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Introduction
Cell type–specific gene expression programs in mammals 

are mainly governed by a small number of transcription fac-
tors (TF) that collectively control each other’s gene expression 
to form highly interconnected autoregulatory loops, termed 
as core regulatory circuitry (CRC; 1–4). Identifying the CRC 
in cancer can help reveal the cell of origin (5) and critical TFs 
required to maintain an oncogenic cell state (6–11), thus pro-
viding valuable insights into cancer biology. However, such 
efforts in leukemia have been limited (6, 11). Although fusion 

abstract The cellular context that integrates gene expression, signaling, and metabolism dic-
tates the oncogenic behavior and shapes the treatment responses in distinct cancer 

types. Although chimeric fusion proteins involving transcription factors (TF) are hallmarks of many types 
of acute lymphoblastic leukemia (ALL), therapeutically targeting the fusion proteins is a challenge. In this 
work, we characterize the core regulatory circuitry (CRC; interconnected autoregulatory loops of TFs) of 
B-ALL involving MEF2D-fusions and identify MEF2D-fusion and SREBF1 TFs as crucial CRC components. 
By gene silencing and pharmacologic perturbation, we reveal that the CRC integrates the pre-B-cell 
receptor (BCR) and lipid metabolism to maintain itself and govern malignant phenotypes. Small-molecule 
inhibitors of pre-BCR signaling and lipid biosynthesis disrupt the CRC and silence the MEF2D fusion in cell 
culture and show therapeutic efficacy in xenografted mice. Therefore, pharmacologic disruption of CRC 
presents a potential therapeutic strategy to target fusion protein–driven leukemia.

Significance: Cancer type–specific gene expression is governed by transcription factors involved in 
a highly interconnected autoregulatory loop called CRC. Here, we characterized fusion protein–driven 
CRC and identified its pharmacologic vulnerabilities, opening therapeutic avenues to indirectly target 
fusion-driven leukemia by disrupting its CRC.

See related commentary by Sadras and Müschen, p. 18.

proteins involving TF (TF-fusion proteins) are associated 
with many types of leukemia and are crucial for leukemia 
development (12, 13), their participation in CRC remains 
unexplored. Furthermore, CRC may provide the platform 
for the development of new therapeutics (14, 15), but CRC-
targeting therapy is still unestablished in leukemia.

B-cell precursor acute lymphoblastic leukemia (BCP-ALL) 
is the most common pediatric cancer and its prognosis in 
adults is generally unfavorable (13). BCP-ALL is characterized 
by recurrent chromosomal alterations, including chromo-
somal rearrangements that deregulate oncogenes or result 
in the formation of chimeric fusion proteins with altered 
functions of their nonarranged normal counterparts. Such 
fusion proteins are typically acquired early in leukemogenesis 
and are supposed to drive tumor formation (12). A systematic 
analysis of gene expression profiles, gene fusions, and gene 
mutations recently reported that BCP-ALL was classified into 
14 distinct subgroups that are associated with patient sur-
vival (16). Most of the subgroups are segregated according to 
genetic abnormalities, including fusion genes generated from 
chromosomal rearrangement. A subgroup representing BCP-
ALL with MEF2D-fusion genes (hereafter, MEF2D-ALL) is 
classified as a high-risk group (16), consistent with the results 
of other studies (17–21).

In mammals, the myocyte enhancer factor 2 (MEF2) fam-
ily of TFs consists of four members; MEF2A, 2B, 2C, and 
2D, which were initially identified as major transcriptional 
activators of muscle differentiation, but were later shown to 
be involved in the control of pleiotropic responses, including 
cardiac morphogenesis, blood vessel formation, neural dif-
ferentiation, and growth factor responsiveness (22). MEF2 
family members have also been implicated in cancer biol-
ogy. Ectopically activated MEF2C serves as an oncogene in 
human T-cell ALL (23), and MEF2D is a candidate oncogene 
in leukemia in mice (24–26). Elevated MEF2D expression in 
hepatocellular carcinoma and gastric cancer is associated 
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with poor patient prognosis, and MEF2D is critically involved 
in the proliferation of these cancer cells (27, 28).

In MEF2D-ALL, MEF2D is invariably situated at the 5′ 
end of the fusion transcripts, whereas 3′ partners are vari-
able, with BCL9 and HNRNPUL1 accounting for the majority 
(17–19, 21). The close similarity of gene expression profiles of 
MEF2D-ALL, regardless of 3′ partners, suggests crucial roles 
of deregulated MEF2D function in leukemogenesis (16–18).

In this study, we examined MEF2D-ALL as an example to 
investigate the presence of CRC in BCP-ALL and the involve-
ment of TF-fusion protein therein. We then explored the 
mechanisms involved in controlling the CRC to propose a 
CRC-targeting therapy.

Results
MEF2D-fusion TF Is Associated with Pre-B-cell 
Receptor Expression

We first sought to investigate the oncogenic roles of the fusion 
protein associated with MEF2D TF (hereafter, MEF2D-fusion 
TF) in MEF2D-ALL, and thus map the genome-wide occupancy 
of MEF2D-fusion TF in the MEF2D-ALL cell line Kasumi-7. For 
this purpose, we developed a genome-edited Kasumi-7 cell line in 
which endogenous MEF2D-HNRNPUL1 fusion TF was tagged at 
the carboxy-terminal with hemagglutinin (HA) and coexpressed 
with GFP by virtue of 2A sequence (hereafter, K7-HA-GFP cells; 
Supplementary Fig. S1A–S1C). Chromatin immunoprecipita-
tion followed by sequencing (ChIP-seq), which used an anti-
HA antibody, identified 7,077 unique MEF2D-HNRNPUL1 
binding peaks, with a distribution of approximately 20% in the 
proximity (<3 kb) of transcriptional start sites (TSS) of protein-
coding genes, acquiring approximately 40% and 34% in intronic 
and intergenic regions of the human genome (Supplementary 
Fig. S1D), respectively, suggesting that MEF2D-fusion TF func-
tions in both promoters and enhancers. The motif for MEF2 
family TFs being the most enriched (Supplementary Fig. S1D) 
in motif searching, and the results of ChIP-quantitative PCR for 
selected loci (Supplementary Fig. S1E) supported the validity of 
our ChIP-seq data.

Super-enhancers (SE) are responsible for the robust expres-
sion of developmentally regulated genes to specify cell identity 
(29) and genes required for tumor maintenance in cancer (30, 
31). On examining 877 SE regions, which we identified using 
the H3K27ac ChIP-seq data (29, 32) of Kasumi-7 cells, we 
observed that 66.3% of the regions (588 regions) were occu-
pied by MEF2D-HNRNPUL1, with prominent assignment of 
genes associated with pre-B-cell receptor (pre-BCR) signaling 
(33). Such genes included BLNK, IGLL1, VPREB1, CD79A, and 
BCL6 (Fig. 1A). MEF2D was also detected. Pre-BCR is composed 
of immunoglobulin (Ig) μ chain and surrogate light chains, 
namely, VpreB and lambda 5 (encoded by the IGLL1 gene), 
along with CD79A/B, and transmits signals via molecules such 
as the src family kinases (SFK), spleen tyrosine kinase (SYK), 
and Bruton tyrosine kinase (BTK; ref. 33). Pre-BCR signaling 
also involves the induced expression of BCL6 (34). Consist-
ently, the “BCR signaling pathway” was the top-ranked Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway (Fig. 1B; 
Supplementary Fig. S1F) for the genes assigned to SEs involv-
ing MEF2D-HNRNPUL1 occupancy. Instead, this result actu-
ally showed “pre-BCR signaling” as the top-ranked pathway, 

considering that; (i) Kasumi-7 cells expressed pre-BCR instead 
of BCR (description follows), (ii) BCR and pre-BCR signaling 
pathways share many, if not all, molecules, and (iii) pre-BCR 
signaling is not included in the KEGG pathways. Indeed, many 
genes known to be involved in the BCR signaling pathway, such 
as NFATC1, FOS, PIK3CD, PLCG2, and PPP3CC, were accompa-
nied by SEs involving MEF2D-HNRNPUL1 occupancy near 
their TSSs, as well as the abovementioned genes, namely, IGLL1, 
VPREB1, CD79A, BCL6, and MEF2D (Fig. 1C).

Flow cytometric analysis of cells for the coexpression of 
Igμ and lambda 5 revealed the presence of pre-BCR on the 
cell surface of MEF2D-ALL cell lines (Kasumi-7, Kasumi-9, 
and TS-2), as well as two primary clinical MEF2D-ALL cell 
samples. The use of an antibody to detect the pre-BCR com-
plex confirmed the results (Fig. 1D). We also examined seven 
additional MEF2D-ALL cell lines, which were also positive for 
pre-BCR expression (Supplementary Fig. S1G).

Then, we analyzed the gene expression data of two distinct 
clinical ALL cohorts (21) for the expression of genes discrimi-
nating pre-BCR+ ALL from BCR− ALL (34). This set included 
genes for pre-BCR signaling components (VPREB1, IGLL1, 
SYK, PRKCZ, BLNK, BLK, LYN, MERTK, and ZAP70) and TFs 
involved in B-cell differentiation (BCL6, BACH2, IRF4, TCF3, 
and POU2AF1), as upregulated in pre-BCR+ ALL. IL2RA (CD25), 
IL13RA1, CD34, ID2, CD69, CD99, ITGA6, CCND2, SOCS2, 
PRDM1, TLE3, and EMP1 were included as downregulated 
genes. Examining the expression of such genes by t-distributed 
stochastic neighbor embedding (t-SNE) analysis revealed the 
closest proximity of MEF2D-ALL with PBX1-rearranged ALL, 
an established pre-BCR+ BCP-ALL (ref. 34; Fig. 1E). Indeed, 
a comparison of gene expression data in clinical samples 
between MEF2D-ALL and other B-cell ALLs (PBX1-rearranged 
ALLs excluded) showed IGLL1, VPREB1, ZAP70, BCL6, IRF4, 
and BACH2 as overrepresented, and IL13RA1, PRDM1, TLE3, 
EMP1, CD69, CCND2, CD34, and SOCS2 as underrepresented 
in MEF2D-ALL. However, BLNK was unexpectedly underrepre-
sented (Supplementary Fig. S1H).

Given the likely association between MEF2D-fusion TF 
and pre-BCR expression in human MEF2D-ALL cells, as sug-
gested above, we investigated whether MEF2D-fusion TF 
could invoke pre-BCR expression in normal B cells. To this 
end, we utilized mouse pro-B cells as the target of retrovi-
ral expression of MEF2D-fusion TF. We took advantage of 
the higher infectivity of retrovirus for MEF2D-BCL9 than for 
MEF2D-HNRNPUL1; such infectivity was probably due to 
the smaller cDNA size of the former. Pro-B cells normally 
differentiate into pre-BCR+, then pre-BCR−, and finally, IgM+ 
immature B-cell stages in bone marrow (33). Pro-B cells iso-
lated from fetal mouse liver were infected with retrovirus to 
express MEF2D-BCL9 together with GFP or GFP only (con-
trol) and intravenously transplanted into immunodeficient 
NOD/Scid/IL2Rγnull (NSG) mice. After three weeks, the bone 
marrow cells in the recipients of GFP-only–transduced cells 
barely expressed pre-BCR, whereas those in the recipients of 
MEF2D-BCL9–transduced cells unmistakably expressed pre-
BCR (Fig. 1F). Thus, the MEF2D-BCL9 expression was sig-
nificantly associated with the emergence of pre-BCR+ cells 
or retardation in differentiation at the pre-BCR+ stage. In a 
different cohort with more extended observation periods, all 5 
mice receiving MEF2D-BCL9–transduced pro-B cells had died 
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Figure 1.  Association of MEF2D-fusion with pre-BCR expression. A, Profile of enhancers in Kasumi-7 cells based on the H3K27ac ChIP-seq signal. 
Enhancers are ranked by increasing signal level. SEs are represented in the top right quadrant. Genes assigned to selected SEs are indicated. B, KEGG 
pathway analysis of the genes assigned to SEs involving MEF2D-HNRNPUL1 occupancy. The false discovery rate (FDR) is indicated. C, Occupancy of 
MEF2D-HNRNPUL1 in genomic regions near the transcription start sites of representative genes involved in pre-BCR signaling. ATAC-seq and H3K27ac 
ChIP-seq signals are indicated. The MEF2D-HNRNPUL1 signal peaks and SEs are indicated by black lines. The x and y axes indicate the linear sequences 
of genomic DNA and normalized read densities, respectively. Arrows indicate the locations and directions of the TSSs. D, Flow cytometric analysis of 
pre-BCR expression on the indicated cells. Cells were labeled using a combination of anti-Igμ and anti-λ5 antibodies (top) and an anti-pre-BCR complex 
antibody (bottom). E, t-SNE analysis of genes associated with pre-BCR–positive versus -negative BCP ALL in clinical samples from two independent 
cohorts. Each dot represents one sample. The colors of the dots indicate fusions involving the indicated genes. “Kinase” indicates genes associated with 
protein kinases. F, Association of enforced MEF2D-BCL9 expression with pre-BCR+ B-cell emergence in mice. Mice were transplanted with mouse pro-B 
cells infected with retroviruses encoding GFP-only (n = 10) or MEF2D-BCL9 plus GFP (n = 11). Pre-BCR expression in the GFP+ fraction was analyzed by 
flow cytometry 3 weeks after transplantation. Representative flow-cytometric plots (left) and the % pre-BCR+ cells among total GFP+ cells (right) dem-
onstrate the association of MEF2D-BCL9 expression with the emergence of pre-BCR+ B cells. G, Kaplan–Meier curves of estimated survival among mice 
transplanted with control (n = 5) and MEF2D-BCL9-expressing pro-B cells (n = 5). This cohort was independent of that described in F. The statistically 
significant difference in survival was determined using the log-rank test. H, Morphologic (May–Grunwald–Giemsa staining) and flow-cytometric analyses 
of bone marrow cells of two mice before death revealed many lymphoblasts positive for pre-BCR.
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or became moribund within 120 days after transplantation, 
whereas all 5 mice receiving GFP-only–transduced pro-B cells 
remained healthy (Fig. 1G). We were able to examine 2 mice 
that received MEF2D-BCL9-transduced pro-B cells before they 
died and noted an enlarged spleen and many lymphoblasts 
in the bone marrow, of which >90% were GFP+CD19+ B cells 
that expressed pre-BCR (Fig. 1H). Therefore, the expression 
of MEF2D-fusion TF was closely associated with the elevated 
fraction of pre-BCR+ cells, and leukemia could develop later, 
probably in some of the pre-BCR+ cells.

Our overall findings, described above, suggested that 
MEF2D-ALL represented pre-BCR+ ALL. The genes encoding 
molecules involved in pre-BCR signaling were associated with 
SEs involving MEF2D-fusion TF occupancy.

MEF2D-ALL Relies on Pre-BCR and MEF2D-fusion 
TF for Growth and Survival

We next sought to clarify the role of pre-BCR in MEF2D-
ALL maintenance. Hence, we utilized lentiviral short hairpin 

RNA (shRNA) targeting the pre-BCR components, namely, 
Igμ, CD79A, and CD79B. The utilized lentivirus vectors 
expressed an extracellular domain of human CD8 (hCD8) 
along with shRNA, thereby allowing us to identify and iso-
late the infected cells by using the anti-hCD8 antibody. Pre-
BCR expression was downregulated in the hCD8+ but not 
in the hCD8− fraction, as expected, and the growth of the 
sorted hCD8+ cells was severely impaired (Fig. 2A). Consist-
ently, CRISPR interference-mediated suppression of the SEs 
(35) involving MEF2D-HNRNPUL1 binding peaks around 
the TSSs of either IGLL1 or VPREB1 reduced the expression 
of pre-BCR in Kasumi-7 cells (Supplementary Fig. S2A) and 
attenuated cell growth (Supplementary Fig. S2B).

To determine whether the expression of pre-BCR relied 
on MEF2D-fusion TFs, we used two independent lentiviral 
shRNA vectors targeting GFP and coexpressing hCD8. GFP 
expression was reduced only in the CD8+ fraction of shRNA-
infected K7-HA-GFP cells as expected, which was accom-
panied by a reduction in MEF2D-HNRNPUL1 expression  
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Figure 2.  Roles of pre-BCR expression and MEF2D-fusion in the maintenance of MEF2D-ALL. A, Knockdown of pre-BCR components impaired Kasumi-7 
cell growth. Kasumi-7 cells were infected with lentiviruses encoding shRNAs targeting the pre-BCR components Igμ, CD79A, and CD79B while coexpressing 
an extracellular domain of human CD8 (hCD8). The expression of pre-BCR and hCD8 was then analyzed. Pre-BCR expression was downregulated only in the 
hCD8+ fraction of cells (top). Purified hCD8+ cells (bottom) exhibited impaired cell growth following pre-BCR knockdown (n = 3). Luciferase shRNA was used 
as a control. B, Knockdown of GFP reduced the expression of MEF2D-HNRNPUL1 in K7-HA-GFP cells. Cells were infected with two lentiviruses that encoded 
GFP-specific shRNA while coexpressing hCD8 (i.e., shRNA-GFP_1 and _2). GFP was knocked down only in the hCD8-positive fraction (top). Luciferase shRNA 
was used as a control. Western blot analysis of flow-sorted hCD8-positive and -negative cells with anti-MEF2D antibody revealed the reduced expression 
of MEF2D-HNRNPUL1 only in the hCD8-positive fraction of cells infected with shRNA-GFP_1 and _2 viruses (bottom). C, Knockdown of MEF2D-HNRNPUL1 
by shRNA-GFP_1 and _2 in K7-HA-GFP cells reduced pre-BCR expression (top) and impaired cell growth (bottom; n = 3). D, MEF2D-HNRNPUL1 knockdown 
induced apoptosis. K7-HA-GFP cells infected with lentiviruses encoding a control or two shRNAs for GFP, as in B, were subjected to a flow cytometry analy-
sis of apoptosis using Annexin V and 7AAD dual staining. E, Heatmap presentation of gene expression changes associated with differentiation beyond the 
pre-BCR stage of B-cell development. Six each RNA samples from control- and MEF2D-HNRNPUL1-knocked down (three each infected with shRNA-GFP_1 
and shRNA-GFP_2) K7-HA-GFP cells were used. F, Patterns of cell surface expression of the indicated molecules in GFP-positive control (shown in blue) and 
GFP-low, MEF2D-HNRNPUL1 knocked down cells (in red) suggest differentiation after knockdown. G, Gene-set enrichment analysis of differences in gene 
expression between control and MEF2D-HNRNPUL1 knocked-down cells. The results are consistent with differentiation after knockdown.
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(Fig. 2B). The reduction in MEF2D-HNRNPUL1 expression 
led to impaired pre-BCR expression, attenuated cell growth 
(Fig. 2C), and cell death (Fig. 2D). Thus, MEF2D-fusion TF 
was crucial for MEF2D-ALL maintenance, at least partly 
through the upregulation of pre-BCR expression.

Next, to unravel the transcriptional consequences of 
MEF2D-HNRNPUL1 binding, we performed RNA-sequencing 
analysis of gene expression following the MEF2D-HNRNPUL1 
knockdown. Considering that MEF2D-HNRNPUL1 knock-
down induced cell death, we necessarily chose earlier time 
points before pre-BCR was appreciably downregulated. In 
normal B-cell development, differentiation beyond the pre-
BCR+ stage is associated with the cessation of proliferation 
and concomitant downregulation of Myc, reactivation of 
RAG gene expression, and increased cell surface expression 

of CD19, CD20, and CD45 (33, 36). The gene expression 
changes observed upon MEF2D-HNRNPUL1 knockdown 
in K7-HA-GFP cells were generally consistent with differen-
tiation, based on the following findings: (i) by focusing on 
genes whose expression changes along with differentiation 
beyond the pre-BCR+ B-cell stage (33, 36); we observed, as 
in normal differentiation processes, the upregulation of 
RAG1/RAG2, CD45, CD19, CD20, IKZF3, ELK3, HIVEP3, SPIB, 
POU2AF1, POU2F1, POU2F2, ELF1, ETS2, and POU4F1 and 
the downregulation of Myc and BCL6. However, SMARCA5, 
KLF4, KLF2, and KLF12, which are normally upregulated 
upon differentiation beyond pre-BCR+ pre-B cells, were 
instead downregulated in this study (Fig. 2E). (ii) Flow cyto-
metric analysis confirmed the upregulation of CD45, CD19, 
and CD20 (Fig. 2F). (iii) Gene-set enrichment analysis  
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suggested the consistency of the gene expression changes 
that we observed after silencing MEF2D-HNRNPUL1 with 
differentiation beyond the pre-BCR stage (Fig. 2G).

Overall, MEF2D-fusion TF was crucial for MEF2D-ALL 
maintenance regarding proliferation, differentiation blockade, 
and cell survival, at least partly through pre-BCR expression.

Self-enforcing Regulatory Loop Involving  
MEF2D-fusion TF and Pre-BCR Signaling

Tonic pre-BCR signaling involves the constitutive activity 
of proximal pre-BCR-associated SFKs, such as LYN, FYN, and 
BLK, as well as SYK, leading to the activation of PI3Ks; this, in 
turn, activates BTK and PLCγ2 to trigger ERK1/2 MAP kinases 
(33). We explored the influence of pre-BCR signaling toward 
MEF2D-fusion TF expression, considering that Erk1/2 acti-
vation under pre-BCR signaling leads to phosphorylation 
of the cAMP response element-binding protein (CREB) TF, 
which drives the transcription of Mef2d in mice (37). Knock-
down of pre-BCR components (CD79A, CD79B, and Igμ) and 
its signaling molecules, namely, SYK and BTK, in Kasumi-7 
cells reduced the phosphorylation of the respective down-
stream molecules, leading to decreased CREB phosphoryla-
tion and a reduction in MEF2D-fusion TF and its transcripts 
(Fig. 3A and B). Consequently, cell growth was impaired (Fig. 
3C). Likewise, CREB knockdown reduced MEF2D-fusion TF 
expression (Fig. 3D). These findings suggested that pre-BCR 
signaling positively regulated MEF2D-fusion TF, at least, in 
part, through CREB-mediated transcription. Similarly, dasat-
inib (SFK inhibitor), PRT062607 (SYK inhibitor), and ibruti-
nib (BTK and BLK inhibitor) reduced CREB phosphorylation 
in Kasumi-7 cells (Fig. 3E) and MEF2D-fusion TF expres-
sion in MEF2D-ALL cells (Fig. 3F; Supplementary Fig. S3A). 
Consistent with MEF2D-fusion TF reduction, the treatment 
reduced pre-BCR expression on the cell surface in MEF2D-
ALL, but not in three non-MEF2D, pre-BCR+ cell lines (Fig. 
3G; Supplementary Fig. S3B). FK506 inhibited MEF2D-ALL 
cell growth like the above tested drugs (description follows), 
but it did not influence the expression of MEF2D-fusion TF 
(Supplementary Fig. S3C) and pre-BCR (Supplementary Fig. 
S3D); hence, the reduction of MEF2D-fusion TF and pre-
BCR was not a general consequence of impaired cell growth.

Overall, these findings suggested that MEF2D-fusion TF was 
involved in the expression of pre-BCR, and in turn, the down-
stream signaling positively influenced the expression of MEF2D-
fusion TF, thereby establishing a feed-forward regulatory loop.

CRC of MEF2D-ALL
Next, we sought to unravel the CRC in MEF2D-ALL. CRC 

has been shown critical in maintaining cancers (6, 11, 38). We 
used SEs identified in two MEF2D-ALL lines (Kasumi-7 and 
Kasumi-9) and two non-MEF2D-ALL cell lines (NAGL1 and 
NALM1) to run the CRC mapper, an algorithm to predict CRC 
using SE maps (2). Many candidate CRC constituent TFs were 
shared by the two MEF2D-ALL lines, but not by the two non-
MEF2D-ALL cell lines (Supplementary Table S1), thus allow-
ing us to focus on the shared candidate constituent TFs. Given 
that constituent TFs regulate each other’s expression, and that 
MEF2D-fusion, which is crucial for leukemia maintenance (as 
described above), was a candidate constituent, we focused on 

TFs, among candidate CRC constituent TFs, whose expression 
was downregulated at the transcript level (>1.5-fold) following 
MEF2D-fusion knockdown in K7-HA-GFP cells (Supplemen-
tary Fig. S4A). The reduction of such TFs, namely, EGR1, 
BCL6, FOS, IRF8, ERG, RUNX1, NFATC1, and SREBF1, was 
confirmed at the protein level (Fig. 4A). These TFs, along with 
MEF2D-fusion TF, variably exhibited occupancies in genomic 
regions near TSSs of genes involved in pre-BCR signaling 
and probably collectively regulate expression of these genes 
(Supplementary Fig. S4B); however, IRF8 occupancy data in 
human immature/lymphoid cells was not available and thus 
not included in the analysis. Similar observations were made 
for genomic regions near TSSs of MEF2D and the TFs men-
tioned above (Supplementary Fig. S4C).

We then narrowed down CRC constituents to TFs, whose 
knockdown conversely reduced the expression of MEF2D-fusion 
protein (Fig. 4B). At this point, we deprioritized RUNX1, ERG, 
and NFATC1 TFs because their knock-down had less impact 
on the MEF2D-fusion protein level compared with other CRC 
constituent candidate TFs (Supplementary Fig. S4D), albeit com-
promising cell growth (Supplementary Fig. S4E). MEF2D-fusion 
TF was at least partly self-regulatory because the enforced expres-
sion of a dominant-negative version of MEF2D (39) reduced 
MEF2D-fusion protein expression (Fig. 4C). We thus extracted 
the MEF2D-fusion, SREBF1, FOS, EGR1, BCL6, and IRF8 as 
constituents of the putative CRC. Knockdown of either one 
of these TFs or enforced expression of the dominant-negative 
MEF2D attenuated the growth of K7-2A-GFP cells (Supplemen-
tary Fig. S4E), suggesting that these TFs are crucial for leukemia 
maintenance. Consistently, the MEF2D-fusion TF occupancy 
data, which we obtained using K7-2A-GFP cells, coupled with 
ChIP-seq data from GM12878 human lymphoblast cells (40) and 
human pre-B lymphocytes (34), suggested the cooccupancy of 
MEF2D-fusion, and four TFs, namely SREBF1, FOS, EGR1, and 
BCL6 in their respective gene locus; IRF8 was not included (see 
above; Fig. 4D and E). The occupancy of MEF2D-fusion and the 
four TFs near the TSSs of their respective gene loci was confirmed 
by ChIP-quantitative PCR analysis (Fig. 4D and E). Although full 
elucidation of the CRC was challenging, overall, these findings 
suggest that MEF2D-fusion TF, SREBF1, FOS, EGR1, and BCL6 
constitute the CRC. Congruently, knockdown of SREBF1, FOS, 
EGR1, and BCL6, respectively, downregulated other constituent 
TFs (Fig. 4F and B). Interestingly, CREB exhibited occupancy 
near the TSSs of MEF2D and the four TF genes (Fig. 4D and E), 
despite not being a CRC constituent. Thus, pre-BCR signaling 
probably influences the expression of CRC constituent TFs via 
CREB. Consistently, pre-BCR signaling inhibitors diminished 
the CRC constituent TFs (Figs. 3F and 4G).

On the basis of these findings, we propose an extended CRC 
that involves CREB activated through the MEF2D-fusion-pre-
BCR signaling axis (Fig. 4H). This network structure involv-
ing CRC and pre-BCR signaling may provide the platform by 
which MEF2D-fusion TF can sustain the entire gene expres-
sion program that contributes to the malignant phenotype.

Therapeutic Efficacies of Pre-BCR Signaling 
Inhibitors in MEF2D-ALL

Next, we evaluated and compared the effects of inhibitors 
of pre-BCR signaling on the growth of BCP-ALL cell lines, 
representing MEF2D-ALL (n = 3), pre-BCR+ non-MEF2D-ALL 
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Figure 3.  Influence of pre-BCR signaling on MEF2D-fusion 
expression. A, Knockdown of pre-BCR components (CD79A, Igμ, 
and CD79B) and downstream signaling molecules (SYK and BTK) 
reduced the phosphorylation of the respective downstream 
signaling molecules and CREB. This knockdown was accompanied 
by the downregulation of MEF2D-HNRNPUL1. Luciferase shRNA 
was used as a control (Ctr). GAPDH served as a loading control. 
Results of Western blot analyses are presented. B, Knockdown 
of the indicated molecules was accompanied by a reduction in 
MEF2D-HNRNPUL1 transcript levels. Fusion transcript levels 
were evaluated using a quantitative RT-PCR analysis and are pre-
sented as fractions of the control transcript level (means ± SD;  
n = 3). C, SYK and BTK knockdown impaired Kasumi-7 cell growth 
(n = 3). D, CREB knockdown reduced MEF2D-HNRNPUL1 protein 
expression. E, Treating Kasumi-7 cells with the indicated pre-BCR 
signaling inhibitors reduced CREB phosphorylation in Kasumi-7 
cells. Cells were treated with dasatinib (Dasa: 1 μmol/L), 
PRT062607 (PRT: 10 μmol/L), or ibrutinib (Ibr: 10 μmol/L) for 
8 hours. F, Treatment with dasatinib, PRT062607, and ibrutinib 
reduced MEF2D-fusion protein expression in the indicated 
MEF2D-ALL cell lines (Kasumi-7, Kasumi-9, and TS-2) and two 
clinical MEF2D-ALL primary cells. Cells were treated with dasat-
inib (500 nmol/L), PRT062607 (8 μmol/L), and ibrutinib (8 μmol/L) 
for 3 days. G, Dasatinib, PRT062607, and ibrutinib reduced pre-
BCR expression in the five MEF2D-ALL cell lines, but not in three 
pre-BCR+ non-MEF2D ALL cell lines. Pre-BCR expression levels 
in cells treated with the vehicle or the indicated inhibitors as in F 
are shown in blue and red, respectively, in all panels except those 
in the leftmost column. Pre-BCR and control staining of vehicle-
treated cells in the leftmost column are depicted in blue and dark 
green, respectively.
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Figure 4.  Identification of TFs comprising the CRC. A, Knockdown of MEF2D-HNRNPUL1 reduces the expression of the indicated TFs. Two GFP-
targeting shRNAs were used. PAX5, β-actin, and GAPDH served as controls. B, Knockdown of the indicated putative CRC components reduced MEF2D-
HNRNPUL1 expression. Two independent shRNAs were used per component. GAPDH served as a loading control. Relative signal strengths normalized 
on the basis of GAPDH signals are presented. C, Enforced expression of a truncated form of MEF2D downregulated MEF2D-HNRNPUL1 expression. 
K7-HA-GFP cells were infected with a lentiviral vector encoding an HA-tagged, truncated form of MEF2D; this form encompassed the first 117 amino 
acids that encode DNA-binding domains but lacked the C-terminal transcriptional regulatory domains. The vector additionally expressed hCD8 to enable 
the fractionation of infected (hCD8-positive) from uninfected (hCD8-negative) cells. The expression of MEF2D-HNRNPUL1 and truncated MEF2D in 
fractionated cells were analyzed using an anti-HA antibody. D, Occupancy of MEF2D-HNRNPUL1 and ATAC-seq and H3K27ac ChIP-seq signals detected 
around the transcription start sites (TSS) of MEF2D in K7-HA-GFP cells are presented. Also shown are SREBF1, FOS, EGR1, and CREB ChIP-seq signals 
in GM12878 B lymphoid cells derived from the Encode project, as well as BCL6 ChIP-seq signals detected in pre-B lymphocytes (GSM1438986). SEs 
and ChIP-seq signal peaks are indicated by black lines (left). ChIP-qPCR analysis of the occupancy of six regions (indicated as 1–6) in the left panel by 
MEF2D-HNRNPUL1, SREBF1, FOS, EGR1, BCL6, and CREB in K7-HA-GFP cells (right). The fold-increases in the amounts of DNA precipitated by antibod-
ies specific for the indicated TFs were compared with those precipitated by normal IgG and are shown as means ± SDs (n = 3). E, Occupancy of MEF2D-
HNRNPUL1 and ATAC-seq and H3K27ac ChIP-seq signals around the TSSs of SREBF1, FOS, EGR1, and BCL6 in K7-HA-GFP cells are presented. SREBF1, 
FOS, EGR1, BCL6, and CREB ChIP-seq signals are also presented as in D. SEs and ChIP-seq signal peaks are indicated by black lines (left). ChIP-qPCR 
analysis of occupancy of MEF2D-HNRNPUL1, SREBF1, FOS, EGR1, BCL6, and CREB at the indicated regions (shown in the left) is presented (n = 3) as 
in D (right). F, Knockdown of either SREBF1, FOS, EGR1, or BCL6 reduced the expression of the other three TFs. G, Treatment of Kasumi-7 cells with the 
indicated pre-BCR signaling inhibitors as in Fig. 3F reduced the protein expression of SREBF1, EGR1, FOS, and BCL6. H, A putative CRC.
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(n = 3; Supplementary Fig. S5A), and pre-BCR− non-MEF2D-
ALL (n = 4; Supplementary Fig. S5A). Remarkably, dasatinib, 
PRT062607, and ibrutinib inhibited the growth of MEF2D-
ALL cells, even though these drugs were similarly effective 
against pre-BCR+ non-MEF2D-ALL cells (Fig. 5A; ref. 34). How-
ever, these drugs disrupted the CRC and selectively reduced 
pre-BCR expression in MEF2D-ALL cells, but not in non-
MEF2D-ALL cells (Figs. 3F, G and 4G). Therefore, these drugs 
most likely provided additional therapeutic benefits beyond the 
simple inhibition of signaling downstream of the pre-BCR. Two 
clinical MEF2D-ALL cell samples (Fig. 5B) and seven additional 
MEF2D-ALL cell lines responded similarly to these inhibitors 
(Supplementary Fig. S5B). In vivo, dasatinib and ibrutinib effec-
tively reduced the leukemia burden in mice transplanted with 
Kasumi-7 cells, thereby prolonging survival (Fig. 5C).

We tested two additional drugs that target probable molec-
ular components in the signaling pathway downstream of the 
pre-BCR (Supplementary Fig. S5C). Idelalisib, an inhibitor of 
PI3K delta (PIK3 p110 delta, PIK3CD; ref. 41), had a selective 
but less potent effect on pre-BCR+ ALL cell growth. Interest-
ingly, FK506 (42), an inhibitor of calcineurin (Supplementary 
Fig. S1F), exerted more specific growth-inhibitory effects 
on MEF2D-ALL cells, but it did not affect the expression of 
MEF2D-fusion and pre-BCR (Supplementary Fig. S3C and 
S3D). Seven additional MEF2D-ALL cell lines responded 
similarly to these drugs (Supplementary Fig. S5B).

SREBF1 as a Drug-targetable CRC-constituent TF
Among the identified CRC constituents, we focused on 

SREBF1 because its activity depends on cellular lipid levels 
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Figure 5.  Sensitivity of BCP ALL cells to inhibitors of pre-BCR signaling. A, Ten cell lines (four pre-BCR-negative ALL, three pre-BCR-positive 
non-MEF2D-ALL, and three MEF2D-ALL lines) were exposed to indicated inhibitors and their sensitivity with respect to growth inhibition was tested. 
Cells were treated with varying concentrations of the inhibitors as indicated for 3 days. Cell growth is shown relative to that of vehicle-treated control 
cells (means ± SDs; n = 3). B, Two clinical MEF2D-ALL cell lines were analyzed as in A. C, Immunodeficient mice were transplanted with Kasumi-7 cells 
engineered to express luciferase, which was monitored by bioluminescence imaging (left). Ibrutinib, dasatinib, and vehicle controls were administered 
daily from day 1 to day 35 days after transplantation. The survival outcomes were also estimated using the log-rank test (right). Both drugs reduced the 
leukemia burden and significantly prolonged the survival duration (n = 5 for ibrutinib treatment, otherwise n = 4).
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and is susceptible to drug inhibition. SREBF1 is anchored to 
the endoplasmic reticulum membrane as a precursor protein, 
and when lipids such as cholesterol and fatty acids are 
inadequate, it translocates to the Golgi apparatus, where 
it is cleaved to release a mature functional TF (43). Indeed, 
the cleaved, active SREBF1 protein amount in MEF2D-ALL 
cell lines was reduced in the presence of excess cholesterol. 
The total amount of SREBF1 protein was subsequently 

reduced, probably because of the disruption of the CRC 
(Supplementary Fig. S6A), which reflected the reduction of 
MEF2D-fusion protein (Fig. 6A). Fatty acid supplementation 
in culture yielded a similar result to that obtained with cho-
lesterol (Supplementary Fig. S6B).

To gain therapeutic insights exploiting this lipid-responsive 
feature of MEF2D-fusion protein levels, we tested the effects 
of the inhibitors of SREBF1 activation, such as fatostatin  
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(44), FGH10019 (45), and betulin (46). These drugs reduced 
the amount of cleaved and total SREBF1, as well as MEF2D-
fusion TF protein in Kasumi-7 cells, similar to that observed 
for cholesterol and fatty acid (Supplementary Fig. S6C;  
Fig. 6B). Similarly, Kasumi-9 and TS-2 MEF2D-ALL cell lines 
and two clinical MEF2D-ALL cell samples responded to these 
drugs by reducing the expression of MEF2D-fusion TF and 
SREBF1(Fig. 6B). The drug treatment reduced BCL6, FOS, 
and EGR1 protein levels, probably by disrupting the CRC (Fig. 
6C). Seven additional MEF2D-ALL cell lines also responded 
to fatostatin and FGH10019 by decreasing the expression of 
MEF2D-fusion TF (Supplementary Fig. S6D). These findings 
suggest that the CRC of MEF2D-ALL senses cellular lipid levels 
and shapes its activity in response. The CRC is inhibitable by 
fatostatin, FGH10019, and betulin. These drugs specifically 
inhibited MEF2D-ALL cell growth (Fig. 6D; Supplementary 
Fig. S6E); however, at high concentrations, they exhibited non-
specific toxicity in all BCP-ALL cells tested (Fig. 6D).

Given that FGH10019 is orally administered to mice (45), we 
focused on this drug and investigated its in vivo effects. Immu-
nodeficient mice transplanted with GFP-expressing Kasumi-7 

cells exhibited lower chimerism in peripheral blood and a pro-
longed survival time following FGH10019 treatment (Fig. 6E). 
Furthermore, FGH10019 treatment did not affect the survival 
of mice transplanted with the non-MEF2D BCP-ALL cell line 
REH; hence, the effects that we observed on Kasumi-7 cells in 
mice were not the result of nonspecific toxicity (Supplemen-
tary Fig. S6F). Consistent with the reduction of MEF2D-fusion 
TF, FGH10019 reduced pre-BCR expression on the cell surface 
of MEF2D-ALL cells, but not on pre-BCR+, non-MEF2D cells 
in culture (Fig. 6F; Supplementary Fig. S6G), further support-
ing the selectivity of FGH10019 for MEF2D-ALL.

Overall, SREBF1 TF was a critical CRC constituent that 
integrates cellular lipid levels to leverage CRC. SREBF1 acti-
vation inhibitors, such as FGH10019 can target MEF2D-ALL 
CRC, with therapeutic efficacy in vivo.

Discussion
To our knowledge, this work is the first to characterize 

B-ALL–specific CRC driven by a fusion TF. In BCP-ALL, 
fusion genes generated from chromosomal translocations 

Figure 6.  Effects of lipids and inhibitors of SREBF1 activation on the expression of MEF2D-fusion protein and the therapeutic efficacies of inhibi-
tors. A, Incubation of MEF2D-ALL cells with cholesterol diminished the expression of MEF2D-fusion protein. Cells were cultured in the presence (+) or 
absence (−) of cholesterol (10 μg/mL cholesterol and 2 μg/mL 25-hydroxycholesterol) for 3 days. Expression of the indicated proteins was analyzed by 
Western blotting. B, Treatment of five MEF2D-ALL cell lines with fatostatin, FGH10019, and betulin reduced the protein expression of MEF2D-fusion and 
SREBF1. Cells were treated with fatostatin (3 μmol/L), FGH10019 (3 μmol/L), or betulin (10 μmol/L) for 3 days. All treatments reduced SREBF1 expres-
sion. + and – denote treatment with the indicated drug and vehicle, respectively. C, Treatment of Kasumi-7 cells with the indicated inhibitors of SREBF1 
activation, as in B, reduced the expression of BCL6, FOS, and EGR1. D, Fatostatin, FGH10019, and betulin selectively inhibited MEF2D-ALL cell growth. 
Cells were treated with varying concentrations of the drugs for 3 days as indicated. Cell growth was monitored and compared with vehicle treatment  
as a control. The values relative to the control are presented as means ± SDs (n = 3). E, FGH10019 retards Kasumi-7 cell growth and prolongs 
survival in mice. Immunodeficient mice were transplanted with Kasumi-7 cells engineered to express GFP and subsequently treated with FGH10019  
(25 mg/kg/day, 6 days per week) or vehicle (n = 5 each). Peripheral blood was collected at 8 and 11 weeks after transplantation and analyzed to deter-
mine the %GFP-expressing cells (left). The difference in %GFP between samples from FGH10019- and vehicle-treated mice was statistically signifi-
cantly different (Wilcoxon rank-sum test; top right). The estimated Kaplan–Meier survival curves of FGH10019- and vehicle-treated mice were also 
statistically significantly different (log-rank test; bottom right). F, Pre-BCR expression in the indicated cells after treatment with FGH10019 (3 μmol/L) 
or vehicle for 3 days in culture.
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are essential for leukemia biology (12). However, the tran-
scriptional circuits through which fusion proteins establish 
and maintain ALL, are poorly understood. Specifically, it is 
unclear whether and how fusion proteins impact CRC. In 
our study, MEF2D-fusion TF proved critical for MEF2D-
ALL maintenance as a constituent of CRC and essential for 
cell proliferation, differentiation blockade, and cell survival. 
The roles of MEF2D-fusion TF in leukemia maintenance are 
at least partly through the upregulation of pre-BCR com-
ponents Iambda5 and VpreB that emit and relay signals for 
proliferation and survival (33). Furthermore, we demonstrate 
that pre-BCR signaling was critical for CRC maintenance; 
thus, the pre-BCR signaling inhibitors simultaneously dis-
rupt the signaling and CRC with therapeutic efficacy.

The possible involvement of MEF2D in pre-BCR signaling 
in a normal pre-BCR+ B cell is an interesting research topic. 
However, the scarcity of these cells in the bone marrow and 
the lack of available and relevant antibodies for MEF2D have 
hindered such studies. The elevated gene expression (17, 21, 
47) and protein translation of the MEF2D-fusion TF (48), 
compared with its wild-type counterpart, suggests that the 
former possesses unique functionalities that distinguish it 
further from the latter. Further study of this aspect is needed.

Our CRC analysis also identified SREBF1 TF as a crucial 
component of the CRC. The availability of transcriptionally 
active SREBF1 depends on the cellular lipid levels (43) and can 
be reduced by drugs such as FGH10019 (45). Therefore, we 
propose that the CRC senses the cellular context, including pre-
BCR signaling and cellular lipid levels, as inputs, in MEF2D-
ALL cells. Subsequently, the CRC integrates these inputs and 
functions as a rheostat to control an output, such as pre-BCR 
expression. Pharmacologic or physiologic perturbations of the 
input can alter the CRC status and thus impair the main-
tenance of leukemia cells. Although we were unable to fully 
address the genome-wide cooccupancy of CRC constituent 
TFs via our mapping project, our results nevertheless revealed 
a critical regulatory circuit in the maintenance of MEF2D-ALL 
and clarified how the CRC integrates the cellular context.

Although fusion proteins involving TFs are hallmarks in 
many types of leukemia (12, 13), ChIP-seq analysis for genes 
regulated by the fusion TF remains a challenge because of diffi-
culties in discerning genomic regions bound by the fusion and 
those by normal TF counterparts. In the case of TCF3-PBX1 
fusion, fusion TF-bound genomic regions were determined 
as regions commonly detected by ChIP-seq analyses using 
anti-TCF3 and anti-PBX2 antibodies (34). Another reason is 
the frequent unavailability of appropriate antibodies for TFs. 
The analysis of gene expression changes after the fusion TF is 
silenced for exploring the fusion TF-regulated genes is also an 
obstacle, considering that fusion TF-specific knockdown or 
knockout is technically demanding. In this study, we generated 
a genome-edited MEF2D-ALL cell line that allowed fusion TF-
specific ChIP-seq analysis and knockdown, thereby revealing 
the central roles of MEF2D-fusion TF in MEF2D-ALL biology.

As a mechanism whereby MEF2D-fusion TF expression 
relies on pre-BCR signaling, we showed transcriptional upregu-
lation of the fusion TF by CREB TF that was activated through 
pre-BCR signaling–mediated phosphorylation (37). However, 
this event may not be the only mechanism at play for this reli-
ance. MEF2D TF is predisposed to various posttranslational 

modifications, including phosphorylation, acetylation, and 
sumoylation (22), which may alter the transcription activity of 
MEF2D. The altered transcription activity of MEF2D-fusion 
TF might influence the expression of MEF2D-fusion TF itself, 
considering that MEF2D-fusion TF could be transcriptionally 
autoregulated (Fig. 4C). In addition, it is likely that the interac-
tion of MEF2D with class II HDACs affects the repression of 
a subset of genes in cancer (49), and their interaction can be 
influenced by phosphorylation (22). However, these aspects of 
MEF2D-fusion TF require further investigation.

Although SEs and CRC are considered therapeutic targets 
in cancer (31), the availability of drugs targeting them is lim-
ited. Inhibitors of bromodomain and extra-terminal proteins, 
and SE-associated cyclin-dependent kinases, are typically used 
to inhibit SEs in general with some therapeutic efficacy in 
experimental models of cancer, but their clinical efficacy and 
toxicity remain undetermined (50). Drugs targeting specific 
TFs involved in cancer type–specific CRC would provide addi-
tional benefits for cancer treatment. In our study, we presented 
two distinct types of such drugs for MEF2D-ALL treatment. 
Pre-BCR signaling inhibitors such as dasatinib, PRT062607, 
and ibrutinib can disrupt CRC, and FGH10019 directly inhib-
its the activation of the CRC-constituent SREBF1. As such, 
seemingly untargetable TF-fusion protein in leukemia can 
be attacked from behind by disrupting CRC involving the 
TF-fusion. Mapping CRC and elucidating the drug-targetable 
pathways influencing the CRC in cancer may provide useful 
information for the development of new treatment strategies.

Methods
Antibodies, chemicals, shRNA target sequences, and primer 

sequences for the ChIP-qPCR and RT-PCR analyses are listed in Sup-
plementary Tables S2–S6.

Cell Lines
Kasumi-2, -7, -9, NALL-1, and NAGL-1 cells were purchased from 

the Japanese Collection of Research Bioresources Cell Bank (Osaka, 
Japan; http://cellbank.nibiohn.go.jp/english/). NALM-1 and Reh 
cells were obtained from ATCC (https://www.atcc.org/). NALM6 
cells were obtained from DSMZ (https://www.dsmz.de/). AT2 cells 
were generously provided by J.D. Rowley at the University of Chicago 
(Chicago, IL). The TS-2 cell line, which was established and depos-
ited by Masue Imaizumi, was kindly provided by Dr. Joji Inazawa 
(TMDUBR, Tokyo Medical and Dental University, Japan). p30/OHK 
cells were purchased from the RIKEN BioResource Research Center 
(Tsukuba, Japan). KOPN41, KOPN61, KOPN70, KOPN71, KOS20, 
and YAMN96 cell lines were established by Inukai and colleagues; 
the characterizations of these cell lines and p30/OHK will be pub-
lished elsewhere. All cells were maintained in Iscove’s Modified Dul-
becco’s Medium (IMDM) supplemented with 10% FCS. Mycoplasma 
was tested negative using EZ-PCR Mycoplasma Test Kit (Biological 
Industries; February 2020). Cell line authentication was made by the 
short tandem repeat (STR) analysis using GenePrint 10 System (Pro-
mega; February 2020). For AT2, TS-2, KOPN41, KOPN61, KOPN70, 
KOPN71, KOS20, and YAMN96 cell lines, STR analysis detected no 
differences between those frozen within 2 weeks of receipt and those 
used for the experiments.

Clinical Specimens
This study included cells derived from a 47-year-old male (case 1) 

and a 16-year-old male (case 2) with primary B-ALL who were treated 
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at Nagoya University Hospital or Japanese Red Cross Nagoya First 
Hospital. The MEF2D fusion was detected by RT-PCR and subse-
quent Sanger sequencing. Both patients provided written informed 
consent to participate in the study. The study protocol was approved 
by the ethics committees at Nagoya University, Japanese Red Cross 
Nagoya First Hospital, and Aichi Medical University (Aichi, Japan).

Animals
Fetal liver pro-B cells were isolated from fetal BALB/c mice (SLC). 

Cells were transplanted into NSG mice (Charles River Laborato-
ries). All animal experiments were performed according to protocols 
approved by the Institutional Animal Use and Care Committee of 
Aichi Medical University.

ChIP and Analysis
ChIP was performed using the Simple ChIP-plus kit (Cell Signaling 

Technology). Control rabbit IgG was included as a control. The DNA 
library was constructed using the NEBNext Ultra II DNA Library 
Prep Kit (New England BioLabs) and subjected to massively parallel 
sequencing on the HiSeq 2500 System platform (Illumina). ChIP-seq 
reads were aligned to the human genome build hg19 using Bowtie 2 
(version 2.3.0). PCR duplicates were removed using the MarkDupli-
cates function in Picard-tools. Blacklisted genomic regions provided 
by Encode UCSC were also removed. Chip-seq peaks were called using 
MACS (1.4.2). The Integrative Genomics Viewer (IGV version 2.3.81) 
was used to visualize the data. The distributions of ChIP-seq peaks 
overlapping specific gene features were analyzed using the ChIPseeker 
with the R package (3.5.1; https://www.r-project.org). Gene annota-
tion and motif discovery were performed using HOMER (v4.10) and 
i-cisTarget (54), respectively. The precipitated DNA encompassing 
selected regions was subjected to a qPCR analysis using KOD Fx Neo 
(Toyobo) with SYBR Green. Reactions were run on the StepOnePlus 
Real-Time PCR System (Applied Biosystems).

Identification of Enhancer Regions and Extraction of CRC
SE regions were identified by applying the Rank Ordering of Super-

Enhancers program to H3K27ac ChiP-seq reads. A stitching distance 
of 12.5 kb, promoter exclusion zone encompassing ± 2 kb around 
the TSSs, and default parameters were used as described previously 
(29, 38). MACS (1.4.2) was used to identify all H3K27ac peaks with a 
P value of 10−9. The SEs were assigned to the gene for which the TSS 
was nearest to the center of the stitched enhancer. CRC mapper (2) 
was used as a default setting during the extraction of candidate CRC 
constituents.

Assay for Transposase-Accessible Chromatin,  
Followed by Sequencing

The nuclei of lysed cells were incubated with Tn5 transposase in 
tagmentation buffer (Nextera, Illumina Inc.). PCR amplification and 
library purification were performed prior to sequencing.

RNA Extraction and Transcript Quantification
RNA was isolated using the RNeasy Plus Micro Kit (Qiagen). 

Reverse transcription was performed using a High-Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems). The qPCR analysis 
was performed as described above.

Gene Expression Analysis
The cDNA library was constructed using the NEBNext Ultra 

Directional RNA Library Prep Kit (New England BioLabs) and sub-
jected to massively parallel sequencing. The paired-end reads were 
aligned to the hg19 human genome assembly using TopHat2 (v2.0.9). 
The expression level of each gene was calculated using HTSeq. The 
data were normalized using the DESeq2 (1.16.1) with a variance-

stabilizing transformation. The differential expression analysis was 
performed using DESeq2. Genes with P values ≤ 0.01 and fold-change 
values ≥2 were selected for a WebGestalt pathway analysis (http://
www.webgestalt.org/2017/option.php) based on KEGG Pathway 
(https://www.genome.jp/kegg/pathway.html). A gene set enrichment 
analysis (GSEA) was performed using the Molecular Signatures Data-
base v6.2.C2 (http://software.broadinstitute.org/gsea/index.jsp). The 
t-SNE analysis and heatmap generation were performed using the R 
packages rtsne (version 0.1-3) and pheatmap (version 1.0.12), respec-
tively. The results published in this report are based partly upon 
data generated by the TARGET Initiative, which is managed by the 
National Cancer Institute (https://ocg.cancer.gov/programs/target). 
The RNA-seq dataset used in this analysis and clinical information 
for the TARGET ALL project are available at the database of Geno-
types and Phenotypes (dbGaP) under accession phs000218. We used 
previously described information regarding fusions (21).

Genome Editing Using the CRISPR-Cas9 System and 
Enhancer Hindrance Using Crispr-I

To generate K7-HA-GFP cells, we transfected Kasumi-7 cells with 
the lentiCRISPR v2 (#52961, Addgene), which expresses a guide RNA 
(GUGUGACCCAGAGGCUCCCGG) that targets a sequence imme-
diately downstream of the stop codon of human HNRNPUL1. We 
cotransfected cells with a plasmid that contained fragments encom-
passing a sequence approximately ±1 kbp around the stop codon of 
human HNRNPUL1, as well as an HA-tag (TACCCATACGATGTTC 
CAGATTACGCT), 2A sequence (gcaacaaa-cttctctctgctgaaacaagccg 
gagatgtcgaagagaatcctggacc), and cDNA for GFP. The GFP-positive 
cells were flow-sorted and clones were expanded. To inhibit enhancer 
activity (35), Kasumi-7 cells were infected with pHR-SFFV-dCas9-
BFP-KRAB (Addgene #46911) and lentiGuide-GFP-expressing guide 
RNA. The lentiGuide-GFP was generated by replacing EF1-puro with 
PGK-GFP in the lentiGuide-puro construct (Addgene #52963).

Mouse pro-B-Cell Transplantation Assays
This experiment was performed as described previously (21). 

B220+c-Kit+ pro-B cells were induced from BALB/c fetal liver cells 
cultured on OP9 cells. The cells were then infected with recombinant 
retrovirus, sorted for GFP expression (>99% purity), and transplanted 
(1 × 107 cells) intravenously into sublethally irradiated (2 Gy) female 
NSG mice (age: 8–10 weeks old). A Kaplan–Meier analysis of survival 
was performed using the R package survival (version 2.44-1.1).

shRNA-mediated Knockdown
The lentivirus vectors used for shRNA expression were generated 

by inserting annealed shRNA oligo DNAs into the BamHI/ClaI sites 
downstream of the hU6 promoter in the CSIIhU6PGKhCD8 vector 
that enabled coexpression of an extracellular domain of human CD8. 
Infected cells were isolated using a MACS magnetic cell isolation 
system (Miltenyi Biotec) in combination with the anti-human CD8 
antibody.

Ex Vivo Drug Sensitivity Assays
Cells were cultured in triplicate at a density of 1 × 105/mL in the 

presence of the indicated concentrations of drugs or vehicle (DMSO) 
for 3 days. Viable cells were counted using CCK-8 (Dojindo) or by 
inspection under a microscope. The fraction of surviving cells relative 
to the control was calculated for each condition. Graphs were gener-
ated using the R package ggplot2 (version 3.2.0).

In Vivo Drug Sensitivity Assays
Kasumi-7 cells were infected with a retrovirus engineered to 

express luciferase-IRES-GFP (Addgene #75021). After cell sorting,  
5 × 106 GFP-positive cells were transplanted intravenously into 
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NSG mice that had been preconditioned using two intraperito-
neal injections of busulfan (20 mg/kg; B2635, Sigma-Aldrich) at a 
24-hour interval. Mice were administered enrofloxacin (170 mg/L; 
Bayer Pharmaceuticals) in drinking water ad libitum. On posttrans-
lation day 1, the mice were administered daily doses of dasatinib 
(30 mg/kg/day; Selleck) or ibrutinib (25 mg/kg/day; Selleck) via 
oral gavage according to the manufacturer’s instructions. Biolu-
minescent imaging was performed using IVIS Lumina (Caliper). In 
some experiments, mice were administered FGH10019 (MedChem-
Express; 25 mg/kg/day, in 3% DMSO/20% PEG300/3% Tween80/
saline) via oral gavage 6 days per week, beginning on day 1 post-
transplantation. A Kaplan–Meier analysis of survival was performed 
as described above.

Data Availability
The ChIP-seq, assay for transposase-accessible chromatin, fol-

lowed by sequencing, and RNA-seq data have been deposited in 
ArrayExpress under the following accession numbers: E-MTAB-8466, 
E-MTAB-8463, E-MTAB-8491, and E-MTAB-8480.
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