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Abstract

Background Acute myeloid leukemia (AML) patients bearing the ITD mutation in the tyrosine kinase receptor FLT3
(FLT3-ITD) present a poor prognosis and a high risk of relapse. FLT3-ITD is retained in the endoplasmic reticulum (ER)
and generates intrinsic proteotoxic stress. We devised a strategy based on proteotoxic stress, generated by the combi-
nation of low doses of the differentiating agent retinoic acid (R), the proteasome inhibitor bortezomib (B), and the oxi-
dative stress inducer arsenic trioxide (A).

Methods We treated FLT3-ITD" AML cells with low doses of the aforementioned drugs, used alone or in combi-
nations and we investigated the induction of ER and oxidative stress. We then performed the same experiments

in an in vitro co-culture system of FLT3-ITD* AML cells and bone marrow stromal cells (BMSCs) to assess the protec-
tive role of the niche on AML blasts. Eventually, we tested the combination of drugs in an orthotopic murine model
of human AML.

Results The combination RBA exerts strong cytotoxic activity on FLT3-ITD* AML cell lines and primary blasts isolated
from patients, due to ER homeostasis imbalance and generation of oxidative stress. AML cells become completely
resistant to the combination RBA when treated in co-culture with BMSCs. Nonetheless, we could overcome such
protective effects by using high doses of ascorbic acid (Vitamin C) as an adjuvant. Importantly, the combination

RBA plus ascorbic acid significantly prolongs the life span of a murine model of human FLT3-ITD™ AML without toxic
effects. Furthermore, we show for the first time that the cross-talk between AML and BMSCs upon treatment involves
disruption of the actin cytoskeleton and the actin cap, increased thickness of the nuclei, and relocalization of the tran-
scriptional co-regulator YAP in the cytosol of the BMSCs.

Conclusions Our findings strengthen our previous work indicating induction of proteotoxic stress as a possible
strategy in FLT3-ITD" AML therapy and open to the possibility of identifying new therapeutic targets in the crosstalk
between AML and BMSCs, involving mechanotransduction and YAP signaling.
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Background

Acute myeloid leukemia (AML) is a heterogeneous dis-
ease caused by a blockage of hematopoietic myeloid
precursors differentiation, resulting in the accumu-
lation of immature blasts. The mutational landscape
of AML comprises mutations in signaling pathways,
transcription factors, epigenetic modifiers, and splic-
ing factors [1]. FMS-like tyrosine kinase 3 (FLT3)
internal tandem duplication (FLT3-ITD) and tyrosine
kinase domain (FTL3-TKD) mutations cause constitu-
tive activation of FLT3 and its downstream signaling
pathways [2, 3]. FLT3-ITD mutations are associated
with a poor prognosis, primarily due to an increased
risk of relapse, with a median overall survival (OS) at
five years of 30—35% [4, 5]. The clinical outcome of
FLT3-ITD AML and the strong evidence of the leu-
kemogenic role of FLT3 promoted the development
of tyrosine kinase inhibitors (TKIs) [6, 7]. However,
despite encouraging results achieved with targeted
treatments, in association or not with chemother-
apy, improvements in overall survival of FLT3-ITD*
AML are still modest, since most patients eventually
relapse [8—11]. Acquisition of resistance to treatments
involves the development of FLT3 secondary muta-
tions [12], the evolution of leukemic clones character-
ized by novel mutations (especially involving the RAS
pathway [13]), and protection provided by the bone
marrow (BM) niche [14, 15]. These observations sug-
gest that a possible strategy is to combine multiple
approaches targeting different pro-survival pathways.
Leukemic cells rely on adaptive responses to cope with
intrinsic and extrinsic sources of proteotoxic stresses,
that result in the disruption of protein homeosta-
sis [16]. This is particularly important in FLT3-ITD*
AML cells, which are subjected to intrinsic endoplas-
mic reticulum (ER) stress since FLT3-ITD is a mis-
folded protein retained in this organelle [2]. In this
context, we set up an approach based on the induction
of ER and oxidative stress that showed cytotoxic activ-
ity against FLT3-ITD" AML, both in cell lines and pri-
mary blasts isolated from patients [17]. This is based
on the combined use of low doses of the differentiating
agent retinoic acid (RA), the ER stress inducer tunica-
mycin (Tm), and the oxidative stress inducer arsenic
trioxide (ATO) and importantly did not show toxicity
on normal hematopoietic progenitors treated ex vivo.
To facilitate possible translational applications, here

we substituted Tm with the proteasome inhibitor
bortezomib (Btz) to induce ER stress and alteration
of proteostasis. RA and ATO are employed in clinical
practice for acute promyelocytic leukemia (APL) [18].
APL treatment is a paradigm of targeted therapy. This
subtype of AML is characterized by the fusion pro-
tein PML-RARa that impedes the differentiation tran-
scriptional program driven by RARa. Pharmacological
doses of RA are able to re-activate RARa-mediated
transcription resuming differentiation and to target
PML-RAR«a for degradation. Treatment with RA and
chemotherapy is however associated with relapses,
risks of severe infections and secondary leukemias
[19]. RA-resistant or relapsed patients are effectively
treated with a combination of RA and ATO, which
mechanism of action is based on its ability to generate
oxidative stress thus mediating efficient PML-RAR«a
degradation [18, 20]. Unfortunately, although many
attempts have been performed, RA can efficiently
induce differentiation only in APL. However, in some
AML types, RA is able to partially trigger transcrip-
tional and translational programs that, even though
not completely, activate the leukemic blast [21]. Btz is
used in clinical practice in therapies for multiple mye-
loma (MM) and mantle cell lymphoma [22, 23]. MM is
a tumor of plasma cells, terminally differentiated effec-
tors of the B cell lineage specialized in producing large
amounts of antibodies. The massive secretory appara-
tus necessary for normal and transformed plasma cells
to allow for high-level protein secretion constitutes
a distinctive therapeutic target. In fact, proteostasis
imbalance is at the basis of the molecular mechanisms
that render MM specifically sensitive to proteasome
inhibitors, since blocking misfolded and unfolded pro-
tein degradation shifts the balance of the proteostasis
pathways (like the UPR and autophagy) toward apop-
tosis [24, 25]. Thus, we reasoned that FLT3-ITD* AML
cells could be targeted in a similar manner by induc-
ing translational activity by RA and simultaneously
increasing proteotoxic stress by ATO (which causes
oxidative stress) and by Btz (which impairs the protein
degradation apparatus, clogging the secretory path-
ways with misfolded proteins). We demonstrate that
the combination of RA, Btz and ATO (RBA) efficiently
targets FLT3-ITD" AML cells. Furthermore, since the
BM niche plays a crucial role in protecting leukemic
cells from the cytotoxic effects of different therapies
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[14, 15], we assessed the efficacy of the combination
RBA on AML cells in a co-culture system with BMSCs.
We found that BMSCs render AML cells totally resist-
ant to the combination RBA, but the addition of
ascorbic acid (Vitamin C) is sufficient to reduce the
protective effects. We also investigated the molecular
basis involved in the cross-talk between AML cells and
BMSCs upon treatment demonstrating the involve-
ment of actin cytoskeleton dynamics and of the tran-
scriptional co-regulator YAP. Eventually, we tested the
efficacy of the combination RBA plus ascorbic acid in
a murine model of human FLT3-ITD* AML, and found
that it significantly prolongs the mice life span, reduc-
ing AML engraftment.

Methods
A detailed Methods section is available in the supple-
mental material.

Cell culture

Human AML cell lines MOLM-13, MV4-11, MOLM-14,
ML-2, OCI-AML2, OCI-AML3, HL60, and NB4 were
cultured in RPMI 1640 medium supplemented with 1%
penicillin/streptomycin and 10% FBS. Primary murine
BMSCs were obtained from the sacrifice of three healthy
mice, by flushing of the femurs with a syringe. After
digestion of the bone matrix by collagenase for 40 min-
utes, isolated cells were seeded in DMEM F12 with 20%
EBS enriched with growth factors. Murine BMSC line
MS-5 was cultured in MEMa with ribonucleosides and
deoxyribonucleosides, with 1% penicillin/streptomycin,
20% FBS and 100 pM Pmercaptoethanol. All the cultures
were maintained at 37°C in a humified atmosphere con-
taining 5% CO,.

Primary cells

AML BM samples were collected at diagnosis at the
Department of Biomedicine and Prevention at the Uni-
versity of Rome Tor Vergata, after obtaining informed
consent from all patients and approval of the study by
the IRB of Policlinico Tor Vergata, Rome, in accordance
with the Helsinki Declaration of 1975, as revised in 2013.
CD34" LSCs from patient BM samples and CD34* HSCs
from healthy donors, were isolated by positive selection
with CD34 MicroBead Kit UltraPure human (Miltenyi
Biotec) then cultured and treated in vitro at a concen-
tration of 10.000 cells/ml in STEM SPAN Leukemic cell
expansion medium.

Treatments

MOLM-13 cells were seeded at a concentration of 70.000
cells/ml and treated with 10nM RA, 2.25nM Btz and
500nM ATO, alone or in combination, as described in the
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text. RA and Btz were dissolved in DMSO, thus an equiv-
alent amount of DMSO was added in all the samples.
Primary LSC CD34" and HSC CD34" cells were treated
with 10nM RA, 3nM Btz, and 1mM ATO. In order to
attenuate oxidative stress, cells were pre-incubated for
24 h with N-Acetyl cysteine (NAC) 20mM at pH 7.4 and
then treated with the above-mentioned drugs, adding
again also NAC 20mM. In the co-culture system, ascor-
bic acid was added at a 4.5mM concentration.

Cell death and cell proliferation

We performed flow cytometry of leukemic cell lines
to assess cell death and cell proliferation by propidium
iodide exclusion assay, and cell cycle by propidium iodide
staining of cells fixed O/N with 70% ethanol. In the
co-culture experiments, the same procedure was per-
formed for stromal cells upon detachment with 0.05%
trypsin/0.53mM EDTA.

Evaluation of ER and oxidative stress

We performed RT-qPCR, flow cytometry, confocal
microscopy, and TEM analysis [26, 27] to evaluate pro-
teostasis alteration and the activation of the UPR at dif-
ferent time points. Also, we used the same techniques to
assess the generation of oxidative stress. ROS levels were
measured by harvesting cells and incubating them with
2uM CM-H,DCFDA (ThermoFisher Scientific) in pre-
warmed PBS at 37°C for 30 min in the dark. The mito-
chondrial depolarization was measured by using JC-1
dye (ThermoFisher Scientific). The amount of the Nrf2
protein was analyzed by confocal microscopy and flow
cytometry after staining fixed and permeabilized cells
with an anti-Nrf2 antibody (Cell Signaling) followed by
an Alexa-488 anti-rabbit antibody.

Co-cultures

MEMa medium of MS-5 cells at 90% confluence was
changed with RPMI, and 24 h later this was substituted
by fresh RPMI containing MOLM-13 leukemic cells and
drugs as described above. We performed flow cytometry,
RT-qPCR, confocal microscopy, and WB analysis in both
MOLM-13 and MS-5 cell lines to investigate the respon-
siveness of the co-cultures to the treatments at different
time points. We then compared these results with the ones
obtained in BMSC treated alone. YAP down-regulation in
MS-5 stromal cells was obtained by transfecting the cells
with lipofectamine (RNAIMAX) and 5nM f.c. siRNA tar-
geting YAP or with 5nM f.c. negative control siRNA.

In vivo mouse studies

Orthotopic human leukemia was induced by injecting
500.000 MOLM-13 cells in the tail vein of NSG mice.
Treatments started 2 days after engraftment and mice
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were monitored for weight and behavior. After sacrifice,
organs were collected for histological analysis and the
bone marrow was flushed from the femurs and stained
with a FITC-anti-hCD45 antibody. The study was
approved by the Italian Ministry of Health.

Results

The combination of low doses of Retinoic Acid, Bortezomib
and Arsenic Trioxide induces cell death of FLT3-ITD* AML
cell lines and primary human leukemic stem cells

We screened a panel of human AML cell lines to assess
their sensitivity to the combination of RA, Btz, and
ATO (RBA). As we observed in our previous work [17],
the cell lines expressing FLT3-ITD resulted to be the
most affected by the induction of proteotoxic stress
(Supplemental Fig. 1). We chose doses of each drug
that did not cause significant cell death or cell cycle
alterations when used alone, but only in combination.
The triple combination exerted cytotoxic effects on the
FLT3-ITD* MOLM-13 (Figs. 1A, B, and C), MOLM-14,
and MV-4-11 cell lines (Supplemental Fig. 1). We then
tested the combination on FLT3-ITD" primary AML
leukemic stem cells (CD34%) and found that these are
equally sensitive to the double and triple combinations
of the drugs (Fig. 1D). Importantly, the efficacy of the
drugs is specific for leukemic stem cells, since the same
treatments did not alter CD34" healthy hematopoietic
stem cells’ viability and proliferation rate (Fig. 1D).

Treatment with the combination RBA alters ER
homeostasis in MOLM-13 cells but the adaptive branch

of the UPR is suppressed

Since the triple combination exerted stronger effects on
MOLM-13 than on MOLM-14 cells, and the MV-4-11
showed some sensitivity to retinoic acid alone, we chose
the MOLM-13 cell line as a model system for the fol-
lowing analysis. We expected that the combination RBA
would cause proteotoxic stress because the three drugs
affect ER functions and protein folding. Although AML
subtypes like MOLM-13 cells do not respond to the dif-
ferentiation stimulus provided by retinoic acid in such a
complete manner as acute promyelocytic leukemia cells
do [28], it could still induce partial differentiation by
increasing ER activity. Indeed, we observed signs of dif-
ferentiation and activation of the secretory pathway upon
retinoic acid administration, as indicated by diminished
nucleus/cytosol ratio and cytosolic basophilia (Fig. 1C),
swollen ER tubules (Fig. 2A), and augmented expression
of the ER chaperones calnexin and BiP (Fig. 2B). Since
Btz inhibits the 26S subunit of proteasome, it blocks
the final step of the ER-associated degradation (ERAD),
the process through which misfolded proteins accumu-
lated in the ER are eventually degraded [29]. Thus, by
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administrating Btz we expected to induce proteostasis
imbalance, affecting ER protein folding capacity. Fur-
thermore, ATO induces oxidative stress, which impairs
protein folding [30]. Indeed, MOLM-13 cells treated with
RBA present swollen ER tubules (Fig. 2A) and increased
expression of the ER chaperone calnexin (Fig. 2B), indica-
tions of increased activity of the ER. ER stress is defined
as the accumulation of misfolded/unfolded proteins in
the ER lumen exceeding the folding capacity of the ER.
Such circumstances trigger a series of signaling pathways,
collectively known as the unfolded protein response
(UPR), which regulate the expression of genes involved in
protein folding and secretion to re-establish ER homeo-
stasis. However, in case of prolonged or overwhelming
stress, the UPR leads to apoptotic cell death [31]. Sur-
prisingly, despite increased ER activity, MOLM-13 cells
treated with RBA not only do not up-regulate the expres-
sion of the two main UPR players involved in homeostasis
recovery, namely the ER chaperone BiP and the spliced
form of the transcription factor XBP1, but this is down-
regulated, further worsening ER proteostasis imbal-
ance, whereas the pro-apoptotic UPR gene CHOP is not
modulated (Fig. 2C and Supplemental Fig. 2). The same
down-regulation of BiP and sXBP1 is observed upon
administration of ATO, alone or in combination with RA
or Btz, indicating induction of proteotoxic stress.

Treatment with the combination RBA induces oxidative
stress, which is the main driver of its cytotoxic effects

ATO causes oxidative stress and ER and oxidative stress
induce one another, although the underlying mecha-
nisms are not completely clear yet [30, 32]. Hence, we
measured the levels of reactive oxygen species (ROS) in
MOLM-13 cells treated with the double and triple combi-
nations and found that only RBA caused their significant
increase (Fig. 3A). Oxidative stress damages mitochondria
by affecting the mitochondrial respiratory chain, alter-
ing membrane permeability and calcium homeostasis,
and weakening the mitochondrial defense system [33].
Accordingly, the combination RBA causes alterations in
mitochondria, as shown by disrupted cristae morphol-
ogy observed by TEM, a sign of mitochondria suffering
(Fig. 3B), and by depolarization of the mitochondria mem-
brane, as measured by the JC1 dye (Fig. 3C). In the pres-
ence of oxidative stress, cells trigger the oxidative stress
response, mainly orchestrated by the transcription factor
Nrf-2. All the double and triple combinations up-regu-
late the expression of Nrf2 (Fig. 3D, E, and Supplemental
Fig. 2). These data together suggest that the triple and the
double combinations induce oxidative stress and elicit
an oxidative stress response, that however is not enough
to reduce oxidative stress only upon treatment with the
triple combination. These data indicate that proteotoxic
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Fig. 1 The FLT3-lTD" MOLM-13 cells and primary leukemic stem cells are sensitive to the combination of RA, Btz and ATO. A MOLM-13 AML

cells were treated for 72 h with 10nM RA, 2.25nM Btz, and 500nM ATO, alone or in combination. In all the figures retinoic acid is indicated as R,
bortezomib as B, and ATO as A. Cell death was assessed by propidium iodide (PI) exclusion assay, analyzed by flow cytometry (one-way ANOVA).

B Cell cycle analysis of MOLM-13 cells 48 h after treatments as in (A). The cells treated with BA show an increased percentage of subG1 phase
relative to C cells but only those treated with RBA exhibit significant modulation of all the cell cycle phases. (the asterisks refer to two-way ANOVA
analysis of each sample compared vs RBA, and colors are in accordance with the corresponding phase of the cell cycle; § indicates two-way ANOVA
analysis of subG1 BA vs subG1 C: P<0.005). C MOLM-13 cell morphology analyzed by Wright-Giemsa staining, 72 h after treatments. D FLT3-ITD*
CD347 cells, isolated from patients at diagnosis (n=>5 upper panels) or from healthy volunteers (n =3 lower panels), were treated ex vivo for 96

h with 10nM RA, 3nM Btz, and 500nM ATO, alone or in combination. Cell death (left) and cell density (right) were measured by flow cytometry

after staining with Pl (one-way ANOVA)

stress resulting from RA-mediated ER activation and the
hindrance of ERAD by Btz generates oxidative stress, that
is further worsened by the addition of ATO. Very impor-
tantly, the reduction of oxidative stress by the addition of
the reducing agent N-acetylcysteine is sufficient to render
MOLM-13 cells resistant to all the combinations of RA,
Btz, and ATO, including the triple one (Fig. 3F, G, and

Supplemental Fig. 2). This is not surprising since we have
already demonstrated that the reduction of oxidative stress
allows AML cells to better cope with proteotoxic stress
and survive [17]. Furthermore, a pivotal work by Han and
colleagues shows that the main driver of cell death upon
ER stress is the generation of oxidative stress [34].
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CNX

Fig. 2 RBA combined treatment generates ER stress without consequent activation of the pro-survival UPR pathway. A TEM analysis of MOLM-13
cells, 24 h after treatment, shows swollen ER in the cells treated with R alone and with the combination RBA relative to C cells. Black arrows point
to ER tubules. Dashed squares in the upper panels indicate the areas magnified in the lower panels. B Confocal microscopy images of MOLM-13
cells, 24 h after treatment, stained with anti-calnexin (CNX) and anti-BiP antibodies. C Expression levels of BiP, sXBP1, and CHOP genes, 48 h

after treatment, measured by RT-gPCR (one-way ANOVA)

Murine bone marrow stromal cells protect MOLM-13 cells
from the toxic effects of the combination RBA, but ascorbic
acid overcomes this defense

The BM niche is a heterogenous microenvironment in
which normal HSCs reside and communicate with other
cell populations through both direct contact and par-
acrine signals [35]. This crosstalk is essential for deter-
mining HSC fate and maintaining the balance between
self-renewal and differentiation. Likewise, malignant
LSCs interact with the cells populating the niche, alter-
ing the composition of the microenvironment to deceive
the immune system, proliferate indefinitely, and invade
the BM and other organs. BMSCs play a main role in sup-
porting AML progression and resistance to therapies by
a variety of mechanisms [14], most still to be elucidated,

among which enhancing AML cells’ antioxidant defenses
[15]. Thus, it was essential to assess the efficacy of the
combination RBA on AML cells in their presence. To
this aim, we co-cultured MOLM-13 cells with mouse
primary BM mesenchymal stem cells/BMSCs freshly
isolated or with the mouse BM stromal cell line MS-5.
We chose murine cells in the perspective to use the
combination in murine models of human leukemia (see
below). In both cases, the stromal cells completely pro-
tected MOLM-13 cells from the effects of the combina-
tion RBA (Fig. 4A). Since oxidative stress plays a pivotal
role in the toxicity of the combination RBA, and based on
literature we expected that BMSCs would enhance AML
cells” antioxidant defenses, we looked for an adjuvant to
further increase oxidative stress, without causing general
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Fig. 3 Oxidative stress is mostly responsible for the cytotoxic effect of the combination on MOLM-13 cells. A ROS levels were quantified

in MOLM-13 cells by flow cytometry, upon the incorporation of the oxidation-sensitive dye CMH,-DCFDA, 48 h after RBA treatment (one-way
ANOVA). B TEM analysis focused on mitochondria of MOLM-13 cells, 24 h after treatment; areas delimited in dashed squares in the upper panels
are magnified in the lower panels. C MOLM-13 cells mitochondrial membrane depolarization, measured by flow cytometry as increased green/
red fluorescence ratio of the JC-1 dye, 48 h after treatments. On the left are shown representative flow cytometry plots, on the right the histogram
reports average values of the green/red MFI ratio. D Confocal microscopy images of MOLM-13 cells stained with an anti-NRF-2 antibody. E NRF-2
expression in MOLM-13 cells, 24h after treatment, measured by flow cytometry (unpaired Student’s T test). F MOLM-13 cell death was measured
by Pl exclusion assay, 72 h after treatment with RBA, in the absence or in the presence of 20mM N-acetyl-cysteine (left, two-way ANOVA). G ROS
measurement, in cells treated with or without NAC, for 48 h (right, two-way ANOVA)

toxicity. We chose to use ascorbic acid, or vitamin C. studies show that at millimolar concentrations it causes
Ascorbic acid (ASC) is known as an anti-oxidant, which  oxidative stress and it has been used in clinical trials as
is true at micromolar concentrations. However, different  an adjuvant of chemotherapy, without generating toxic
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or co-culture (red) with primary BMSCs and MS-5 stromal cell line, (left and right panel respectively, one-way ANOVA). B Cell death (left) and cell
proliferation (right) of MOLM-13 cells (upper panels) and MS-5 cells (lower panels) treated in co-culture with RBA and 4.5mM ascorbic acid (ASC),
for 72 h (one-way ANOVA). MOLM-13 cells, treated in mono-culture, are shown as control (blue bars). C MOLM-13 cells were treated in co-culture
with MS-5 cells as in (B), and ROS levels were measured after 72 h. D HMOX, BiP, sXBP1, and CHOP mRNA expression levels of MOLM-13 cells, treated
for 24 h as in (B) (one-way ANOVA). E MOLM-13 and MS-5 cells were treated with the combination RBA and ASC as in (B) in co-culture. After 24
h, the conditioned medium (CM) was collected and used to treat MOLM-13 cells in mono-culture. The graph shows cell death of MOLM-13 cells
treated for 48 h with CM (one-way ANOVA). F MS-5 cells were treated in co-culture with MOLM-13 for 72 h, then analyzed for Nrf-2 expression
by confocal microscopy. The histogram reports the quantification of Nrf-2 mean fluorescence intensity (n =8 fields + S.E.M., one-way ANOVA). G ROS
measurement in MS-5 cells from the co-culture by flow cytometry (one-way ANOVA). H Assessment of BiP and sXBP1T mRNA expression levels
in MS-5 cells from the co-culture, 24 h after treatment (one-way ANOVA)

effects [36, 37]. Addition of ASC to the combination RBA  panels) without affecting the viability or proliferation
completely rescued its cytostatic effects and partially of MS-5 stromal cells (Fig. 4B lower panels). ROS levels
its cytotoxic effects on MOLM-13 cells (Fig. 4B upper resulted low in MOLM-13 cells 72h after treatment with
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RBA or RBA plus ASC, showing just a slight increase
in the cells treated with ASC alone (Fig. 4C). However,
the extensive increase of HMOX expression, a main tar-
get gene of the anti-oxidant stress response driven by
Nrf-2, indicates the presence of high levels of oxidative
stress in MOLM-13 treated with the combination RBA
plus ASC (Fig. 4D). A very strong antioxidant response
could explain the low amounts of ROS. On the con-
trary, HMOX is only slightly up-regulated in MOLM-13
treated with ASC alone. Treatment with the combina-
tion RBA or with ASC alone partially affects MOLM-13
ER homeostasis, as indicated by the reduction of the
expression of BiP and sXBP-1 (Fig. 4D). However, their
down-regulation is much stronger in cells treated with
the combination RBA plus ASC. Altogether these data
indicate that MS-5 stromal cells protect MOLM-13 from
the combination RBA or ASC alone reducing the levels of
oxidative stress and preserving the functions of the ER,
so the cells are only partially affected by the treatments
and just slow down proliferation (Fig. 4B). In this context,
it is important to note that the concentration of ASC we
used is dramatically toxic for MOLM-13 cells in mono-
culture (data not shown). Addition of ASC to the com-
bination RBA repristinates amounts of oxidative stress
high enough that cannot be recovered by stromal cells
and that worsen proteotoxic stress in MOLM-13 cells.
Consequently, the latter undergo cell death and arrest
of proliferation. Importantly, we observed that medium
conditioned by a co-culture of MS-5 with MOLM-13 is
sufficient to defend MOLM-13 cells by the combination
RBA in mono-culture, but cell-cell contact is necessary
to protect from ASC and RBA plus ASC (Fig. 4E).

Mouse stromal cells treated in co-culture with MOLM-13
cells activate the oxidative stress response, undergo
disruption of the actin cytoskeleton, and relocalize YAP

in the cytosol

To investigate the mechanisms underlying the protec-
tion provided to AML cells, we assessed the effects of the
treatments on MS-5 cells in co-culture with MOLM-13
cells. Interestingly, we observed that MS-5 cells activate
their anti-oxidant defenses as indicated by up-regulation
of Nrf-2, slightly upon treatment with RBA alone and
more with ASC or RBA plus ASC (Fig. 4F); ROS lev-
els decrease accordingly (Fig. 4G). The UPR is not per-
turbed by the treatments in MS-5 since we did not detect
changes in BiP or sXBP-1 expression, confirming that
MS-5 cells are not as affected as MOLM-13 (Fig. 4H).
Although, as shown above, we found no differences in
the viability or proliferation of MS-5 cells (Fig. 4B), we
noticed modifications in their morphology (data not
shown). This prompted us to analyze the structure of
the actin cytoskeleton and surprisingly we found that
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the treatment with RBA plus ASC in co-culture caused
significant disruption, with evident shortening of actin
microfilaments (Fig. 5A left panel and Supplemental
Fig. 5). As mentioned above, leukemic cells alter BMSC
functions to their advantage, thus we wondered if actin
cytoskeleton modifications were simply due to the treat-
ments or because of the crosstalk with MOLM-13 in
response to the treatments. Importantly, MS-5 cells cul-
tured and treated alone do not show any change in their
actin cytoskeleton, suggesting that this phenomenon
is a consequence of the interaction with MOLM-13 in
response to stress (Fig. 5A right panel).

It is well assessed that transformations in the mechani-
cal environment and actin cytoskeleton regulate the
transcriptional activator YAP through Hippo pathway
dependent and independent mechanisms [38]. In par-
ticular, when the actin cytoskeleton is well developed,
with an abundance of actin microfilaments and stress fib-
ers, YAP is localized in the nucleus and is transcription-
ally active. On the contrary, when the actin cytoskeleton
is disrupted (for example when cells grow in a soft extra-
cellular matrix (ECM) or onto small surfaces or at high
density) YAP is relocalized in the cytosol and its target
genes are silenced [39, 40]. Thus, we measured the ratio
between cytosolic and nuclear YAP in MS-5 cells upon
treatment in co-culture with MOLM-13. We found that
YAP is partially relocalized in the cytosol of cells treated
with RBA plus ASC, indicating downregulation of its
activity (Fig. 5B upper panel). Accordingly to our obser-
vations relative to the actin cytoskeleton, MS-5 cells
treated alone do not relocalize YAP in the cytosol, mean-
ing that cytoskeletal disruption and YAP modulation are
due to the interaction with MOLM-13 cells (Fig. 5B lower
panel). The regulation of YAP localization and activity in
relation to the actin cytoskeleton is quite complex, regu-
lated at multiple levels, and not completely elucidated yet
[38, 41, 42]. Recent works show that YAP transcriptional
activity and actin structure could be involved in a feed-
back loop regulating the integrity of the nuclear envelope
[43]. Moreover, it has been shown that a flatter shape of
the nucleus, which is maintained by a well-developed
actin cap [44], favors YAP entry into the nucleus [45, 46].
Thus, we analyzed by confocal microscopy the structure
of the nuclear actin cap of MS-5 cells treated with RBA
plus ASC in the presence of MOLM-13 cells and found
that it is disrupted, characterized by short and disordered
actin filaments, contrary to untreated cells in which the
actin filaments on top of the nuclei are elongated and
orderly integrated into the actin network (Fig. 5C). As
a consequence, the nuclei thickness of treated cells is
significantly augmented. The graph shows the expan-
sion of subpopulations of MS-5 cells presenting nuclei
with heightened thickness and a decrease in those with
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in co-culture with leukemic cells. A The right panels show representative images of MS-5 cells treated in co-culture with MOLM-13 for 72 h,

then stained with phalloidin to detect F-actin (orange). Cells were counterstained with Hoechst to identify nuclei (blue). The right panels show

the same analysis, but MS-5 cells were treated with the combination RBA plus ASC in the absence of the MOLM-13 cells. B YAP protein levels

in MS-5 cells, treated in co-culture with MOLM-13 cells (upper panel) or in mono-culture (lower panel), were evaluated by western blot analysis,
upon nucleus-cytosol fractionation. Lamin A/C was used as nuclear marker and stain free protein detection technology (BioRad) for total protein
normalization. The graphs report the average ratio of YAP amount in the cytosol over that in the nucleus (paired Student’s T test). C Single confocal
images of a Z stack, taken in the center or in the apical portion of MS-5 cells, stained as in (A), to examine the actin cap. D The violin plot reports
the measurements of MS-5 nuclear thickness, obtained by the confocal analysis shown in (C) and in Supplemental Fig. 6. E Pl exclusion assay
showing cell death of MOLM-13 leukemic cells co-cultured for 72 h with MS-5 cells silenced (siYAP) or not (siNC) for YAP protein (two-way ANOVA).
F CTGF and GLS mRNA expression levels of MS-5 cells as mono- or co-culture with MOLM-13 cells, upon 72 h of treatment (two-way ANOVA)
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shorter one (Fig. 5D and Supplemental Fig. 6). In order
to assess if the translocation of YAP into the cytosol was
correlated with lower protection provided by the MS-5
to the MOLM-13 cells, we down-regulated YAP expres-
sion in MS-5 cells (Supplemental Fig. 7) and evaluated
the response to the treatment of MOLM-13 in co-culture
with MS-5 transfected with a negative control siRNA
(siNC) or with a siRNA targeting YAP (siYAP) (Fig. 5E).
We noticed increased rates of death of MOLM-13 treated
with RBA plus ASC in co-culture with both siNC or
siYAP MS-5, likely due to the fact that transfection per
se causes stress, rendering the MS-5 cells weaker in pro-
tecting the MOLM-13 cells. Importantly, the down-regu-
lation of YAP in MS-5 further tampered with their ability
to defend MOLM-13 cells by the treatment. Eventually,
in order to confirm that the partial translocation of YAP
observed in MS-5 cells upon treatment in co-culture
would affect the expression of YAP target genes, we eval-
uated the expression of a well-established one, CTGF [39,
47]. The data confirm that CTGF is a YAP target gene
in the MS-5 cells since in siYAP MS-5 its expression is
decreased (Fig. 5F left panel). According to the transloca-
tion of YAP from the nucleus, CTGF expression is lower
in MS-5 treated in co-culture with MOLM-13 cells than
in those treated in the absence of MOLM-13 cells. As a
control, we show that GLS, which is a YAP target in other
cell types [39] but not in MS-5, as indicated by the fact
that it is not modulated in siYAP MS-5, is expressed at
the same levels in MS-5 upon treatment with RBA plus
ASC in the presence or in the absence of MOLM-13.

Altogether our data suggest that the crosstalk between
AML cells and stromal cells, in the presence of stress
generated by the combination RBA plus ASC, induces
changes in the stromal cells that activate the oxida-
tive stress response and undergo disruption of the actin
cytoskeleton. As a consequence, part of the stromal cells
presents rounder nuclei which could be one of the mech-
anisms underlying partial YAP inactivation by cytosolic
relocalization.

The combination RBA plus ascorbic acid prolongs the life
span of a murine model of human AML

To assess the efficacy, and possible toxicity, of the com-
bination RBA plus ASC in a murine orthotopic model of
human AML in vivo, we exploited the NSG mouse model
engrafted with MOLM-13 cells. We observed a signifi-
cant increase in the life span of mice treated with RBA
plus ASC (Fig. 6A) compared to engrafted, untreated
animals, without differences in behavior, body weight,
and tissue morphology of the spleen, liver, and kidney
(Fig. 6B). According to our observations in co-culture
conditions, treatment with the combination RBA alone
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had no effects (Fig. 6A). Importantly, analysis of the
femurs’ bone marrow at the time of sacrifice evidenced
significantly lower leukemia engraftment in treated mice
(Fig. 6C and Supplemental Fig. 7B). Furthermore, most
of the MOLM-13 cells recovered from the treated mice
show extensive vacuolation (but the murine granulocytes
do not), contrary to the cells recovered from the control
mice, in which just a small minority of MOLM-13 cells
present such vacuoles. These findings indicate that the
treatment RBA plus ascorbic acid specifically hits AML
cells in the BM in vivo, without evident general toxicity.

Discussion

The frontline of AML cure is focusing on molecular tar-
geted therapy although, at present, the development of
resistance and consequent relapses remain major issues
[48]. Clonal selection is one of the main obstacles to a
successful cure [13]. The most promising strategy to
restrict this phenomenon is to target different oncogenic/
survival pathways in combination. Protein homeostasis
is essential for cell survival and leukemia cells depend on
adaptive stress responses [16, 49, 50]. We have already
demonstrated that FLT3-ITD* AML cells are particu-
larly sensitive to proteostasis imbalance, also because this
mutated protein is misfolded and retained in the ER by
its quality control systems [17]. To increase the transla-
tional potential of our strategy we use here the protea-
some inhibitor bortezomib to induce proteotoxic stress,
in combination with retinoic acid and arsenic trioxide,
since, as the last two, Btz is already available in clinical
practice. Using a combination of drugs at low doses tar-
geting different pathways, all inducing proteotoxic stress,
should increase specificity and decrease off-target toxic-
ity. This is supported by our observation showing, both
in vitro and in vivo, strong effects on FLT3-ITD* AML
cells but not on other cell types or organs. Indeed healthy
CD34" HSCs (Fig. 1D lower panels) and the murine
BMSC line MS-5 (Fig. 4B, lower panels) present no alter-
ations of cell viability and proliferation upon treatment,
and histological analysis of spleen, liver, and kidney of
NSG mice engrafted with MOLM13 cells, treated or not
with the combination RBA plus ASC, displays no dif-
ferences. It is to be noted that whereas we observe con-
sistently higher efficacy of the triple combination RBA,
relative to the double ones RB, RA, and BA in different
FLT-ITD" cell lines (Supplemental Fig. 1), the combina-
tions RA, BA, and RBA, equally affect primary CD34"
LSCs. We attribute their stronger effects on primary cells
to their lack of adaptation to the higher oxygen percent-
age present in culture conditions than that in the bone
marrow, since the main driver of cytotoxicity of these
treatments is the generation of oxidative stress. Further
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Fig. 6 The combination of RBA plus ASC acid significantly prolongs the life span of NSG mice engrafted with human FLT3-ITD" MOLM-13 cells.

A Kaplan-Meyer survival plot showing OS of NSG mice engrafted with MOLM-13 leukemic cell line and treated with vehicle, RBA, or RBA+ASC,
starting at day 2 after cell injection. (control=12, RBA=5 and RBA+ASC=17 from three independent experiments). B Histological analysis

of the spleen, liver, and kidney of NSG engrafted mice, treated or not with the combination RBA plus ASC, show no signs of toxicity due

to the treatment. C The treatment with RBA plus ASC reduces the percentage of leukemic cells in the BM of engrafted mice. Both control

and treated mice were sacrificed when showing posterior limb paralysis. Bone marrow was flushed by femurs and purified mononucleated cells
were analyzed by flow cytometry after staining with an anti-human CD45 antibody (unpaired Student’s T test). D Wright-Giemsa staining of the cells
collected from mice bone marrow shows extensive vacuolation of MOLM-13 cells isolated from the BM of treated mice present to a much lesser
extent in those obtained from control ones. G indicates murine granulocytes that show no vacuolation

investigation in pdx murine models is needed to clarify if
the triple combination is more efficacious than the dou-
ble ones also on LSCs as it is on cell lines.

In addition to clonal selection, the complex framework
of the disease comprises crosstalk between AML cells
and the BM niche upon therapy administration [14]. In
fact, we observed that BMSC protect AML cells from the
cytotoxic effects of the combined treatment. Our find-
ings, indicating that oxidative stress is at the basis of the
efficacy of the combination RBA, suggested using ascor-
bic acid as an adjuvant to exacerbate it and overcome
resistance. In this context, it is clear the importance of
understanding the mechanisms underlying AML-stromal
cell crosstalk. AML cells and BMSCs exchange cyto-
solic content by tunneling nanotubes (TNT), which are
formed by AML cells and take contact with BMSCs [51].
These are sustained by an actin structure [52], mediate
the transfer of mitochondria from BMSCs to AML cells

and increase the latter anti-oxidant defenses and resist-
ance to chemotherapy [15, 51]. Our study reveals that
the combination RBA plus ascorbic acid disrupts the
structure of the BMSC actin cytoskeleton. Although the
molecular mechanism must still be investigated, this
could play a main role in the ability of this treatment to
overcome the resistance of AML cells provided by the
BMSC. It is important to underline that actin cytoskel-
eton disruption in MS-5 is not merely the effect of the
stress generated by the combination RBA plus ASC, but
it is a consequence of the interaction between MOLM-
13 and MS-5 cells in condition of stress. Notably, actin
cytoskeleton structure is closely linked to the activity of
the transcriptional co-regulator YAP, which plays a main
role in development, tissue homeostasis, and cancer. We
observe that, upon treatment of the co-cultures, MS-5
cells partially relocalize YAP in the cytosol, thus restrict-
ing its activity. Moreover, the down-regulation of YAP
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in MS-5 cells weakens their protective effects on AML.
To our knowledge, this is the first time in which YAP is
found to be involved in the crosstalk between AML and
BM stromal cells.

Many critical questions remain to be answered and are
already matters of investigation in our lab. The first con-
cerns the meaning of YAP relocalization in MS-5 upon
treatment with RBA plus ASC. It will be of paramount
importance to understand the role of YAP in the leukemic
niche since manipulation of its activity in the BM environ-
ment could become an important therapeutic strategy.
The second relevant issue to be investigated regards the
mechanisms determining actin cytoskeleton disruption.
It has been shown that AML cells promote mitochondrial
transfer from BMSCs, via TNT, by increasing their levels
of oxidative stress via NOX2 activity [51]. The combina-
tion RBA plus ASC dramatically alters the redox balance
of AML cells and this could have consequences on actin
remodeling in BMSCs, which is involved in TNT forma-
tion. Another possibility could be that the interaction of
stromal cells with leukemic cells undergoing stress causes
ECM rearrangements, rendering it “softer’; which would
induce actin cytoskeleton disruption and YAP cytosolic
relocalization in stromal cells [38, 42]. The BM ECM is
modified in AML and myelodysplastic syndrome [53,
54], and AML cells produce a different secretome than
HSCs or normal progenitors [54, 55]. The combination
RBA plus ASC could interfere with this equilibrium that
provides advantages to AML cells, with consequences
on stromal cell mechanotransduction. The last and more
important concern to be further investigated regards the
efficacy of the treatments in pdx mouse models.

Conclusions

On the whole, we report the possibility of specifically
targeting FLT3-ITD" AML cells by inducing proteotoxic
stress with the combination RBA plus ascorbic acid, all
drugs already in use in clinical practice in different set-
tings. Furthermore, we show that the inability of BMSCs
to protect AML cells from the combination correlates
with actin cytoskeleton disruption and YAP relocaliza-
tion into the cytosol, suggesting for the first time that this
mechanism could be involved in the protective functions
of the BMSCs and opening to the identification of novel
therapeutic targets.
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ROS Reactive oxygen species

HSC Hematopoietic stem cells

LSC Leukemic stem cells

ASC Ascorbic acid

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513046-023-02793-z.

[ Additional file 1. }

Acknowledgements
Not applicable.

Authors’ contributions

FL, MS and SM performed and analyzed the experiments and contributed to
the experimental design. CT and Al contributed to the experiments. TO, MD,
and ST characterized and provided leukemic bone marrow samples and con-
tributed to the characterization of leukemic cells recovered from engrafted
mice. MM and RC collaborated with MS for the in vivo experiments. SM, GF,
SAN and VP provided the expertise and the technology for the TEM analysis.
LT and MTV contributed to the experimental design and critical reading of the
manuscript. SM and FF planned the research and wrote the paper. All authors
read and approved the final manuscript.

Funding

The research leading to these results has received funding from: AIRC IG 2018-
ID 21406 project, Istituto Pasteur Italia-Fondazione Cenci Bolognetti,Progetti
Ateneo’ Sapienza University of Rome, PRIN 2017-Prot. 2017TATYMP_003,
NextGenerationEU"DD. 3175/2021 E DD. 3138/2021 CN_3: National Center
for Gene Therapy and Drugs based on RNA Technology Codice Progetto CN
00000041 to FF. Fondazione GIMEMA “Fondo per le Idee” 2018 to TO.

Availability of data and materials
All data supporting the findings of this study are available within the paper
and its Supplementary Information.

Declarations

Ethics approval and consent to participate

AML BM samples were collected at diagnosis at the Department of Biomedi-
cine and Prevention at the University of Rome Tor Vergata, after obtaining
informed consent from all patients and approval of the study by the IRB of
Policlinico Tor Vergata, Rome. The study on the murine model was approved
by the Italian Ministry of Health.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Anatomical, Histological, Forensic Medicine and Ortho-
pedic Sciences, Section of Histology and Medical Embryology, Sapienza
University of Rome, Rome, Italy. 2Department of Biomedicine and Preven-
tion, University of Tor Vergata, Rome, Italy. 3Santa Lucia Foundation, IRC.CS,,
Neuro-Oncohematology, Rome, Italy. “Department of Biology, University

of Tor Vergata, Rome, Italy. 5Centro Interdipartimentale-CIMETA, University
of Tor Vergata, Rome, Italy. °Department of Anatomical, Histological, Forensic
Medicine and Orthopedics Sciences, Section of Human Anatomy, Sapienza
University of Rome, Rome, Italy. ”Department of Medico-Surgical Sciences &
Biotechnologies, Center for Biophotonics, Sapienza University of Rome, Latina,


https://doi.org/10.1186/s13046-023-02793-z
https://doi.org/10.1186/s13046-023-02793-z

Liccardo et al. J Exp Clin Cancer Res

(2023) 42:223

Italy. ®Department of Life Sciences and Public Health, Histology and Embryol-
ogy Unit, Catholic University of the Sacred Hearth, Rome, Italy. °Fondazione
Policlinico Universitario “"A. Gemelli’, IRCCS, Rome, Italy.

Received: 16 May 2023 Accepted: 10 August 2023
Published online: 31 August 2023

References

1.

20.

21.

Genomic and Epigenomic Landscapes of Adult De Novo Acute Myeloid
Leukemia. N Engl J Med. 2013;368(22):2059-2074.

Schmidt-Arras D, Bohmer S-A, Koch S, et al. Anchoring of FLT3

in the endoplasmic reticulum alters signaling quality. Blood.
2009;113(15):3568-76.

Choudhary C, Schwable J, Brandts C, et al. AML-associated Flt3 kinase
domain mutations show signal transduction differences compared with
FIt3 ITD mutations. Blood. 2005;106(1):265-73.

DiNardo CD, Perl AE. Advances in patient care through increasingly
individualized therapy. Nat Rev Clin Oncol. 2019;16(2):73-4.

Frohling S, Schlenk RF, Breitruck J, et al. Prognostic significance of activat-
ing FLT3 mutations in younger adults (16 to 60 years) with acute myeloid
leukemia and normal cytogenetics: a study of the AML Study Group Ulm.
Blood. 2002;100(13):4372-80.

Stone RM, Mandrekar SJ, Sanford BL, et al. Midostaurin plus chemo-
therapy for acute myeloid leukemia with a FLT3 mutation. N Engl J Med.
2017,377(5):454-64.

Perl AE. The role of targeted therapy in the management of patients with
AML. Blood Adv. 2017;1(24):2281-94.

Cortes JE, Khaled S, Martinelli G, et al. Quizartinib versus salvage chemo-
therapy in relapsed or refractory FLT3-ITD acute myeloid leukaemia
(QUANTUM-R): a multicentre, randomised, controlled, open-label, phase 3
trial. Lancet Oncol. 2019;20(7):984-97.

Kim M, Williams S. Midostaurin in combination with standard chemo-
therapy for treatment of newly diagnosed FMS-Like Tyrosine Kinase 3
(FLT3) mutation-positive acute myeloid leukemia. Ann Pharmacother.
2018;52(4):364-9.

Sasaki K, Kantarjian HM, Kadia T, et al. Sorafenib plus intensive chemo-
therapy improves survival in patients with newly diagnosed, FLT3-internal
tandem duplication mutation—positive acute myeloid leukemia. Cancer.
2019;125(21):3755-66.

Perl AE, Larson RA, Podoltsev NA, et al. Follow-up of patients with R/R
FLT3- mutation—positive AML treated with gilteritinib in the phase 3
ADMIRAL trial. Blood. 2022;139(23):3366-75.

Man CH, Fung TK, Ho C, et al. Sorafenib treatment of FLT3-ITD+ acute
myeloid leukemia: favorable initial outcome and mechanisms of sub-
sequent nonresponsiveness associated with the emergence of a D835
mutation. Blood. 2012;119(22):5133-43.

McMahon CM, Ferng T, Canaani J, et al. Clonal selection with ras pathway
activation mediates secondary clinical resistance to selective FLT3 inhibi-
tion in acute myeloid leukemia. Cancer Discov. 2019;9(8):1050-63.
Méndez-Ferrer S, Bonnet D, Steensma DP, et al. Bone marrow niches in
haematological malignancies. Nat Rev Cancer. 2020;20(5):285-98.

Forte D, Garcia-Fernandez M, Sdnchez-Aguilera A, et al. Bone marrow
mesenchymal stem cells support acute myeloid leukemia bioenergetics
and enhance antioxidant defense and escape from chemotherapy. Cell
Metab. 2020;32(5):829-843.€9.

Sniegocka M, Liccardo F, Fazi F, Masciarelli S. Understanding ER homeo-
stasis and the UPR to enhance treatment efficacy of acute myeloid
leukemia. Drug Resist Updates. 2022;64: 100853.

Masciarelli S, Capuano E, Ottone T, et al. Retinoic acid synergizes with the
unfolded protein response and oxidative stress to induce cell death in
FLT3-ITD+ AML. Blood Adv. 2019;3(24):4155-60.

Lo-Coco F, Awvisati G, Vignetti M, et al. Retinoic acid and arsenic trioxide
for acute promyelocytic leukemia. N Engl J Med. 2013;369(2):111-21.
Lo-Coco F, Di Donato L, Schlenk RF. Targeted therapy alone for acute
promyelocytic leukemia. N Engl J Med. 2016;374(12):1197-8.

de Thé H, Chen Z. Acute promyelocytic leukaemia: novel insights into the
mechanisms of cure. Nat Rev Cancer. 2010;10(11):775-83.

Johnson DE, Redner RL. An ATRActive future for differentiation therapy in
AML. Blood Rev. 2015;29(4):263-8.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 14 of 15

Richardson PG, Jacobus SJ, Weller EA, et al. Triplet therapy, transplanta-
tion, and maintenance until progression in myeloma. N Engl J Med.
2022,387(2):132-47.

Romancik JT, Cohen JB. Sequencing of novel therapies for mantle cell
lymphoma. Curr Treat Options Oncol. 2021;22(12):118.

Cenci S, Mezghrani A, Cascio P, et al. Progressively impaired protea-
somal capacity during terminal plasma cell differentiation. EMBO J.
2006;25(5):1104-13.

Auner HW, Cenci S. Recent advances and future directions in target-

ing the secretory apparatus in multiple myeloma. Br J Haematol.
2015;168(1):14-25.

Ohkubo S, Mancinelli R, Miglietta S, et al. Maize polyamine oxidase in the
presence of spermine/spermidine induces the apoptosis of LoVo human
colon adenocarcinoma cells. Int J Oncol. 2019;54(6):2080-94.

Tito C, Ganci F, Sacconi A, et al. LINC00174 is a novel prognostic factor in
thymic epithelial tumors involved in cell migration and lipid metabolism.
Cell Death Dis. 2020;11(11):959.

Masciarelli S, Capuano E, Ottone T, et al. Retinoic acid and arsenic trioxide
sensitize acute promyelocytic leukemia cells to ER stress. Leukemia.
2018;32(2):285-94.

Christianson JC, Carvalho P. Order through destruction: how ER-associ-
ated protein degradation contributes to organelle homeostasis. EMBO J.
2022;41(6):2109845.

Cao SS, Kaufman RJ. Endoplasmic reticulum stress and oxidative

stress in cell fate decision and human disease. Antioxid Redox Signal.
2014,21(3):396-413.

Tabas I, Ron D. Integrating the mechanisms of apoptosis induced by
endoplasmic reticulum stress. Nat Cell Biol. 2011;13(3):184-90.

Zhang Z, Zhang L, Zhou L, et al. Redox signaling and unfolded protein
response coordinate cell fate decisions under ER stress. Redox Biol.
2019;25:101047.

Elfawy HA, Das B. Crosstalk between mitochondrial dysfunction, oxidative
stress, and age related neurodegenerative disease: Etiologies and thera-
peutic strategies. Life Sci. 2019;218:165-84.

Han J, Back SH, Hur J, et al. ER-stress-induced transcriptional regula-

tion increases protein synthesis leading to cell death. Nat Cell Biol.
2013;15(5):481-90.

Baryawno N, Przybylski D, Kowalczyk MS, et al. A cellular taxonomy

of the bone marrow stroma in homeostasis and leukemia. Cell.
2019;177(7):1915-1932.e16.

Chen Q, Espey MG, Sun AY, et al. Pharmacologic doses of ascorbate act
as a prooxidant and decrease growth of aggressive tumor xenografts in
mice. Proc Natl Acad Sci. 2008;105(32):11105-9.

Ngo B, van Riper JM, Cantley LC, Yun J. Targeting cancer vulnerabilities
with high-dose vitamin C. Nat Rev Cancer. 2019;19(5):271-82.

Dasgupta |, McCollum D. Control of cellular responses to mechanical
cues through YAP/TAZ regulation. J Biol Chem. 2019;294(46):17693-706.
Dupont S, Morsut L, Aragona M, et al. Role of YAP/TAZ in mechanotrans-
duction. Nature. 2011;474(7350):179-83.

Wada K-I, Itoga K, Okano T, Yonemura S, Sasaki H. Hippo pathway
regulation by cell morphology and stress fibers. Development.
2011;138(18):3907-14.

Jang J-W, Kim M-K, Bae S-C. Reciprocal regulation of YAP/TAZ by

the Hippo pathway and the Small GTPase pathway. Small GTPases.
2020;11(4):280-8.

Piccolo S, Dupont S, Cordenonsi M. The biology of YAP/TAZ: hippo signal-
ing and beyond. Physiol Rev. 2014;94(4):1287-312.

Sladitschek-Martens HL, Guarnieri A, Brumana G, et al. YAP/TAZ activity
in stromal cells prevents ageing by controlling cGAS-STING. Nature.
2022,607(7920):790-8.

Khatau SB, Hale CM, Stewart-Hutchinson PJ, et al. A perinuclear actin cap
regulates nuclear shape. Proc Natl Acad Sci. 2009;106(45):19017-22.
Elosegui-Artola A, Andreu |, Beedle AEM, et al. Force triggers YAP nuclear
entry by regulating transport across nuclear pores. Cell. 2017;171(6):1397-
1410.e14.

Shiu J-Y, Aires L, Lin Z,Vogel V. Nanopillar force measurements

reveal actin-cap-mediated YAP mechanotransduction. Nat Cell Biol.
2018;20(3):262-71.

Borella G, Da Ros A, Borile G, et al. Targeting mesenchymal stromal

cells plasticity to reroute acute myeloid leukemia course. Blood.
2021;138(7):557-70.



Liccardo et al. J Exp Clin Cancer Res (2023) 42:223 Page 15 of 15

48. Kayser S, Levis MJ. Updates on targeted therapies for acute myeloid
leukaemia. Br J Haematol. 2022;196(2):316-28.

49. Khateb A, Ronai ZA. Unfolded protein response in leukemia: from
basic understanding to therapeutic opportunities. Trends Cancer.
2020,6(11):960-73.

50. Martelli AM, Paganelli F, Chiarini F, Evangelisti C, McCubrey JA. The
unfolded protein response: a novel therapeutic target in acute leukemias.
Cancers (Basel). 2020;12(2):333.

51. Marlein CR, Zaitseva L, Piddock RE, et al. NADPH oxidase-2 derived super-
oxide drives mitochondrial transfer from bone marrow stromal cells to
leukemic blasts. Blood. 2017;130(14):1649-60.

52. Ljubojevic N, Henderson JM, Zurzolo C. The ways of actin: why
tunneling nanotubes are unique cell protrusions. Trends Cell Biol.
2021;31(2):130-42.

53. Bains AK, Behrens WuL, Riviére J, et al. Bone marrow mesenchymal stro-
mal cell-derived extracellular matrix displays altered glycosaminoglycan
structure and impaired functionality in Myelodysplastic Syndromes. Front
Oncol. 2022;12:961473.

54, O'Reilly E, Zeinabad HA, Szegezdi E. Hematopoietic versus leukemic stem
cell quiescence: Challenges and therapeutic opportunities. Blood Rev.
2021;50: 100850.

55. 1zziV, Heljasvaara R, Pihlajaniemi T. Understanding the extracellular matrix
in acute myeloid leukemia. Haematologica. 2017;102(11):1807-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Retinoic acid and proteotoxic stress induce AML cell death overcoming stromal cell protection
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Cell culture
	Primary cells
	Treatments
	Cell death and cell proliferation
	Evaluation of ER and oxidative stress
	Co-cultures
	In vivo mouse studies

	Results
	The combination of low doses of Retinoic Acid, Bortezomib and Arsenic Trioxide induces cell death of FLT3-ITD+ AML cell lines and primary human leukemic stem cells
	Treatment with the combination RBA alters ER homeostasis in MOLM-13 cells but the adaptive branch of the UPR is suppressed
	Treatment with the combination RBA induces oxidative stress, which is the main driver of its cytotoxic effects
	Murine bone marrow stromal cells protect MOLM-13 cells from the toxic effects of the combination RBA, but ascorbic acid overcomes this defense
	Mouse stromal cells treated in co-culture with MOLM-13 cells activate the oxidative stress response, undergo disruption of the actin cytoskeleton, and relocalize YAP in the cytosol
	The combination RBA plus ascorbic acid prolongs the life span of a murine model of human AML

	Discussion
	Conclusions
	Anchor 25
	Acknowledgements
	References


