other than alteration in
H3K79me2, because only the transcription factors that initiate
the ER stress response, Atf4 and Ddit3, were clearly enriched
for H3K79me2. We therefore analyzed whether known target
genes of the transcription factors ATF4 and DDIT3 were

Figure 1.

Interference with DOTLL activity in primary cortical neural stem cells (NSCs) resulted in impaired proliferation, survival, and

differentiation. (A, B): Immunoblot revealed specifically decreased H3K79me2 and me3 levels in E14.5-derived cortical NSCs after DOT1L
inhibition. (C, D): Densitometric quantification of (A) and (B). Statistical evaluation using one-sample t test with confidence level of 95%
and hypothetical value of 1, n=3-11 in (C), n =5-8 in (D). (E, F): Representative graphs of real-time cell analysis showing that inhibi-
tion of DOTIL activity (E) and shRNA-mediated knockdown of DOTIL (F), led to decreased proliferation and/or survival of E14.5-derived
cortical NSCs. n =3 for DOTI1L inhibition, n = 4 for shRNA-mediated DOT1L-knockdown. (G, H): Immunocytochemical stainings of BrdU-,
activated Caspase3- (CASP3), and HuC/D-positive cells at different time intervals of treatments (DIV) under control (ctrl, DMSO) and
DOT1L-inhibited (inh) condition. Scale bars =100 um. (I-K): Quantification of cell numbers indicated reduced proliferation (BrdU) and
increased cell death (CASP3) after interference with DOT1L activity. The number of positive cells was normalized to the total number of
DAPI-positive cells. Unpaired Student’s t test, n = 3-5. (L): Representative graphs of flow cytometric analyses of Pl stained cells showing
that interference with DOTILL activity resulted in an increased number of cells in sub-G1- and decreased number of cells in G2/M-phase
of the cell cycle. Upper panels display control condition, lower panels DOT1L-inhibitor-treated cells. (a, e): Panels display cells of interest
gated in FSC-A/SSC-A dot blots. (b, f): FSC-A versus FSC-H plots to discriminate cell clumps. (c, g): Plots of the PI-fluorescence in a linear
scale (linear) against side scatter (SSC-A) to quantify cells during G1-, S-, and G2/M-phase. (d, h): Plots of the Pl-fluorescence in a loga-
rithmic scale (log) against cell count (SSC-A) for quantification of cells in sub-G1-phase. (M): Quantification of Pl-stained cells present in
different phases of the cell cycle. Inhibition of DOTIL activity in E14.5-derived cortical NSCs led to increased apoptosis as evidenced by
the increased cell fraction in the sub-G1-peak. DOTLL inhibition led to fewer cells in G2/M-phase. Unpaired Student’s t test, n = 5. p-Val-
ues: *, p <.05; **, p<.01; **** p<.0001. Abbreviation: PI, propidium iodide.
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among the genes that lacked enrichment of H3K79me2.
Indeed, we revealed direct downstream targets of ATF4 and
DDIT3, such as Ppplrl5a, Eroll, Bcl2, Atf3, and Tnfrsf10b in

the dataset. This suggested that DOT1L might be an upstream
transcriptional regulator of the central stress response tran-
scription factors Atf4 and Ddit3. Their activation might have
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led to a subsequent secondary initiation of the downstream
transcriptional program that was mainly independent of
DOTIL activity toward H3K79me2.

We subsequently tested the hypothesis that Atf4 and
Ddit3 gene expression were dependent upon DOTILL activity,
whereas other genes of the ER stress cascade, that is, Atf3
and Scdl, were not. We determined the H3K79me2 enrich-
ment for these selected genes without and after inhibition of
DOT1L activity using ChIP followed by gRTPCR to assess
H3K79me2 at different regions, that is, the TSS, gene body
and TES, of Atf4, Ddit3, Atf3, and Scdl. Inhibition of DOT1L
activity resulted in significantly decreased levels of H3K79me2
at Atf4 and Ddit3. Our ChlIP-seq profiles indicated a marginal
enrichment of H3K79me2 at Atf3 and Scdl, and in accordance
with these data, H3K79me2 was less enriched at these genes
as assessed by qRTPCR. As expected, we observed no changes
after DOTILL inhibition (Fig. 6B), thereby corroborating our
hypothesis that Atf3 and Scdl transcription are independent
of H3K79me2. Conversely, these data support that DOTI1L-
dependent H3K79me2 may directly suppress the expression of
ER stress-associated transcription factors Atf4 and Ddit3.

Chronic Inhibition of DOT1L Alters Transcription and
Protein Levels of ER Stress-Associated Genes

Our data indicated that inhibiting DOT1L activity for 3 days
in vitro resulted in apoptosis in response to the activation of
the ER stress response transcriptional program. Inhibition of
antiapoptotic BCL2 is one read-out of stress-induced cell
death and DDIT3 has been reported to interfere with Bcl2
transcription [30]. Our data did not suggest that Bc/2 tran-
scription was altered after inhibiting DOTIL activity (Fig. 2B,
2D, 2E). We therefore investigated BCL2 protein expression by
immunoblotting and revealed that DOTIL inhibition resulted
in reduced BCL2 levels (Fig. 7A, 7B). Cell death is the final
response of a cell in case, that other processes of adaptation
cannot compensate for the stress level. Thus, it reflects a
response to chronic stress. To study whether DOTIL activity
also prevents the early stress response, we investigated tran-
scriptional changes of ER stress genes after shorter times of
inhibition, that is, after 1 hour, 6 hours, and 24 hours. DOT1L
inhibition resulted in significant transcriptional changes of
Atf4 and Ddit3 only after 24 hours, whereas shorter treat-

ment did not alter gene expression. Transcriptional induction
of Af4 was higher than that of Ddit3 (Fig. 7C). At the protein
level we observed that ATF4 expression was transiently and
significantly increased after 24 hours of DOTIL inhibition but
was unchanged in shorter or longer treatments (Fig. 7D, 7E).
DOTIL inhibition for 1 hour up to 24 hours did not affect
DDIT3, but DDIT3 protein levels significantly declined after 3
DIV. EIFAEBP1 protein levels declined and were significantly
reduced after 3 days of DOTIL inhibition. This indicated a
decline of protein synthesis after chronic DOT1L inhibition,
which is generally associated with ER stress.

Taken together, our data revealed that chronic but not
acute inhibition of DOT1L activity induced the transcriptional
response to ER stress by increasing Atf4 transcription and
translation. This ultimately resulted in apoptosis, as reflected
by downregulation of BCL2 and activation of downstream
CASP3.

DiscussioN

Most of our reported observations on DOTI1L function in NSCs
are congruent with those in ESCs and other, committed stem
cells, or progenitors. Generally, interference with DOTI1L
expression in stem cells results in decreased cell proliferation,
increased apoptosis, and altered cell cycle distribution, either
alone or in combination [8-14]. However, we detected a dif-
ference in the number of cells in G2/M-phase after DOT1L
inactivation. This number was increased in ESCs [8] but
decreased in NSCs. This difference might be due to a faster
elimination/apoptosis of G2/M-phase arrested cells in NSCs
cultures or reflect a context-dependent function of DOTIL.
Context-dependent functions of DOT1L are emerging within
recently published data, for example, during senescence.
Whereas H3K79 hypomethylation might be attributed to
senescence in aged rat lungs, brains of senescence-
accelerated-prone mice revealed hypermethylation of H3K79
[7, 31]. Our data revealed further context-dependent func-
tions of DOTLL as we discovered that NSCs specifically acti-
vate the chronic ER stress program that contributes to the
observed cell death. However, DOTIL inactivation in MEFs
and the leukemia cell line MOLM-13 did not result in the acti-
vation of ER stress genes. In particular, DOT1L acts differently

Figure 2.

DOTLL inhibition induced transcription of metabolic and ER-stress genes in cortical neural stem cells (NSCs). (A): Heatmap of

genes with significantly altered transcription in E14.5-derived cortical NSCs after inhibition of DOTLL activity. Transcriptional changes
from the mean of three experiments with p-values < .05, and values for the fold change smaller than —2 and higher than 2 were con-
sidered as significant. Twenty-four genes (blue) were transcriptional increased, three genes (red) decreased. Probe values were log 2
transformed. In order to identify differentially expressed genes between the groups, a one-way ANOVA in Partek was performed. Fish-
er’s least significant difference was used as contrast method. Microarray dataset is deposited at the ArrayExpress (www.ebi.ac.uk/
arrayexpress, Accession number A-GEOD-17408). (B): Quantitative real-time PCR (QRTPCR) validation of expression changes after DOT1L
inhibition, which were initially identified using microarray technology (red and dark blue bar), and of the extended transcriptome of ER
stress genes, which did not fulfill initial selection criteria, but were considered to be putatively affected by DOTI1L inhibition after man-
ual inspection of microarray data (light blue bars). Given is the log 2-fold change for DOT1L-inhibited samples compared to DMSO-
treated controls, indicating that interference with DOTI1L activity resulted in increased transcription of ER stress genes. Unpaired Stu-
dent’s t test, n = 3-4. (C): DAVID analyses of significantly regulated genes indicating that lipid metabolic and stress related genes were
transcriptionally regulated through DOTI1L activity. Given is the number of genes that falls into each of the categories. (D): Knockdown
of DOTIL in E14.5-derived cortical NSCs and validation of expression changes of genes involved in ER stress response using qRTPCR as
in (B). Verification of knockdown of DOT1L was confirmed as well. Log 2 of the fold change is given compared to shScrambled-controls.
n = 3. (E): Overexpression of DOTI1L led to decreased expression of ER stress genes as validated by qRTPCR. Verification of overexpres-
sion of DOT1L was confirmed via qRTPCR. Log 2 fold change is given compared to green fluorescent protein-expressing controls. n = 3—
7. Due to varying overexpression levels of DOT1L, one-sample t test was performed using the log 2 fold change. Confidence level of
95% and a hypothetical control value of O were set. For all data p-value: *, p <.05; **, p <.01; *** p <.001. Abbreviation: ER, endo-
plasmic reticulum.
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Figure 3. Morphological analyses using electron microscopy revealed swollen endoplasmic reticulum (ER) after DOT1L inhibition. (A):
Electron microscopy (EM) of (a) one representative cortical cell displaying normal morphology with regard to the nucleus and cytoplas-
mic organelles under control condition, whereas (b) signs of swollen ER were specifically observed after DOTIL inhibition. (c): Inset in b
is represented at higher magnification to indicate the swollen ER after inhibition of DOT1L activity. Scale bars in a and b =500nm, in
¢ =250nm. (B): Percentage of cells containing normal (norm) or swollen (swol ER in control and DOT1L-inhibited condition as revealed
by EM). Unpaired Student’s t test, n = 3. p-Value: *, p <.05.
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Figure 4. Transcriptional regulation of endoplasmic reticulum (ER) stress genes through DOT1L activity was cell-type specific. (A): Representa-
tive graphs of real-time cell analysis revealed that inhibition of DOT1L activity did not change proliferation/survival of MEFs. One of three inde-
pendent experiments is shown. (B): gRTPCR validation of transcriptional alterations after DOT1L inhibition revealed increased transcription of a
subset of lipid metabolism genes, but it did not activate the ER stress transcriptional program in MEFs. Log 2 of the fold change is given com-
pared to DMSO control. Unpaired Student’s t test, n = 3. (C): Long-term DOT1L inhibition of MOLM-13 cells led to increased cell death. The
total cell number was normalized to the DMSO control. (D): Short-term inhibition of DOT1L (DIV3) of MOLM-13 cells did not change transcrip-
tion of genes involved in lipid metabolism or ER stress as revealed by gRTPCR. Data represented as in (B). Unpaired Student’s t test, n = 3. (E):
Long-term inhibition of DOT1L (DIV7) led to impaired transcription of a small number of genes implicated in ER stress. Data represented as in
(B). Unpaired Student’s t test, n = 3. For all data p-value: *, p < .05; **, p < .01. Abbreviation: MEF, mouse embryonic fibroblasts.
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Figure 5. DOTIL inhibition using EPZ5676 corroborates impaired

neural stem cell (NSC) proliferation, survival, and transcriptional
activation of endoplasmic reticulum (ER) stress genes. (A): Immu-
noblot revealed decreased H3K79me2 levels in E14.5-derived
cortical NSCs after DOTI1L inhibition through EPZ5676. (B): Densi-
tometric quantification of (A). Statistical evaluation was per-
formed using one-way ANOVA followed by Student-Newman-
Keuls post hoc test, n =5. (C): Representative graphs of real-time
cell analysis of one out of five experiments showing that inhibi-
tion of DOTIL activity through EPZ5676 led to decreased prolifer-
ation and/or survival of E14.5-derived cortical NSCs in a
concentration-dependent manner. (D): Immunocytochemical stain-
ings of activated Caspase3- (CASP3) and HuC/D-positive cells at
DIV3 under control (ctrl, DMSO) and DOT1L-inhibited (inh) condi-
tion using 10 uM EPZ5676. Scale bar = 100 um. (E, F): Quantifica-
tion of cell numbers indicated increased cell death (CASP3) but
normal neuronal differentiation after interference with DOTIL
activity using 10 uM EPZ5676. The number of positive cells was
normalized to the total number of DAPI-positive cells. Unpaired
Student’s t test, n=4. (G): Inhibition of DOT1L using 10 uM
EPZ5676 and validation of expression changes of selected genes
involved in ER stress response using qRTPCR. Given is the log 2
fold change for DOT1L-inhibited samples compared to DMSO-
treated controls, indicating that using EPZ5676 to interfere with
DOT1L activity resulted also in increased transcription of ER stress
genes. Unpaired Student’s t test, n = 4-6. For all data p-value: *,
p <.05; **, p <.01; *** p<.001; **** p<.0001.

on Atf4 in MEFs and NSCs. While mouse Atf4 is expressed stron-
ger in NSCs after DOTL1L inhibition, MEFs showed no change in its
transcription. In contrast, human leukemic MOLM-13 cells
responded with a significant suppression of ATF4 transcription.

Furthermore, DOTIL inhibition mostly activated transcription in
cortical NSCs although many reports refer to H3K79 methylation
as an activating histone modification. Interestingly, the transcrip-
tomes of retinoic acid-treated, differentiating ESCs, as well as of
induced pluripotent stem cells (iPSC) and of intestinal stem cells
also revealed more genes which were activated upon loss of
DOT1L expression than genes whose expression decreased [9, 14,
15]. Together with our data, these findings indicate that DOT1L
might have an important, previously unanticipated role in sup-
pressing gene expression in a context-dependent manner.

However, the view of H3K79 methylation as repressive mod-
ification might also not reflect the truth. Integrating both obser-
vations might be the conclusion that H3K79 methylation is
enriched at transcriptionally active genes but it might limit their
transcription to a basal level. Decreased levels of H3K79 methyl-
ation would in this case be required for stronger or full activa-
tion of transcription. This conclusion parallels the observation
that interference with the H2Bubl-mediating ligase RNF20
results in relatively equal numbers of upregulated and downre-
gulated genes despite a clear correlation between H2Bub1 lev-
els and gene transcription [32—-34]. However, H2Bub1 is a highly
dynamic mark and it may confer low transcription rates, within
a chromatin environment that poises genes for rapid activation,
as suggested recently by Shema et al. [32]. In contrast, H3K79
methylation might be a more inert mark implicated in balancing
a distinct transcriptional status, because an H3K79-specific
demethylase has not been identified so far. We observed that
the induction of Atf4 and Ddit3 was only apparent after long-
term inhibition of DOT1L. This might reflect a slow turnover of
H3K79 methylation at genes with a pivotal role in either differ-
entiation or cell death. However, much more research on the
impact of H3K79me2 on transcription in different microenviron-
ments is needed to clarify these hypotheses.

Cell death follows the UPR and unresolved ER stress.
Stem cells are either long-lived because of their capacity to
self-renew, or they go through multiple cell divisions before
they differentiate. Both conditions can predispose stem cells
to increased rates of stress stimuli such as reactive oxygen
species, limited amounts of nutrients, and DNA damage. Thus,
although UPR and ER stress have not yet been studied exten-
sively in stem cells, several data implicate pivotal roles. For
example, Atf4-deficient mice show fewer hematopoietic pro-
genitor cells in the liver, and Atf4-null MEFs display a defect
in cell cycle progression [35]. Interestingly, HSCs and their
closely related progenitors respond differently to ER stress
inducers. Under stress conditions, HSCs, but not other hema-
topoietic progenitor cells, undergo apoptosis via activation of
the Atf4/Ddit3-mediated transcriptional program [36].

Moreover, activation of the ER stress response is not only
a mechanism for elimination of stem cells that encounter
insults during development. Instead, activation of the ER
stress program, for example, of Atf4 and Ddit3, might also be
beneficial in directing stem cells into differentiation or to
maintain a proliferative status [37-40]. This indicates that the
UPR has to be tightly regulated and adapted to the various
cellular needs to balance cell fate decisions ranging from dif-
ferentiation to cell death. Our data establish a transcriptional
control of the Atf4 and Ddit3 ER stress genes by DOTI1L and
uncover a new role for chromatin modifying enzymes in regu-
lating ER stress. We observed a broad activation of different
hallmarks of ER stress. These include activation of different
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transcription factors (Atf4, Atf3, Ddit3, and Nfe2l2), proteins
involved in apoptosis (Bc/2 and Tnfrsf10b/Dr5), in lipid or cho-
lesterol homeostasis (Lss, Mvd, Tm7sf2, Hmox1, Scd1), in regu-
lation of the redox status (Eroll, Slc7a11/xCT, and Chacl), or
in protein synthesis (Eif4Ebpl and Slc7a3). The ChiIP-seq pro-
files of H3K79me2 revealed that most of the transcriptional
changes might not be triggered directly by DOT1L, but rather
occur as downstream effects. DOT1L and H3K79me2 are likely
to be central regulators of the initiation of the ER stress tran-
scription factor cascade centered on Atf4 and Ddit3. Both
genes are sensitive to DOTLL activity and their expression lev-
els correlate inversely with H3K79me2 over the entire gene.
The ChIP-seq profiles and the kinetics of transcriptional induc-
tion after different durations of DOTIL inhibition indicated
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that ATF4 might act upstream of Ddit3 in NSCs, although
Ddit3 expression is also sensitive to H3K79me2 itself. How-
ever, Atf4 transcription increased already 24 hours after
DOTLL inhibition, which was also accompanied by an increase
at the protein level. In contrast, increased transcription of
Ddit3 was observed only after 3 DIV, which might argue in
favor of ATF4-dependent transcription. Important downstream
targets of ATF4 are Ddit3 [41], Gadd34/Ppplrli5a, and Atf3
[30]. H3K79me2 was not enriched over Atf3 and transcription
of the latter might therefore be regulated mainly by ATF4
and/or other factors. Ddit3 and Gadd34/Ppplrl5a displayed
mild enrichment and both H3K79me2 as well as ATF4 could
therefore influence their increased expression levels. Bcl2,
Gadd34/Ppplrl5a, Dr5/Tnfrsf10b, and Eroll are direct targets
of DDIT3 [30]. Among these, Gadd34/Ppplri5a and Eroll
were also enriched for H3K79me2 and might also be influ-
enced directly by DOT1L. Bc/2 was not affected on a transcrip-
tional level in NSCs and its reduced protein level might be
indicative for the activation of the apoptotic program.
Thapsigargin treatment results in ER stress in HepG2 liver
carcinoma cell lines and subsequent accumulation of H3K4me3
and H3K79me2 over several transcription factors, including
DDIT3 [42]. Increased levels of H3K79me2 appear under acute
stress conditions in a time frame of 1-8 hours and correlate
with increased transcription. Our results did not indicate tran-
scriptional activation of Ddit3 after short-term inhibition of
DOTI1L. Only long-term treatment induced Ddit3 transcription,
which was accompanied by decreased levels of H3K79me2.
These results are further consistent with a context-dependent
mode of H3K79me2-mediated transcriptional control that dif-
fers between NSCs and other cell systems. It also indicates a cell
and/or context-dependent regulation of the ER stress response.
Further data report on the implication of histone modify-
ing enzymes in the control of ER stress. The MLL protein fam-
ily mediates H3K4me3 and MLL activity is also present at the

Figure 6. DOT1L-mediated H3K79me2 interfered with expression
of central endoplasmic reticulum (ER) stress transcription factors
Atf4 and Ddit3. (A): Representative ChIP-seq reads of H3K79me2
from E14.5-derived cortical cells for 21 genes implicated in ER
stress response, mapped to the mm9 genome assembly. Integra-
tive genome viewer was used to visualize the H3K79me2 enrich-
ment. Given are the H3K79me2 ChIP samples (1st lane), the
input samples (2nd lane), both as merged data from two inde-
pendent experiments, and gene positions defined by RefSeq (3rd
lane). A red box highlights the first exon including the TSS. (a):
H3K79me2 was highly enriched at the TSS and the gene body of
Atf4 and Ddit3. Ppplrl5a and Eroll also showed enrichment, but
not as strong as compared to the former. Scaling: —10 to 200
RPKM. (b): Nfe2l2, Tm7sf2, Lss, and Mvd displayed moderate
H3K79me2 enrichment. Scaling: —10 to 100 RPKM. (c): Bcl2,
Thbs1, and Pck2 showed slight H3K79me2 enrichment. Scaling:
—10 to 25 RPKM. (d—f): Atf3, Eifdebpl, Chacl, Tnfrsf10b, Slc7all,
Slc7a3, Stc2, Cavl, Scdl, and Hmox1 did show minor or no
enrichment for H3K79me2. Scaling: —10 to 25 RPKM. (B): Inter-
ference with DOT1L activity confirmed reduced H3K79me2 enrich-
ment at the TSS, gene body, and TES of Atf4 and Ddit3 using
ChIP and gRTPCR in this condition compared to the control.
DOTLL inhibition did not affect H3K79me2 status at the gene loci
studied for Atf3 and Scdl. Results are represented as % input.
IgG was used as negative control and the mean is depicted as
dashed line. Two-way ANOVA and Sidak multicomparison test,
n = 3. p-Value: **, p <.01; *** p<.001; **** p<.0001. Abbre-
viations: ChIP, chromatin immunoprecipitation; TES, transcrip-
tional end site; TSS, transcriptional start site.
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Figure 7. Chronic inhibition of DOT1L induced transcription and translation of endoplasmic reticulum (ER) stress genes. (A): Reduced
DOTLL activity led to decreased levels of BCL2-protein at DIV3 in E14.5-derived cortical neural stem cells (NSCs) as revealed by immuno-
blotting. (B): Densitometric quantification of immunoblots for BCL2 and TUBA1B. One-sample t test with confidence level of 95% and
hypothetical value of 1, n = 3. (C): Short-term inhibition of DOT1L (1 hour and 6 hours) did not change transcription of genes involved
in ER stress. Interference with DOTIL activity for 24 hours led to increased expression of Atf4 and Ddit3 as validated by qRTPCR. Log 2
fold change is given compared to DMSO control. Unpaired Student’s t test, n = 3—4. (D): Immunoblot of proteins extracted after differ-
ent time points (1 hour, 6 hours, 24 hours, DIV3) of DOTIL inhibition from E14.5-derived cortical NSCs which were probed for ATF4,
DDIT3, and EIF4EBP1. (E): Densitometric quantification of (D) revealed no significant alteration in protein expression of ER stress genes
after short-term DOTIL inhibition (1 hour and 6 hours). Increased levels of ATF4 protein appeared after 24 hours DOTIL inhibition.

DDIT3 and EIFAEBP1 protein levels significantly decreased at DIV3. Quantification as in (B), n = 3—4. p-Value: *, p <.05; **, p <.01.

promoters of genes implicated in the homeostasis of glycopro-
teins in the ER [43] as well as at the promoters of GPR78 and
DDIT3 [44]. In this context, transcription of ER stress genes
GPR78 and DDIT3 depends not only on H3K4me3, but further
data show that the SAGA (Spt-Ada-Gcn5-acetyltransferase)-
associated factor 29 (SGF29) binds to H3K4me3, and recruits
the SAGA complex with its H3K14 histone acetylation activity.
Accordingly, loss of SGF29 results in decreased cell survival
alongside with decreased H3K4me3, H3K14ac, and transcrip-
tion of GPR78 and DDIT3 [44]. Thus, ER stress gene promoters
are marked with H3K4me3 that renders them susceptible for
adapted transcriptional activation upon stress insults.

Interestingly, DOT1L might affect ER stress on multiple lev-
els through its interaction partner BAT3/BAG6. BAT3 interac-
tion with DOTIL is implicated in H3K79me2 and formation of
TRP53BP1-associated DSB repair foci [45]. In addition, BAT3 is
localized at the ER membrane and prevents aggregation of
misfolded protein substrates that are transported to the pro-
teasome for degradation [46].

Our findings that DOTI1L is implicated in the regulation of
the ER stress response in NSCs might also be of clinical rele-
vance because ER stress and the UPR are implicated in neuro-
degenerative diseases. Amyloid-f induces local translation of
Atf4 in axons, but not its nuclear transcription. This induces

ER stress and subsequent neurodegeneration, indicating a role
for Atf4 in Alzheimer’s disease [47]. Accumulation of mis-
folded proteins such as amyloid-f3, a-synuclein, and huntingtin
is associated with the pathologies of Alzheimer’s, Parkinson’s,
and Huntington’s diseases, respectively. Several lines of
research suggest that activation of Ddit3 might be involved in
these pathologies [41]. In addition, ER stress, protein aggrega-
tion, and induction of Ddit3-transcription were observed after
global cerebral ischemia [48]. These observations support a
potential association of the loss of DOTIL activity with neuro-
degenerative diseases, or that its activity could be neuropro-
tective by preventing initiation of the ER stress program.
Although we did not observe increased cell death in mature
neurons after DOT1L inhibition, DOT1L activity might be pro-
tective under conditions where neurons have to cope with
insults such as hypoxia, inflammation, or accumulation of
unfolded proteins by delaying an ER stress response.

Lower levels of H3K79me2 have been observed in patients
presenting with NTDs [21]. NTDs are also an outcome of dia-
betic embryopathy which might also be associated with ER
stress [49]. It is thus conceivable, albeit speculative, that ER
stress in response to decreased levels of H3K79me2 through
impaired DOTIL activity might also be causative in the NTD
pathology.
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CONCLUSIONS

We conclude from these data that the crosstalk between dif-
ferent posttranslational histone modifications, including
H3K4me3, H3K14ac, and H3K79me2, may provide a molecular
mechanism to fine tune transcriptional activation of ER stress
genes. Combinations of different histone modifications might
allow the cell to activate the protective or the final death
pathway. In this context, it seems that loss of H3K79me2 at
the Atf4 and Ddit3 promoters marks a point-of-no-return that
activates the death program, at least in NSCs.
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