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ABSTRACT

ysine specific demethylase-1 (LSD1) has been shown to be critical in

acute myeloid leukemia (AML) pathogenesis and this has led to the

development of LSD1 inhibitors (LSD1i) which are currently tested in
clinical trials. Nonetheless, preclinical studies reported that AML cells fre-
quently exhibit intrinsic resistance to LSD1 inhibition, and the molecular
basis for this phenomenon is largely unknown. We explored the potential
involvement of mammalian target of rapamycin (mTOR) in mediating the
resistance of leukemic cells to LSD1i. Strikingly, unlike sensitive leukemias,
mTOR complex 1 (mTORC1) signaling was robustly triggered in resistant
leukemias following LSD1 inhibition. Transcriptomic, chromatin immuno-
precipitation and functional studies revealed that insulin receptor substrate
1(IRS1)/extracellular-signal regulated kinases (ERK1/2) signaling critically
controls LSD1i induced mTORC1 activation. Notably, inhibiting mTOR
unlocked the resistance of AML cell lines and primary patient-derived blasts
to LSD1i both in vitro and in vivo. In conclusion, mTOR activation might act
as a novel pro-survival mechanism of intrinsic as well as acquired resistance
to LSD1i, and combination regimens co-targeting LSD1/mTOR could repre-
sent a rational approach in AML therapy.

Introduction

Among the novel epigenetic druggable targets in acute myeloid leukemia (AML)
therapy, lysine specific histone demethylase 1 (LSD1) has gained attention based
on its preferential overexpression in primary AML compared to normal hematopoi-
etic stem and progenitor cells."*In cooperation with the oncogenic MLL-AF9 fusion
protein, LSD1 actively sustains AML maintenance.> Moreover, LSD1 inhibition
reactivates an all-trans-retinoic acid (ATRA)-dependent differentiation pathway in
AML.* LSD1 overexpression has also been associated with poor prognosis in vari-
ous types of tumors including colon and lung cancers.” Mechanistically, LSD1 is a
flavin adenine dinucleotide (FAD)-dependent amine oxidase that specifically
removes mono- or dimethylated histone H3K4 and H3K9 resulting in context-spe-
cific transcriptional repression and activation respectively.” Apart from chromatin,
LSD1 demethylates and hence regulates a wide array of non-histone targets.”” All
these activities account for the role of LSD1 in regulating tumor proliferation,
metastasis and metabolism.”*"" We and others have developed LSD1 inhibitors
(LSD1i) with potent and selective biochemical profiles and some of which are cur-
rently evaluated in clinical trials.”™ Nonetheless, the preclinical antileukemic activ-
ity of LSD1i as a monotherapy is relatively modest."*" In solid tumors, specific
DNA methylation signatures correlated with the sensitivity to LSD1i."* However,
the molecular mechanisms underlying the differential responsiveness of AML to
LSD1i remain largely unknown.
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Mammalian target of rapamycin (mTOR) signaling is
frequently hyperactive in AML." mTOR exists in two dis-
tinct complexes; mTORC1 and mTORC2. mTORC1 pri-
marily acts on substrates (as p70 S6 kinase) which controls
glycolysis, protein synthesis and lipogenesis.” mTORC2
regulates actin rearrangement, metabolism and survival
(acting on substrates such as AKT).” Inactivating
mTORCT significantly prolongs the survival of mice trans-
planted with MLL-AF9 expressing AML cells.” We and
others have previously demonstrated that mTOR activa-
tion acts as a fundamental adaptive response exploited by
cancer cells to evade the cytotoxic stimuli triggered by
several anticancer drugs including epigenetic therapies.”™
Therefore, in this study, we investigated the potential
implication of mTOR in mediating the sensitivity/resis-
tance of AML cells to LSD1i.

Methods

Cell lines and cell culture

AML cell lines were obtained from either DSMZ or ATCC.
KASUMI-1, NB4 and THP-1 cells were cultured in RPMI-1640
media supplemented with 2 mM L-glutamine, 10% FBS and 1%
penicillin-streptomycin. SKNO-1 cells were cultured in RPMI-
1640 media supplemented with 10% FBS, 2 mM L-glutamine, 10
ng/mL GM-CSF and 1% penicillin-streptomycin. UF1 cells were
cultured in RPMI-1640 media supplemented with 20% FBS and 2
mM L-glutamine. OCI-AML3 cells were cultured in a-MEM
media supplemented with 20% FBS, 2 mM L-glutamine, and 1%
penicillin-streptomycin. Phoenix™-Ampho cells were cultured in
DMEM media supplemented with 2 mM L-glutamine, 10% FBS
and 1% penicillin-streptomycin. Cells were maintained in a
humidified tissue culture incubator at 37°C with 5% CO,.

Primary patient-derived AML blast and cord
blood-derived CD34" cells

A primary human AML sample (referred to as AML-IEO20;
t(9;11);NPM WT;FLT3 WT) was obtained from the IEO Biobank
according to the procedures approved by the Ethical Committee
of the European Institute of Oncology. Mononuclear cells were
isolated from the peripheral blood/bone marrow samples by Ficoll
density centrifugation. For ex vivo studies, AML-IEO20 cells (pas-
sage no. 3, 290% human leukemic blasts) were thawed and cul-
tured in RPMI-1640 medium supplemented with 20% FBS, 1%
5637 and 2mM L-glutamine. Primary human cord blood-derived
CD34" (non-transduced and hMLL-AF9 transduced) cells were cul-
tured in HPGM™ Hematopoietic Growth Medium supplemented
with 10% FBS, 2 mM L-glutamine, 100 ng/mL SCE, 100 ng/mL
FLT3 and 100 ng/mL thrombopoietin. Before proceeding with
in vitro experiments, cryopreserved cells were allowed to recover
for at least three days.

In vivo studies

DDP38003 was dissolved in vehicle (40% PEG-400 in 5% glu-
cose solution). A stock solution of rapamycin (10 mg/mL) was pre-
pared in 100% ethanol and stored at -20°C until use. Immediately
before administration, rapamycin was diluted in vehicle com-
posed of 5% PEG-400 and 5% Tween-80. AML-IEO20 cells
(0.25x10° cells/mouse) were transplanted via tail vein injection of
8-10 weeks old NOD-SCID-IL2Rcynull (NSG) mice. One week
post-transplantation, mice were randomly assigned into four dif-
ferent groups which were treated for five weeks. The first group
served as vehicle treated group. The second group was adminis-
tered DDP38003 (16.8 mg/kg, by oral gavage). The third group

received rapamycin (5 mg/kg, intraperitoneally). The fourth group
received DDP38003 and rapamycin. The survival of the mice was
analyzed and represented by a Kaplan-Meier survival plot. All ani-
mal studies were conducted in compliance with the Italian
Legislative Decree No.116 dated January 1992 and European
Communities Council Directive No.86/609/EEC concerning the
protection of animals used for experimental purposes and other
scientific purposes according to the institutional policy regarding
the care and use of laboratory animals. Mice were housed accord-
ing to the guidelines set out in Commission Recommendation
2007/526/EC — June 18, 2007, guidelines of the accommodation
and care of animals used for experimental and other scientific pur-
poses. The study was approved by both the Ethical Committee of
the European Institute of Oncology and Italian Ministry of Health
(Project license number 199/2017).

For additional methods, please refer to the Online Supplementary
Materials and Methods.

Results

Heterogeneous AML responses to LSD1i do not
correlate with basal LSD1 level

To explore the anti-leukemic activity of inhibiting LSD1,
we initially used DDP38003 (previously referred to as
Compound 15),” a potent selective and irreversible LSD1j,
against a panel of AML cell lines belonging to different
subtypes. As previously reported,”” AML cells demon-
strated heterogeneous responses to LSD1 inhibition.
DDP38003 dramatically diminished the proliferation and
viability (cellular ATP level) of KASUMI-1, SKNO-1 and
UF1 cells (Figure 1A and Online Supplementary Figure S1A).
Indeed, DDP38003 induced apoptotic cell death in sensi-
tive AML cells (Figure 1B and Online Supplementary Figure
S1B). Conversely, the viability and proliferation of NB4,
OCI-AML3 and THP-1 cells were not significantly affect-
ed reflecting their resistance to DDP38003 (Figure 1A-B
and Online Supplementary Figure S1A-B). Next, we investi-
gated whether DDP38003 was efficiently inhibiting LSD1
in resistant AML. Indeed, genes reported to be directly
repressed by LSD1"* were upregulated post-DDP38003
treatment in both resistant THP-1 and sensitive KASUMI-
1 cells confirming efficient LSD1 inhibition (Online
Supplementary Figure S1C). We then inquired whether such
differential responsiveness of AML cells correlates with
the basal level of LSD1. LSD1 levels in both sensitive and
resistant AML were comparable ruling out this hypothesis
(Figure 1C). Altogether, our findings indicate that assess-
ing the changes in the transcript levels of direct target
genes of LSD1 per se and/or basal LSD1 levels do not
explain differential vulnerability/responsiveness of AML
cells to LSD1i.

Activation of mTORC1 correlates with the resistance of
AML cells to LSD1 inhibition

mTOR is constitutively activated in AML blasts™ and
mediates chemoresistance.” We therefore investigated the
effect on mTOR signaling as a potential mechanism of
resistance of AML cells to LSD1i. Indeed, DDP38003 trig-
gered mTORCI1 activation in resistant AML cells as
shown by increased phosphorylation of its downstream
targets: p7/0 S6 kinase (p70S6K), ribosomal S6 and 4
eukaryotic-binding protein 1 (4E-BP1) (Figure 1D).
Conversely, treatment of sensitive AML with DDP38003
inactivated mTORC1 (Figure 1D). The activity of
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Figure 1. In contrast to acute myeloid leukemia cells sensitive to LSD1 inhibition, mTOR signaling is robustly activated in resistant AML cells in response to their
treatment with DDP38003. (A) Growth curves of the indicated acute myeloid leukemia (AML) cell lines treated with either vehicle or DDP38003 (0.5 uM) for the
indicated time points of treatment assessed using trypan blue cell counting. Data were statistically analyzed using two way ANOVA followed by Bonferroni post-hoc
test. A: P<0.05 compared to vehicle-treated cells (n=3). (B) Representative flowcytometry dot plots depicting the effect of six days of vehicle or DDP38003 (0.5 uM)
treatment on the viability/apoptosis of the indicated AML cells assessed by Annexin V/PI staining (left panel) and their quantitation (right panel). (C) Western blot
analysis of LSD1 levels in the indicated AML cell lines. B-actin served as the loading control. (D) Immunoblotting analysis of mTOR signaling pathway in LSD1i-sen-
sitive (KASUMI-1, SKNO-1 and UF1) and LSD1i-resistant (NB4, OCI-AML3 and THP-1) AML cells treated for six days with either vehicle or different concentrations of
DDP38003 (0.1 and 0.5 uM). Vinculin served as the loading control. The presented blots are derived from replicate samples run on parallel gels and controlled for

even loading. LSD1: lysine specific demethylase-1; LSD1i: LSD1 inhibitors.
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mTORC2 (evaluated by assessing AKT phosphorylation
at S473) was not consistently modulated in response to
LSD1i in resistant and sensitive AML cells (Figure 1D).
Collectively, these findings suggest that distinct fine-tun-
ing of mTORCI activity correlates with the differential
responsiveness of AML cells to DDP38003.

Mirroring the response to DDP38003, mTORC1 was
induced in resistant AML cells and inhibited in sensitive
AML cells following their treatment with MC2580 (anoth-
er selective LSD1i previously referred to as Compound
14e”) (Online Supplementary Figure S1D-G). Finally, to con-
firm that LSD1 was the key molecular target for the phe-
notypic/molecular responses and exclude potential off-tar-
get effects associated with pharmacological inhibition,
two different LSD1-targeting small hairpin RNA (shRNA)
were used. Consistently, while LSD1 knockdown sharply
affected the proliferation of KASUMI-1 cells resulting in
preferential counter-selection of one of the shRNA against
wild-type cells, THP-1 and OCI-AMLS cells tolerated
LSD1 knockdown (Figure 2A-C). shRNA against LSD1
efficiently reduced LSD1 mRNA and protein levels, and
subsequently upregulated the transcription of a direct tar-
get gene of LSD1 (CD11b) which was also modulated by
DDP38003 (Figure 2D-L). Recapitulating the effect of
pharmacological LSD1i, mTORC1 was inhibited in sensi-
tive AML cells and induced in resistant AML cells follow-
ing LSD1 knockdown (Figure 2J-L). Altogether, our data
demonstrate that the sensitivity/resistance of AML cells to
LSD1 inhibition is associated with distinctive modulation
of mTORCI1 activity.

Abrogating mTOR signaling counteracts the resistance
of AML cells to LSD1 inhibition

Next, we explored the effect of inactivating mTOR on
the response of AML cells resistant to LSD1 inhibition
using different strategies. Inhibiting mTOR pharmacolog-
ically using either rapamyecin (allosteric mTOR inhibitor)
or AZD8055 (ATP competitive mTOR kinase inhibitor)
sensitized resistant THP-1 cells to pharmacological LSD1i
or genetic knockdown of LSD1 (Figure 3A-H). Mimicking
nutritional stress using 2-deoxyglucose (2DG, a non-
metabolizable glucose analogue)” also counteracted
DDP38003-mediated mTOR activation and rendered
THP-1 cells responsive to LSD1i (Online Supplementary
Figure S2A-C).

A substantial proportion of initially responder cancer
patients eventually relapses/progresses. Trying to simulate
this scenario, parental KASUMI-1 cells (designated as
KASUMI-1/P) were continuously exposed to increasing
concentrations of DDP38003 for 12 months until they
started to proliferate in the presence of DDP38003.
Resistant descendent cells (hamed KASUMI-1/R) demon-
strated a resistance index (RI) of 21 against DDP38003,
and were also cross-resistant to MC2580 (RI of ~10)
(Online Supplementary Figure S4A-C). As shown in the
Ounline Supplementary Figure S4D, mTOR signaling was
activated in KASUMI-1/R cells compared to their parental
counter-part, and treatment with DDP38003, despite
reducing the extent of mTOR activation, did not reach the
low levels observed in parental cells. Besides boosting the
responses of KASUMI-1/P cells to LSD1i, inhibiting
mTOR dramatically reversed the acquired resistance of
KASUMI-1/R cells to LSD1i via triggering apoptosis and
this thereby indicates that compensatory mTOR activa-
tion protects AML cells against LSD1i-induced apoptotic

cell death (Online Supplementary Figure S4E-G).
Collectively, our data suggest that targeting mTOR coun-
teracts both intrinsic and acquired resistance of AML cells
to LSD1i in vitro.

IRS1 and ERK1/2 signaling are involved in mTOR
regulation by LSD1

We attempted to gain insights into the mechanism(s)
through which LSD1 regulates mTOR. AMP activated
protein kinase (AMPK) is a key negative regulator of
mTOR.” Following LSD1i, AMPK activity was increased
in both sensitive and resistant AML, as reflected by
increased phosphorylation of AMPK and its downstream
target, acetyl CoA carboxylase (ACC) (Ounline
Supplementary Figure S5A-D). The levels of Raptor, a regu-
lator and component of mTORCI, were not consistently
modulated in response to LSD1 inhibition (Online
Supplementary Figure SSE-G). Taken together, these results
suggest that these mechanisms might not be critical for
the observed modulatory effects on mTOR. We then
monitored the activity of mTORCI signaling in sensitive
KASUMI-1 and resistant THP-1 cells at different time
points following LSD1i. Even though six hours (h) of
DDP38003 treatment were not enough to elicit any
remarkable effects on the proliferation of sensitive KASU-
MI-1 cells, mTORC1 was dramatically inactivated (Online
Supplementary Figure S6A). Conversely, 24 h post-LSD1i in
resistant THP-1 cells, mTORC1 was robustly triggered
(Online Supplementary Figure S6B). Such modulatory effects
were maintained throughout the subsequent time points
of treatment. Accordingly, we decided to perform tran-
scriptomic analysis at the earliest detected and last tested
time points in which mTORCI1 activity was modulated
secondary to LSD1i (i.e. 6 and 72 h in KASUMI-1 cells and
24 and 72 h in THP-1 cells). Consistent with the results of
cell viability assays (Figure 1A-B and Ounline Supplementary
Figure S1A-B), ingenuity pathway analysis (IPA) showed a
significant modulation of gene sets involved in “cellular
growth and proliferation” in sensitive KASUMI-1 but not
resistant THP-1 cells post-LSD1i treatment (Ownline
Supplementary Figure S7A-B). Notably, IPA predicted extra-
cellular-signal regulated kinases 1 and 2 (ERK1/2) to be
activated in resistant but not in sensitive AML following
LSD1i (Online Supplementary Table S1A-4). ERK1/2 is
reported to be an upstream activator of mTOR.* In paral-
lel with mTOR modulation, DDP38003 inhibited ERK1/2
in sensitive AML cells (KASUMI-1) and activated ERK1/2
in resistant AML cells (THP-1 and NB4) cells (Online
Supplementary Figure S6A-C). Inhibiting ERK1/2 using sev-
eral unrelated selective MEK1/2 inhibitors as U0126,
pimasertib and trametinib rendered resistant AML cells
more vulnerable to LSD1 inhibition (Online Supplementary
Figure S6D-H). These findings all suggest that ERK1/2 acts
upstream of mTOR dysregulation by LSD1.

To further investigate how LSD1 regulates ERK1/2 and
mTOR, we analyzed our RNA-Seq data which revealed
that a subset of genes was differentially modulated in
resistant versus sensitive AML following LSD1i (Figure
4A). Among those differentially expressed genes, insulin
receptor substrate 1 (IRS1) was upregulated in resistant
but not responsive AML cells after DDP38003 treatment
(Figure 4A-B and Ounline Supplementary Table S5). IRS1 is an
adaptor protein which regulates various pathways includ-
ing ERK1/2 and mTOR.” Confirming RNA sequencing
(RNA-Seq) data, treatment with pharmacological LSD1i or



LSD1 knockdown significantly increased IRS1 mRNA and
protein levels in resistant AML cells, unlike sensitive AML
cells (Figure 4C-K and Ounline Supplementary Figure SSA).
Cistrome database analyses of previously deposited LSD1
Chlp-seq tracks” showed that LSD1 was associated to the
IRS1 promoter in resistant NB4 cells, while it was not
bound in sensitive KASUMI-1 and SKNO-1 cells (Online
Supplementary Figure S8B). We confirmed LSD1 binding to
the IRS1 promoter of LSD1i resistant AML cells by ChIP-

mTORI unlocks AML resistance to LSD1i

qPCR (Figure 4L-M and Ounline Supplementary Figure S8C-
D). Following the induction of IRS1 by DDP38003 treat-
ment, H3K4me3, H3K9Ac and H3K27 Ac histone marks at
IRS1 promoter were strongly increased compared to vehi-
cle-treated cells (Figure 4N-P). Modest changes in
H3K4me?2 were found in THP-1 and KASUMI-1 cells fol-
lowing their treatment with LSD1 inhibitors (DDP38003,
GSK690 and RN-1) (Online Supplementary Figure SSE-F).
To delineate the hierarchical relationship of IRS1 with
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blot analysis of lysates obtained from THP-1 cells (C) following 72 h of treatment. -actin served as the loading control. (E) Growth curves of transduced THP-1 cells
expressing control shRNA or shRNA against LSD1 treated with vehicle or rapamycin for the indicated time points of treatment. Data were statistically analyzed using
two way ANOVA followed by Bonferrroni post hoc test, **:P<0.05 compared to vehicle, shLSD1 or rapamycin alone treated groups respectively (n=3). (F) Western blot
analysis of lysates obtained from THP-1 cells (E) following 144 h of treatment. -actin served as the loading control. (G) Growth curves of transduced THP-1 cells
expressing control shRNA or shRNA against LSD1 treated with vehicle or AZD8055 for the indicated time points of treatment. Data were statistically analyzed using
two way ANOVA followed by Bonferrroni post hoc test, **<: P<0.05 compared to vehicle, shLSD1 or AZD8055 alone treated groups respectively (n=3). (H) Western blot
analysis of lysates obtained from THP-1 cells (G) following 144 h of treatment. f-actin served as the loading control.
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(control [scrambled] or LSD1 [shLSD1 #1 and shLSD1 #2]) using real-time quantitative PCR (RT-qPCR). Data were statistically analyzed using one way ANOVA fol-
lowed by Bonferrroni post hoc test.*: P<0.05 compared to control (scrambled). (H-K) Western blot analysis of lysates obtained from THP-1 (H), OCI-AML3 (1), NB4 (J)
and SKNO-1 (K) cells treated with either vehicle or DDP38003 (0.5 uM). Vinculin served as a loading control. (L) Schematic outline of the chromatin immunoprecip-
itation qPCR (ChIP-gPCR) primers designed to analyze the enrichment of LSD1 or histone marks on IRS1 promoter. (M) LSD1 ChIP-gPCR analyses were performed
in THP-1 cells using antibody against LSD1 or IgG as a control. Enrichment values at the indicated sites (A-D) were normalized to input DNA. Values are means +
standard deviation (SD). *: P<0.05. (N-P) ChIP-qPCR analyses to assess H3K4me3 (N), H3K9Ac (0O) and H3K27Ac (P) histone marks were performed in THP-1 cells
72 h following their treatment with either vehicle or DDP38003 (0.5 uM). Enrichment values at the indicated sites (A-D) were normalized to input DNA. Values are

means + standard deviation (SD). *: P<0.05.

ERK1/2 and mTOR, we investigated the effect of NT157,
a selective IRS1/2 inhibitor®" Co-treatment with NT157
reversed LSD1i-induced ERK/mTOR stimulation and sen-
sitized tolerant AML cells to LSD1i, suggesting that IRS1
acts upstream of ERK/mTOR (Figure 5A-C).

All trans-retinoic acid (ATRA) has been reported to
downregulate IRS1.%* Indeed, ATRA repressed IRS1 tran-
scription and cooperated with LSD1i as previously report-
ed (Online Supplementary Figure S9A-E and Figure 5D-F).*
Consistently, ATRA counteracted LSD1i-mediated induc-
tion of IRS1/ERK/mTOR in resistant AML cells and led to
reduced H3K4me2 and, to a greater extent, H3K27Ac
accumulation on IRS1 promoter (Figure 5F and Omnline
Supplementary Figure SIF-I). Collectively, our data indicate
that differential dysregulation of IRS1/ERK signaling
might contribute at least partly to the modulation of
mTOR following LSD1i.

Targeting mTOR sensitizes resistant primary human
AML blasts to LSD1 inhibition in vitro and in vivo

We then checked the effect of LSD1i on primary human
cells. mTOR signaling was not modulated in primary
human hematopoietic CD34" progenitor cells which toler-
ated DDP38003 (Online Supplementary Figure S10A-C). In
contrast, mTOR was inhibited by LSD1i treatment in
transduced human MLL-AF9 expressing CD34" cells
where LSD1i adversely affected their proliferation and
clonogenicity while promoting myeloid differentiation
(Online Supplementary Figure S11A-G).

Eventually, we explored the therapeutic value of co-
inhibiting mTOR in primary patient derived AML blasts
resistant to LSD1i (referred to as AML-IEO20, expressing
the oncofusion protein MLL-AF9). Confirming the results
seen in resistant AML cell lines, DDP38003 induced
mTORCI in resistant AML-IEO20 cells (Figure 6A-C).
Inhibiting mTOR signaling sensitized AML-IEO20 cells to
LSD1i (Figure 6D-F). This was associated with increased
G/G, arrest and apoptotic cell death (Online Supplementary
Figure S12A-B).

To validate our results in vivo, AML-IEO20 cells were
transplanted into NSG mice. As shown in Figure 7A, one
week post-transplantation, mice were randomly assigned
into four cohorts and treated with: vehicle, DDP38003,
rapamyecin or their combination. After two weeks of treat-
ment, DDP38003 as a monotherapy failed to lessen the
percent of circulating human AML cells, while rapamycin
caused a significant decrement (Figure 7C).
DDP38003/rapamycin combinatorial regimen significant-
ly reduced the percent of hCD45" leukemic cells in the
peripheral blood as compared to vehicle and DDP38003-
treated  groups  (Figure 7C). Even though
DDP38003/rapamyecin co-treatment further lessened the
percent of human AML cells by almost 60% compared to
rapamyecin alone, such a decrement was not statistically
significant. At this stage of treatment, two mice from each

cohort were sacrificed, and spleen and bone marrow tis-
sues were harvested. Rapamycin, but not DDP38003,
reduced spleen and bone marrow infiltration by leukemic
cells was comparable to the vehicle-treated group (Figure
7D-F). Notably, DDP38003/rapamycin combination elicit-
ed an even stronger reduction of leukemic infiltration
(Figure 7E-F). May Grunwald/Giemsa-stained cytospin
preparations of blood smear, spleen and bone marrow,
histopathological and immunohistochemical examina-
tions further confirmed the superior antileukemic the
activity of the LSD1i/mTORi combinatorial regimen
(Online Supplementary Figure S12C-F and Table 1). After
three weeks of treatment, circulating hCD45" leukemic
cells were present in the cohorts treated with vehicle,
DDP38003 and rapamycin as monotherapies while they
remained dramatically decreased by the combination
treatment (Figure 7G). Indeed, the combination treatment
significantly prolonged the survival of PDX mice as com-
pared to vehicle (P=0.001), DDP38003 (P=0.0004) and
rapamycin  (P=0.0024)-treated groups (Figure 7J).
Altogether, our results provide the first proof of principle
demonstrating preclinical evidence for a therapeutic strat-
egy to restore the efficacy of LSD1i in irresponsive AML
patients based on co-inhibiting LSD1/mTOR.

Discussion

AML cells have been reported to elicit heterogeneous
responses to LSD1i."” Here, we explored the mechanisms
of sensitivity and resistance of AML cells to LSD1 inhibi-
tion. Initially, we ruled out the possibility that differential
basal LSD1 levels might account for discrepant vulnerabil-
ity of AML cells to LSD1i, consistent with what was
described with T-cell lymphoblastic leukemias.*
Moreover, global transcriptomic changes in the target
genes of LSD1 (as CD11b) did not correlate with the dis-
crepant responses of AML cells to LSD1i. Intriguingly, we
found that distinctive modulation of mTORCI1 activity
acts as a key mediator of the susceptibility of AML cells to
LSD1i therapy (Figure 7K). We and others have previously
demonstrated that mTORCI1 contributes to the resistance
of diverse types of tumours to targeted anticancer thera-
pies, such as histone deacetylase (HDAC) and tyrosine
kinase inhibitors.?*** Likewise, mTORCI signaling was
robustly triggered in AML cells that tolerated LSD1i. In
contrast, mTORC1 was inhibited in LSD1li-sensitive
AML, as recently described using S2101, another LSD1i, in
responsive ovarian carcinoma cells.” Inhibiting mTOR via
direct pharmacological inhibition, or mimicking energetic
stress using the non-metabolizable glucose analogue, 2-
deoxyglucose, reversed LSD1i-induced mTOR activation
and counteracted the resistance of AML cells to LSD1i.
Intriguingly, our findings with the glycolytic inhibitor, 2-
deoxyglucose, could also be explained by Poulain ez al.,
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who demonstrated that heightened mTORCI1 activity
promotes glycolysis and drives glucose addiction in AML
cells.”® Since mTOR acts as a fundamental metabolic
checkpoint, LSD1-induced mTOR modulation might con-
tribute to the epigenetic plasticity of cancer cell metabo-
lism." The ON/OFF regulatory effects of LSD1i on mTOR
could also account for the previously reported regulatory
effects of LSD1 on metabolic reprogramming.**
Importantly, co-inhibiting LSD1 and mTOR significant-
ly reduced the leukemic burden and prolonged the sur-
vival of mice xenotransplanted with primary patient-
derived AML (with MLL-AF9 chromosomal transloca-
tions) compared to monotherapies. Consistent with the
preclinically observed synergy between HDAC inhibitors
and mTOR inhibitors, encouraging anticancer activities of
vorinostat (HDAC inhibitor) when combined with
sirolimus (mTOR inhibitor) have also been reported in
patients with refractory Hodgkin lymphoma, perivascular

epithelioid tumor, and hepatocellular carcinoma.*®*' The
observed synergy between LSD1i and mTOR inhibitors
remains to be verified in patient-derived AML blasts
exhibiting a diverse genetic background.

In addition, it is worth mentioning that while we have
not noticed any potential impact of LSD1 inhibition on
the proliferation as well as mTOR signaling of primary
human CD34" cord blood cells following three days of
treatment, this does not exclude potential adverse effects
on normal hematopoiesis following long-term LSD1 inhi-
bition which was previously reported.” Hence, this should
carefully be considered while designing clinical trials eval-
uating the efficacy of LSD1i as a monotherapy or in com-
bination regimens.

Acquired resistance is a frequently encountered hurdle
in cancer therapy. Despite being formerly responsive,
tumor cells have a formidable capability to develop resist-
ance to indefinite spectra of anti-cancer agents when chal-
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lenged for long periods.” After prolonged exposure of
responsive AML (KASUMI-1/P) to DDP38003, secondarily
resistant AML cells (KASUMI-1/R) started to grow in the
presence of LSD1i. Such KASUMI-1/R cells were cross
resistant to another LSD1i. Of note, mTOR activation was
observed not only in AML cells intrinsically resistant to
LSD1 inhibition, but also as a mechanism of acquired
resistance to LSD1 inhibition in primarily sensitive AML
cells. Analogously, imatinib triggered mTOR activation in
a chronic phase chronic myelogenous leukemia (CML)
patient which critically mediated CML survival during the
early phase of acquired imatinib resistance before the
acquisition of a kinase mutation.”” Although we have not
analyzed the eventual genetic alterations in KASUMI-1/R
cells, the observation that acquired resistance could be
reverted by mTOR inhibition suggests that an adaptive
rather than a genetic mechanism is involved in mediating
mTOR activation and resistance to LSD1 inhibition.
Nonetheless, this shall be systemically investigated in our

future studies on a larger subset of secondarily resistant
AML.

Delving deeper, we have investigated how LSD1 differ-
entially modulates mTOR in resistant versus sensitive
AML cells. Intriguingly, we have observed mTORCI acti-
vation in experimental conditions where AMPK - which in
many cases acts as a mTOR inhibitor” - was activated and
thereby excluding its involvement. In line with AMPK
stimulation, we found that LSD1i increases the phospho-
rylation and hence inactivation of the down-stream target
of AMPK, ACC which is the rate-limiting enzyme of fatty
acid synthesis. In line with our data, LSD1 knockdown
has been shown to reduce the triglyceride levels through
modulating sterol regulatory element binding protein
(SREBP1)-mediated activation of lipogenic gene transcrip-
tion.®* mTOR also promotes de novo lipogenesis via activat-
ing SREBP1 and phosphorylating serine/arginine protein
kinases, thereby promoting the splicing of lipogenic pre-
mRNA.* Our data highlighting the modulatory effects of
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Figure 6. Targeting mTOR sensitizes primary patient-derived MLL-AF9 express-
ing (AML-IE020) leukemia blasts to LSD1 inhibition in vitro. (A) Growth curves
of AML-IEO20 leukemic cells treated with vehicle or DDP38003 (0.1 or 0.5 uM)
for the indicated time points of treatment (n=3). (B) Assessment of CD11b mRNA
levels in AML-IEO20 leukemic cells following 72 hours (h) of treatment with vehi-
cle or DDP38003 (0.1 and 0.5 uM) using real-time quantitative PCR (RT-qPCR).
Data were statistically analyzed using one way ANOVA followed by Bonferrroni
post hoc test.*: P<0.05 compared to vehicle-treated cells. (C) Immunoblotting
analysis of mTOR signaling pathway in AML-IEO20 leukemic cells treated for 72
h with either vehicle or different concentrations of DDP38003 (0.1 or 0.5 uM).
Vinculin served as the loading control. The presented blots are derived from
replicate samples run on parallel gels and controlled for even loading. (D-E)
Effect of targeting mTOR signaling using an allosteric mTOR inhibitor (rapamycin
- 10 nM) (D) or an ATP competitive mTOR kinase inhibitor (AZD8055 - 10 nM)
(E) on the growth kinetics of AML-IEO20 leukemic cells treated with vehicle or
DDP38003 (0.5 uM). Data were statistically analyzed using two way ANOVA fol-
lowed by Bonferrroni post hoc test (n=3). **%: P<0.05 compared to vehicle,
DDP38003/shLSD1 or rapamycin/AZD8055 alone treated groups respectively.
(F) Western blot analysis of lysates obtained from AML-IEO20 cells treated as
indicated for 72 h. Vinculin served as the loading control. The presented blots
are derived from replicate samples run on parallel gels and controlled for even
loading.
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Figure 7. Targeting mTOR sensitizes primary patient-derived MLL-AF9 expressing (AML-IE020)
leukemia blasts to LSD1 inhibition in vitro and in vivo. (A) Schematic outline of the in vivo stud-
ies with the PDX model of AML-IEO20 leukemia. (B-l) Flow cytometric analyses of the percent of
human CD45* leukemic cells in the peripheral blood (PB) obtained from NSG mice transplanted
with primary human AML-IEO20 cells and treated for 7 (B), 14 (C), 21 (G) and 28 (H) days with
either: vehicle (Veh), DDP38003 (DDP, 16.8 mg/kg, PO), rapamycin (Rapa, 5 mg/kg, IP) or
DDP38003 + rapamycin. (D) Effect of different treatments on the spleen index following 15 days
of treatment. Data were statistically analyzed using one-way ANOVA followed by Tukey-Kramer
post hoc test. ***: P<0.05 compared to non-transplanted and vehicle-treated and DDP38003
alone xenotransplanted groups respectively. Upper right panel: image of spleens harvested from
NSG mice 15 days following their treatment with either vehicle or DDP38003 or rapamycin or a
combination of DDP38003 and rapamycin (n=2/group). (E-F) Flowcytometric analysis of AML-
IEO20 leukemic engraftment depicted as percent of human CD45+ leukemic cells in the spleen
(E) and bone marrow (F) after 15 days of treatment initiation (n=2/group). Data were statistical-
ly analyzed using one-way ANOVA followed by Tukey-Kramer post hoc test. *: P<0.05. Data rep-
resents mean + standard deviation (SD). Data were statistically analyzed using one-way ANOVA
followed by Tukey-Kramer post hoc test. *: P<0.05. (I) Flow cytometric analyses of the percent
of human CD45+ leukemic cells in peripheral blood obtained from NSG mice transplanted with
primary human AML-IEO20 cells and treated for the indicated time points with either: vehicle,
DDP38003, rapamycin or their combination. (J) Kaplan Meier survival curve of mice engrafted
with primary AML-IEO20 cells treated with vehicle, DDP38003, rapamycin or DDP38003 +
rapamycin. Statistical significance was evaluated using log-rank (Mantel-Cox’s) test. **¢: P<0.05
compared to vehicle, DDP38003 or rapamycin-only treated groups respectively. (K) Schematic
representation of the proposed mechanism by which modulation of IRS1/ERK/mTOR signaling
governs the sensitivity/resistance of acute myeloid leukemia (AML) cells to LSD1 inhibition
(LSD1i).
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Table 1. Targeting mammalian target of rapamycin (mTOR) sensitizes primary
patient-derived acute myeloid leukemia (AML) blasts (AML-IE020) to LSD1
inhibition. Degree of leukemic cells infiltration of the spleen, bone marrow and
surrounding muscular tissues harvested from NSG mice transplanted with
human primary AML-IE020 cells, sacrificed 15 days after initiation of treat-

LSD1 on ACC and mTOR enrich the evidences linking
LSD1 to the regulation of lipid metabolism.

Upstream regulator IPA predicted ERK1/2 to be activat-
ed in resistant but not sensitive AML following LSD1i. Of

note, ERK1/2 is known to positively regulate the activity =~ ment.
of mTOR signaling via acting both upstream and down-  [ZEEE7T Extent of infiltration
stream of mTOR.** Inhibiting ERK1/2 inhibited mTOR  FEESEE T RETE TR 17T Spleen  Bone marrow Muscle

and counteracted AML resistance to LSD1i. Moreover,

transcriptomic studies showed that IRS1 was upregulated Non-fransplanted - -

following LSD1i in resistant but not responsive AML cells. ~ Vehicle-treated group (#A2) ++ Necrotic ++
We found LSD1 to be associated with the IRS1 promoter  Vehicle-treated group (#A3) e+ +++ ++
only in AML cells resistant to LSD1i, suggesting that AML  pppsggo3-treated group (4B11) ++ e+ +
cells display different modes of regulation of this gene

. : . . DDP38003-treated group (#B12) ++ +++ +
(negative regulation by LSD1 in resistant cells, other :
mechanisms in sensitive cells). Consistently, LSD1i led to ~ Rapamycin-treated group (#D33) ety ety i
remodeling of the IRS1 promoter in resistant AML cells, ~ Rapamycin-treated group (#D36) ++ o+ +
with a prominent accumulation of HSK4meS, HSK9AC DDP38003/Rapamycin co-treated group (#C21)  + g -
and H3K27Ac histone marks. Our findings are consistent DDP38003/Rapamycin co-treated group (£C25)  + N

with the previously reported studies which demonstrated
that the transcriptional consequences of LSD1 inhibition
are preceded by the preferential enrichment of H3K9Ac
and HS3K27Ac marks at LSD1-bound regulatory
regions."**

Notably, a selective IRS1/2 inhibitor, NT157* reversed
LSD1i-induced ERK1/2 and mTOR activation and thereby
sensitized resistant AML cells to LSD1i. Our data are in
accordance with Machado-Neto and colleagues who
reported that silencing IRS1 inactivates ERK1/2 and
mTOR signaling in K562 CML cells.” In line with previous
studies which reported that ATRA downregulates IRS1,%%
we have further demonstrated that ATRA reduced
H3K4me2 and H3K27Ac accumulation on IRS1 promoter.
Indeed, ATRA dramatically abolished LSD1li-mediated
IRS1 induction and rendered resistant AML vulnerable to
LSD1i. Within this context, we speculate that LSD1i and
ATRA cooperate by acting via distinct mechanisms. LSD1i
unlocks ATRA-differentiation pathway® whereas ATRA
counteracts LSD1i-mediated upregulation of IRS1. These
complementary activities might contribute to the syner-
gistic antileukemic activity of their combination.*
Altogether, our findings imply that LSD1i-mediated mod-
ulation of IRS1 and ERK1/2 might contribute —at least

Degree/extent of leukemia infiltration; null (-), mild (+), moderate (++), severe (+++).

partly—to mTOR regulation by LSD1 (Figure 7K).

In conclusion, our data underscore a pro-survival role of
mTOR in mediating both intrinsic and acquired resistance
of AML cells to LSD1i and provide an objective rationale
for considering epigenetic (LSD1i)/metabolic (mTORi)
combinatorial regimens for irresponsive AML patients.
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