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ABSTRACT

Overwhelming evidence indicates that long non-coding RNAs have essential
roles in tumorigenesis. Nevertheless, their role in the molecular pathogenesis of
pediatric B-cell precursor acute lymphoblastic leukemia has not been extensively
explored. Here, we conducted a comprehensive analysis of the long non-coding RNA
transcriptome in ETV6/RUNX1-positive BCP-ALL, one of the most frequent subtypes
of pediatric leukemia. First, we used primary leukemia patient samples to identify an
ETV6/RUNX1 specific expression signature consisting of 596 IncRNA transcripts. Next,
integration of this IncRNA signature with RNA sequencing of BCP-ALL cell lines and
IncRNA profiling of an in vitro model system of ETV6/RUNX1 knockdown, revealed
that Inc-NKX2-3-1, Inc-TIMM21-5, Inc-ASTN1-1 and Inc-RTN4R-1 are truly regulated
by the oncogenic fusion protein. Moreover, sustained inactivation of /Inc-RTN4R-1
and Inc-NKX2-3-1 in ETV6/RUNX1 positive cells caused profound changes in gene
expression. All together, our study defined a unique IncRNA expression signature
associated with ETV6/RUNX1-positive BCP-ALL and identified Inc-RTN4R-1 and Inc-
NKX2-3-1 as IncRNAs that might be functionally implicated in the biology of this
prevalent subtype of human leukemia.

INTRODUCTION

Acute lymphoblastic leukemia (ALL) is an
aggressive hematological malignancy that results
from the accumulation of genetic alterations in B- or
T-lymphoid precursor cells [1-3]. Approximately 25%
of pediatric B-cell precursor ALL (BCP-ALL) patients
carry the t(12;21)(p13;q22) translocation, which fuses

the N-terminal part of the ETS variant 6 (E7TV6) with
virtually the entire Runt-related transcription factor 1
(RUNX1). Although most ETV6/RUNXI-positive BCP-
ALL patients have an excellent prognosis with current
treatment protocols, some patients still experience a late
disease relapse [4, 5].

Ample evidence, including the detection of ETV6/
RUNXI1 fusion transcripts in neonatal blood spots as well
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as the development of concordant B-ALL in monozygotic
twins, has suggested that t(12;21)(p13;q22) translocation
can originate in utero [6]. Nevertheless, several additional
genetic alterations are supposed to accumulate in ETV6/
RUNXI-positive pre-leukemic hematopoietic cells in order
to trigger full malignant transformation [7].

Previous reports have shown that the ETV6/RUNX1
fusion protein leads to expansion of B-cell precursors with
enhanced self-renewal capacity and impaired differentiation
[8—13]. In addition, several mechanisms of action have been
proposed for this chimeric protein, including repression of
normal RUNXI target genes, disruption of wild type ETV6
transcriptional activity and re-localization of transcriptional
cofactors from the nucleus into the cytoplasm [14—16].
Finally, genome-wide profiling studies have shown that
ETV6/RUNXI-positive leukemias are characterized by
a unique gene expression signature as compared to other
genetic subtypes of human BCP-ALL with differential
expression of genes involved in differentiation, apoptosis,
signal transduction and immune response [17-19].

Recently, it became clear that a significant portion of
the human genome consists of non-coding transcripts such as
tRNAs, snoRNAs, microRNAs and long non-coding RNAs
(IncRNAs). Although only a fraction of IncRNAs have been
functionally characterized, increasing evidence shows that
these long non-coding transcripts can play important roles
in different cellular processes, including regulation of gene
expression, guidance of chromatin remodeling complexes,
X-chromosome inactivation, genomic imprinting, nuclear
compartmentalization, nuclear cytoplasmic trafficking, RNA
splicing and translational control. Moreover, besides their
putative roles in normal development, IncRNAs have also
been implicated in a variety of human diseases, including
cancer [20-23]. Sporadic examples of IncRNAs involved
in the pathogenesis of BCP-ALL have been reported. For
example, overexpression of IncRNA BALR-2 correlated
with poor clinical outcome and a reduced prednisone
response in human BCP-ALLs [24]. Furthermore, another
study identified a unique IncRNA expression signature in
MLL-rearranged ALLs, which could be exploited for the
identification of novel biomarkers for this disease [25].
Nevertheless, the full spectrum of IncRNA expression
patterns in BCP-ALL remains largely unexplored.

Here, we provide a comprehensive overview of
IncRNA expression in ETV6/RUNXI-positive BCP-ALL
and analyze the transcriptional consequences of IncRNA
modulation in the context of ETV6/RUNXI rearranged
leukemia.

RESULTS

LncRNA expression in ETV6/RUNX1-driven
BCP-ALL

To study the role of IncRNAs in the molecular
pathogenesis of human BCP-ALL, we profiled a cohort of
64 primary BCP-ALL patient samples using a previously

published microarray platform that simultaneously detects
IncRNA and mRNA transcripts [26]. This patient cohort
consisted of 25 ETV6/RUNXI-positive, 7 TCF3/PBX]I-
positive, 15 high hyperdiploid and 17 normal karyotype
BCP-ALLs. Using 14055 probes that showed expression
above the background, we established an ETV6/RUNX1-
specific IncRNA signature consisting of 596 IncRNA
transcripts (434 up- and 162 down-regulated) that showed
significant differential expression between ETV6/RUNXI-
positive BCP-ALL and other genetic BCP-ALL subclasses
(adj. p-value<0.05, Figure 1A, Supplementary Table S1).
In our dataset, average IncRNA expression was lower as
compared to mRNA transcripts (Figure 1B), a notion that
has previously been reported in other studies [27].

Identification of ETV6/RUNXI1 specific IncRNAs
by RNA sequencing of human BCP-ALL cell
lines

To further validate our initial findings and to
evaluate the ETV6/RUNXI-positive BCP-ALL cell line
REH, as a suitable in vitro model system to study the
functional relevance of ETV6/RUNXI-specific IncRNAs,
we analyzed publically available non-stranded poly-A
RNA sequencing data from 13 human BCP-ALL tumor
lines including REH and 12 other non-E7V6/RUNX]I cell
lines (SEM, SUP-B15, NALM-6, NALM-19, RCH-ACY,
RS4;11, KASUMI-2, KOPN-8, MUTZ-5, MHH-CALL-2,
MHH-CALL-3 and MHH-CALL-4).

More specifically, using differential expression
analysis of sequence count data (DESeq2 [28]), we
identified 50 IncRNAs that showed a significant
differential expression between REH and the other non-
ETV6/RUNXI cell lines (Generalized Linear Model; adj.
p-value <0.05), including 28 up- and 22 down-regulated
IncRNA transcripts (Figure 1C; Supplementary Table S2).
Interestingly, 16 out of 50 IncRNAs overlapped with
the ETV6/RUNXI-specific IncRNA signature that was
identified in the primary leukemia samples, including 14
up- and 2 down-regulated IncRNA transcripts (Figure 1C;
Supplementary Table S3).

Next, we performed chromatin immunoprecipitation
followed by sequencing (ChIP-seq) to evaluate the
genome-wide distribution of H3K27 acetylation
(H3K27ac), a histone mark indicative for active promoters
and/or putative enhancer regions, in an ETV6/RUNXI-
positive (REH) and negative (697) BCP-ALL cell line.
Notably, differential H3K27ac binding between REH and
697 cells was identified at the respective genomic loci of
12 out of 16 ETV6/RUNX1 associated IncRNAs identified
above (Supplementary Figure S1). As a representative
example, sequencing tracks for /nc-LRPS8-3 are shown
in Figure 1D. In general, broad H3K27ac binding,
covering the whole IncRNA transcript, was identified in
the REH cell line for Inc-NKX2-3-1, Inc-RTN4R-1, Inc-
GIP-1, Inc-LRPS-3, Inc-TCF12-2, Inc-C8orf4-1, Inc-
C8orf4-2, Inc-TINAGLI-1 and Inc-LSM11-4, whereas
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Figure 1: Specific IncRNA expression pattern in ETV6/RUNX1-driven BCP-ALL. A. MA-plots, which display the mean
expression and fold change of differentially expressed IncRNAs in ETV6/RUNX1 driven leukemias (adjusted p-value < 0.05) identified by
microarray expression profiling B. Density plot of average normalized expression values for IncRNAs and mRNA transcripts in 25 ETV6/
RUNXI-positive BCP-ALLs C. Diagonal plot that represents differentially up-regulated (Red) and down-regulated (Blue) IncRNAs in an
ETV6/RUNXI-positive BCP-ALL cell line identified by RNA-sequencing of 13 BCP-ALL cell lines (adjusted p-value < 0.05). D. RNA
sequencing tracks that represent expression of Inc-LRP8-3 in five BCP-ALL cell lines and H3K27ac binding patterns (ChIP-Seq) of the
same genomic locus in REH and 697 cells.
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more discrete H3K27ac peaks were identified at putative
promoter regions for Inc-TIMM21-5 and Inc-CPT2-7
(Supplementary Figure S1).

Identification of ETV6/RUNXI1 regulated
IncRNAs

To further confirm the association between ETV6/
RUNXI1 and IncRNA expression signatures, we silenced
the fusion protein in REH cells using a short hairpin
RNA (shRNA) targeting the ETV6 moiety of the fusion
transcript (Figure 2A). Given that REH cells harbor
an ETV6/RUNXI translocation with a concomitant
deletion of the remaining wildtype ETV6 allele, this
shRNA will exclusively modulate the expression of the
fusion transcript. Next, we used the same microarray
platform [26] for IncRNA profiling and identified 134
IncRNAs that showed differential expression between
biological triplicates of ETV6/RUNX1 knockdown and
the corresponding REH control samples (41 IncRNAs
up- and 93 down-regulated; adj. p-value<0.05; Figure 2B;
Supplementary Table S4).

Among the IncRNAs that were significantly affected
by ETV6/RUNXI modulation, only four transcripts
(Inc-NKX2-3-1, Inc-TIMM21-5, Inc-ASTNI-1 and Inc-
RTN4R-1) overlapped with the 16 ETV6/RUNXI1
associated IncRNAs identified above (Figure 2B). The
specific expression pattern of these four IncRNAs in
ETV6/RUNXI-positive leukemia patients as well as
their H3K27ac binding patterns (ChIP-Seq) and RNA
sequencing tracks in REH and 697 cells are visualized in
Supplementary Figure S2 and Figure 2C, respectively.

To investigate potential functionalities for each
of these four ETV6/RUNXI1 regulated IncRNAs, we
performed in silico guilt-by-association analysis using the
IncRNA and mRNA expression profiles of 64 BCP-ALL
patients. Considering that the output of this analysis is
based on the correlation between the IncRNA-of-interest
and all protein coding genes and the fact that these
IncRNAs are ETV6/RUNXI-specific, performing this
analysis in the whole cohort of patients was influenced by
the subgroup bias and resulted in the same functionalities
for all four IncRNAs. To remove this subgroup bias,
we performed this analysis exclusively in 25 ETV6/
RUNXI-positive BCP-ALL patients. Notably, this
approach suggested that Inc-NKX2-3-1, Inc-TIMM?21-5,
Inc-ASTNI-1 and Inc-RTN4R-1 have both unique as
well as overlapping functionalities. For example, mRNA
processing, processing of capped intron-containing pre-
mRNA, mRNA splicing and resistance to vincristine,
were amongst the top 30 most correlated gene sets for all
four IncRNAs mentioned above (Figure 3). Nevertheless,
each IncRNA also showed unique patterns of positive and
negative correlations at the single gene level, as shown by
the top 10 most correlated transcripts for each IncRNA in
Supplementary Figure S3.

Given the predicted link between these IncRNAs
and resistance to vincristine, we examined whether these
IncRNAs are able to identify a more aggressive subtype of
ETV6/RUNXI-derived leukemia. We were able to compare
the levels of IncRNA expression between relapsed (n=3)
and non-relapsed (n=22) samples at time of diagnosis.
Notably, this analysis revealed that the average expression
levels of Inc-TIMM?21-5 and Inc-RTN4R-1 are significantly
higher in the diagnostic samples of the three cases that
experienced relapse, as compared to the 22 ETV6/RUNXI-
positive BCP-ALLs in complete remission (logFC=1.1;
Supplementary Table S5). Moreover, we were able to
collect paired samples from a new ETV6/RUNXI-positive
ALL patient (not included in the initial 25 E7TV6/RUNX]I-
positive cases), for which leukemic cells were available
at the time of initial diagnosis as well as at relapse.
Comparison of the expression levels of the four IncRNAs
between diagnosis and relapse revealed upregulation
of Inc-NKX2-3-1, Inc-RTN4R-1 and Inc-TIMM?21-5 at
the time of relapse, whereas Inc-ASTNI-1 displayed an
opposite behavior (Supplementary Figure S4).

LncRNA modulation in ETV6/RUNX1-positive
BCP-ALL cell lines

To further study the biological functions of /nc-
NKX2-3, Inc-TIMM?21, Inc-ASTN1 and Inc-RTN4R in the
context of ETV6/RUNXI-driven leukemogenesis, we
used LNA GapmeR technology to evaluate transcriptional
effects of IncRNA modulation in vitro. For each IncRNA,
we evaluated the capacity of eight different LNA
GapmeRs to silence IncRNA expression levels in REH
cells through gymnosis [29]. Using this passive uptake
approach, we identified two independent LNA GapmeRs
for each IncRNA that showed at least 80% IncRNA
knockdown, as evaluated by RT-qPCR (Figure 4A).

To evaluate the transcriptional consequences
of these IncRNA perturbations, we performed RNA
sequencing and profiled biological triplicates of two
independent LNA GapmeR knockdown experiments
for each IncRNA together with their respective control
samples in the REH cell line (6 versus 6 for each IncRNA).
Strikingly, modulation of /nc-TIMM?21-5 and Inc-ASTN1-1
caused no or very limited effects on overall transcription
in REH cells (Supplementary Figure S5). However and
most notably, gene transcription was severely affected
by perturbations of /nc-NKX2-3-1 and Inc-RTN4R-1
(Figure 4B).

More specifically, Inc-NKX2-3-1 inactivation
resulted in significant changes in the expression of
75 transcripts (43 up- and 32 down-regulated; adj.
p-value<0.05; Figure 4B; Supplementary Table S6).
Of note, different immunoglobulin heavy and lambda
transcripts (/GHV3-15, IGLV2-23, IGLV3-10, IGLV3-
21, IGLC3, IGLC6 and IGLC7) were amongst the most
significantly up-regulated genes after /nc-NKX2-3-1
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modulation (Supplementary Table S6). Moreover,
functional annotations of up- and down-regulated genes
upon Inc-NKX2-3-1 knockdown in REH cells revealed
that this IncRNA mainly impacts transcriptional regulation
(Supplementary Figure S6).

Interestingly, expression changes were even more
pronounced upon /nc-RTN4R-1 knockdown in REH cells,
with significant changes for 367 transcripts (241 up-
and 126 down-regulated; adj. p-value<0.05; Figure 4B;

Supplementary Table S7). Of note, 23 out of the 126
down-regulated genes showed correlation (r>0.5) with /nc-
RTN4R-1 in the guilt-by-association analysis, which was
performed on ETV6/RUNXI-positive patients samples.
These data further confirm the positive regulatory role of
Inc-RTN4R-1 at transcriptional level. Moreover, functional
annotation of genes down-regulated after [nc-RTN4R-1
knockdown in REH cells revealed significant enrichment
of genes involved in transcriptional regulation and anti-
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Figure 2: Identification of ETV6/RUNXI regulated IncRNA. A. Western blot (top) and RT-qPCR (below) analysis of ETV6/
RUNXI1 protein and transcript in REH cells upon fusion knockdown (KD). RCH-ACV used as an ETV6/RUNX1-negative B-ALL cell line
with wild type ETV6. This result is representative for three independent biological replicates. B. Volcano plot representing the differentially
expressed IncRNAs (red) when comparing fusion knockdown to the scramble (adjusted p-value < 0.05). C. RNA sequencing tracks (RNA-
Seq) and H3K27ac binding patterns (ChIP-Seq) for Inc-NKX2-3-1, Inc-TIMM21-5, Inc-ASTNI-1 and Inc-RTN4R-1 in REH and 697 cell

lines.
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apoptosis (Figure 4C). In contrast, up-regulated genes
upon /nc-RTN4R-1 knockdown were enriched in kinase
signalling and apoptosis (Figure 4C).

Finally, we evaluated to what extent the genes
affected by /nc-RTN4R-1 perturbation could also be
recapitulated in the ETV6/RUNXI specific mRNA
expression profile in primary patient samples and/or
the ETV6/RUNX1 knockdown signature in REH cells.
Notably, GSEA analysis revealed significant enrichment
of genes down regulated upon /nc-RTN4R-1 knockdown
in transcripts that are highly expressed in ETV6/RUNX]I-
positive BCP-ALL, suggesting that /nc-RTN4R-1 indeed
plays a role in the establishment of part of the ETV6/
RUNXI-specific gene expression signature (Figure
5A). More specifically, from the 126 transcripts that
are significantly down regulated upon Ilnc-RTN4R-1
knockdown in REH cells, nine were significantly up
regulated in ETV6/RUNXI-positive BCP-ALLs. The
leading edge of this analysis included AK7, PTPRK and
GBA3, which are the most prominent examples of genes
that are significantly down-regulated after Inc-RTN4R-1
knockdown, highly expressed in ETV6/RUNX1-positive
BCP-ALL and also significantly down-regulated after
fusion protein knockdown (Figure SA—5B).

DISCUSSION

Emerging evidence suggests that IncRNAs are
critically involved in a variety of human tumor entities
[20-23] and the identification of cancer-associated
IncRNAs might reveal new prognostic biomarkers or

Inc-TIMM21-5

FDR g-value < 0.001
DN genes in B-CLL patients with mutated VH genes
Metabolism of RNA
Ribosome
Metabolism of mRNA
mRNA splicing
3'-UTR-mediated translational regulation
Processing of Capped Intron-Containing Pre-mRNA
Spliceosome
Up genes associated with MRD positive in ALL

Vincristine resistance in B-ALL

mRNA processing

—T T T T T T
204 206 208 21 212 214 216 218 22

™
222 224

Normalized Enrichment score (NES)

Inc-RTN4R-1
FDR g-value < 0.019

stem cells and p

RNA degradation

DN genes in ALL blasts treated with glucocorticoids

Regulation of RAC1 activity

BCR Signaling Pathway

Up genes in hematopoietic progenitor cells of B lymphocyte lineage
mRNA processing

Processing of Capped Intron-Containing Pre-mRNA

Vincristine resistance in B-ALL

Up genes in ietic p!

18 182 184 186 188 19 192 194 196 198

Normalized Enrichment score (NES)

novel therapeutic strategies for the treatment of human
cancer. In this study, we characterized the IncRNA
expression signature associated with ETV6/RUNXI-
positive BCP-ALL, one of the most prevalent genetic
subtypes of childhood leukemia.

A previous study by Fernando and colleagues [24]
also evaluated IncRNA expression signatures in genetic
subtypes of human BCP-ALL using 14 ETV6/RUNXI,
15 TCF3/PBX] and 15 MLL-rearranged leukemia
specimens. Although their study was not only focused on
the identification of subtype specific IncRNA signatures,
the ETV6/RUNXI1 specific expression of Inc-BTBD10-3
(LINCO00958) reported in their study, could be confirmed
in our dataset.

However, besides using primary BCP-ALL patient
samples, we also integrated these IncRNA expression
data with RNA sequencing results from a panel of human
BCP-ALL leukemia cell lines and identified a unique
IncRNA expression profile of 16 IncRNAs exclusively
associated with the presence of the ETV6/RUNXI1 fusion
protein. Notably, nc-SARDH-1 (also known as DBH-
ASI) was the only IncRNA from this list for which an
oncogenic role has previously been postulated. Indeed,
DBH-AS1 promotes cell proliferation and cell survival
through activation of MAPK signaling in the context of
hepatocellular carcinoma [30].

Given that previous studies revealed putative
overlap between IncRNA expression and regulatory
enhancer eclements [31-33], we also evaluated the
distribution of H3K27ac, a histone modification associated
with enhancer activity, at the genomic loci of the 16 ETV6/
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Figure 3: Attributing functional annotation to ETV6/RUNXI1 specific IncRNAs through guilt-by-association analysis.
Selection of top enriched gene sets correlated with the expression of Inc-NKX2-3-1, Inc-TIMM21-5, Inc-ASTN1-1 and Inc-RTN4R-1 in 25
ETV6/RUNX1-positive BCP-ALL patients. FDR stands for false discovery rate.
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RUNXI1 specific IncRNAs mentioned above. Notably,
broad H3K27ac binding was identified for lnc-NKX2-3-1,
Inc-RTN4R-1, Inc-GIP-1, Inc-LRPS-3, Inc-TCF12-2, Inc-
C8orf4-1, Inc-C8orf4-2, Inc-TINAGLI-1 and Inc-LSM11-4
in ETV6/RUNX]I-positive REH cells. Interestingly, coding
genes adjacent to some of these IncRNAs showed unique
overexpression in ETV6/RUNXI-positive BCP-ALLs,
suggesting a possible cis regulatory relationship between
these IncRNAs and their nearby protein coding genes.
For example, the RNA-binding protein /GF2BP1, which
is one of the most significantly up-regulated mRNA
transcripts in ETV6/RUNXI-positive BCP-ALL and acts
as a potent regulator of ETV6/RUNX1 mRNA stability
[34], is located antisense of Inc-GIP-1 with an overlap at
their respective first exons. Therefore, /nc-GIP-1 could be
directly involved in the regulation of /GF2BP1 expression
in the pathogenesis of BCP-ALL. Notably, /GF2BP1
has recently been reported as a novel IGH translocation
partner in BCP-ALL [35]. Furthermore, we also identified
a strong correlation in ETV6/RUNXI-positive leukemias
between NETO! and its adjacent, bidirectional IncRNA

A

Gene set: 126 downregulated genes upon Inc-RTN4R-1 KD

Inc-TIMM?21-5 (r = 0.89) as well as between LRPS and
Inc-CPT2-7 (r = 0.70). Of note, Inc-TIMM21-5 and
Inc-CPT2-7 showed discrete H3K27ac peaks at their
respective promoter sites, instead of broad H3K27ac
binding as was observed for some of the other IncRNAs.
It will be of interest to investigate whether these IncRNAs
truly participate in the local gene regulation. However, a
recent study showed that correlation between expression
of a IncRNA and its neighboring protein coding gene
might be due to the processes of IncRNA’s transcription
or splicing which increase local concentration of
transcription-associated factors at the promoter loci of
adjacent protein coding gene regardless of the IncRNA
sequence [36].

Finally, we applied shRNA-mediated silencing of
endogenous ETV6/RUNXI to narrow down the list of
the IncRNAs are truly regulated by the oncogenic fusion
protein to Inc-NKX2-3-1, Inc-TIMM?21-5, Inc-ASTNI-1
and Inc-RTN4R-1. Interestingly, subsequent IncRNA
modulation experiments using LNA GapmeR technology
revealed that /nc-TIMM?21-5 and Inc-ASTN1-1 modulation
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Figure 5: Integration of transcriptional consequences of IncRTN4R-1 modulation with ETV6/RUNXI1 specific mRNA
signatures in primary B-ALLs and REH cells. GSEA shows that the 126 genes that are significantly down-regulated upon /nc-
RTN4R-1 knockdown are significantly enriched in both ETV6/RUNX1-positive BCP-ALL patient samples A. as well as in genes that are
down-regulated upon ETV6/RUNXI1 knockdown in REH cells B.
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has no effect on overall transcription, suggesting that
these IncRNAs might act at the translational level, as
has been described for other IncRNAs, including the
PU.1 antisense IncRNA [37] or/and at various processing
steps of pre-mRNA. In contrast, /nc-NKX2-3-1 and Inc-
RTNA4R-1 perturbations resulted in severe changes in
gene expression, suggesting an alternative mechanism of
action for these IncRNAs that is more transcriptionally
oriented. Most notably, loss of /nc-RTN4R-1 expression
significantly affected part of the ETV6/RUNXI-specific
mRNA expression signature as exemplified by reduced
levels of AK7, PTPRK and GBA3. All together, our study
identified a panel of ETV6/RUNXI-specific IncRNAs
that might be implicated in the biology of human BCP-
ALL and could serve as novel therapeutic target for this
prevalent subtype of human leukemia.

MATERIALS AND METHODS

Clinical samples

Diagnostic bone marrow samples of 64 children with
BCP-ALL, enrolled in subsequent trials of the European
Organization for Research and Treatment of Cancer,
Childhood Leukemia Group (EORTC-CLG) between July
1998 to July 2012, were acquired after obtaining informed
consent from patients or their legal guardians according
to the declaration of Helsinki. This cohort consisted of 25
cases with t(12;21)(p13;922) [ETV6/RUNX1], seven cases
with t(1;19)(q23;p13) [TCF3/PBX1], 15 high hyperdiploid
BCP-ALLs (>50 chromosomes) and 17 BCP-ALLs with
a normal karyotype (absence of any numerical aberrations
or translocations). Moreover, bone marrow samples at the
time of initial diagnosis (1998-2012) as well as at relapse
(2015) were acquired from a new ETV6/RUNXI patient,
which was not included in the initial 25 ETV6/RUNX1
cases. High-quality RNA from the bone marrow samples
was isolated and was used for microarray based expression
profiling.

Cell culture

BCP-ALL cell lines (REH, RCH-ACYV, 697) were
obtained from the DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH) repository.
Cells were cultured in RPMI 1640 media (Life
Technologies Europe) supplemented with 10% fetal
bovine serum (Biochrom AG), 1% penicillin/streptomycin
(Life Technologies Europe), 1% kanamycin (Life
Technologies Europe), 1% glutamine (Life Technologies
Europe) at 37° C in 5% CO2.

RNA isolation, cDNA synthesis and RT-qPCR

Total RNA was isolated using the miRNeasy mini
or micro kit (Qiagen) according to the manufacturer's
instructions. For each sample, RNA quality and purity

were assessed by Experion analysis (Bio-Rad, Nazareth
Eke, Belgium) and concentration was measured using
the NanoDrop ND-1000 (NanoDrop Technologies,
Wilmington, DE, USA). cDNA was generated using
the iScript cDNA synthesis kit (Bio-Rad, Nazareth Eke,
Belgium) according to the instructions of the manufacturer.
After cDNA preparation, reverse transcription quantitative
real-time polymerase chain reaction (RT-qPCR) was
carried out using custom 2X SsoAdvanced SYBR Green
Supermix (Bio-Rad) in two technical replicates. Briefly, 2
ul cDNA (2.5 ng/uL) was added to 3 pl of PCR mix (2.5
ul 2X SsoAdvanced mastermix, 0.25 pl Forward Primer
(5uM), 0.25 pl Reverse Primer (5uM)). qRT-PCR was
performed on a LightCycler 480 (Roche) and data were
analyzed using qBasePLUS software (Biogazelle) [38].
Relative expression values were calculated using the ACt-
method. For normalization, the expression of at least three
reference genes was combined to calculate a normalization
factor. The primer sequences are listed in Supplementary
Table S8.

Western blotting

Total protein isolation was performed using RIPA-
lysis buffer, supplemented with protease inhibitors and
SDS-PAGE was executed according to standard protocols.
Blotting was performed on a PVDF Membrane and the
membrane blocked with 5% milk. For immunoblotting,
the mouse monoclonal antibody against ETV6 (Abnova,
H00002120-M01) was used in a 1:1000 dilution and the
mouse monoclonal antibody against actin (Sigma, A2228)
in a 1:5000 dilution. The anti-mouse secondary antibodies
were used in a 1:5000 dilution.

Microarray profiling

RNA samples were profiled on a custom designed
Agilent micro-array covering all protein coding genes
and 23042 IncRNAs as described by Volders et al. [26].
A total of 100 ng input RNA was used to complete the
profiling according to the manufacturer’s protocol (One-
color Microarray-Based Gene Expression Analysis,
Low Input Quick Amp Labeling, Agilent Technologies).
Normalization of the expression data was performed
using the VSN-package (BioConductor release 2.12) in R
bioconductor. Expression values were further subjected to
background subtraction and probes detecting a 10% higher
expression as compared to the negative controls in at least
60% of one genetic subtype of BCP-ALL, were retained
for further analysis. Following the normalization of gene-
expression microarray data and background correction,
differentially expressed genes between ETV6/RUNXI-
positive BCP-ALLs and other subgroups were determined
using the limma in the R bioconductor. All p-values were
corrected for multiple testing using the ‘“Benjamini-
Hochberg” correction method (p<0.05). Data were
submitted to Gene Expression Omnibus (GSE79873).
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RNA-seq analysis

Publically available RNA sequencing data were
obtained from the Cancer Cell Line Encyclopedia for a
panel of 13 human BCP-ALL cell lines including one
ETV6/RUNXI-positive (REH) and 12 ETV6/RUNXI-
negative (SEM, SUP-B15, NALM-6, NALM-19, RCH-
ACV, RS4;11, KASUMI-2, KOPN-8, MUTZ-5, MHH-
CALL-2, MHH-CALL-3, MHH-CALL-4) human
BCP-ALL cell lines.

Total RNA was extracted from REH and 697 cells,
as well as from REH cells treated with LNA gapmeRs
against four different IncRNAs and a non-targeting
gapmeR using the miRNeasy mini kit (Qiagen) according
to the manufacturer's instructions. The RNA quality was
evaluated using a RNA Nano chip on a Bioanalyzer
(Agilent technologies). For library preparation, the
[llumina TruSeq RNA sample Prep Kit (San Diego, CA,
USA) was used according to the manufacturer’s protocol.
Library quality was checked using a DNA-1000 chip on
a Bioanalyzer (Agilent technologies). Briefly, 100 ng of
total RNA was poly-A purified, fragmented and first-strand
cDNA reverse transcribed using the Truseq protocol. Next,
second-strand cDNA synthesis, end repair, addition of a
single A base, adaptor ligation and PCR amplification was
performed and enriched cDNA libraries were sequenced
using an Illumina NextSeq 500 sequencer instrument.
RNA sequencing data have been deposited to the GEO
repository (GSE79873). Reads were aligned to the
reference genome hg38 with STAR-2.4.2a and differential
expression analysis was performed using DESeq2 [28].

Lentiviral short hairpin RNA knockdown of the
ETV6/RUNXI1 fusion

Two ETV6 short hairpin (sh) (TRCN0000003854,
TRCNO0000003855) were purchased from Sigma-Aldrich
and the green fluorescent protein (GFP) gene was inserted
in the backbone of these vectors. Only one of these
ETV6 specific shRNAs targeted the ETV6/RUNXI1
fusion transcript, whereas the other was used as a non-
targeting control. These plasmids were co-transfected
with packaging and envelope vectors in HEK293TN
cells using jet-PEI (VWR). 48h following transfection,
viral supernatants were collected and REH cells were
transduced in the presence of 8 pg/mL polybrene by
spinoculation at 2300 rpm, 32°C for 90 minutes. After 72
hours, GFP-positive cells were sorted using the Bio-Rad
S3e Cell Sorter device.

LNA treatment of BCP-ALL cell lines

REH cells were seeded in 48-well plates (260ul,
300,000 cells/well) and transfected with LNA™ (locked
nucleic acid) GapmeRs (Exiqon) by gymnosis (passive
uptake) to obtain a final GapmeR concentration of 10pM
(Supplementary Table S9). Next, RNA isolation was

carried out using miRNeasy micro kit (Qiagen) according
to the manufacturer's instructions 72h after transfection.
The biological triplicates for these experiments were
executed on different days.

Chromatin immunoprecipitation (ChIP)
sequencing

ChIP sequencing was performed as previously
described [39] starting from 10*107 REH cells. Nuclei
were isolated and chromatin was purified by chemical
lysis and the purified chromatin was fragmented to
200-300 bp fragments by sonication (Covaris, S220,
Focused-ultrasonicator). Chromatin immunoprecipitation
was performed by incubation of the chromatin fraction
overnight with 100 pl of protein-A coated beads (Thermo-
Scientific) and 10 pg of fibrillarin-specific (Abcam,
ab5821) or H3K27ac-specific antibodies (Abcam,
ab4729). The next day, beads were washed to remove
non-specific binding events and enriched chromatin
fragments were eluted from the beads, followed by reverse
cross-linking by incubation at 65°C overnight. DNA was
subsequently purified by phenol/chloroform extraction
and used for library preparation and sequencing using an
[llumina Hiseq 2000 device (San Diego, CA, USA). Raw
sequencing data were mapped to the human reference
genome (GRCh37/h19) using Bowtie. Peak calling was
performed using MACS 1.4. The ChIP-seq data were
deposited in the GEO database (GSE79873).

Guilt-by-association analysis

Spearman correlation coefficients were calculated
between IncRNAs and all protein coding genes using
expression data of BCP-ALLs profiled on the custom
designed Agilent array. The correlation values of each
IncRNA and all protein coding genes were subsequently
ranked from the highest to the lowest value and used as
input for pre-ranked gene set enrichment analysis (GSEA),
using the c2v5.0 MsigDB collection as gene set database
(http://www.broad.mit.edu/gsea/) [40].

ACKNOWLEDGMENTS

This work was supported by a grant from the
Belgian Foundation Against Cancer (grants 2010-187
and 2012-199), the Fund for Scientific Research Flanders
(research projects GAOO113N, 3G065614, G.0C47.13N
and 31500615W to PVV), the Cancer Plan—Action
29 from the Belgian Federal Public Service of Health
(PhD grant to FG) and Kinderkankerfonds (a non-profit
childhood cancer foundation under Belgian law).

The computational resources (Stevin Supercomputer
Infrastructure) and services used in this work were
provided by the VSC (Flemish Supercomputer Center),
funded by Ghent University, the Hercules Foundation and
the Flemish Government — department EWI.

www.impactjournals.com/oncotarget

Oncotarget



CONFLICTS OF INTEREST

The authors declare no competing financial interests.

Author contributions

F.G. performed and analyzed experiments and

wrote the paper. A.W., HH.H. and N.V.R. performed
experiments. A.F., M.N, G.P., E.D., A.U. and Y.B. provided
primary leukemia patient samples. W.V.L. performed bio-
informatics analysis. D.D and F.V.N. supervised RNA
sequencing experiments. B.D.M, F.S., T.L and P.V.V.
designed the experiments, directed research, analyzed data
and wrote the paper. All the authors read and edited the
manuscript.

REFERENCES

. Mullighan CG, Goorha S, Radtke I, Miller CB, Coustan-

Smith E, Dalton JD, Girtman K, Mathew S, Ma J, Pounds
SB, Su X, Pui C-H, Relling MV, Evans WE, Shurtleff
SA, Downing JR. Genome-wide analysis of genetic
alterations in acute lymphoblastic leukaemia. Nature. 2007;
446:758-764.

Pui C-H, Relling MV, Downing JR. Acute lymphoblastic
leukemia. New England Journal of Medicine. 2004;
350:1535-1548.
Hunger SP, Mullighan CG. Acute Lymphoblastic Leukemia
in Children. New England Journal of Medicine. 2015;
373:1541-1552.

Kuster L, Grausenburger R, Fuka G, Kaindl U, Krapf G,
Inthal A, Mann G, Kauer M, Rainer J, Kofler R, Hall A,
Metzler M, Meyer LH, Meyer C, Harbott J, Marschalek
R, et al. ETV6/RUNXI1-positive relapses evolve from an
ancestral clone and frequently acquire deletions of genes
implicated in glucocorticoid signaling. Blood. 2011;
117:2658-2667.

Moorman AV, Ensor HM, Richards SM, Chilton L, Schwab
C, Kinsey SE, Vora A, Mitchell CD, Harrison CJ. Prognostic
effect of chromosomal abnormalities in childhood B-cell
precursor acute lymphoblastic leukaemia: results from the
UK Medical Research Council ALL97/99 randomised trial.
Lancet Oncology. 2010; 11:429-438.

Wiemels JL, Cazzaniga G, Daniotti M, Eden OB, Addison
GM, Masera G, Saha V, Biondi A, Greaves MF. Prenatal
origin of acute lymphoblastic leukaemia in children. Lancet.
1999; 354:1499-1503.

Greaves MF, Wiemels J. Origins of chromosome
translocations in childhood leukaemia. Nature reviews
Cancer. 2003; 3:639-649.

Mori H, Colman SM, Xiao Z, Ford AM, Healy LE,
Donaldson C, Hows JM, Navarrete C, Greaves M.
Chromosome translocations and covert leukemic clones are
generated during normal fetal development. Proceedings of

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

the National Academy of Sciences of the United States of
America. 2002; 99:8242-8247.

Hotfilder M, Rottgers S, Rosemann A, Jurgens H, Harbott
J, Vormoor J. Immature CD34(+)CD19(-) progenitor/stem
cells in TEL/AMLI1-positive acute lymphoblastic leukemia
are genetically and functionally normal. Blood. 2002;
100:640-646.

Fischer M, Schwieger M, Horn S, Niebuhr B, Ford A,
Roscher S, Bergholz U, Greaves M, Lohler J, Stocking C.
Defining the oncogenic function of the TEL/AML1 (ETV6/
RUNX1) fusion protein in a mouse model. Oncogene. 2005;
24:7579-7591.

Morrow M, Samanta A, Kioussis D, Brady HIM, Williams
O. TEL-AMLI1 preleukemic activity requires the DNA
binding domain of AML1 and the dimerization and
corepressor binding domains of TEL. Oncogene. 2007;
26:4404-4414.

Tsuzuki S, Seto M, Greaves M, Enver T. Modeling first-hit
functions of the t(12;21) TEL-AMLI translocation in mice.
Proceedings of the National Academy of Sciences of the
United States of America. 2004; 101:8443-8448.

Torrano V, Procter J, Cardus P, Greaves M, Ford AM.
ETV6-RUNXI1 promotes survival of early B lineage
progenitor cells via a dysregulated erythropoietin receptor.
Blood. 2011; 118:4910-4918.

McLean TW, Ringold S, Neuberg D, Stegmaier K,
Tantravahi R, Ritz J, Koeffler HP, Takeuchi S, Janssen J,
Seriu T, Bartram CR, Sallan SE, Gilliland DG, Golub TR.
TEL/AML-1 dimerizes and is associated with a favorable
outcome in childhood acute lymphoblastic leukemia. Blood.
1996; 88:4252-4258.

Rho JK, Kim JH, Yu J, Choe SY. Correlation between
cellular localization of TEL/AMLI1 fusion protein and
repression of AML 1-mediated transactivation of CR1 gene.
Biochemical and Biophysical Research Communications.
2002; 297:91-95.

Gunji H, Waga K, Nakamura F, Maki K, Sasaki K,
Nakamura Y, Mitani K. TEL/AML1 shows dominant-
negative effects over TEL as well as AML1. Biochemical
2004;

and Biophysical Research Communications.

322:623-630.

Fuka G, Kauer M, Kofler R, Haas OA. The leukemia-
specific fusion gene ETV6/RUNXI perturbs distinct key
biological functions primarily by gene repression. PLoS
ONE. 2011;6:¢26348.

Fuka G, Kantner H-P, Grausenburger R, Inthal A, Bauer
E, Krapf G, Kaindl U, Kauer M, Dworzak MN, Stoiber
D, Haas OA, Panzer-Grimayer R. Silencing of ETV6/
RUNXI1 abrogates PI3K/AKT/mTOR signaling and impairs
reconstitution of leukemia in xenografts. Leukemia. 2012;
26:927-933.

Linka Y, Ginzel S, Kriiger M, Novosel A, Gombert M,
Kremmer E, Harbott J, Thiele R, Borkhardt A, Landgraf P.
The impact of TEL-AML1 (ETV6-RUNX1) expression in

WWw

.impactjournals.com/oncotarget

73779

Oncotarget



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

precursor B cells and implications for leukaemia using three
different genome-wide screening methods. Blood cancer
journal. 2013; 3:e151.

Mercer TR, Dinger ME, Mattick JS. Long non-coding
RNAs: insights into functions. Nature Reviews Genetics.
2009; 10:155-159.

Nagano T, Fraser P. No-Nonsense Functions for Long
Noncoding RNAs. Cell. 2011; 145:178-181.

Wang KC, Chang HY. Molecular Mechanisms of Long
Noncoding RNAs. Molecular Cell. 2011; 43:904-914.

Kapranov P, Cheng J, Dike S, Nix DA, Duttagupta R,
Willingham AT, Stadler PF, Hertel J, Hackermueller J,
Hofacker IL, Bell I, Cheung E, Drenkow J, Dumais E, Patel
S, Helt G, et al. RNA maps reveal new RNA classes and a
possible function for pervasive transcription. Science. 2007,
316:1484-1488.

Fernando TR, Rodriguez-Malave NI, Waters EV, Yan
W, Casero D, Basso G, Pigazzi M, Rao DS. LncRNA
Expression Discriminates Karyotype and Predicts Survival
in B-Lymphoblastic Leukemia. Molecular cancer research.
2015; 13:839-851.

Fang K, Han B-W, Chen Z-H, Lin K-Y, Zeng C-W, Li
X-J, Li J-H, Luo X-Q, Chen Y-Q. A distinct set of long
non-coding RNAs in childhood MLL-rearranged acute
lymphoblastic leukemia: biology and epigenetic target.
Human molecular genetics. 2014; 23:3278-3288.

Volders P-J, Helsens K, Wang X, Menten B, Martens L,
Gevaert K, Vandesompele J, Mestdagh P. LNCipedia:
a database for annotated human IncRNA transcript
sequences and structures. Nucleic acids research. 2013;
41:D246-251.

Wallaert A, Durinck K, Van Loocke W, Van de Walle
I, Matthijssens F, Volders PJ, Avila Cobos F, Rombaut
D, Rondou P, Mestdagh P, Vandesompele J, Poppe B,
Taghon T, Soulier J, Van Vlierberghe P, Speleman F. Long
noncoding RNA signatures define oncogenic subtypes in
T-cell acute lymphoblastic leukemia. Leukemia. Leukemia.
2016; 30: 1927-1930.

Anders S, Huber W. Differential expression analysis for
sequence count data. Genome Biology. 2010; 11:R106.

Stein CA, Hansen JB, Lai J, Wu S, Voskresenskiy A, Hog A,
Worm J, Hedtjarn M, Souleimanian N, Miller P, Soifer HS,
Castanotto D, Benimetskaya L, @rum H, Koch T. Efficient
gene silencing by delivery of locked nucleic acid antisense
oligonucleotides, unassisted by transfection reagents.
Nucleic acids research. 2010; 38:e3-e3.

Huang J-1, Ren T-y, Cao S-w, Zheng S-h, Hu X-m, Hu
Y-w, Lin L, Chen J, Zheng L, Wang Q. HBx-related long

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

non-coding RNA DBH-ASI promotes cell proliferation and
survival by activating MAPK signaling in hepatocellular
carcinoma. Oncotarget. 2015; 6:33791-33804. doi:

10.18632/oncotarget.5667.

Rinn JL, Chang HY. Genome regulation by long noncoding
RNAs. Annual review of biochemistry. 2012; 81:145-166.

Calo E, Wysocka J. Modification of enhancer chromatin:
what, how, and why? Molecular Cell. 2013; 49:825-837.

Li W, Notani D, Rosenfeld MG. Enhancers as non-
coding RNA transcription units: recent insights and future
perspectives. Nature Reviews Genetics. 2016; 17:207-223.
Stoskus M, Vaitkeviciene G, Eidukaite A, Griskevicius L.
ETV6/RUNXI1 transcript is a target of RNA-binding protein
IGF2BP1 in t(12;21)(p13;922)-positive acute lymphoblastic
leukemia. Blood Cells, Molecules, and Diseases. 2016;
57:30-34.

Gu G, Sederberg MC, Drachenberg MR, South ST.
IGF2BP1: a novel IGH translocation partner in B
acute lymphoblastic leukemia. Cancer Genetics. 2014;
207:332-334.

Engreitz JM, Haines JE, Munson G, Chen J, Perez
EM, Kane M, McDonel PE, Guttman M, Lander ES.
(2016). Neighborhood regulation by IncRNA promoters,
transcription, and splicing. bioRxiv. 2016; pp. 050948.

Ebralidze AK, Guibal FC, Steidl U, Zhang P, Lee S,
Bartholdy B, Jorda MA, Petkova V, Rosenbauer F, Huang
G, Dayaram T, Klupp J, O'Brien KB, Will B, Hoogenkamp
M, Borden KLB, et al. PU.1 expression is modulated by the
balance of functional sense and antisense RNAs regulated
by a shared cis-regulatory element. Genes & development.
2008; 22:2085-2092.

Hellemans J, Mortier G, De Paepe A, Speleman F,
Vandesompele J. qBase relative quantification framework
and software for management and automated analysis of
real-time quantitative PCR data. Genome Biology. 2007;
8:R19.

Durinck K, Van Loocke W, Van der Meulen J, Van de Walle
I, Ongenaert M, Rondou P, Wallaert A, de Bock CE, Van
Roy N, Poppe B, Cools J, Soulier J, Taghon T, Speleman
F, Van Vlierberghe P. Characterization of the genome-
wide TLX1 binding profile in T-cell acute lymphoblastic
leukemia. Leukemia. 2015; 29:2317-2327.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S,
Ebert BL, Gillette MA, Paulovich A, Pomeroy SL, Golub
TR, Lander ES, Mesirov JP. Gene set enrichment analysis:
a knowledge-based approach for interpreting genome-wide
expression profiles. Proceedings of the National Academy
of Sciences of the United States of America. 2005;
102:15545-15550.

www.impactjournals.com/oncotarget

73780

Oncotarget



