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Key points 

 MiR-130b induces a Mll-AF4+ mixed/B-cell precursor/myeloid lineage acute 

leukemia propagated by lymphoid-primed multipotent progenitors. 

 MiR-128a induces a Mll-AF4+ pro-B acute lymphoblastic leukemia propagated by 

Il7r+ckit+ leukemic blasts and maintained by miR-130b. 
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Abstract 

t(4;11) MLL-AF4 acute leukemia is one of the most aggressive malignancies in the 

infant and pediatric population, yet we have little information on the molecular 

mechanisms responsible for disease progression. This impairs the development of 

therapeutic regimens that can address the aggressive phenotype and lineage 

plasticity of MLL-AF4-driven leukemogenesis. This study highlights novel 

mechanisms of disease development by focusing on two microRNAs upregulated in 

leukemic blasts from primary patient samples: miR-130b and miR-128a. We show 

that miR-130b and miR-128a are downstream targets of MLL-AF4 and can 

individually drive the transition from a pre-leukemic stage to an acute leukemia in an 

entirely murine Mll-AF4 in vivo model. They are also required to maintain the disease 

phenotype. Interestingly, miR-130b overexpression led to a mixed/B-cell 

precursor/myeloid leukemia, propagated by the lymphoid-primed multipotent 

progenitor population, whereas miR-128a overexpression resulted in a pro-B acute 

lymphoblastic leukemia, maintained by a highly expanded Il7r+ckit+ blast population. 

Molecular and phenotypic changes induced by these two miRNAs fully recapitulate 

the human disease, including central nervous system infiltration and activation of an 

MLL-AF4 expression signature. Furthermore, we identified two downstream targets 

of these microRNAs, NR2F6 and SGMS1, which in extensive validation studies are 

confirmed as novel tumour suppressors of MLL-AF4+ leukemia. Our integrative 

approach thus provides a platform for the identification of essential co-drivers of 

MLL-rearranged leukemias, in which the pre-leukemia to leukemia transition and 

lineage plasticity can be dissected and new therapeutic approaches can be tested.  
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Introduction 

Acute lymphoblastic leukemia (ALL) is one of the most frequent sporadic cancers in 

the pediatric population.1 The majority of patients respond well to current therapeutic 

regimens, but patients with t(4;11) MLL-AF4 have a dismal prognosis.2 The 

development of better treatments relies on extensive knowledge of the molecular 

mechanisms underlying leukemogenesis. MLL-AF4+ ALL is associated with wide-

spread epigenetic changes, driven and maintained by the MLL-AF4 fusion gene, that 

lead to the acquisition of stem cell-like features and a survival advantage.3-7 There 

are few/no cooperating mutations, suggesting that MLL-AF4 alone is sufficient to 

drive the complete leukemogenesis process.8  

Strong evidence supports an in utero origin of the disease9,10; yet, the 

recapitulation of the human disease in a syngeneic mouse model has proven 

challenging.11-13 Given the prenatal origin of the disease, it is important to create a 

model that expresses MLL-AF4 in the physiological and genomic context of 

embryonic development to understand how MLL-AF4 subverts fetal hematopoiesis, 

as this is necessary to design new therapies specific to the aggressive 

infant/pediatric disease. We recently described a MLL-AF4 pre-leukemia mouse 

model that showed a higher self-renewal and B lymphoid bias in the Lineage-

Sca1+ckit+ (LSK) compartment of the fetal liver (FL), but was missing additional 

factors that would allow development of a full-blown leukemia.14-16  

MicroRNAs are essential regulators of gene expression and key modulators of 

hematopoiesis and leukemogenesis, but their roles in MLL-AF4-driven 

leukemogenesis remain elusive.17-19 This study focuses on miR-130b and miR-128a 

which we found to be upregulated in MLL-AF4+ ALL patients’ leukemic blasts, but 

which had not previously been linked to MLL-AF4+ ALL. Both are downstream 

targets of MLL-AF4. The overexpression of miR-130b in FL Mll-AF4+ LSK pre-

leukemic cells caused a mixed/B-cell precursor (BCP)/myeloid leukemia, while miR-

128a induced a pro-B ALL characterized by the expansion of Il7r+ckit+ cells. Both 

leukemias carried the MLL-AF4 gene expression signature, became highly penetrant 

and aggressive upon serial transplantation and showed central nervous system 

infiltration, a hallmark of the pediatric disease20, but were propagated by different cell 

populations. Finally, we identified two direct targets of miR-130b and miR-128a that 

are downregulated in MLL-AF4+ patients (NR2F6 and SGMS1) and determined that 
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they act as tumor suppressor genes. This study provides a novel, clinically relevant 

syngeneic mouse model and is an important step forward in understanding the 

etiology and lineage plasticity of t(4;11) MLL-AF4 leukemia.  

 

Methods 

The inducible Mll-AF4 invertor line21 and the VEC-Cre line22 were crossed to induce 

Mll-AF4 expression in definitive hematopoietic cells as described previously.14 

Detailed information regarding experimental procedures is provided in the 

Supplementary methods. The mouse and human ATAC-Seq files were deposited in 

Gene Expression Omnibus (GSE168438).  

 

 

Results 

MiR-130b and miR-128a are upregulated in patient blasts and have tumorigenic 

functions in MLL-AF4+ B-ALL cells 

We obtained bone marrow (BM) aspirates of 6 infant/pediatric t(4;11) MLL-

AF4 BCP ALL patients at diagnosis and remission (Supplemental Table S1) and 

compared the expression profile of 754 microRNAs in all MLL-AF4+ leukemic blasts 

at diagnosis (CD19+CD10-CD34+/-NG2+/-) to that of non-blast cells at remission 

(CD19-CD10-) (Figure 1A, Supplemental Figure 1A).23 According to published 

studies, this non-blast population contains mostly T cells, some NK cells and HSPCs 

and few myeloid cells.24,25 We included CD34 and NG2 in our sorting strategy as 

they are expressed on MLL-AF4+ patient blasts and leukemia-propagating cells.26,27 

We identified 66 microRNAs that are upregulated and 19 that are downregulated in 

patient blasts (Figure 1B, Supplemental Table S2). In support of our experimental 

strategy, miR-196b, which has been linked to MLL-AF4+ leukemia, showed the 

second highest upregulation (Supplemental Figure S1B, Supplemental Table S2).28 

Amongst the microRNAs significantly upregulated were miR-130b and miR-128a 

(Figure 1C,D), which have not been studied in MLL-AF4-driven leukemogenesis. 

We assessed miR-130b and miR-128a expression in human hematopoietic 

cells (HSC, MPP, LMPP, pre-pro-B, pro-B, B/T/NK lymphoid cells, myeloid cells) and  

CD34- cells derived from 10-20 weeks post-conception FL (Supplemental Table S3). 

MiR-130b expression was significantly higher in MLL-AF4+ patient blasts compared 
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to human FL LMPP, pro-B, B, T and NK cells (Figure 1C), while miR-128a 

expression was low/absent in all FL hematopoietic cells (Figure 1D). In patient 

blasts, miR-128a expression was generally higher than that of miR-130b and 

positively correlated with a younger age of onset and a lower white blood cell count 

(Supplemental Figure S1B-D). MiR-130b upregulation was confined to the 

NG2+CD34+ and NG2-CD34+ populations (Supplemental Figure S1E), while miR-

128a was similar between all three blast subtypes (Supplemental Figure S1F). In 

mouse tissues, miR-130b and miR-128a expression is low in normal E14 FL 

hematopoietic cells and in fetal and adult HSC compared to miR-126, a known HSC 

regulator29 (Supplemental Figure S1G,H). This suggests that MLL-AF4+ leukemic 

blasts have a high expression of miR-130b and miR-128a compared to normal 

hematopoietic cells. 

We assessed miR-130b and miR-128a promoter accessibility in one of the 

candidate cells-of-origin of MLL-AF4-driven leukemogenesis: human FL LMPP. 

Using ATAC-Seq, we revealed that miR-301b/miR-130b and miR-128a (R3HDM1 

host gene) promoters are accessible in human FL LMPP. This region is also open in 

MLL-AF4+ leukemic SEM cells30 and coincides with MLL-Af4 binding in B-ALL 

blasts13 (Figure 1E, Supplemental Figure S10) and MLL-AF4 in SEM cells7 (data not 

shown). MiR-130b and miR-128a showed a significantly higher expression in RS4;11 

and SEM MLL-AF4+ ALL cells compared to non-MLL-rearranged Nalm6 ALL and 

MLL/non-MLL-rearranged myeloid leukemia cell lines (Supplemental Figure S2A,B). 

Upon MLL-AF4 inhibition in SEM cells by a specific siRNA (siMA6) that decelerates 

their proliferation31 (Supplemental Figure 2C,D), we observed a significant 

downregulation of MLL-AF4 and its transcriptional targets (MEIS1, HOXA9, CDK6, 

BCL2), as well as miR-130b and miR-128a (Figure 1F,G). These results highlight 

two new MLL-AF4 target genes: miR-130b and miR-128a. 

To gain an initial insight into their importance in MLL-AF4+ leukemia, we 

stably inhibited the activity of miR-130b and miR-128a in human leukemia cell lines 

using commercially available short hairpin RNA (pmiRZip). MiR-130b or miR-128a 

single inhibition reduced SEM and RS4;11 cell proliferation (Figure 1H, 

Supplemental Figure S2E). Strikingly, miR-130b and miR-128a dual inhibition led to 

a massive increase in SEM cell death (Figure 1I), while RS4;11 cells were more 

sensitive to miR-130b single inhibition (Supplemental Figure S2F). 
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We also verified the disease-propagating potential of SEM cells transplanted 

into NSG mice upon miRNA inhibition. SEM pmiRZip-130b-engrafted NSG mice had 

a significantly longer survival (81 days) compared to SEM control- or pmiRZip-128a-

engrafted NSG mice (58 days) (Figure 1J). This striking difference could be partly 

due to the long-term and maintained downregulation of miR-128a in SEM pmiRZip-

130b cells (Supplemental Figure 2G), whereas SEM control and pmiRZip-128a cells 

have similar expression of miR-130b (Supplemental Figure 2H). SEM pmiRZip-130b-

engrafted NSG mice had diminished splenohepatomegaly and engraftment in 

peripheral blood and liver (Supplemental Figure 2I,J). Finally, miR-130b inhibition 

decreased the proportion of SEM cells that express the CD33 myeloid marker 

whereas miR-128a inhibition increased CD33 positivity (Supplemental Figure S2L). 

These data suggest that miR-130b and miR-128a affect the survival and lineage 

plasticity of B-ALL leukemia cells and led us to investigate their role in MLL-AF4+ 

leukemogenesis, starting at the pre-leukemia stage in our mouse model.14   

 

MiR-130b and miR-128a promote B-lymphoid bias of FL Mll-AF4+ pre-leukemic 

cells 

We detected low/intermediate expression of miR-130b and miR-128a in 

murine FL HSC/MPP and LMPP (Figure 2A), from which MLL-AF4+ leukemia is 

thought to originate.14,15,32 This expression pattern remains stable upon Mll-AF4 

induction, suggesting that the overexpression seen in patients is not recapitulated in 

pre-leukemic mice. We investigated chromatin accessibility in mouse FL LMPP (WT 

and Mll-AF4+ VEC-Cre+) by ATAC-Seq (Figure 2B) and revealed that the miR-

301b/miR-130b and miR-128a (R3hdm1 host gene) promoters displayed similar 

accessibility to that seen in human cells (Figure 1E); however, the accessibility of 

these promoters decreased upon Mll-AF4 expression. This is in line with the 

absence of Mll-AF4-induced upregulation of miR-130b and miR-128a expression in 

mouse FL cells (Figure 2A). Thus, we overexpressed each microRNA individually in 

FL LSK cells, which contain HSC/MPPs and LMPPs, from control (Mll-AF4- VEC-

Cre+) and Mll-AF4+ (Mll-AF4+ VEC-Cre+) mice and carried out functional validation 

(Figure 2C-E). In colony-forming assays, miR-130b overexpression maintained the 

myeloid clonogenic potential of Mll-AF4+ FL LSK while miR-128a decreased it 

(Figure 2F). Both microRNAs increased the B-lymphoid clonogenic potential (Figure 

2G). MiR-130b also increased cell proliferation in myeloid conditions, while miR-128a 
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increased proliferation in B-lymphoid conditions (Figure 2H). These effects were 

specific to Mll-AF4+ cells, but did not lead to immortalization in vitro (Supplemental 

Figure S2M,N). These results indicate that miR-130b and miR-128a enhance the Mll-

AF4-mediated hematopoietic clonogenic potential in vitro, especially of the B-

lymphoid lineage. 

 

The overexpression of miR-130b and miR-128a in Mll-AF4+ FL LSK leads to a 

mixed/BCP/myeloid or pro-B lymphoblastic acute leukemia, respectively 

To assess the consequences of miR-130b or miR-128a overexpression in 

MLL-AF4-driven leukemogenesis, we transplanted transduced/GFP+ FL Mll-AF4+ 

LSK and monitored primary recipients for 18 months (Figure 3A). Detailed post-

mortem analysis is included (Supplemental Table S4,5). Only 1/15 primary recipients 

from the control cohort (FL Mll-AF4+ LSK pMIRH/pmiRZip-scramble) developed a 

hematological malignancy with enlarged spleen and an expansion of mature B-

lymphoid cells, but the GFP chimerism decreased upon serial transplantation 

(Supplemental Figure S3A,B).  Similar to previous studies, this suggests an 

incomplete transformation.14-16 5/7 FL Mll-AF4+ LSK pMIRH-130b primary recipients 

and 5/9 FL Mll-AF4+ LSK pMIRH-128a primary recipients developed a hematological 

malignancy with splenohepatomegaly and pale bones (Figure 3B,C, Supplemental 

Table S4).  

To assess the transformation of GFP+ cells of pMIRH-130b and pMIHR-128a 

sick mice, we performed secondary/tertiary transplantations of total BM from sick 

mice that harbored an immature B-lymphoid phenotype (mixed/BCP/myeloid or pro-

B) (Figure 3D). Mice with a myeloid disease showed weak transformation through 

serial transplantation as the vast majority of recipients remained disease-free (data 

not shown), which corroborates with MLL-AF4 being more potent in a B-lymphoid 

context.13,33 All secondary/tertiary recipients in pMIRH-130b and pMIRH-128a 

cohorts developed a hematological malignancy (Figure 3B,C). The latency became 

significantly shorter, suggesting progressing aggressiveness. Sick mice suffered 

from splenohepatomegaly, pale bones and their BM contained close to 100% GFP+ 

cells (Figure 3E-H). pMIRH-130b sick mice also presented with an elevated white 

blood cell count (Figure 3I) and decreased platelet/red blood cell counts 

(Supplemental Figure S3C,D). GFP+ cells also invaded the peripheral blood, spleen, 

liver and lung (Supplemental Figure S3F-I).  
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 We next analyzed the cell surface phenotype of GFP+ cells in the BM. In 

addition to a slight increase in B220-CD11b+Gr1+ myeloid cells, pMIRH-130b sick 

mice showed a striking expansion of mixed lineage cells (Figure 3J,K). These 

populations were absent in pMIRH-128a sick mice. pMIRH-130b sick mice had 

expanded B220+CD19- immature B-cells at the expense of B220+CD19+ B-cells, 

which were also lost in pMIRH-128a sick mice (Figure 3L). The T-cell compartment 

was reduced/absent in pMIRH-128a sick mice (Supplemental Figure 3E). Hence, 

miR-128a arrested the maturation of all blood lineages and all GFP+ cells were 

ckit+IgM-Il7r+ (Figure 3M,N). All hematopoietic phenotypes were recapitulated in the 

peripheral blood, spleen, liver and lung (Supplemental Figure S3F-I). Finally, we 

detected an increase in Flt3+ and Sca1+ cells in pMIRH-130b and pMIRH-128a sick 

mice, respectively (Supplemental Figure S3J,K). This increased the LSK and 

Lineage-ckit+/common lymphoid progenitor (LK/CLP) compartments in pMIRH-128a 

sick mice, suggesting that GFP+ cells maintained their stem-cell phenotype and 

were completely blocked at the pro-B stage (Supplemental Figure S3L,M). While the 

LSK compartment in pMIRH-128a sick mice was almost 100% Il7r+Flt3- in all 

recipients, we observed an increase in the LMPP fraction upon serial transplantation 

in pMIRH-130b sick mice (Figure 3O).  

 One of the hallmarks of t(4;11) MLL-AF4 BCP-ALL is infiltration of the central 

nervous system by leukemic blasts.20,34 This was absent in control mice, but pMIRH-

130b and especially pMIRH-128a sick mice showed significant blast infiltration in the 

leptomeninges (Figure 3P). We detected cells with a blast appearance in the 

peripheral blood, BM and spleen of pMIRH-130b and pMIRH-128a sick mice (Figure 

3Q, Supplemental Figure S3N). Overall, the individual overexpression of miR-130b 

or miR-128a in Mll-AF4+ FL LSK caused hematological malignancies with all the 

phenotypic features seen in MLL-AF4+ leukemia patients.  

 

Mll-AF4+ pMIRH-130b/pMIRH-128a+ cells display a gene expression profile 

similar to MLL-AF4+ patient blasts 

To further characterize the phenotype, we conducted gene expression 

analyses of key players in MLL-AF4+ leukemogenesis (Supplemental Table S6) in 

pre-leukemia cells (transduced/GFP+ FL Mll-AF4+ LSK pre-transplantation) and Mll-

AF4+ BM cells (control/pMIRH, pMIRH-130b/128a sick mice).15,35-38 At the pre-

leukemia stage, miR-130b and miR-128a overexpression led to an upregulation of 
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Mll-AF4 (Figure 4A) and components of the Mll-AF4 transcriptional machinery (Mll, 

Af4, Ledgf, Ccnt1, Zfp64, Brd4), resulting in a significant upregulation of Flt3, Hoxa9 

and Lmo2 (Figure 4B,C). E2a was also upregulated, which partly explains the 

increased B-lymphoid clonogenic potential (Figure 4B,C, 2G). Cdk9 was upregulated 

in the presence of miR-130b, while miR-128a caused downregulation of Gsk3b and 

upregulation of Cdk6 and Pax5 (Figure 4B,C). 

Mll-AF4 was detected in pMIRH-130b and pMIRH-128a sick mice, but no 

longer in control mice (Figure 4D). As disease progresses, BM cells of all sick mice 

maintained a significantly higher expression of Ccnt1, Cdk9, Dot1l, Brd4 and a 

decreased expression of Zfp64 (Figure 4E,F). pMIRH-130b sick mice upregulated 

Flt3, Hoxa9, Cdk6 and Bcl2, while pMIRH-128a sick mice upregulated Meis1, Runx1, 

Cdk6 and Bcl2 (Figure 4E,F). This suggests that both microRNAs promote the 

expression of essential components of the Mll-AF4 transcriptional machinery and 

their target genes. Other B-lineage associated genes (Pax5, Il7r, Ikaros) were also 

upregulated in sick mice, which correlates with the lineage association of the 

hematological malignancies (Figure 4E,F, 3).  

We also confirmed the expression of miR-130b and miR-128a in sick mice, 

and three microRNAs downregulated in patients (miR-99b, miR-125a-5p, miR-194) 

(Figure 4E,F, Supplemental Table S2). pMIRH-130b sick mice showed an 

overexpression of miR-130b, miR-99b and miR-194, while pMIRH-128a sick mice 

had a microRNA expression profile more similar to patient leukemic blasts: miR-130b 

and miR-128a upregulation; miR-99b, miR-125a-5p and miR-194 downregulation. 

Finally, we verified the expression of miR-130b and miR-128a target genes 

linked to leukemogenesis and/or B-cell development. MiR-130b and miR-128a 

expression led to an upregulation of Creb1, Marcks, Jarid2 and Lcor at the pre-

leukemia stage (Supplemental Figure 4A,B). MiR-128a also caused an upregulation 

of Mllt10, which interacts with DOT1L to mediate H3K79 dimethylation 

(Supplemental Figure 4A,B).39 With the establishment of the disease and similar to 

patients, Brwd1, Creb1 and E2f3 became upregulated in pMIRH-130b and pMIRH-

128a sick mice, as well as Bmi1, Brwd3, Mllt10 and Pten in pMIRH-128a sick mice 

(Supplemental Figure 4C,D). Brwd1 promotes B-lymphopoiesis through RAG 

recruitment40, while BMI1 is important for MLL-rearranged leukemia maintenance.41 

Finally, in line with bortezomid-sensitivity of MLL-AF4+ leukemic cells, miR-130b led 

to a significant downregulation of Marcks, a protein kinase C substrate associated 
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with bortezomid resistance (Supplemental Fig. 4C,D).42,43 Overall, 35/40 genes 

(88%) had an expression pattern similar between infant/pediatric patients and sick 

mice. Therefore, the expression pattern observed in sick mice largely recapitulates 

that of MLL-AF4+ BCP ALL.  

MiR-130b+ and miR-128a+ Mll-AF4+ leukemia is propagated by different LSCs 

 Our previous studies have pointed to the FL LMPP as the most likely cell-of-

origin of t(4;11) MLL-AF4 ALL.14,15 pMIRH-130b sick mice also showed an increased 

LMPP compartment upon serial transplantation (Figure 3). To determine which 

population contains leukemia-propagating/stem cells, we individually transplanted 

HSC/MPPs, LMPPs, LK/CLPs and LSK Il7r+ (pMIRH-128a only) from the BM of sick 

mice to assess their ability to transfer the disease (Figure 5A). 2/3 mice that received 

100 LMPPs from pMIRH-130b primary/sick mouse showed engraftment and overt 

disease after a latency of only 41 days, while there was no contribution from injected 

HSC/MPPs and LK/CLPs (Figure 5B). As the disease became more aggressive with 

serial transplants, a low number of HSC/MPP or LMPP (and high number of LK/CLP) 

from pMIRH-130b secondary/sick mice was sufficient to phenocopy the leukemia in 

tertiary recipients (Figure 5C).  

Interestingly, we did not observe an engraftment from the few retrieved 

HSC/MPP and LMPP from primary/sick or secondary/sick pMIRH-128a mice. 

Leukemia-propagating ability was restricted to the blast populations (LK/CLP and 

LSK Il7r+ fractions) in pMIRH-128a sick mice (Figure 5D,E). The GFP chimerism in 

the BM of secondary and tertiary recipients was >85% in sick mice (Figure 5F,G) 

 Secondary/sick recipients of LMPP from pMIRH-130b primary/sick mice 

showed splenohepatomegaly, pale bones and a mixed/BCP/myeloid lineage 

phenotype (Figure 5H,I, Supplemental Table S4). Faithful disease propagation was 

also confirmed in tertiary recipients of both pMIRH-130b and pMIRH-128a sorted 

cells (Figure 5I-M, Supplemental Figure S5). The LSK compartment of pMIRH-130b 

tertiary/sick mice was largely dominated by the LMPP population, whether mice 

received HSC/MPP or LMPP (Figure 5N). This confirms that LMPPs propagate the 

mixed/BCP/myeloid lineage acute leukemia observed in pMIRH-130b mice, whereas 

the Lineage-Sca1+/-Il7r+ckit+ blast population maintains the pro-B ALL in pMIRH-

128a mice. 
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NR2F6 and SGMS1, two targets of miR-130b and miR-128a, have tumor 

suppressor activity 

 To identify the downstream mechanisms of miR-130b and miR-128a, we 

intersected the differentially expressed genes that are common between pediatric 

and infant MLL-AF4+ leukemia with predicted targets of miR-130b and miR-128a 

(Figure 6A).38,44-46 We selected NR2F6 (miR-128a target) and SGMS1 (miR-130b 

and miR-128a target) for functional validation given their unknown role in MLL-AF4+ 

leukemia. NR2F6 is a transcriptional repressor with predicted DNA-binding sites in 

the MLL promoter, whereas SGMS1 synthesizes sphingomyelin which is an 

essential component of the plasma membrane.47 Both genes are downregulated in 

MLL-AF4+ leukemia patients (Figure 6B,C, Supplemental Figure S6A-D) and in MLL-

rearranged leukemia cell lines compared to Nalm6 cells (Supplemental Figure 

S6E,F). We also observed their downregulation in pMIRH-130b and pMIRH-128a 

leukemic mice (Figure 6D,E).  

To establish a direct link between miR-130b/miR-128a and NR2F6/SGMS1 in 

human MLL-AF4+ leukemic cells, we used specific siRNAs against miR-130b or 

miR-128a to inhibit their activity in SEM cells. Both induced a decelerated cell 

proliferation (Supplemental Figure S6G), which correlates with SEM proliferation 

upon inhibition with pmiRZip (Figure 1H). MiR-130b or miR-128a inhibition in SEM 

cells initiated a strong downregulation of miR-130b, miR-128a, MLL-AF4 and its 

transcriptional targets (MEIS1, HOXA9, CDK6, BCL2), and, importantly, strongly 

upregulated NR2F6 and SGMS1 at the transcript and protein level (Figure 6F,G).  

This was recapitulated with MLL-AF4 inhibition through siMA6 (Supplemental Figure 

S6H,I) and in SEM pmiRZip-130b cells, which maintained a long-term miR-128a 

downregulation (Supplemental Figure S6J,K). Finally, using a luciferase assay, we 

observed a significant decrease in luciferase activity when miR-128a is 

overexpressed alongside the pGL3promoter-UTR-NR2F6 or pGL3promoter-UTR-

SGMS1 in HEK293T cells (Supplemental Figure S6L). The effect was similar, but 

weaker, when miR-130b was overexpressed with the pGL3promoter-UTR-SGMS1 

(Supplemental Figure S6M).  

To assess the role of NR2F6 and SGMS1 in human MLL-AF4+ leukemic cells, 

we overexpressed them in SEM and RS4;11 leukemic cells (Supplemental Figure 

S6N,O). SGMS1 overexpression in SEM cells led to increased cell death (Figure 

6H), while NR2F6 significantly decreased cell proliferation (Figure 6I). These effects 
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were recapitulated in RS4;11 leukemia cells (Supplemental Figure S6P,Q). 

Furthermore, NR2F6 overexpression in SEM cells was linked to a downregulation of 

MLL-AF4 and its target genes (MEIS1, HOXA9, BCL2, miR-130b, miR-128a) (Figure 

6J). We also observed a prolonged survival of SEM-pCDH-hNR2F6-engrafted NSG 

mice of up to 64 days after transplant (Figure 6K). Overall, these results identified a 

direct link between miR-130b/miR-128a and NR2F6/SGMS1, which promotes MLL-

AF4+ leukemia maintenance. 

 

Continued miR-130b activity and NR2F6/SGMS1 inhibition are required for 

MLL-AF4+ leukemia.  

 To confirm the crucial role of miR-130b, miR-128a, NR2F6 and SGMS1 in 

MLL-AF4+ leukemia maintenance, we conducted rescue experiments using the 

pmiRZip microRNA inhibitors and NR2F6 and SGMS1 overexpression. A summary 

of the rescue mouse cohort is included (Supplemental Table S7). GFP+ leukemic 

cells from pMIRH-130b sick/secondary recipients were transduced with a control 

inhibitor (pmiRZip-scramble), an anti-miR-130b (pmiRZip-130b), a NR2F6 vector 

(pCDH-hNR2F6) or a SGMS1 vector (pCDH-hSGMS1) and transplanted (Figure 7A). 

MiR-130b inhibition and NR2F6/SGMS1 upregulation were confirmed in Mll-AF4+ 

pMIRH-130b pmiRZip-130b pre-transplant and BM cells (Supplemental Figure S7A). 

We also confirmed NR2F6 and SGMS1 overexpression in pre-transplant and BM 

cells of Mll-AF4+ pMIRH-130b pCDH-hNR2F6 and pCDH-hSGMS1, while miR-130b 

expression was stable (Supplemental Figure S7A). MiR-130b inhibition and NR2F6 

overexpression led to a significantly prolonged latency compared to control mice (53 

and 62 vs 23 days, respectively) (Figure 7B). SGMS1 overexpression was not able 

to maintain Mll-AF4+ pMIRH-130b leukemia and led to a stroke-like phenotype in all 

recipients (Figure 7B, Supplemental Table S7). While Mll-AF4+ pMIRH-130b pCDH-

hSGMS1 rescue mice presented a significantly lower blast infiltration in all tissues 

and no splenohepatomegaly, Mll-AF4+ pMIRH-130b pmiRZip-130b and pCDH-

hNR2F6 rescue mice eventually developed leukemia (Figure 7C, Supplemental 

Figure S7B,C) Mll-AF4+ pMIRH-130b rescue mice displayed a reduced contribution 

from the myeloid compartment and an increased contribution from mixed lineage 

cells (Figure 7D, Supplemental Figure S7D-G). B-lymphoid cells, including 

committed B220+CD19+ cells were also restored in Mll-AF4+ pMIRH-130b rescue 

mice (Figure 7D, Supplemental Figure S7D-G), suggesting that miR-130b mediates 
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the B-lymphoid differentiation arrest through the downregulation of NR2F6 and 

SGMS1.  

  Secondly, given miR-130b upregulation in the BM of pMIRH-128a sick mice 

(Figure 4E), we performed single or double inhibition of miR-128a and miR-130b and 

NR2F6/SGMS1 overexpression in GFP+ leukemic cells from pMIRH-128a 

sick/secondary recipients (Figure 7A). The single or double inhibition of miR-128a 

and miR-130b led to a downregulation of both miR-130b and miR-128a in Mll-AF4+ 

pMIRH-128a pre-transplant cells (Supplemental Figure S7H), which is similar to what 

has been observed in SEM cells (Figure 6F). This miR-130b/miR-128a inhibition was 

accompanied by an upregulation of NR2F6 and SGMS1 (Supplemental Figure S7H). 

Similar to the results with SEM cells (Figure 1J), miR-128a inhibition did not affect 

disease latency (Figure 7E), suggesting that miR-128a inhibition is more important 

for the initiation of MLL-AF4-driven leukemogenesis. Strikingly, miR-130b inhibition 

led to a total rescue of 50% of recipients, highlighting a critical role for pro-B ALL 

maintenance (Figure 7E). MiR-128a and miR-130b dual inhibition led to a similar 

rescue phenotype and a longer latency (Figure 7E). Similar to Mll-AF4+ pMIRH-130b 

rescue mice, NR2F6 overexpression showed a trend towards a longer latency (p = 

0.08) and SGMS1 induced a stroke-like phenotype (Figure 7F). MiR-130b inhibition 

alone or with pmiRZip-128a as well as NR2F6/SGMS1 overexpression reduced 

splenohepatomegaly (Supplemental Figure S7I,J) and all showed a significantly 

decreased GFP chimerism in the BM (Figure 7G,H). The GFP chimerism in the 

peripheral blood, spleen, liver and lungs was also reduced in some rescue mice 

(Figure S7K-N). Finally, similar to SEM cells (Figure 6H), SGMS1 overexpression in 

Mll-AF4+ pMIRH-130b and Mll-AF4+ pMIRH-128a mice increased mouse leukemic 

blast cell death in the BM, peripheral blood, spleen, liver and lungs (Figure 7I, 

Supplemental Figure S7O-R). This may cause an accumulation of debris in 

vessels/arteries, leading to blockages which could explain the stroke-like phenotype 

observed in SGMS1 rescue mice. NR2F6 overexpression also decreased the 

viability of mouse leukemic cells, which correlated with the longer latency observed 

in recipients (Figure 7B,F). 

 All pre-transplant cells transduced with a microRNA inhibitor or 

overexpressing gene showed a downregulation of Mll-AF4 and some of its target 

genes (Supplemental Figure S7A,H). This Mll-AF4 downregulation was also seen in 

the BM of rescue mice, but was not necessarily linked to a downregulation of Mll-
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AF4 target genes such as Meis1, Hoxa9, Cdk6 or Bcl2. We also observed a 

partial/full recovery of Nr2f6 and Sgms1 expression following miR-130b inhibition in 

pMIRH-130b and pMIRH-128a leukemic mice (Supplemental Figure S8).   

In contrast to the rescue phenotype observed in sick mice, NR2F6 or SGMS1 

overexpression in mouse Mll-AF4+ pre-leukemic cells impaired engraftment and did 

not lead to the stroke-like phenotype caused by SGMS1 overexpression in sick mice 

(Supplemental Figure S9A-E). SGMS1 also favored the production of B220+ CD19+ 

B-lymphoid cells, which can partially be explained by Pax5 upregulation 

(Supplemental Figure S9F-I).  

These results confirm that the phenotype observed in our sick mice is 

microRNA-dependent and mediated through NR2F6 and SGMS1 downregulation. 

We also highlight their distinct biological roles in the initiation and maintenance of 

MLL-AF4-driven leukemogenesis and show that both NR2F6 and SGMS1 are tumor 

suppressor genes in MLL-AF4-driven leukemogenesis (Supplemental Figure S11). 

These represent attractive targets for future studies that will focus on the 

identification of new therapeutic avenues for MLL-AF4+ leukemia. 
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Discussion 

  Our aim was to improve the understanding of MLL-AF4+ leukemogenesis and 

to find collaborating factors that could serve as new therapeutic targets. We focused 

on miR-130b and miR-128a for functional validation because of their strong 

upregulation in MLL-AF4+ BCP-ALL patient leukemic blasts from our and published 

cohorts.48 We used an integrative approach using human leukemic cell lines and a 

pre-leukemia mouse model of t(4;11) MLL-AF4 ALL with physiological expression 

levels of Mll-AF4 in the correct cellular context14,15, as this model would allow for the 

identification of factors that drive the pre-leukemic state to a full acute leukemia 

phenotype.  

MiR-130b and miR-128a, which we identified as two novel downstream 

targets of MLL-AF4, were not overexpressed in the Mll-AF4 pre-leukemia mouse 

model.14  ATAC-Seq showed similar accessibility of the two loci in wild-type mouse 

and human FL LMPPs, which decreased upon Mll-AF4 expression in mouse cells. 

This was unexpected, but may be due to key members of the MLL-AF4 complex not 

being expressed in mouse progenitors. For this reason, we decided to overexpress 

the two miRNAs separately to assess their individual contribution to disease 

development. The overexpression of miR-130b or miR-128a in FL Mll-AF4+ LSK 

enhanced B-lymphoid clonogenic output, and most importantly, a significant subset 

of FL Mll-AF4+ LSK miR-130b+ or miR-128+ primary recipients developed an acute 

leukemia with similar phenotypic and molecular features as seen in patients. 

Specifically, Mll-AF4 and miR-130b together drove a progressively more severe 

mixed/BCP/myeloid lineage acute leukemia characterized by an expansion of B220+ 

mixed lineage, BCP and myeloid cells. The combination of Mll-AF4 and miR-128a 

induced an acute leukemia with shortening latency over serial transplants and a 

phenotype that resembled that of pro-B cells (Lin-ckit+Il7r+). B220 and CD19 

expression was lacking, but B-lymphoid associated genes were expressed (Ikaros 

and Pax5). Therefore, miR-128a induced a very strong B-lymphoid differentiation 

arrest, with a lack of IgM-expressing mature B cells, and an upregulation of ckit and 

Sca1 stem cell markers. There was also a strong upregulation of miR-130b in Mll-

AF4+ miR-128a sick mice.  

This mouse model enables the comparison of gene expression at the pre-

leukemia and leukemia stages, which is impossible to achieve with human samples 
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because of the pre-natal origin of t(4;11) MLL-AF4 acute leukemia. Already at the 

pre-leukemic stage, the expression of miR-130b or miR-128a increased the 

expression of Mll-AF4 and key players in Mll-AF4+ leukemogenesis that can explain 

some of the phenotypic differences observed in the sick mice (mixed/BCP/myeloid 

versus pro-B ALL). We observed a strong overlap with the expression signature in 

patients, including maintenance of Mll-AF4 expression. Hence, a full leukemic 

phenotype was achieved in a syngeneic mouse model with only one additional co-

driver. Furthermore, with the rescue experiments highlighting the differential roles of 

miR-130b and miR-128a in leukemia progression and lineage identity, future 

experiments will focus on identifying the factors that modulate miR-130b and miR-

128a expression and that are absent in mice. 

Patients with t(4;11) MLL-AF4 leukemia present with an expansion of 

leukemic blasts that have a phenotype similar to pro-B cells (CD19+CD10-) and 

retain myeloid features (CD15+), and myeloid leukemic clones can emerge during 

disease progression.49 50 This suggests that the cell-of-origin of t(4;11) MLL-AF4 B-

ALL retains lymphoid and myeloid potential, which could explain the “lineage switch” 

observed in some patients following treatment.51-53 In Mll-AF4+ miR-130b+ mice, we 

also observed a co-expression of myeloid and lymphoid markers on a substantial 

proportion of leukemic cells. Furthermore, LMPPs, which retain both myeloid and 

lymphoid potential and became the prominent LSC population as disease 

progressed, were able to recapitulate the mixed/BCP/myeloid lineage acute 

leukemia.  

The leukemia-propagating cell in Mll-AF4+ miR-128a+ sick mice was very 

different. Almost all of the cells in the LSK and LK/CLP compartment in these mice 

expressed Il7r, and the few HSC/MPP and LMPP retrieved from their BM did not 

engraft. Only the ckit+Il7r+Sca1+/- blast cells from Mll-AF4+ miR-128a+ sick mice 

propagated pro-B ALL, with both fractions yielding Sca1- and Sca1+ in sick mice 

(data not shown), a pattern observed with other markers in BCP-ALL patient 

samples (e.g. CD34).27,54  

Extensive functional validation in human and mouse cells has highlighted the 

importance of miR-130b upregulation in the initiation and maintenance of MLL-AF4+ 

acute leukemia. Even though miR-130b expression was detected in normal pre-pro-

B human FL cells, this study confirms that MLL-AF4 is important to drive and/or 

maintain miR-130b upregulation. Finally, we identified two novel tumor suppressor 
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genes, NR2F6 and SGMS1, that are downregulated in t(4;11) MLL-AF4 ALL patients 

and confirmed that they are direct targets of miR-130b and miR-128a. Their 

individual overexpression strongly compromised the proliferation and survival of 

MLL-AF4+ lymphoid human leukemic cells. In Mll-AF4+ miR-130b+ and Mll-AF4+ 

miR-128a+ leukemic mice, NR2F6 and SGMS1 led to prolonged latency, less 

severe/absent splenohepatomegaly and compromised leukemic blast infiltration and 

viability. Future work will focus on refining our understanding of the mechanisms 

modulated by these genes for therapeutic use. Results from this study highlight a 

strong apoptotic and toxic response upon SGMS1 overexpression that is specific to 

Mll-AF4+ leukemic cells compared to Mll-AF4+ pre-leukemic cells. Hence, it will be 

essential to carefully control SGMS1 activity for clinical use to reduce the risk of 

severe complications for patients. Furthermore, if MLL is a direct target of the NR2F6 

transcription repressor, the identification of molecules that can activate its ligand-

binding-domain could prove useful to target MLL-AF4 activity in leukemic cells.  

This study provides new mouse models of t(4;11) MLL-AF4 acute leukemia 

with different lineage phenotypes. These are important tools for the development of 

better therapeutic regimens and for investigating lineage choice in MLL-rearranged 

leukemias. Our integrative approach can validate the role of leukemogenic co-drivers 

in a physiological context and allows, for the first time, to study every stage of the 

disease, from the pre-leukemia stage to MLL-AF4+ leukemia. 
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Figure legends. 

 

Figure 1. MiR-130b and miR-128a are upregulated in patient blasts and have 

tumorigenic functions in MLL-AF4+ B-ALL cells  

(A) Experimental approach and sorting strategy of bone marrow cells from patients. 

(B) Differential expression analysis of microRNAs in blasts at diagnosis 

(CD19+CD10-NG2+CD34+, CD19+CD10-NG2-CD34+ and CD19+CD10-CD34-) 

versus non-blasts at remission (CD19-CD10-). Data were compared using a limma 

test. Expression of (C) miR-130b and (D) miR-128a in patients’ leukemic blasts 

(diagnosis), non-blasts (remission) and human FL hematopoietic cells (10-20 wpc). 

(E) ATAC-Seq profiles of human FL LMPP derived from 10-20 wpc (n=2) and SEM 

cells (GSE117865) alongside FLAG-MLL-Af4 ChIP-Seq profiles of miR-130b and 

miR-128a loci in MLL-Af4 human leukemic blasts (GSE84116). The grey box 

highlights the promoter that regulate each microRNA. Arrows indicate an open 

chromatin region or a chromatin region with MLL-AF4 binding. Expression of MLL-

AF4, MEIS1, HOXA9, CDK6, BCL2, miR-130b and miR-128a in SEM cells 

transfected with siRNA against MLL-AF4 (siMA6) after (F) 48h and (G) 72h. The 

log2-fold change (LOG2FC) is calculated using SEM sicontrol as a reference. (H) 

Proliferation after 72h in culture (initial cells concentration: 105 cells/mL) and (I) 

apoptosis assay in SEM cells when the activity of miR-130b and/or miR-128a is 

inhibited (pmiRZip-130b/128a). pmiRZip-scramble was used as a control. (J) 

Survival curve of SEM pmiRZip-scramble-, pmiRZip-130b- and pmiRZip-128a-

engrafted NSG recipients. MicroRNA inhibition in leukemic cells was achieved 

through lentiviral transduction and monitored with GFP. Unless stated otherwise, 

data were compared using a Mann-Whitney U test: p < 0.05 (*), p < 0.01 (**), p < 

0.001 (***), p < 0.0001 (****). Experiments were conducted in triplicate or more. 

Graphs are presented as Mean ± SEM. 

 

Figure 2. MiR-130b and miR-128a promote the B-lymphoid bias of fetal liver 

Mll-AF4+ pre-leukemic cells 

(A) Expression of miR-130b and miR-128a in E14 FL HSC/MPP and LMPP from Mll-

AF4- VEC-Cre+ and Mll-AF4+ VEC-Cre+ embryos. (B) ATAC-Seq of mouse E14.5 

FL LMPP (WT and Mll-AF4+ VEC-Cre+). Each trace represents a pool of 4 biological 
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replicates. The grey box highlights the promoter that regulate each microRNA. 

Arrows indicate an open chromatin region. (C) Expression of miR-130b or (D) miR-

128a in transduced FL Mll-AF4+ LSK. (E) Experimental approach for the lentiviral 

transduction of FL Mll-AF4+ LSK and functional validation. Transduced cells were 

monitored with GFP expression. Clonogenic potential of transduced LSK in (F) 

myeloid and (G) B-lymphoid conditions. (H) Proliferation of myeloid and lymphoid 

cells in colony-forming assays. Data were compared using a Mann-Whitney U test: p 

< 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****). Experiments were 

conducted in triplicate or more. Graphs are presented as Mean ± SEM. 

 

Figure 3. The overexpression of miR-130b and miR-128a in Mll-AF4+ FL LSK 

leads to a mixed/BCP/myeloid or lymphoblastic acute leukemia, respectively 

(A) Experimental design. All mice received Mll-AF4-expressing cells. Survival curve 

of primary, secondary and tertiary recipients of the (B) Mll-AF4+ pMIRH-130b and 

(C) Mll-AF4+ pMIRH-128a cohorts. Total bone marrow from 1-2 primary recipients 

were used for secondary transplants. Total bone marrow from 2-3 recipients were 

used for tertiary transplants. Positive event = hematological malignancy linked to 

donor cells. A Gehan-Breslow-Wilcoxon test was used to compare survival curves. 

(D) Types of malignancies in Mll-AF4+ control, Mll-AF4+ pMIRH-130b and Mll-AF4+ 

pMIRH-128a primary recipients. A Chi-square test was used to compare the 

distribution of sick and non-sick mice. (E) Post-mortem pictures of sick mice from the 

Mll-AF4+ control, Mll-AF4+ pMIRH-130b and Mll-AF4+ pMIRH-128a cohorts. (F) 

Spleen and (G) liver weights. (H) GFP chimerism in the bone marrow. (I) White blood 

cell counts in Mll-AF4+ control and sick mice. Proportion of (J) myeloid cells, (K) 

mixed lineage cells, (L) B-lymphoid cells, (M) ckit+ cells and (N) IgM+ and Il7r+ cells 

in the GFP+ fraction of the bone marrow of Mll-AF4+ control and sick mice (Mll-AF4+ 

pMIRH-130b or Mll-AF4+ pMIRH-128a). (O) Proportion of LSK Il7r+Flt3-, HSC/MPP 

(LSK Il7r- Flt3-) and LMPP (LSK Flt3+) in the LSK compartment of control and sick 

mice. (P) Central nervous system infiltration in Mll-AF4+ control, Mll-AF4+ pMIRH-

130b and Mll-AF4+ pMIRH-128a mice. The level of infiltration is described in the 

material and methods section. (Q) Romanowsky staining of peripheral blood smears. 

All images are at the same magnification according to the scale. Data were 

compared using a Mann-Whitney U test: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p 

< 0.0001 (****). Graphs are presented as Mean ± SEM (one dot = one mouse). 
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Figure 4. Mll-AF4+ pMIRH-130b/pMIRH-128a+ cells display a gene expression 

profile similar to MLL-AF4+ patient blasts  

(A) Mll-AF4 expression in transduced/GFP+ E14 FL Mll-AF4+ LSK (pre-leukemia 

and pre-transplantation). (B) Heatmap of gene expression in transduced E14 FL Mll-

AF4+ LSK. (C) Summary of the gene expression results of transduced E14 FL Mll-

AF4+ LSK. (D) Mll-AF4 expression in total bone marrow cells of control and leukemic 

mice. (E) Heatmap of gene expression in total bone marrow cells. (F) Summary of 

the gene expression results of total bone marrow cells. Data were compared using a 

Mann-Whitney U test: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****). 

Experiments were conducted in triplicate or more. Heatmaps present the log2-fold 

change (log2FC) of gene expression, using Mll-AF4+ pMIRH (Control) as a 

reference.  

 

Figure 5. Mll-AF4+ pMIRH-130b and Mll-AF4+ pMIRH-128a leukemia are 

propagated by different LSCs 

(A) Experimental design. All sorted cells were retrieved from recipients originally 

transplanted with total bone marrow cells. Secondary recipients received cells 

retrieved from the bone marrow of FL Mll-AF4+ LSK primary recipients. Tertiary 

recipients received cells from the bone marrow of total bone marrow secondary 

recipients. Survival curves of (B) secondary and (C) tertiary transplants of mice that 

received sorted HSC/MPP (LSK Il7r- Flt3-), LMPP (LSK Flt3+) or LK/CLP (Lineage-

Sca1low/-ckit+) from the bone marrow of Mll-AF4+ pMIRH-130b sick mice. Survival 

curves of (D) secondary and (E) tertiary transplants of mice that received sorted 

HSC/MPP, LMPP, LK/CLP or LSK Il7r+ from the bone marrow of Mll-AF4+ pMIRH-

128a sick mice. GFP chimerism in the bone marrow of (F) secondary and (G) tertiary 

recipients. (H) Proportion of hematopoietic cells in secondary recipients of LMPP 

from Mll-AF4+ pMIRH-130b sick mice. Spleen and liver weight are also indicated. (I) 

Spleen and (J) liver weight of sick tertiary recipients that received sorted HSC/MPP, 

LMPP, LK/CLP or LSK Il7r+ from the bone marrow of Mll-AF4+ pMIRH-130b or Mll-

AF4+ pMIRH-128a sick mice. (K) Proportion of myeloid cells, mixed lineage cells, B-

lymphoid cells and ckit+ Il7r+ cells. (L) T-lymphoid cells in the bone marrow of 

tertiary recipients of sorted cells from Mll-AF4+ pMIRH-130b or Mll-AF4+ pMIRH-

128a sick mice. Proportion of (M) ckit+ cells and (N) HSC/MPP, LMPP and LSK Il7r+ 
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cells in the bone marrow LSK compartment of tertiary recipients of sorted cells from 

Mll-AF4+ pMIRH-130b sick mice. Graphs are presented as Mean ± SEM (one dot = 

one mouse). 

Figure 6. NR2F6 and SGMS1, two targets of miR-130b and miR-128a, have 

tumor suppressive activity in MLL-AF4-driven leukemogenesis 

(A) Overlap of deregulated genes in GSE79533 and GSE79450 data sets (black), 

predicted targets of miR-130b (green) or miR-128a (blue) using TargetScan and 

PicTar. (B) NR2F6 and (C) SGMS1 expression in t(4;11) MLL-AF4 pediatric 

leukemia blasts and non-blasts from our cohort. (D) Nr2f6 and (E) Sgms1 expression 

in FL Mll-AF4+ LSK (pre-leukemic) and bone marrow (leukemic) of Mll-AF4+ pMIRH 

control mice and of Mll-AF4+ pMIRH-130b and Mll-AF4+ pMIRH-128a sick mice. (F) 

RT-qPCR of miR-130b, miR-128a, MLL-AF4, MEIS1, HOXA9, CDK6, BCL2, NR2F6 

and SGMS1 in SEM cells transfected with a negative inhibitor control, miR-130b 

inhibitor or miR-128a inhibitor. The log2-fold change (LOG2FC) is calculated using 

the negative inhibitor control as a reference. (G) Western blot against NR2F6 and 

SGMS1 in SEM cells transfected with a negative inhibitor control, miR-130b inhibitor 

or miR-128a inhibitor. The brightness was adjusted manually in ImageJ to uniform 

the background, and each lane came from the same membrane. The WT lane was 

not directly next to the siRNAs lane and is separated by a vertical line. Relative 

quantification for all three proteins was calculated by Image Lab using the sicontrol 

as a reference. The quantification presented for NR2F6 and SGMS1 is adjusted with 

the relative quantification of the β-actin signal intensity. The β-actin signal comes 

from the same membrane as the NR2F6/SGMS1 signal (n=4).  (H) Apoptosis and (I) 

proliferation of SEM leukemic cells upon NR2F6 and SGMS1 overexpression. (J) 

Expression of MLL-AF4 and its target genes (MEIS1, HOXA9, CDK6, BCL2, miR-

130b and miR-128a) and SGMS1 in SEM leukemic cells upon NR2F6 

overexpression. The log2-fold change (LOG2FC) is calculated using SEM pCDH 

cells as a reference.  (K) Survival curve of NSG mice transplanted with SEM control 

(pCDH-empty) and overexpressing NR2F6 (pCDH-NR2F6). NSG mice were culled 

64 days after transplant due to facility concerns. This experiment could not be 

performed with SGMS1 due to the high amount of cell death in SEM cells. The 

overexpression of NR2F6 and SGMS1 in leukemic cells was achieved by lentiviral 

transduction and transduced cells were monitored with GFP. A Gehan-Breslow-

Wilcoxon test was used to compare survival curves. Unless stated otherwise, data 
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were compared using a Mann-Whitney U test: p < 0.05 (*), p < 0.01 (**), p < 0.001 

(***), p < 0.0001 (****). Graphs are presented as Mean ± SEM.  

 

Figure 7. Continued miR-130b activity and NR2F6/SGMS1 inhibition is required 

for MLL-AF4+ leukemia maintenance 

(A) Experimental layout of rescue experiment for Mll-AF4+ pMIRH-130b leukemic 

mice (18 000 GFP+ cells injected) and Mll-AF4+ pMIRH-128a leukemic mice (10 000 

GFP+ cells injected). (B) Survival curve of Mll-AF4+ pMIRH-130b rescue mice 

(pmiRZip-scramble or pmiRZip-130b, NR2F6 of SGMS1 overexpression). (C) GFP 

chimerism in various organs of Mll-AF4+ pMIRH-130b rescue mice. (D) Lineage 

output in the GFP+ fraction of the bone marrow of Mll-AF4+ pMIRH-130b rescue 

mice. (E) Survival curve of Mll-AF4+ pMIRH-128a rescue mice with microRNA 

inhibition (pmiRZip-scramble, pmiRZip-128a, pmiRZip-130b or pmiRZip-128a+130b). 

(F) Survival curve of Mll-AF4+ pMIRH-128a rescue mice with NR2F6 or SGMS1 

overexpression. A statistical comparison of the survival rate of rescue mice was 

performed using a Chi-square test to compare the distribution of sick and non-sick 

mice (indicated next to the number of sick mice/total mice). (G) GFP chimerism in 

the bone marrow of Mll-AF4+ pMIRH-128a rescue mice. (H) Post-mortem photos of 

representative Mll-AF4+ pMIRH-128a rescue mice. (I) Apoptosis/necrosis of fresh 

GFP+ cells retrieved from the bone marrow of Mll-AF4+ pMIRH-130b and Mll-AF4+ 

pMIRH-128a rescue mice upon NR2F6 or SGMS1 overexpression. Recipients of 

SGMS1-overexpressing cells were sacrificed because of a stroke-like phenotype. 

Data were compared using a Mann-Whitney U test: p < 0.05 (*), p < 0.01 (**), p < 

0.001 (***). A Gehan-Breslow-Wilcoxon test was used to compare survival curves. 

Graphs are presented as Mean ± SEM (one dot = one mouse). 
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