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Abstract

Despite progress in treating B-cell precursor acute lymphoblastic
leukemia (BCP-ALL), disease recurrence remains the main cause of
treatment failure. New strategies to improve therapeutic
outcomes are needed, particularly in high-risk relapsed patients.
Che-1/AATF (Che-1) is an RNA polymerase II-binding protein
involved in proliferation and tumor survival, but its role in hemato-
logical malignancies has not been clarified. Here, we show that
Che-1 is overexpressed in pediatric BCP-ALL during disease onset
and at relapse, and that its depletion inhibits the proliferation of
BCP-ALL cells. Furthermore, we report that c-Myc regulates Che-1
expression by direct binding to its promoter and describe a strict
correlation between Che-1 expression and c-Myc expression. RNA-
seq analyses upon Che-1 or c-Myc depletion reveal a strong over-
lap of the respective controlled pathways. Genomewide ChIP-seq
experiments suggest that Che-1 acts as a downstream effector of
c-Myc. These results identify the pivotal role of Che-1 in the
control of BCP-ALL proliferation and present the protein as a possi-
ble therapeutic target in children with relapsed BCP-ALL.
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Introduction

Acute lymphoblastic leukemia (ALL) is the most common malig-

nancy in childhood, accounting for almost 30% of pediatric cancers.

Among children with ALL, around 80–85% have a disease originat-

ing from B-cell precursors, that is, BCP-ALL. Despite the high rate of

treatment, ALL is still one of the leading causes of death in children

with tumors. Indeed, even though nowadays fewer patients relapse,

the high incidence of ALL in childhood means that relapsed ALL can

still be ranked as the fifth most common pediatric malignancy and

accounts for a large proportion of cancer-associated death in chil-

dren every year [1]. For this reason, there is a keen interest in iden-

tifying genetic and biological features affecting the development of

ALL and the risk of treatment failure [2,3]. Genetic mutations have

been associated with leukemia even if they are often insufficient to

cause disease themselves [2,4,5]. Che-1/AATF (Che-1) is an RNA

polymerase II-binding protein involved in the regulation of gene

transcription. Che-1 acts as a transcriptional co-factor, connecting

specific transcription factors to the general transcriptional machin-

ery. It is constitutively expressed, as it is essential for cell survival

[6–8] and it has been demonstrated that Che-1 promotes cell-cycle

progression [9]. It is also involved in the control of p53 expression

and DNA damage response [10,11] and exerts an anti-apoptotic

activity [12–15]. Che-1 has a consolidated role in promoting cancer-

cell survival in solid tumors, and its involvement in hematological

malignancies has only recently been investigated [11,16,17]. c-Myc

plays important regulatory roles in many aspects of neoplastic trans-

formation, and its overexpression is responsible for many of the

changes associated with malignancy [18–20]. In this study, we show

that Che-1 is present at high levels in BCP-ALL patients and that its

expression is required for cell proliferation. Moreover, we
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demonstrate that Che-1 is a direct target of c-Myc, cooperating in

active transcription of several genes involved in cell-cycle progres-

sion. These results identify Che-1 as both a potentially useful

marker for BCP-ALL at onset and after relapse, and a potential target

for specific treatment of this disease.

Results

Che-1 is highly expressed in bone marrow samples from children
at diagnosis of BCP-ALL and at time of relapse

Albeit Che-1 protein is ubiquitously detectable, its overexpression

has been observed in many tumor cell lines and has been associ-

ated with development and progression of many malignancies

[9,11,21]. In view of these observations, we evaluated Che-1

expression in childhood BCP-ALL. As shown in Fig 1A, FACS

analysis revealed barely detectable Che-1 levels in healthy bone

marrows (HBMs), and, by contrast, a strong expression in the

bone marrow (BM) of patients with BCP-ALL. Comparing BM

samples collected at diagnosis from patients with BCP-ALL with

those obtained at time of remission, we observed that Che-1

expression was eliminated in the latter ones. Representative

Western blot analysis of Che-1 expression confirmed high levels of

this protein in BCP-ALL samples obtained at diagnosis, whereas

all HBMs resulted Che-1 negative (Fig 1B). Moreover, as observed

in Fig 1B, BM from BCP-ALL patients in remission showed a

complete disappearance of Che-1 expression. Notably, high levels

of Che-1 were also found in patients at time of relapse (Fig 1C).

In addition, evaluation of BM from relapsed patients showed a

direct correlation between the percentage of blasts and the

percentage of Che-1 positivity, indicating that Che-1 expression

correlates with BM’s tumor load (Fig 1D). In order to thoroughly

investigate this observation, we analyzed 80 BM samples collected

from pediatric patients at the onset of BCP-ALL by Western blot

(Table 1), together with 15 HBMs samples, 28 BM samples

collected from patients at time of remission and 14 at time of

relapse. The analysis of Che-1 expression in this cohort revealed

that Che-1 is highly expressed in almost the totality of BM

samples from BCP-ALL patients both at diagnosis and at the time

of recurrence, while it disappears in BM samples collected at time

of remission (Fig 1E).

A

B

C D E

Figure 1. Che-1 is expressed in BCP-ALL samples at diagnosis and at time of relapse.

A FACS analysis for Che-1 expression in the CD19+/CD10+ cellular subsets of representative HBM (#2), BCP-ALL/ONSET (#5), and BCP-ALL/REMISSION (#7) samples.
B Evaluation of Che-1 expression by Western blot (WB) in six representative samples of HBMs (#H1–#H6) and in nine samples of BCP-ALL BM analyzed at time of

diagnosis (onset) and at time of remission (rem) (#1–#9). b-actin was used as loading control. #1 BCP-ALL sample (onset) was used as positive control.
C Representative FACS analysis of a RELAPSE sample (#R7) (upper panel). WB analysis of Che-1 in the BM from 14 samples at time of relapse (#R1–#R14). b-actin was

used as loading control. #H1 sample was used as negative control (bottom panel).
D Graphic representation of the direct correlation existing between the percentage of blast cells and the percentage of Che-1 expressing cells, evaluated by FACS analysis.
E Distribution of Che-1 expression (arbitrary units, AU) in the total number of HBMs (15), BCP-ALL BMs (80), BCP-ALL/REMISSION (28), and RELAPSE (14). ***P ≤ 0.001

by Mann-Whitney U-test.

Source data are available online for this figure.
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Che-1 sustains cell proliferation in BCP-ALL cell lines

To test the hypothesis that Che-1 could be involved in BCP-ALL

cell proliferation, we silenced Che-1 expression by siRNA in a

pediatric BCP-ALL cell line (NALM-6) and in three primary cell

lines obtained by immortalizing BM blasts of our BCP-ALL patients

through Epstein–Barr virus infection (LAL-B, LAL-B#2, LAL-B#3;

Figs 2A and EV1A). Interestingly, the abrogation of Che-1 expres-

sion at 36 h from nucleofection was associated with a significant

decrease in cell proliferation when compared with control condi-

tions (i.e., with siRNA for a control sequence; Fig 2A), while at

48 h the cells started to dye (Fig EV1B). To validate the specificity

of the siRNA approach, a conditional RNAi model was generated

by infecting LAL-B and NALM-6 cells with either a doxycycline

(Dox)-inducible lentiviral vector carrying a specific hairpin (sh)

RNA against Che-1 or a vector carrying a control hairpin. When

these cells were treated with Dox, NALM-6/LAL-B-shChe-1, but

not shControl cells, exhibited a similar reduction in cell growth

(Fig 2B). Consistent with these findings, FACS analysis revealed

that Che-1-silenced cells showed a significant decrease in the

percentage of cells in the S and G2/M phases of the cell cycle,

with a concomitant increase in cells in G1 phase, when compared

to control cells (Fig 2C). Accordingly, Che-1 silencing produced a

significant increase in the expression of G1 phase regulators,

namely p21 and Cyclin E, with a concomitant reduction in levels

of Cyclin B1, a specific G2 phase marker (Fig 2D). Since Che-1

has a consolidated role as an anti-apoptotic factor, we asked

whether its downregulation could improve the response of

leukemic cells to chemotherapeutic agents. As shown in Fig 2E,

Che-1 silencing affected blast cell viability, increasing the suscepti-

bility to adriamycin (Adr) treatment in two different B-ALL cell

lines. This cytotoxic effect was confirmed by the enhancement of

apoptotic molecular markers, such as PUMA, cleaved caspase-7,

and cleaved Parp (p85; Fig 2F). Altogether, these data demonstrate

that Che-1 expression sustains leukemia cell proliferation by

supporting cell-cycle progression at G1/S transition in BCP-ALL,

and that its inhibition sensitizes BCP-ALL cells to the effect of

chemotherapeutic agents.

Che-1 regulates transcription and strongly cooperates with the
transcriptional machinery on chromatin of BCP-ALL cells

Since Che-1 exerts a relevant role in the transcriptional machin-

ery, we performed a RNA-seq analysis in NALM-6 and in LAL-B

cells, profiling the transcriptome signature in response to Che-1

silencing. Differential expression analysis revealed 2,269 and

1,462 genes significantly regulated (q-value < 0.05) in LAL-B and

NALM-6 Che-1-silenced cells, respectively, in comparison with

cells transfected with Control siRNA. From the Gene Ontology

analysis of the intersection set of differentially expressed genes,

comprising 842 genes, we observed a strong enrichment in cell-

cycle-related gene clusters (i.e., 167 cell-cycle-related genes;

Fig 3A, full list in Dataset EV1). To correlate these data with Che-

1 recruitment onto DNA, we performed ChIP-seq experiments with

an anti-Che-1 antibody in both NALM-6 and LAL-B cell lines.

These analyses showed a strong MACS2 peak overlap (Fig 3B),

and the regulatory nature of these genomic positions was con-

firmed by genomewide and fine-grained enrichment analysis of

ChIP-seq signals on the aforementioned siChe-1 842-gene down-

regulated signature, demonstrating that Che-1 signal was enriched

in both cell lines on 2,205-derived TSSs (Fig 3C). Among the

promoter bound-regulated genes, we noticed the presence of well-

known genes involved in tumorigenesis and cell-cycle regulation,

such as PTEN, PLK1, and CDK13 (Fig 3D), these findings were

also validated by qRT–PCR analysis (Fig 3E). All these genome-

wide hints point to the transcriptional program mediated by Che-1

position on the DNA and revealed that Che-1 is able to regulate

the transcription of many gene clusters directly occupying their

promoter.

Che-1 is a c-Myc target gene

Next, we investigated the mechanism(s) by which Che-1 is overex-

pressed in BCP-ALL blasts. As shown in Fig 4A, BM samples from

BCP-ALL patients showed higher amounts of Che-1 mRNA when

compared to HBMs, suggesting that in BCP-ALL Che-1 expression

could be regulated at the transcriptional level. In silico analysis via

the LASAGNA [22] web tool revealed the presence of several tran-

scriptional factor motifs on Che-1 promoter, focusing our attention

on two canonical c-Myc motifs (E-box; data not shown, UCSC

Genome Browser Screenshot at Fig 4B), one of them conserved

between human and mouse [16,23] (Fig EV2A). Consistent with this

observation, c-Myc silencing produced a significant reduction in

Table 1. Summary of patients and disease characteristics.

Newly diagnosed
patients

Relapsed
patients

N. or median
(% or range)

N. or median
(% or range)

Number of patients 80 14

Gender

Females 35 (44%) 6 (43%)

Males 45 (56%) 8 (57%)

Age at diagnosis (years) 4.57 (1.11–17.16) 4.01 (0.90–22.10)

Age at relapse (years) – 10.32 (2.88–26.25)

Disease status

Diagnosis 80 (100%) –

1st relapse – 7 (50%)

2nd relapse – 6 (42.85%)

3rd relapse – 1 (7.15%)

Molecular abnormalities

None 51 (63.75%) 12 (35.7%)

t(12;21) (TEL/AML1) 25 (31.25%) 1 (7.1%)

t(1;19) (E2A/PBX1) 2 (2.5%) 1 (7.1%)

t(9;22) (BCR/ABL) 2 (2.5%) 0 (0%)

t(4;11) (MLL/AF4) 0 (0%) 0 (0%)

Hypodiploidy
a

Yes 0 (0%) 1 (7.15%)

No 80 (100%) 13 (92.85%)

aDefined as chromosome number ≤ 44 and/or DNA index ≤ 0.8 in leukemic
cells.
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Che-1 mRNA levels in LAL-B and NALM-6 cells (Fig 4C). To confirm

these results, we took advantage of the P493-6 cell system, a B-cell

model of Burkitt’s lymphoma, which contains a tetracycline (Tet)-

repressible c-Myc transgene. Che-1 mRNA levels were measured in

P493-6 cells either untreated or treated with tetracycline for 72 h,

and as shown in Fig EV2B, c-Myc inhibition produced a significant

reduction in Che-1 mRNA in these cells. In agreement with these

results, ChIP assays performed in LAL-B and NALM-6 cell lines

revealed a physical association of c-Myc with the Che-1 promoter

(Fig 4D). This finding was further confirmed by a ChIP-seq experi-

ment performed in the NALM-6 cell line with a c-Myc-specific anti-

body (Fig 4E) and by another ChIP assay performed in P493-6 cells

either treated or not with Tet (Fig EV2C). In addition, the analysis

of a published ChIP-seq experiment, conducted with a c-Myc-

specific antibody in P493-6 cells [20], revealed a strong enrichment

(MACS2 log2 q-value > 70) of c-Myc signals on Che-1 promoter

(Fig EV2D). Consistent with these findings, a published RNA-seq

experiment in the El-Myc mouse model of lymphoma [20] demon-

strated that Che-1 expression increased along with c-Myc activation

in the different stages of lymphoma development (Fig EV2E). More-

over, murine Che-1 promoter activity directly correlated with c-Myc

expression in P493-6 cells (Fig 4F), and two different specific vari-

ants altering the canonical E-box sequence (CACGTG in TTCGAC)

revealed a significant reduction in their transcriptional activation,

reinforcing the notion that c-Myc regulates Che-1 expression

(Fig 4G).

Che-1 and c-Myc strictly cooperate to sustain BCP-ALL
cell growth

The findings reported above prompted us to analyze the functional

relationship between these two proteins. Silenced c-Myc expression

in NALM-6, LAL-B, and LAL-B#2 cells, produced a significant reduc-

tion in Che-1 protein levels (Fig 5A). This effect was also observed

A

C D

E

F

B

Figure 2. Che-1 sustains cell proliferation in BCP-ALL cell lines.

A Proliferation assay was performed in NALM-6, LAL-B, and LAL-B#2 cells upon 24, 36, and 48 h of siRNA nucleoporation. Error bars represent the standard error
of three different experiments (upper panel). WB analysis of total cell extracts (TCEs) from NALM-6, LAL-B, LAL-B#2, LAL-B#3 cells transiently transfected by
nucleo-electroporation with siRNA targeting Che-1 (siChe-1) or with siRNA for a control sequence (siControl) for 36 h. b-actin was used as loading control
(bottom panel).

B NALM-6 and LAL-B cells were infected with LV-THsh/Che-1 (shChe-1) or LV/THsh/Control (shControl) and LV-tTR-KRAB lentiviruses. TCEs from cells induced (+Dox) or
not (�Dox) were analyzed by cell number (left panel) and WB (right panel). Error bars represent the standard error of three different experiments.

C Cells treated as in (A) were fixed and stained with propidium iodide (PI) and analyzed for DNA content by flow cytometry. Error bars represent the standard error of
three different experiments.

D TCEs from NALM-6 and LAL-B cells nucleoporated as in (A) were blotted and analyzed with the indicated Abs. b-actin was used as loading control.
E Viability assay performed in NALM-6 and LAL-B cells interfered for Che-1 expression and treated for 48 h with adriamycin (2 lM) at the same time. Error bars

represent the standard error of three different experiments.
F TCEs from NALM-6 and LAL-B cells treated as in (E) were blotted and analyzed with the indicated Abs. b-actin was used as loading control.

Data information: **P ≤ 0.01; ***P ≤ 0.001 by Student’s t-test.
Source data are available online for this figure.
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in P493-6 cells, where Tet treatment was able to regulate Che-1

expression (Fig EV3A). The interference with c-Myc expression was

also able to reduce B-ALL cell lines proliferation (Fig EV3B) and to

affect cell viability after 48 h of protein silencing (Fig EV3C) as

previously observed [24–27]. Next, we analyzed by Western blot

c-Myc expression in the same BM samples from pediatric BCP-ALL

patients analyzed for Che-1 expression in Fig 1B and C. As shown

in Fig 5B, c-Myc was found to be highly expressed in all BCP-ALL

samples analyzed as compared to HBMs, where c-Myc expression

disappeared. Moreover, c-Myc expression, like that of Che-1, was

absent in cells collected from BCP-ALL at time of remission (Fig 5B)

and then was found high again in relapsed BM samples (Fig 5C).

Distribution of c-Myc expression in the same cohort of patients

already analyzed for Che-1 revealed that c-Myc was highly

expressed in almost all of the BM samples from BCP-ALL patients

collected both at diagnosis and at the time of recurrence. By

contrast, it disappeared in BM samples of BCP-ALL patients

collected at the time of remission (Fig 5D). FACS analysis confirmed

that BCP-ALL cells with high levels of c-Myc had also high Che-1

levels (Fig 5E). Based on this evidence, we investigated a possible

correlation between the expressions of the two molecules in

BCP-ALL samples. Notably, we observed a statistically significant

direct correlation between the two proteins in 35 BCP-ALL samples

analyzed (Fig 5F). Consistent with this experimental evidence, an

analysis conducted on a public dataset of 207 pediatric BCP-ALL

patients available on the R2 web platform (http://r2.amc.nl), con-

firmed a positive correlation between Che-1 and c-Myc transcripts

(P-value: 5e-6, R: 0.311; Fig 5G). This correlation was also con-

firmed in the Lim dataset comprising several samples of hematologi-

cal disorders (e.g., Burkitt’s lymphoma, diffuse large B-cell

lymphoma; Fig EV3D). To further validate the correlation between

c-Myc- and Che-1-related transcriptome, we performed a deeper

analysis on the aforementioned 207 patient dataset. Exploiting the

R2 framework, we extracted all the transcripts significantly and

positively correlated with c-Myc expression and Che-1 expression.

These two transcripts sets, Che-1-r-Plus and c-Myc-r-Plus, revealed

a 1,372 gene intersection, in which c-Myc-r-rawset showed a 92%

overlap with Che-1-correlated transcripts (Fig 5H). In agreement

with the activity of these two proteins, this intersection set showed

a strong enrichment in translation-related gene clusters (Fig EV3E)

with cell-cycle genes present in a 64-gene cluster (corrected P-value

< 2e-5, full list at Dataset EV2).

A C D

B

E

Figure 3. Che-1 regulates transcription and strongly cooperates with the transcriptional machinery on chromatin of B-ALL cells.

A Intersection of spike-in-normalized differential expressed genes in LAL-B and NALM-6 cell lines. The 842 genes downregulated in both cell lines show a strong
enrichment in several functional clusters.

B Venn diagram of Che-1 peak sets in LAL-B and NALM-6 cell lines computed by bedtools intersect.
C ChIP-seq signal, centered on 2,205 TSS sites extracted from the 842 RNA-seq downregulated signature. The Deeptools Heatmap plot shows an enrichment of Che-1

position with respect to both inputs.
D Genome Browser Screenshots of ChIP-seq bigWig signal on cell-cycle-related genes promoters.
E Quantitative ChIP analysis (ChIP–qPCR) of Che-1 enrichment on CDK13, PLK1, and PTEN promoters in NALM-6 and LAL-B cells. H2AB (Histone Cluster 2 H2A Family

Member B) was used as negative control. Data are expressed as percent of input. Error bars represent the standard error of three different experiments. **P ≤ 0.01;
***P ≤ 0.001 by Student’s t-test.
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Che-1 is a c-Myc effector involved in BCP-ALL cell proliferation

c-Myc and Che-1 were both found overexpressed in BCP-ALL

patients. To evaluate whether, besides Che-1, also c-Myc was

required for cell proliferation, we compared the effects of the RNA

interference of these genes. As shown in Fig 6A, NALM-6 and

LAL-B cells upon c-Myc downregulation exhibited a reduced cell

proliferation, which was comparable to that observed following

Che-1 silencing (Fig EV4A), and similar results were observed in

P493-6 cells (Fig EV4B and C). These findings prompted us to

perform RNA-seq experiments to compare the effects of Che-1

versus c-Myc downregulation in NALM-6 cell line. The intersection

of downregulated genes in both siChe-1 and si c-Myc samples

regarding controls led to a 461 gene set (Figs 6B and EV4D) that

revealed an enrichment of genes coding for proteins involved in

DNA transcription (molecular functions; Fig 6C, Dataset EV3). To

confirm these results, we proceeded to seek a common signature

in the inducible P493-6 system, by either silencing Che-1 or

inhibiting c-Myc expression with Tet (Fig EV4C). The biological

function enrichment for the 1,471-gene intersection set showed a

dramatic enrichment in mitotic, cell-cycle-related genes, whereas

molecular processes related to the encoded proteins revealed the

presence of chromatin binding factors (Fig 6D). qRT–PCR experi-

ments performed in P493-6 cells confirmed the strong reduction in

expression of some genes related to cell cycle (CycB1, CDK1,

FOXM1) that resulted downregulated in the RNA-seq experiment

upon c-Myc or Che-1 silencing (Fig EV4E and F). Taken together,

these results indicate that genes modulated by c-Myc and Che-1

have a high degree of overlap, leading to hypothesize that c-Myc

may regulate both their expression and cell proliferation through

the activation of Che-1. To confirm this hypothesis, we silenced

c-Myc expression in NALM-6 cells either in the absence or in the

presence of Che-1 overexpression. Strikingly, Che-1 overexpression

was able to counteract cell number reduction induced by c-Myc

A

D E

F G

C

B

Figure 4. c-Myc controls Che-1 expression through promoter binding.

A Che-1 mRNA levels were analyzed by quantitative RT–PCR (qRT–PCR) in eight bone marrows samples collected at diagnosis from BCP-ALL patients and were
compared with five HBMs samples. Values were normalized with actin mRNA levels using the ΔΔCt method.

B Genome Browser Screenshot showing conserved transcription factor binding sites of Che-1 promoter, computed from Transfac/Biobase.
C Che-1 mRNA levels were analyzed by qRT–PCR in NALM-6 and LAL-B cell lines interfered for c-Myc expression by siRNA. Data are presented as the means and

standard deviation (SD) from three independent experiments.
D ChIP–qPCR analysis of c-Myc enrichment on the Che-1 promoter in LAL-B and NALM-6 cells. Ncl (nucleolin) and AchR (acetylcholine receptor) were used as positive

and negative controls, respectively. Data are expressed as percent of input. Error bars represent the standard error of three different experiments.
E c-Myc binding to Che-1 promoter in NALM-6 cell line by ChIP-seq assay.
F P493-6 cells were transfected with pGL3 basic vector, used as control, or with the plasmid containing the firefly luciferase reporter under the control of murine Che-1

promoter (mChe-1). Che-1 promoter activity was analyzed in high c-Myc (�tet) or low c-Myc (+tet) conditions. Data are presented as the means � SD from three
independent experiments.

G Luciferase assay performed upon two different mutations in the E-box sequence on mChe-1 promoter (mChe-1*, mChe-1**). Data are presented as the
means � standard deviation (SD) from three independent experiments.

Data information: *P ≤ 0.05; ***P ≤ 0.001 by Student’s t-test.
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abrogation in both NALM-6 and LAL-B #2 cell lines (Figs 6E and F,

and EV4G). Among the most downregulated genes in both Che-1-

and c-Myc-silenced cellular contexts, there was MLL1 (myeloid/

lymphoid or mixed-lineage leukemia-1), which plays an essential

role in regulating gene expression during both normal and adult

hematopoiesis, and ANP32B (acidic nuclear phosphoprotein 32

family member B), implicated in a number of cellular processes

including proliferation and differentiation [28,29]. Consistent with

the above results, NALM-6 cells with reduced c-Myc expression

exhibited low mRNA levels of MLL1 and ANP32B genes, whereas

Che-1 ectopic expression was able to counteract the effect of c-Myc

depletion (Fig 6G).

c-Myc and Che-1 interact and co-localize on a significant cluster
of promoters

The sequence specificity of the intersection set and Motif analysis

of ChIP-seq performed with anti-Che-1 antibody showed a strong

enrichment of several transcription factors motifs, in particular

E2F1, SP1, and c-Myc (Fig EV5A). Based on these results, we

compared Che-1 genomewide signal with a c-Myc ChIP-seq

performed on P493-6 cell line [20] extracting a 4,747 peak set

overlap. In total, 1,595 (33%) of these peaks were classified as

promoter-TSS, a striking result if compared with background

genomewide distribution (Homer stats log2 enrichment fivefold).

A high-level comparison of enriched areas revealed different clus-

ters of c-Myc-specific, Che-1-specific, and co-enriched areas of

the genome (Fig 7A and B). GO enrichment analysis of these

peaks revealed clusters strongly enriched in several processes,

including regulation of cell cycle (50 genes, Dataset EV4).

Furthermore, we queried our ChIP-seq data for cell-cycle-co-regu-

lated genes in NALM-6 RNA-seq, where the first two GO clusters,

stem cell division and somatic cell division, contain well-known

oncogenic and proliferation-related genes, such as KIT (proto-

oncogene receptor tyrosine kinase), FGFR1 (fibroblast growth

factor receptor 1), and LEF1 (lymphoid enhancer-binding factor

1). From this ChIP-seq analysis, we found that Che-1 binds the

promoter of these genes, sometimes by itself, other times in

concert with c-Myc (Fig 7C). These findings prompted us to

verify a physical interaction between Che-1 and c-Myc. As shown

in Fig 7D, Che-1 co-immunoprecipitated with c-Myc in all cell

lines tested, confirming a physical interaction supporting the

A

C

F G

H

D E

B

Figure 5. Che-1 and c-Myc strictly cooperate to sustain BCP-ALL cell growth.

A WB analysis of Che-1 expression in c-Myc-interfered NALM-6, LAL-B, and LAL-B#2 cell lines.
B Evaluation of c-Myc expression by WB in six representative samples of HBM and in nine BM samples of BCP-ALL analyzed at time of diagnosis (onset) and at time of

remission (rem). b-actin was used as loading control. #1 BCP-ALL sample was used as positive control.
C WB analysis for c-Myc expression in BMs from relapsing patients (#R1–#R14). b-actin was used as loading control. #H1 sample was used as negative control.
D c-Myc distribution in HBM samples (15), BCP-ALL samples collected at diagnosis (35), at remission (28), and at time of relapse (13). ***P ≤ 0.001 by Mann-Whitney U-test.
E FACS analysis of c-Myc and Che-1 co-expression in a BCP-ALL sample collected at diagnosis (#12).
F Che-1/c-Myc correlation in 35 BCP-ALL samples analyzed.
G Scatter plot of Che-1 and c-Myc expression levels in Murphy’s 207 BCP-ALL patient’s dataset. The two transcripts show a significant (P-value = 5.2e-06) positive (R:

0.31) correlation.
H Venn diagram for the Che-1-r-Plus and c-Myc-r-Plus sets.

Source data are available online for this figure.
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functional cooperation. This evidence was confirmed by testing the

interaction of Che-1 fusion protein (GST-Che-1) or two Che-1-

deleted fusion proteins (GST-36; GST-34-35) [6] with in vitro trans-

lated c-Myc protein. As shown in Fig 7E, Che-1 was able to directly

bind c-Myc, and the C-terminal domain (GST-36) was required for

this interaction. To evaluate whether Che-1 was involved in the

ability of c-Myc to bind promoters, we performed a ChIP assay in

NALM-6 cells interfered or not with Che-1 expression, analyzing

genes contained in the overlapping cluster (Fig 7C). Che-1 downreg-

ulation strongly affected c-Myc recruitment on the promoters of

target genes that are occupied by both Che-1 and c-Myc (FGFR and

LEF1), whereas it showed no effect on c-Myc occupation of promot-

ers exclusively targeting c-Myc (SCP2 and ZMYND8; Fig 7F). Alto-

gether, these results show how Che-1, in addition to being an

effector of c-Myc, contributes to the activity of this oncogene

through direct binding on the DNA, acting in a specific way since

regulation does not occur globally, but specifically on the promoters

of those genes that are targeted by both proteins.

Discussion

Although the molecular knowledge of BCP-ALL continues to

expand, specific mechanisms involved in leukemia onset have not

yet been fully characterized and where mechanisms of blast cell

proliferation are still under investigation. In the present study, we

identify for the first time an important role played by Che-1 in the

proliferation of BCP-ALL cells. Indeed, we provide evidence that

Che-1 expression strictly correlates with onset and relapse of the

disease. In particular, here we show that Che-1 is highly expressed

in about 90% of pediatric BCP-ALL samples collected at diagnosis,

whereas it is completely downregulated when morphological remis-

sion is obtained. Moreover, we demonstrated that the protein is still

expressed in all the samples collected from patients at time of

relapse. In agreement with previous findings [9,30], we found that

Che-1 inhibition not only strongly affects BCP-ALL cell growth,

implying that it could be involved in leukemia clonal expansion, but

also sensitizes BCP-ALL cells to chemotherapeutic treatment.

A

E F G

B D

C

Figure 6. Che-1 is a c-Myc effector involved in B-ALL cell proliferation.

A Cell number analysis performed 36 h postnucleoporation of NALM-6 and LAL-B cells nucleoporated with siRNA targeting Che-1 (siChe-1), c-Myc (si c-Myc), or with
control siRNA (siControl). Error bars represent the standard error of three different experiments.

B Venn diagram for Cuffdiff differentially expressed genes (q-value < 0.1) in both siChe-1 and si c-Myc conditions, in NALM-6 cells.
C, D Biological processes and molecular functions enrichment for downregulated signatures in siChe-1 and si c-Myc, or +/� tetracycline, in NALM-6 and P493-6 cell

lines, respectively. Clusters computed via Enrichr API.
E NALM-6 cells were nucleoporated with Control siRNA (siControl) in combination with a Myc-tagged empty vector (Empty vector) or with siRNA c-Myc (si c-Myc) in

combination with empty vector, or with si c-Myc and Myc-tagged Che-1 expressing vector (Myc-Che-1), and harvested after 36 h. WB analysis of TCEs with the
indicated Abs is shown. It is representative of three independent experiments.

F Cell number analysis performed in NALM-6 and LAL-B2 cells treated as in (E). Data are presented as means � SD from three independent experiments.
G Quantitative RT–PCR (qRT–PCR) for the indicated genes was performed in NALM-6 cells nucleoporated as in (E). Values were normalized to actin expression. Error

bars represent the standard error of three different experiments.

Data information: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 by Student’s t-test.
Source data are available online for this figure.
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The main function known of Che-1 is to activate gene transcrip-

tion [31]. RNA-seq experiments in NALM-6 and in a primary BCP-

ALL cell line confirmed this role, highlighting how this protein is

required for control in the expression of several genes involved in

cell growth. Consistent with these findings, ChIP-seq analyses

demonstrated the presence of Che-1 on 2,205-derived TSSs, includ-

ing promoters of cell-cycle regulatory genes, consolidating the role

of Che-1 as part of the transcriptional apparatus.

Che-1 resulted to be upregulated at transcriptional level in BCP-

ALL samples, and this effect is mainly due to the specific activity of

the oncogene c-Myc found recruited at both the murine and the

human Che-1 promoter. In agreement with this result, we found a

strong increase in c-Myc expression in most BCP-ALL patients

analyzed, in strict correlation with Che-1 expression, supporting the

evidence that Che-1 is a direct target of c-Myc. In addition, the

strong correlation between the expressions of these two genes was

noticed in a broader dataset including several hematological malig-

nancies. Of note, Che-1 was recently found to be upregulated during

multiple myeloma progression [11], a disease in which c-Myc was

found highly deregulated [32]. Aberrations that can alter the expres-

sion of c-Myc are involved in many hematological malignancies,

especially in Burkitt’s lymphoma and diffuse large B-cell lymphoma

[33,34]. However, so far, only a single previous work by Allen et al

[35] suggested a possible association of c-Myc with a higher risk of

relapse in BCP-ALL.

Our data not only confirm the high expression of this oncogene

in patients with BCP-ALL, but also reveal its importance in the

proliferation of this disease. c-Myc gene is located on the long arm

of chromosome 8. In Burkitt’s lymphoma and diffuse large B-cell

lymphoma, c-Myc deregulation is mainly due to the reciprocal

translocation of chromosome 8 and chromosomes 14, 2, or 22,

containing the light or heavy chain genes of immunoglobulins [36].

A

E
F

B D

C

Figure 7. c-Myc and Che-1 interact and co-localize on a significant cluster of promoters.

A Deeptools-generated co-localization heatmap for a merged peak set (Che-1 union c-Myc), showing bigWig enrichment for Che-1_LALB, Che-1_NALM, c-Myc_P493-6
PLUS input tracks. K-means clustering (K = 4) has been applied. Cluster 1 (blue) comprises of broad peaks present in all three libraries. Cluster 2 (azure) contains
mostly Che-1-specific broad domains. Cluster 3 (green) is associated with Myc-specific narrow peaks. Cluster 4 (orange), again, contains Che-1-specific domains, but
way narrower when compared to cluster 2.

B ChIP-seq data for Che-1 and c-Myc on CDK1NB and the transcription factor E2F1 shown here, extracted from panel (A), cluster 1. Both the proteins bind the TSS area
of the genes with different intensities.

C ChIP-seq data from co-downregulated genes in siChe-1-sic-Myc present in stem cell division cluster of Fig 6D.
D Co-immunoprecipitation experiments with anti-c-Myc or anti-Che-1 antibodies resolved with reciprocal antibodies, in NALM-6, P493-6, and LAL-B cells.
E GST pull-down assay performed between GST-Che-1, GST-Che-1-deleted fusion proteins (GST-36, GST-34-35), and in vitro translated (IVT) c-Myc protein. GST sample

was used as negative control. GST fusion protein expression is shown by Comassie blue staining.
F ChIP-seq assay with c-Myc antibody in Che-1-interfered NALM-6 cell line, resolved by qRT–PCR with FGFR1, LEF1, SCP2, and ZMYND8 primers. Data are presented as

the means and standard deviation (SD) from three independent experiments. *P ≤ 0.05; ***P ≤ 0.001 by Student’s t-test.

Source data are available online for this figure.
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The patients analyzed in our study did not carry these rearrange-

ments, thus indicating that other molecular mechanisms, such as

gene amplification or post-transcriptional or translational modifi-

cations found in numerous other forms of cancer [37,38], may be

the basis of the observed overexpression of c-Myc. Further studies

may shed light on how the expression of this oncogene is regulated

in BCP-ALL.

The data reported in this study indicate that Che-1 and c-Myc

regulate the expression of the same genes in BCP-ALL cells, many

of them being involved in the control of cell proliferation. Consis-

tent with these findings, Che-1 overexpression in c-Myc-silenced

cells was able to rescue the effects of c-Myc inhibition, indicating

that, at least in part, Che-1 could act as a transcriptional effector

of c-Myc activity. Published studies aimed at clarifying c-Myc

mechanism of action have led to dramatically different models

regarding the role of c-Myc in transcriptional control. One hypoth-

esis proposes a model sustaining c-Myc as an amplifier of the tran-

scriptional program already active in each cell causing an

increased RNA content [39,40]. In contrast, a different scenario

was proposed by Kress et al [41], in which c-Myc activates and

represses selected target genes, with RNA amplification occurring

only as secondary consequence by an indirect function. In addi-

tion, it has been demonstrated that a stretch of chromatin bearing

high H3 K4/K79 methylation and H3 acetylation, which is gener-

ally associated with a pre-engaged basal transcription machinery,

is a strict pre-requisite for the recognition of any target site by

Myc [42]. Our data strongly support the second model, in which

Che-1, a direct target of c-Myc, plays an important role in cell

proliferation, sustaining the transcription of several genes involved

in this pathway.

Moreover, co-immunoprecipitation experiments showed physical

interaction between Che-1 and c-Myc, and the comparison of the

ChIP-seq experiments performed with c-Myc or Che-1 antibodies

showed the presence of both proteins on promoters of genes

involved in cell proliferation. Notably, Che-1 downregulation

produced a strong reduction in c-Myc recruitment on these promot-

ers, indicating an additional role of Che-1 in c-Myc activity.

In summary, in this study, we identify Che-1’s pivotal role in the

control of BCP-ALL proliferation, supporting c-Myc recruitment on

only a particular cluster of genes, thus clarifying one of the molecu-

lar mechanisms responsible for BCP-ALL onset. Moreover, the

central role of Che-1 in inducing leukemic blast cell division repre-

sents a new opportunity for developing novel cancer therapies, in

particular in relapsed patients, where failure of available therapeutic

options is a common event.

Materials and Methods

Patients’ characteristics

Patients with newly diagnosed or relapsed BCP-ALL were treated at

IRCCS Bambino Gesù Children’s Hospital (Rome), a center affili-

ated with the “Italian Association of Pediatric Hematology/Oncol-

ogy” (AIEOP) network. The “newly diagnosed” group consisted of

80 patients, 45 males (56%), and 35 females (44%), with a median

age at diagnosis of 4.57 years (range 1.11–17.16). The group of

relapsed patients included 14 patients, six males (43%), and eight

females (57%), with a median age at diagnosis of 4.01 years (range

0.90–22.10) and a median age at relapse of 10.32 (range 2.88–

26.25). BM samples exceeding the amount needed for molecular

characterization and minimal residual disease (MRD) monitoring

were cryopreserved in fetal bovine serum (FBS) with 10%

dimethyl-sulfoxide at time of diagnosis and/or disease relapse and

used for in vitro studies, as detailed below. Patients and/or their

legal guardians gave written informed consent. BM used as nega-

tive controls were obtained from age-matched or adult healthy

donors (HBM) who donated BM for transplantation of a sibling at

Bambino Gesù Children’s Hospital. The Bambino Gesù Children’s

Hospital Institutional Review Board approved the study. Informed

consent was obtained from all subjects, and the experiments were

conformed to the principles set out in the WMA Declaration of

Helsinki and the Department of Health and Human Services

Belmont Report. Details on patient and disease characteristics are

summarized in Table 1.

Cell lines, constructs, and transfections

NALM-6 cells were bought from ATCC (CRL-3273), P493-6 cells

were kindly provided by Dr. B. Amati; LAL-B, LAL-B#2, and LAL-

B#3 were obtained by BCP-ALL bone marrow mononuclear cells

infected with Epstein–Barr virus for immortalization. All cell lines

were cultured in RPMI-1640 medium supplemented with 10% FBS

(NALM-6 and LAL-B) or 10% tetracycline-free FBS (P493-6). All cell

lines were tested for mycoplasma contamination by PCR with the

following primers:

Forward 50-ACTCCTACGGGAGGCAGCAGTA-30

Reverse 50-TCGACCATCTGTCACTCTGTTAAC-30

To reduce c-Myc expression, P493-6 cells were treated with

0.1 lg/ml tetracycline (Merck, Darmstadt, Germany) for 72 h, and

then, c-Myc expression was induced by three washes with RPMI-

1640 medium. Transfections were carried out by Lipofectamine

3000 (Life Technologies, Waltham, MA) following the manufac-

turer’s instructions. Nucleofection of NALM-6 and LAL-B cells was

made using Amaxa 4D-Nucleofector X Kit L (Lonza, IT) by following

the manufacturer’s instructions. The following plasmids were used

in transfection experiments: Myc-Che-1 [10], pCS2-MT as control

vector, the plasmid containing the firefly luciferase reporter under

the control of murine Che-1 (mChe-1) promoter.

Total cell extracts, immunoprecipitation, and Western blotting

Cells were treated as described in Bruno et al [10]. An equal amount

of proteins was taken, pre-cleared with 20 ll of protein G Agarose

(Life Technologies, Waltham, MA), and then immunoprecipitated

with 2 lg of desired antibody overnight at 4°C. Western blotting

analysis of protein samples was carried out by standard procedures

using the following antibodies: The rabbit polyclonal antibodies

were anti-Che-1 [6], anti-AATF (A301-032A, Bethyl, TX), anti-c-Myc

(N-262) (sc-764, Santa Cruz, CA), anti-p21 (Santa Cruz, CA); anti-

PARP p85 (G7341, Promega, WI), anti-PUMA (PC686, Merck, DK),

and anti-Caspase-7 (9492, Cell Signaling, MA), and mouse mono-

clonal antibodies were anti-b-actin (clone AC-15, Merck, DK), anti-

Cyclin B1 (D5C10, Cell Signaling, Beverly, MA), anti-Cyclin E

(HE12, Santa Cruz, CA). Secondary antibodies used were goat
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anti-mouse and goat anti-rabbit, conjugated to horseradish peroxi-

dase (Bio-Rad, CA). Immunostained bands were detected by the

chemiluminescent method (Pierce, Euroclone, IT), and the images

were acquired using Alliance system by UVITECH, Cambridge.

Samples preparation

Mononuclear cells were isolated from BM samples by density gradi-

ent centrifugation on Ficoll–Hypaque (Uppsala, Sweden).

FACS analysis

Cells were first labeled with Pc7-anti-CD19 (J3-119), PE-anti-CD10

(ALB1), BV421-anti-CD34 (581), and PerCP-anti-CD45 (5B1) mAbs 8

(BD, NY), followed by sequential fixation and permeabilization. Then,

the cells were stained with anti-Che-1 antibody followed by Alexa-

Fluor 488-conjugated anti-rabbit antibody (Immunological Sciences,

SIC, IT) and/or FITC-anti-c-Myc (9E10, ABCAM, IT). Cytofluorimetric

analysis of cellular DNA content was performed on propidium iodide-

stained cells by Guava easyCyte Cytometer (Merck, DK).

siRNA

siRNA experiments of Che-1 and c-Myc expression were performed

by transfecting a specific pool of three double-stranded RNA oligonu-

cleotides [siChe-1 (nucleotides: 893–917; 994–1,018; 1,093–1,117); si

c-Myc (nucleotides: 22–47; 746–771; 1,270–1,295) (Stealth, Life Tech-

nologies, MA)] using nucleofector (Lonza, IT), or Lipofectamine 3000

(Life Technologies, MA)]. Stealth siRNA negative control oligos

(siControl) were purchased from Life Technologies (Waltham, MA).

Viral vectors

Lentiviral vectors pLV-TH (shControl), pLV-shChe-1 TH, and pLV-

tTR-KRAB [43] were produced as previously described (shChe-1

sequence: nucleotides 824–842) [21]. Lentiviral stocks were titrated

following standard protocols [43], and, routinely, a viral titer of 106

transducing units per ml (TU/ml) was achieved. NALM-6 and LAL-B

cell lines were infected with shControl or shChe-1 lentiviral particles

by spin inoculation at MOI of 3. After 24 h, cells were sorted for

GFP expression using a BD FACS ARIA III cell sorter and infected

with pLV-tTR-KRAB lentiviral particles by spin inoculation at MOI

of 3.

Proliferation and viability assay

NALM-6, LAL-B, and LAL-B #2 cells (1 × 106) were nucleoporated

as described for silencing of Che-1 or c-Myc proteins. At the indi-

cated time points (24, 36, 48 h), cells were harvested and analyzed

by Countess automated cell counter (Thermo Fisher Scientific, IT),

that performs cell count and viability measurements using trypan

blue stain. Downregulation of protein expression was verified for

each time points by WB.

RNA isolation and quantitative RT–PCR analysis

Total RNA from NALM-6 and LAL-B cells, from HBMs and BCP-ALL

patients, was isolated using TRizol reagent (Life Technologies, MA)

following the manufacturer’s instructions. The first-strand cDNA

was synthesized with random primers and M-MLV reverse tran-

scriptase (Life Technologies, MA). The cDNA was used for quantita-

tive real-time PCR (qRT–PCR) experiments carried out in a 7500

Fast Real-Time PCR System (Applied Biosystems, CA). DDCt values
were normalized with those obtained from the amplification of the

endogenous b-actin gene. The following human-specific primers

were employed in RT–PCR amplifications:

Che-1 forward 50-CCGGAATTCGGATAAGACCAAACTGGCT-30

Che-1 reverse 50-CCGCTCGAGGAGTTCTCGAAGGAGCTG-30

MLL1 forward 50-GACACATGGATGCAGACCAC-30

MLL1 reverse 50-CGGGCCAGGACTATCAGTAG-30

ANP32 forward 50-TCCGCCGCTAGCAAACCCTTC-30

ANP32 reverse 50-GGTCCGGTTCCTCAGCTCCAG-30

FOXM1 forward 50-CACCCCAGTGCCAACCGCTACTTG-30

FOXM1 reverse 50-AAAGAGGAGCTATCCCCTCCTCAG-30

CDK1 forward 50-GGAAGGGGTTCCTAGTACTGC-30

CDK1 reverse 50-TGGAATCCTGCATAAGCACA-30

Cyclin B1 forward 50-GTTCCTACGGCCCCTGCT-30

Cyclin B1 reverse 50-ATTTTGGCCTGCAGTTGTT-30

b-actin forward 50-GACAGGATGCAGAAGGAGATTACT-30

b-actin reverse 50-TGATCCACATCTGCTGGAAGGT-30

Mutagenesis

Mutagenesis of mChe-1 promoter was performed using the Quik-

Change Mutagenesis kit (Stratagene, CA), altering the canonical

E-box sequence CACGTG in TTCGAC. Sequencing was realized by

Genechron (Rome, IT).

Luciferase assay

Cell extracts were prepared and assayed for luciferase activity

according to the manufacturer’s instructions (Promega, WI) using

the GloMax Luminometer (Promega, WI). Total protein quan-

tification in the extracts was determined by Bradford assay, and

luciferase activity of an equal amount of proteins was deter-

mined.

Pull-down assay

Che-1 deletions were cloned into the pGEX4T3 vector to produce

glutathione-S-transferase (GST) fusion proteins as previously

described (Fanciulli et al [6]). For in vitro binding assays, compara-

ble amounts of resin-bound GST fusion proteins were incubated

with 10 ll of in vitro transcribed/translated c-Myc reaction for 1 h

at 4°C. The resins were then pelleted and extensively washed in the

same buffer. The bound proteins were separated by SDS–PAGE, and

the gels were analyzed by Western blot using anti-c-Myc antibody.

Immunoreactivity was detected by ECL chemiluminescence reaction

(Amersham). In vitro transcription and translation were carried out

with 1-Step Human High-Yield Mini IVT Kit (Thermo Scientific, IT)

by following the manufacturer’s instructions.
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Chromatin immunoprecipitation assay (ChIP)

ChIP assays in P493-6, NALM-6 and LAL-B cells were performed as

previously described [9] by using anti-Che-1 (A301-032A Bethyl,

TX) or anti-c-Myc (sc-764X, Santa Cruz, CA) antibodies. Immuno-

precipitations with immunoglobulins (Santa Cruz, CA) were

performed as negative controls. For quantitative ChIP analysis

(ChIP–qPCR), 1 ll of purified DNA was used for amplification on an

Applied Biosystems 7500 Fast Real-Time PCR system (Applied

Biosystem SYBR Green). The following human promoter-specific

primers were employed in RT–PCR amplifications:

Che-1 promoter forward 50-AGCGCTTTGCCGACTTTACA-30

Che-1 promoter reverse 50-GCTTGGTCTGTGTCCTTCGAA-30

FGFR1 promoter forward 50-GGGAACAATGGAGCCGGAGCT-30

FGFR1 promoter reverse 50-GGTCTGCAAGGAAAGTGAGGC-30

LEF1 promoter forward 50-GTATCCAACCCTTCGCCCT-30

LEF1 promoter reverse 50-CGATATAAGGCACGGCTCG-30

SCP2 promoter forward 50-AAACGTGGCCTCGGCTTAAT-30

SCP2 promoter reverse 50-AACTTGCCTCTTTCCGGCTT-30

ZMYND8 promoter forward 50-GCCACATGCCTGGATCTACA-30

ZMYND8 promoter reverse 50-TAACAGGCAGGAAGCCGAAG-30

PTEN promoter forward 50-AGTCGCCTGTCACCATTTCC-30

PTEN promoter reverse 50-GCCCGGGTCCCTGGATGTGC-30

PLK1 promoter forward 50-AACCGCAGGAGCTTTCCCGGA-30

PLK1 promoter reverse 50-GGGAAAACCTGATTGACACGG-30

CDK13 promoter forward 50-CATCTGGTGTTTTCGCTGCC-30

CDK13 promoter reverse 50-TTCCAGGTCACAGTGGGGTA-30

Ncl promoter forward 50-TTTTGCGACGCGTACGAG-30

Ncl promoter reverse 50-ACTAGGGCCGATACCGCC-30

AchR promoter forward 50-CCTTCATTGGGATCACCACG-30

AchR promoter reverse 50-AGGAGATGAGTACCAGCAGGTTG-30

H2AB promoter forward 50-ACTCTCCTTACGGGTCCTCTTG-30

H2AB promoter reverse 50-AGTGCTGTGTAACCCTGGAAAA-30

ChIP-sequencing

ChIP assays were performed as previously described in Ref. [9] by

using rabbit polyclonal antibodies ChIP grade, anti-Che-1 (Bethyl),

and anti-c-Myc (sc-764X, Santa Cruz). The quantity of the immuno-

precipitated material was determined by Qubit 2.0 fluorometer (Life

Technologies). About 10 ng of the immunoprecipitated chromatin

was used to prepare the libraries for sequencing by following the

manufacturer’s instructions including DNA and repairing, adaptor

ligation, and amplification (Illumina, CA). The libraries were then

sequenced using the NextSeq 500 system (Illumina, CA).

RNA-sequencing

Total RNA was extracted from NALM-6, LAL-B, and P493-6 cells

using Qiazol (Qiagen, IT), purified from DNA contamination

through a DNase I (Qiagen, IT) digestion step, and further enriched

by Qiagen RNeasy columns for gene expression profiling (Qiagen,

IT). Quantity and integrity of the extracted RNA were assessed by

NanoDrop Spectrophotometer (NanoDrop Technologies, DE) and by

Agilent 2100 Bioanalyzer (Agilent Technologies, CA), respectively.

RNA libraries for sequencing were generated in triplicate according

to the Illumina TruSeq Stranded Total RNA kit with an initial ribo-

somal depletion step using Ribo Zero Gold (Illumina, CA). The

libraries were quantified by qPCR and sequenced in paired-end

mode (2 × 75 bp) with NextSeq 500 (Illumina, CA). For each

sample generated by the Illumina platform, a pre-process step for

quality control was performed to assess sequence data quality and

to discard low-quality reads.

Bioinformatic analysis

RNA-seq data were analyzed thanks to the RAP pipeline [44], a

Tuxedo-suite-based workflow, with a “second strand” parameter to

take into account the stranded read library. For spike-in-normalized

results, we extracted HTseq raw counts from the pipeline results,

normalized them and calculated final DE genes with DEseq2 pack-

age (Bioconductor) [45]. For the common transcriptional signature

on NALM-6 cells, we used a corrected P-value filter of 0.1 to extract

the 461 gene set overlap. The overlap on downregulated P493-6

signatures was carried out on both samples via standard Cufflinks–

Cuffdiff analysis [46].

ChIP-seq data underwent basic analysis (QC; mapping; MACS2

peak calling) with the CAST pipeline at CINECA. Multiple library

ChIP-seq comparison was generated with Deeptools (computeMatrix

command on multiple bigwigs and plotHeatmap) [47]. For Che-1

versus c-Myc libraries enrichment, a simple bed tool intersect

command was executed on MACS2 peaks for the three libraries

(Che-1 LAL-B, Che-1 NALM-6, and c-Myc P493-6 high Myc) [48].

The peaks were annotated with Homer and analyzed for GO with

Enrichr web tool [49]. Motif analysis was carried out with the Cent-

dist tool [50]. All high-throughput data (ChIP-seq and RNA-seq)

were submitted to the GEO archive (GSE93628).

Statistical analysis

All statistical tests were carried out using GraphPad Prism version

5.0 for Windows, GraphPad Software, San Diego California, USA

(www.graphpad.com). Mann–Whitney U-test was used to

compare patients’ data because of distribution. Probability values

generated by Student’s t-test or Mann–Whitney U-test considered

to be statistically significant are *P ≤ 0.05; **P ≤ 0.01;

***P ≤ 0.001.

Expanded View for this article is available online.
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