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Vulnerabilities in mIDH2 AML confer sensitivity to APL-like
targeted combination therapy
Vera Mugoni1, Riccardo Panella1, Giulia Cheloni1, Ming Chen1, Olga Pozdnyakova2, Dina Stroopinsky3, Jlenia Guarnerio1,
Emanuele Monteleone 1,4, Jonathan David Lee1, Lourdes Mendez1, Archita Venugopal Menon1, Jon Christopher Aster5,
Andrew A. Lane2, Richard Maury Stone5, Ilene Galinsky5, José Cervera Zamora6, Francesco Lo-Coco7,8, Manoj Kumar Bhasin9,
David Avigan3, Letizia Longo1, John Gerard Clohessy 1,10 and Pier Paolo Pandolfi 1

Although targeted therapies have proven effective and even curative in human leukaemia, resistance often ensues. IDH enzymes
are mutated in ~20% of human AML, with targeted therapies under clinical evaluation. We here characterize leukaemia evolution
from mutant IDH2 (mIDH2)-dependence to independence identifying key targetable vulnerabilities of mIDH2 leukaemia that are
retained during evolution and progression from early to late stages. Mechanistically, we find that mIDH2 leukaemia are metastable
and vulnerable at two distinct levels. On the one hand, they are characterized by oxidative and genotoxic stress, in spite of
increased 1-carbon metabolism and glutathione levels. On the other hand, mIDH2 leukaemia display inhibition of LSD1 and a
resulting transcriptional signature of all-trans retinoic acid (ATRA) sensitization, in spite of a state of suppressed ATRA signalling due
to increased levels of PIN1. We further identify GSH/ROS and PIN1/LSD1 as critical nodes for leukaemia maintenance and the
combination of ATRA and arsenic trioxide (ATO) as a key therapeutic modality to target these vulnerabilities. Strikingly, we
demonstrate that the combination of ATRA and ATO proves to be a powerfully synergistic and effective therapy in a number of
mouse and human mIDH1/2 leukemic models. Thus, our findings pave the way towards the treatment of a sizable fraction of
human AMLs through targeted APL-like combinatorial therapies.

Cell Research (2019) 29:446–459; https://doi.org/10.1038/s41422-019-0162-7

INTRODUCTION
Mutations to isocitrate dehydrogenase (IDH1 and IDH2), key
metabolic enzymes, are an important early event in a variety of
tumor types.1–3 The mutant enzymes give rise to the oncometa-
bolite 2-hydroxyglutarate (2-HG) that contributes to the oncogenic
phenotype.4–6 Thus, extensive efforts have focused on the
development of specific inhibitors targeting individual IDH
mutants.7 The recent success of the mIDH2 targeting Enasidenib
(AG-221) in clinical trials have led to its approval by the FDA for
the treatment of relapsed or refractory acute myeloid leukaemia
(AML) with an IDH2 mutation.8

However, resistance to single agent therapies is a frequent
event9,10 and this is also the case for Enasidenib in the treatment
of relapsed or refractory mIDH2 AML, leading to disease
progression.10,11 Resistance mechanisms frequently highlight
common vulnerabilities, and the identification of such vulnerabil-
ities can prevent the emergence of resistance and facilitate

treatment.11 How mIDH cancers adjust and evolve in response to
treatment, or what vulnerabilities may be associated with mIDH
remain largely unknown, although recent studies from mIDH2
patients treated with Enasidenib suggest that resistance may arise
through a variety of mechanisms.11,12

In order to develop therapies that would facilitate the use
of inhibitors to treat cancers harboring mutant IDH, we focused
on identifying vulnerabilities that would be associated with
the presence of a mIDH enzyme in acute myeloid leukaemia
(AML).
Building on our previously published genetically engineered

mouse models (GEMMs) for AML harboring a mIDH2 allele,13 and
expanding on this using a variety of additional murine and cell line
models, we evaluated what vulnerabilities underlie mIDH AML. In
doing so we identified critical vulnerabilities that can be readily
targeted for therapeutic benefit. On this basis, we show that APL-
like ATRA/ATO combination is powerfully and exquisitely effective
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in the treatment of AML harboring mutation of IDH in both an
in vitro and in vivo setting.

RESULTS
Development of cell autonomous resistance to mIDH2 targeting
by serial transplantation of mouse AML
Our previous modelling efforts have demonstrated that murine
HSCs primed with doxycycline (DOX) inducible mIDH2 (IDH2R140Q)
expression and subsequently transduced with Hoxa9-GFP and
Meis1a-IRES-YFP oncogenes give rise to AML that requires
maintained expression of mIDH2 (DOX ‘ON’) to sustain the
leukaemia. This dependence is demonstrated by collapse of the
disease upon de-induction of mIDH2 (DOX ‘OFF’) in a primary or
secondary transplant setting.13 However, our studies now show
that in a third serial transplantation, this AML evolves to become
independent from the oncogenic driver (Fig. 1a), and demon-
strated a notable increase in disease burden (Fig.1b–e and
Supplementary Information, Fig. S1a–f). This independence from
mIDH expression may represent a suitable model for patients that
present with de novo resistance to Enasidenib as reported in a
recent clinical trial.8

Indeed, 2-HG levels observed in third transplant mice were as
high as those in second transplant mice Supplementary Informa-
tion, Fig. S1g), and while inactivation of the oncogene strongly
reduced 2-HG levels, this failed to impact progression of the
disease (Fig. 1f–i).
To further evaluate if the independence from mIDH2 in vivo

represents a cell autonomous process, we established in vitro
culture systems to assay stemness and the proliferative potential
of these AMLs (Supplementary Information, Fig. S1h, i). In these
conditions, AML cells from both second and third recipient mice
demonstrated a similar capacity to generate colonies in methyl-
cellulose (Fig. 1j, vehicle treated). Targeted inhibition of mIDH2
activity in vitro decreased the colony forming capacity of AML
cells isolated from second recipients, but not of those cells
isolated from third recipient (Fig. 1j, k), though 2-HG levels were
reduced (Fig. 1l), confirming the ability of our model system to
mimic de novo resistance observed in the clinic as suggested
above. All together these data demonstrate that while mIDH2 as
an early event is required to sustain AML, the disease evolves a cell
autonomous independence from the mIDH2 oncogene. Serial
transplantation in our mouse model mimics progression of the
disease over time and offers the opportunity to test for
dependence on mutant IDH alleles. Thus, we sought to study
these secondary mIDH2-dependent and tertiary mIDH2-
independent leukaemias to identify common and shared vulner-
abilities that could be harnessed for therapy, and facilitate the use
of mIDH-targeting agents in the clinic. As well, we wanted to
profile mIDH2 independent leukaemia to predict for possible
mutational landscapes associated with de novo resistance in
human mIDH AML patients.

Evolution of AML harbouring mIDH is associated with a distinct
metabolic switch to one-carbon metabolism and altered redox
balance
Since the expression of mIDH2 directly impacts cellular metabo-
lism, polar metabolites were extracted from sensitive and resistant
AML cells from both second and third transplanted mice
(Supplementary Information, Fig. S2a). Comparison of metabolite
abundance established multiple metabolic processes altered in
progression of the disease (Fig. 2a, b). Leukaemia cells derived
from the third recipients showed significant enrichment in
glycerophospholipid, pyrimidine, purine, cysteine and methionine
metabolism pathways (Fig. 2b). These pathways constitute one-
carbon metabolism network that includes both the folate and the
methionine cycles (Supplementary Information, Fig. S2b), key
metabolites in which showed increased levels in evolving AML

(Supplementary Information, Fig. S2c). Importantly, one-carbon
metabolism is a main cellular engine contributing to nucleotide
metabolism and global methylation, as well as cellular redox
status.14 Similar to recent findings for purine metabolism in
cancer,15 we observed a general increase in purine precursors in
third compared to second recipient AMLs (Supplementary
Information, Fig. S2d–f).
Finally, one-carbon metabolism also contributes to redox

balance through the biosynthesis of glutathione (GSH).16 Glu-
tathione metabolism was the most significant and highly enriched
metabolic pathway in resistant AML cells (Fig. 2c). Third recipient
AML cells demonstrated high levels of glutathione and cysteine,
glutathione’s major precursor (Fig. 2d), suggesting that these cells
may have an altered redox balance. Indeed, altered NADH, NAD
+ and NADPH, NADP+ levels (Fig. 2e) and corresponding ratios
(Supplementary Information, Fig. S2g) confirm this oxidative
stress, and excessive ROS levels were visualized using MitoSOX™
Red staining (Fig. 2f) and demonstrated a significant increase in
ROS in third recipient mice compared with second recipients
(Fig. 2g).
Interestingly, analysis of early stage mIDH2 leukaemia in

comparison with Hoxa9/Meis1a-harbouring wild type IDH alleles
revealed that some of the metabolic features exacerbated during
evolution were already present at this initial stage. Indeed, mIDH2
leukaemia at early stage, isolated from first recipients, demon-
strate increased nucleotide metabolism (Supplementary Informa-
tion, Fig. S2h–j) and upregulation of the glutathione pathway
(Supplementary Information, Fig. S2k) as well as increased ROS
levels (Supplementary Information, Fig. S2l).
These data suggest a metastable metabolic state where an

altered redox balance of mIDH2 leukaemia arising from increased
ROS is counterbalanced by the increased antioxidant GSH to
prevent cells from catastrophic collapse.
To evaluate the contribution of increased ROS during time for

cell damage such as genotoxic stress, we stained for γ-H2A.X on
mouse bone marrow leukaemia cells (Fig. 2h). Similarly, staining
for γ-H2A.X was carried out on infiltrated spleens from both
second and third transplanted mice (Supplementary Information,
Fig. S3a). Evidence of increased DNA damage suggests that
altered redox balance may represent a vulnerability within mIDH2
leukaemias. Such a vulnerability could be exploited using arsenic
trioxide, a well-known ROS producing and GSH inactivating agent
used in the treatment of APL.17

To further determine if such genotoxic stress may result in
DNA damage, we carried out whole exome sequencing (WES) of
a second recipient and three of its derived third recipients
(daughter leukaemia recipients) (Supplementary Information,
Fig. S3b). G > A:C > T and A > G:T > C transitions of non-
synonymous base substitutions accounted for two-thirds of
the single base substitutions (SBS) observed, as is frequently
found in cancers without biased substitution (Supplementary
Information, Fig. S3c). A variety of mutations were observed
(Supplementary Information, Table S1) in both second and third
recipient-derived leukaemia cells underscoring the genotoxic
state, yet only Sp140 appeared to be commonly mutated across
all samples (Supplementary Information, Fig. S3d). Each of these
leukaemias harboured a unique point mutation in Sp140
(Sp140Y5D in third_11; Sp140R94Q in third_08; Sp140C203G in
third_09) (Supplementary Information, Table S1). Although the
role and function of Sp140 in hematologic disease is poorly
understood, Sp140 has been shown to be both a component of
the PML nuclear body,18 and an interaction partner for Pin1.19

However, no obvious alteration to Sp140 or PML localization was
observed for these mutant variants (data not shown). Addition-
ally, we demonstrate that mutant Sp140 maintains its ability to
interact with PIN1 (data not shown), in agreement with the fact
that the observed Sp140 mutations are not within the reported
PIN1 interaction loop.
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Global changes across these leukaemia genomes identified a
distinct pattern of both genomic amplification and deletion in
each AML (Supplementary Information, Fig. S3e). Alternations in
several leukaemia-associated genes were found, including ampli-
fication of the Flt3 proto-oncogene (third_08) and deletion of the
tumour suppressors Dok1 and Trp53 (thirdrd_09) and Dok3 and
Dok4 (third_11) (Supplementary Information, Fig. S3e). Interest-
ingly, a number of chromosomal translocations shared amongst
third recipient leukaemias may be particularly relevant in the

context of this disease. These translocations were observed for
hematopoietic genes including Rae1 (Rae1;Pappa; t(4;2)), Meis1
(Eea1:Meis1; t(11;10)), and both Ppp1r13b (Aspp1) and Cadps2
(Ppp1r13b:Cadps2; t(6;12)) (Supplementary Information, Fig. 3e and
Supplementary Information, Table S2).
Together these data indicate that although multiple and diverse

genomic alterations are acquired during evolution, a unique target
responsible for independence to the mutant IDH does not appear
to be present.
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Transcriptional rewiring characterizes evolution of mIDH2
leukaemia and primes for ATRA sensitivity
We next carried out RNAseq analysis to create a global picture of
leukaemia progression from a state of mIDH2 dependence to
independence (Supplementary Information, Fig. S4a), with primary
leukaemias derived from Hoxa9;Meis1 overexpression without
mIDH2 used for comparison. PCA analysis identified distinct
clusters of second and third recipient leukaemias (Supplementary
Information, Fig. S4b). Differential gene expression patterns
highlighted clear differences between transplanted leukaemias
(Supplementary Information, Fig. S4c). A gene-centric PCA
identified Jun/Fos AP-1 transcription factor genes (Jun, Fos, Fosb)
as well as genes associated with granulopoiesis, myeloid
differentiation (Mpo, Lyz2, Ngp),20,21 and inflammation (Zfp36)22

as differentially expressed gene signatures (Supplementary
Information, Fig. S4d).
Furthermore, significant upregulation of cancer-associated

signalling pathways including MAPK, Erk, PI3K and Akt was
observed in third transplanted leukaemias, as well as pathways
associated with inflammation and tumour microenvironment (IL-1,
IL-6, ILK, MIF, TNFR2, etc.) (Supplementary Information, Fig. S4e).
Gene set enrichment analysis (GSEA) identified similar pathways
altered in resistant AMLs, including MAPK, TNF signalling, and
pathways related to Tretinoin response (aka. all-trans retinoic acid;
ATRA) (Fig. 3a, b), while an interactome network of all differentially
regulated genes highlighted the central role of Erk/MAPK
signalling in defining the signatures associated with resistant
disease (Supplementary Information, Fig. S4f, g). Enrichment of
these signatures was also confirmed in primary (first transplant)
mIDH2 AML, where MAPK signalling and PI3K/Akt signalling
pathways were enriched compared with HoxA9/Meis1a leukae-
mias (Supplementary Information, Fig. S4h). In addition, GSEA
demonstrated sensitivity to Tretinoin in primary (first transplant)
mIDH2 AML (Supplementary Information, Fig. S4i, j). Collectively
these data suggest that such aberrant transcriptional signatures
are present at the time of leukaemia initiation, and become ever
more dominant as the leukaemia evolves. Indeed, our findings are
in line with the recent reporting of mutations to MAPK and RAS
signalling pathways in mIDH2 AML with acquired resistance to
Enasideb in the clinic,8 and is also consistent with previously
published data highlighting the major impact of MAPK signalling
pathways in shaping the epigenome of FLT3-ITD AML.23

Given the striking and paradoxical observation regarding
aberrant Tretinoin / ATRA response, and the fact that it has been
previously demonstrated by Schenk et al. (2012) that inhibition of
the LSD1 histone demethylase in human AML cell lines (TEX and
HL-60) is associated with an increased sensitivity to ATRA, we next
ascertained whether LSD1 activity is impaired in mIDH2 AML. Data

from Schenk et al. demonstrate a distinct gene signature
associated with ATRA treatment in the context of LSD1 inhibition
(See Schenk et al.24. Supplementary Data 1; TEX+ HL-60: ATRA+
TCP vs. untreated)24 and by comparing this set of ATRA responsive
genes identified by Schenk et al.24 (Fig.3c, Venn diagram, Group B,
human gene set) with the set of the upregulated genes in our
mouse mIDH2 AML (Fig. 3c, Venn diagram, Group A, mouse gene
set), we identified a significant overlap of 48 genes that were
upregulated in both. These data were suggestive of a transcrip-
tional state resembling one associated with ATRA sensitivity upon
LSD1 inhibition, and suggest that LSD1 may be deactivated in
some manner.23,24 Interestingly, these 48 shared genes were
found to be upregulated in both second and third transplanted
AMLs relative to a non-mIDH2 control AML (Fig. 3d), again
suggesting that both early and late stage mIDH2 AMLs might be
primed for response to ATRA through inhibition of LSD1
(Supplementary Information, Fig. S4k, l). Our findings therefore
seemed paradoxical and at odds with the fact that mIDH1/2 are
known to block myeloid differentiation. This in turn led us to
analyse in greater detail ATRA pathways in the progression of
mIDH2 AML. GSEA analysis highlighting Tretinoin signalling
suggested that mIDH2 leukaemias isolated from third recipients
are characterized by a gene expression profile diametrically
opposed to an ATRA response,25 with expression of genes
repressed by treatment with ATRA (Tretinoin Down Signature;
Down-regulation of Tretinoin genes), and depletion of genes
activated by treatment with ATRA (Tretinoin Up Signature; Up-
regulation of Tretinoin genes) (Fig. 3a, b and Supplementary
Information, Table S3). In turn, these data suggested that AML
derived from third recipients experience a profound alteration of
the ATRA pathway, and prompted us to hypothesize that mIDH2
AML may be sensitized to ATRA, in line with previous work
examining ATRA sensitivity in the context of mutant IDH1.26

Indeed, although the Tretinoin GSEA data would suggest that the
leukaemia is attempting to drift away from sensitivity to ATRA, the
inhibition of LSD1 might actually perhaps maintain the ATRA
sensitivity and this vulnerability as the leukaemia progresses.
To better understand if LSD1 activity is indeed compromised

upon mIDH overexpression and to evaluate if LSD1 target genes
were more susceptible to activation by ATRA in this setting, we
generated TF1 and U937 cell lines overexpressing the mIDH2
allele with increased 2-HG levels (Supplementary Information,
Fig. S5a, b). TF1 cells have been extensively utilized to study mIDH
function, where its expression results in a block of cellular
differentiation.27 Surprisingly, we detected a striking lack of LSD1
activity in extracts isolated from mIDH2 cells (Fig. 3e, f). By
evaluating the expression of ITGAM, LILRA5, RARA and PRAM1,
direct targets of LSD1, which were reported to be upregulated in

Fig. 1 Development and characterization of an in vivo approach to model independence from IDH2R140Q in AML. a Approach used to model
in vivo independence from mIDH2 (IDH2R140Q) in AML. Briefly, this model is based on our previously published model for mIDH2 AML using
HOXA9/MEIS1a overexpression by Kats et. al., 2014. KSL cells inducibly overexpressing mIDH2 (by Doxycycline (DOX)) are transduced with
retrovirus to overexpress the leukaemia oncogenes HOXA9 and MEIS1a and primary leukaemia allowed to establish in a primary host (first
Recipient). Subsequenly, leukaemia cells are harvested and transplanted into a secondary host (second Recipient), at which point the disease
remains dependent on mIDH2 expression as previoulsy published. Finally, leukaemia cells from the secondary host are further transplanted
into a third host (third Recipient), at which point AML independent of mIDH2 arises and serves as a model for resistant disease. Red boxes:
leukaemia state. Blue boxes: healthy state. b Representative flow cytometry plots of leukaemia bone marrow samples. X-axis, fluorescence
Intensity (0–105), Y-axis, cell counts. c Percentage of GFP+/YFP+(blasts) quantitated by flow cytometry. d Representative May-Grünwald-
Giemsa staining of peripheral blood (PB) smears at euthanasia of indicated models at 6–9 weeks after transplant. e Percentage of blasts in PB
for the indicated models. f LC- MS quantification of the 2-HG in peripheral blood (PB). Data are mean ± SD of n= 4 samples, t-test; **p ≤ 0.01.
g–i Quantitative PCR analyses for IDH2R140Q, HoxA9 and Meis1a in BM blasts. Data are mean ± SD, one-way anova; **p ≤ 0.01, ***p ≤ 0.001. j
Numbers of methylcellulose colonies generated at third plating by leukaemia cells (GFP+/YFP+) isolated from n= 3 bone marrow samples for
each of the indicated models. IDH2R140Q inhibitor (IDHi): AGI-6780, 1 µM, vehicle: DMSO. Data are means ± SD of n= 3 replicates for each
sample; t-test; ***p ≤ 0.001. k Representative examples of methylcellulose colonies generated by blasts from the indicated AML models at third
plating. l Relative LC- MS quantification of 2-HG from colonies pooled and extracted for metabolites at third-plating from the indicated
models. n= 3 samples. Data are mean ± SD, one-way anova; *p ≤ 0.05, **p ≤ 0.01. BMT bone marrow transplant, BM bone marrow. Doxycycline
supplemented diet: Dox+: mIDH2 ON,IDH2R140Q ON; Dox-: mIDH2 OFF; IDH2R140Q OFF. See also Supplementary Information, Fig. S1
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leukaemia cells by treatment with ATRA in the context of LSD1
inhibition (see Schenk et al.24 2012. Supplementary Data 1; TEX+
HL-60: ATRA+ TCP vs. untreated), we show that mutant IDH2 in
combination with ATRA treatment mimics the previously reported
inhibition of LSD1 in combination with ATRA treatment in human

leukaemia cell lines (TCP+ ATRA treatment in TEX, HL-60
leukaemia cells) resulting in a significant induction of these genes
(Fig. 3g). Similarly, TF-1 cells overexpressing mIDH1 (Supplemen-
tary Information, Fig. S5c, d) demonstrated a comparable
susceptibility of these LSD1 gene targets to activation upon
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treatment with ATRA (Supplementary Information, Fig. S5e). In
addition, we confirmed that the expression of the differentiation
markers CD71 and CD235a induced in TF1 cells overexpressing
mIDH by treatment with ATRA resembles their expression on
normal TF1 cells treated with the combination of ATRA and LSD1
inhibitor. Furthermore, combination of LSD1 inhibition and
treatment with ATRA induces higher expression of CD71 and
CD235a in mIDH2 cells (Supplementary Information, Fig. S5f).
On this basis, we further examined the mechanism by which

mIDH2 confers sensitivity to ATRA while at the same time
blocking differentiation. We hypothesized that the leukemic
cells would be in a metastable state - sensitized to ATRA on the
one hand, yet with the ATRA signaling pathway suppressed on
the other. While LSD1 inhibition can facilitate sensitivity to
ATRA, we reasoned that the PIN1 proto-oncogene could be at
the center of this paradox of simultaneous suppression, as it is
an established negative regulator of the ATRA nuclear receptor
pathway.28 Indeed, we previously demonstrated that the
transcriptional response of genetic inactivation of PIN1 faithfully
mimics that of ATRA treatment in the APL cell line NB429 and
that, critically, ATRA is a direct inhibitor of Pin1.29 We therefore
hypothesized that while PIN1 may contribute to proliferative
signalling (MAPK- and PI3K-dependent) and increased survival
to ROS-mediated apoptosis, its overexpression may also drive
the block of differentiation and trigger the “ATRA-off” gene
signature observed in mIDH2 evolving AML (Fig. 3a, b).
Conversely, pharmacological doses of ATRA can function to
inhibit PIN1, which might lead to the prediction of an exquisite
sensitivity of mIDH leukaemia to ATRA.
In line with this hypothesis, we confirmed a marked upregula-

tion of Pin1 protein in 3rd transplanted murine AML in both the
presence and absence of mIDH2 (Fig. 3h, Lanes 5–8). We next
examined the status of retinoic acid receptor (RAR) genes in the
evolving AML and observed strong downregulation of both Rarα
and Rxrα in third recipient AML (Fig. 3h, Lanes 5–8 compared with
Lanes 1 and 2), in line with Pin1 degradation of Rarα.30 On the
other hand, downregulation of the tumour suppressive p42 form
of C/EBPα, and decreased expression of C/EPBε were observed,
which may also contribute to the evolving aggressiveness of the
disease mediated by PIN131 (Fig. 3h).
To further support the role of PIN1 as such a critical contributor

to mIDH AML, we treated cells overexpressing PIN1 in vitro with
ATRA, and demonstrated that this promotes expression of the
differentiation marker CD71. Importantly, differentiation was
further potentiated by combining ATRA with the LSD1 inhibitor,
GSK2879552 (Supplementary Information, Fig. S5g). Analogously,
we confirmed that cells overexpressing PIN1 are sensitized to
ATO treatment while LSD1 inhibition appears to play no role
in exacerbating this phenotype (Supplementary Information,
Fig. S5h).

We next utilized our mIDH2 overexpressing TF-1 and U937 cell
lines to understand if the sensitivity to ATO and ATRA was
recapitulated in human leukaemia. Indeed, both TF-1 (Fig. 3i) and
U937 (Fig. 3j) lines demonstrated upregulation of PIN1 protein in
the presence of mIDH2 (Fig. 3i, j), as well as retinoic acid receptors
and C/EBPα. This was further supported by increased PIN1 mRNA
levels in TF-1 and U937 cells overexpressing mIDH2 (Supplemen-
tary Information, Fig. S6a, b). Furthermore, this was also observed
to be the case for TF-1 cells overexpressing mutant IDH1
(Supplementary Information, Fig. S6c). Importantly, comparison
of a cohort of primary AML patients with or without mIDH2
mutation identified increased levels in PIN1 mRNA levels in
patients with mIDH2 mutation (Supplementary Information,
Fig. S6d). Although TCGA AML samples represent a cohort of
primary AML patients at early diagnosis, concomitant analysis
demonstrated variable PIN1 expression, and patients harbouring
mIDH mutations had a trend towards higher PIN1 expression
(Supplementary Information, Fig. S6e). Indeed, we observed a
similar trend in PIN1 protein levels assessed by intracellular flow
cytometry from primary AML patients (Supplementary Informa-
tion, Fig. S6f).

Therapeutic vulnerabilities driven by mIDH
Given these findings we hypothesized that at the time of
leukaemia initiation in mIDH primed cells, molecular, metabolic
and transcriptional features promote PIN1 upregulation, transcrip-
tional rewiring of ATRA signaling, and high ROS levels, which
represent therapeutic vulnerabilities that can be harnessed for
intervention in mIDH leukaemia.
As we recently reported that pharmacological doses of ATRA

can inhibit the enzymatic activity of its negative regulator PIN1
through direct binding,29 and we here identified the loss of LSD1
activity in mIDH2 AML, we hypothesised that ATRA utilization can
impact mIDH2 leukaemias at two levels (Fig. 4a). To test this, we
first evaluated the ability of ATRA to promote differentiation of
leukemic blasts in our murine model of AML. Indeed, both
pharmacological and sub-pharmacological doses of ATRA demon-
strated striking and increased differentiation effects on murine
mIDH2 expressing AMLs as the disease evolves (Supplementary
Information, Fig. S6g). To further determine whether the sensitivity
to ATRA is indeed mIDH2-dependent and whether this would also
be the case in human hematopoietic cells expressing mIDH2, we
utilized our TF1 cell lines overexpressing the mIDH2 allele.
Treatment of mIDH2 overexpressing TF1 cells with a pharmaco-
logical ATRA dose (10–6 M) resulted in a dramatic difference in
cellular differentiation as compared to controls (Fig. 4b, c), with a
concomitant decrease in cell growth (Supplementary Information,
Fig. S6h). Furthermore, we generated U937 cells overexpressing
the mutant isoform R140Q of IDH2 (Fig. 3j). This cell line has been
extensively utilized to study how the fusion genes of APL (e.g.

Fig. 2 Leukaemia progression to mIDH2 independence is marked by switching to One-Carbon metabolism and increased genotoxic stress. a
Hierarchical clustering of leukaemia cells’metabolites isolated from Dox+ cohorts. Rows: metabolites; columns: samples; colour key indicates
metabolite abundance level (blue: lowest; red: highest). Clustering generated by MetaboAnalyst’s annotation tool. b Pathway enrichment
analysis shows altered metabolic pathways between secondand third recipient derived leukaemia cells. c Bar chart showing metabolic
pathways enriched in leukaemia cells isolated from third recipients. d LC-MS/MS fold change levels of Cysteine (CYS) and Glutathione (GSH)
metabolites in leukaemia cells isolated from second or third recipients. Data are mean ± SD; of at least n= 3 different samples; unpaired t-test;
*p ≤ 0.05, ****p ≤ 0.0001. e LC-MS/MS fold change levels of NAD+/NADH and NADP+/NADPH in leukaemia cells isolated from second or third
recipients. NAD+ nicotinamide adenine dinucleotide oxidized, NADP+ nicotinamide adenine dinucleotide phosphate oxidized, NADH
nicotinamide adenine dinucleotide reduced, NADPH nicotinamide adenine dinucleotide phosphate reduced. Data are mean ± SD; unpaired t-
test; *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001. f Representative Flow cytometry plots showing fluorescence intensity of leukaemia cells isolated from
second (n= 4) or third (n= 5) recipients and incubated with the mitochondrial superoxide indicator, MitoSox. X-axis: Fluorescence intensity
levels; Y-axis: relative cell counts. g Quantitation of mitochondrial ROS (ROSHi) in leukaemia cells derived from second or third RECIPIENT AML
samples (n= 2 DOX-, n= 3 DOX+) cells as shown in f. Data are mean ± SD; one-way anova; ns not significant, ***p ≤ 0.001. h
Immunofluorescence for the DNA damage marker γH2AX (red) and DNA (blue) and relative quantitation of positive nuclei. Data are mean
± SD; unpaired t-test; ***p ≤ 0.001. Dox+ mIDH2 ON,IDH2R140Q ON, Dox+: mIDH2 OFF, IDH2R140Q OFF. n.d. not detected. See also
Supplementary Information, Figs. S2–S3
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PML-RARα) cause a block in cellular differentiation.32,33 Once
again, treatment of mIDH2 -overexpressing U937 cells with
pharmacological doses of ATRA (10–6 M) in the presence of
vitamin D, resulted in a dramatic difference in cellular differentia-
tion as compared to controls (Supplementary Information, Fig. S6i-

l) and a concomitant decrease in proliferation (Supplementary
Information, Fig. S6m), while treatment of our TF1 cell line
overexpressing mIDH1 also demonstrated a similar decreased
proliferative response (Supplementary Information, Fig. S6n). To
determine if this sensitivity is dependent on PIN1 activity, we then
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assessed whether PIN1 could act as a critical mediator of the block
of differentiation observed in mIDH2 leukaemia through both
pharmacological and genetic targeting. Inhibition of PIN1 by using
a specific inhibitor (Juglone) clearly demonstrated Pin1 to be
differentially required in mouse AML cells harbouring mIDH2
which showed a significantly decreased colony forming capacity
upon Pin1 targeting (Fig. 4d), while mIDH2 TF1 cells also
demonstrated a similar sensitivity as demonstrated by reduced
clonogenic capacity upon specific targeting of PIN1 by Juglone
(Fig. 4e). Similarly, dependence on Pin1 in mIDH2 independent
AML cells was demonstrated by genetic silencing, which
significantly attenuated colony forming capacity of these cells
(Supplementary Information, Fig. S7a). Congruent with this
behaviour, mIDH2- overexpression in TF1 cells inhibits the
induction of the differentiation marker CD71 upon differentiation
driven by erythropoietin (EPO), while specific targeting of PIN1
with Juglone restores the upregulation of this marker (Supple-
mentary Information, Fig. S7b). These findings are mimicked by
genetic targeting of PIN1 in mIDH2- overexpressing TF1 cells, with
upregulation of the CD71 and CD44 markers detected by flow
cytometry (Supplementary Information, Fig. S7c, d) and the
differentiation associated HGB and KLF1 genes demonstrating
the increased sensitivity to differentiation upon loss of PIN1
(Supplementary Information, Fig. S7e, f). Critically, the over-
expression of PIN1 favoured the maintenance of the distinctive
undifferentiated state of mIDH2 cells, even upon treatment with
the specific mutant IDH2 inhibitor AG-221, rendering them
resistant (Supplementary Information, Fig. S7g–i), highlighting
the dependence on Pin1 and underscoring the relationship
between mIDH2 and PIN1 (Supplementary Information,
Fig. S7j–m).
In the same fashion, we evaluated the therapeutic opportunity

afforded by ROS induction and concomitant PIN1 upregulation in
this model through the use of arsenic trioxide (ATO), hypothesiz-
ing that the pro-oxidant activity of ATO could target Pin1,34,35

while increasing the intracellular ROS levels and leading cells to
collapse and death (Fig. 4f). Indeed, our murine AML model
demonstrated increased apoptosis in both a sensitive mIDH2-
dependent and resistant mIDH2-independent setting (Fig. 4g),
while the expression of mIDH2 in TF1 cells conferred sensitivity to
induction of apoptosis upon treatment with ATO (Fig. 4h).
Interestingly, we also demonstrated the ability of mIDH2 and
PIN1 overexpression to facilitate the induction of ROS in TF1 cells
(Supplementary Information, Fig. S7n), while TF1 cells over-
expressing mIDH1 were also found to respond to treatment with
ATO (Supplementary Information, Fig. S7o).
Thus, we hypothesized that these agents may function as

targeted therapies towards mIDH AML, especially as both ATRA
and ATO have also been shown to be able to directly and
indirectly target PIN1 at multiple levels consistent with our

data.28,29,34–37 When these agents were combined to treat AML
cells isolated from Hoxa9/Meis1a and Hoxa9/Meis1a/mIDH2
murine leukaemias in vitro, only mIDH2-expressing AML cells
demonstrated enhanced sensitivity to the combination as
measured by reduced colony forming capacity. Indeed, second
transplanted AML demonstrated sensitivity to both single agents
and a synergistic response to combination (Fig. 4i). Late stage
disease (i.e. third recipient, mIDH2-independent leukaemias in
both the presence and absence of mIDH2) demonstrated a similar
pattern of responses, showing sensitivity to single agents and
synergistic response to combination treatments (Fig. 4j). This
indicates efficacy of these agents in both mIDH2 dependent and
independent disease and is consistent with our hypothesis based
on the AML RNAseq data (Fig. 3 and Supplementary Information,
Fig. S5). Finally, to ensure that the efficacy conferred by treatment
of mIDH2 AML with the ATRA/ATO combination was not due
simply to oncogenic interaction with HoxA9 and Meis1a, we
evaluated the ability of ATRA and ATO to effectively target mIDH
AMLs derived from a number of distinct genetic contexts. In
particular we analysed the clonogenic capacity of murine
leukaemia cells derived from AML with mIDH2 in combination
with FLT3-ITD, and mIDH1 in combination with NPMc+ or with
FLT3-ITD/NPMc+(Fig. 4k). Each of the AMLs harbouring mIDH
demonstrated exquisite sensitivity to the ATRA/ATO combination
as compared to AML derived from MLL-AF9 overexpression with
wild type IDH alleles, as negative controls. Murine AML arising
from the combination of NPMc+/FLT3-ITD alone was used as a
positive control as this genotype was previously shown to confer
sensitivity to ATRA/ATO.38 However, mIDH AMLs conferred super-
ior sensitivity even when compared with AML with this genetic
make-up (Fig. 4k).

ATRA and ATO combination for treatment of mIDH AML
In order to evaluate the efficacy of this treatment in a human
setting, we first carried out an in vivo pre-clinical trial using our
U937 cell line in immunocompromised NSG host mice (Supple-
mentary Information, Fig. S8a). Twenty-one days after initiating
treatment, mice engrafted with mIDH2-overexpressing U937 cells
treated with the ATO/ATRA combination remained alive, while all
control mice had succumbed to disease (Supplementary Informa-
tion, Fig. S8b). Bone marrow (BM) analysis demonstrated a
significant decrease in the percentage of human leukemic blasts,
and increased differentiation, in both the ATRA and ATO/ATRA
treated cohorts of mice transplanted with mIDH2-overexpressing
cells (Supplementary Information, Fig. S8c–e). Importantly, only
mIDH2-expressing U937 cells treated with the combination
therapy demonstrated the mature myeloid CD11b marker
amongst all the cohorts analysed (Supplementary Information,
Fig. S8f, g). Reduced spleen weights were observed in mice
transplanted with mIDH2-expressing U937 cells treated with ATO/

Fig. 3 The transcriptional rewiring of mIDH leukaemia evolution is characterized by altered MAPK and ATRA associated pathways. a Gene Set
Enrichment Analysis (GSEA) plots for MAPK, TNFα, and ATRA related signatures in third recipient- vs second recipient- derived leukaemia cells.
b Heat maps showing the relative abundance of genes specifically enriched in GSEA (a). c Venn diagram showing shared genes between
mouse mIDH2 leukaemia and Schenken et al.; 2013 gene sets. d Heat map showing that shared genes shown in c are regulated concordantly
in samples derived from second or third recipients with respect to ATRA+ TCP (LSD1 inhibitor) gene sets reported by Schenken et al.; 2013. e
Histogram showing LSD1 activity measured in nuclear extracts of mIDH2 TF1 (IDH2-R140Q) and relative controls. Data are mean ± SD; of n=
2 samples; unpaired t-test; **p ≤ 0.01. f Western blot assay on TF1 cells overexpressing the mutant R140Q of IDH2 (IDH2R140Q) or respective
control cells (CTRL). LSD1 protein levels are slightly reduced in the mutant R140Q of IDH2 (IDH2R140Q). g Quantitative PCR analyses for genes
associated with ATRA sensitivity in the context of LSD1 inhibition in human TF1 cells treated for 24 h with ATRA (1 μM) or vehicle (DMSO).
ITGAM integrin subunit alpha M, LILRA5 leukocyte immunoglobulin like receptor A5, RARA retinoic acid receptor alpha, PRAM1 PML-RARA
regulated adaptor molecule 1. Data are mean ± SD; one -way anova, ***p ≤ 0.001. h Western blot analysis for ATRA targets (Pin1), ATRA
receptors (RARα, RXRα), and factors associated with ATRA-related differentiation pathway in hematopoietic cells (c/EBPα, c/EBPε). The samples
are protein extracts from independent (n= 2) leukaemia cells isolated from DOX+ (mIDH2 ON) or DOX- (mIDH2 OFF) second or third
recipients. Protein samples isolated from Hoxa9/Meis1a leukemic cells (n= 2) were included as control. i–j Western blot analysis for factors
associated with ATRA-related pathway in TF1 and U937 cell line, stably overexpressing the mutant isoform R140Q of IDH2 (mIDH2) or the
empty vector (CTRL). mIDH2: IDH2R140Q. See also Supplementary Information, Figs. S4 – S6 and Supplementary Information, Table S3
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ATRA, demonstrating the power of this treatment combination to
impact the severity of disease (Supplementary Information,
Fig. S8h).
We next treated human primary AML cells isolated from a panel

of patients (Supplementary Information, Fig. S9a and

Supplementary Information, Table S4): eleven harbouring an
IDH2 mutation, three harbouring an IDH1 mutation, and seven
with wild type IDH, with ATO/ATRA to evaluate their potential for
clinical efficacy, as measured by colony formation in methylcellu-
lose. Importantly, AML cells harbouring mIDH2 or mIDH1 formed
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significantly reduced number of colonies upon treatment (Fig. 5a),
and ANOVA analysis indicated a significant synergy in combina-
tion treatments (Fig. 5a and Supplementary Information Fig. S9a).
Interestingly, in the case of patient #AML_2, colonies arising from
cells under single agent ATRA or ATO treatment gave primarily
blast-like morphology, while the combination treatment resulted
in almost complete loss of this morphology (Supplementary
Information, Fig. S9b). Moreover, we tested one mIDH2 AML
displaying de novo resistance to mIDH2 inhibitor (AG-221). Once
again, this sample displayed PIN1 elevation and remarkable
sensitivity to these agents (Supplementary Information,
Fig. S10a–f).
Given the promising efficacy associated with this treatment

in vitro, we next determined the impact of this treatment in vivo,
using GEMM and human AML PDX models. Using third
transplanted mIDH2 independent murine leukaemia cells (Sup-
plementary Information, Fig. S10g), we established a pre-clinical
trial to evaluate the efficacy of the ATRA/ATO combination in vivo.
For each of the single treatments we observed a significant
enhancement in survival of these mice, associated with reduction
in bone marrow associated blast-like phenotype (Supplementary
Information, Fig. S10h–j). Importantly however, whereas the
combination treatment also led to an increased survival capacity
over vehicle-treated mice (Supplementary Information, Fig. S10h),
several of the mice treated with ATRA/ATO died not as a result of
frank AML, but rather succumbed to differentiation syndrome (DS)
characterized by infiltration of lungs with mature myeloid cells
demonstrating strong myeloperoxidase (MPO) expression (Sup-
plementary Information, Fig. S10k), a feature also associated with
APL patients treated with ATRA. To further evaluate the efficacy of
this treatment combination in AML harbouring mIDH2, we carried
out two human PDX trials with two independent human primary
AML cells (Fig. 5b, d). NSG mice transplanted with human primary
mIDH2-positive AML cells were subjected to the treatment
protocol, and to minimize onset of differentiation syndrome
(DS), we utilized a metronomic dosing schedule, a protocol for
treatment of APL patients. Importantly, for one PDX trial we
observed a notable survival advantage for both ATO- and ATRA-
treated mice, while combination-treated mice demonstrated a

significant extension in the survival (Fig. 5b). Combination of ATO
and ATRA as well as single agent treatments induced reduction of
undifferentiated blasts and a significant increase in differentiating
blasts in the bone marrow as evaluated by morphology (Fig. 5c
and Supplementary Information, Fig. S11a). Our second PDX trial
also demonstrated efficacy of ATO and the combination of ATRA
and ATO with extensive differentiation of human blasts observed
in the bone marrow at the time of euthanasia (Fig. 5e and
Supplementary Information S11b). Importantly, for both PDX trials,
we were able to detect a significant extension in the survival rate
of the treated mice, which was not recapitulated by treatment of
PDX model generated with AML cells harbouring wt-IDH1/2 genes
(Supplementary Information, Fig. S11c). Moreover, for both of the
PDX models generated with mutant IDH AML cells, and in
particular the second case, aggressive DS was observed (Fig. 5f, g),
highlighting the sensitivity of mIDH AML to combination of ATRA
and ATO and a potential need for caution when treating human
patients.
Thus, our data indicate that mIDH1/2-driven leukaemias are

highly responsive to the classic APL treatment protocol, and
differentiation therapy may represent a unique and complemen-
tary therapeutic approach for combination with mIDH targeting
agents.

DISCUSSION
There is an acute need to develop rational combinations to treat
disease and overcome resistance that arises in response to
therapy. To facilitate this in the context of mutant IDH AML, we
have sought to uncover the key mechanistic nodes that support
maintenance of the disease and in doing so our efforts have
identified mechanistic vulnerabilities associated with the expres-
sion of mIDH2 and subsequent evolution of this AML (Fig. 6).
Critically, we extended our analysis and generalized our conclu-
sions taking advantage of a number of mIDH1/2 mouse models of
various genotypes, human mIDH1/2 cell lines, as well as primary
mIDH1/2 AMLs.
Common outputs identified in the progression of mIDH2 AML

include altered redox balance with ROS accumulation, genotoxic

Fig. 4 mIDH2 leukaemia are sensitive to ATRA and ATO. a Schematic representation of the metastable state of HoxA9/Meis1a/mIDH2 cells:
LSD1 activation sensitizes to ATRA, while the effect of this pro-differentiating stimuli is counteracted by high PIN1 levels. Treatment of mIDH2
cells with pharmacological doses of ATRA targets PIN1 for degradation and enables full LSD1 activation to promote differentiation. b–c,
Cytospin images and quantitation of human TF1 cell line stably overexpressing the mutant variant R140Q of IDH2 (mIDH2) and the respective
controls (CTRL) that have been treated with pharmacological concentrations of ATRA (10–6M) or vehicle (DMSO). Data are means ± SD; t-test;
*p ≤ 0.05. d Colony forming assay of mouse leukaemia cells harbouring mutant or wildtype IDH2 and treated with the PIN1 inhibitor (Juglone,
1 μM) or respective vehicle (VHL). Colonies were quantitated 12 days after plating. Data are means ± SD; one-way anova; ***p ≤ 0.001. e Colony
forming assay of TF1 cells overexpressing the mIDH2 or respective control (CTRL) and treated with the PIN1 inhibitor (Juglone, 1 μM) or
respective vehicle (VHL). Colonies were quantitated after 7 days from plating. Data are means ± SD; one-way anova; ***p ≤ 0.001. f Schematic
representation of the metastable state of HoxA9/Meis1a/mIDH2 cells. Increased one-carbon (1C-) metabolism and oxidative stress (ROS)
sensitize cells to pro-oxidant agents such as arsenic trioxide (ATO). Excessive and impaired scavenging of ROS induces DNA damage and leads
to cell death. The induction of 1C-metabolism and glutathione synthesis is essential to ensure survival of leukaemia cells. Thus, block of this
antioxidant effect by treatment with ATO pushes cells towards collapse and death. g Fold induction of cell death (Annexin V/7AAD positive
cells) in mouse leukaemia cells isolated from second or third recipients and treated in vitro with ATO (0.5 μM) for 96 h. Data are means ± SD; t-
test; *p ≤ 0.05. h Fold induction of cell death (Annexin V/7AAD positive cells) in TF1 leukaemia cells overexpressing IDH2R140Q and treated with
ATO (0.5 μM) for 96 h. Data are means ± SD; t-test; ns not significant, *p ≤ 0.05. i Representative images of methylcellulose colony forming assay
and colony quantification of mouse leukaemia cells isolated from second transplants (early stage) and treated in vitro with pharmacological
concentrations of ATRA (1 μM), ATO (0.5 μM), a combination of both (ATRA+ ATO), or vehicle (VHL) as a control. Treatments were performed in
either the presence or absence of the IDH mutation (CTRL). Data are mean ± SD, one-way anova; **p ≤ 0.01, ***p ≤ 0.001. j Representative
images of colony forming assay of HoxA9/Meis1A/mIDH2 mouse leukaemia cells isolated from third recipients (late stage) and treated with
ATRA (1 μM), ATO (0.5 μM), a combination of both (ATRA+ ATO), or vehicle (VHL) as a control. Histograms show the quantification of colony
forming ability. Leukaemia cells were maintained on doxycycline (DOX ON) to favour the expression of the mIDH2 and increased 2HG levels or
out of doxycycline (DOX OFF) to evaluate sensitivity in the context of mIDH-independence. Data are mean ± SD, one-way anova; ***p ≤ 0.001.
k Quantification of colony forming ability of mouse leukaemia cells harbouring mutations in IDH2 (IDH2R140Q) or IDH1 (IDH1R132C) in
association with multiple combinatorial genetic driver such as NPMc+ or FLT3ITD and treated with pharmacological concentrations of ATRA
(1 μM), ATO (0.5 μM), a combination of both (ATRA+ ATO), or vehicle (VHL) as a control. Non-mutant IDH2 cells such as MLL-AF9 or NPMc
+/FLT3ITD were also included. Data are mean ± SD; one-way anova; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. See also Supplementary Information,
Figs. S4–S7
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stress, genetic mutation and translocation, MAPK/PI3K hyper-
activation, and an aberrant ATRA transcriptional program (Fig. 6).
Indeed, the relevance of MAPK dependence and relevance of
differentiation in therapy has recently been highlighted for
patients treated with Enasidenib, thereby validating the molecular
underpinnings of our model.8

Importantly, we show that mIDH2-dependent molecular and
metabolic rewiring can drive ROS accumulation, and a depen-
dence on PIN1 with the prolyl isomerase acting as a critical node
in mediating a differentiation block in spite of the increased ATRA
sensitization mediated by the inactivation of LSD1. While PIN1 is
proto-oncogenic in its action triggering the activation of MAPK/
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PI3K signaling, it is also known to trigger ROS production through
mitochondrial activation.39–41 As leukemic blasts are known to be
particularly sensitive to ROS levels, this in turn creates an inherent
vulnerability, which negatively impacts stem cell maintenance and
facilitates exhaustion.42 Indeed, our data illustrate how natural
selection towards an mIDH2-independent state further exacer-
bates a PIN1-ATRA block and the altered cellular balance towards
extreme levels of oxidation.
On this basis, we identify the classical targeted combination

therapy of APL, ATRA and ATO, as a therapeutic strategy for the
treatment of AML harboring mutation in mIDH1/2, independent
of multiple and diverse additional genetic events. This is
highlighted on the one hand by the exquisite sensitivity to this
combination therapy of our multiple leukaemic models harbour-
ing mIDH along with other established driver mutations (e.g.
NPMc+ and FLT3-ITD), and on the other hand by the fact that
ATRA/ATO is an effective combination independent of the
evolutionary stage of the mIDH AML. Such an approach is of
utmost relevance in view of a recent study from Quek et al.
on clonal heterogeneity and evolution of mIDH2 AML treated
with Enasidenib, demonstrating that multiple resistance
mechanisms driven by a diverse mutational landscape might
be at play to restore the block in differentiation, highlighting the
need for additional therapeutic approaches to overcome such
resistance.12

In APL, the ATRA/ATO combination selectively targets the PIN1-
PML-RARα oncogenic node,43 while in mIDH-leukaemia, the ATRA/
ATO combination treatment selectively targets the oncogenic
mIDH-PIN1-LSD1 node. In addition, using a cohort of primary
human AML cells that harbor either mIDH1 or mIDH2, we have
been able to clearly demonstrate the potential efficacy of the
ATRA/ATO combination to treat this subset of AML. Our analysis
suggest that these oncogenes sensitize to the effects of ATRA plus
ATO. Thus, the combination of these agents with specific mIDH
targeting agents may in turn potentiate and extend the efficacy of
these inhibitors. Indeed, the fact that mIDH blocks myeloid
differentiation and the ATRA response similarly to PML-RARα, also
suggests that rare atypical APL cases lacking the usual PML/RARα
translocations may actually harbor mutation in IDH enzymes.
Intriguingly, in keeping with this notion, out of two atypical APL
we analyzed, one displayed mutations in IDH2 enzyme (Supple-
mentary Information, Fig. S12). Furthermore, mutations in IDH1/2
have been described for AMLs displaying an acute promyelocytic
leukaemia-like (APL-like) immunophenotype by flow cytometry,44

reinforcing the idea that APL and AMLs carrying mIDH2 harbor
common pathways of evolution and vulnerabilities despite
distinct genetic drivers.
Taken together, this study provides critical understanding of the

mechanisms underlying mIDH-driven AML pathogenesis, and
underscores the value and insights that can be gained from
modeling cancer dependencies and vulnerabilities in appropriate
model systems. Critically, our data point towards the development
of a rationale-based therapeutic strategy for the targeted and
effective treatment of leukaemia.

MATERIALS AND METHODS
Cells
The human leukaemia U937 and TF1 cell lines were purchased
from the American Type Culture Collection (ATCC; https://www.
atcc.org). The U937 cells were maintained in RPMI supplemented
with 10% FBS and 1% penicillin/streptomycin. The TF1 cells were
maintained in RPMI-1640 supplemented with L-glutamine (Gibco),
10% FBS, 1% penicillin / streptomycin, human GM-CSF (2 ng/mL)
(R&D). Both cell culture protocols were in accordance with
American Type Culture Collection guidelines (ATCC; https://www.
atcc.org).
Human primary AML cells isolated from patients at diagnosis

were provided by BioBanco LAFe (Spain) (http://www.iislafe.es/
biobanco-la-fe.aspx), Dana Farber Cancer Institute (DFCI) Leukae-
mia/Lymphoma Xenograft Core (LLX) (https://www.proxe.org) or
by co-authors David Avigan, Dina Stroopinsky, Lourdes Mendez
(Beth Israel Deaconess Medical Center - BIDMC, Boston, MA USA).
Primary AML cells were isolated from patients’ bone marrow
tissues or peripheral blood and grown in H4434 methylcellulose
medium (MethoCult™ H4434 Classic, Stem Cell Technologies,
Catalog #04444) or QBSF-60 medium (VWR) supplemented with
human FLT3 ligand (10 ng/mL), TPO (20 ng/mL), IL-3 (10 ng/mL),

Fig. 5 Combined ATRA and ATO treatment eradicates mIDH2 leukaemia. a Methylcellulose colony forming assay and colony quantification of
human primary mIDH2 AML blasts treated in vitro with pharmacological concentrations of ATRA (1 μM), ATO (0.5 μM), a combination of both
(ATRA+ ATO), or vehicles (VHL) as control. Treatments were performed in either the presence of mIDH2 or absence of the mutation (CTRL).
Data are mean ± SD; one-way anova; ns not significant, *p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001. b, d Kaplan–Meyer curve showing the
percentage of disease free survival related to ATO/ATRA pre-clinical trial on mIDH2 PDX. n= 2 different mIDH2 AMLs were isolated from bone
marrow at diagnosis. Data were analysed by Log-Rank (Mentel–Cox) test. Statistics associated with mIDH2 AML PDX shown in b ATRA+ ATO
vs VHL p= 0.0018. Statistics associated with mIDH2 AML PDX shown in c ATRA+ ATO vs VHL p= 0.0013. #DS: mice show differentiation
syndrome (DS) (aka. ATRA syndrome). c, e Representative cytospin images showing cells isolated from BM of PDX mice treated with ATRA and
ATO. f, g, Representative images of IHC for the differentiation marker human myeloperoxidase (MPO) on lung tissues isolated from PDX mice
treated with ATRA and ATO or VEHICLE solutions. Accumulation of human MPO-positive cells is a major characteristic of DS. mIDH2: IDH2R140Q;
BM bone marrow, ATRA retinoic acid, ATO arsenic Trioxide. See also Supplementary Information, Figs. S8–S12 and Supplementary Information,
Table S4

Fig. 6 Scheme of ATO and ATRA targeting in mIDH leukaemia.
Scheme of leukaemia evolution from mIDH dependent to mIDH2
independent states (e.g. acquisition of resistance to mIDH inhibi-
tion). Multiple alterations including metabolic reprogramming, and
transcriptional rewiring are acquired during progression and co-
exist in the mIDH2 independent stage. In this multifactorial setting,
we unveil PIN1, deregulated LSD1 signaling and high ROS levels as
key factors for upregulated pro-survival and proliferation programs
(MAPK/PI3K pathways), alterations to functional ATRA signalling, and
altered metabolic state (one-carbon metabolism and increased
nucleic acid synthesis). These features represent targetable vulner-
abilities of leukaemia cells and highlight the potential for using ATO
(pro-oxidant) and ATRA (pro-differenting) drugs. Most importantly,
sensitivity to ATO and ATRA is a vulnerability already present at an
early stage in mIDH2-dependent leukaemia, which is mantained in
later stages during the disease progression
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MEM 1× (Sigma–Aldrich), 2% penicillin and streptomycin, 20%
High grade bovine serum. All primary AML cells were then
processed for methylcellulose assay with reagent treatments as
described.

Vectors and constructs
To generate stable lines for mutant IDH expression, TF1 and
U937 cells were infected with lenti-virus pLVX-IRES –neo vector
(Clontech #6321810) or pCIG3 (pCMV-IRES_GFP, from Felicia
Goodrum, Addgene plasmid # 78264), or retro-virus pBABE-GFP
(from William Hahn, Addgene plasmid # 10668) containing full
length IDH2/R140Q, IDH1/R132C or respective empty vectors as
controls. Full length human PIN1 cDNA (MGC, Dharmacon) was
amplified and cloned into the EcoRI site of the lentiviral vector
pCIG3 (from Felicia Goodrum, Addgene plasmid # 78264).
Lentiviral particles for stable silencing of PIN1 and relative
control were from Sigma (MISSION Lentiviral Transduction
Particles, SHC016V-1EA, SHCLNV: NM_006221, CloneID:
TRCN0000010577).

Murine studies and animal housing
The tetracycline-inducible IDH2R140Q mouse model was previously
created in our lab and backcrossed into the C57BL/6 J background
as previously described.13 To activate transgene expression
in vivo, a doxycycline-containing chow (Harlan Laboratories) was
administered to animals at the time of weaning (3 weeks of age).
To stop transgene expression, mice were taken off the
doxycycline-containing diet and placed on a regular laboratory
rodent diet. We obtained approval for all animal experiments from
the Beth Israel Deaconess Medical Center (BIDMC) and the
Institutional Animal Care and Use Committee (IACUC) (Research
Protocol #076–2017).

Isolation of RNA and DNA and Next-generation sequencing
For RNA-Seq, total RNA was isolated from a pure population of
sorted leukaemia cells according to previously described meth-
ods.45 DNAse treatment was performed to eliminate traces of
genomic DNA. For WES, genomic DNA was prepared using the
QUIAGEN DNeasy Blood & Tissue kit. Nucleic acids (DNA and RNA)
were quantitated by Nanodrop (Thermo Scientific). NGS services
were performed by the Molecular Biology Core Facilities at Dana
Farber Cancer Institute.

Reactive oxygen species analysis
Live cells (25 × 104 cells) were incubated with 2.5 μM MitoSOX™
Red mitochondrial superoxide indicator for live-cell imaging
(Invitrogen, Catalog #M36008) or CellROX® Deep Red Reagent or
CellROX Deep Red Reagent (Invitrogen, Catalog #C10422),
processed according to manufacture protocols and analysed as
previously described.46

Immunoblotting
For western blotting, leukaemia cells were lysed in RIPA buffer
(Sigma) supplemented with protease and phosphatase inhibitors.
Proteins were separated on 4–12% Bis-Tris gradient gels (Invitro-
gen), then transferred to polyvinylidine difluoride membranes
(Immobilon P, Millipore) as previously described,47 and probed
with the indicated antibodies diluted (1:1000 or 1:500) in 1 × PBS
with 5% BSA and 0.1% Tween-20. Antibodies used in this study:
Mouse monoclonal Anti-IDH2(R140Q) (NewEast Biosciences,
#26165), Rabbit anti-RARalpha (Cell Signaling Technology, 2554
P; Santa Cruz Biotechnology, sc-551), Rabbit anti-RXRalpha
(D6H10) (Cell Signaling Technology, 3085 P), Rabbit anti-CEPBE
(abcam, ab64970), Rabbit anti-C/EBPalpha (p42) (Cell Signaling
Technology, 2843 S), Mouse anti-HSP90 (BD Biosciences,
BDB610419), Rabbit anti – GAPDH (14C10) (Cell Signaling
Technology, #2118).

Quantification and statistical analysis
Statistical analysis was performed using GraphPad Prism7 soft-
ware. One-way anova or t-test were used as appropriate. The Log-
rank (Mentel–Cox) statistical analysis was used to evaluate
significance on survival curves.
Additional detailed materials and methods can be found in the

Supplementary Information, Data S1.
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