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Key Points

•Compared with healthy
HSPCs, circRNA ex-
pression is deregulated
in AML.

•Deregulation mainly
affects leukemia-
relevant genes, high-
lights key signaling
pathways, and is tightly
linked to leukemia
dedifferentiation.

Circular RNAs (circRNAs) are dynamically regulated during differentiation and show cell

type–specific expression, which is altered in cancer and can have a direct impact on its

various hallmarks. We hypothesized that circRNA expression is deregulated in acute

myeloid leukemia (AML) and that circRNA candidates might contribute to the pathogenesis

of the disease. To identify leukemia-associated and differentiation-independent changes in

circRNA expression, we determined the circular RNAome of 61 AML patients and 16 healthy

hematopoietic stem and progenitor cell (HSPC) samples using ribosomal RNA–depleted RNA

sequencing. We found hundreds of circRNAs that were differentially expressed between

AML and healthy HSPCs. Gene set analysis found that many of these circRNAs were

transcribed from genes implicated in leukemia biology. We discovered a circRNA derived

from the T-cell transcription factor gene B cell CLL/lymphoma 11B, circBCL11B, which was

exclusively expressed in AML patients, but not detected in healthy HSPCs, and associated

with a T-cell–like gene expression signature. We were able to validate this finding in an

independent cohort of 332 AML patients. Knockdown of circBCL11B had a negative effect on

leukemic cell proliferation and resulted in increased cell death of leukemic cells, thereby

suggesting circBCL11B as a novel functionally relevant candidate in AML pathogenesis. In

summary, our study enables comprehensive insights into circRNA expression changes upon

leukemic transformation and provides valuable information on the biology of leukemic cells

and potential novel pathway dependencies that are relevant for AML therapy.

Introduction

Circular RNAs (circRNAs) are a class of abundant and stable RNAs that result from ligation of
a downstream splice donor to an upstream splice acceptor.1 Some circRNAs have been shown to serve
as microRNA (miRNA) sponges in the cytoplasm,2 whereas others in the nucleus can enhance the
expression of their parental gene through association with RNA polymerase II.3 Recently, circRNAs that
can be translated into novel peptides have been discovered.4-6 This challenges the classification of
circRNAs as “noncoding” and adds another level of complexity to this RNA species that only recently
attracted the attention of the scientific community. Many groups have now shown that circRNAs are
deregulated in cancer and leukemia7-9 and can contribute to the pathogenesis of the disease by
influencing the hallmarks of cancer.10

circRNA deregulation might also have an impact in acute myeloid leukemia (AML), a hematologic
malignancy that is characterized by a block in the differentiation of myeloid progenitors and an increased
self-renewal capacity of the respective immature cells. Some transforming events are strongly
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associated with distinct gene expression signatures, including
cases with mutated nucleophosmin (NPM1) or core binding factor
(CBF) leukemias, whereas ;10% to 20% of AML cases also carry
mutations in splicing factors, such as SF3B1, SRSF2, and U2AF1.
Noncoding RNA species like miRNAs and long noncoding RNAs
have been shown to contribute to the pathogenesis and global
deregulation of gene expression in AML.11-14

In accordance, in 1 of our previous studies we described dynam-
ically regulated circRNA expression throughout myeloid differ-
entiation of healthy hematopoiesis, as well as an alteration in
circRNA expression patterns in 10 AML cases.9 Because these
AML-associated circRNA expression changes were also depen-
dent on the underlying leukemic driver mutation, we now wanted to
comprehensively characterize the overall deregulation of circRNA
expression in AML and elaborate the differences in distinct AML
subgroups. Therefore, we determined the circular RNAome of
a large AML cohort (n 5 61), including samples from patients with
mutated NPM1 (NPM1mut), CBF leukemias with a translocation
t(8;21) or an inversion inv(16), and AML patients with mutations
in the splicing factors SF3B1, SRSF2, or U2AF1. To define the
leukemia-associated circular expression patterns in these cases,
we compared the circRNA expression of primary AML cells with
the 1 of the hematopoietic stem and progenitor cells (HSPCs)
derived from healthy controls (n 5 16). Findings were validated
by sequencing full-length circRNAs using ultra-long read Oxford
Nanopore technology. We further functionally characterized a
circRNA that was exclusively expressed in AML and not detected
in healthy HSPCs. Its expression was associated with a dis-
tinct gene expression signature in AML patients, which we could
validate using a previously published independent cohort of 332
AML patients.15

Methods

Patients and healthy controls

Diagnostic samples were taken from 61 AML patients who were
chosen from larger cohorts of patients based on sample availability
and the availability of exome or targeted resequencing data. For 18
of these patients an additional matched sample was collected at the
time of relapse. The patients were enrolled in the AMLSG BiO
Registry study (NCT01252485). The median age of the patients
was 50 years (range, 21-63 years). Healthy CD341 HSPCs
mobilized from the bone marrow to the peripheral blood via
granulocyte colony-stimulating factor were used as a control.
Informed patient consent was obtained for the study in accordance
with the principles of the Declaration of Helsinki, and ethical
approval was obtained from the local ethics committee.

An independent test data set of 332 AML patients was downloaded
from the Gene Expression Omnibus (GEO; accession number
GSE137851).15

RNA-sequencing and identification of circRNAs

Primary AML bone marrow (n 5 50) and peripheral blood (n 5 29)
samples were enriched for .85% mononuclear cells by Ficoll-
Hypaque density gradient centrifugation; healthy controls were
already enriched for CD341 HSPCs. RNA was isolated and RNA-
sequencing (RNA-seq) libraries were prepared as previously
described using a protocol depleting ribosomal RNA.16 Sub-
sequently, sequencing on a HiSeq 2000 (Illumina, San Diego,

CA) was used to obtain 100-bp paired-end reads yielding an
average coverage of 76 (614) 3 106 reads per sample. The
average ribosomal RNA content was 5.6%. Moreover, we used an
independent test data set (GEO accession number GSE137851)
with 50-bp paired-end reads.

Reads were aligned and quantified using STAR,17 and reads
mapping to circular junctions were identified using an in-house
analysis pipeline, as previously described.9 In short, chimeric
junctions with the splice donor lying downstream of the splice
acceptor were extracted. Moreover, only backsplice junctions that
overlapped known exon-exon borders of the same gene, with
a minimum of 15 bp in each exon of the junction (chimSegmentMin
and chimJunctionOverhangMin515), were considered; the paired
mate had to map between the acceptor and donor position.
Downstream analyses followed 2 approaches: (1) for the gene-
based approach, all circular-derived reads were summed for each
parental gene, regardless of the specific circRNA isoform(s)
expressed, and (2) for the circRNA-based approach, reads were
summed per backsplice junction. circRNA-derived reads were
normalized and rlog transformed using DESeq2.18

Data analysis

Principal component analysis (PCA) was performed based on
the 500 circRNA-expressing genes with the highest variance
across all samples using DESeq2. Heat maps were generated
using the R package pheatmap.19 Unsupervised clustering was
performed based on Euclidean distance and the 5000 circRNA-
expressing genes with the highest coefficient of variation across
all samples.

Thresholds for differential expression were set at log2 fold change
$ 0.6 and false discovery rate (FDR) # 0.1. Gene set overlap
computation and gene ontology analyses were performed using the
Molecular Signature Database20,21 (Broad Institute, http://software.
broadinstitute.org/gsea/msigdb/compute_overlaps.jsp, gene set col-
lections H, C2, and C7). Enrichment with an FDR q , 0.1 was
considered significant. Gene Set Enrichment Analysis (GSEA) was
performed using a gene list preranked by fold change estimates
from DESeq2, and FDR q, 0.25 and a high normalized enrichment
score were considered informative.

Oxford Nanopore sequencing validation of

circRNA expression

For selected circRNAs, polymerase chain reaction (PCR) products
were generated from cell line (supplemental Methods) and primary
AML patient–derived RNA via the use of divergent primers and
purification using a QIAquick PCR purification kit (Qiagen),
according to the manufacturer’s instructions. Primer sequences
are listed in supplemental Table 1. Libraries were prepared from 1m
g of pooled purified PCR products using a SQK-MAP006 or SQK-
NSK007 Nanopore Sequencing Kit (Oxford Nanopore Technolo-
gies Ltd, Oxford, United Kingdom), following the “Amplicon
sequencing for the MinION device” protocol. After sequencing,
FAST5 files were converted to FASTQ using poretools.22 Target
reads containing primer sequences were extracted using the bash
grep command, and alignment of these reads to the target genes
was performed using the National Center for Biotechnology
Information’s Basic Local Alignment Search Tool.23
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Results

We have previously shown that circRNA expression in leukemic cells
is distinct from the circular RNAome of healthy hematopoietic cells.9

In this study, we aimed to comprehensively characterize the circular
RNAome of a large cohort of 61 AML patients, covering different
AML subgroups, including NPM1mut patients (n 5 20), CBF
leukemias (n 5 25), and patients with mutations in splicing factors
(n5 16; note: 1 case showed mutations in SF3B1 and SRSF2). For
18 patients, in addition to the diagnostic sample, RNA-seq was
conducted at the time of relapse. Furthermore, we used CD341

HSPCs (n5 16) as a healthy control to compare with AML blasts to
determine leukemia-associated changes in the circular RNAome.

circRNA abundance in AML patients is comparable to

that of healthy HSPCs

Across all 77 ribosomal RNA–depleted diagnostic AML and control
HSPC RNA-seq samples, we detected circRNAs from a total of
9683 genes. In most cases (79%), .1 circular isoform was
detected per gene, with a median of 3 and a range of 1 to 126
different circular isoforms per gene (Figure 1A). Among the highly
expressed genes (mean read count across all AML samples $ 20),
we observed a tendency toward more circRNA isoforms for genes
with a higher exon number (Figure 1B).

An overview of the average number of circRNAs that were detected
in the control and AML sample groups, as well as the number of
genes from which they were transcribed, is given in Table 1. Total
number of circRNAs and the average number of circRNAs per gene
that we detected did not differ between healthy HSPCs and
diagnostic AML samples, whereas the number of different circRNAs
detected was slightly higher in AML relapse samples. Moreover, upon
closer inspection of the defined AML subgroups (NPM1mut AML,
CBF leukemia, and AMLwith splicing factor mutations), the presence
of mutations in splicing factors did not alter the number of detected
circRNAs compared with the other AML patients (Table 1).

To quantify the overall abundance of circRNAs in comparison to parental
messenger RNA (mRNA) abundance, we calculated the ratio of all
circular-derived (backsplice-supporting) reads/total reads per sample.
The circRNA abundance in AML samples at diagnosis was comparable
to that of healthy HSPCs (Figure 1C), whereas it was significantly higher
in relapsed AML than in diagnostic samples (Figure 1C; P , .001,
unpaired Student t test). Notably, the overall circRNA abundance also
was not altered in caseswithmutations in splicing factors comparedwith
NPM1mut and CBF leukemia (Figure 1C).

Because the general expression level of a gene might influence the
probability to also detect circular-derived transcripts, we were
particularly interested in circRNAs derived from highly expressed
genes (mean read count across all AML samples$ 20) in AML and
healthy samples. In the 61 diagnostic AML samples, as well as in the
healthy HSPCs, ;28% of the highly expressed genes also
expressed circRNAs (Table 1). Interestingly, for AML and healthy
control samples, gene ontology analysis of the highly expressed
circRNA-expressing genes revealed that these genes were
significantly related to cell cycle and cellular stress responses
(supplemental Table 2). In contrast, the function of highly expressed
genes that did not express circRNAs was related to ribosomes
(supplemental Table 3).

circRNA expression patterns are different in AML

compared with healthy HSPCs

Although the overall abundance of circular transcripts was not
altered in AML compared with healthy HSPCs, we next investigated
whether, for well-defined AML subgroups (ie, NPM1mut patients
and CBF leukemias), we could also observe defined changes in the
circular RNAome and whether the pattern of circRNA expression is
altered by mutations in splicing factors.

We made use of unsupervised PCAs, based on the 500 circRNA-
expressing genes with the highest coefficient of variation across all
samples, to visualize global circRNA expression in all AML patients
at diagnosis (Figure 2A), as well as in distinct AML subgroups [ie,
NPM1mut patients (Figure 2B), CBF leukemia patients (Figure 2C)
and AML patients with mutations in splicing factors (Figure 2D;
supplemental Figure 1E)] in contrast to healthy HSPCs. In these
plots, based on PC1 and PC2, healthy HSPCs were clearly
separated from leukemic samples. Unsupervised hierarchical
clustering, based on the top 5000 circRNA-expressing genes
with the highest coefficient of variation, also resulted in a clear
separation of healthy HSPCs and all AML subgroups (supple-
mental Figure 1A-D). For NPM1mut AML and CBF leukemia, the
intersample variation was higher than in healthy cells; neverthe-
less, they exhibited a distinct group-specific circular expression
pattern. As for the CBF leukemias, inv(16) and t(8;21) cases could
clearly be separated based only on their circRNA expression
(Figure 2C,G; supplemental Figure 1C). Although circRNA expres-
sion in patients with mutations in 1 of the 3 splicing factors was
more heterogeneous, circRNA expression in these AMLs was still
distinguishable from healthy HSPCs.

In a supervised analysis, we tested for differentially expressed
circRNAs in all AML subgroups. A detailed list of differentially
expressed circRNAs and linear mRNAs for all comparisons
is provided in supplemental Table 4. By comparing circRNA
expression in all AML patients at diagnosis with the one in healthy
HSPCs, we detected 30 circRNAs derived from 26 genes that
were differentially expressed in all AML cases (Figure 2E; Table 1).
With regard to distinct AML subgroups, we detected 124 differen-
tially expressed circRNAs derived from 93 genes when comparing
NPM1mut patients and healthy HSPCs (Figure 2F; Table 1),
138 differentially expressed circRNAs derived from 98 genes
in CBF leukemias vs healthy HSPCs (Figure 2G; Table 1), and
42 differentially expressed circRNAs derived from 39 genes
when comparing AML cases with mutations in splicing factors
and healthy HSPCs (Figure 2H; Table 1). These differentially
expressed circRNAs were sufficient to clearly separate each cohort
from healthy HSPCs by hierarchical clustering. Although some of
the subgroup-associated differentially expressed circRNAs were
found to be deregulated in all of the AML subgroups (n 5 20;
supplemental Figure 1F), many circRNA isoforms were deregulated
in only 1 of the AML subgroups (ie, 40%, 51%, and 24% of the
differentially expressed circRNAs in NPM1mut, in CBF leukemia,
and in AMLs with splicing factor mutations, respectively) (supple-
mental Figure 1F).

AML-associated circRNA expression patterns are

enriched for leukemia-relevant genes

Because the mRNA expression of genes is also known to be
disturbed in AML, our aim was to investigate whether the same
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genes that are differentially expressed at the linear mRNA level
when comparing AML and healthy HSPC samples also differen-
tially express circRNAs. The numbers of genes differentially
expressed at the linear mRNA level (DE_linear; Figure 2I-L),
differentially expressing circRNAs (DE_circ; Figure 2I-L), and
differentially expressing mRNA and circRNAs (DE_both; Figure 2I-
L) in the different groups are shown in Table 1. Of note, in more
than half of the genes with differential circRNA expression, this

was independent of parental gene regulation. These DE_circ genes
were significantly enriched for cancer-relevant genes [KEGG_PATH-
WAYS_IN_CANCER gene set (Figure 2J-L; Table 2)], whereas this
enrichment was not observed among genes with differential mRNA
expression (DE_linear).

Genes that showed differential circRNA and mRNA expression were
significantly enriched for hematopoietic stem cell signature genes
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Figure 1. circRNA abundance in healthy HSPCs and AML. (A) Frequency of genes for which a certain amount of different circRNA isoforms could be detected across all

diagnostic AML and control RNA-seq samples (n 5 77). A total of 7578 circRNA-expressing genes was taken into account. (B) The number of different circRNA isoforms that

were detected per gene in 77 RNA-seq samples in relation to the number of exons of the parental gene; 1924 highly expressed genes with a read count $ 20 were taken into

account. (C) Ratio of total circular/linear read counts in RNA-seq data from 16 healthy HSPC samples (light green), 61 AML cases at diagnosis (blue), and 18 relapse cases

(steel blue). Expression data were generated via ribosomal RNA–depleted RNA-seq, and reads were aligned and quantified using STAR. AML samples included diagnosis

samples of patients with NPM1mut (red, n 5 20); CBF leukemias (brown, n 5 25), of which 11 carried inv(16) and 14 carried t(8;21); and 16 AML cases with mutations in

splicing factors (lavender), including U2AF1 (n 5 6), SF3B1 (n 5 5), and SRSF2 (n 5 6) (note that 1 case showed mutations in SF3B1 and SRSF2). The boxplots illustrate

the median and interquartile range; whiskers denote the 10th to 90th percentiles. ***P , .001, unpaired Student t test. ns, not significant.
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[JAATINEN_HEMATOPOIETIC_STEM_CELL_UP gene set (Figure
2I-L; Table 2)]. In NPM1mut AML, the previously described NPM1
signature genes [VERHAAK_AML_WITH_NPM1_MUTATED gene
set] were enriched in the differentially expressed circRNAs (Figure 2J;
Table 2); in CBF leukemia patients, a respective CBF signature
[ROSS_AML_CBF gene set] (Figure 2K; Table 2) was detected.
Comparing AML with splicing mutations vs healthy HSPCs revealed
an enrichment of other known leukemia-relevant genes among the
genes with differential circRNA expression, including gene sets
previously defined in AML with rearrangements involving the mixed-
lineage leukemia (MLL) gene (Figure 2L; Table 2).

Circular to linear proportion of selected

target circRNAs

We selected 9 circRNA-expressing genes of potential pathogenic
relevance for further investigation: AF4/FMR2 family member 2
(AFF2), AT-rich interaction domain 1B (ARID1B), B cell CLL/
lymphoma 11B (BCL11B), casitas B-lineage lymphoma proto-
oncogene (CBL), Fms-related tyrosine kinase 3 (FLT3), genetic
suppressor element 1 (GSE1), myeloid ecotropic viral integration site
1 homolog (MEIS1), runt-related transcription factor 1 (RUNX1), and
spleen focus forming virus proviral integration oncogene (SPI1)
coding for the transcription factor PU.1. Circular target gene
expression in the 16 control HSPC samples and 61 AML samples
ranged from low (CBL, MEIS1, RUNX1; supplemental Figure 2C,F-
G), to intermediate (ARID1B, SPI1; supplemental Figure 2B,H), to
high (BCL11B, Figure 3B; AFF2, FLT3, GSE1, supplemental
Figure 2A,D-E) based on normalized circular-derived read counts.
In addition to the circRNA expression in general, we were interested
in the ratio of circular/linear RNAs that are expressed by a gene, the
so-called “circular to linear proportion” (CLP). Linear gene expression
was calculated by taking the mean read count of reads mapping to
the 2 linear junctions flanking the exons that take part in the
circularization, while circular expression was again defined by the
number of reads mapping to the backsplice junction (supplemental
Methods). The CLP was highest for the AFF2 gene, with a median
CLP of 0.85 in all AML patients, indicating that the abundance of
circular transcripts is comparable to that of the linear mRNA isoforms,

whereas circAFF2 is even more abundant in AML patients with
mutations in splicing factors (supplemental Figure 2A). Circular
transcripts are also very abundantly transcribed from theGSE1 gene,
with a median CLP of 0.35 inNPM1mut patients, whereas circGSE1
is less common in all AML patients with mutations in splicing factors
(median CLP, 0.007; supplemental Figure 2E). For 12888 circRNAs,
raw read counts mapping to circular and linear junctions and the
respective CLPs are given for all 61 AML samples at diagnosis and
the 16 healthy HSPC control samples (supplemental Table 5).

Ultralong read full-length circRNA sequencing using

Oxford Nanopore technology

To validate our RNA-seq findings and to also gain full-length
sequence information about the target gene circRNAs, we made
use of the ultralong read Oxford Nanopore sequencing technology.
Using divergent primers, we produced circular-derived PCR products
that were then pooled and sequenced on the Oxford Nanopore
Technologies MinION (Figure 3D; supplemental Figure 3). Exemplary
circRNA sequencing results are shown for all target genes. In
addition to 7 AML cell lines (supplemental Methods), we validated
circRNAs detected in the RNA-seq data from 4 AML patients. In brief,
we were able to validate 15 of 17 target gene circRNAs previously
detected by RNA-seq for 7 genes (ARID1B, BCL11B, CBL, FLT3,
GSE1,MEIS1, andRUNX1) in those patients (supplemental Table 6).
Ten of the respective circRNAs were expressed at very low levels
and only supported by a single read in the RNA-seq data. Of these,
we nevertheless successfully validated 8 circRNAs, and we detected
18 additional circRNA isoforms for ARID1B,CBL, FLT3,MEIS1, and
RUNX1 by Oxford Nanopore sequencing (supplemental Table 6). We
did not detect intron retention within the circles, but exon skipping
events were detected for circRNAs derived from ARID1B, where
exon 3 was absent in the circRNA isoform of the gene (supplemental
Figure 3B).

CircBCL11B is associated with AML samples and is

not detected in healthy HSPCs

The BCL11B gene was the only gene in our dataset for which
circRNAs were exclusively expressed in AML and not in healthy

Table 1. Overview of detected circRNAs in AML samples and healthy HSPCs in relation to the genes from which they were transcribed

HSPCs AML AML NPM1mut CBF Splice factor mutation

Subset Healthy All_dx All_rl NPM1 t(8;21) inv16 U2AF1 SF3B1 SRSF2

Samples 16 61 18 20 14 11 6 5 6*

circRNAs 6463 6834 9052 6091 7202 7188

Derived from no. genes 2949 3076 3561 2932 3161 3125

Highly expressed genes 7509 6681 13039

Highly expressed genes expressing circRNAs, n (%) 2091 (27.8) 1842 (27.6) 6 310 (48.4)

circRNA abundance, median 1.85 E-04 2.13 E-04 2.72 E-04 1.58 E-04 2.37 E-04 1.66 E-04

DE_linear 4478 4763 5813 3625

DE_circ 82 119 130 56

DE circRNA isoforms 30 124 138 42

DE_both 38 57 63 10

% of DE_circ 46.3 47.9 48.5 23.8

DE, differentially expressed; DE_both, genes that differentially expressed circular and mRNA transcripts in AML vs healthy samples; DE_circ, genes that differentially expressed circRNAs in
AML vs healthy samples but did not show differential expression of the parental gene; dx, diagnosis; rl, relapse.
*One patient was double mutant for SF3B1 and SRSF2.
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HSPCs. BCL11B is known as a key transcription factor for
T-cell development and function.24,25 In our study, the main
circular transcript isoform of the BCL11B gene, circBCL11B,
is formed through circularization of exon 2 (Figure 3A-B)
and could be validated using Oxford Nanopore sequencing

technology, with no detectable alternative splicing events
within the circle (Figure 3D). Although circBCL11B expres-
sion was restricted to AML samples, not all AML patients
expressed this circRNA (Figure 3B). Of note, circBCL11B
was not restricted to any of the subgroups that we included in
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the study. The CLP of circBCL11B compared with BCL11B
mRNA was comparably high in all AML patients, with a median
CLP of 0.38 (Figure 3C), meaning that only around three

quarters of all RNA molecules derived from the BCL11B gene
are linear mRNAs that are translated into protein, whereas
around one quarter of the RNA molecules are circularized and

Table 2. Gene sets enriched among genes differentially expressing circRNAs between AML samples and healthy HSPCs

MSigDB gene set

NPM1mut vs healthy HSPCs CBF vs healthy HSPCs

Splice factor mutation vs

healthy HSPCs

DE list FDR DE list FDR DE list FDR

JAATINEN_HEMATO-POIETIC_STEM_CELL_UP DE_both ,1 E-04 DE_both ,1 E-04 DE_both 2.0 E-02

DE_circ 1.1 E-03 DE_circ ,1 E-04 DE_circ ,1 E-04

KEGG_PATHWAYS_IN_CANCER DE_circ 2.0 E-04 DE_circ 3.0 E-04 DE_circ 5.0 E-02

VERHAAK_AML_WITH_NPM1_MUTATED DE_both 1.2 E-03

ROSS_AML_CBF DE_circ 2.1 E-03

MULLIGHAN_MLL_SIGNATURE_1_UP DE_circ 6.0 E-02

MULLIGHAN_MLL_SIGNATURE_2_UP DE_circ 6.0 E-02

YAGI_AML_WITH_REARRANGED DE_circ 6.0 E-02

MSigDB, Molecular Signature Database.
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fulfill different functions. With a median value of 1.1, the CLP of
BCL11B was highest in SRSF2mut patients; the proportion of
circular transcripts was higher than the linear mRNA counter-
parts and was lowest in U2AF1mut AML patients (median CLP 0.1;
Figure 3C).

To investigate in more detail what distinguishes patients with
high circBCL11B expression from those with no circBCL11B
expression, irrespective of the leukemic driver, we looked
for genes that were differentially expressed between these 2
groups. In this analysis, 29 leukemia cases were included
that were allocated to a circBCL11B_high group (top 25% of
AML cases with highest normalized circBCL11B read counts;
n 5 12) or a circBCL11B_low group (all AMLs with normalized

circBCL11B read count 5 0; n 5 17). GSEA revealed that
genes that were more highly expressed in circBCL11B_high
were associated with genes that were highly expressed in
T cells compared with myeloid cell types (Figure 4A-B). Moreover,
genes that are normally downregulated in hematopoietic stem cells
compared with T cells are highly expressed in the circBCL11B_high
leukemic blasts (Figure 4A). This indicates a more T-cell like,
less myeloid, and less stem cell–like gene expression pattern in
circBCL11B_high AML cases.

Vice versa, genes that were more highly expressed in the
circBCL11B_low AML group were associated with genes with
low expression in T cells compared with myeloid cell types
(Figure 4A-B). Instead, highly expressed genes in circBCL11B_low
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patients were associated with genes that were upregulated in
hematopoietic stem cells compared with T cells (Figure 4A). This
indicates a more myeloid and stem cell–like gene expression
signature in circBCL11B_low AML cases. The same observations

were also made when comparing circBCL11B_high/low groups
within the well-defined NPM1mut and CBF cohorts and were
less pronounced within the splicing factor–mutated AML cohort
(supplemental Table 7).
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Independent validation cohort confirms association

of circBCL11B expression with a T-cell–like gene

expression signature

To further validate our findings for circBCL11B, we used a pre-
viously published RNA-seq data set.15 Of 332 AML patients from
this study, we found 76 cases with detectable circBCL11B
expression. Of these, in accordance with our study, we assigned

19 cases to the circBCL11B_high group (top 25% of patients with
highest normalized circBCL11B read counts). All patients with
normalized circBCL11B and total BCL11B read count 5 0 were
assigned to the circBCL11B_low group (n 5 155). In agreement
with our findings, this large independent validation cohort also
showed an enrichment of genes expressed by T cells in the genes
that were more highly expressed in circBCL11B_high patients
(Figure 4C-D), whereas genes that were highly expressed in
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Figure 6. shRNA-mediated circBCL11B knockdown

increases apoptosis induced by FCS withdrawal.

The respective circBCL11B shRNA or scrambled shRNA

transduced OCI-AML5 (A), NB-4 (B) and MV4-11 (C) cell

lines were cultured in the presence or absence of FCS.

After 72 hours, cells were harvested, and induction of

apoptosis was analyzed by Annexin V–fluorescein isothio-

cyanate/PI staining and flow cytometry. Representative

flow cytometry dot plots (left panels) and mean 6

standard deviation of triplicates (right panels). *P , .05,

Student t test.
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circBCL11B_low patients were associated more with cells of the
myeloid lineage and a hematopoietic stem cell–like signature
(Figure 4C-D).

Functional evaluation of circBCL11B

To elucidate a possible pathogenic function of circBCL11B in
leukemic cells, we performed short hairpin RNA (shRNA)-mediated
knockdown of this circRNA in the AML cell lines OCI-AML5, NB-4, and
MV4-11, which showed high circBCL11B expression (Figure 3D). The
successful knockdown of BLC11B circRNA was confirmed by PCR
(Figure 5A). Knockdown of circBCL11B did not change BCL11B
protein levels compared with a scrambled shRNA control in any of the
3 cell lines, as assessed by western blotting (Figure 5B).

Upon knockdown, cytological examination did not reveal the
induction of differentiation (supplemental Figure 4). However, under
stress conditions (ie, in culture without supplementation of fetal calf
serum [FCS]), we observed that knockdown of circBCL11B has
a negative effect on the proliferation of OCI-AML5, NB-4, and MV-4
cells compared with cells transduced with scrambled shRNA
control (Figure 5C; *P , .05, Student t test). Under optimal cell
culture conditions with 15% FCS supplemented, this difference
was not observed (Figure 5C).

To investigate whether the knockdown of circBCL11B resulted in
increased cell death, transduced OCI-AML5, NB-4, and MV4-11
cells underwent Annexin V/propidium iodide (PI) staining, followed
by flow cytometric analysis after 72 hours of culture, with or without
FCS. In the absence of FCS, circBCL11B knockdown resulted
in increased cell death in OCI-AML5, NB-4, and MV4-11 cells
compared with the respective scrambled shRNA control (*P , .05,
Student t test; Figure 6). Although this increase in cell death was
dominated by an increase in late apoptotic and necrotic cells,
represented by Annexin V1/PI1 cells, in OCI-AML5 and MV4-11
cells, the transduced NB-4 cells also showed an increase in Annexin
V1/PI2 early apoptotic cells upon circBCL11B knockdown.

Discussion

In this study, we determined circRNA expression in a large patient
cohort covering several AML entities and investigated leukemia-
associated changes in the circular RNAome by comparison with
healthy hematopoietic cells of a comparable differentiation degree.

circRNAs have been overlooked for many decades, but the
technological developments toward sequencing of longer reads
of non-poly(A)–selected RNA libraries paved the way for
studying circRNAs in an unbiased fashion. In addition to Illumina
100-bp paired-end sequencing, in which only backsplice-
containing reads can be assigned to a circRNA, we made use
of the third-generation ultralong read sequencing technology by
Oxford Nanopore Technologies26 to acquire full-length circRNA
sequences of 9 target genes, as we did previously for circNPM1
isoforms.9 Recently, the working group of Jorgen Kjems27 used
Oxford Nanopore technology to sequence circRNAs of the brain
in an untargeted approach by removing linear RNA through
RNase R digestion and poly(A) depletion. Then, the remaining
circRNAs were linearized through hydrolysis and sequenced
using Oxford Nanopore technology. However, only 3.3% of the
sequenced reads contained a backsplice site, because the
circRNAs were cut multiple times. Although respective protocols
can be further optimized in the future, our targeted approach has

proven useful in validating the Illumina results, even for circRNAs
that were only supported by a single read in the RNA-seq
experiment. Furthermore, this approach revealed additional
circRNAs that were not detected by RNA-seq, which, in turn,
argues again for direct sequencing of circRNAs using an
unbiased Oxford Nanopore long-read approach.

In healthy and leukemic samples, ;30% of the expressed genes
also expressed circRNAs. Although we detected.1 circular isoform
for most of these genes (79%), the number of distinct circRNA
isoforms was substantially lower than theoretically possible,
which supports a nonrandom circularization process. Moreover, we
observed that, in most cases, only 1 dominant circRNA isoform
showed differential expression, which further implies a parental
gene expression–independent circRNA isoform-specific regulation.
However, the overall circRNA abundance was comparable in AML
and healthy HSPCs, whereas other cancer types often show lower
circRNA expression in tumor compared with healthy tissue.28

Although it is known that splicing factor depletion shifts the
transcription process toward increased formation of circRNAs,29

mutations in the splicing factors U2AF1, SF3B1, and SRSF2 did
not abrogate or enhance circRNA biogenesis. However, only
few splicing factor–mutated patients were included in this study;
in the future, larger cohorts will have to be investigated to get
a more complete picture. Moreover, because the mutations might
lead to the usage of alternative 39 splice sites, noncanonical exon
junctions taking part in the backsplice process will also have to be
examined.

A promising candidate for functional characterization was circBCL11B,
because it was exclusively expressed in AML samples in our cohort;
no expression was detectable in healthy HSPCs, as well as in
20 other healthy tissues recently investigated.30 Moreover, it is
derived from a gene whose expression in the hematopoietic system
is normally restricted to T cells and their prethymic precursors.31

In accordance, circBCL11B was expressed in healthy T cells,32

whereas expression was negligible in healthy myeloid cells
and in bulk peripheral blood cells.33 In addition, detection of
circBCL11B in breast cancer34 and in T-cell acute lymphoblastic
leukemia7 makes it a relevant candidate for further studies in cancer
in general.

BCL11B is thought to be a haploinsufficient tumor suppressor.
Deletions and missense mutations of BCL11B have been found in
;10% of human T-cell acute lymphoblastic leukemia35-37 and
induced thymic lymphoma in mice.38,39 Moreover, there are several
case reports of translocations involving BCL11B in myeloid
leukemias,40,41 including a T/myeloid mixed-phenotype leukemia,
and the ZEB2-BCL11B fusion was observed in T-cell precursor
leukemia42 and AML.43 Riemke and colleagues44,45 have shown
that committed T-cell progenitors gave rise to leukemic cells
of myeloid phenotype, while at the same time preserving a
T-cell–associated gene expression signature, including the ex-
pression of Bcl11b. Knockdown of Bcl11b in these T-cell
progenitor–derived myeloid leukemic blasts reduced proliferation
in vitro and prevented leukemia development in transplanted mice.
Furthermore, this lymphoid gene expression signature was also
detected in myeloid cells from a small fraction of AML patients,
leading to the hypothesis that these leukemias might have arisen
from T-lymphoid progenitor cells. Interestingly enough, we found
that high circBCL11B expression in AML patients was associated
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with a naive T-cell–like gene expression signature. Consequently,
it would be of interest to investigate whether, in some of these
circBCL11B_high AML cases, the cell of origin might have also been
a T-cell progenitor or whether, during malignant transformation,
signaling cascades restricted to lymphoid cells can be reactivated in
myeloid blasts by altering the circRNA expression pattern.

Moreover, we studied the effect of circBCL11B knockdown on
leukemic cells representing different AML subtypes. Although
effects of circBCL11B knockdown were not detectable under
optimal cell culture conditions, we could show that knockdown of
circBCL11B in 3 leukemia cell lines increased cell death and had
a negative effect on leukemic cell proliferation under stress
conditions (ie, serum deprivation). These findings further support
that the circBCL11B isoform might be of pathogenic relevance in
different AML subtypes. Interestingly, the circularized exon 2 of
BCL11B contains experimentally validated binding sites46,47 for 2
miRNAs with antiproliferative activity, hsa-miR-32-5p42 and hsa-
miR-92a-3p48; both have been linked to leukemia. However,
a potential role for circBCL11B in sponging and, thus, inactivating
the respective miRNAs, will have to be investigated in more detail in
future studies.

In summary, our data suggest that further determination of circRNA
deregulation can improve the understanding of AML pathogenesis
and can reveal pathway dependencies that might have been
overlooked at the linear gene expression level.
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