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Abstract  

 

ETV6-RUNX1 (E/R) fusion gene, arising in utero from t(12;21), is the most frequent 

alteration in childhood acute lymphoblastic leukemia (ALL). Despite this, E/R is insufficient 

to overt disease since it generates a clinically silent pre-leukemic clone which contributes 

to hematopoiesis but fail to out-compete normal hematopoietic progenitors. Conversely, 

pre-leukemic cells show increased susceptibility to malignant transformation following 

additional genetic insults. Infections/inflammation are the most accredited triggers for 

mutations accumulation and progression in E/R+ pre-leukemic cells. However, how E/R 

and inflammation interact in promoting leukemia, both directly or through other cellular 

components in the bone marrow (BM) niche, is still poorly understood.  Here, we 

demonstrate that IL6/TNFα/ILβ pro-inflammatory cytokines cooperate with BM-MSC in 

promoting the emergence of E/R+ murine pro-B cells over their normal counterparts by 

differentially affecting their proliferation, survival and migration. Very interesting, E/R-

expressing human CD34+IL7R+ progenitors, a candidate population for pre-leukemic 

initiation during development, were preserved within the inflamed niche compared to their 

normal counterparts. Finally, the extent of DNA damage and activation-induced cytidine 

deaminase (AID) expression increase within the inflamed niche in both cell type, 

potentially leading to transformation in the apoptosis-resistant pre-leukemic clone. Overall, 

our data provide new mechanistic insights in childhood ALL pathogenesis. 
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Introduction  

 

ETV6-RUNX1 (E/R), generated from translocation t(12;21)(p13;q22)(1,2), is the 

most frequent fusion gene in pediatric cancer (3), exclusively leading to B-cell precursors 

acute lymphoblastic leukemia (BCP-ALL) (4). Translocation occurs in utero in 2-5% of 

healthy newborns (5–7) and drives the expansion of a clinically silent pre-leukemic clone 

which contributes to hematopoiesis but fail to out-compete the normal counterpart, 

demonstrating the weak oncogenic potential of E/R (8–10). On the other hand, pre-

leukemic cells show increased susceptibility to transformation following additional genetic 

insults, leading to overt disease in about 1% of E/R carriers (3,11). 

While the biology of E/R+ leukemia has been widely investigated, less is known 

about pre-leukemia. This is particularly important for the disease management if we 

consider that pre-leukemic mechanisms are responsible not only for the onset but also for 

long-term relapses evolving from secondary mutation in the original, chemoresistant pre-

leukemic clone (12–15). Epidemiological and experimental data showed that infections 

and inflammation are the most accredited triggers for mutation acquisition and malignant 

progression in E/R+ cells (16–20). Regarding this, we previously showed that E/R-

expressing Ba/F3 cells are resistant to the antiproliferative effect of TGFβ, a pleiotropic 

cytokine produced under inflammation, thus facilitating the expansion of the pre-leukemic 

clone in competitive growth assays (21). Fittingly, TGFβ increased the absolute number of 

a candidate population of pre-leukemic stem cells from E/R-transduced human cord-blood 

(UCB) CD34+ progenitors (21). More recently, it has been demonstrated that LPS 

exposure cooperated with AID and RAG1/2 enzymes to induce genomic instability in E/R 

pre-leukemic cells leading to leukemia in mice (19,22), while Sca1-E/R transgenic mice 

developed BCP-ALL at low penetrance only when exposed to common murine infective 

agents through increased RAG1/2 activity (ref. 19 and A.M. Ford, unpublished 
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observations). Overall, these observations seem to define a scenario in which infections 

and inflammation might prompt disease by both activating mutagenic mechanisms into 

pre-leukemic cells (16–20) and selectively expanding them in the bone marrow (BM) niche 

by altering the local microenvironment (23–25). It is well known, in fact, that hematopoietic 

stem-progenitor cells (HSPC) are strictly regulated by BM-derived signals both under 

physiological and pathological conditions. Of note, we previously suggested that E/R+ 

could affect interactions of pre-leukemic cells with the BM niche because of their altered 

expression of key adhesion molecules and impaired migration towards CXCL12 (26). 

Recently, BM-mesenchymal stromal cells (MSC) have gained great interest as 

components of the niche for their active role in leukemia onset and progression (27–31). 

BM-MSC, for example, are stimulated by BCP-ALL blasts to secrete CXCR1/2-binding 

chemokines which attract leukemic but not normal progenitors, leading to the 

establishment of a self-reinforcing leukemic niche (32,33). Moreover, since they are able to 

sense and modulate inflammation, especially through the secretion of cytokines (34), BM-

MSC can contribute to ALL pathogenesis (35,36). Regarding this, Zambetti et al. showed 

that, in leukemia-predisposing syndromes, mesenchymal-derived inflammation induces 

genotoxic stress in pre-leukemic HSPC favoring their progression to acute myeloid 

leukemia (AML) through the secretion of  S100A8/9 (37).  

Taking advantage of two E/R-expressing cellular systems (i.e. the murine pro-B cell 

line Ba/F3, a well-established inducible pre-leukemic model that we and others have 

successfully used in the past (21,26,38,39), and human umbilical cord blood (UCB)-

derived CD34+ progenitors), we show that BM-MSC and inflammation cooperate in 

favoring the emergence of E/R+ pre-leukemic cells, in addition to predispose them to 

malignant transformation. 

 

Material and methods  
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• E/R-inducible Ba/F3 model 

The mifepristone-inducible GeneSwitch system (Life Technologies, Carlsbad, CA, USA) 

was used to express E/R, fused to the V5 epitope, in the IL3-dependent murine pro-B cell 

line Ba/F3. Cell viability and E/R expression efficiency were verified by flow cytometry 

using a FITC-conjugated anti-V5 antibody (Abcam, Cambridge, UK) as previously 

described. Experiments were performed with cells showing >85% viability and >80% FITC 

positivity except when specified in the text. 

 

• BM-MSC derivation and culture 

Murine and human healthy donors-derived BM-MSC were isolated and characterized as 

described in Supplementary Materials. Enrolled healthy donors were stem cell-donors 

whose BM was collected at the Pediatric Department of Fondazione MBBM/San Gerardo 

Hospital (Monza, Italy) for transplant purposes. 

• Competitive murine mesenchymal niche model 

Control and E/R+ Ba/F3 were mixed (2.5x104 total cells) at a starting ratio of 20:80% and 

plated in standard liquid culture conditions in the absence (basal) or presence of rhTGFβ1 

(10ng/mL) (R&D System), rmCXCL1 (100-500 ng/ml) or a cocktail of pro-inflammatory 

cytokines (20ng/mL rmIL6, 25ng/mL rmIL1β and 50ng/mL rmTNFα). Alternatively, cells 

were plated on murine BM-MSC in the presence or absence of inflammatory cytokines or 

LPS (InvivoGen, San Diego, CA, USA). In some experiments, mixed Ba/F3 cells were 

plated directly on BM-MSC or on a Transwells® insert of 0.4µm above BM-MSC. Where 

indicated, the CXCR2 inhibitor SB265610 was added (1µM). After 4 days of cultures, cells 

were analyzed as described in Supplementary Materials. 
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• Ba/F3 gene expression profile 

E/R induction experiments in Ba/F3 showing >90% vitality and >90% FITC positivity were 

chosen for gene expression profile analysis by Gene Chip Mouse 2.0 Arrays (Affymetrix  

Inc.,  Santa  Clara,  CA, USA). Details are described in Supplementary Materials and 

Supplementary Table S1 . 

• Migration assay 

Control and E/R+ Ba/F3 (3x105) were resuspended in 100 µL of migration medium 

(Advanced RPMI, (Thermo Fisher Scientific, Waltham, MA, USA), 2% FBS (GE 

Healthcare), 1% L-glutamine (Euroclone, Milan, Italy) and loaded into the upper chamber 

of 8.0 µm Transwells (Costar Transwell® Permeable Supports, Corning Inc., MA, USA). 

Murine BM-MSC supernatant (600 μl) was added to the lower chamber. SB-265610 

(Calbiochem, San Diego, CA, USA) (1µM) was used to inhibit CXCR2. The details can be 

found in Supplementary Materials. 

 

• Cell cycle analysis 

Control and E/R+ Ba/F3 (0.5x106) were stained with 2.5µM carboxyfluorescein succinimidyl 

ester (CFSE) (eBioscience). 2.5x104 stained cells were mixed (20%ctr:80%E/R+) and 

cultured in 6-well plates under basal condition or on murine BM-MSC in the presence or 

absence of inflammatory cytokines. After 4 days, cells were analyzed by flow cytometry to 

determine CFSE mean fluorescence intensity (MFI). Details in Supplementary Materials. 

 

• Apoptosis and DNA damaging assays 
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Mixed control (ctr) and E/R+ Ba/F3 cells (20% ctr: 80% E/R+, 2.5x104 tot) were cultured in 

6-well plates under basal condition or on BM-MSC in the presence or absence of 

inflammatory cytokines. After 4 days, cells were analyzed by flow cytometry to determine 

the percentage of annexin V-negative E/R+ or control Ba/F3 cells. Alexa Fluor® 647-anti-

Phospho-Histone H2A.X Ser139 (20E3) (Cell Signalling, Danvers, MA, USA) MFI was 

used as indicator of DNA double strand breaks (DSB). Experimental details in 

Supplementary Materials. 

 

• Transduced UCB-CD34 + and BM-MSC co-cultures  

Sorted pRRL-GFP and pRRL-E/R-GFP-transduced UCB-CD34+ cells (see Supplementary 

Materials for details) were resuspended in stem culture medium (StemSpam SFEM-II, 

StemCell Technologies, Vancouver, Canada supplemented with 100 ng/mL SCF, 100 

ng/mL FLT3-ligand, 10 ng/mL IL3, 20ng/mL IL6 and 50ng/mL TPO, all from Peprotech, 

Rocky Hill, NJ, USA)) and plated on BM-MSC monolayers in presence or absence of rhIL6 

(40 ng/mL), rhIL1β (50 ng/mL) and rhTNFα (100 ng/mL) (Immunotools) for 72 h. At the end 

of the co-culture, cells were analyzed as described in Supplementary Materials. 

• Statistical Analysis 

Student’s t-test with p<0.05 was used to define statistically significant results. Where 

indicated, one-sample t-test was used with the same significance threshold. Raw data 

were elaborated by Microsoft Excel or GraphPad programs. 

 

Results  

Inflammation favors the emergence of the E/R + pre-leukemic clone in an in vitro 

model of competitive mesenchymal niche  
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 In order to investigate if BM-MSC and inflammation could cooperate in favoring 

the emergence of E/R+ pre-leukemic cells, we performed a competitive growth assay as 

we did in the past to study the effect of TGFβ (21). In this assay, E/R-expressing (E/R+) 

and control Ba/F3 cells are mixed at a starting ratio of 80%:20%, in consideration of the 

proliferative disadvantage of the first, and the mix is cultured for 4 days in presence or 

absence of candidate factors. In this case, the mix was plated on murine BM-MSC 

monolayers (a system indicated hereafter as “competitive mesenchymal niche”) with or 

without IL6, IL1β, and TNFα (Supplementary Fig. 1) . In agreement with our previous 

findings, we observed a substantial reduction in the percentage of E/R+ Ba/F3 cells after 

96h of standard liquid culture compared to day zero (28%±14% E/R+). On the contrary, 

E/R+ cells achieved a numerical parity with control cells in presence of TGFβ (50%±20% 

E/R+, p<0.01) (21). Co-culturing E/R+ and control Ba/F3 cells on unstimulated BM-MSC did 

not provide differences compared to basal condition (21%±12 % E/R+, p=ns) while, 

interestingly, the addition of pro-inflammatory cytokines to the competitive mesenchymal 

niche significantly increased the percentage of E/R+ Ba/F3 cells (47%±17% E/R+, p<0.01) 

within the mix. Of note, no effect was observed by exposing mixed control and E/R+ Ba/F3 

to IL6/IL1β/TNFα in the absence of BM-MSC (27%±12% E/R+, p=ns) (Fig. 1 ).  Since it has 

been demonstrated that lipopolysaccharide (LPS) promotes E/R-driven leukemogenesis in 

vivo (19), we tested the effects of LPS stimulation on our competitive mesenchymal niche 

model but, in this case, we did not detect an advantaging effect for pre-leukemic cells 

(Supplementary Fig. 2 ).  

 

Soluble factors mediated the pre-leukemia advantagi ng effect within the competitive 

inflamed niche 

 We then investigated if soluble factors rather than cell-cell contacts mediated the 

pre-leukemia-advantaging effect within the competitive mesenchymal niche in the 
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presence of IL6/IL1β/TNFα. As shown in Supplementary  Fig. 3A , no differences emerged 

by performing experiments on 0.4µm Transwell or direct co-cultures, indicating that 

secreted factors were likely the main responsible for the observation. However, we could 

rule out a major involvement of TGFβ because its concentration in murine BM-MSC 

supernatants decreased after IL6/IL1β/TNFα stimulation at all time-points considered 

(Supplementary  Fig. 3B ). We thus questioned about other mechanisms potentially 

involved. Preliminary studies on human BM-MSC cells indicated that IL6/TNFα/IL1β 

stimulation profoundly altered their secretory profile in vitro (Supplementary Table 1 ). Of 

note, hBM-MSC grown for 24h in the presence of the inflammatory cytokines increased 

secretion of chemokines binding to CXCR1 and CXCR2 receptors (CXCL1/2/3, CXCL5, 

CXCL6 and CXCL8); in particular, CXCL1 was the most upregulated one (Fig. 2A ). 

Accordingly, murine BM-MSC dramatically increased CXCL1 release after 24h stimulation 

with IL6/TNFα/IL1β (inflamed: 30162±4760; unstimulated: 78±28 pg/mL; p<0.01), 

indicating conservation of the pathway across the two species (Fig. 2B ). On the other 

hand, by performing gene expression profile (Supplementary Fig. 4A ) and gene ontology 

analysis (Supplementary Fig. 4B ) on E/R+ and control Ba/F3 cells, we found that E/R+ 

Ba/F3 upregulated pathways involved in the immune and inflammatory response (i.e. 

inflammatory response; regulation of immune system process; leukocyte activation 

involved in the immune response), including myeloid response (i.e. neutrophil 

degranulation; myeloid cell activation involved in the immune response). Very interesting, 

Ingenuity Pathway Analysis indicated that CXCR2 signaling was one of the top canonical 

pathways upregolated in pre-leukemic cells (Supplementary Fig. 4C ). 

 Prompted by these preliminary observations, we asked if CXCR2 could play a role 

in the emergence of pre-leukemic cells within the competitive mesenchymal niche in the 

context of inflammation. To address this, we performed the competitive mesenchymal 
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niche assay in presence or absence of IL6/TNFα/IL1β and the specific CXCR2 inhibitor 

SB265610. As shown in Supplementary Fig. 5,  inhibition of CXCR2 did not abolished the 

relative increase in pre-leukemic cells percentage within the inflamed niche. Similarly, 

addition of recombinant CXCL1 did not advantage E/R+ cells within the competitive culture 

(Supplementary Fig. 6 ). 

 

Inflamed BM-MSC preferentially attract E/R + pro-B cells through the CXCR2 receptor  

 We thus questioned about the functional significance of CXCR2 signaling 

activation in E/R+ Ba/F3 cells. CXCR2 is a chemokine receptor expressed by neutrophils, 

macrophages, and endothelial cells that guides cells toward sites of inflammation (40,41). 

Recently, it has been demonstrated that CXCR2 represents a selective migratory pathway 

in BCP-ALL, as leukemic cells stimulate BM-MSC to secrete CXCR2 ligands which in turn 

attracted blasts but not normal progenitors36. Since we previously found that E/R 

expression profound impacts cell migration (26), we asked if CXCR2 signaling could have 

a migratory role also in E/R+ pre-leukemic cells.  

 Firstly, we analyzed CXCR2 expression in control and E/R+ Ba/F3 cells by RT-

qPCR and flow-cytometry. As shown in Fig.3A,  pre-leukemic cells strongly expressed 

CXCR2 at both the mRNA and surface protein levels. In contrast, control cells showed low 

transcriptional levels of the receptor and were negative for its membrane expression 

(mRNA fold increase = 140.2±45.2, p<0.001; MFI: E/R+ = 1378±807; ctr = 284±167, 

p<0.05). Interestingly, E/R+ BCP-ALL primary blasts expressed much higher levels of 

CXCR2 mRNA than their E/R- counterparts, suggesting that a functional significance of the 

receptor could be maintained along the natural history of the disease. On the contrary, 

expression of CXCR1, the cognate receptor of CXCR2 (42,43), was not significantly 

affected in leukemic blasts of E/R+ patients (Supplementary Fig.7 ). Although a significant 
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increase in CXCR1 transcription occurred in E/R+ Ba/F3 cells (CXCR1 mRNA fold 

increase = 55.3±7.9, p<0.001), no protein expression on surface was observed (Fig.3B ). 

 In light of these evidences, we performed migration assay of pre-leukemic and 

control Ba/F3 cells towards conditioned media of BM-MSC stimulated or not with pro-

inflammatory cytokines, in the presence or absence of the specific CXCR2 inhibitor 

SB265610 (Fig. 4 ). Inflamed BM-MSC supernatants increased migration of both normal 

and pre-leukemic Ba/F3 cells compared to unstimulated conditioned medium, although the 

increase was significant only in the latter case (% control migrated cell/input: MSC-

CM=5.9±2.9; INFL.MSC-CM: 14.3±9.6, p=ns) (% E/R+ migrated cell/input: MSC-CM= 

4.6±3.3; INFL.MSC-CM: 30.2±9, p<0.01). In particular, E/R+ cells migrated 2-fold more 

efficiently towards inflamed MSC-conditioned medium compared to controls (% migrated 

cell/input toward INFL.MSC-CM: E/R+ =30.2±9.1; ctr=14.3±9.6, p<0.01). On the other 

hand, no significant differences were observed between control and E/R+ Ba/F3 in case of 

unstimulated BM-MSC conditioned medium (% migrated cell/input toward MSC-CM: 

E/R+=4.6±3.3; ctr=5.9±2.9, p=ns). As expected, CXCR2 inhibition hampered E/R+ Ba/F3 

cell migration, albeit to different extents: the inhibitory effect was mild and not statistically 

significant if cells were exposed to unstimulated conditioned-medium (%E/R+ migrated 

cells/input: -SB265610=4.6±3.3; +SB265610=2.2±1.3, p=ns), whereas it was consistent 

and significant if exposed to inflamed supernatants (% E/R+ migrated cells/input: -

SB265610=30.2±9; +SB265610=7.7±4.3; p<0.01). In contrast, CXCR2 inhibition did not 

affect the migration of control cells. Altogether, these data indicate that the CXCR2 

pathway mediates migration of E/R+ Ba/F3 cells towards the inflamed sustaining niche 

although it does not directly favor the emergence of pre-leukemic cells. 

 

Proliferation and survival of normal, but not E/R +, pro-B cells decrease in the 

presence of BM-MSC and IL6/TNF α/IL1β 
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 In order to better elucidate mechanisms underlying the emergence of pre-

leukemic cells within the competitive inflamed niche, we analyzed proliferation and 

apoptosis in control and E/R+ Ba/F3 cells when exposed to such microenvironmental 

condition (Fig. 5A ). Consistent with our previous report (21), E/R+ Ba/F3 cells cultured in 

standard liquid culture displayed a lower proliferative rate than control cells, as judged by 

higher CFSE intensity. Of note, comparable results were observed by co-culturing the 

Ba/F3 mix on unstimulated BM-MSC. Interestingly, both Ba/F3 cell populations cultivated 

on BM-MSC in the presence of IL6/IL1β/TNFα decreased proliferation compared to the 

unstimulated condition. However, decrease was more evident in control (CFSE MFI fold 

change +MSC+INFL.CK vs +MSC: ctr=4.4±1.8, p<0.05) than pre-leukemic Ba/F3 cells 

(CFSE MFI fold change +MSC+INFL.CK vs +MSC: E/R+=2.2±0.6, p<0.001). Importantly, a 

striking difference was observed in terms of apoptosis: cell death, in fact, was strongly 

induced in control cells within the competitive inflamed niche (% ANN-V negative cells: 

+MSC=68.4±5.7; +MSC+INFL.CK=48.2±1.3, p<0.05), whereas survival of E/R+ cells was 

completely unaffected (Fig. 5B ).  

 

Human normal, but not E/R +, CD34+IL7R+ progenitors decrease in number in the 

presence of BM-MSC and IL6/TNF α/IL1β 

 Although inducible E/R-expressing Ba/F3 cells proved to be a reliable system to 

study E/R+ pre-leukemia (21,26,38,39), we wanted to test the effects of BM-MSC and 

IL6/IL1β/TNFα also in a human pre-leukemic cellular model. It has been recently 

demonstrated that fetal CD34+CD19-IL7R+ progenitors are the bona fide initiating 

population of E/R pre-leukemia during development (44). Thus, we asked if pre-leukemic 

CD34+CD19-IL7R+ cells could be advantaged by the presence of BM-MSC and 

inflammation compared to controls. For this purpose, we transduced umbilical cord blood-

CD34+ (UCB-CD34+) progenitors with pRRL-GFP or pRRL-E/R-GFP lentiviral vectors 
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(control or (E/R+ UCB-CD34+, respectively) and separately cultured them on human BM-

MSC for 72h in the presence or absence of IL6/IL1β/TNFα. By adopting this short-term 

culture system, the whole population lacked CD19 expression; on the contrary, a 

CD34+IL7R+ subpopulation clearly emerge in both control and pre-leukemic cells 

(Supplementary Fig.8A, gate P7). As experimental read-out, the relative number and 

percentage of total GFP+ cells, CD34+IL7R+, CD34+IL7R- and CD34- fractions was 

calculated for each condition (control cells+MSC; control cells+MSC+IL6/IL1β/TNFα; E/R+ 

cells +MSC; E/R+ cells +MSC+IL6/IL1β/TNFα). In case of control cells, addition of pro-

inflammatory cytokines to the co-culture (Fig. 6A , lower graph) increased the number of 

total GFP+ (tot control GFP+: +MSC = 6117±1646; +MSC+INFL.CK= 8077±1087; p<0.05). 

Such increase was accompanied by the expansion of more differentiating CD34- cells and 

a significant reduction of CD34+IL7R+ progenitors (control CD34-: +MSC = 3649±963; 

MSC+INFL.CK: 5516±622, p<0.05; control CD34+IL7R+ number: +MSC = 373±101; 

+MSC+INFL.CK: 254±56, p<0.05; control CD34+IL7R+ percentage: +MSC = 6.1%±0.5%; 

+MSC+INFL.CK: 3.1%±0.3%, p<0.01), while no alterations were observed in the 

CD34+IL7R- fraction.  

 Regarding E/R-transduced UCB-CD34+ cells, it is notable that expression of the 

E/R itself led to the specific expansion of the CD34+IL7R+ compartment, in line with 

previous findings (44) (Fig. 6B, upper graph; control CD34+IL7R+= 373±101; E/R+ 

CD34+IL7R+= 635±44, p<0.05). On the contrary, the fusion gene had no significant impact 

on the CD34+IL7R- and CD34- fractions in basal (non-inflamed) condition. Very interesting, 

in the presence of BM-MSC and inflammatory cytokines E/R-expressing CD34+IL7R+ 

progenitors were preserved from reduction, in sharp contrast to what observed in controls 

(E/R+ CD34+IL7R+: +MSC = 635±44; +MSC+INFL.CK: 727±142, p=ns) (Fig. 6B, lower 

graph). On the other hand, the number of total pre-leukemic GFP+ cells decreased (tot 

E/R+ GFP+: +MSC+INFL.CK= 6374±997; +MSC = 6727±1300; p<0.05), possibly due to a 
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reduction of the CD34- fraction (E/R+ CD34-: +MSC = 4403±726; +MSC+INFL.CK: 

3615±542, p<0.05) while that of CD34+IL7R- cells were unaffected.  

 Since a CD34highIL7R+ phenotype was recognizable in both control and E/R+ 

UCB-CD34+-derived populations (Supplementary Fig. 8A, gate P8), we decided to 

extend the analysis to this fraction as well. Similar to what observed in the general 

CD34+IL7R+ compartment, the CD34highIL7R+ fraction was significantly decreased in the 

control population within the inflamed BM-MSC co-culture (fold-change control 

+MSC+INFL.CK vs +MSC = 0.63±0.07; p<0.05), while it was slightly increased in the pre-

leukemic one (fold-change E/R+ +MSC+INFL.CK vs +MSC =1.09±0.03; p<0.05, 

Supplementary Fig. 8B ). 

 

The inflamed mesenchymal niche represents a genotox ic microenvironment for 

hematopoietic progenitors  

Since it has been demonstrated that mesenchymal inflammation induces genotoxic 

stress in HSPC (37), we sought to determine the extent of DSB in control and E/R+ Ba/F3 

cells within the inflamed niche. As judged by the levels of histone 2AX phosphorylation 

(γH2AX), pre-leukemic cells grown under basal conditions were characterized by higher 

levels of DNA DSB compared to control cells (γH2AX MFI fold increase: E/R+ = 1.86±0.65, 

p<0.05), confirming the intrinsic genotoxic activity of E/R (11) (Fig.7A ). Interestingly, while 

exposure to unstimulated BM-MSCs did not affect basal γH2AX in both E/R+ Ba/F3 and 

control cells, co-culturing them on BM-MSC in the presence of IL6, TNFα and IL1β  

increased γH2AX in both groups (γH2AX MFI fold increase +MSC+INFL.CK vs +MSC: 

E/R+ = 2.28±1.56, p<0.05; ctr = 4.36±1.61, p<0.01). Additionally, we asked whether 

deregulation of activation-induced cytidine deaminase (AID), a well-established mutagenic 

mechanism of E/R+ pre-leukemia to leukemia transition in vivo (19), may also be present in 
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our system. As shown in Fig. 7B , pre-leukemic Ba/F3 cells basally expressed higher levels 

of AID mRNA compared to controls (AID mRNA fold increase: E/R+ vs ctr = 4.9±2.1, 

p<0.05). Very interesting, AID expression further increased in both control and E/R+ Ba/F3 

cells once exposed to the inflamed niche secretome (AID mRNA fold increase 

+MSC+infl.ck vs basal: ctr = 14.7±10.9, p<0.05; E/R+ = 6.3±1.6). Overall, these data 

demonstrated that the inflamed niche represents a genotoxic microenvironment for 

hematopoietic progenitors that could promote malignant transformation in the apoptosis-

resistant E/R+ clone. 

 

Discussion 

 Dysregulated inflammatory and immune responses to common infections are 

emerging as the main candidate risk factors for pre-leukemia to leukemia transition in 

BCP-ALL (45). Epidemiological studies taking into account seasonal infection peaks, time-

space clustering of BCP-ALL cases and population mixing, came to the conclusion that the 

increase in leukemia incidence strongly correlates with infective events (16–18,45). 

Notably, infections and inflammation profoundly modifies the BM cellular and molecular 

composition by inducing a switch from the physiological hematopoiesis to a demand-

adapted hematopoietic response (46). Paradoxically, many of the mechanisms that 

regulate HSPC during the so-called “emergency hematopoiesis”, including cytokines, 

growth factors, chemokines and adhesion molecules, may regulate leukemic progenitors 

(47), thus suggesting a possible molecular explanation for the correlation between ALL 

onset and infective events. 

 In line with this hypothesis, we and others have proposed a model in which E/R+ 

pre-leukemic progenitors, which is known to contribute to hematopoiesis but fail to out-

compete normal HSPC (10), could gain a selective advantage from the infection-induced 
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modifications in the BM, particularly from alterations of the local cytokine milieu (21,44). In 

this regard, we previously demonstrated that TGFβ, a key immune modulator produced 

during inflammation (48), reduces proliferation in control but not in E/R+ Ba/F3 cells (21). 

Additionally, in this cellular model, E/R+ impaired ERK phosphorilation and consequent 

chemotaxis in response to CXCL12 (26), a crucial cytokine for HSPC organization and 

functions in the niche (32,33,49). On  the other hand, Torrano and colleagues showed that 

E/R+ murine and human cells ectopically expressed the erythropoietin receptor (EPOR) 

and EPOR signalling mediated cell survival through the JAK2/STAT5/BCL-XL pathway 

activation (50). More recently, in a model of human E/R-expressing iPS that resembles the 

fetal B cell development, Böiers et al. have shown that pre-leukemic progenitors are 

characterized by a lympho-myelo gene expression profile and are able to survive in the 

presence of myeloid cytokines, contrarily to normal fetal progenitors (44).  

Collectively, these observations indicate that E/R impacts on several pathways 

regulating the homeostasis of hematopoietic cells within the BM niche. On the other hand, 

the BM microenvironment may exert a complementary role in E/R-driven leukemogenesis. 

Interestingly, during infections and inflammation, BM stromal cells are able to stimulate 

proliferation and maturation of myeloid progenitors through the secretion of myeloid growth 

factors (46,47,51). 

 Here, we demonstrated that BM-MSC cooperate with IL6, TNFα and IL1β pro-

inflammatory cytokines in favoring the persistence and potential transformation of E/R+ 

pre-leukemic HSPC, in particular by affecting their proliferation, migration and survival, as 

well as DNA damage and AID expression levels. IL6, TNFα and IL1β are pleiotropic 

cytokines precociously secreted by pathogen receptors (PRRs)-expressing cells in 

response to several types of infections (52). In addition to regulate proliferation and 

differentiation of normal HSPC under infective conditions (47), IL6, TNFα and IL1β can 
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contribute to the establishment and maintenance of the leukemic niche (53–55). However, 

by performing competitive growth assay in the absence of BM-MSC, no advantaging effect 

of IL6/IL1β/TNFα on E/R-expressing pro-B cells was observed. On the other hand, E/R+ 

Ba/F3 were not favored in the presence of unstimulated BM-MSC, indicating that the 

emergence of pre-leukemic cells strictly depends on IL6/IL1β/TNFα-mediated 

mesenchymal inflammation. Unexpectedly, no increase in E/R+ Ba/F3 was observed by 

adding LPS to the competitive mesenchymal niche despite its role in leukemogenesis in 

mice (19). A possible explanation is that LPS may affect other niche component in vivo or 

may indirectly act on BM-MSC by stimulating antigen-presenting cells to secrete IL6, IL1β 

and TNFα. By transwell experiments, we have evidences that soluble molecules are the 

main determinants of the pre-leukemia sustaining effect provided by the inflamed niche. 

However, neither TGFβ nor CXCL1, a new candidate factor emerging from our 

investigations, appears to be directly involved. On this regard, it is tempting to speculate 

that myeloid features of E/R+ Ba/F3 cells could, at least in part, account for their advantage 

within the inflamed niche (37,46,47,51). Interestingly, aberrant expression of myeloid 

genes and surface antigens is frequently observed in E/R+ blasts (56) and a myelo-lympho 

phenotype was identified in human E/R+ CD34+IL7R+ progenitors, a recently proposed 

cellular target of E/R activity during fetal hematopoiesis (44). Remarkably, we found that 

normal CD34+IL7R+ progenitors (including the CD34highIL7R+ fraction) are negatively 

affected by mesenchymal inflammation, while E/R expression specifically preserved this 

compartment, possibly leading to its emergence under infective/inflammatory events. 

In addition to favoring pre-leukemia emergence, we found that the inflamed niche 

represents an attractive and genotoxic microenvironment for pre-leukemic cells. BM-MSC, 

in fact, strongly increased secretion of CXCR1/2 ligands after stimulation with 

IL6/IL1β/TNFα while pre-leukemic (but not control) Ba/F3 cells expressed the CXCR2 

chemokine receptor. Accordingly, we observed robust CXCR2-dependent migration of 
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E/R+ Ba/F3 cells towards inflamed BM-MSC supernatants. Of note, CXCR2 was 

overexpressed also in E/R-positive compared to E/R-negative primary blasts, suggesting a 

possible conserved mechanism across the natural history of the disease and clarifying the 

functional meaning of the CXCR2-CXCL1 axis in our model.  

On the other hand, exposure to the inflamed niche increased the extent of DSB in 

both control and E/R+ pro-B cells. However, while normal pro-B cells underwent apoptosis, 

E/R+ Ba/F3 cells were able to persist despite accumulating genetic damages. Intriguingly, 

pre-leukemic Ba/F3 cells showed higher basal levels of γH2AX, indicating that, besides 

inducing genetic stress, E/R could trigger anti-apoptotic pathways that counteract it. In 

good agreement with this hypothesis, E/R has been shown to induce intracellular reactive 

oxygen species (ROS) in B cells (11), while affecting genes involved in the DNA damage 

repair (DDR) system (38,57), in particular by impairing the p53 pathway (58). In addition to 

DSB, E/R+ Ba/F3 cells show higher basal levels of AID mRNA compared to control. 

Noteworthy, the genotoxic inflamed niche induces a further upregulation of AID in both cell 

groups. It has been demonstrated that repetitive LPS stimulation promoted E/R+ pre-BII 

malignant transformation in vivo through coordinate AID and RAG activities (19). Although 

we could not detect expression of RAG enzymes in Ba/F3 cells (data not shown), which 

was expected given their developmental stage (59), a functional role for AID in these cells 

has been proposed (60). In a transgenic mouse model of proB ALL predisposition, AID 

deletion surprisingly accelerated leukemia development, while the rare proB tumors 

developed by AID-expressing mice showed a significant upregulation of the enzyme (60). 

Thus, it is tempting to speculate that increased AID levels could promote off-target 

mutations in the apoptosis-resistant pre-leukemic clone, contributing to its malignant 

transformation. 

In conclusion, we propose a model where the concerted action of inflammation and 

BM-MSC preferentially attracts E/R+ cells to a sustaining niche that negatively affects 
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proliferation and survival of normal hematopoietic progenitors while minimally or not impact 

on pre-leukemic cells, thereby providing these latter with a selective advantage over their 

normal counterparts. In addition, the inflamed niche predisposes pre-leukemic cells to 

malignant transformation by the accumulation of DNA damage and increased expression 

of AID enzyme. Further characterization of the crucial pathways sustaining E/R+ pre-

leukemic cells within the inflamed niche could provide mechanistic insights into E/R-driven 

pathogenesis. This knowledge could in turn be useful for the design of specific inhibitors 

that could prevent pre-leukemia to leukemia transition and avoid relapses derived from 

secondary evolution of pre-leukemic clones. 
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Figure Legend 

 

Fig.1: Inflammation favors the emergence of E/R + Ba/F3 cells in an model of 

competitive mesenchymal niche . A mixture of E/R+ and control Ba/F3 cells (80%:20%) 

was grown under the indicated conditions. BASAL: standard liquid culture; +TGFβ: 

standard liquid culture + TGFβ (10ng/mL); + inflammatory cytokines (INFL. CK): standard 

liquid culture + IL6 (20ng/mL), TNFα (50ng/mL) and IL1β (25ng/mL); +MSC: Ba/F3 and 

murine BM-MSC co-culture; +MSC+INFL.CK: Ba/F3 and murine BM-MSC co-culture +IL6, 

TNFα and IL1β. After 4 days, the percentage of E/R+ cells in the mix was quantified by 

flow cytometry using a FITC-conjugated anti-V5 tag antibody. An anti-mCD45 was used to 

discriminate between MSC (mCD45-) and Ba/F3 cells (mCD45+). Peak histograms in the 

figure are from a representative experiment, while values indicate mean±SD of 6 

independent experiments. Paired Student’s t-test (**, p<0.01) was applied to compare the 

percentage of E/R+ cells grown for 4 days under the indicated conditions vs the basal 

culture.   

 

Fig.2: BM-MSC increase secretion of CXCR1/2 ligands  after stimulation with pro-

inflammatory cytokines. A)  Human BM-MSCs from three different healthy-donors were 

grown in 2% FBS-supplemented media in presence or absence of IL6 (40ng/mL), IL1β 

(50ng/mL) and TNFα (100ng/mL) for 24 h. Conditioned media (CM) were collected, 

centrifuged, and analyzed by Human Cytokines Array C1000 protein arrays (RayBio). Data 

were acquired through the UVITEC Cambridge® instrument and densitometry 

quantification performed by ImageJ® software. For each donor, protein fold-changes (FC) 

of inflamed vs unstimulated supernatants were calculated. The table shows the FC mean 

values of the 10 most upregulated proteins obtained in three independent experiments; the 
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indicated p-values were calculated by Student’s t-test. CXCR1/2 ligands are indicated in 

grey. B) CXCL1 quantification by enzyme-linked immunosorbent assay (ELISA) in the 

supernatants of murine BM-MSCs grown in 2% FBS-supplemented media in the absence 

(MSC) or presence of IL6, TNFα and IL1β  (MSC+INFL.CK) for 24h. Values are shown as 

mean±SD of 3 independent experiments. Student’s t-test: **, p<0.01. 

 

Fig.3: Overexpression of CXCR2 mRNA and cell surfac e protein in E/R + Ba/F3 cells. 

A)  RT-qPCR analysis of CXCR1 and CXCR2 mRNA expression in control and E/R+ Ba/F3 

cells after 72 h of mifepristone treatment. cDNA was subjected to TaqMan qRT-PCR and 

normalized for Hprt gene expression. Values are shown as mean±SD of 6 independent 

experiments; for each experiment, the 2-ΔΔCt value of Ba/F3 control was considered as 

reference. One sample t-test: §§§, p<0.001. B)  CXCR1 and CXCR2 protein membrane 

expression was quantified as mean fluorescence intensity (MFI) by FACS analysis. In the 

scattered dot plot, values are expressed as mean±SD of 6 independent experiments. 

Student’s t-test: *, p<0.05. 

 

Fig.4: Enhanced migration of E/R + Ba/F3 cells towards inflamed BM-MSC 

conditioned medium is CXCR2-dependent . Transwell® migration (3h) of control and 

E/R+ Ba/F3 towards basal (MSC-CM) or inflamed (INFL.MSC-CM) MSC supernatant in the 

presence or absence of the CXCR2-inhibitor SB265610 (1 µM). The number of migrated 

cells was determined by flow-cytometry. A set number of fluorescent reference beads (BD 

Trucount® tubes) was used as internal calibrator, as described in the Material and 

Methods. Cells were counted in technical triplicates for 30 seconds. The percentage of 

migrated cells was determined by dividing the number of cells in the lower chamber by the 

number of cells loaded into the upper chamber (input). Values are given as mean±SD of 5 

independent experiments. Paired Student’s t-test: **, p<0.01. 
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Fig.5: Differential effect of the inflamed mesenchy mal niche on the proliferation and 

survival of ER- and ER+ Ba/F3 cells.  A) E/R+ and control Ba/F3 cells were stained with 

carboxyfluorescein succinimidyl ester (CFSE) and co-cultured (80%:20%) for 4 days in 

standard liquid culture (basal) or on murine BM-MSC monolayers in the presence or 

absence of IL6/TNFα/IL1β. CFSE MFI of mCD45+ cells was evaluated by flow-cytometry. 

The E/R+ fraction was detected thanks to a specific antibody against the E/R fusion 

sequence in place of the FITC-conjugated anti-V5 antibody. MFI of control Ba/F3 in basal 

condition at the end of the culture was considered as reference for fold increase 

calculation. The graph shows mean±SD of 5 independent experiments. §§§, p<0.001, one-

sample t-test; paired Student’s t-test: *, p<0.05; **, p<0.01; ***, p<0.001. FC: fold change 

B) E/R+ and control Ba/F3 (80%:20%) were grown as above in the presence or absence of 

inflammatory cytokines. For each condition, the percentage of mCD45+/annexin-V- cells 

was evaluated, and E/R+ cells quantified using the FITC-conjugated anti-V5 antibody. The 

graph shows mean±SD of 3 independent experiments: Paired Student’s t-test: *, p<0.05; 

**, p<0.01. 

 

Fig.6: ETV6/RUNX1 safeguards the number of human CD 34+IL7R+ in the presence of 

BM-MSC and inflammation. Transfected control and E/R-expressing human UCB-CD34+ 

cells were separately grown in stem culture medium on BM-MSC in the absence (+MSC) 

or presence of IL6/TNFα/IL1β (+MSC+INFL.CK) for 72 h. At the end of the culture, cells 

were stained with anti-CD34 and anti-IL7Rα antibodies and counted by FACS. The cell 

number was normalized to a determined number of fluorescent reference beads (BD 

Trucount® tubes) added into tubes and to the percentage of GFP positivity in the two 

groups. Percentages of CD34-, CD34-IL7R+ and CD34+IL7R+ fractions in control UCB-

CD34+-derived population (A) and in E/R+ UCB-CD34+-derived population (B) after 72h of 
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culture at the indicated conditions. Values indicate the number of cells relatively quantified 

by flow-cytometry (mean±SD of one infection experiment in which cells were cultivated on 

three different healthy donor-derived BM-MSC). Paired Student’s t-test: * = same 

experimental group, inflamed vs non-inflamed condition; # = same experimental condition, 

control vs E/R+ group; *,# , p<0.05; ##, p<0.01. 

 

Fig.7: The inflamed mesenchymal niche increases DNA  double strand breaks and 

AID expression in both control and E/R + Ba/F3 cells . A) E/R+ and control Ba/F3 cells 

were co-cultured (80%:20%) for 4 days in standard liquid culture (basal) or on murine BM-

MSC monolayers in the presence or absence of IL6/TNFα/IL1β. Phosphorylated levels of 

H2AX (γH2AX) in mCD45+, both V5-positive and V5-negative, cells were measured as MFI 

by FACS. The MFI of control Ba/F3 cells grown under basal condition was considered as 

reference for fold increase calculation. Values are expressed as mean±SD of 6 

independent experiments. One sample t-test: §, p<0.05. Paired Student’s t-test: *, p<0.05; 

**, p<0.01. B) Control and E/R+ Ba/F3 cells were separately grown in standard liquid 

culture (basal) or loaded into the upper chamber of 0.4µm Transwell® inserts in the 

presence of MSC (lower chamber) and inflammatory cytokines (+MSC+INFL.CK). RT-

qPCR analysis was performed to quantify AID expression, normalizing values on Hprt 

expression. Analysis was performed on 3 experimental triplicates. Paired Student’s t-test: 

*, p<0.05; **, p<0.01.  
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Supplementary Fig.1  

 

Fig.S1: Schematic representation of the competitive niche assay. 

Ba/F3 cells were mixed at a starting ratio of 20%:80% (t0) and cultivated 

murine BM-MSC monolayers in 

and TNFα (50ng/mL). As control, mixed Ba/F3 

without cytokines (basal condition) and

IL6/IL1β/TNFα. After 4 days, cells were trypsinized and sta

Viability Stain 450 and a PE

permeabilized and stained with the FITC

E/R-expressing Ba/F3 from negative 

evaluated by flow-cytometry by gating on the Horizon450

     

: Schematic representation of the competitive niche assay. 

were mixed at a starting ratio of 20%:80% (t0) and cultivated 

in the presence or absence of IL6 (20ng/mL), IL1

 (50ng/mL). As control, mixed Ba/F3 cells were cultured in standard liquid culture 

cytokines (basal condition) and in the presence of TGF

. After 4 days, cells were trypsinized and stained with Horizon

Viability Stain 450 and a PE-conjugated anti mCD45 antibody. Cells were then fixed

permeabilized and stained with the FITC-conjugated anti-V5tag antibody to distinguish 

negative controls. Percentages of FITC+ and FITC

cytometry by gating on the Horizon450-/mCD45+ population

 

: Schematic representation of the competitive niche assay. Control and E/R+ 

were mixed at a starting ratio of 20%:80% (t0) and cultivated for 4 days on 

6 (20ng/mL), IL1β (25ng/mL) 

were cultured in standard liquid culture 

presence of TGFβ (10ng/mL) or 

ined with HorizonTM Fixable 

conjugated anti mCD45 antibody. Cells were then fixed-

V5tag antibody to distinguish 

and FITC- cells were 

population. 



Supplementary Fig.2 

Fig.S2: LPS stimulation does not provide advantage to E/R

niche. Control and E/R+ Ba/F3 cells were cultured as described in the Legend to Fig. S

the presence or absence of increasing doses of LPS. Peaks are from a representative 

experiment while values indicate mean±SD of 3 independent experiments.

 

 

 

 

 

 

 

 

 

 

 

 

: LPS stimulation does not provide advantage to E/R+ Ba/F3 in the competitive 

Ba/F3 cells were cultured as described in the Legend to Fig. S

the presence or absence of increasing doses of LPS. Peaks are from a representative 

experiment while values indicate mean±SD of 3 independent experiments.

 

Ba/F3 in the competitive 

Ba/F3 cells were cultured as described in the Legend to Fig. S1 in 

the presence or absence of increasing doses of LPS. Peaks are from a representative 

experiment while values indicate mean±SD of 3 independent experiments. 



Supplementary Fig.3 
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Fig.S3: Soluble factors mediate the 

inflamed competitive niche. A

in the Legend to Fig. S1 in the presence of IL6/IL1

MSC monolayers or separated by a 0.4

representative experiment while values indicating mean±SD of 3 independent 

experiments. B) ELISA quantification of TGF

 

: Soluble factors mediate the pre-leukemia selective advantage within the 

niche. A) Control and E/R+ Ba/F3 cells were cultured as described 

in the presence of IL6/IL1β/TNFα either in direct contact

MSC monolayers or separated by a 0.4µm Transwell® insert. Peaks are from a 

representative experiment while values indicating mean±SD of 3 independent 

ELISA quantification of TGFβ in the supernatants of murine BM

 

 

selective advantage within the 

Ba/F3 cells were cultured as described 

 either in direct contact with BM-

insert. Peaks are from a 

representative experiment while values indicating mean±SD of 3 independent 

 in the supernatants of murine BM-MSC 



stimulated or not with IL6/IL1β/TNFα. Results are presented as mean±SD of 3 

independent experiments. Paired Student’s t-test: *, p<0.05; **, p<0.01.  
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Fig.S4: A) Gene expression profiling by Gene Chip Mouse 2.0 Arrays of control and 

E/R+ Ba/F3 cells. Only those E/R induction experiments showing >90% viability and >90% 

FITC positivity were chosen for analysis (n=3). B) E/R+ Ba/F3 upregulated pathways 

involved in the immune and inflammatory response, included myeloid response.  

Gene ontology (GO) analysis was performed by Metascape. Differentially expressed 

genes were identified by significance analysis of microarray (SAM) algorithm coded in the 

samr R package and by estimating the percentage of false positive predictions (i.e. false 

discovery rate, FDR) with 100 permutations; q-value<0.01. In the dendogram, the 20 best 

p-values are indicated. C) CXCR2 (IL-8) signaling was one of the top canonical 

pathways upregolated in pre-leukemic cells. Ingenuity Pathway Analysis was 

performed on filtered GEP data (E/R+ vs control Ba/F3: FC < 0.75 and FC > 1.5). As 

evidenced, the CXCR2 (IL-8) signaling was activated in pre-leukemic Ba/F3 compared to 

controls. 



Supplementary Fig.5 

Fig.S5: Inhibition of CXCR2 did not abolished the relative increase of pre-leukemic 

cells percentage within the inflamed niche. A mixture of E/R+ and control Ba/F3 cells 

(80%:20%) was grown under the indicated conditions. BASAL: standard liquid culture; 

+TGFβ: standard liquid culture + TGFβ (10ng/mL); +MSC: Ba/F3 and murine BM-MSC co-

culture; +MSC+INFL.CK: Ba/F3 and murine BM-MSC co-culture +IL6, TNFα and IL1β; 

+MSC+INFL.CK+SB: Ba/F3 and murine BM-MSC co-culture +IL6, TNFα and IL1β in the 

presence of CXCR2 inhibitor SB265610 (1µM). After 4 days, the percentage of E/R+ cells 

in the mix was quantified by flow cytometry using a FITC-conjugated anti-V5 tag antibody. 

An anti-mCD45 was used to discriminate between MSC (mCD45-) and Ba/F3 cells 

(mCD45+). Peak histograms in the figure are from a representative experiment, while 

values indicate mean±SD of 4 independent experiments. Paired Student’s t-test (*, p<0.05) 

was applied to compare the percentage of E/R+ cells grown for 4 days under the indicated 

conditions vs the basal culture.   

 



Supplementary Fig.6 

 

Fig.S6: CXCL1 does not provide

liquid culture. Control and E/R

cultivated for 4 days in standard liquid culture in 

of increasing doses of recombinant murine CXCL1.

experiment, whereas values indicate mean±SD of 3 independent experiments. 

 

 

 

 

 

not provide a selective advantage to E/R+ Ba/F3 in competitive 

Control and E/R+ Ba/F3 were mixed at a starting ratio of 20%:80% and 

4 days in standard liquid culture in the absence (basal condition) or presence 

of increasing doses of recombinant murine CXCL1. Peaks are from a representative 

values indicate mean±SD of 3 independent experiments. 

 

Ba/F3 in competitive 

Ba/F3 were mixed at a starting ratio of 20%:80% and 

absence (basal condition) or presence 

Peaks are from a representative 

values indicate mean±SD of 3 independent experiments.  



Supplementary Fig.7 

 

 

Fig.S7: E/R+ BCP-ALL patients overexpress CXCR2 mRNA compared BCP-ALL 

patients negative for all common translocations. cDNA of primary blasts of E/R-

positive and negative BCP-ALL patients was subjected to RT-qPCR to quantify expression 

of CXCR2 and CXCR1. The median DeltaCt of negative E/R patients was considered as 

internal reference for fold change calculation. Student’s t-test: ***, p<0.001. Patients 

characteristics are provided in Supplementary Table 3.   
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Fig.S8: A) Representative plots for relative quantitative analysis of the CD34-, 

CD34+IL7R-, CD34+IL7R+ and CD34highIL7R+ fractions within control and pre-leukemic 

GFP+ populations. Control and E/R-transduced UCB-CD34+ cells were separately grown 

in stem culture medium on BM-MSC, in absence (+MSC) or presence of IL6/TNFα/IL1β 

(+MSC+INFL.CK) for 72h. At the end of the culture, cells were stained with APC-

conjugated anti-hCD34 and PE-Cy7-conjugated anti-hIL7R antibodies and analyzed by 

quantitative flow-cytometry. Plots show a representative phenotypic analysis of both cell 

groups after the cultivation on unstimulated BM-MSC. P4 = GFP+ population; P5 = 

CD34+IL7R+ ; P6 = CD34+IL7R- ; P7 = CD34- ; P8 = CD34highIL7R+. B) Human E/R+ 

CD34highIL7R+ progenitors are preserved under mesenchymal inflammation. Control 

and E/R-transduced UCB-CD34+ cells were separately grown in stem culture medium on 

BM-MSC, in absence (+MSC) or presence of IL6/TNFα/IL1β (+MSC+INFL.CK) for 72h. At 

the end of the culture, cells were stained with the anti-hCD34 and anti-hIL7Rα antibodies 

and number of cells quantified by FACS. The cell number was normalized on a determined 

number of fluorescent reference beads (BD Trucount® tubes) and percentage of GFP 

positivity in the two groups. The graph shows results of one infection experiment in which 

cells were cultivated on three different healthy donor-derived BM-MSC monolayers. For 

every BM-MSC healthy donor, FC between the number of CD34highIL7R+ in the inflamed 

and unstimulated BM-MSC niche was calculated and the mean±SD indicated in the graph. 

One-sample t-test: §, p<0.05. 



SUPPLEMENTARY MATERIALS 

• Ba/F3 gene expression profile 

E/R induction experiments showing >90% viability and FITC positivity were chosen for total 

RNA extraction by RNeasy Mini Kit (QIAGEN, Venlo, The Netherlands). Gene Chip Mouse 

2.0 Arrays (Affymetrix) were used and data (.CEL files) generated using default Affymetrix 

microarray analysis parameters (Command Console suite software, Affymetrix). Gene 

ontology (GO) analysis was performed by expressing raw data in linear fold change and 

submitted them to Metascape (http://metascape.org). Differentially expressed genes were 

identified using Significance Analysis of Microarray algorithm (SAM) coded in the samr R 

package1. In SAM, we estimated the percentage of false positive predictions (i.e., False 

Discovery Rate, FDR) with 100 permutations. In the dendogram representation the 20 best 

p-values were used.  

• Analysis of competitive murine mesenchymal niche experiments 

After 4 days of co-culture, cells were harvested and stained with HorizonTM Fixable 

Viability Stain 450 (BD Bioscience) and a PE-conjugated anti-mCD45 antibody 

(eBioscience, San Diego, CA, USA) to identify viable Ba/F3 cells. Cells were then 

fixed/permeabilized (BD Cytofix/Cytoperm Kit, BD Bioscience) and stained with a FITC-

conjugated anti-V5tag antibody. Cells were analyzed by BD Bioscience FACSCanto-II. 

The percentage of FITC+ cells was evaluated by gating on Horizon480-/mCD45+ cells and 

data were analyzed by FACSDiva software (BD Bioscience). 

• Quantitative Reverse Transcription PCR (RT-qPCR)  



Real-time quantification of gene transcripts was performed by the Light Cycler 480II 

instrument (Roche Diagnostics, Basel,  Switzerland) using the Universal Probe Master 

System (Roche Diagnostics). Optimal primers and probe for cDNA amplification were 

selected by the Roche ProbeFinder software (https://www.roche-

appliedscience.com/sis/rtpcr/upl). Data were expressed using the comparative 2_DDCt 

method2 using Hprt as reference gene in case of Ba/F3. Transcript levels in pre-leukemic 

cells were always referred to those of control cells. For Cxcr1/2 gene expression on 

primary blasts, 66 BCP-ALL patients, enrolled in the AIEOP-BFM ALL 2009 protocol and 

treated in AIEOP Centers, were included in the study. The protocol was approved by the 

Institutional Review Board (AIEOP-BFM ALL 2009 protocol; EudraCT-2007-004270-43). 

Thirty-two patients were E/R positive while 34 patients were negative for all common 

chromosomal translocations. The clinical characteristics of patients are shown in 

Supplementary Table 3. RNA was isolated from mononuclear cells, and cDNA was 

synthesized according to standard methods. Transcripts levels were normalized with 

respect to human Gus gene. The median of DeltaCt value of untranslocated patients was 

used as reference for fold change calculation.  

• Murine CXCR1/2 immunostaining 

Surface expression of CXCR1/2 in Ba/F3 was evaluated by staining cells with PE-

conjugated anti-CXCR2 (BioLegend, San Diego, CA, USA) and anti-CXCR1 (R&D 

System, Minneapolis, MN, USA) for 30 min at +4°C. Cells were then acquired through BD 

Bioscience FACSCanto-II and data analyzed by FACSDiva software (BD Bioscience, San 

Jose, CA, USA). 

 

• BM-MSC derivation and culture 



Murine bone marrow mesenchymal stromal cells (BM-MSC) were isolated and 

characterized as previously described3. A well-established murine primary line was 

cultured in low glucose DMEM (Euroclone), 20% tested FBS (Hyclone), 1% L-Glut, 1% P/S 

and used for experiments between passage 8 (P8) and 11 (P11). Human BM-MSC were 

isolated from healthy donors BM aspirates, characterized and cultured as previously 

described4. Only cells between passages 3 (P3) and 5 (P5) were used. 

 

• Enzyme-linked immunosorbent assays (ELISA) and protein arrays  

For inflammatory stimulation of human BM-MSC, IL6 (40ng/ml), TNFα (100ng/ml) and IL1β 

(50ng/ml) (all from Immunotools, Friesoythe, Germany) were used5. Supernatants were 

collected after 24h, centrifuged 10min at 1260rcf and frozen at -80°C. Supernatants were 

analyzed by Human Cytokines Array C1000 (RayBio, Norcross, GA, USA) following the 

manufacturer’s protocol and data were acquired by UVITEC Cambridge® instrument. 

Densitometry analysis was performed with ImageJ® software. For the inflammatory 

stimulation of murine BM-MSC, IL6 (20ng/ml), TNFα (50ng/ml) and IL1β (25ng/ml) (all 

from Immunotools) were used3. Murine KC and murine TGFβ DuoSet Enzyme-Linked 

Immunosorbent Assays (ELISA) (R&D Systems) were used following the manufacturer’s 

protocols and plates were acquired by TECAN GENios® instrument.  

• Migration assay 

Control and E/R+ Ba/F3 cells (3x105) were resuspended in 100µL of migration medium 

(Advanced RPMI, 2% FBS, 1% L-glutamine) and loaded into the upper chamber of 8.0µm 

Transwells©; murine BM-MSC supernatant (600 μl) was added to the lower chamber. 

Murine BM-MSC supernatants were specifically produced by maintaining cells in migration 

medium for 48h, in the presence or not of rmIL6 (20ng/mL), rmIL1β (25ng/mL) and 



rmTNFα (50ng/mL) and frozen at -80°C. SB-265610 (1µM) was used for the specific 

inhibition of CXCR2; in this case, cells were pretreated for 10min at 37°C prior to be 

loaded into Transwells®. After 3h of migration at 37°C, 5% CO2, Transwells® were 

removed, the migrated cells recovered and counted by flow-cytometry. A determined 

number of fluorescent reference beads (BD Trucount® tubes) were added to the tubes and 

used as internal calibrators. Cells were counted in technical triplicates for 30sec. The 

percentage of migrated cells was determined by dividing the number of cells in the lower  

chamber  by  the  number of cells  loaded into the  upper chamber (input). 

 

• Cell cycle analysis 

Control and E/R+ Ba/F3 (0.5x106) were stained with 2.5µM carboxyfluorescein succinimidyl 

ester (CFSE); 2.5x104 stained cells were then mixed (20%ctr:80%E/R+) and cultured into 

6-well plates for 4 days in basal condition or on murine BM-MSC in the presence or 

absence of inflammatory cytokines. At the end of the culture, cells were harvested and 

stained with PE anti-mCD45 antibody. Cells were then fixed/permeabilized and stained 

with the primary anti-E/R fusion antibody (clone 6F2) (Merck Millipore, Burlington, MA, 

USA) and the secondary BD Horizon BV421 goat anti-rat IgG (BD Bioscience) in place of 

the FITC-conjugated anti-V5 antibody. Cells were then analyzed by flow cytometry to 

determine CFSE MFI. CFSE MFI of control Ba/F3 in basal condition was considered as 

referrer value for the fold increase calculation. Since cells dilute CFSE at each cell-cycle, 

proliferation rate and CFSE MFI are inversely correlated.  

• Apoptosis assay 

A mix of control and E/R+ Ba/F3 (20%ctr:80%E/R+; 2.5x104 total cell number) were 

cultured into 6-well plates for 4 days in basal condition or on murine BM-MSC in the 



presence or absence of inflammatory cytokines. At the end of the culture, cells were 

harvested and stained with BV650-conjugated anti-murine CD45 antibody and with 

Annexin V-Enzo Gold (enhanced Cyanine 3) (GFP-Certified Apoptosis/Necrosis Detection 

Kit, Enzo Life Sciences, Farmingdale, NY, USA). Cells were then fixed/permeabilized and 

stained with FITC-conjugated anti-V5 antibody. For each condition, percentage of 

BV650+/Enzo Gold- cells was evaluated. 

• Human UCB-CD34+ cells isolation and transfection 

Human umbilical cord blood (UCB)-derived CD34+ cells were obtained from volunteer 

mothers receiving informed consent (BM-Niche Protocol, approved by the “Comitato etico 

della provincia Monza Brianza”). UCB mononuclear cells were separated by Ficoll-Paque 

PLUS (GE Healthcare, Chicago, IL, United States) within 24h from collection and 

immunomagnetic separation was performed on column using the CD34 MicroBead 

Kit (MACS Miltenyi Biotec, Bergisch Gladbach, North Rhine-Westphalia, Germany). The 

previously described E/R myc-tag fusion construct6 was subcloned into the PmeI site of 

pRRL-EF1α-PGK-GFP dual-promoter plasmid. Vesicular stomatitis virus-G-pseudotyped 

viral particles were generated on 293T cells by polyethylenimine (PEI, Polysciences, 

Warrington, PA, USA) transfection and concentrated by ultracentrifugation. In details, 293T 

cells were plated in 6-well plates (4x106) in high glucose DMEM supplemented with 

pyruvate (Euroclone) and added with 10% tested FBS (HyClone), 1%L-Glut, 1% P/S, 1% 

non-essential aminoacids (Sigma-Aldrich, Saint Louis, MO, USA) until reaching about 80% 

confluence after 24h. Transfection mixes were prepared as follows: 500µL high glucose 

DMEM, 4µg psPAX2 packaging vector, 2µg VSV-G envelope vector, 8µg pRRL-GFP 

(empty vector, EV) or pRRL-E/R-GFP (E/R), 35µg 25kDa linear PEI. After 48h and 72h, 

cell supernatants were collected, 0.45µm filtered and ultracentrifuged at 26.000rpm for 



2.5h at +4°C. UCB-CD34+ cells (2x106) were infected for 72h with concentrated viruses in 

StemSpam SFEM-II (StemCell) supplemented with SCF (100 ng/mL), FLT3 ligand (100 

ng/mL), and IL-3 (10 ng/mL) (all from PeproTech) and polybrene (1µg/mL; Sigma-Aldrich). 

After 72h of infection, GFP+ cells within pRRL-GFP and pRRL-E/R-GFP populations were 

sorted (purity >95%) and maintained in stem culture medium (StemSpam SFEM-II 

(supplemented with 100 ng/mL SCF, 100 ng/mL FLT3-ligand, 10 ng/mL IL-3, 20ng/mL IL6 

and 50ng/mL TPO). 

 

• Analysis of transduced UCB-CD34+ and BM-MSC co-cultures 

At the end of the co-culture (72h), cells were collected and stained for 30min at +4°C with 

APC-conjugated anti-human CD34 (BD Biosciences) and Pe-Cy7-conjugated anti-human 

CD127 (IL7R) (BioLegend) antibodies. Cells were acquired through BD Bioscience 

Fortessa, and data analyzed by FACSDiva software (BD Bioscience). A known number of 

fluorescent reference beads (BD Trucount tubes, BD Bioscience) were added into the 

FACS tube prior to counting the cells in technical duplicates for 60sec. Cells number was 

normalized on counted beads and percentage of the GFP+ fraction.  

 

• γH2AX staining 

A mix of control and E/R+ Ba/F3 (20%ctr:80%E/R+; 2.5x104 total cell number) were 

cultured in 6-well plates for 4 days in basal condition or on murine BM-MSC in the 

presence or absence of inflammatory cytokines. At the end of the culture, cells were 

harvested and stained (0.5-1x106) with Horizon® Fixable Viability Stain 450, fixed 10min at 

37°C in 4% formaldehyde and permeabilized in 90% methanol. After 30min incubation on 

ice, cells were firstly stained with PE anti-CD45 and then with Alexa Fluor® 647-anti-



Phospho-Histone H2A.X Ser139 (20E3) and with FITC anti-V5 antibodies. Alexa Fluor® 

647- Rabbit (DA1E) mAb IgG XP® was used as isotype control (Cell Signalling). 
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