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Abstract 

Acute Lymphoblastic Leukemia (ALL) is due to the neoplastic transformation of lymphoid 

progenitor cells, which start to proliferate in uncontrolled way, to accumulate in bone 

marrow (BM) and blood, and to invade other organs such as lymph nodes, spleen, liver 

and brain. The immature neoplastic cells are called blasts. ALL is the most common 

pediatric cancer and represents 25% of all oncologic diagnoses and 80% of all leukemia 

cases in children. A peculiar metabolic feature of ALL blasts is the low expression of 

Asparagine Synthetase (ASNS), the enzyme that synthetizes asparagine (Asn) from 

aspartate (Asp) and glutamine (Gln). Therefore, ALL blasts are strictly dependent on 

extracellular Asn. For this reason, L-Asparaginase (ASNase) is used in ALL therapy. 

providing the first (and, until now, the sole) example of anti-cancer treatment based on a 

tumor-specific metabolic vulnerability. ASNase hydrolyzes plasma Asn and, with a lower 

affinity, Gln, thus causing a severe nutritional stress in ALL blasts and, eventually, their 

death. The ASNases used in clinical medicine derive from Escherichia coli and Erwinia 

chrysanthemi. Both produce a severe and long lasting Asn depletion, while the Erwinia 

enzyme has a higher glutaminolytic activity than the E. coli counterpart. E. coli ASNase 

and its pegylated form are used in the induction and re-induction phases of ALL therapy, 

whereas the other is adopted in case of hypersensitivity due to immune reaction. 

Although ASNase exploitation led to a substantial improvement of ALL prognosis, 

leukemic cells may become resistant to the enzyme in a minority of cases. ASNS induction 

has been invoked as the adaptive mechanism underlying resistance to ASNase, but the 

expression levels of the enzyme do not correlate with sensitivity to ASNase in vivo. For 

this reason, other mechanisms must support ALL blast survival during ASNase treatment. 

Among these, it has been proposed that tumor microenvironment could play an important 

role in this drug resistance. Several years ago, it has been demonstrated that a line of 

immortalized human BM-derived Mesenchymal Stromal Cells (MSCs) protects leukemic 

blasts from ASNase through Asn synthesis and secretion. More recently, it has been also 

claimed that adipocytes, another component of the BM stroma derived from MSCs, reduce 

murine ALL blast sensitivity to ASNase through the release of Gln. These data suggest 

that MSCs could have an important role in the nutritional support of ALL blasts during the 

treatment with ASNase. 

Therefore, the aim of this study is the elucidation of the mechanisms underlying the 

protection of ALL blasts by MSCs during ASNase treatment. Two original approaches 

have been adopted: a) evaluating the response of MSCs to ASNase, and b) verifying if 



MSCs obtained from ALL patients or healthy donors equally support ASNase-treated ALL 

cells. Primary MSC, obtained from either ALL patients (ALL-MSCs) or healthy donors (HD-

MSCs) were cultured in standard growth medium. In the experiments aimed to evaluate 

MSC-dependent protection, primary MSCs were cultured in the presence of the BCP-ALL 

cell line RS4;11 or primary blasts. Gln and Asn depletion was obtained incubating cells 

with ASNase from Erwinia chrysanthemi or in Gln- Asn-free medium.  

Both ALL-MSCs and HD-MSCs were poorly sensitive to treatment with ASNase, which 

caused a drastic fall of intracellular Gln and Asn. Initially, MSCs ceased to proliferate, but 

rapidly activated an amino acid stress response, indicated by the phosphorylation of the α 

subunit of the human initiation factor 2 (eIF2α), and induced ASNS and the pro-apoptotic 

factor CHOP. However, after a few days, they markedly increased the expression of 

Glutamine Synthetase (GS), which is the enzyme able to synthetize Gln from glutamate 

and ammonium, stabilized intracellular Gln levels and rescued proliferation. Under these 

conditions, ASNS protein and Asn levels did not show consistent changes, whereas CHOP 

expression was lowered at control levels. GS inhibition, mediated by the irreversible 

inhibitor Methionine-L-sulfoximine (MSO), or GS silencing completely prevented the 

adaptation of ASNase-treated MSCs, pointing to the essential role of GS expression 

and/or activity. Erwinia ASNase caused a massive cell death in ALL cell cultures. 

However, when ALL-MSCs were co-cultured with ASNase-treated leukemic cells, the 

percentage of necrotic leukemia cells was reduced by more than 60%. The presence of 

MSO in the co-culture markedly hindered, but did not abolish the protective effect. 

Conversely, GS silencing in MSCs only marginally inhibited the protection on leukemia 

cells, demonstrating that the MSO inhibitory effect on protection was only partially due to 

the inhibition of GS activity in the MSCs and suggesting that most of the effect could derive 

from the suppression of GS activity in ALL cells themselves.  

These results are consistent with a working model in which ALL cells provide MSCs with 

Gln that is then used by the stromal cells to synthetize Asn to be exported. A support to 

this hypothesis came from the demonstration that MSCs are able to extrude Asn not only 

in Asn- and Gln-free cell culture medium but also in an advanced plasma-like medium 

either in the presence of physiological levels of Asn or in the absence of the amino acid, a 

condition that strictly mimics the BM situation during ASNase treatment. This finding 

prompted us to identify the transport routes involved in these metabolic exchanges. 

To this purpose, we have compared MSCs from healthy donors (HD-MSCs) with ALL-

MSCs, demonstrating that the latter protected leukemic cells from ASNase more efficiently 



than the former. The expression of genes potentially involved in the protective effect was 

compared in two panels of primary MSCs from ALL patients and healthy donors, 

demonstrating that HD-MSCs expressed lower levels of the SNAT5 transporter than ALL-

MSCs. SNAT5 is a bidirectional transporter of the System N family, able to mediate a 

symport of Na+ with Gln or Asn, either inward- or outward-directed, depending on the 

substrate gradients. Consistently with gene expression data, ALL-MSCs exhibited faster 

amino acid efflux. Further experiments demonstrated that ALL blasts induced SNAT5 

expression in HD-MSCs but not in ALL-MSCs. These results suggest that the different 

expression of SNAT5 in MSCs derived from ALL patients is induced by leukemia blasts, 

and causes a faster efflux of Asn, thus potentially contributing to the enhanced protective 

effect on ASNase-treated ALL blasts. Further experiments are needed to definitely verify 

this hypothesis. 

While performing the research, we realized that the information available on the 

metabolism of MSCs themselves is very scarce. For this reason, we have preliminarily 

characterized MSCs metabolic features in Plasmax™, which is an advanced medium 

containing the physiological concentrations of an extended list of metabolites found in 

human plasma, and at low levels of oxygen, thus mimicking, as far as possible, BM 

conditions in vivo. The preliminary results obtained thus far indicate that all the MSC 

strains tested, from leukemia patients or healthy donors, proliferated at 1%O2, exhibited an 

aerobic glycolytic behavior and secreted citrate in the extracellular medium. Further 

experiments will ascertain if this metabolic behavior is modified by co-culturing MSCs with 

ALL blasts. 

In summary, Glutamine Synthetase and the transporter SNAT5 play key, but distinct, roles 

in the metabolic exchanges occurring in the ALL BM niche and, therefore, could be 

proposed as therapeutic targets to counteract ALL resistance to ASNase. These results 

allow to propose a working model of an amino acid trade-off between ASNS-negative 

Acute Lymphoblastic Leukemia blasts and mesenchymal stromal cells, in which not only 

MSCs actively sustain the metabolic needs of ASNS-deficient ALL cells but also ALL cells 

actively shape the metabolic landscape of the BM niche a) synthetizing and extruding Gln 

for Asn synthesis in MSCs and b) manipulating MSCs gene expression so as to enhance 

their capability to extrude Asn. This mechanism would be boosted upon the Gln and Asn 

depletion induced by the anti-leukemic drug L-Asparaginase, through GS-dependent MSC 

adaptation, but it may also operate under basal conditions, given the Asn auxotrophy of 

ALL blasts.  
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1. Introduction 

1.1. Acute Lymphoblastic Leukemia (ALL) 

Acute Lymphoblastic Leukemia (ALL) is a neoplastic transformation of lymphoid progenitor 

cells, which start to proliferate in uncontrolled way, to accumulate in bone marrow and 

blood, and to invade other organs such as lymph nodes, spleen, liver and brain. The 

immature neoplastic cells are called blasts and can be of two different types: 

 Precursors of B lymphocytes, 85% of cases 

 Precursors of T-lymphocytes, 15% of cases  

The clinical course of acute leukemia is very fast and, if untreated, fatal. 

ALL is the second most common acute leukemia in adults and the most common pediatric 

cancer. Indeed, in children, it represents 25% of all oncologic diagnoses and 80% of all 

leukemia cases. The incidence is 400 new cases per year in Italy (from Associazione 

Italiana Ematologica Italiana (AIEOP), https://www.aieop.org/web/famiglie/schede-

malattia/leucemia-linfoblastica-acuta/ consulted on October 29, 2019), and follows a 

bimodal distribution, with a first peak between 2 and 5 years and a second peak after 50 

[1]. Incidence is higher in males with a ratio of 2:1; the difference is more evident between 

14 and 40, while after 50 incidence is higher in females, suggesting a protective effect of 

female sexual hormones [2]. 

ALL causes are unknown, but some risk factors have been identified [3]. For instance, 

there are genetic syndromes that predispose to ALL, such as Down syndrome, Fanconi 

anemia, Bloom syndrome, ataxia telangiectasia and Nijmegen breakdown syndrome. 

Other risk factors are ionizing radiation, pesticides and Epstein-Barr virus and HIV. 

The accumulation of blasts causes a reduction of the number of erythrocytes, platelets and 

mature white blood cells, with anemia, bleeding and susceptibility to infections [3]. ALL 

symptoms are not specific; the disease presents with very common alterations, such as 

pallor, weakness, anorexia, fever, bone pain, ecchymosis, dyspnea, lympho-adenomegaly. 

In the past, the French-American British (FAB) group identified three different types of ALL 

on the basis of blast morphologic features [4]: 

 L1, small homogeneous blasts with scant cytoplasm and regular nuclei. L1 is the 

most common subtype in pediatric patients (75%). 

 L2, heterogeneous blasts larger than normal lymphocytes, with sizable cytoplasm 

and irregular nuclei. L2 is very common in adults. 
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 L3, large homogenous blasts with basophil cytoplasm and aggregated chromatin in 

nuclei. L3 represents only the 5% of ALL cases. 

This classification is not correlated with genetic abnormalities and immunophenotype and 

does not predict clinical behavior. For this reason, a phenotypic classification is used. It 

has been revised by World Health Organization (WHO) in 2016, and considers the type of 

involved lymphocytes (B or T), cell maturation level, and genetic features, in order to 

define better the prognosis and the therapeutic treatment (see Table 1) [5]. 

 

 

Table 1. WHO classification of pre T and pre B acute leukemias, adapted from Arber et al 2016 [5] 

 

ALL patients have different clinical outcomes, depending on their age and on the 

cytogenetic abnormality present (see Table 2) [6]. The most common chromosomal 

aberrations in ALL are translocations, such as t(9;22) (also known as the Philadelphia 

chromosome) and t(4;11), which is associated with an adverse clinical outcome. The result 

of the translocation is the formation of chimeric protein, which alters the transcription of 

genes involved in cell differentiation and proliferation. For instance, in the case of the 

translocation (4;11), which is detected in more than 50% of infant leukemias, there are 

AF4-MLL and MLL-AF4 fusion alleles. The role of AF4-MLL is controversial, although 

Bursen et al. demonstrated that its presence induce ALL in mice, also in the absence of 

MLL-AF4 chimeric protein [7]. On the other hand, MLL-AF4 activates the anti-apoptotic 

factor BCL-2 [8] and the homeobox gene HOXA9, which is usually expressed in 

hematopoietic stem cells and tends to be down-regulated during cell maturation [9]. 

Moreover, MLL-AF4 activates the hematopoietic factor RUNX1 that cooperates with AF4-

MLL to induce several gene targets [10]. 

Several subtypes of ALL are characterized by the alteration of epigenetic mechanisms, 

suggesting that gene silencing through epigenetic methylation during lymphoid 

development could be involved in leukemic transformation [11]. 

Provisional entity: Early T-cell precursor

Provisional entity: Natural killer (NK)

Provisional entity: iAMP21

non-otherwise specified (NOS)

recurrent genetic abnormalities

t(9;22)(q34.1;q11.2);BCR-ABL1

t(v;11q23.3);KMT2A rearranged

t(12;21)(p13.2;q22.1); ETV6-RUNX1

hyperdiploidy

hypodiploidy

t(5;14)(q31.1;q32.3) IL3-IGH

t(1;19)(q23;p13.3);TCF3-PBX1

Provisional entity: BCR-ABL1–like

T lymphoblastic leukemia/ lymphoma (pre-T ALL) B lymphoblastic leukemia/lymphoma (pre-B ALL)
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Table 2. Frequency and clinical outcome of the major chromosome aberrations in pediatric and adult Acute 

Lymphoblastic Leukemia, adapted from Mrózek et al 2009 [6]. 

 

The diagnosis of ALL is based on a multistep strategy, which includes analysis of 

morphology, cytochemical, immunophenotype, classic cytogenetic, molecular features and 

gene rearrangement of Ig and T-cell receptor [12]. The first step is a bone marrow 

aspiration and blood cell count, which allows to evaluate the number of cells and their 

morphologic and cytochemical features through the May Grunwald Giemsa stain. The 

percentage of ALL blasts in bone marrow cells is higher than 30%. The subtype of ALL 

(pre B or pre-T) is then determined through an immunophenotype analysis. Fluorescence 

in situ hybridization (FISH) and Polymerase Chain Reaction (PCR) are used for 

cytogenetic and molecular studies and allow to evaluate the karyotype. In some cases a 

lumbar puncture is needed to collect cerebrospinal fluid in order to evaluate the 

involvement of central nervous system [3]. All these approaches allow to obtain a correct 

patient stratification and, thereafter, to choose the best therapeutic treatment.  
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1.2. ALL treatment 

In the last decades, the 5-year disease-free survival of pediatric ALL patients has been 

improved from 5% to more than 85%, thanks to the intensification of treatments, even if 

the prognosis is still poor in adults [13]. 

The main treatment is chemotherapy, which is divided into three phases (see Table 3): 

1. Induction, to restore normal hematopoiesis 

2. Consolidation, to remove the residual leukemia blasts, which consists in an early 

phase of treatment intensification and a late one of re-induction. The latter improves 

clinical outcome in patients with standard or higher risk [14]. 

3. Maintenance, to prevent a relapse 

 

Table 3. Treatments in Acute Lymphoblastic Leukemia therapy, from Kato et al 2018 [13]. 

 

Cranial irradiations are adopted to prevent the spread of leukemia cells to central nervous 

system, although this approach increases the risk of second neoplasm and neurocognitive 

deficits. Therefore, Pui et al proposed to replace it with an effective risk-adjusted 

chemotherapy [15]. 

In the case of BCR-ABL1-like (Ph-like) ALL patients, the fusion protein is a tyrosine kinase 

that stimulates cell proliferation and, for this reason, a targeted therapy is possible. Indeed, 

the use of tyrosine-kinase inhibitors (TKI), such as Imatinib, improves the overall survival 

of these patients, which usually had a very poor clinical outcome [3]. 

Nevertheless, with all these therapeutic options, 10-15% of ALL patients still relapse. 

Therefore, in the future, novel treatments have been proposed, such as the use of 

monoclonal antibodies against several antigens of leukemia cells membrane, proteasome 

inhibitors like Bortezomib (already approved for multiple myeloma treatment), JAK 

inhibitor, PI3/mTOR inhibitor and hypomethylating agent [3]. 

The most recent approach is adoptive immunotherapy, where T cells are genetically 

engineered and express chimeric antigen receptor (CAR), which are able to bind specific 

antigens of leukemia blasts [16]. 



 5 

Finally, in the presence of relapses or high-risk patients, an option of treatment is a stem 

cell transplantation (SCT) to replace leukemia blasts with normal cells. However, SCT 

reduces the possibility of relapses, but is associated with increased treatment-associated 

mortality [17]. Allogeneic transplantation with bone marrow derived from matched-donor is 

recommended and is associated with a significant increase of the 5-year disease-free 

survival of the patient than unmatched donor SCT [18]. 

After the therapeutic treatment, depending on the outcome, ALL patients can be divided 

into three groups: 

1. Complete remission: there are no signs or symptoms and the number of leukemia 

blasts in bone marrow is less than 5%  

2. Active Disease: the number of ALL blasts is more than 5% in bone marrow and 

there are signs of disease relapse. 

3. Minimal Residual Disease (MRD): there are still blasts in bone marrow, but they can 

be seen only using flow cytometry or PCR.  

Recently, a metabolomics study shows that in bone marrow plasma of MDR patient 

glucose decreases and metabolites of the pentose phosphate pathway and the TCA cycle 

increase compared with the bone marrow in complete remission, suggesting a glycolytic 

activity of ALL cells [19]. Indeed, treating several ALL cell lines with inhibitors of 

nicotinamide phosphoribosyltransferase (NAMPT), which is the enzyme able to generate 

NAD+ needed for glyceraldehyde 3-phosphate in glycolysis, cell viability is reduced. The 

authors propose metabolomics as method for risk stratification of ALL patients, especially 

in the case of MRD, which is the strongest risk for relapse. 

This is not the only therapeutic approach based on the metabolic features of ALL blasts. 

Indeed, L-Asparaginase (ASNase), a bacterial enzyme able to hydrolyze plasma 

Asparagine (Asn) and, with a lower affinity, Glutamine (Gln), is a mainstay of therapy in the 

induction and re-induction treatments. Indeed, ALL cells express very low levels of 

Asparagine Synthetase (ASNS), the enzyme able to synthetize Asn from aspartate (Asp) 

and Gln, and, thus, they are dependent on extracellular Asn (Asn auxotroph). For this 

reason, the treatment with ASNase reduces Asn levels in plasma and causes a severe 

nutritional stress in ALL blasts and, eventually, their death[20]. 
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1.3. L-Asparaginase: the first metabolic drug 

The enzyme L-asparaginase was discovered in 1953 by Kidd, who observed that guinea 

pig serum inhibited the growth of lymphosarcoma xenografts in mice [21, 22]. Then, 

Broome demonstrated that the presence of an asparaginase activity in guinea pig serum 

was the responsible of this tumor regression [23, 24] 

The anti-neoplastic effects of ASNase are associated to its ability to catalyze the 

hydrolysis of Asn (see Graph 1), and the rationale for its use in ALL therapy is based on 

the lack of ASNS expression in most of ALL blasts [25]. 

 

 

Graph 1. Mechanism of action of L-Asparaginase, from Narta et al 2007 [25]. 

 

A sizable ASNase activity does not exist in most mammalian cells (and in particular in 

human cells). This seems to be an adaptive process that allows cells to better adapt to 

variations of extracellular glutamine. Indeed, upon glutamine depletion, when mammalian 

cells are transfected with ASNase derived from zebrafish, Asn levels cannot be 

maintained, because it is converted into Asp by ASNase, and cells growth is blocked [26].  

On the other hand, sources of ASNase are bacteria, yeasts, fungi, actinomycetes and 

algae [27]. In particular the most known forms, exploited for clinical treatments, derived 

from different bacteria like Escherichia coli and Erwinia chrysanthemi (now Dickeya 

dadantii [28]). 

Both forms are tetramers, with an active site for each subunit, and the molecular weight is 

of 133-141 kDa for E. coli and 138 kDa for E. chrysantemi. Although the major enzymatic 
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activity of ASNase is asparaginolytic, the drug is also able to hydrolyze glutamine into 

glutamate and ammonium. Therefore, this drug causes both an intracellular and an 

extracellular Gln depletion in vivo [29] and in vitro [30]. Since Gln is the obliged substrate 

of ASNS, Asn synthesis is impaired. This explains why ASNase efficacy versus those ALL 

blasts which are endowed with sizable ASNS expression depends on its glutaminolytic, 

rather than asparaginolytic activity [31]. Moreover ASNase glutaminase activity is needed 

for durable anticancer activity in vivo, also against ASNS-negative ALL blasts [32]. Until 

now, ASNase is used to the treatment of hematologic malignancies (ALL, NK lymphomas, 

other selected cases of T-cell lymphoma), but, in theory, its clinical use may be extended 

also to Gln auxotroph or Gln addicted tumors [33]. 

At the moment, three different ASNase preparations are used for ALL treatment: the native 

E. coli (Colaspase), the pegylated E. coli (Pegaspargase) and the native E. chrysanthemi 

(Crisantaspase or Erwinase). The asparaginolytic activity is comparable in all of ASNase 

forms, whereas the glutaminolytic capacity is higher in Erwinase (see Table 4). 

 

Table 4. Features of different preparations of L-Asparaginase (ASNase), from Narta et al 2007 [25]. 

 

Colaspase and Pegaspargase are used in the first line therapy. The pegylated form is the 

native enzyme conjugated with monomethoxypolyethylene glycol and thus shows a 

prolonged half-life and reduced immunogenicity. In the case of hypersensitivity, treatment 

is switched to Erwinase, even if the disadvantage is a shorted half-life [34]. 

ASNases are administered either by intramuscular or intravenous injection and are mainly 

confined in the vascular space, as well as in the pleural and ascitic fluids, but do not reach 

the cerebrospinal fluid. The clearance of the drug is mediated by reticuloendothelial 

system (RES) cells, which cleave ASNase by proteolytic enzymes (i.e cathepsin) [25]. 

Therefore, since a severe depletion of blood Asn is caused by ASNase blood levels of 0.4-
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0.7 IU/ml, the activity of the drug should be measured in ALL patients during the treatment. 

In the case of pegylated ASNase, if the activity is lower than 0.1 IU/ml it is necessary to 

switch the therapy to Erwinase [34]. Studies, aimed at the development of novel ASNase 

preparations to improve pharmacokinetics and tolerance, are ongoing [35]. 

In optimally treated patients, blood Asn is depleted from 50 μM to 3 μM or lower for 2-3 

days, whereas glutamine concentration is reduced from 600 μM to 80 μM for several hours 

[20]. Therefore, while Asn levels remain low during the treatment, Gln levels are restored 

to values higher than 400 μM already after one day [36]. 

Side effects are associated with ASNase use in ALL therapy [37]. Some patients develop 

pancreatitis, thrombosis and nervous system disorders, such as encephalopathies 

somnolence, confusion, lethargy. 

These effects are mainly attributed to ASNase activities on tissues with high rate of protein 

synthesis, such as the liver and pancreas, which are particularly sensitive to the amino 

acid shortage caused by the drug. Indeed, hepatic toxicity leads to steatosis, increase of 

transaminase and bilirubin, decrease in serum albumin, fibrinogen and lipoprotein levels, 

endocrine disorders, and coagulation dysfunction [38]. 

Given that ASNase is an exogenous and ,hence, an immunogenic protein, it can cause 

hypersensitivity reactions and the development of antibodies [39]. 

In spite of the side effects, the introduction of ASNase in therapeutic protocols dramatically 

improved ALL clinical outcome and was strongly correlated with higher overall survival of 

the patients [40]. Several studies demonstrated that patients receiving ASNase in the 

induction therapy survive more than those treated without the enzyme [41-43]. 
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1.4. L-Asparaginase resistance: role of the stromal microenvironment 

Although ASNase had led to a substantial improvement of ALL therapy, leukemic cells 

may become resistant to the enzyme [31]. The adaptive induction of ASNS, triggered by 

the amino acid deprivation caused by ASNase, has been proposed as a resistance 

mechanism [44] but the correlation between ASNS expression level and patient sensitivity 

to ASNase is very poor [45, 46]. These results suggest that additional mechanisms could 

be involved. Nevertheless, Nakamura et al demonstrated that the inhibition of GCN2 

sensitizes cancer cells with very low levels of ASNS, like ALL blasts, to the treatment with 

ASNase [47]. GCN2 (general control non repressible 2) is one of the activator kinases of 

an integrated stress response [48], activated by uncharged tRNA in response to an amino 

acid depletion. GCN2 phosphorylates the alpha subunit of eukaryotic translation initiation 

factor 2 (eIF2a) on serine 51. This factor is the main sensor of nutritional stress and, when 

phosphorylated, attenuates protein synthesis and promotes the translation of selected 

mRNAs like that for the activating translation factor ATF4, which induce the expression of 

several genes, such as ASNS itself, to recover homeostatic conditions, or DDIT3 

(encoding for the pro-apoptotic factor CHOP) to drive the cell towards an apoptotic death. 

In fact, it is now accepted that ALL blasts become ASNase resistant through a complex 

process, which involves multiple metabolic adaptations [49] and the overexpression [50] or 

down regulation [51] of several genes. 

Most of these studies have concerned the ALL cell itself. However, also tumor 

microenvironment (TM) could actively contribute to ASNase resistance of ALL blasts in 

vivo. Indeed, TM plays a key role in supporting neoplastic cells: it is metabolically flexible, 

rich of paracrine signals, endowed with aberrant vessels and stromal cells, which may 

assume a tumor-promoting role [52, 53]. Peculiar metabolic relationships between 

neoplastic and stromal cells have been characterized in a variety of human tumors [54]. 

For instance, in several kinds of tumors under hypoxic conditions, lactate is exchanged 

between glycolytic cancer cells and stromal cells, which rely more on oxidative metabolism 

[55, 56]. Moreover, in both non-haematological [57, 58] and haematological cancers [59, 

60], stromal cells can release nutrients to support neoplastic cells. 

In haematological malignancies a rich cross-talk, mediated by both physical contact and 

extracellular vesicles (EVs), exists between stromal cells of the Bone Marrow Niche (BMN) 

and cancer cells leading to the organization of a cancer-specific pro-tumorigenic 

environment. BMN is a highly dynamic structure and includes, besides hematopoietic 

progenitors, fibroblasts, Mesenchymal Stromal Cells (MSCs), immune cells and 
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endothelial cells, all of which can modulate the exchange of metabolites with the 

microenvironment in response to stress conditions, inflammatory mediators, endocrine 

factors or paracrine signals [61]. 

BMN features is profoundly modified by the presence of leukemia blasts, which create an 

abnormal “malignant” microenvironment, secreting anti-apoptotic factors, hindering normal 

hematopoiesis, and promoting the neoplastic progression [62]. 

For instance, the production of inflammatory cytokines, such as IL1β, TNF-α and 

chemokines like CXCL10, CXCL8, CXCL1, CCL2, increases in ALL BMN [63]. It has been 

also shown that CCL2 synthesis and production by ALL cells is induced by MSCs through 

the release of the multifunctional extracellular factor Periostin (POSTN) [64]. Conversely, 

POSTN expression is up-regulated in MSCs by a signaling pathway activated by CCL2 

itself. On the other hand, CXCL12 levels in BMN are lowered, suggesting that bone 

marrow self-reinforcing is independent of the axis CXCR4/CXCL12 [65]. 

Thus, not only neoplastic cells, but also TM may be a target for anti-cancer drugs. This is 

already the case of Trabectedin (Yondelis®), which is a DNA binder used in sarcoma and 

ovarian cancer treatment. It is cytotoxic for human monocytes in vitro and inhibits the 

production of some cytokines such as CLC2, thus showing also a potential effect on 

stromal cells [66]. 

Some reports proposed the involvement of BMN in the resistance of ALL blasts to 

ASNase. For instance, Van den Meer et al. evaluated the biodistribution of radiolabeled 

ASNase in C57BL/6 mice and showed that the drug was accumulated in tissues rich in 

macrophages, such as liver, spleen and bone marrow. These cells promote a rapid 

clearance of the drug, which is phagocyted and degraded by the lysosomal protease 

cathepsin B. Authors propose that BM-resident macrophages may thus provide protection 

to ALL blasts during the treatment with ASNase [67]. 

Another evidence of the BMN importance was provided by Iwamoto et al.[68], who 

demonstrated that a line of immortalized human BM-derived MSCs protected leukemic 

blasts from ASNase through Asn synthesis and secretion. Interestingly, MSCs with an 

higher expression of ASNS protected more efficiently ALL cells than ASNS negative 

MSCs, suggesting that metabolic properties of stromal cells can significantly modulate 

their relationship with the tumor. Consistently, aspartate concentration increases in the BM 

blood during ASNase treatment in vivo [69], a finding attributable to increased Asn 

synthesis and subsequent hydrolysis by ASNase [70]. The protection from ASNase effects 
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is hampered by vincristine but not by imanitib, implying that Asn secretion, the mechanism 

of which has not been elucidated yet, requires functional microtubules [71]. 

More recently, using murine ALL models and adipocyte-differentiated 3T3-L1 cells, it has 

been also claimed that adipocytes, another component of the BM stroma derived from 

MSCs, reduce ALL blast sensitivity to ASNase through the release of Gln [72]. The 

process is hampered by methionine-L-sulfoximine (MSO), an irreversible inhibitor of 

Glutamine Synthetase (GS), which is the enzyme able to synthetize Gln from Glu and 

ammonium. 

All these data suggest that MSCs could have an important role in the nutritional support of 

ALL blasts during the treatment with ASNase although the involved mechanisms have not 

been investigated yet. 

 

1.5. Mesenchymal stromal cells (MSCs) 

MSCs were isolated from human bone marrow by Friedenstein in 1976 [73]. They are 

multipotent stem cells, which can differentiate into several types of cells such as 

adipocytes, chondrocytes and osteoblasts (see Graph 2).  

The self-renewal and differentiation of MSCs are regulated by intrinsic (genetic) and 

extrinsic (microenvironment features) factors 

 

Graph 2. Potential differentiation pathways of bone marrow Mesenchymal Stromal Cells (MSCs), from 

Chicago Biomedical Consortium (https://www.chicagobiomedicalconsortium.org/mesenchymal-stem-cells/ 

Accessed on October 26, 2019). 
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In 2016 the international Society for Cellular Therapy proposed the minimal criteria to 

define MSCs, which must: [74] 

1. adhere at the plastic when they are cultured in vitro 

2. express markers such as CD105, CD73, CD90 but not typical hematopoietic 

markers such as CD45, CD34, CD14, CD19, CD11b 

3. have the ability to differentiate into chondrocytes, osteoblasts and adipocytes.  

MSCs can be isolated from several tissues such as bone marrow and adipose tissue. They 

grow at low density, modify their features reaching senescence and their proliferative rate 

progressively slow down with passages in vitro. All these data suggest that in experiments 

in vitro should use cells for few passages [75]. 

MSCs show several features that could be used in therapy. Indeed, they regulate 

hematopoiesis, have an elevated plasticity and a pluripotent differentiation capacity. In 

addition, they are endowed with an immunomodulatory activity and are able to migrate to 

sites of injury to support tissue repair. All these properties prompt clinical applications of 

MSCs in different conditions such as bone or cartilage lesions, cancer, cardiovascular or 

immune-mediated diseases [76]. 

In several contexts it has been demonstrated that MSCs, promoting tissue repair and 

angiogenesis, and are able to support cancer cell growth [77]. Besides these indirect 

activities, they may also directly interact with tumor cells and help them to create a pro-

tumorigenic environment. The cross-talk between the two cell populations is direct or 

indirect. Direct interaction needs physical contact between stromal and cancer cells; 

examples are the activation of Notch signaling, or the exploitation of gap junctions (or 

nanotubes for longer distances) to transfer small molecules or, in the case of nanotubes, 

even whole organelles. Further possible mechanisms are trogocytosis, which consists in 

an exchange of plasma membrane, and, in rare cases, the formation of a fusion cell. 

Indirect interactions are characterized by the transfer of molecules without physical contact 

between cells. Thus, cells (either stromal or cancer) can release signaling molecules such 

as cytokines, chemokines, growth factors or metabolites and all of them can be secreted 

directly into the extracellular environment or internalized into exosomes or microvesicles. 

In this way, MSCs could, for example, contribute to the resistance of cancer cells to 

chemotherapy. In particular, there are several studies demonstrating the protection of ALL 

blasts by MSCs through both nutritional and nutritional-independent mechanisms (see 

below). 
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In addition to the already cited reports, in which authors propose that MSCs support ALL 

blasts from ASNase through Gln or Asn synthesis and release, another example of 

nutritional mechanism has been provided by Boutter et al. These authors have shown that 

MSCs secrete cystine through the xCT transporter, which mediates an exchange of 

cystine and glutamate, and provide it to ALL blasts, which internalized and metabolized the 

amino acid to cysteine [78]. In this way cancer cells have a large availability of the limiting 

substrate to generate and maintain glutathione in order to reduce oxidative stress. Indeed, 

cysteine depletion, using cysteine dioxygenase, resulted in leukemia cell death. 

As far as nutritional-independent mechanisms are concerned, Naderi et al showed that 

MSCs protect ALL cells from P53 accumulation and, thus, apoptotic death, through the 

production of PGE2 [79]. Moreover, the inhibition of PGE2 synthesis reduces stromal cell 

protection. Other studies propose an involvement of the Notch pathway, the inhibition of 

which decreases the survival of B-ALL cells, either cultured alone or co-cultured with 

stromal cells derived from normal donors or B-ALL patients [80]. 

ALL BMN presents peculiar features, including striking modifications in BM plasma amino 

acids, in particular aspartate and glutamine, which are key substrates for anabolic 

reactions [81]. 
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1.6. Glutamine metabolism 

Glutamine (Gln), the most abundant amino acid in human blood (0.5-0.7 mM), is essential 

for nitrogen trafficking among tissues. Indeed, the liver eliminates the excess of ammonia 

as urea from Gln via the urea cycle, a process first identified by Krebs. Moreover, kidney 

metabolism of Gln is a major factor for the maintenance of the acid–base homeostasis. 

Some tissues, as skeletal muscle, are able to synthetize Gln through Glutamine 

Synthetase (GS), which catalyzes the ATP-synthesis of Gln from glutamate (Glu) and 

ammonium. Gln availability is crucial for the kidney, the gastrointestinal tract, keratinocytes 

and several types of immune cells, especially under catabolic stress conditions [82]. 

Moreover, it is a compatible osmolyte for the regulation of cell volume under hypertonic 

conditions. Rapidly dividing cells such as activated lymphocytes, enterocytes and cancer 

cells, avidly consume Gln for both energy production and biomass accumulation [83]. 

In the last years several studies have investigated the mechanisms through which Gln is 

needed in several cancer cells to support tumor growth and proliferation. The amino acid is 

involved in several metabolic processes (see Graph 3 [84]). 

Gln is the obliged nitrogen donor for the biosynthesis of purines and pyrimidines [85]. 

Regarding the first, the γ nitrogens of two molecules of Gln are added to the growing 

purine ring, and a third is used in the conversion of xanthine monophosphate to guanosine 

monophosphate, whereas for pyrimidines production the conversion of uridine 

triphosphate into cytidine triphosphate requires one nitrogen derived from Gln. 

Gln is also the precursor of different biologically important molecules, such as 

glucosamine, other non-essential amino acids (i.e. asparagine, glutamate and, through 

Glu, several transaminase substrates and proline), glutathione, which is the most 

abundant intracellular antioxidant, and GABA [84]. The biosynthesis of glucosamine is 

catalyzed by glutamine-fructose-6-phosphate aminotransferase 1 (GFPT1), using Gln and 

fructose-6-phosphate [86]. The product of this reaction, N-acetylglucosamine (GlcNAc), is 

a substrate for heparin sulfate and hyaluronic acid biosynthesis. 

The synthesis of asparagine and glutamate are mediated by Asparagine Synthetase 

(ASNS) and Glutaminase (GLS), respectively. ASNS synthetizes Asn from Gln and Asp, 

whereas GLS mediates a deamidation of Gln to produce Glu and ammonium [84]. 

Glu, in turn, is required for the biosynthesis of other non-essential amino acids, such as 

alanine, serine and glycine, and is a constituent of the tripeptide glutathione (-glutamyl-

cysteinil-glycine, GSH). Moreover, Glu favors the influx of cystine, the dimer of cysteine, 

through the xCT exchanger (encoded by SLC7A11), thus promoting indirectly the 
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biosynthesis of GSH [87]. Lastly, Glu is deaminated to α-ketoglutarate (α-KG, 2-OG) by 

either glutamate dehydrogenase (GDH) or transaminases, thus providing a Krebs cycle 

intermediate. For this reason, Gln can be considered an anaplerotic substrate [84]. 

Finally, Gln is an activator of the mammalian target of rapamycin (mTORC1), a 

serine/threonine kinase that stimulates protein synthesis and inhibits autophagy. mTORC1 

is the master regulator of protein synthesis, cell size and growth by integrating different 

signals from nutrients, energy status and the presence of stress conditions. Nicklin et al. 

[88] have proposed that Gln indirectly activates mTOR by promoting leucine (Leu) uptake 

through a secondary active transport; however there are also evidences that Gln activates 

mTORC1 independently of Leu [89, 90]. 

 

 

Graph 3. Glutamine (Gln) involvement in several biosynthetic reactions. (A) Chemical structure of Gln, (B) 

Gln as nitrogen source, GLS: glutaminase; GDH: glutamate dehydrogenase; ATs: aminotransferases 

(transaminases), (C) Gln as carbon source for the TCA cycle, α-KG: α-ketoglutarate; Suc: succinate; Fum: 

fumarate; Mal: malate; OAA: oxaloacetate; Cit: citrate; Glu: glutamate; Asp: aspartate; Asn: asparagine; Glc: 

glucose; Pyr: pyruvate; Ac-CoA: acetyl-CoA; SDH: succinate dehydrogenase; FH: fumarase; MDH: malate 

dehydrogenase; GOT: aspartate aminotransferase; ASNS: asparagine synthetase; PC: pyruvate 

carboxylase; IDH1/2: isocitratedehydrogenase 1/2. From Zhang Ji 2017 [84] 
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Certain tumors preferentially use Gln to fulfill their anaplerotic demands, even in the 

presence of glucose, and, therefore, require huge amounts of the amino acid. This 

behavior was defined “Glutamine Addiction” by Wise et al. [85]. Examples of glutamine-

addicted tumors are multiple myeloma [91], β-catenin mutated hepatocellular carcinoma 

[30, 92], some types of acute myeloid leukemia [93]. The treatment of cells from these 

tumors with ASNase caused nutritional stress and cell death. These results suggest that 

drugs like ASNase could be used to target glutamine-dependent cancers [94]. Moreover, 

18F-labeled Gln can be used as a PET probe for localization of these tumors, given their 

craving for the aminoacid, and there are studies ongoing about this diagnostic approach. 

On the other hand, Gln also plays an important role in metabolism of normal cells. Indeed, 

even if Schop et al showed that Gln is not important as energy source for human MSCs 

[95], metabolomics analysis indicated that glutamine is the most consumed amino acid  by 

these cells [96]. 

At low levels of oxygen, the normal BM condition in vivo, the expression of Glutamine 

Synthetase decreases in MSCs and, consistently, glutamate is not used for Gln synthesis, 

but it is rather metabolized and used as anaplerotic substrate [97]. 

Gln metabolism is also affected by MSC aging. Indeed, aged MSCs reduce autophagy, 

preferentially use glucose as energy source and show a lowered capacity to use glutamine 

and fatty acids as alternative fuels [98]. 

Importantly, Gln metabolism plays a pivotal role in MSC differentiation into osteoblasts, 

chondrocytes and adipocytes and, consequently, in potential bone disease [99]. Moreover, 

during osteoblastogenesis, MSCs up-regulate GLS, suggesting an anaplerotic use of the 

amino acid [100]. 
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1.7. Glutamine synthesis 

Several types of mammalian cells are able to synthetize Gln through ATP-dependent 

condensation of Glu with ammonium, a reaction mediated by the enzyme GS, encoded by 

the gene GLUL localized on the long arm of chromosome 1. GS is mainly expressed in 

brain, skeletal muscle [101] and perivenous hepatocytes [102], while it is poorly expressed 

in smooth muscle, spleen and periportal hepatocytes. Astrocytes convert Glu (the 

excitatory neurotransmitter taken up from the synaptic cleft) into Gln, through GS, to allow 

its safe recycling to neurons [103], while perivenous hepatocytes express GS to detoxify 

the residual ammonium, which has not been fixed in urea by periportal hepatocytes. In the 

liver the expression of GLUL is under the control of the Wnt/β-catenin pathway [104]. β-

catenin is a cytoskeletal protein that connects cadherin with actin, promoting intercellular 

interactions, but, once in the nucleus, it can also activate transcription factors to promote 

the transcription of several genes such as GLUL and MYC. Moreover, MYC increases GS 

expression through DNA demethylation, thus promoting Gln anabolism [105], and GLS, 

thus boosting Gln catabolism [106]. However, GS expression is peculiarly regulated at 

post-transcriptional levels, since the half-life of the protein is modulated by the intracellular 

Gln concentration [107]. Indeed, in the presence of Gln, GS is acetylated at lysine 11 and 

14, conditions needed for the ubiquitinylation by CRL4CRBN and the degradation by 

proteasome. Cereblon (CRBN) is a substrate receptor of the cullin-RING ubiquitin ligase 4 

(CRL4) complex. The expression of GS in cancer is a very complex issue [108]. Indeed, 

there are tumors with high levels of GS such as glioblastoma multiforme, which use the 

enzyme to synthetize Gln to support nucleotide production [58]. On the other hand, low 

expression of GS is considered a typical marker of glutamine addiction, since these cancer 

cells, such as multiple myeloma plasma cells, depend on extracellular Gln [91]. In 

glutamine-addicted tumors, low GS cancer cells internalize extracellular Gln, thus 

modifying metabolic features of TM, and eventually inducing GS in cancer-associated 

fibroblasts (CAFs), adipocytes and immune cells [108].  

However, cancer cells can be Gln-auxotrophic but not addicted. An example of this 

situation is provided by human oligodendroglioma cells, which are GS negative and need 

Gln to survival, but do not used the amino acid as an anaplerotic substrate [109]. 

GS activity can be inhibited using the irreversible inhibitor methionine-L-sulfoximine 

(MSO), which is an analogue of the amino acid. The inhibition of Gln de novo biosynthesis 

has anti-tumor effects in hepatocellular carcinoma (HCC). Indeed, GS inhibition has clear 

cut anti-cancer effects on murine models of β-catenin-mutated HCC [92].  
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1.8. Asparagine synthesis 

The synthesis of Asn, which is about 40μM in plasma, is mediated by the enzyme 

Asparagine Synthetase (ASNS), which catalyzes its ATP-dependent biosynthesis from 

aspartate and the amido-N of Gln [110]. 

The human ASNS gene is located at chromosome 7q21.3 and is 35 kb with 13 exons 

[111]. The ASNS protein (561 aa) has two primary domains, and is expressed in many 

tissues, with high levels in the pancreas, brain, thyroid and testes, while the liver has a low 

expression of the enzyme. 

ASNS expression is regulated at transcriptional level and it is a target of two signalling 

pathways aimed to ensure cell survival under conditions of unbalanced amino acid 

availability, the Amino Acid Response (AAR) [112], and of  Endoplasmic Reticulum stress, 

the Unfolded Protein Response (UPR) [113]. Both pathways lead to the phosphorylation of 

eIF2α, the activation of ATF4 and the induction of ASNS (see above 1.4.) 

The expression of ASNS can be high or low, depending on the type of cancer. A typical 

example of low-ASNS tumor is ALL [13]. Until now ASNase therapy of ALL is the only 

successful example of a therapeutic approach targeting a metabolic vulnerability of a 

specific form of cancer. Other low ASNS cancers, potentially sensitive to ASNase, are the 

M5 subgroup of acute myeloid leukemias (AML) [114] and more than 50% of sporadic 

pancreatic ductal adenocarcinomas (PDAC) [115]. 

On the other hand, in several models of human solid cancers, ASNS expression has been 

found to be positively correlated with tumor growth. For instance, in breast cancer cells, 

ASNS is a target of the IGF1/IGF2-dependent anabolic signaling [116] and, consistently, 

ASNS silencing depressed cell proliferation in two distinct cell lines, one of which derives 

from a triple negative tumor [117]. Moreover, ASNS expression and Asn availability have 

been found to be strongly correlated with the metastatic behavior of breast cancer [118]. 

Other examples of high-ASNS tumors are prostate cancer [119] and colorectal cancer, 

where ASNS has been found up-regulated in several human cell lines and clinical 

specimens derived from colon carcinoma with mutated KRAS [120]. 

In theory, either low or high ASNS expression can confer some advantages to cancer 

cells. Low ASNS allows cells to preserve the intracellular pool of Asp. Indeed, human cells 

cannot use Asn as a source of Asp, due to lack of sizable expression of enzymes with 

asparaginase activity; therefore the metabolic relationship between the two amino acids is 

a one-way pathway, where Asp can be used as an Asn source, while the reverse is not 

possible. Interestingly, if the expression of guinea pig ASNase is forced in human cancer 
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cells, Asn uptake can fuel the intracellular pool of Asp, and cell growth is stimulated [121], 

providing a proof-of-principle demonstration of the importance of an adequate Asp 

availability for fast cell proliferation. 

On the other hand, high levels of ASNS allow to increase Asn availability for protein 

synthesis. Moreover, other additional roles are attributed to Asn, beyond being a 

proteinogenic amino acid. For instance Krall et al. have proposed that Asn can be used as 

an exchange factor to promote entry and consumption of other amino acids, such as 

serine, arginine, leucine and histidine, although the transport routes involved were not 

identified [122]. Due to this activity, Asn enters indirectly into the restricted group of amino 

acids that can regulate mTORC1 activity and thus, global protein synthesis. 

All these Asn activities and potential roles prompt to envisage possible therapeutic 

treatments against both low and high ASNS cancers. For the first group, a classic 

approach is the use of ASNase, whereas for the second one many classes of ASNS 

inhibitors have been proposed [123], in some cases with high potency [124] and promising 

results in vitro [125, 126], but none has been yet tested in clinical experimentation. 
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1.9. Glutamine and Asparagine transport 

Since Gln and Asn are highly hydrophilic molecules, their uptake needs the mediation of 

membrane transporters. Several transporters of the two amino acids were identified at the 

molecular level in mammalian cell plasma, and some of them have been found 

overexpressed in different cancer types [127]. 

ASCT2 (“ASCT” stands for system ASC (Alanine-Serine-Cysteine) Transporters), encoded 

by SLC1A5, is a Na+- coupled exchanger for neutral polar amino acids. The transport 

process is prevalently electroneutral, involving the influx of Na+ /amino acid coupled with 

the efflux of Na+ /amino acid. It is expressed in the intestine, kidney, lung, testis, skeletal 

muscle, and adipose tissue, and overexpressed in many solid tumors [128], such as 

hematological cancers like multiple myeloma [91]. Moreover, its expression is under the 

control of MYC in glutamine-addicted cancers. The natural substrate threonine (Thr), 

which has a fairly high affinity for ASCT2, could block the transporter. However, the 

ASCT2 inhibitor most commonly exploited in experimental studies is GPNA (γ-L.glutamyl-

p-nitroanilide), which, for example, is able to reduce multiple myeloma cell proliferation in 

murine xenografts [91]. However, GPNA specificity for ASCT2 is questionable since it has 

been recently shown that GPNA may interact with SNAT transporters [129] and inhibits 

also the influx of essential amino acids through LAT1/2 transporters [130]. Moreover, it has 

been recently demonstrated by our group that GPNA cytotoxic effects do not only depend 

on the inhibition of amino acid uptake, but also derive from GPNA conversion into the 

cytotoxic compound PNA (p-nitroanilide) by the enzyme γ-glutamyltransferase (GGT) 

[131].  

LAT1 (“LAT” refers to system L amino acid transporters), encoded by SLC7A5, is a Na+-

independent exchanger, which mediates the influx of aliphatic or aromatic amino acids 

(most essential amino acids belong to this category), like leucine, coupled to the efflux of 

an another amino acid (i.e. Gln/Asn). LAT1 have 12 transmembrane domains and is 

incorporated into the plasma membrane through a covalently bound 4F2hc chaperone 

(SLC3A2). It is expressed at the highest levels in the endothelial cells of the blood-brain 

barrier and in the placenta, and it is overexpressed in several tumors [132]. An inhibitor of 

LAT1 transporter is BCH (2-aminobicyclo[2.2.1]heptane-2-carboxylic acid); however, it is 

unspecific and blocks all the transporters of system L. Therefore, Oda et al. proposed a 

novel compound (KYT-0353 or JPH203) as selective LAT1 inhibitor [133]. 

The family of SLC38 transporters, which are present in all human cell types, mediate the 

influx and efflux of small neutral amino acids, regulating their extra and intracellular 
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concentrations. All SLC38 transporters are Na+ dependent and each of them is regulated 

in a specific way by nutritional stimuli (eg amino acid depletion), physical stress (eg 

hypertonicity) or hormonal signals (eg insulin) [134]. 

The SLC38 transporters are divided into two groups, the system A transporters (“A” stands 

for alanine-preferring) and the system N transporters (“N” stands for amido, see Table 5 

[135]). Transporters of System A are concentrative, mediate an unidirectional flux of 

substrates, regulated by depletion or excess of amino acids, and can be inhibited by the 

specific analogue MeAIB (N-methyl-aminoisobutyric acid). On the other hand, carriers of 

System N are bi-directional and resistant to MeAIB, while no specific inhibitor is known. 

 Table 5. Features of several members of SLC38 family. Mechanism: A, antiport; S, symport. Substrate 

specificity: G, glycine, A, alanine, S, serine, C, cysteine, N, asparagine, Q, glutamine, H, histidine, M, 

methionine, P, proline, R, arginine, K, lysine, from Bröer et al 2014 [135]. 

 

The most common transporters of System A are SNAT1/2, encoded by SLC38A1 and 

SLC38A2, respectively. They use the transmembrane electrochemical gradient of Na+ as 

the driving force and can transport several amino acids at low affinity, among which Gln 

and Asn. They are expressed in many tissue such as brain, liver, muscle, pancreas and 

placenta. SNAT2 is up-regulated in response to amino acid depletion, in parallel with the 

enzyme ASNS. Another system A transporter is SNAT4 (SLC38A4), which is liver-specific, 

may transport amino acids independently of Na+ [135]. Recently, it has been identified 

SNAT8 (SLC38A8) which is able to mediate the Na+- dependent transport of Gln, Alanine, 

Arginine, Histidine (His) and Aspartate and is neuron-specific [136]. 

On the other hand, the transporters of System N are bidirectional, indicating that they can 

mediate either net influx or net efflux of substrates. They have a relatively limited substrate 
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specificity with preference for the transport of Gln, Asn and His [135]. The transport 

stoichiometry is characterized by a symport of 1 Na+:1 amino acid in exchange for 1 H+, 

thus the process is electroneutral and not concentrative [134]. The most studied isoforms 

of N transporters are SNAT3 (named also SN1) and SNAT5 (called also SN2), encoded by 

SLC38A3 and SLC38A5, respectively, and predominantly expressed in the liver and brain. 

Given their bio-energetics, the increase of intracellular Na+ stimulates the efflux of Gln, 

suggesting that the availability of Na+ may be an important factor that regulates the flow 

through SNAT3 and SNAT5. Similarly, an increase in the intracellular concentration of Gln 

stimulates its efflux through N transporters [137]. Moreover, all the transporters of the 

system N show a marked sensitivity to pH, with efflux increased when the external pH is 

lowered below in the physiological range (pH 7.0-7.8) [138]. 

These transporters are relatively poorly studied, but they are involved in various 

physiological mechanisms [135]. For example in the central nervous system SNAT3/5 are 

present on the membrane of astrocytes and promote the release of Gln in the extracellular 

space [139], so that it can be used by neurons as a substrate to synthesize 

neurotransmitters such as glutamate and GABA (see graph 4). At hepatic level, in 

periportal hepatocytes SNAT3/5 allow the uptake of Gln, which is subsequently converted 

into glutamate and ammonium, detoxified via the urea cycle. On the contrary, in 

perivenous hepatocytes SNAT3 mediates the efflux of Gln, which is synthetized by GS to 

detoxify the residual ammonium (see graph 5). Interestingly, in rat liver, SNAT5 is more 

expressed than SNAT3 in the periportal hepatocytes, suggesting a role of SNAT5 in the 

modulation of Gln flux in liver [138]. 
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Graph 4. Role of System N in Glutamine-Glutamate cycle in brain, from Bröer et al 2014 [135]. 

 

 

 

Graph 5. Role of System N in Ammonium detoxification in liver, from Bröer et al 2014 [135]. 
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SNAT5 was cloned for the first time almost 20 years ago [140]. It is formed by 472 amino 

acids, and expressed predominantly in the stomach, brain, liver, lung, and intestinal tract, 

showing several alternative splicing transcripts. The human SLC38A5 gene is localized on 

chromosome Xp11.23. Moreover, SNAT5 has a higher affinity for His than for Gln and 

Asn. Interestingly, it has been demonstrated that SNAT5 plays an important role in a 

feedback mechanism between glucagon-receptor signalling in liver and in the increase of 

pancreatic α cell mass [141]. Indeed, when glucose levels are low in blood, glucagon 

(synthetized by pancreatic cells) stimulate gluconeogenesis in liver. Thus, hepatic cells 

use blood amino acids as gluconeogenesis substrates. The inhibition of hepatic glucagon 

receptor causes an increase of plasmatic amino acids, which promote a mTOR-mediated 

hyperplasia of α cells in pancreas, in order to produce further glucagon. Under this 

condition, SNAT5 is upregulated in pancreatic cells and, consistently, SLC38A5-deficient 

mice exhibit a reduction of α pancreatic cells hyperplasia. 

Recently, another N transporter, called SNAT7 (encoded by SLC38A7) has been identified 

[142]. It shows the same features of carriers belonging to System N. Indeed, it is a Na+ 

dependent amino acid transporter, expressed in the brain, in glutamatergic and GABAergic 

neurons, but not in astrocytes. Its preferred substrate is Gln, but it is also able to transport 

other amino acids such as His, serine, alanine, Asn and Asp.  
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2. Aim of the study 

Aim of this study is the elucidation of the mechanisms underlying the protection of ALL 

blasts by MSCs during the treatment with ASNase. Two original approaches have been 

adopted:  

a) to evaluate the response of primary MSCs, obtained from bone marrow of ALL patients 

(ALL-MSCs) or healthy donors (HD-MSCs), to ASNase from Erwinia chrysanthemi 

b) to verify if the two types of MSCs equally support ASNase-treated ALL cells. This 

aspect was evaluated in co-cultures of MSCs with the BCP-ALL cell line RS4;11 or with 

primary ALL blasts.  

 

In addition, we have preliminarily characterized the metabolic features of primary MSCs in 

conditions mimicking, as far as possible, the bone marrow niche in vivo. 
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3. Materials and Methods 

3.1. Patients and donors 

Informed consent to participate to the study was obtained for all BCP-ALL patients and 

healthy donors (HD) in accordance with the Declaration of Helsinki. All BCP-ALL patients 

were enrolled in the AIEOP-BFM ALL 2009 protocol (EudraCT-2007-004270-43) and their 

samples collected at the Pediatric Department of Fondazione MBBM/San Gerardo 

Hospital (Monza, Italy). Enrolled HDs were stem cell donors whose BM was collected at 

the Pediatric Department of Fondazione MBBM/San Gerardo Hospital (Monza, Italy) for 

transplant purposes. The characteristics of patients are detailed in Table 6. Primary blasts 

obtained from the BM of UPN#1-7 were used for co-culture experiments, while ALL-MSCs 

were isolated from the BM of UPN#5-16. HD-MSCs were isolated from the BM of 17 

different healthy donors (HD; median:10; range:3-24 years-old). 

 

 

Table 6. Characteristics of patients: *Negative for t(4;11), t(9;22), t(12;21), t(1;19)  

UPN Diagnosis Cell type Age at 

diagnosis 

(yrs) 

Sex % of BM blast 

infiltrate at 

diagnosis 

Traslocations 

1 BII-ALL Blasts 4 F 93 t(1;19) 

2 BII-ALL Blasts 12 M 98 NEG* 

3 BII-ALL Blasts 4 F 95 NEG* 

4 BII-ALL Blasts 4 F 88 NEG* 

5 BII-ALL Blasts+MSCs 5 M 90 NEG* 

6 BII-ALL Blasts+MSCs 3 F 90 NEG* 

7 BII-ALL Blasts+MSCs 3 M 85 NEG* 

8 BII-ALL MSCs 5 M 80 NEG* 

9 BII-ALL MSCs 3 M 90 NEG* 

10 BII-ALL MSCs 17 M 86 NEG* 

11 BIII-ALL MSCs 8 M 78 NEG* 

12 BII-ALL MSCs 4 F 77 NEG* 

13 BII-ALL MSCs 8 F 94 NEG* 

14 BII-ALL MSCs 8 M 80 NEG* 

15 BII-ALL MSCs 10 M 80 t(9;22) 

16 BII-ALL MSCs 6 F 95 NEG* 



 27 

3.2. Cells culture and treatments 

Bone-marrow mesenchymal stromal cells (MSCs) were isolated as described in previous 

report [143] from ALL patients (ALL-MSCs) and healthy donors (HD-MSCs) and provided 

by Prof. Giovanna D’Amico (Centro di Ricerca M. Tettamanti, Pediatric Department, S. 

Gerardo Hospital, Monza). A line of human telomerase reverse transcriptase -immortalized 

MSC (hTERT-MSC) was provided by Prof. Dario Campana, S.Jude Children’s Research 

Hospital, Memphis (TN), USA [144]. MSCs, seeded at 3,000 cells/cm2, were grown in low-

glucose Dulbecco’s modified eagle medium (DMEM, EuroClone) supplemented with 2 mM 

Gln, 10% fetal bovine serum (FBS) and antibiotics (100 U/ml penicillin, 100 μg/ml 

streptomycin). At passage 3, cells were screened for the expression of CD73, CD90, 

CD105 CD14, CD34 by flow cytometry and for their ability to differentiate into osteoblasts 

and adipocytes. For the experiments, MSCs were not used for more than 7 passages. 

Primary BCP-ALL cells were isolated at diagnosis from BM aspirates by Ficoll (GE 

Healthcare, Uppsala, Sweden) gradient separation and cryopreserved in liquid phase 

nitrogen until usage. The pre-B acute lymphoblastic leukemia cell lines RS4;11(ATCC® 

CRL-1873™), Reh (ATCC® CRL-8286), NALM-6 (DSMZ ACC 128) were cultured in low-

glucose DMEM supplemented with 2 mM Gln, 400 μM Asn, 10% FBS and antibiotics, at a 

cell density of 5·105 cells/ml.  

Cells were maintained at 37°C in an atmosphere of 5% CO2 in air, pH 7.4. 

For the experiments of metabolic characterization, MSCs were grown in PlasmaxTM, an 

advanced medium containing the physiological concentrations of metabolites found in 

human plasma (provided by dr. Saverio Tardito, Beatson institute, Cancer Research UK, 

Glasgow (UK) [145, 146]), supplemented with 10% FBS, and antibiotics. To evaluate 

preliminarily the effects of different media on cell growth and proliferation, MSCs were 

seeded at the density of 3,000 cells/cm2 in DMEM or PlasmaxTM and counted every 3 

days. In the experiments in which hypoxic conditions were adopted, MSCs were incubated 

at 1% O2, 5% CO2, 95% N2 at 37°C in water-saturated air. 

Erwinia chrysantemi asparaginase (ASNase, a generous gift of Jazz Pharmaceutics) was 

used at 1 U/ml, except for the dose-response curves, where a dose range from 0.003 to 10 

U/ml was adopted.  

The Glutamine Synthetase (GS) inhibitor methionine-L-sulfoximine (MSO, Sigma-Aldrich, 

Milan, Italy) was used at 1 mM. 
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3.3. Viability assay 

MSCs were seeded at a density of 3·103 cells/cm2 in standard growth medium, which was 

replaced after 24h with fresh medium containing the drugs to be tested. At the 

experimental times, cell viability was assessed with the resazurin method [147], incubating 

cells in a solution of resazurin (44 μM) in serum-free medium. Resazurin is a blue, non-

fluorescent dye, that is reduced by NADH-dependent enzymes to resorufin, a pink 

fluorescent dye, which is released into the extracellular medium. After 3h, fluorescence 

was measured at ex 515 nm and em 586 nm with a fluorimeter (EnSpire® Multimode 

Plate Readers, Perkin Elmer). Cell viability was expressed as percentage of control 

calculated through the following formula: 

 

CV(%) =
                           

                             
 x 100                   Eq. 1 

 

3.4. Determination of Protection Index 

To evaluate the protective capacity of MSCs, RS4;11 cells (5 x 105/ml) were added on a 

confluent layer of MSCs, which had been seeded the day before at a density of 25,000 

cells/cm2 and medium was supplemented with ASNase (1 U/ml) in the absence or 

presence of MSO (1 mM). After 48h, cells were harvested, RS4;11 were labeled with a 

monoclonal antibody anti-human CD45-FITC (Beckman Coulter, Fullerton, CA) for 45 min 

at RT in the dark, and the necrotic fraction was assessed. Cells were washed with 

phosphate buffered saline (PBS) and suspended in Propidium Iodide staining buffer 

(Sigma Aldrich, final concentration, 2.5 µg/ml). After 15 min at RT in the dark, cells were 

analyzed using an Epics XL flow cytometer and with the Expo ADC software (Beckman 

Coulter), quantifying cell death as propidium positivity. Flow cytometry experiments were 

performed in the Laboratory of Anatomy and Histology of Prof. Mirandola (Dept. of 

Medicine and Surgery, University of Parma). 

To estimate the protective effect of MSCs on ASNase-treated ALL cells, we used a 

Protection Index, calculated through the following formula: 

 

PI = Log2 
                            

                        
                Eq. 2 

where PI=0 indicates absence of protection. 

Experiments with MSCs/blasts co-cultures were performed in the Laboratory of Prof. 

Giovanna D’Amico, following the same protocol described above.  
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3.5. Modulation of gene expression in co-culture systems 

To identify the effects of co-culturing on gene expression of ALL cells/blasts and MSCs, 

RS4;11 (1x106/ml) cells or primary ALL blasts (6x106/ml) were directly added on a MSC 

confluent layer or suspended in the apical compartment of a transwell insert (Costar 

Transwell® Permeable Supports, Corning Inc., MA, USA, pore size 0.4 m) in asparagine-

free DMEM, supplemented with 2 mM Gln and 2% FBS. After 72h, ALL cells were 

collected after extensive washing with PBS, in the case of direct contact co-culture, or from 

the apical chamber of the transwell insert, while MSCs were collected using trypsin; total 

RNA was isolated following manufacturer’s instructions. Cells were extracted and RNA 

processed for RT-PCR analysis (see below). 

Experiments with MSCs/blasts co-cultures were performed in the Laboratory of Prof. 

Giovanna D’Amico, following the same protocol described above. 

 

 

3.6. Gene silencing 

MSCs were seeded at the density of 25,000 cells/cm2 in standard growth medium and 

GLUL and SLC38A5 were silenced after 24h following the DharmaFECTTM protocol. In 

brief, after a washing in PBS, MSCs were incubated in serum- and antibiotics-free DMEM, 

supplemented with 2 mM Gln, 6 l/ml DharmaFECT transfection reagent and scramble 

RNA (ON-TARGETplus Non-targeting Pool) or siRNAs targeting GLUL (ON-TARGETplus 

Human GLUL siRNA-SMARTpool) or SLC38A5 (ON-TARGETplus Human SLC38A5 

siRNA-SMARTpool) at 25nM. After 18h, cells were washed with PBS, and medium 

replaced with fresh standard growth medium.  

a) In GLUL-silencing experiments, cells were used after further 24h for protection 

experiments (see above) or treated with ASNase in the presence or absence of MSO for 

viability assay (see above). 

b) In SLC38A5-silencing experiments, cells were used after 72h for the evaluation of 

amino acid efflux (see below) and protection experiments (see above) 
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3.7. RT-PCR  

Total RNA, isolated with GenElute™ Mammalian mRNA Miniprep Kit (Sigma, Italy) or with 

GeneJET RNA Purification Thermoscientific, was quantified (Nanodrop 2000TM,Thermo 

Scientific), and 1μgr was reverse transcribed as described [91]. For real time qPCR, cDNA 

was amplified in a StepOneTM Real-Time PCR System (Applied Biosystems, Foster City, 

CA, USA) employing a GoTaq® qPCR Master Mix (Promega, USA) along with the primers 

(5 pmol each). The primers used and the conditions adopted are summarized in Table 7. 

The reaction consisted of 35 cycles including a denaturation step at 95°C for 30s, followed 

by separate annealing (30s) and extension (30s, 72°C) steps. Fluorescence was 

monitored at the end of each extension step. A no-template, no-reverse-transcriptase 

control was included in each experiment. At the end of the amplification cycles a melting 

curve analysis was added. Data analysis was made according to the Relative Standard 

Curve Method [148]. Gene expression was normalized for the expression of the 

housekeeping gene RPL-15. 
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Gene Forward Reverse T 

(°C) 

Asparagine 

Synthetase 

(ASNS) 

5’ GATTGCCTTCTGTTCAGTGTCT 3’ 5’ GGGTCAACTACCGCCAACC 3’ 57 

Glutamine 

Synthetase 

(GLUL) 

5’ TCATCTTGCATCGTGTGTGTG 3’ 5’ CTTCAGACCATTCTCCTCCGG 3’ 57 

Solute carrier 

family 38 

member A1 

(SLC38A1) 

5'CACCACAGGGAAGTTCGTAATC 3' 5' CGTACCAGGCTGAAAATGTCTC 3' 57° 

Solute carrier 

family 38 

member A2 

(SLC38A2) 

5’ ATGAAGAAGGCCGAAATGGGA 3’ 5' TGCTTGGTGGGGTAGGAGTAG 3' 57° 

Solute carrier 

family 38 

member A5 

(SLC38A5) 

5’ GCTACAGGCAAGAACGTGAGG 3’ 5’ ATTCCAAACGATGTCTTCCCC 3’ 59° 

Solute carrier 

family 38 

member A3 

(SLC38A3) 

5' CGGGCATTATCCTTTTCCTGT 3' 5' GGACTTGAGTAGCAGGTGGATG 3' 59° 

Solute carrier 

family 1 

member A5 

(SLC1A5) 

5’ TGGTCTCCTGGATCATGTGG 3’ 5’ TTTGCGGGTGAAGAGGAAGT 3’ 57° 

DNA-damage-

inducible 

transcript 3 

(DDIT3) 

5’ CTTCTCTGGCTTGGCTGACT 3’ 5’ TCCCTTGGTCTTCCTCCTCT 3’ 57° 

Ribosomal 

protein L15 

(RPL-15) 

5’ GCAGCCATCAGGTAAGCCAAG 3’ 5’ AGCGGACCCTCAGAAGAAAGC 3’ 55° 

 

Table 7. Primers and temperatures of annealing  
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3.8. Protein lysis and Western Blot 

Cells were washed in PBS with Ca2+ and Mg2+ and lysed in a Tris-HCl buffer (20 mM Tris-

HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium 

pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 mM NaF, 2 mM imidazole) 

supplemented with a cocktail of protease inhibitors (Complete, Mini, EDTA-free, Roche). 

Lysates were transferred in Eppendorf tubes, sonicated for 5s, and centrifuged at 12,000g 

for 10 min at 4°C. After quantification with the Bio-Rad protein assay (Bio-Rad, Hercules, 

CA, USA), 40 μg of proteins were mixed with Laemmli buffer 4x (250 mM Tris-HCl, pH 6.8, 

8% SDS, 40% glycerol, 0.4 M DTT), warmed at 95°C for 5 min, and loaded on a 10% of 

sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) together with 

known-molecular-weight proteins (Rainbow Markers, Biorad). After electrophoresis, 

proteins were transferred to PVDF membranes (Millipore-Immobilon-P). Non-specific 

binding sites were blocked with a 1h-incubation at RT in blocking solution (Roche 

Diagnostic Spa, Milano, Italia), diluted in TBS-Tween. Blots were then incubated at 4°C 

overnight with the primary antibodies (see Table 8) diluted in a 5% BSA TBS-Tween 

solution. After washing, blots were exposed for 1h at room temperature to HRP-conjugated 

anti mouse or anti-rabbit IgG antibody (Cell Signaling Technology), diluted 1:10,000 in the 

blocking solution. Immunoreactivity was visualized with Immobilon Western 

Chemiluminescent HRP Substrate (Millipore). 

Protein expression was normalized for Actin or GAPDH and quantified through 

densitometric analysis using the software ImageQuant® (Molecular Dynamics). 

 

 

3.9. Immunofluorescence and confocal microscopy 

MSCs, seeded on four-chamber slides (Falcon) at a density of 3,000 cells/cm2, were 

washed twice in ice-cold PBS and incubated for 15 min in paraformaldehyde 3.7%, for 

further 7 min in Triton 0.1% in PBS and, lastly, for 1h in a solution of 5% BSA and 10% 

Normal Goat Serum (DAKO SpA, Milan, Italy) in 0.3 M glycine. Cell monolayers were then 

incubated overnight in the presence of anti-SNAT5 (1:200, polyclonal, rabbit, Abcam) and 

anti--tubulin (1:2,000, monoclonal, mouse, Sigma-Aldrich) antibodies, in 5 % BSA in PBS. 

The day after, cells were rinsed three times with PBS and exposed to the secondary 

antibodies Alexa Fluor 488 goat anti-mouse and Alexa Fluor 543 goat anti-rabbit IgG (both 

at 1:300, 1h). In the last 5 min of incubation, the antibody solution was supplemented with 

DRAQ5 (5µM, Thermo Fisher Scientific, Monza, Italy) for nuclei counterstaining. At the end 
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of the incubation, filters were mounted on glass slides, covered with anti-fade mounting 

medium to preserve fluorescence and sealed with coverslides. Immunostained cells were 

observed with an inverted LSM 510 Meta confocal system (Carl Zeiss, Jena, Germany) 

using a 40x. Single-plane confocal images were taken with excitation at 633 nm and 

emission recorded through a 670 long pass filter for visualization of nuclei stained with 

DRAQ5; excitation at 543 nm and emission recorded through a 580-630-nm band pass 

barrier filter for Alexa Fluor 543 to visualize SNAT5; excitation at 488 nm and emission 

through a 515-540-nm band pass filter for Alexa Fluor 488 to visualize tubulin.  

 

 

Antibody Host Clonality Dilution Company Code 

Anti-Asparagine 

Synthetase (ASNS) 
Mouse Monoclonal 1:1000 

Santa-Cruz 

Biotechnology 
Sc365809 

anti-eIF2α phospho-S51 Rabbit Monoclonal 1:1000 Abcam Ab32157 

Anti-Glutamine 

Synthetase (GS) 

 

Mouse 

 

 

Monoclonal 

 

1:1500 
BD Transduction 

Laboratories 
610518 

Anti-Actin Rabbit Polyclonal 1:1000 Sigma A2066 

Anti-SNAT5 Rabbit 

 

Polyclonal 

 

1:1000 

(WB) 

1:200 

(IF) 

Abcam ab72717 

Anti-Glyceraldehyde 3-

phosphate 

dehydrogenase (GAPDH) 

Rabbit Polyclonal 1:4000 Sigma G9545 

Anti-Tubulin Mouse Polyclonal 1:2000 Sigma T5168 

 

Table 8. Antibodies 
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3.10. Intracellular amino acids  

For the study of ASNase effects on MSCs, cells were seeded at 8,000 cells/ cm2 in 

standard growth medium and, after 24h, treated with ASNase in the presence of absence 

of MSO. For studying the effects of Gln-free incubation, MSCs were seeded at 25,000 

cells/cm2 in standard growth medium, which was substituted with serum- and Gln-free 

DMEM, supplemented with antibiotics, after 24h. At the indicated experimental times, cells 

were washed twice with ice-cold PBS and incubated for 10 min with absolute ethanol, in 

order to extract intracellular metabolites. Cell extracts were used for intracellular amino 

acids determination. Specifically, the content of Gln and Asn was measured with liquid 

chromatography tandem mass spectrometry (LC-MS/MS), using an Agilent HP 1100 

apparatus coupled with a API4000 triple-quadrupole mass spectrometer (AB SCIEX, 

Framingham, MA, USA) by Prof. Roberta Andreoli (Laboratory of Industrial Toxicology, 

Dept. of Medicine and Surgery, University of Parma), as previously described [91]. 

Intracellular amino acid content (nmoles of amino acids) was normalized for cell proteins, 

determined with the Lowry assay, and data were expressed as percentage of control 

(cultures maintained in standard growth medium). 

 

 

3.11. Amino acid efflux 

For Gln and Asn efflux, 20 x 103/cm2 MSC were seeded in 96-well dishes. After 24h amino 

acid efflux was measured in Earle’s Balanced Salt Solution (EBSS, composition in mM: 

NaCl 117, NaHCO3 26; KCl 5.3, CaCl2 1.8, MgSO4·7H2O 0.81, choline phosphate 0.9, 

glucose 5.5, supplemented with 0.02 % Phenol Red, kept at pH 7.4 under CO2 5%). For 

the experiments, cells were washed in EBSS and incubated in the same solution for 30 

min at 37 °C so as to deplete the intracellular amino acid pool. Cells were then incubated 

for 5 min in EBSS supplemented with [3H]Gln (Perkin-Elmer Italia, Milan, Italy), at a 

concentration of 500 M and an activity of 10 Ci/ml, or Asn (1mM) and, after one 

washing, incubated in 40 l of fresh EBSS. After 3 min, extracellular fluid was recovered, 

transmembrane fluxes were blocked with ice-cold, isotonic urea (300 mM), and cell 

monolayers were extracted with 50 μl of cold absolute ethanol. Gln radioactivity, contained 

either in the extracellular fluids or in the cells extracts, was measured in a liquid 

scintillation spectrometer Wallac Trilux (Perkin-Elmer). Similarly, Asn was measured with 

LC-MS/MS. In either case, amino acids were normalized for protein content in the well, 

quantified with the Lowry assay.  
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Fractional efflux was calculated through the following formulas: 

(Gln or Asn)extra/[(Gln or Asn)extra + (Gln or Asn)intra)] x 100    Eq. 3 

 

3.12. Oxygen consumption rate measurement 

The oxygen consumption rate (OCR) by MSCs was measured through a Seahorse XF96 

analyzer (Seahorse Bioscience, Billerica, MD). MSCs were seeded at the density of 

45,000 cells/cm2 in XF96 Seahorse® microplate in PlasmaxTM. After 24h, medium was 

substituted with fresh PlasmaxTM, supplemented with 10% dialyzed FBS and antibiotics. In 

parallel, the sensor cartridge was hydrated with XF Seahorse Calibrant Buffer and 

incubated overnight at 37°C. After further 24h, OCR was measured using the Agilent 

Seahorse XF Cell Mito Stress Test Kit, which allows to estimate cell basal respiration, 

mitochondrial ATP production, maximal respiration as well as the cell capability to respond 

to a maximal energetic demand. This is performed by a sequential injection of the ATP 

synthase inhibitor oligomycin (1μM), the mitochondrial oxidative phosphorylation uncoupler 

Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP, 8μM) and a mix of 

rotenone/antinomycin A (1μM), which inhibits the complexes I and III. OCR values were 

normalized for the amount of proteins, quantified using bicinchoninic acid protein assay kit 

(Pierce™ BCA Protein Assay Kit, Thermo Scientific), and data were expressed as 

pmoles/min/μg protein. 

 

3.13. Targeted metabolic analysis 

The intracellular levels and exchange rates of metabolites were determined in MSCs at the 

Beatson Institute (Cancer Research UK, Glasgow, UK). Cells were seeded at the density 

of 10,000 cells/cm2 in six-well plates in 2ml of DMEM (+ 2 mM Gln) or PlasmaxTM. After 

24h (day 0), media were renewed with 8ml (a) or 2ml (b) of fresh medium, supplemented 

with 10% dialyzed FBS and antibiotics, for the determination of intracellular levels (a) or 

exchange rates (b) of metabolites, respectively.  

After 48h (day 2), samples were prepared for LC-MS analysis, as previously described 

[146]: 

a) cells were washed three times with ice-cold PBS and the intracellular metabolites were 

extracted after 5 min of incubation in 500 μl of methanol, acetonitrile, water (5:3:2) at 4°C; 

b) medium was harvested and diluted 1:50 in the solution of methanol, acetonitrile, water. 

Cell-free medium was also collected after an incubation of 48h, performed in parallel. 
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Media and cell extracts were centrifuged at 16,000 g, 4°C, for 10 min; the supernatants 

were collected, and the metabolites were measured using LC-MS in the Metabolomics 

facility of the Beatson Institute. 

Data were normalized for the protein content, which was quantified using Lowry assay. 

Moreover, for the evaluation of exchange rates of metabolites, proteins were also 

determined at the day 0. Data were expressed as peak area/μg protein for the intracellular 

content (a) and as nmoles/ μgr protein/day for the exchange rates (b), which were 

calculated using the following formula for each metabolite: 

 

X = ( 
                                                 

                                   
) /2           Eq. 4 

 

3.14. 13C5 Glutamine tracing 

13C labeled Glutamine (Cambridge Isotopes Laboratories, MA, USA) was used to measure 

peak areas of each isotopologue of metabolites.  

MSCs were seeded at 10,000 cells/cm2 in twelve-well plates in 0,8ml of PlasmaxTM. After 

24h, media were substituted with: 

a) 3.2 ml of fresh PlasmaxTM, supplemented with 10% dialyzed FBS and antibiotics, 

containing 0.6mM of 13C5 Glutamine, for the evaluation of intracellular metabolites; 

b) 0.8ml of fresh PlasmaxTM, supplemented with 10% dialyzed FBS and antibiotics, 

containing 0.6mM of 13C5 Glutamine, for the determination of exchange rates of 

metabolites. The experiment was performed either at the physiological concentration of 

Asn (41M) or in a modified. Asn-free PlasmaxTM. 

For both experiments, MSCs were incubated in normoxia (21% O2, 5% CO2) or in hypoxia 

(1% O2, 5% CO2, 95% N2) at 37°C in water-saturated air and, after 48h, processed as 

described above.  

 

3.15. Statistics 

Data were expressed as means ± SD. For statistical analysis, two-tail or one-tail Student’s 

t test for paired or unpaired samples, Mann-Whitney test or one sample t test were used, 

as specified for each experiment. GraphPad Prism 6.0™ was used for the statistical 

analyses, and p values < 0.05 were considered statistically significant. TraceFinder 4.0 

was used for the analysis of mass spectrometry data. 
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4. Results 

4.1. MSCs from ALL patients protect ALL cells from ASNase toxicity 

In a preliminary experiment, shown in Figure 1A, we have determined the expression of 

Asparagine Synthetase (ASNS) in three ALL cell lines (RS4;11, Reh and NALM-6), 

incubated in normal growth medium in the absence or in the presence of Erwinia L-

asparaginase (ASNase). Both Reh and NALM-6 cells had lower ASNS levels than the 

myeloma cell line OPM2 and induced it upon ASNase treatment. Conversely, RS4;11 

cells, which had the lowest ASNS expression, did not appreciably induce the enzyme upon 

incubation with ASNase. RS4;11 cells were thereafter used as an ALL cell model in this 

study. Using a line of immortalized Mesenchymal Stromal Cells (MSCs), Iwamoto et al. 

demonstrated a protective effect on ALL cells [68]. We show here that also MSCs from 

ALL patients (ALL-MSCs) efficiently protect ASNase-treated RS4;11 cells (Figure 1B) 

Figure 1. ASNase effects on ALL cells: protection by MSCs from ALL patients. Panel A. The 

expression of Asparagine Synthetase (ASNS) was determined in the indicated ALL cell lines incubated for 

48h in the absence or in the presence of L-Asparaginase from E. chrysanthemi (ASNase, 0.05 U/ml). The 

human myeloma cell line OPM2 was used as a positive control for ASNS expression. A representative 

Western Blot is shown. Panel B. RS4;11 cells were treated for 48h with ASNase (1 U/ml) in the absence or in 

the presence of bone marrow MSCs from different ALL patients (n = 4). After the treatment, cell death was 

estimated in cytofluorimetry from propidium positivity. *** p< 0.001 vs. ALL cells treated with ASNase in the 

absence of MSCs (two-tail t-test for unpaired data).  
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4.2. MSC adaptation to ASNase requires Glutamine Synthetase activity  

In order to investigate the mechanism underlying the protective effect sustained by MSCs, 

we studied their response to ASNase. ALL-MSCs were poorly sensitive to ASNase with an 

IC50 >10 U/ml (Figure 2A). MSO, an irreversible inhibitor of Glutamine Synthetase (GS), 

increased ASNase toxicity in MSCs. When treated with 1 U/ml of ASNase, the growth of 

MSCs, initially blocked, was partially rescued from the third day of treatment (Figure 2B), 

so that after 6d of treatment viability was doubled compared with the initial control. 

Conversely, in the presence of both MSO and ASNase, cell growth was not rescued and, 

after 6d of treatment, viability was markedly lower than the initial control. In the absence of 

ASNase, MSO alone had no effect on cell viability. We next investigated the effect of 

ASNase on the expression of genes associated with apoptosis or adaptation to nutritional 

stress. The mRNA of DDIT3, which encodes for the pro-apoptotic protein CHOP, was 

significantly induced after 6h of treatment with ASNase or ASNase + MSO (Figure 2C). 

However, in cells treated with ASNase alone DDIT3 expression had returned at control 

values after 24h, while it was still markedly induced in cells treated with ASNase and MSO. 

A clear cut transient induction of ASNS was also observed at 6h of treatment with either 

ASNase or ASNase + MSO, while GLUL, which encodes for Glutamine Synthetase (GS), 

exhibited a modest increase only at 24h. Both DDIT3 and ASNS are ATF4-dependent 

genes readily induced upon the phosphorylation of the α subunit of the human initiation 

factor 2 (eIF2α), a marker of nutritional stress [91, 110] Consistently, both in the absence 

and in the presence of MSO, ASNase treatment promoted eIF2α phosphorylation (Figure 

2D). The effect was already evident after 6h of incubation and persisted at later time points 

in the absence but not in the presence of MSO. At variance with the clear induction 

observed at mRNA level, ASNS protein, which was already well detectable under control 

conditions, did not increase upon ASNase treatment. In contrast, at 24h and, more 

evidently, at 48h of ASNase treatment a clear-cut expression of GS was evident in the 

absence of MSO, while it was only barely detectable in the presence of the inhibitor. The 

intracellular content of Asn and Gln, measured in parallel (Figure 2E), . was dramatically 

decreased after 6h with ASNase. Asn content continued to decline either in the presence 

or the absence of MSO, while cell Gln remained stable in the absence of MSO and further 

decreased in the presence of the GS inhibitor. 
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Figure 2. Effects of ASNase and MSO on MSCs from ALL patients. Panel A. MSCs from three ALL 

patients were incubated for 48h with ASNase in the absence or in the presence of MSO (1 mM), and viability 

was assessed with the resazurin method (see Materials and Methods). Data are means ± SD of nine 

independent determinations. Non-linear regression analysis was used to obtain dose response curves. Panel 

B. Growth of MSCs incubated in the absence (Control) or in the presence of ASNase (1 U/ml), MSO (1 mM) 

or ASNase + MSO. Data are expressed as Log2 of the ratio between viability at the experimental time and 

viability at time 0, and are means ± SD of 6 independent determinations obtained with cells from two 

patients. *** p< 0.001 vs. control cells at 6d; 
###

 p< 0.001 ASNase vs. ASNase + MSO (two-tail t test for 

unpaired data). Panels C-D-E. ALL-MSCs were maintained in normal growth medium (C, Control) or treated 

for the indicated times with ASNase (A) or ASNase + MSO (AM). Cells were then extracted for mRNA (Panel 

C), protein (Panel D) or amino acid (Panel E) analysis. Panel C. The relative expression of DDIT3, ASNS 

and GLUL was determined, expressing the results as fold increase of the value obtained in MSCs under 

control conditions, kept at 1. Data are means ± SD of expression data obtained with MSCs from three 

different patients, performed in duplicate. * p< 0.05, ** p< 0.01, *** p< 0.001 vs. control cells (two-tail t test for 

unpaired data). Panel D. A representative Western blot of eIF2α (phospho-S51), ASNS and GS (left). Actin 

was used for loading control. The experiment was performed with ALL-MSCs from four different patients, and 

the mean relative expression of ASNS and p-eIF2α is reported (right). * p < 0.05 vs. control cells (one-tail t 

test for unpaired data). Panel E. The intracellular content of Asn (left) and Gln (right) was determined at the 

indicated times. Data are expressed as % of control and are means ± SD of nine independent 

determinations. * p< 0.05, *** p< 0.001 vs. cells undergoing the same treatment for 6h 
##

 p< 0.01 ASNase vs. 

ASNase + MSO (two-tail t test for unpaired data).  
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4.3. Mesenchymal stromal cells secrete Gln and Asn  

Intracellular amino acids were also measured in cells incubated in Gln- and Asn-free 

medium (Figure 3A, top), both in the presence and in the absence of MSO. Under this 

condition, less stringent than the incubation with ASNase, intracellular Asn was 

substantially spared, while Gln, after the initial decrease, was partially, but significantly, 

rescued in the absence, but not in the presence, of the GS inhibitor. In the same 

experiment, the extracellular concentration of the two amino acids was also measured 

(Figure 3A, bottom). After 6h, both amino acids were detectable in the extracellular 

medium. Extracellular Asn exhibited a positive trend, although the increase did not reach 

the statistical significance, and was comparable in the absence and in the presence of 

MSO. On the contrary, extracellular Gln progressively increased in the absence but not in 

the presence of MSO.  

To assess if MSCs secrete Asn and Gln under physiological conditions, we have cultured 

cells in Plasmax (see Materials and Methods), an advanced medium that closely mimics 

human plasma, supplemented with 13C5-Glutamine at 0.6 mM (the average Gln plasma 

concentration). After 48h of incubation at physiological levels of Asn, there was a net 

uptake of both Asn and Gln, although a small extrusion of both amino acids was also 

detected (Figure 3B). The efflux of 13C-labelled Gln-derived Asn was evident also  in the 

absence of Asn, a condition that reproduces  the bone marrow situation after the treatment 

with ASNase [36, 70].  
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Figure 3. Intracellular glutamine and asparagine and amino acid secretion in ALL-MSCs under Gln- 

and Asn- free conditions. Panel A. MSCs from four ALL patients were incubated for 48h in a Gln- and Asn-

free medium in the absence or in the presence of ASNase (1 U/ml), ASNase + MSO (1 mM) or maintained in 

normal growth medium (Control). At the indicated times, the intracellular (upper panels) and extracellular 

(lower panels) Gln and Asn were determined. Data are expressed as % of control (upper panels) or μM 

(lower panels) and are means ± SD of eleven independent determinations. * p< 0.05, ** p< 0.01, *** p< 0.001 

vs. cells undergoing the same treatment for 6h; 
###

 p< 0.001, cells incubated in the absence vs. cells 

incubated in the presence of MSO, (two-tail t test for unpaired data). Panel B. Exchange rates of Gln and 

Asn in 
13

C5-Gln-labelled ALL-MSCs incubated in Plasmax™ medium (Gln = 0.6 mM) in the absence or 

presence of Asn (41 μM) for 48h. Data represent means ± SD of MSCs from four different patients, each 

used in triplicate. Exchange rates are expressed as nmol/μg protein/day and are calculated according to Eq. 

4 (Materials and Methods). Panel C. A schematic representation of labelling of intracellular metabolites upon 

incubation with 
13

C-Gln.   
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4.4. The silencing of Glutamine Synthetase in ALL-MSCs suppresses 

MSC adaptation to ASNase and lowers the protective effect on ALL 

cells.  

To verify if the effects of MSO were only attributable to GS inhibition, GLUL was silenced 

in ALL-MSCs (Figure 4). After 2d of transfection, GLUL mRNA was markedly lowered, and 

no induction of the enzyme protein was observed after further 3d in the presence of 

ASNase (Figure 4A-B). Viability of GLUL-silenced cells was comparable to that of 

scramble-transfected cells under control conditions and in cultures treated with ASNase + 

MSO, but much lower when cultures were treated with ASNase alone (Figure 4C). Images 

of the MSC populations (Figure 4D), obtained in parallel, indicated that the density of 

scramble-transfected MSCs treated with ASNase was comparable with that of control, 

whereas ASNase-treated GLUL-silenced MSCs and cells simultaneously incubated with 

ASNase and MSO were much sparser.  

To evaluate the role of GS in the protective effect of ALL-MSCs on ASNase-treated ALL 

cells, we incubated RS4;11 cells and MSCs, either scramble or GLUL-silenced, with or 

without ASNase and MSO. MSO markedly lowered the protective effect produced by 

control cells, scramble-transfected or GLUL-silenced MSCs (Figure 4E). In the absence of 

the GS inhibitor, scramble-transfected MSCs cells protected ALL cells less than 

untransfected cells but significantly more than GLUL-silenced MSCs. 
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Figure 4. Effects of GS silencing on MSC adaptation to ASNase. Panel A. ALL-MSCs from four different 

patients were transfected with scramble or GLUL-siRNA (see Materials and Methods) and the expression 

GLUL mRNA was evaluated after 2d. The relative expression of GLUL was determined, expressing the 

results as fold increase of the value obtained in scramble-transfected MSCs, kept at 1. *** p< 0.001 (two-tail t 

test for unpaired data). Panels B-C. Expression of GS protein (B, a representative experiment) and viability 

(C) of scramble-transfected or GLUL-silenced MSCs from two different patients was evaluated after 3d of 

treatment with ASNase (A) or ASNase + MSO (AM). In panel B, Actin was used for loading control. In panel 

C, data are expressed as % of the viability of scramble-transfected cells not treated with ASNase or ASNase 

+ MSO. Data are means ± SD of twelve independent determinations. ** p< 0.01 scramble-transfected cells 

treated with ASNase vs. scramble-transfected cells treated with ASNase + MSO; 
###

 p< 0.001 ASNase-

treated GLUL-silenced cells vs. control GLUL-silenced transfected cells; 
$$$

 p< 0.001 ASNase-treated GLUL-

silenced cells vs. ASNase-treated scramble transfected cells (two-tail t test for unpaired data). Panel D. 

Scramble-transfected or GLUL-silenced cells were treated for 3d with ASNase or with ASNase + MSO, as 

indicated. Representative fields are shown. Bar = 100 μm. Panel E. The Protection Index (Eq. 2,Materials 

and Methods) for ASNase-treated RS4;11 cells, maintained in mono-culture or co-cultured with scramble-

transfected or GLUL-silenced ALL-MSCs, in the absence or in the presence of MSO. Data are means ± SD 

of four independent determinations from MSCs of two different patients. ** p< 0.01, *** p< 0.001 vs. 

corresponding cultures treated with ASNase alone; 
###

 p< 0.001 vs. untransfected cells treated with ASNase 

alone; 
$
 p< 0.05 ASNase-treated scramble-transfected cells vs. ASNase-treated GLUL-silenced cells (one-

tail t-test for unpaired data).  
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4.5. MSCs from ALL patients protect leukemia cells better than MSCs 

from healthy donors.   

At variance with the results presented here with ALL-MSCs cells, mesenchymal cell lines 

do not efficiently protect ALL cells from E. chrysantemi ASNase toxicity although they 

clearly induce GS [72]. To assess if MSCs from leukemic bone marrow have a peculiar 

ability to shield ALL cells from ASNase effects, we performed ASNase treatment in co-

cultures of RS4;11 cells with either ALL-MSCs or MSCs from healthy donors (HD-MSCs). 

The representative experiment, shown in Figure 5A, indicated that the protective effect 

was evident with both MSC types but much larger with ALL-MSCs, which lowered cell 

death by over 60%, compared with the 30% observed with HD-MSCs. The results were 

confirmed in a panel of MSCs derived from ALL patients or healthy donors (Figure 5B), 

indicating that with the latter cell group the Protection Index was significantly smaller. 

Interestingly, MSO lowered the protection due to either cell panel, although the inhibition 

did not reach the statistical significance with HD-MSCs. The boosted protective efficiency 

of ALL-MSCs was also confirmed with primary ALL blasts. In the two representative 

experiments shown in Figure 5C, ALL blasts from two different patients (UPN#4, #5, see  

Table 6) were treated with ASNase or ASNase + MSO in monoculture or in co-culture with 

MSCs derived from an healthy donor or an ALL patient (UPN #8). In both cases, ALL-

MSCs protected ALL blasts better than HD-MSCs, either in untreated cultures or in 

cultures treated with ASNase, and, in both cases, MSO lowered (Blasts of Patient 5) or 

suppressed (Blasts of Patient 4) the protective effect. 
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Figure 5. The protective effect on ASNase-treated ALL cells is GS-dependent and larger with MSCs 

from leukemic patients. Panel A. MSCs from an ALL patient or from a healthy donor were co-cultured with 

RS4;11 ALL cells in the presence of ASNase or ASNase + MSO. After 48h, the percentage of necrotic 

RS4;11 cells was determined with cytofluorimetry. A representative experiment, performed three times with 

MSCs from different donors with comparable results, is shown. Panel B. The protection index (Eq. 2, 

Materials and Methods) is showed in the four conditions. * p< 0.05, ** p< 0.01 vs. the protection index 

obtained with ALL-MSCs in the absence of MSO (one-tail t test for unpaired data). Panel C. Blasts from two 

different ALL patients (Patient UPN #4, upper; Patient UPN #5, lower) were treated with ASNase or with 

ASNase + MSO, either in monoculture or in co-culture with MSCs from the same healthy donor or the same, 

unrelated ALL patient (UPN #8). Blast viability was determined after 48h as described in Materials and 

Methods. 

 

  



 47 

4.6. MSCs from healthy honors adapt to ASNase treatment through an 

overexpression of Glutamine Synthetase.  

To elucidate the mechanisms underlying the limited capability of HD-MSCs to protect ALL-

cells, we assessed their response to ASNase treatment (Figure 6). Analogies with the 

behavior of ALL-MSCs, as reported in Figure 2, were evident. Importantly, as in ALL-

MSCs, cell proliferation was rescued at later times of treatment (Figure 6A), GS was 

induced at later times of treatment with ASNase (Figure 6B), and adaptation was hindered 

by MSO (Figure 6C), indicating the essential role of GS also in the adaptation of HD-

MSCs. However, the pattern of changes in the intracellular amino acids during ASNase 

treatment (Figure 6D) was different. Indeed, at variance with what observed in ALL-MSCs, 

in HD-MSCs cell Gln exhibited a clear cut increase at 48h compared with 6h of treatment. 

This partial rescue was observed in the absence, but not in the presence of MSO, which 

instead cause a further decrease of the amino acid. A comparable behavior was seen 

using the immortalized human cell line hTERT-MSCs (data not shown). 
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Figure 6. Effects of ASNase and MSO on bone marrow MSCs from healthy donors (HD-MSCs). Panel 

A. MSCs were incubated for the indicated times in the absence (Control) or in the presence of ASNase (1 

U/ml), MSO (1 mM) or ASNase + MSO. Data are expressed as Log2 of the ratio between viability at the 

experimental time and viability at time 0, and are means ± SD of 6 independent determinations obtained with 

cells from two different donors. *** p< 0.001 compared with control cells at 6d; 
### 

p< 0.001, cells treated with 

ASNase vs. cells treated with ASNase + MSO (two-tail t test for unpaired data). Panel B. HD-MSCs were 

treated for the indicated times in the presence of ASNase (A) or ASNase + MSO (AM). Control cells were 

maintained in normal growth medium. Western blot of GS was performed at the indicated times of treatment. 

Actin was used for loading control. The experiment was performed with HD-MSCs from three different 

donors with comparable results. Panel C. MSCs from three healthy donors were treated as described in 

Panel B. After cell extraction, the intracellular content of Gln and Asn was determined at the indicated times. 

Data are means ± SD of nine independent determinations. *** p< 0.001 vs. cells undergoing the same 

treatment for 6h; 
##

 p< 0.01( two-tail t test for unpaired data). 
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4.7. MSCs from ALL patients express higher levels of the 

SLC38A5/SNAT5 transporter.  

In the past, the protective effect of MSCs on ASNase-treated cells was attributed to the 

synthesis and efflux of Asn and/or Gln from stromal cells [68, 72]. However, while the role 

of ASNS and GS has been repeatedly investigated, little interest has been thus far given to 

the mechanisms that account for Asn and Gln efflux. To address this issue, we have 

evaluated the expression of several transporters, as well as that of ASNS and GLUL, in a 

panel of ALL- and HD-MSCs (Figure 7A). The results indicated that the most significant 

difference concerned SLC38A5, a gene that encodes for SNAT5, a transporter that 

mediates net influx or net efflux of either Gln or Asn, depending on the transmembrane 

gradients of its substrates [135]. SLC38A5 expression was almost three-fold higher in ALL-

MSCs compared with HD-MSCs. Also SLC38A1, which encodes for the active, inward 

transporter SNAT1, was significantly increased in ALL-MSCs compared with HD-MSCs. 

On the contrary, SLC38A2 and SLC1A5, encoding for the transporters SNAT2 and 

ASCT2, respectively, were not significantly different between the two experimental groups. 

Importantly, also the expression of ASNS and GLUL did not show significant changes 

between the two cell panels. The Western Blot analysis showed that the SNAT5 protein 

was more than two-fold expressed in ALL-MSCs than in HD-MSCs (Figure 7B). This result 

is consistent with the images of MSCs obtained by confocal microscopy (Figure 7C), 

where SNAT5 expression on the cell membrane was more evidently detectable in ALL-

MSCs. To verify the functional consequences of the different SNAT5 expression, we 

measured the fractional efflux of pre-accumulated Gln and Asn (Figure 7D) in MSCs from 

ALL patients or healthy donors. Consistently with the higher expression of the transporter 

detected in ALL-MSCs, Gln and Asn efflux was significantly faster from MSCs derived from 

leukemia patients.  
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Figure 7. Differential expression of SLC38A5 in MSCs from healthy donors and leukemic patients. 

Panel A. The expression of the indicated genes was determined in a panel of MSCs from six healthy donors 

(HD) and six ALL patients (ALL). The relative expression of indicated genes was determined. Data are 

expressed as fold-change, keeping at 1 the expression in MSCs from a single, arbitrarily chosen, healthy 

donor. Panel B. Left, Western blot of SNAT5 expression in two panels of MSCs obtained from ALL patients 

or healthy donors. GAPDH was used for loading control. Right, densitometric analysis of SNAT5 expression, 

normalized for GAPDH (n = 4). For Panels A and B, lines and bars represent median values for Mann-

Whitney test. * p< 0.05; ** p< 0.01. Panel C. Left, representative confocal images of MSCs derived from an 

ALL patient (upper) or a healthy donor (lower). Single confocal sections are shown. Comparable images 

have been obtained from MSCs of four ALL patients and three healthy donors. Bar = 20 µm. Green, tubulin; 

red, SNAT5; blue, nuclei. right, the mean intensity of SNAT5 signal was detected in 10 whole fields of ALL-

MSCs and 19 whole fields of HD-MSCs. Data are expressed as the ratio between mean intensity and the 

number of cells in the same fields (81 for ALL-MSCs and 93 for HD-MSCs) *** p< 0.001 (two tail t test for 

unpaired data). Panel D. Fractional Gln efflux (Eq. 3, Materials and Methods) was determined in MSCs from 

three ALL patients and three healthy donors. Data are means of 15 independent determinations with SD.      

* p< 0.05, ** p< 0.01 (two-tail t test for unpaired data).  
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4.8. Co-culture with primary ALL blasts induces SLC38A5 expression 

in HD-MSCs  

The results presented above indicate that SLC38A5 and SLC38A1 are differentially 

expressed in MSCs from HD or ALL patients. In the ALL bone marrow environment, MSCs 

establish strict relationships with the leukemic blasts. It is, therefore, possible that this 

interaction modifies gene expression in MSCs. To assess this hypothesis, we have 

measured the expression of the two transporters, as well as of other genes potentially 

involved in the protective effect on ALL blasts, in co-cultures of MSCs from healthy donors 

and blasts from ALL patients or in the corresponding monocultures.  

Figure 8A shows the expression of ASNS, GLUL, SLC38A5, and SLC38A1 in MSCs from 

four different healthy donors and in blasts from three different ALL patients. Cells were 

maintained for 72h either in monoculture or in co-cultures, established in double chamber 

systems, with MSCs in the lower compartment, or keeping the two cell types in direct 

contact. With either co-culture modality, SLC38A5 and ASNS expression significantly 

increased in MSCs. The largest increase in expression was detected for SLC38A5, which 

was induced above the level determined in the monoculture in all the eight independent 

co-cultures tested, although at a variable extent. As far as gene expression in ALL blasts 

was concerned, a clear cut, highly significant decrease in ASNS expression was detected 

upon co-culture with MSCs. An increase in SLC38A5 expression was also detected, 

although below the level of statistical significance. A significant induction of SLC38A5 was 

also observed upon co-culturing of HD-MSCs with RS4;11 ALL cells (Figure 8B). On the 

contrary, when ALL blasts were co-cultured with ALL-MSCs (Figure 8C) derived from the 

same ALL patient, no significant induction of the transporter gene was detected in the 

MSCs or in blasts compared with the expression measured in the monoculture.  
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Figure 8. Changes in gene expression induced by co-culture of MSCs with ALL blasts or cells. Panel 

A. MSCs from four distinct healthy donors were cultured for 72h in DMEM + 2% FBS, without asparagine, in 

the absence or in the presence of ALL blasts obtained from three different ALL patients. At the end of the 

experiments, the expression of ASNS, GLUL, SLC38A5 and SLC38A1 was analyzed by RT-PCR in the two 

cell types. Panels B, C. SLC38A5 expression was evaluated after co-culture of MSCs from two healthy 

donors and RS4;11 cells (Panel B) or after the co-culture of ALL-MSCs and ALL blasts from two distinct ALL 

patients (each blast population was co-cultured with MSCs derived from the same patient) (Panel C). For all 

panels, data were reported as fold change of the mean value obtained in each cell type in monoculture, 

considered 1 (line). Data are means of eight (panel A), four (panel B), or three (panel C) determinations 

performed in duplicate ± SD. * p< 0.05, ** p< 0.01, *** p< 0.001, as assessed with one-sample t test. 
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The results presented above demonstrate that (1) differences exist between ALL-MSCs 

and HD-MSCs in terms of gene expression and protective capacity towards ALL cells, and 

that (2) leukemic blasts are able to induce gene expression, and in particular the 

expression of SLC38A5/SNAT5, in stromal cells. 

At present, these data are the bases for further developments aimed at: 

1) Ascertaining the role of SLC38A5 in the protection  

2) Evaluating the possibility that ALL- and HD-MSC exhibit different metabolic 

features. 

 

4.9. Appendix 1 – Effects of SLC38A5 silencing in MSCs 

4.9.1. Transfection procedure causes SNAT3 induction in MSCs 

The first approach to elucidate the role of SNAT5 in the protective effect by MSCs and 

verify if SNAT5 suppression decreases MSC protective capacity was to evaluate the effect 

of SLC38A5 silencing in ALL-MSCs. 

After 4d of transfection, SLC38A5 mRNA was markedly lowered (Figure 9A) and, 

consistently, SNAT5 protein was found reduced after further 2d (Figure 9B). However, 

measuring the fractional efflux of pre-accumulated Gln, both scramble-transfected and 

SLC38A5-silenced cells secrete more Gln than untransfected MSCs, with only a very slight 

reduction of Gln efflux by silenced cells (Figure 9C). Consistently, when SLC38A5-silenced 

and scramble transfected MSCs were co-cultured with ASNase-treated RS4;11 cells, the 

difference in the protective effect did not reach the statistical significance (Figure 9D). To 

understand why SLC38A5-silencing did not affect either amino acid efflux or the protective 

capacity of MSCs, we evaluated the expression of another transporter of System N, 

SNAT3, which was expressed at very low levels in MSCs derived from either leukemia 

patients or healthy donors (data not shown). After 4d of transfection, SNAT5 expression 

was markedly lowered in silenced cells compared with scramble-transfected and 

untransfected MSCs, whereas SLC38A3 expression was significantly induced, either in 

scramble-transfected or in SLC38A5-silenced cells (Figure 9E). 
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Figure 9. Effects of SLC38A5 silencing in MSCs. Panel A-B. ALL-MSCs from two different patients were 

transfected with scramble or SLC38A5-siRNA (see Materials and Methods), and the expression of SLC38A5 

mRNA (A) and SNAT5 protein (B, representative experiment) was evaluated, respectively, after 4d and 6d. 

In panel A, the relative expression of SLC38A3 was determined expressing the results as folds of the mean 

value obtained in scramble-transfected MSCs, kept at 1. Data are means ± SD of nine independent 

determinations *** p< 0.001 (two-tail t test for unpaired data). In panel B, GAPDH was used for loading 

control. Panel C. Fractional Gln efflux (Eq. 3, Materials and Methods) was determined in MSCs from an ALL 

patient, untransfected or transfected with scramble or SLC38A5-siRNA. Data are means of 5 independent 

determinations with SD. * p< 0.05 (two-tail t test for unpaired data). Panel D. The Protection Index (Eq. 2 

Materials and Methods), was determined for ASNase-treated RS4;11 cells, maintained in mono-culture or 

co-cultured with scramble-transfected or SLC38A5-silenced ALL-MSCs. Data are means ± SD of eight 

independent determinations from MSCs of two different patients. Panel E. The expression of SLC38A5 and 

SLC38A3 mRNA were evaluated in untransfected, scramble- and SLC38A5- transfected MSCs after 4d of 

transfection. The relative expression of SLC38A5 and SLC38A3 were determined expressing the results as 

fold increase of the value obtained in untransfected MSCs, kept at 1. Data are means ± SD of five 

independent determinations from MSCs of two different patients, *** p< 0.001 (two-tail t test for unpaired 

data)  
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4.10. Appendix 2 – Different metabolic features of ALL- and HD-MSCs: 

Towards a metabolic characterization of human MSCs 

4.10.1. MSCs accelerate proliferation in a physiological culture medium  

We have preliminary ascertained that very scarce information is available on the 

metabolism of bone marrow mesenchymal stromal cells. For this reason, we decided to 

preliminarily characterize the metabolic features of MSCs under conditions mimicking as 

far as possible the bone marrow environment. To this purpose, we cultured ALL- and HD-

MSCs at physiological concentrations of nutrients and metabolites in Plasmax™ medium 

(see Materials and Methods). 

First, we evaluated cell growth, so as to determine cell proliferative rate in this condition. 

As shown in Figure 10, cell number of both MSC groups increased by more than 3-fold 

after 3d and by more than 5-fold after 6d of incubation in Plasmax™. Moreover, cell 

number was significantly higher when cells are cultured in Plasmax™ than in the standard 

growth medium DMEM. 

 

 

 

Figure 10. Growth of MSCs in Plasmax™ and DMEM. MSCs from four ALL patients and four healthy 

donors were cultured in PLASMAX™ or in DMEM, supplemented with 10% FBS for 3d and 6d. Cell growth 

was evaluated from cell counts. Data are expressed as Log2 of the ratio between cell number at the 

experimental time and cell number at time 0, and are means ± SD of cells from four ALL patients and four 

healthy donors, each used in triplicate. * p< 0.05, ** p< 0.01 cells cultured in Plasmax™ vs. cells cultured in 

DMEM (two-tail t test for paired data). 
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4.10.2. MSCs exhibit aerobic glycolysis 

To study the metabolic features of MSCs, we evaluated the exchange rates of metabolites 

between medium and cells (see Materials and Methods) at 21% O2 or under hypoxic 

conditions (1% O2), thus mimicking more closely bone marrow environment. At 21% O2, 

more than 20 nmol/μg prot/day of glucose were consumed, with this value doubled in 

hypoxia; consistently, more than 30 nmol/μg prot/day of lactate were secreted at 21% O2 

and more than 60 nmol/μg prot/day at 1% O2 (Figure 11A). Thus, the percentage of 

glucose converted into lactate was more than 60% in both MSCs groups independently 

from O2 levels, suggesting that these cells are glycolytic even under aerobic conditions 

(Figure 11B). To further validate this conclusion, we evaluated the oxygen consumption 

rate (OCR) in MSCs in the presence of 21% O2 with a Seahorse analyzer (Figure 11C). 

OCR was very low at baseline but already represented the maximal levels that MSCs were 

able to reach. Consistently with their prevalent glycolytic behavior, MSCs proliferate also in 

hypoxia and, after 3d, cell growth was not significantly different at 21% or 1% O2 (Figure 

11D). However, at later times of incubation, the proliferative rate of cells cultured in 

hypoxia was significantly lower compared with cells maintained at 21%O2. 
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Figure 11. Glucose metabolism in MSCs under aerobic and anaerobic conditions. ALL-MSCs and HD-

MSCs were incubated at 21% or 1% of O2 in Plasmax™ supplemented with 10% dialyzed FBS Panel A-B. 

Exchange rates of glucose and lactate measured after 48h. Exchange rates (A) are expressed as nmol/μg 

protein/day and are calculated according to Eq. 4 (Materials and Methods) or (B) as the percentage of the 

ratio between the nmol of secreted lactate and nmol of consumed glucose. Data represent means ± SD of 

MSCs from four different leukemia patients and three different healthy donors, each used in triplicate. *** p< 

0.001 cells cultured at 1% O2 vs. cells cultured at 21% O2 (two-tail t test for unpaired data). Panel C. Oxygen 

consumption rate (OCR), was measured after 24h at 21% O2 using the Agilent Seahorse XF Cell Mito Stress 

Test Kit (see Materials and Methods). Data are expressed as pmol/min/ μg protein and represent means ± 

SD of MSCs from three different leukemia patients and four different healthy donors, each with 10 replicates. 

Panel D. Cell growth was estimated up to 9d of culture from cell counts. Data are expressed as Log2 of the 

ratio between cell number at the experimental time and cell number at time 0, and are means ± SD of cells 

from four ALL patients and four healthy donors, each used in triplicate. * p< 0.05, ** p< 0.01 1% O2 vs. 21% 

O2 at the same experimental time (two-tail t test for paired data).  
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4.10.3. MSCs secrete glutamine-derived citrate 

To further investigate the metabolic features of MSCs, we quantified the different 

isotopologues of Krebs cycle intermediates, culturing stromal cells in Plasmax™ in the 

presence of 13C5 glutamine under aerobic (21%O2) or anaerobic (1%O2) conditions.  

As shown in Figure 12A, in aerobiosis Gln was deamidated into Glu and then deaminated 

into α-oxoglutarate (α-KG), which entered the Krebs cycle, where more than 45% of each 

intermediate was labeled and, therefore, derived from the amino acid. Moreover, a large 

fraction of Asp was labeled with only a small fraction of this used for Asn synthesis. In 

anaerobiosis, the intracellular levels of Gln, Glu and α-KG were higher, while, on the 

contrary, the intracellular levels of the other Krebs cycle intermediates were lower. 

Intracellular Aspartate was also markedly lowered, whereas Asn levels remained stable, 

even if the fraction derived from labelled Asp was clearly less evident. In summary, under 

hypoxic conditions the decrease or the increase of most intracellular metabolites 

proportionally involved all the isotopologues. In contrast, while most fractions of citrate 

were lower at 1%O2 than at 21%O2, the 13C5-labeled part, which derived from reductive 

carboxylation of Gln-derived α-KG, was higher under anaerobic than aerobic conditions. 

To confirm these data, we calculated the percentage of each citrate isotopologue, 

demonstrating that 13C5-labeled fraction was roughly 3% in aerobiosis but increased to 

15% under anaerobic conditions (Figure 12B). 

Evaluating the exchange rates, we found that 1.5 nmol/μg prot/day of citrate was secreted 

under aerobic conditions, more than 45% of which derived from Gln. Citrate secretion was 

still evident in hypoxia, even if was lower than in normoxia; on the other hand, the 13C5-

labeled fraction of secreted citrate was still higher in anaerobic than in aerobic conditions 

(Figure 12C). 
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Figure 12. Citrate metabolism in MSCs under aerobic and anaerobic conditions. Panels A-B-C. ALL-

MSCs and HD-MSCs, incubated for 48h at 21% or 1% of O2in Plasmax™, supplemented with 10% dialyzed 

FBS and 0.6 mM 
13

C5-glutamine. Relative isotopologue distribution of the indicated metabolites (A-B) and 

exchange rates of citrate (B) were measured in LC-MS. Data are expressed as peak areal/μg protein (A), 

percentage of total citrate (B) and nmol/μg protein/day (C), according to Eq. 4 (Materials and Methods). Data 

represent means ± SD of MSCs from four different leukemia patients and four different healthy donors, each 

used in triplicate. * p< 0.05, ** p< 0.01, *** p< 0.001 cells cultured at 1%O2 vs. cells cultured at 21%O2 (two-

tail t test for unpaired data). 
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5. Discussion 

In this report we demonstrate that primary mesenchymal stromal cells, derived from the 

bone marrow (BM) of ALL patients (ALL-MSCs), protect ALL blasts against L-

Asparaginase (ASNase) better than MSCs from healthy donors (HD-MSCs). ALL-MSCs 

differ from HD-MSCs under many aspects [149, 150] such as, for instance, the higher 

secretion of Activin A [151]. However, only few seem connected to the nutritional stress 

imposed by ASNase. A recent report indicates that ASNS is more expressed in ALL-MSCs 

than in HD-MSCs [152], although the change was only detected at mRNA but not at 

protein level. Consistently, we could not detect changes of ASNS protein in our panels of 

ALL-MSCs and HD-MSCs. 

Actually, although MSCs are considered of pivotal importance for the survival of ALL blasts 

during chemotherapy, no detailed information is available on the behavior of these cells 

during the treatment with ASNase. Here we show that the response of ALL-MSCs and HD-

MSCs to ASNase is similar. Indeed, upon incubation with the antileukemic drug, both 

groups, as other cell types undergoing ASNase treatment [30, 153], exhibit a dramatic fall 

in cell Gln and Asn, which trigger a nutritional stress response, highlighted by eIF2α 

phosphorylation, the induction of the pro-apoptotic gene DDIT3, and proliferative arrest. 

However, these changes are only transient, since MSCs resume proliferation after few 

days, demonstrating their capacity to successfully adapt to ASNase. In both cell types the 

depletion of Asn and Gln, imposed by ASNase, induces ASNS and GS. However, as in 

other amino acid depleted cell models [91, 110], ASNS induction is readily detectable at 

mRNA level, but ASNS protein does not show consistent changes, confirming the 

dissociation between mRNA and protein levels already described in MSCs [152]. On the 

contrary, a marked increase of GS protein expression is consistently seen at late times of 

ASNase treatment in all the primary ALL-MSC or HD-MSC strains tested. Increased GS 

expression is associated with a modest induction of the encoding gene GLUL but it is more 

likely attributable to a prolonged half-life of the protein, due to the depletion of intracellular 

Gln, which is a powerful negative regulator of GS degradation [107]. The similar behavior 

exhibited by ALL- and HD-MSCs excludes that their different protective activity on 

ASNase-treated ALL cells is due to a different ability to adapt to the metabolic stress 

imposed by the antileukemic enzyme. 

In all the strains used, either from ALL patients (Figure 2) or healthy donors (Figure 6), the 

GS inhibitor MSO suppresses MSC adaptation to ASNase and hindered GS expression at 

protein, but not at mRNA level, while ASNS expression is not affected. The mechanism 
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underlying the MSO effect on GS expression is unclear, although it should be recalled that 

MSO is a Gln analogue and, as such, it could promote GS degradation mimicking the 

natural amino acid [107]. In cells incubated with ASNase (Figures 2-6) or in a Asn-Gln-free 

medium (Figure 3), intracellular Gln is lower in cells incubated in the presence of MSO 

than in its absence, while Asn levels are comparable in the two conditions. This result 

indicates that GS is operative in Gln-depleted cells. Moreover, GS silencing has the same 

suppressive effect of MSO on the adaptation of MSCs to ASNase, definitely confirming 

that GS expression and/or activity are crucial factors for the successful adaptation of bone 

marrow MSCs, either ALL or HD, to ASNase. 

MSO also markedly hinders, but does not abolish, the increase in viability observed in 

ASNase-treated leukemic cells when they are co-cultured with MSCs (Figure 4). The 

partial inhibition of the protective effect is conceivable since MSCs operate several pro-

survival activities for ALL blasts, such as the induction of hERG potassium channel 

expression on the blast membrane [154], the activation of the Notch [80] or Wnt [155] 

pathways, down regulation of p21 [156], secretion of cysteine [78], PGE2 [79] or VEGFA 

[157]. Consistently, also Iwamoto et al. [68] still observed a significant protection of ALL 

blasts from ASNase by an immortalized MSC line even after ASNS silencing in 

mesenchymal cells. However, the large effect of the inhibitor on ALL protection 

demonstrates that GS activity plays a role of substantial importance in the promotion of the 

survival of ALL cells when they are co-cultured with ALL-MSCs.  

The synergistic toxicity between ASNase and MSO on ALL cells is only observed when 

they are cultured with ALL-MSCs, but not when they are treated with ASNase in 

monoculture (Figure 5). The simplest explanation of this effect would be that the GS 

activity in MSCs is needed for ALL cell protection. Nevertheless, although either incubation 

with MSO or GS silencing abolishes MSC adaptation to ASNase (Figure 2-4), GS silencing 

in MSCs only marginally hinders their protective activity on ALL cells (Figure 4), which is, 

instead, heavily affected by MSO under the same conditions. This discrepancy indicates 

that the interference of MSO on ALL protection by MSCs is only in part due to the inhibition 

of GS activity in the mesenchymal cells, while most of the effect should be attributed to the 

suppression of GS activity in ALL cells themselves. This result suggests, therefore, that, 

during ASNase treatment, a bi-directional, rather than uni-directional flux of nutrients 

occurs in the ALL niche: MSCs provide Asn to ASNS-negative ALL blasts, but require Gln 

synthesized by leukemic cells, which are GS-positive [91], to synthesize Asn.  
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This operational hypothesis is supported by experimental evidence presented here. 

Indeed, MSCs are able to extrude Asn (Figure 3) not only in Asn- and Gln-free medium, 

but, more importantly, also in a medium resembling human plasma composition, both in 

the presence of physiological levels of Asn and in the absence of the amino acid, a 

condition that mimics the bone marrow situation during ASNase treatment [36, 70]. 

The existence of a metabolic exchange of Gln and Asn in the ALL niche between MSCs 

and ALL blasts implies the operation of transporters able to mediate both a net efflux and a 

net influx of these amino acids. To identify these carriers, given the different competence 

for ALL protection of ALL- and HD-MSCs, we decided to compare the expression of genes 

potentially involved in the protective effect in two cell panels obtained from unrelated 

patients or donors (Figure 7). We found that SLC38A5, the gene that encodes for the Asn 

and Gln transporter SNAT5, is significantly more expressed in MSCs from ALL patients 

than from healthy donors. Consistently, Asn efflux is significantly faster from ALL-MSCs 

than from HD-MSCs. The increased expression of SNAT5 in ALL-MSCs has been also 

confirmed with Western Blot and immunofluorescence. SNAT5, a member of the so called 

“system N” together with the SNAT3 and the SNAT7 carriers, is a bidirectional transporter, 

which couples substrate fluxes with a Na+ symport and a proton antiport and can mediate 

either the influx or the efflux of Gln and Asn, depending on the prevailing gradient of its 

substrates [135]. 

The only obvious difference between MSCs from healthy donors and ALL patients is that 

the latter have interacted in vivo with the leukemic cells. Therefore, to reproduce this 

situation in vitro, we have cultured MSCs from healthy donors with blasts from ALL 

patients (Figure 8). Importantly, both SLC38A5 and ASNS are significantly induced in 

MSCs, suggesting that leukemic blasts manipulate amino acid metabolism and transport of 

stromal cells through changes in gene expression so as to increase MSC capability to 

exert an effective nutritional support. Conversely, also MSCs are able to influence gene 

expression in ALL cells. Indeed, ASNS, which is a typical marker of nutritional stress 

induced by Asn deprivation, is markedly down regulated in blasts upon co-culturing with 

MSCs, indicating that the interaction with stromal cells effectively relieves amino acid 

depletion in ALL cells. Interestingly, no induction of SLC38A5 is observed in MSCs from 

ALL patients upon co-culture with ALL blasts. Intuitively, lack of induction is conceivable 

since these cells have already interacted in vivo with leukemic blasts and, hence, express 

high levels of SNAT5. Indeed, it should be noted that also in the two panels of MSCs used 
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for the experiment shown in Figure 8A-8C, ALL-MSCs exhibit a significantly higher 

SLC38A5 expression than HD-MSCs (data not shown).  

The results reported in this contribution suggest that the different expression of SNAT5 in 

ALL MSCs mediates a larger efflux of Asn and contributes to their increased ability to 

support ALL cell viability upon ASNase treatment. However, until now, we have not been 

able to definitely confirm this hypothesis. In fact, SLC38A5 silencing in ALL-MSCs does 

not significantly reduce the protective activity of stromal cells (Appendix 1). The most likely 

explanation of this negative result is the induction of an another System N transporter, 

SNAT3, caused by the transfection procedure (Appendix 1, Figure 9). Indeed, 

paradoxically, the transfection with either SLC38A5 or scramble siRNA increases amino 

acid efflux compared to untransfected cells. An alternative approach to demonstrate 

SNAT5 role in protection would be to increase its expression in HD-MSCs, to verify if this 

condition leads to an increased protective effect.  

This thesis also demonstrates that either ALL blasts or MSCs are able to induce gene 

expression changes in the other cell type. Actually, the existence of a metabolic 

relationship between MSCs and ALL cells has been substantiated by other studies, which 

showed that MSCs drive ALL cells towards glycolysis [158] and mitochondrial uncoupling 

[159]. However, these reports are mainly focused on changes in central carbon 

metabolism induced in ALL blasts by stromal cells. Conversely, scarce information is 

available on the possible influence of ALL cells and, more in general, on the metabolism of 

bone marrow mesenchymal stromal cells themselves. For this reason, we undertook a 

preliminary characterization of the metabolic features of ALL-MSCs and HD-MSCs under 

physiological conditions at 21% or 1% of O2, thus mimicking as far as possible the bone 

marrow environment (Appendix 2). All the MSC strains tested, from leukemia patients or 

healthy donors, exhibit an aerobic glycolytic behavior (Appendix 2, Figure 11). This result 

seems in contrast with recent data indicating that ALL-derived extracellular vesicles switch 

MSC glucose metabolism from oxidative phosphorylation to aerobic glycolysis [160]. 

However, in that contribution HPV-immortalized MSCs, rather than primary cells, were 

used. 

MSCs seem not substantially affected by maintenance in hypoxic conditions and 

proliferate even at 1%O2, although the proliferative rate becomes slower with the 

prolongation of the hypoxic incubation. Actually, it should be recalled that the bone marrow 

environment is hypoxic. 
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Interestingly, MSCs secrete citrate (Appendix 2, Figure 12), an uncommon feature in 

normal cells and typical only of prostatic epithelium and astrocytes [161]. Under hypoxic 

conditions, citrate secretion is still evident, although lowered, but the amount of citrate 

synthetized through a reductive carboxylation of Gln-derived α-ketoglutarate increases. 

In summary, the preliminary results obtained thus far indicate that MSCs derived from ALL 

patients and healthy donors are both highly glycolytic and secrete significant amounts of 

citrate. Further experiments will ascertain if this metabolic behavior is modified by co-

culturing MSCs with ALL blasts and, in this case, if ALL- and HD-MSCs will behave 

similarly.   
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6. Conclusions and perspectives 

In conclusion, this dissertation describes mechanisms involved in the complex interaction 

occurring in the bone marrow between ASNS-negative Acute Lymphoblastic Leukemia 

blasts and mesenchymal stromal cells. The results allow to propose a working model of an 

amino acid trade-off between the two cell populations (Figure 13 upper). Under basal 

conditions, MSCs are able to synthetize and secrete Asn, and the presence of ALL blasts 

boost these stromal activities. In particular, leukemic cells induce ASNS and the bi-

directional Asn and Gln transporter SNAT5 in MSCs. At the same time, they provide MSCs 

with neo-synthetized Gln, the obliged substrate of ASNS. Thus, stromal cells have all the 

tools needed to increase synthesis, secretion and extracellular availability of Asn, which is 

required for the survival and proliferation of ALL blasts. 

An interesting aspect of this model is that, at least for SNAT5, the change in gene 

expression persists under in vitro culture conditions. Therefore, we propose that SNAT5 

induction is due to epigenetic mechanisms, an issue left for future investigations. Similarly, 

how leukemic cells induce these gene changes in MSCs remains an open question. We 

can speculate that, while a direct contact between the two cells does not seem to be an 

absolute requirement, cytokines or signaling molecules, either free in solution or enclosed 

in exosomes or extracellular microvesicles, are an interesting possibility. 

The proposed amino acid exchange would assume a peculiar relevance upon the Gln and 

Asn depletion induced by the anti-leukemic drug L-Asparaginase (Figure 13 lower). Under 

these conditions, MSCs adapt to ASNase through the up-regulation of Glutamine 

Synthetase. Thus, GS expression is required to maintain intracellular Gln, since fueling 

from ALL blasts is likely reduced by ASNase mediated hydrolysis of extracellular Gln. 

Since the protective effect is detected with ASNase present throughout the experiment, an 

involvement of targeted exosomes or extracellular microvesicles in the Asn/Gln 

intercellular fluxes is highly likely. 

Another point that should be underlined is that we focused our attention on MSCs; 

however, quite paradoxically, scarce information is available about amino acid transport 

and metabolism in ALL blasts. The transporters used to mediate the influx and efflux of 

Gln and Asn have never been investigated in these cells; moreover, neither ALL blast 

metabolic behavior during the treatment with ASNase nor its possible modulation by 

stromal cells have been studied. All these issues should be evaluated under conditions as 

far as possible reproducing the in vivo bone marrow environment, for instance in 3D-cell 

cultures or through microfluidic Organ-on-a-Chip models. 
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In light of our results we can conclude that Glutamine Synthetase and the transporter 

SNAT5 play key, but distinct, roles in the metabolic exchanges occurring in the ALL niche 

and, therefore, could be proposed as therapeutic targets to counteract ALL resistance to 

ASNase. Examples of nutritional support of cancer cells exerted by stromal cells through 

the release of amino acids have been increasingly reported in the last few years, for both 

haematological [59, 78] and non-haematological tumors [58, 162]. While Asn supply is 

very important for Asn-auxotrophic ALL cells, Gln is more often involved in nutritional 

exchanges between other cancers and stromal cells or between clones of cancer cells 

endowed with different metabolic properties. In these cases, cells with sizable GS 

expression have been proposed to produce Gln to support neoplastic cells [58, 162], 

although the transporters involved in these processes have remained thus far elusive. The 

results presented here point to the Asn-Gln SNAT5 transporter as one of these routes and 

prompt further studies on SNAT5 expression in stromal and cancer cells of Gln-addicted 

human tumors. 
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Figure 13. Amino acid trade-off between ALL blasts and Mesenchymal stromal cells(MSCs) in Bone 

Marrow Niche: a working model. Under basal conditions (upper panel), Asparagine Synthetase (ASNS)-

negative ALL blasts synthetize Glutamine (Gln) that is provided to MSCs for Asparagine (Asn) synthesis. In 

turn, Asn is extruded through the SNAT5 transporter to make it available for blasts. Upon Asparaginase 

(ASNase) treatment (lower panel), Asn and a large part of Gln in the bulk phase are hydrolyzed, promoting 

Glutamine Synthetase (GS) expression in MSCs that contributes to maintain the MSC pool Gln at levels 

permissive for the synthesis of Asn, which is then extruded towards ALL blasts, allowing their survival. In 

yellow, thus far unidentified transporters.  
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