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L-asparaginase (ASNase), the drug included on the World Health Organization's list of essential
medicines, is irreplaceable in the front-line treatment of childhood acute lymphoblastic leukemia (ALL).’
However, the relapse of ALL*® is often associated with resistance” to ASNase and its mechanisms are
not fully understood. The cytotoxic effect of ASNase relies on depleting exogenous asparagine (Asn)
and glutamine (Gln), inducing apoptosis in leukemic cells because of their reduced capability of Asn
synthesis.” Our previous in vitro data demonstrated that ASNase triggers metabolic reprogramming of
leukemic cells, which impedes the anti-leukemic effect.® Metabolic processes of leukemic cells have
been shown to be altered by the environment of the bone marrow (BM), which may contribute to
chemoresistance.” > Herein, we investigated the impact of BM attributes on cellular metabolic pro-
cesses of leukemic cells in order to demonstrate the more complex picture'® of ASNase-driven
metabolic rewiring and its role in the mechanism of resistance.

First, we explored the effect of ASNase on leukemic cell survival in the experimental model established
in this study. The model mimics the BM environment of patients with ALL undergoing ASNase treat-
ment, which was achieved using transient ASNase treatment that resembles an inherent elimination of
the drug in vivo, a coculture with mesenchymal stromal cells (MSCs) that partially simulates the BM
matrix (supplemental Figure 1A-E)'*"'® and hypoxic conditions.'®"” Four B-cell precursor (BCP)-ALL
cell lines (NALM-6, REH, RS4-11, and SUP-B15) in the presence and absence of MSCs were treated
with different concentrations of transient ASNase treatment. After 96 and 120 hours of ASNase
treatment, the survival of all tested leukemic cell lines in coculture was significantly increased compared
with that in monoculture (Figure 1A; supplemental Figure 1F). Interestingly, the survival of the cocul-
tured leukemic cells following ASNase treatment in hypoxia was comparable to the effect under nor-
moxic conditions (Figure 1B; supplemental Figure 1G-H). The prosurvival effect of MSCs on leukemic
cells after ASNase treatment was also recapitulated in primary cells, observed in 4 of 7 patients whose
cells were isolated from BCP-ALL diagnosis (supplemental Figure 11). In addition, the protective effect
of MSCs was also observed when using alternatives for the BM scaffold as HS-5, a fibroblast-like
cell line with similar progenitor potential,'® and primary MSCs, isolated from pediatric patients with
BCP-ALL (supplemental Figure 1J-K).

Next, we investigated the changes in bioenergetic and biosynthetic pathways after 48 hours of ASNase
treatment.’® We previously showed a metabolic rewiring of leukemic cells after ASNase treatment,
resulting in glycolysis reduction (via glucose uptake measurement [GU]) and fatty acid oxidation (FAQO)
elevation.® Herein, we showed that ASNase-induced changes in bioenergetic metabolism persist in the
presence of MSCs. Measuring GU, we detected similar changes in the mono and cocultures of
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NALM-6 cell line (Figure 1C). REH cells did not decrease GU in
either presence or absence of MSCs, in line with previously pub-
lished data showing milder changes in GU in this cell line®
(Figure 1D). FAO significantly increased in both cell lines inde-
pendent of MSCs’ presence, having significantly higher levels in
REH cells in the coculture than those in the monoculture
(Figure 1E-F). We assume it is caused by the higher energy
demand required to sustain the increase of biosynthetic processes
that depend uniquely on FAO because other bioenergetic sources
(glucose, Gin) are shut down.?° Biosynthetic pathways were
explored by analyzing mTOR, the mechanistic target of rapamycin
(RAPA) pathway, as the major nutrient-sensitive regulator.”’ We
previously showed that ASNase in vitro inhibits the mTOR signaling
pathway in leukemic cells and its downstream targets.® Herein, we
observed the inhibition of p-S6 in leukemia cells after the ASNase
treatment in both cultures. However, the inhibition was significantly
less prominent in the coculture model (Figure 1G-K; supplemental
Figure 1L). Partial reactivation in the presence of MSCs was also
detected in the phosphorylation of CAD (p-CAD), another down-
stream protein of mMTOR complex 1 (nMTORC1)/S6K1 (prevalent in
REH cells; Figure 11-)).>>2® Furthermore, we also observed the
partial restoration of p-S6 induced by MSCs in primary leukemic
cells upon ASNase treatment, detected in 9 of 11 analyzed
patients with statistical significance (Figure 1L). These results
suggested the contribution of MSCs in the reactivation of protein
(p-S6) and nucleotide (p-CAD) synthesis, regulated by mTOR.

Downstream signaling of mTORC1 responds to extracellular
Asn,®2* which could be released from MSCs. To elucidate the
hypothesis, we measured the flux of Asn using stable isotope
tracing and assessed the activity of de novo Asn synthesis in MSCs
followed by the efflux of Asn to culture media (Figure 2A). MSCs
were first cultivated without Asn and with 15N-Gin for 7 days,
resulting in 50% labeled intracellular Asn (Figure 2B). Next, we
transferred MSCs (with labeled intracellular Asn) to a medium
simulating the ASNase effect and detected extracellular Asn from
which 11.67% + 0.57 was labeled (M+1) after 48 hours of incu-
bation, confirming the efflux of Asn from MSCs (Figure 2C). We
also verified 94% of intracellular Asn (M+86) were taken in by
leukemic cells in both monoculture and coculture using 15N,-
13Cy4-Asn in culture media (Figure 2D). These data confirmed that
Asn is replenished in the presence of MSCs, which are supported
by the increased levels of p-S6 and p-CAD proteins in leukemic

cells incubated with increasing Asn concentrations and without
Gin (Figure 2E-G). Moreover, increased cell proliferation correlated
with increased levels of Asn (Figure 2H). Importantly, the extent of
the described phenomenon is different for each cell line because of
their specific intrinsic factors (cell proliferation, doubling time, and
basal metabolic profile).

In order to test if Asn supplementation from MSCs hinders ASNase
sensitivity via mTOR restoration, we treated leukemic cells in
monoculture and coculture with a combination of either 0.4 [U/mL
or 4 IU/mL of ASNase and 25nM of RAPA (supplemental
Figure 1M), an mTOR inhibitor.”® The combination of RAPA and
0.4 IU/mL of ASNase diminished the prosurvival effect of MSCs in
both NALM-6 and REH cell lines. REH cells also showed similar
results using 4 IU/mL of ASNase and RAPA. This effect was not
observed in NALM-6, suggesting a more complex mechanism
given its resistant phenotype to ASNase. Moreover, in lower con-
centrations of ASNase, RAPA decreased the survival of NALM-6
and REH in monoculture as well (Figure 2I-J). These results
confirmed that the mTOR pathway plays a crucial role in the rescue
mechanism induced by MSCs on leukemic cells upon ASNase
treatment.

Because Asn deficiency is reflected in the induced mRNA levels of
ASNS, we assessed ASNS gene expression in the presence and
absence of MSCs as well as the expression of CHOP, a product of
amino acid stress response, and the amino acid transporters
SLC38A2, SLC7A1, and SCL1A4.°%*” After ASNase treatment,
the expression of all studied genes was induced only in the
monoculture of both leukemic cell lines. In contrast, the gene
expression was unchanged in the coculture, confirming the amino
acids deficit in the monoculture (Figure 2K; supplemental
Figure 2A-B). Furthermore, we asked how Asn deficiency influ-
enced the transport of other amino acids. Amino acids flow analysis
showed a significant (mostly gradual) increase in the uptake of
most of the amino acids after ASNase treatment in monoculture.
The increase in amino acid uptake was less prominent in cocul-
tured leukemic cells following ASNase treatment (Figure 2L;
supplemental Figure 2C).

Our previously published results on metabolic rewiring in leukemic
cells after ASNase treatment were obtained in purely in vitro con-
ditions in which ASNase was constantly present in the culture and
did not reflect the pharmacokinetics of the in vivo administration.

Figure 1. Rescued leukemic cells by the coculture model upon ASNase treatment showed restored p-S6 and p-CAD. (A-B) Growth assay of leukemic cells by flow
cytometry. Leukemic cell lines were seeded in the presence and absence of MSCs and cultured with increasing concentrations of transient ASNase treatment for a specific time.
After determining the absolute number of cells, the results were normalized to untreated samples and presented as the percentage of cell survival. Each symbol of the survival line
represents the mean + SD from (A) 3 independent experiments performed in biological triplicates and (B) a biological triplicate experiment. (C-F) Leukemic cells (NALM-6;
REH) in mono and cocultures were cultured with transient ASNase treatment (4 1U/mL) for 48 hours, then GU measurement (C-D) and FAO measurement (E-F) were performed.
Bar graphs represent the mean £ SD of the results in fold change normalized to the untreated sample from at least 2 independent experiments performed in biological triplicates.
"P-value =.0043. (G-J) mTOR activity analysis by detecting the phosphorylated form of its downstream proteins (S6 and CAD) using western blotting. Leukemic cells in mono and
cocultures were cultured with 4 IU/mL of transient ASNase treatment for 48 hours (NALM-6) or 72 hours (REH). The results were quantified and normalized to -actin, presented
as the log2 fold change relative to that of untreated samples. Every point of the dot plot represents the result of each biological triplicate from the n = 2 to 3 independent
experiments. (G) p-S6 protein quantification (REH, ~"P-value = .0043; and NALM-6, "P-value = .0106). (H) p-S6, S6 and p-actin of a representative western blot. (I) p-CAD protein
quantification (‘P-value =.0152), (J) p-CAD, CAD and f-actin of a representative western blot. (K-L) Results from the phosphorylated form of S6 measured by spectral cytometry in
leukemic cells. Approximately 4.00E+06 leukemic cells, either cell lines (RS4:11 and SUP-B15, K) or primary cells (L), were seeded in the presence and absence of MSCs
(2.00E+05 cells per 24mm insert transwell) and cultured with 4 IU/mL of transient ASNase treatment for 8 (K, L) and 24 hours (L). Two-way ANOVA (pairwise comparison; A-B),
two-tailed Mann-Whitney test (D-J) and Wilcoxon test (K) were used to determine statistically significant differences. ‘P<.05, "P<.01 "P<.001, "P<.0001. ANOVA, analysis
of variance; CTRL, control; FC, flow cytometry; n.s, not significant; p-S6, phosphorylated S6 ribosomal protein; p-CAD, phosphorylated CAD; WB, western blot.
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Figure 2. MSCs from the coculture model de novo synthesized and released Asn, which mitigated ASNase-nutrient stress and restored p-S6 and p-CAD in
leukemic cells. (A-D) Detection of the efflux of de novo synthesized Asn from MSCs to the media using SIT with N15-amide-Gin. Each bar graph represents the results as
mean * SD of MID from a biological triplicate experiment. (A) Scheme of de novo Asn synthesis showing the transfer of the labeled isotope from N15-amide-Gin to N15-amide-Asn
(M+1). (B) MID of intracellular Asn in MSCs cultured with free Asn complete medium supplemented with N-amide-Gin for 7 days. This complete medium was prepared from a
modified RPMI lacking Gin, Asn, Glu and Asp, which was supplemented then with 2 mM of N-amide-Gin, 150 uM of Asp and 136 pM of Glu. (C) MID of Asn in the medium
(extracellular Asn) simulating ASNase effect cultured with MSCs for specific time-points. This medium was prepared using the modified RPMI mentioned in (B), supplemented with
a reduced concentration of Gin (500 pM), 528 uM Asp and 2.136 mM Glu. The last 2 concentrations were adjusted from technical RPMI formulation assuming the
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Figure 2 (continued) complete conversion (1:1) due to the action of ASNase on Asn and GiIn to Asp and Glu. The reduced GIn concentration ensured the pathways' stability,
avoiding the labeled isotope loss in Asn. (D) MID of intracellular Asn in NALM-6 in mono and cocultures after 24 hours of culture with Gin-free medium (the modified RPMI, B)
supplemented with 15N2-13C4-Asn (379 pM), 150 pM Asp and 136 pM Glu. (E-F) mTOR activity analysis in REH and NALM-6 cells by detecting the phosphorylated form of its
downstream protein (S6 and CAD) using western blotting. Leukemic cells (7.560E + 05 cells per mL) were cultured with a medium (the modified RPMI, B) simulating the ASNase
effect (0 GIn, 528 pM Asp, and 2.136 mM Gilu), supplemented with increasing concentrations of Asn for 24 hours. The results were quantified and normalized to f-actin, presented
as the log2 fold change relative to that of untreated samples. Every point of the dot plot represents the result of each biological triplicate from the n = 2 to 3 independent

experiments. (G) p-S6, S6, p-CAD, p-CAD and f-actin of a representative western blot. (H) Cell proliferation of leukemic cells using MTS assay. Leukemic cells were cultured with

a medium simulating the ASNase effect mentioned in (E), supplemented with increasing Asn concentrations for 72 hours. The results are shown in OD, and symbols represent
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Figure 2 (continued) the means + SD results from n = 1 to 3 independent experiments in 6 biological replicates. (I-J) Growth assay of leukemic cells undergoing transient
ASNase treatment combined or not with 25nM of rapamycin (RAPA). Each symbol on the curve represents the mean * SD from a biological triplicate experiment. (K) Relative
quantification of the expression of ASNS, CHOP, and SLC38A2 using qPCR. The gene expression was measured in leukemic cells (underlined cell line represents the one
analyzed) in the presence and absence of MSCs cultured with 4 IU/mL of transient ASNase treatment for 6 hours. Results were normalized to the average of 2
housekeepers’ genes and calculated the fold change to untreated samples per time point and condition. Each symbol of the dot plot represents the result of each duplicate
measurement from n = 1 to 2 independent experiments in a biological triplicate. ASNS, P-value = .0095 (REH) and P-value = .0022 (NALM-6); CHOP, P-value = .0095
(REH) and P-value = .0022 (NALM-6); SLC38A2, P-value = .0095 (REH) and P-value = .0095 (NALM-6). The dotted line marks a fold change of 1.5. (L) The flux of
extracellular amino acids was determined by high-performance liquid chromatography (HPLC) in mono and coculture models. NALM-6 cells (0.30E + 06 cells per mL) were
seeded with or without MSCs and cultured with 4 IU/mL transient ASNase treatment for 30 and 72 hours. The culture media were collected to determine amino acid
concentrations. Results were normalized following a two-step process; (1) Extraction of the amino acid concentrations in complete medium at time 0 and (2) normalization of
the amino acid concentrations to the number of cells. This normalization allows us to distinguish the direction of the amino acid flow; influx and efflux are represented

as values below and above zero (marked with a dotted line), respectively. Each symbol represents the result of each replicate from a biological quadruplicate experiment. Two-tailed
Mann-Whitney test was assessed to determine statistically significant differences between 2 groups. P< .05, “pP< .01, P <.0001. ASNS, asparagine synthetase; MID, mass

isotopologue distribution; n.s, not significant; OD, optical density; gqPCR, quantitative polymerase chain reaction.
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Additionally, leukemic cells were cultured without any scaffold
characteristic of the BM environment.® In this study, we used a
more relevant in vitro model considering the main aspects of the
BM environment. Using this model, we confirmed the survival
advantage of leukemic cells in the presence of MSCs when
comparing proliferation and viability with those of common in vitro
cultures. Additionally, culturing the cells at different oxygen con-
centrations did not affect survival. Surprisingly, the change in bio-
energetic pathways was similar to that in monoculture, supporting
the relevance of our previous findings and showing that the pres-
ence of MSCs does not affect ASNase-driven metabolic reprog-
ramming.® Furthermore, we showed that Asn was de novo
synthesized in MSCs and released into the Asn-free culture media,
reactivating p-S6 and p-CAD. This event prompted leukemic cells
to proliferate even in the presence of ASNase, the effect that was
diminished using an mTOR inhibitor, RAPA. The amino acid stress
caused by Asn depletion, represented by elevated levels of ASNS,
SLC38A2, CHOP, SLC7A1, and SLC1A4 and an increased
amino acid uptake was compensated in coculture.

To our knowledge, this study is the first to demonstrate that protein
and nucleotide synthesis participate in the MSCs-mediated che-
moresistance to ASNase treatment. Our results show that MSCs
sustain biosynthetic pathways in leukemic cells, making them more
accessible to bioenergetic rewiring, which may counteract ASNase
cytotoxicity. These results bring us closer to a better understanding
of the mechanism of action of common cytostatic drugs and
unravel survival mechanisms that could help to develop novel
treatment options to improve the outcome for patients with ALL.
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