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Abstract

Eradicating leukemia requires a deep understanding of the interaction between leukemic cells and
their protective microenvironment. The CXCL12/CXCR4 axis has been postulated as a critical
pathway dictating leukemia stem cell (LSC) chemoresistance in AML due to its role in controlling
cellular egress from the marrow. Nevertheless, the cellular source of CXCL12 in the acute myeloid
leukemia (AML) microenvironment and the mechanism by which CXCL12 exerts its protective
role /n vivo remain unresolved. Here, we show that CXCL12 produced by Prx1+ mesenchymal
cells but not by mature osteolineage cells provide the necessary cues for the maintenance of LSCs
in the marrow of an MLL::AF9-induced AML model. Prx1+ cells promote survival of LSCs by
modulating energy metabolism and the REDOX balance in LSCs. Deletion of CXCL12 leads to
the accumulation of reactive oxygen species and DNA damage in LSCs, impairing their ability to
perpetuate leukemia in transplantation experiments, a defect that can be attenuated by antioxidant
therapy. Importantly, our data suggest that this phenomenon appears to be conserved in human
patients. Hence, we have identified Prx1+ mesenchymal cells as an integral part of the complex
niche-AML metabolic intertwining, pointing towards CXCL12/CXCR4 as a target to eradicate
parenchymal LSCs in AML.

Introduction

Acute myeloid leukemia (AML) is the most common malignant myeloid disorder in adults
and displays a particularly high incidence of relapse and poor prognosis. The MLL::AF9
fusion protein, which results from the t(9;11) (p22;923) translocation, is one of the most
common MLL gene translocations, accounting for about 7% of all human AML cases (1).

AML develops from a rare population of leukemia stem cells (LSCs), which are
responsible for tumor relapse(2—4). LSCs share a regulatory microenvironment with normal
hematopoietic stem and progenitor cells (HSPCs). The contribution of the niche to the
development ofhematological malignancies is twofold: 1) alterations in the niche provide
the necessary conditions for mutant HSPC clones to arise or flourish(5-7) and 2) neoplastic
cells remodel the niche to facilitate their outgrowth (8, 9).

The CXCL12-CXCR4 axis is a mediator of the interplay between LSCs and the bone
marrow (BM) microenvironment (10). Elevated expression of CXCR4 is associated with
adverse prognosis(11) and targeting of CXCR4 has been shown to sensitize leukemic

cells to chemotherapy in AML models. Moreover, AML cells upregulate CXCR4 upon
chemotherapy, resulting in increased stromal-mediated survival /n vitro, suggesting that the
upregulation of surface CXCR4 represents a mechanism of chemoresistance(12).
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Cxcl12is expressed by multiple stromal cell populations in the bone marrow(13, 14).
Nevertheless, the source of CXCL12 contributing to AML LSC maintenance remains
unknown. Furthermore, the effect exerted by CXCR4 inhibitors is believed to depend on the
egress of leukemic cells from the BM, nevertheless, the implication of the CXCL12/CXCR4
axis in LSCs retained in the marrow parenchyma deserves further investigation.

Here, by using a murine model of MLL::AF9 induced AML(4), we demonstrate that early
mesenchymal stromal cells (MSCs)are an integral part of the MLL::AF9 derived AML niche
and control LSC maintenance. CXCL12 from MSCs regulates the oxidative state of LSCs
and modulates energy metabolism. Furthermore, the protective role of the niche through the
activation of the CXCL12/CXCR4 axis may also represent a biological hallmark in human
pediatric and adult AML.

Material and Methods

Mice
C57BL/6JR]j mice were purchased from Janvier Laboratory (bx47363). B6.SJL-Ptprca
Pepch/BoyJ (002014), B6(FVB)-Cxcl12tm1-1Linky (cxcL12ff)(14) (021773), B6.Cg-
Tg(Prrx1-cre)1Cjt/J (Prx1-cre)(15) (005584) and B6.Cg-Tg(Collal-cre/ERT2)1Crm/J

(Col2.3-creERT2)(16) (016241) mice, all maintained on C57BL/6 genetic background, were
purchased from Jackson Laboratory.

Leukemia induction by bone marrow transplant

Leukemia was established as previously described(4, 17) by transplanting 2.5x10°
MLL::AF9 leukemic cells (expressing CD45.1) into age and sex-matched non-irradiated
recipient mice.

Flow cytometry and Fluorescent-Activated Cell Sorting (FACS)

Immunophenotypic characterization and isolation of hematopoietic populations was
performed as previously described(18-20). For details see supplementary information.

Homing assay

2.5x10° MLL::AF9 leukemic cells were intravenously infused through the tail vein and mice
were euthanized 1-, 3- and 24-hours post-transplantation. CD45.1 leukemic cells homed to
BM were analyzed by flow cytometry.

Seahorse metabolic extracellular flux profiling

Leukemic cells were enriched for Lin- and CD45.2- population by immunomagnetic
selection using Miltenyi’s LD columns (Miltenyi Biotec, Bergisch Gladbach, Germany).
OCR and ECAR were analyzed following protocols recommended by Seahorse Biosciences
using the Seahorse XFp analyzer (Agilent Technologies, Santa Clara, CA, USA) and the XF
Cell Mito Stress Test, XF Glycolysis Stress Test and XF Glycolytic Rate Assay Kits (see
supplementary information).
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Profiling by RNA-Seq

Low input 3"end RNA-Seq was performed following Massively Parallel RNA sequencing
(MARS-Seq) protocol adapted for bulk RNA-Seq with minor modifications(21). (see
supplementary information)

Results

CXCRA4 pathway activity discriminates human AML patients with a transcriptional
signhature enriched in DNA damage, oxidative stress and metabolic reprogramming

To explore the role of the CXCL12/CXCR4 axis in human AML,we made use of two
publicly available datasets that include transcriptional data of adult (Beat AML cohort)(22)
and pediatric patients (TARGET initiative)(23). Gene expression was compared between
patients showing high (Q4) and low (Q1) transcriptional activity of the CXCR4 pathway
(Supp. Fig. 1A, B). Pairwise comparisons between pediatric (TARGET initiative) patients
with high versus low CXCR4 activity revealed a total of 4273 differentially expressed genes
(adjusted p<0.05, |log2FC|>1) (Supp. Fig. 1C and Supp. Table 1). GO analysis evidenced
an enrichment in functions related to mitochondrial integrity, the electron transport chain
and energy metabolism in patients with low CXCR4 pathway activity (Fig. 1A). Genes
coding for subunits of the mitochondrial Complex I, 111 1V, as well as Complex I, 1l and

I11 assembly proteins were found upregulated in the patients with low CXCR4 pathway
activation, suggesting a metabolic reprogramming in these patients (Fig. 1B, Supp. Fig. 1D
and Supp. Table 1). Patients with low CXCR4 pathway activation exhibited a deficiency in
cell adhesion and chemotaxis pathways (Fig. 1A) with downregulation of genes implicated
in AML drug resistance, progression and differentiation (Fig. 1B, Supp. Fig. 1E and

Supp. Table 1). GSEA revealed a depletion in pathways associated with cell adhesion

and an enrichment in cell cycle, genotoxic stress and metabolic reprogramming associated
pathways (Fig. 1C and Supp. Table 2). Similarly, analysis of adult leukemia patients (from
the BEAT AML cohort) showed a depletion in pathways associated with cell adhesion and
an enrichment in pathways associated with metabolic reprogramming and DNA damage
(Supp. Fig. 1F and Supp. Table 3). This data suggest that the CXCL12/CXCR4 axis not
only modulates cell adhesion but also the metabolic activity of LSCs in AML, potentially
protecting leukemic cells from genotoxic stress-resulting mitochondria dysfunction.

Deletion of Cxcl12 from Prx1+ mesenchymal cells modulates leukemia dynamics in
MLL::AF9-driven AML

In order to explore which cells in the microenvironment are responsible for the production of
CXCL12 and its impact on leukemia dynamics /n vivo we used the previously described
MLL::AF9 retrovirally-induced AML model(4). This model allows for the prospective
isolation of leukemia stem/progenitor cells (LSCs). Previous studies have shown that Cxc/12
is expressed by multiple cellular constituents in the bone marrow microenvironment, with
mesenchymal stromal cells being the major source of CXCL12 in the BM(13, 14).

To assess whether CXCL12 expressed by MSCs is necessary for AML leukemia
maintenance, we crossed Cxcl12f/fl mice(14) with mice expressing cre-recombinase under
the control of the Prrx1 promoter/enhancer (Prx1-cre)(15) to allow specific deletion of
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Cxcl12in Prx1+MSCs. gPCR analysis revealed reduced Cxc/12expression in MSCs
isolated from Prx1-cre*-Cxcl12f/fl mice (Prx1-Cxcl12-Mut) compared to MSCs from Prx1-
cre”-Cxcl12ffl mice (Prx1-Cxcl12-Ctrl)(Supp. Fig 2A). Prx1-Cxcl12-Ctrl and Prx1-Cxcl12-
Mut mice (CD45.2) were transplanted with MLL::AF9 cells (CD45.1) to establish secondary
AML (Fig. 2A). A dose of 2.5x10° leukemic blasts per mouse was used in order to achieve
100% leukemia penetrance without the need for irradiation (Supp. Fig. 2B).

Deletion of Cxc/12in Prx1-MSCs revealed that normal hematopoiesis (cells from the
recipient origin, CD45.2) in the BM, was significantly preserved when compared to

control animals 25 days post leukemia induction (Supp. Fig. 2C-E). Most importantly,

BM cellularity (Supp. Fig. 2F), leukemia infiltration (Fig. 2B lef panel) and the frequency
of LSCs (Fig. 2B right panel) in the BM of Prx1-Cxcl12-Mut mice were significantly
reduced compared to their control littermates. Further characterization of the leukemic clone
revealed a change in its composition, with a significantly lower frequency of LSCs (among
the leukemic CD45.1 population only) in the Prx1-Cxcl12-Mut mice compared to their
littermate controls (Supp. Fig. 2G).

We could not observe differences in survival between leukemic Prx1-Cxcl12-Ctrl and Prx1-
Cxcl12-Mut mice (Supp. Fig. 2H). Work described below implicates disbalance of energy
and redox pathways in LSCs upon Cxcl12 deletion from Prx1+ stromal cells. LSCs are the
most sensitive to these disbalances accounting for the phenotype observed(17), although
the relative survival of bulk leukemia may be sufficient to negate any differences in mice
survival that could have been seen. In addition, the lack of difference in survival could be
attributed to the fact that Pxrl-cre targets cells derived from limb bud mesoderm(15), so the
deletion of Cxc/12only occurred in the long bones but not in the axial skeleton, allowing
for normal leukemia growth in those bones. Nevertheless, in order to further demonstrate
that the deletion of Cxc/12has a functional role in AML maintenance, we isolated LSCs

or leukemic blasts (CD45.1 cells) from the BM of Prx1-Cxcl12-Ctrl and Prx1-Cxcl12-Mut
mice and transplanted them in equal numbers (8000 CD45.1 LSCs or 10° CD45.1 blasts)
into non-irradiated C57BL/6J mice (Supp. Fig.2l).

Thirty days post transplantation, the leukemia infiltration in the peripheral blood (PB) of

the animals receiving leukemic blasts from the Prx1-Cxcl12-Mut mice showed a significant
decrease in the number of leukemic blasts and preserved normal hematopoiesis compared to
mice receiving cells from the Prx1-Cxcl12-Ctrl animals (Supp. Fig.2J,K). Moreover, animals
receiving LSCs or leukemic blasts from the Prx1-Cxcl12-Mut mice survived significantly
longer compared to those animals receiving cells from the Prx1-Cxcl12-Ctrl animals (Fig.
2C and Supp. Fig. 2L). Together, these data demonstrate that CXCL12 produced by Prx1-
MSCs regulates LSCs behavior and promotes leukemia progression.

CXCL12 produced by mature osteolineage cells does not affect leukemia dynamics in
MLL::AF9-driven AML

Prx1 is not only expressed in early MSCs but also in their osteolineage cell progeny, which
is also known to produce CXCL12(13). In order to resolve whether CXCL12 produced
from either of these two BM compartments is necessary for leukemia maintenance, we
crossed Cxcl12f/fl mice(14) with mice expressing cre-recombinase under the control of the
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Col2.3 promoter (Col2.3-creERT2)(16) to allow specific deletion of Cxc/12in committed
osteoblasts. Six to ten weeks old Col2.3-creERT2"-Cxcl12f/fl mice (Col2.3-Cxcl12-Ctrl) and
Col2.3-creERT2*-Cxcl12f/fl mice (Col2.3-Cxcl12-Mut)were transplanted with MLL::AF9
cells (2.5x10°). The cre- recombinase was induced by tamoxifen administration (Fig. 3A).

Twenty-five to thirty days post leukemia infusion, BM cellularity (Supp. Fig. 3A), leukemia
infiltration (Fig. 3B left panel), frequency of LSCs (Fig. 3B right panel) and the

leukemic clone composition (Supp. Fig. 3B) were equivalent between the Col2.3-Cxcl12-
Mut mice and their littermate controls. We did not observe differences in the residual
normal hematopoiesis (Supp. Fig. 3C-E) neither in the survival between the leukemic
Col2.3-Cxcl12-Ctrl and Col2.3-Cxcl12-Mut mice (Supp. Fig. 3F). Transplantation of equal
numbers of freshly isolated cells (10°CD45.1 blasts) from the BM of Col2.3-Cxcl12-Ctrl
or Col2.3-Cxcl12-Mut into non-irradiated C57BL/6J mice showed equivalent survival (Fig.
3C and Supp.Fig. 3G), demonstrating that the production of CXCL12 from osteolineage
committed cells does not affect LSC cell fate and is dispensable for the evolution of
MLL::AF9-derived AML.

Sustained deprivation of CXCL12 produced by Prx1-MSCs does not affect LSC homing nor
increase their egressfrom the BM

While our data argue that MSC-derived CXCL12 regulates LSC fate regardless of

their ability to home to the BM, we explored whether homing of MLL::AF9 cells

was impaired by the lack of Prx1*MSCs-produced CXCL12. Leukemic MLL::AF9 cells
(2.5x10°) were transplanted into non-irradiated Prx1-Cxcl12-Ctrl and Prx1-Cxcl12-Mut
mice. Quantification of CD45.1-MLL::AF9 cells in the BM of recipient animals at 1, 3 and
24 hours after leukemia infusion did not reveal a reduced capacity of homing of leukemic
cells in the Prx1-Cxcl12-Mut mice (Fig. 4A).

Besides homing, the CXCL12/CXCR4 axis has been implicated in leukemic cell retention in
the BM. Hence, to evaluate whether the changes in LSCs dynamics in the Prx1-Cxcl12-Mut
microenvironment are solely a consequence of cell egress from the marrow, we assessed for
mislocalization of leukemic cells by examining the peripheral blood and the spleen. Twenty-
five days post leukemia induction, mutant and control animals showed equivalent infiltration
of leukemic cells in the peripheral blood (Fig. 4B). Importantly, Prx1-Cxcl12-Mut mice had
significantly smaller spleen (Supp. Fig. 4A,B). Immunophenotypic characterization of the
spleen revealed no changes in the leukemic burden (Fig. 4C left panel) and a substantial
reduction in the frequency of LSCs (Fig. 4C right panel) in Prx1-Cxcl12-Mut mice.

Taken together, our results show that deletion of Cxc/12from Prx1-MSCs does not affect
homing or mislocalization of AML-LSCs in the spleen and denote a wider role for the
CXCL12/CXCR4 axis in controlling MLL::AF9 driven LSC fate.

Deletion of Cxcl12 from mesenchymal stromal cells leads to cell cycle arrest and cell death

in LSCs

We next sought to unravel the molecular re-wiring of LSCs exposed to a mutant
microenvironment. To this end, we isolated LSCs from Prx1-Cxcl12-Ctrl and Prx1-Cxcl12-
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Mut mice (n=4 and 5 mice respectively) 30 days post leukemia induction and performed
RNA sequencing (21). Pairwise comparison revealed a total of 359 differentially expressed
genes (p.adjust<0.05)(157 upregulated and 202 downregulated) in LSCs exposed to a MSC-
derived CXCL12 deficient microenvironment (Supp.Fig. 5A and Supp. Table 4).

Gene set enrichment analysis (GSEA) revealed a downregulation of pathways associated
with cellular migration, adhesion and cell-cell communication (including CXCR4 activation)
in LSCs isolated from the Prx1-Cxcl12-Mut mice (Fig. 5A and Supp. Table 5). These results
suggest that CXCL12 cooperates with multiple other cell adhesion and migration pathways
implicated in controlling leukemia-niche interactions,as recently shown in other cancers(24).

LSC interactions with different niche constituents through adhesion and migration signals
in leukemia(25, 26) have been previously shown to regulate cell proliferation. Our
transcriptional analysis of LSCs exposed to a CXCL12 deficient microenvironment revealed
an enrichment in pathways associated with cell cycle and the activation of cell cycle
checkpoints (Supp. Fig. 5B-D and Supp. Table 5). Further, pairwise comparisons evidenced
the upregulation of genes implicated in the regulation of cell cycle transition such as Ccnb2,
Cdc45and Lmnb1(27-29), mitotic chromosome organization such as Aurkb and Haus1(30,
31) or control of DNA integrity such as Fancad? or Clspn(32, 33), among others (Supp. Fig.
5E and Supp. Table 4). Altogether suggesting that these cells are undergoing replication
stress. In agreement with this, Ki67-TOPRO-3 staining of LSC from Prx1-Cxcl12-Mut mice
suggested the stall of the cell cycle, with LSC accumulation in GO/G1 and a subsequent
decrease of cells in S, G2/M phases of the cell cycle (Fig. 5B). Furthermore,cell death

in LSCs and leukemic blasts was increased in the Prx1-Cxcl12-Mut mice (Fig. 5C and
Supp. Fig. 5F). GSEA revealed an enrichment in pathways associated with programmed cell
death, p53-dependent apoptosis mediated by p21 and apoptosis via Trail (Supp. Fig. 5G-I
and Supp. Table 5). Further, pairwise comparisons revealed a significant downregulation of
GataZ, cKit, Morrbid, Csnkle and Hoxa5in LSCs exposed to an MSC-derived CXCL12
deficient microenvironment (Supp. Fig. 5J). These genes regulate survival and their silencing
leads to reduced proliferation and apoptosis in AML and other cancers(34-41). In addition,
genes such as Cdknlc, Eif5aand Vaacl, which play a key role in mitochondria mediated
apoptosis, were significantly upregulated in LSCs exposed to an MSC-derived CXCL12
deficient microenvironment (Supp. Fig. 5K)(42-45). In agreement, staining for cleaved
caspase 3 revealed increased apoptosis of LSCs from the Prx1-Cxcl12-Mut mice (Supp. Fig.
5L).

Altogether,these data suggest that niche engaging pathways are intimately regulated in
leukemia and control cell cycle progression and cell death in LSCs.

CXCL12 produced by mesenchymal stromal cells protects LSCs from oxidative stress-
induced DNA damage and cell death

Cell cycle arrest and cell death of LCS upon Cxc/12 deletion from MSCs may result from
genotoxic stress(46, 47).

GSEA of LSCs retained in the BM upon CXCL12 deletion from Prx1+ MSCs revealed an
enrichment in signatures related to mitochondrial alterations (Supp. Fig. 6A-C and Supp.
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Table 5). Evaluation of mitochondrial membrane potential revealed a hyperpolarization

of the mitochondria in LSCs from the Prx1-Cxcl12-Mut mice, confirming mitochondrial
dysfunction (Fig. 6A). Mitochondria hyperpolarization can lead to increased ROS
production (48). Importantly, LSCs isolated from Prx1-Cxcl12-Mut mice showed a marked
increase in intracellular ROS levels (Fig. 6B) and, in particular, mitochondrial-derived
superoxide radicals (Fig. 6C). Similar results were observed in leukemic blasts (Supp.

Fig. 5D-F). Accumulation of ROS due to mitochondrial dysfunction often compromises
genome integrity, inducing the activation of the DNA damage response (DDR) and DNA
repair pathways in normal HSPCs(47). Accordingly, GSEA revealed an enrichment in
pathways associated with the DNA damage response DDR and DNA repair in LSCs from
the Prx1-Cxcl12-Mut mice (Supp. Fig. 6G-1 and Supp. Table 5). Further, levels of yH2AX
phosphorylation at serine 139 were significantly increased in LSC from animals deficient in
MSC-produced CXCL12 (Fig. 6D).

In order to test whether excess ROS contributes to the functional defects observed in LSCs
from a CXCL12 deficient microenvironment, we fed the ROS scavenger N-acetylcysteine
(NAC) in the drinking water to Prx1-Cxcl12-Ctrl and Prx1-Cxcl12-Mut leukemic mice.
Treatment with NAC throughout leukemia development decreased the levels of yH2AX
phosphorylation at serine 139in LSCs exposed to a CXCL12-deficient microenvironment
(Fig.6D) and partially rescued their cell death (Fig.6E), suggesting a direct link in between
elevated ROS, genotoxic stress and cell death in the Prx1-Cxcl12-Mut mice. Additionally,
NAC was sufficient to restore the leukemogenic capacity of LSCs and leukemic blasts
exposed to a CXCL12 deficient microenvironment upon transplantation (Fig. 6F and Supp.
Fig. 6J-K).

These results demonstrate that CXCL12 from MSCs regulates the oxidative state of LSCs
and preserves their genome integrity in MLL::AF9-induced AML.

Mesenchymal stromal cells control leukemic cells’ energy metabolism through CXCL12

production

Since the mitochondrial respiratory chain is one of the major sources of ROS, and
mitochondrial dysfunction and ROS accumulation is a hallmark of LSCs in the absence
of Prx1+ MSC-produced CXCL12, we next evaluated whether LSC’s energy metabolism
was altered.

GSEA of LSCs retained in the BM upon Cxc/12 deletion from Prx1+ MSCs revealed

an enrichment in pathways associated with the tricarboxylic acid cycle (TCA), OXPHOS
and the electron transport chain (ETC) (Supp. Fig. 7A-C and Supp. Table 5), indicative

of an altered energy metabolism. To expand this observation, we determined the oxygen
consumption rate (OCR), index of OXPHQS, in LSCs-enriched (Lin-, CD45.1+) leukemic
cells from the Prx1-Cxcl12-Mut mice. Surprisingly, the OCR was significantly decreased
in LSCs-enriched cells from the Prx1-Cxcl12-Mut mice (Fig. 7A). Similarly, basal and
maximal respiratory rates (Supp. Fig. 7D, E), ATP production (Fig. 7B) and proton leak
(Supp. Fig. 7F), were decreased in LSCs-enriched cells exposed to a CXCL12-deficient
microenvironment. The spare respiratory capacity was not changed in LSCs from the Prx1-
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Cxcl12-Mut mice (Supp. Fig. 7G), suggesting that LSC-enriched cells retain certain ability
to respond to high energy demands.

Certain cell types are capable of activating glycolysis, as an alternative to mitochondrial
respiration, for energy production(49). LSCs-enriched cells from the Prx1-Cxcl12-Mut
mice showed reduced glycolytic activity (Fig. 7C and Supp. Fig.7H) and glycolytic
capacity (Supp. Fig. 71). The non-glycolytic acidification, which measures other sources

of extracellular acidification, was much lower in LSC-enriched cells from Prx1-Cxcl12-Mut
mice (Supp. Fig. 7J). Additionally, LSC-enriched cells from the Prx1-Cxcl12-Mut mice
retain certain ability to respond to high energy demands by activating glycolysis (Supp.

Fig. 7K). Evaluation of glycolytic activity taking into consideration the contribution of the
mitochondria to CO, production and acidification confirmed these observations (Supp. Fig.
7L-0).

These results demonstrate that CXCL12 promotes glucose metabolism and energy
production in MLL::AF9 leukemic cells.

Discussion

In this study, we demonstrate that mesenchymal stromal cells in the BM microenvironment,
characterized by the expression of Prx1-cre, provide the necessary cues for the maintenance
of leukemia stem cells (LSC) in a MLL::AF9-induced AML model, a mechanism potentially
conserved in human patients. Our work unveiled a previously unrecognized mechanism

by which the MSC in the BM microenvironment regulates energy metabolism in LSCs

and protects them from the damaging effects of the accumulation of reactive oxygen

species (ROS) and genotoxic stress. These findings highlight the importance of the BM
microenvironment modulating leukemia maintenance in the absence of pharmacological
pressure, allowing the description of parenchymal-mesenchymal interactions during
leukemia evolution.

The CXCL12-CXCR4 axis has been proposed as an important mediator of the leukemia-BM
microenvironment interaction, yet its role in leukemia biology remains obscure.

CXCR4 expression protect leukemic cells from chemotherapy-induced apoptosis, and
correlates with lower disease-free survival(50, 51). These observations have led to the
development of small molecules, peptides and antibodies targeting the CXCL12-CXCR4
axis(12). Small molecule antagonists of CXCR4 such as AMD3100 have not fulfilled

initial clinical expectations(12), which could be partially explained by AMD3100’s mode
of action being limited to blast mobilization, while lacking an effect on the behavior

of leukemia stem cells retained in the marrow parenchyma after treatment(51). Beyond
inducing mobilization, peptide-like antagonists such as BL-8040 directly induces apoptosis
while LY2510924 inhibits proliferation in AML cells(52-55). Antibody based targeting of
CXCR4, also pursued clinically, may benefit from Fc domain-mediated effector functions to
directly eliminate CXCR4-expressing cells(56, 57). Finally, antagonists of CXCL12 such as
CX-01 and NOX-A12 have been developed in order to disrupt the CXCL12-CXCR4 axis
and induce chemosensitization(58, 59). Whether any of these drugs modulate energy and
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redox balance in AML remains to be elucidated. Nevertheless, our observations warrant
future pre-clinical and clinical studies further investigating their mechanism of action. Of
note, our results highlight that enforced deletion of Cxc/12from specific stromal populations
in the BM has a profound effect on LSC behavior. RNA-seq of parenchymal LSCs revealed
a downregulation of adhesion and migration signals in CXCL12 deficient animals. Whether
these changes are sufficient to affect the local migratory nature of AML-LSCs remains

to be evaluated. Nevertheless, in the absence of Prx-1 cells produced CXCL12, LSCs

are unable to engage with their protective niches without evidence of increased egress

from the marrow. Altogether suggest that strategies targeting the CXCL12/CXCR4 axis to
efficiently target leukemia require the abrogation of parenchymal niche-LSC interactions
modulating energy metabolism and REDOX balance. LSC in AML are known to rely on
OXPHOS for energy production(49). This metabolic feature of LSCs is, at least in part,
controlled by the BM microenvironment. As we demonstrate, CXCL12 produced by Prx1-
mesenchymal cells is necessary to maintain energy metabolism in AML, since CXCL12
depletion leads to reduced OXPHQOS and ATP production. This is in agreement with a
recent report demonstrating that Nestin+ stromal cells increase the bioenergetic capacity and
the antioxidant defense of AML cells after chemotherapy(46). Remarkably, these effects
are dependent on cell-cell contact, suggesting that abrogating the signals allowing LSCs to
engage their niche may overcome these mechanisms of chemoresistance. Importantly, our
data demonstrates that the deletion of Cxc/12from Prx1-MSCs is sufficient to revert theses
effects even in the absence of chemotherapy.

But besides energy metabolism, stromal cells in the BM microenvironment also contribute
to LSC chemoresistance by modulating pyrimidine biosynthesis. Recently, van Gastel and
colleagues demonstrated that LepR+ stromal cells provide glutamine-derived aspartate to
LSCs upon chemotherapy to fuel nucleotide biosynthesis, while serum glutamine is uptaken
by LSCs to sustain GSH levels(20). While it is currently unknown whether this metabolic
dependency also occurs without chemotherapy pressure, the overlap between LepR+ cells
and Prx1+ cells and the metabolic shift observed in the latter upon Cxc/12 deletion
guarantees future research into this topic.

In summary, our work uncovers a previously unrecognized role of Prx1+ mesenchymal
cells controlling AML’s metabolic adaptation /n vivo. Novel therapeutics targeting Prx1+
mesenchymal cells or abrogating their ability to produce CXCL12 promises to aid
eradication of leukemic cells. Nevertheless, these approaches will require a sustained effect
on CXCL12 production, rather than simply inducing LSC mobilization in order to fulfill
their expectation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CXCR4 pathway activity discriminates human AML patients with a transcriptional
signature enriched in DNA damage, oxidative stress and metabolic reprogramming.

(A) Gene Ontology (GO) enrichment analysis showing the top twenty most upregulated and
downregulated pathways in leukemic cells with low CXCR4 pathway activation from the

TARGET dataset. (B) Volcano plot showing the differentially expressed genes (adjusted

p<0.05, |log2FC|>1) in leukemic cells with low CXCR4 pathway activation from the

TARGET dataset. (C)Gene set enrichment analysis (GSEA) of the transcriptional signature

of leukemic cells showing a deficiency in signatures related with cell adhesion and
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migration, as well as, an enrichment of pathways related to cell cycle, DNA damage and
repair and mitochondrial respiration in patients with low CXCR4 pathway activation from
theTARGET dataset.
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Figure 2. Deletion of Cxcl12 from Prx1+ mesenchymal cells modulate leukemia dynamics in
MLL::AF9-driven AML.

(A) Schematic overview of the experimental design for AML induction in the Prx1-Cxcl12
mice. (B) Bone marrow analysis showing the frequency of CD45.1leukemic cells(left
panel)and the frequency of LSCs (CD45.1*,Lin!oW, ¢-Kithidh Scal-, CD34*, CD16/32%)
(right panel).(C) Kaplan-Meier curve showing survival of C57BL6J mice (n=11/group)
transplanted with equal numbers of LSCs from Prx1-Cxcl12-Mut (h=6) and Prx1-Cxcl12-
Ctrl (n=6) animals. Data are representative of at least 2 independent experiments. n=5 to 6
mice per genotype per experiment unless otherwise stated. Data are represented as mean and
SD. * P< .05; ** P< .01; *** P< .001.
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1075 CD45.1

blasts C57BL/6J

Figure 3. CXCL12 produced by mature osteolineage cells does not affect leukemia dynamics in
MLL::AF9-driven AML.

(A) Schematic overview of the experimental design for AML induction in the Col2.3-
Cxcl12 mice. (B) Bone marrow analysis showing: the frequency of CD45.1leukemic
cells(left panel) andthe frequency of LSCs (CD45.1%,LinloW, ¢-Kithigh, Scal-, CD34*,
CD16/32%)(right panel). (C) Kaplan-Meier curve showing survival of C57BL6J mice
(n=12/group)transplanted with equal numbers of LSCs from Col2.3-Cxcl12-Mut (n=6)
and Col2.3-Cxcl12-Ctrl (n=6) animals. TAM denotes the administration of tamoxifen
(100 mg/Kg/day, IP) 2 days after leukemia infusion for 4 consecutive days. Data are
representative of at least 2 independent experiments. n=5 to 6 mice per genotype per
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experiment unless otherwise stated. Data are represented as mean and SD. * P<.05; ** pP<
.01; *** P< 001.
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Figure 4. Sustained deprivation of CXCL12 produced by Prx1-MSCs does not affect LSC
homing nor their localization in the bone marrow.

(A) Homing assay showing the frequency of CD45.1 leukemic cells in the BM of Prx1-
Cxcl12-Mut and Prx1-Cxcl12-Ctrl mice 1, 3 and 24 hours post infusion of leukemic

cells. (B) Leukemia infiltration in the peripheral blood (PB) of Prx1-Cxcl12-Mut and Prx1-
Cxcl12-Ctrl 25 days after leukemia induction. (C) Spleen analysis showing: the frequency
of CD45.1leukemic cells(left panel) and the requency of LSCs (CD45.1*,Lin!oW, ¢-Kithigh,
Scal-, CD34*, CD16/32%), 25 days post-transplant(right panel). Data are representative of
at least 2 independent experiments. n=6 mice per genotype per experiment unless otherwise
stated. Data are represented as mean and SD. * P< .05; ** P< .01; *** P< .001.
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Figure 5. Deletion of Cxcl12 from mesenchymal stromal cells leads to cell cycle arrest and cell

death in LSCs.

(A) Gene set enrichment analysis (GSEA) of the transcriptional signature of LSCs showing
a depletion in signatures related to integrin signaling (left panel) and regulation of

cell adhesion (right panel) in LSCs from the Prx1-Cxcl12-Mut mice (NES: Normalized
enrichment score). (B) Frequency of LSCs in GO/G1 and S, G2/M phases of the cell cycle
of LSCs from the Prx1-Cxcl12-Mut and Prx1-Cxcl12-Ctrl mice. (C) Cell death measured by
Annexin-V, TO-PRO-3 staining in LSCs from the Prx1-Cxcl12-Mut and Prx1-Cxcl12-Ctrl
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mice. Data are representative of at least 2 independent experiments. n=6 mice per genotype
per experiment unless otherwise stated. Data are represented as mean and SD. * P< .05; **
P<.01; *** P<.001.
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Figure 6. CXCL12 produced by mesenchymal stromal cells protects LSCs from oxidative stress-
induced DNA damage and cell death.

(A) Mitochondrial membrane potential of LSCs isolated from the Prx1-Cxcl12-Mut and
Prx1-Cxcl12-Ctrl mice. (B,C) Quantification of (B) ROS levels and (C) mitochondrial
superoxide anion production of LSCs isolated from the Prx1-Cxcl12-Mut and Prx1-Cxcl12-
Ctrl mice. (D) Representative images showing p-yH2AX (ser139) in LSCs isolated from the
Prx1-Cxcl12-Mut and Prx1-Cxcl12-Ctrl mice and their quantification(right panel). (E) Cell
death measured by Annexin-V, TO-PRO-3 staining in LSCs isolated from the Prx1-Cxcl12-
Mut and Prx1-Cxcl12-Ctrl mice. (F) Kaplan-Meier curve showing survival of C57BL6J
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mice (n=12/group) transplanted with equal numbers of LSCs from Prx1-Cxcl12-Ctrl (n=23)
and Prx1-Cxcl12-Mut (n=23) animals that were fed NAD or vehicle in the drinking water
throughout leukemia development. NAC denotes the addition of N-acetyl-cysteine to the
drinking water (1mg/mL), starting 2 days after leukemia infusion. Data are representative of
at least 2 independent experiments; n=12 mice per genotype per experiment unless otherwise
stated. Data are represented as mean and SD. * P< .05; ** P< .01; *** P< .001.
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Figure 7. Mesenchymal stromal cells control leukemic cell’s energy metabolism through

CXCL12 production.
(A) Oxygen consumption rate (OCR) indicates mitochondrial respiration after oligomycin,

FCCP and Rot/AA treatment in LSCs-enriched (Lin-, CD45.1*)cells from Prx1-Cxcl12-Mut
and Prx1-Cxcl12-Ctrl mice. (B,C) Seahorse measurement of: (B) ATP production and

(C) glycolysis, extracellular acidification rate (ECAR) in LSCs-enriched cells from Prx1-
Cxcl12-Mut and Prx1-Cxcl12-Ctrl mice. Data are representative of at least 3 independent
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experiments; n= 6 mice per genotype per experiment unless otherwise stated. Data are
represented as mean and SD. * P<.05; ** P<.01; *** P<.001.
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