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Aim: Long noncoding RNAs serve critical regulatory functions highly specific for a 
tissue and its developmental stage. Antisense long ncRNA (AS-lncRNA) methylation 
changes in acute lymphoblastic leukemia (ALL) versus normal pre-B-cell lymphoblasts 
were evaluated to identify potential differential methylation in this group of 
genes. Materials & methods: The methylome of ALL and normal lymphoblasts was 
examined by the methylated CpG island recovery assay followed by NGS. Conclusion: 
The potential effect of trans regulation by AS-lncRNA through DNA/RNA binding is 
significant as sequence alignment analysis of the 25 most differentially methylated 
AS-lncRNAs revealed 368 genes containing highly similar sequences with a median 
nucleotide identity of 90.8% and binding span of 122 base pairs. Regulation of 
biological processes and anatomical structure development were over represented. 
ALL classification schemes based on AS-lncRNA methylation can provide new insights 
into its pathogenesis and treatment. 
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Acute lymphoblastic leukemia (ALL) is the 
most common type of cancer in children. It 
is believed that ALL arises from a develop-
mental abnormality within the pro-B or pre-
B-cell lymphoblast stages that may be associ-
ated with genetic events such as chromosomal 
translocations producing fusion genes and 
ploidy changes. However, since the cellular 
developmental process is heavily regulated 
by epigenetic mechanisms, it is very likely 
that differential gene expression arising from 
DNA methylation may also play an etiologic 
role in this disease  [1,2]. It is well recognized 
that DNA methylation and other epigenetic 
changes are also important in the patho-
genesis of cancer in general  [3]. Methylation 
of cytosine in CpG dinucleotides plays an 
essential role in regulating gene expression 
as appropriate for tissue and developmental 
stage and dysfunctional methylation may 
silence tumor suppressor genes, activate onco-

genes or deregulate signaling pathways lead-
ing to tumorigenesis. Studies analyzing DNA 
methylation patterns in ALL have yielded 
new insights into the value of identifying epi-
genetic changes for the diagnosis and classifi-
cation of this disease. Figueroa et al. [2]. have 
identified abnormal methylation patterns that 
are associated with distinct gene expression 
profiles in ALL suggesting that aberrant gene 
expression due to dysfunctional methylation 
is important in lymphoid malignant transfor-
mation. Nordlund et al [4], in a study of over 
500 B- and T-cell ALL samples, showed that 
DNA methylation patterns based on only 
246 CpG sites could predict eight common 
leukemia subtypes with a sensitivity of 0.90 
and specificity of 0.99.

Recently, attention has focused on the 
potential role of long noncoding RNAs 
(lncRNAs) in the pathogenesis of cancer [5,6]. 
Thousands of long noncoding RNAs are 
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transcribed in the human genome, generally at much 
lower levels than protein coding transcripts. Although 
there is still controversy as to how many of these might 
represent inconsequential ‘transcriptional noise’, the 
functional role of many lncRNAs in the regulation of 
critical cellular developmental processes and disease 
pathogenesis, has been incontrovertibly confirmed [7,8]. 
There are several mechanisms by which lncRNAs may 
interact with their regulatory targets including the for-
mation of RNA–RNA, RNA–DNA and RNA–DNA-
protein complexes [9]. Bioinformatics analysis of the dif-
ferential DNA methylation of noncoding RNA genes 
(ncRNAs) between normal precursor B-cell lympho-
blasts and ALL cells as determined by next-generation 
sequencing (NGS) and has shown that a large num-
ber of ncRNAs are significantly differentially methyl
ated including antisense, long intergenic/intronic, 
microRNA, and pseudogene classes [10].

The importance of the antisense subclass of 
lncRNAs (AS-lncRNAs) in the regulation of gene 
expression is being increasingly recognized  [11]. As 
much as 70% of lncRNAs may be antisense to pro-
tein coding genes  [12,13]. AS-lncRNAs utilize various 
mechanisms in their regulation of gene expression. 
AS-lncRNAs may act locally to control the expres-
sion of their sense protein-coding partners through 
post-transcriptional mRNA hybridization of the anti-
sense and sense mRNAs or by interfering with sense 
transcription by RNA polymerase through promoter 
competition (RNA polymerase collision)  [14]. How-
ever, they may also function distally genome-wide by 
recognizing reverse complementary sequences in RNA 
or DNA. Perhaps the most important consequence 
of such binding is the ability to modulate gene splic-
ing, which controls transcription of alternative protein 
isoforms. This regulatory process may occur through 
chromatin remodeling, occlusion of intronic or exonic 
splice site enhancers or silencers, or recruitment of 
protein activators or repressors [15–17]. In addition, AS-
lncRNAs appear to interact, in a counterbalancing 
fashion, with miRNAs to fine tune gene expression 
post transcriptionally [18].

LncRNAs, like protein coding genes, are subject 
to epigenetic regulation by DNA methylation and, 

therefore, aberrant methylation of lncRNAs may also 
result in adverse cellular effects. As pointed out by 
Huarte and Rinn  [6], lncRNAs are capable of acting 
as tumor suppressor genes or oncogenes due to their 
roles in modulating critical cellular pathways that 
may lead to malignant transformation. This study has 
analyzed genome-wide NGS data interrogating the 
methylome of pre-B ALL versus normal pro- and pre-
B-cell lymphoblasts to identify differential methyla-
tion of the subset of lncRNAs identified as antisense. 
We have identified epigenetic changes that may lead to 
novel approaches to classification and therapy and also 
provide new insights into the pathogenesis of ALL.

This paper is exclusively focused on methyla-
tion of AS-lncRNAs and does not attempt to evalu-
ate their expression levels. This approach was taken 
because there is not a direct and consistent correlation 
between methylation and expression of any coding or 
noncoding genes due to the multiple possibilities for 
pre- and post-translational modification of expres-
sion by such mechanisms as methylation of alterna-
tive promoters or splice site inhibitors and activators, 
and competitive inhibitory effects of miRNAs. There-
fore, there can be no predictable relationship between 
methylation and expression without an understanding 
of the many other factors regulating expression, which 
is well beyond the state of the art of molecular genetics 
at this time.

Materials & methods 
Examination of the precursor B-cell methylome
A total of 20 de-identified patient samples and ten nor-
mal control umbilical cord blood samples were procured 
with the approval of the institutional review board of 
the University of Missouri. Lymphoid B-cell onto
geny begins with hematopoietic stem cells and flows 
through common lymphoid progenitor cells, progenitor 
B cells (pro-B), precursor B cells (pre-BI and pre-BII), 
immature (naive) B cells and, finally, mature B cells. In 
these studies, precursor cells were isolated from umbili-
cal cord cells by flow cytometry using the following 
cell surface antigens: pro-B (CD34+, CD19+), pre-BI 
(CD34-, CD19+, CD45 low), pre-BII (CD34-, CD19+, 
CD45 medium) and naive B cells (CD34-, CD19+, 

Table 1. p-values for significant differential methylation between sample subtypes.

  ALL Pro-B Pre-BII Naive B

ALL – 5.02 × 10-5  0.442647 0.578985

Pro-B   – 3.51 × 10-7 1.72 × 10-7

Pre-BII     – 0.8161

Naive B       –

ALL: Acute lymphoblastic leukemia; Pre-B: Precursor B cell; Pro-B: Progenitor B cell.
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CD45 high) as described by Almamun  et  al.  [18]. We 
have analyzed the differential methylation of antisense-
RNAs using the Methylated CpG Island Recovery 
Assay followed by NGS (MIRA-seq) technique [19].

Identification of differentially methylated 
antisense lncRNAs
Genomic coordinates for all lncRNAs annotated as 
‘antisense’ (AS-lncRNAs) were obtained from the 
GRCh37 genome assembly through the Ensembl 
biomart. Our MIRA-seq alignment data included 
5,216 (99.1%). Identification of methylation peaks 
within this population was performed using the Mat-
lab® Bioinformatics Toolbox (The MathWorks Inc, 
Natick, MA, USA), which calculated the average 
number of reads per kilobase of transcript per million 
mapped reads (RPKM) for each nucleotide within the 
genomic limits of the AS-lncRNA gene for the ALL, 
pro-B, pre-BII and naive B-cell samples.

AS-lncRNAs showing low variance (standard devia-
tion <0.2) across all samples were filtered out, which 

left a working dataset of 3120 genes with a mean and 
median of 2.16 RPKM and 1.17 RPKM per base pair.

Results & discussion
The results of t-test statistical comparison for sample 
types show that ALL, pre-BII and naive-B cells are sig-
nificantly hypermethylated compared with pro-B cells 
(Table 1). Mean methylation per nucleotide in terms 
of RPKM are as follows: ALL, 2.175; pro-B, 2.067, 
pre-BII, 2.189 and naive B, 2.194.

Unsupervised hierarchical clustering
Unsupervised hierarchical clustering was performed 
using the clustergram function of the Matlab® Bio-
informatics Toolbox with default settings except for 
implementing cosine rather than Euclidean as the dis-
tance measure. After correcting for multiple testing 
using the Bonferroni method, 139 of the 277 genes 
providing the most discrimination between ALL and 
normal lymphoblasts were statistically significantly 
differentially methylated (p < 0.05).

Table 2. Clinical phenotypes and karyotypes of patient samples.

Group Sample Cytogenetics Sex Age 
(months)

Mean age 
(months)

Purple A15 Hyperdiploidy M 36  

  A18 15(der1)t(1,?), del(6)(q21) F 17  

  A21 t(3:19)(p25;p13) F 36  

  A32 None available M 36  

          31.3 

Gold A20 46 XY M 120  

  A23 del(6)(q21;q27) M 180  

  A25 46 XY M 48  

  A26 47 XY? M 48  

  A28 None available M 36  

  A29 46 XX F 24  

  A33 46 XY M 180  

          90.9 

Green A17 46 XX F  72  

  A19 Hyperdiploidy M 36  

  A22 47 +21; 48, XX F 60  

  A24 45, -7 -9 +der(9) t(8;9)(q112;p11) M 108  

  A30 46 XX F 24  

  A31 45, -7 XY M 132  

  A35 46 XY M 22  

  A36 46 XX F 72  

  A37 Hyperdiploidy M 20  

          60.7 
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Table 3. Top 80 most differentially hypermethylated antisense long noncoding RNAs and their 
neighboring sense genes.

AS-lncRNA p-value Sense gene AS-lncRNA p-value Sense gene 

RP5-1024C24.1 8.06118 × 10-16 MPPED2 GPR50-AS1 3.70854 × 10-8 GPR50

AC010890.1 2.07022 × 10-13 NCKAP5 RP11-120J1.1 3.83071× 10-8 NFIB

AC007966.1 5.06794 × 10-13 FSIP2 CTC-359M8.1 5.22797 × 10-8 POU4F3

RP11-966I7.1 1.70044 × 10-12 FOXG1 RP11-379L18.1 5.29154 × 10-8 NOL4

GS1-72M22.1 3.62267 × 10-12 NEFM CTD-2587H24.5 5.48669 × 10-8 DNAAF3

GRM5-AS1 1.10482 × 10-11 GRM5 HOXD-AS1 5.8567 × 10-8 HOXD1

CTD-2314G24.2 1.20869 × 10-11 ISL1 PDZRN3-AS1 7.41738 × 10-8 PDZRN3

PABPC5-AS1 1.35322 × 10-11 PABPC5 RP6-24A23.3 7.45609 × 10-8 IRS4

RP11-966I7.2 1.39785 × 10-11 LINC01551 NKX2-1-AS1† 9.49919 × 10-8 NKX2–1

FEZF1-AS1† 1.83805 × 10-11 FEZF1 RP11-680F8.1 1.55138 × 10-7  

FGF12-AS2 1.8678 × 10-11 FGF12 AC005754.7 1.92123 × 10-7 PCDHB3

RP11-696P8.2 3.89281 × 10-11 KCNV1 RP11-91I8.3 1.96208 × 10-7 ARHGAP28

ATXN8OS 4.06749 × 10-11 KLHL1 AC061961.2 2.05456 × 10-7 KCNJ3

RP11-1042B17.3 7.09449 × 10-11 C14orf39 RP11-62H20.1 2.43451 × 10-7 LRRC9

RP11-22C11.2 1.08362 × 10-10   NEBL-AS1† 8.57069 × 10-7 NEBL

RP11-814P5.1 1.40192 × 10-10 ACTC1 MNX1-AS1† 1.10435 × 10-6 MNX1

AC003986.5 2.13505 × 10-10 FERD3L RP11-7I15.4 1.30598 × 10-6 KCTD14

RP11-92A5.2 2.84795 × 10-10 NPY2R TMEM5-AS1 1.93767 × 10-6 TMEM5

RP11-797E24.3 3.42767 × 10-10 CELF4 RP11-445F12.2 3.5096 × 10-6 LHX1

RP11-58K22.5 3.46151 × 10-10 CD82 ZNF571-AS1 4.65623 × 10-6 ZNF571

RP11-67L3.5 6.98329 × 10-10 DHCR24 RP11-752G15.3 5.04456 × 10-6 CPEB1

HOXC13-AS 1.60671 × 10-9 HOXC13 AC092669.1† 6.0995 × 10-6 MEIS1

AC079154.1 1.73361 × 10-9 CNTNAP5 MEIS1-AS3† 6.42939 × 10-6 MEIS

RP11-432I5.2 2.12362 × 10-9 MARVELD3 SATB2-AS1 7.39994 × 10-6 SATB2†

ADAMTS19-AS1 2.46417 × 10-9 ADAMTS19 AC106786.1 7.56599 × 10-6 PRDM6

GPR158-AS1 2.82017 × 10-9 GPR158 RP3-326L13.2 9.07542 × 10-6 POU3F4

RP11-62F24.2 2.95862 × 10-9 BNC2 TBX5-AS1 9.84663 × 10-6 TBX5

RP11-82C23.2 4.50715 × 10-9 LHX5 RP11-97N19.2 1.02924 × 10-5 SLC24A3

EVX1-AS 4.82962 × 10-9 EVX1 RP11-680F8.3 1.16375 × 10-5 TJP1

DLX6-AS1† 5.59245 × 10-9 DLX6 HOTAIR 1.35752 × 10-5 HOXC11

RP11-672L10.3 7.01594 × 10-9 ADCYAP1 AC010907.5 1.39763 × 10-5 DCDC2C/ALLC

DLX6-AS2† 7.13208 × 10-9 DLX6 CTD-2330J20.2 1.39942 × 10-5 ALDH1A2

RP11-137J7.2 8.0627 × 10-9 NMBR AC005789.9 1.448 × 10-5 GGN

RP11-2N1.2 9.8052 × 10-9 CCBE1 HOXD-AS2 1.45228 × 10-5 HOXD3

RP5-1119D9.4 1.20318 × 10-8 LAMP5 HAND2-AS1 1.90129 × 10-5 HAND2

AC005281.2 1.41782 × 10-8 SCIN WWTR1-AS1† 2.03025 × 10-5 WWTR1

RP11-964E11.2 1.47785 × 10-8 PAX9 CTA-363E6.5 2.06523 × 10-5 TMC5

RP11-387A1.5 2.38585 × 10-8 HOXD3 PGM5-AS1 2.3881 × 10-5 PGM5

CTD-2168K21.2 3.29598 × 10-8 NEFL MEIS1-AS2† 2.55497 × 10-5 MEIS1

Bonferroni corrected p-values.
†Genes known to be overexpressed in acute leukemia or other malignancies.
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Identification of Genes with DNA sequences 
complementary to mRNA of AS-lncRNAs
DNA sequences complementary to the mRNA of AS-
lncRNAs were identified with the UCSC blat sequence 
alignment tool. Output was parsed to identify genes 
located on the opposite strand using custom Python 
code yielding a total of 368 genes. All matches greater 
than 20 bp were retained. The median sequence identity 
was 90.8% and median match span was 122 bp. The 
vast majority of the matches were to protein coding genes 
(83%) with the remainder distributed between lincRNA 
(12.5%), antisense (5.7%), pseudogenes (1.9%) and 
processed transcripts (1.4%).

Evaluation of the biological function of the protein-
coding genes potentially regulated by the AS-lncRNAs 
was performed using gene ontology (GO) enrichment 
algorithms from the Matlab® Bioinformatics toolbox. 
The reference gene group was all genes (20,314) labeled 
as ‘protein-coding’ in the Ensembl database. GO terms 
with a p < 0.5 were parsed, counted and categorized by 
the most specific, descriptive GO ancestor term.

ALL & normal B-cell precursor lymphoblast sub 
classification based on differential methylation 
of AS-lncRNAs
The sample size is small; however, these cases were care-
fully selected to include only those in the B-lympho
blastic leukemia, not otherwise specified category, 
thus excluding cases already falling into well-defined 
clinical categories with recurrent genetic abnormali-
ties. Such cases are underrepresented in the literature 
and publically accessible databases; therefore it appears 
desirable to identify new methods for clinical strati-
fication of these patients in order to define potential 
new diagnostic and treatment modalities. Our results 
indicate that consideration of AS-lncRNA methylation 
levels may provide new insights into the pathogenesis 
and treatment of B-cell ALL.

Hierarchical clustering cleanly segregates the ALL 
and normal lymphoblast sample populations and iden-
tifies three subclusters of both ALL and normal pre-B 
lymphoblasts based on average AS-lncRNA base pair 
methylation (Figure 1). While not statistically signifi-
cant due to small sample size, the ALL cases display 
suggestive phenotypic characteristics: the middle ALL 
sub cluster (blue dendrogram) tended to have normal 

cytogenetic studies (five/six cases) and older age (mean: 
90.9 months); the largest subgroup (green dendrogram) 
displayed more abnormal karyotypes including two 
cases with hyperdiploidy, two with deletion of chromo
some 7 and one with duplication of chromosome 21 
and intermediate age (mean: 60.7 months); and the 
smallest cluster (red dendrogram) contains examples of 
two translocations and one hyperdiploidy and is by far 
the youngest group (31.3 months) (Table 2).

The set of 277 AS-lncRNA genes best discriminat-
ing between ALL and normal were further evaluated to 
characterize their relationship to protein-coding genes 
and their potential regulatory function. The 80 most 
statistically significant are listed in Table 3. Interest-
ingly, it appears that there is a tendency for the normal 
lymphoblast samples to display similar distinct hyper-
methylation patterns within samples rather than across 
developmental stages, in other words, methylation 
varies more across subclasses than between stages of 
maturation. This suggests that methylation of normal 
lymphocytes may represent an inherent, inherited cellu-
lar feature rather than reflecting coordinated epigenetic 
control of gene expression critical to developmental 
maturation.

It has been recognized for some time that transcrip-
tion from an antisense gene may regulate the expression 
of mRNA from adjacent sense oriented protein coding 
genes through hybridization with mRNA or its DNA 
template strand  [12]. Therefore, hypermethylation of 
AS-RNAs may lead to their silencing and the conse-
quent overexpression of the sense protein coding genes 
under their transcriptional control. It is notable that ten 
of the 80 (12.5%) most hypermethylated AS-lncRNAs 
are associated with protein coding genes which have 
been shown to be overexpressed in acute leukemia or 
other malignancies. This suggests that methylation 
of AS-lncRNAs may provide an epigenetic explana-
tion for their expression or suppression and thus lead 
to the appearance of oncogenic changes within the 
developmental progression of B-cell lymphoid pre
cursors. Further, the hypermethylation of five (6.25%) 
AS-lncRNAs (MEIS1-AS2, MEIS1-AS3, AC092669.1, 
NEBL-AS1 and DLX6-AS1), which are antisense to 
members of the MLL fusion gene family raises the 
hypothesis that these proteins may be oncogenic 
independently of their MLL fusion partner.

Table 3. Top 80 most differentially hypermethylated antisense long noncoding RNAs and their 
neighboring sense genes (cont.).

AS-lncRNA p-value Sense gene AS-lncRNA p-value Sense gene 

RP11-945C19.4 3.68047 × 10-8 TMEM200C RP11-284H19.1 3.00681 × 10-5 PDE3A

Bonferroni corrected p-values.
†Genes known to be overexpressed in acute leukemia or other malignancies.
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Genes potentially regulated by 
hypermethylated AS-lncRNAs in trans
To investigate the potential effect of the most differ-
entially methylated AS-lncRNAs exerted by binding 
to complementary regions of either DNA or RNA, we 
blasted the mRNA of the 25 most differentially methyl-
ated AS-lncRNAs against the entire genome and identi-
fied 368 genes with reverse complementarity indicating 
potential RNA–DNA binding partners. Reverse com-
plementary alignment sequences were remarkably simi-
lar with a median identity of 90.8% over a median span 
of 122 bp. The number of matches per AS-lncRNA 
ranged widely from none to 77. The individual clus-
ters were relatively discrete with only two clusters hav-
ing three genes in common and two clusters with only 
one common gene. It appears that certain AS-RNA 
genes have the capability of regulating many others, 
predominantly protein coding genes (Figure 2).

The major clusters were formed based on genes RP11-
1042B17.3 (77 targets), RP11-22C11.2 (73 targets), 
RP11-814P5.1 (69 targets) and RP5-1024C24.1 (44 tar-
gets). The remainder had significantly fewer binding 
partners ranging from 12 to 0 (two genes). Three of 
the larger clusters shared genes in common (FAM184A, 
SMYD3, TMEM132B and GRID2) indicating that the 
regulation of these genes occurs in coordinated manner 
under the control of two separate AS-lncRNAs.

Analysis of the function of genes potentially 
regulated by hypermethylated AS-lncRNAs
The genes identified as potential binding partners 
were examined for over-representation of GO terms 

following the method utilized in Matlab®. The com-
parison gene population consisted of all protein cod-
ing genes listed in the Ensembl biomart database. 
Over-represented GO terms were then tallied using 
the text of the GO name of the term, which provided 
a ready understanding of the gene functions. There 
was considerable variability in the distribution of 
these terms; however, overall, they illustrated a pre-
dominant regulatory effect again supporting a mecha-
nism for coordinated regulatory modulation of gene 
expression (Figure 3).

The total number of over-represented terms for each 
AS-lncRNA potential interaction cluster ranged from 
59 to 922 with a mean of 330. It is evident that any 
one AS-lncRNA may regulate a large number of cod-
ing genes through a range of mechanisms consequent 
to RNA–DNA binding including splice site modula-
tion and scaffold formation to recruit transcription 
binding factors, protein activators and suppressors, or 
chromatin modification genes that can induce histone 
methylation marks. Such a mechanism for providing 
centralized control would be advantageous for the 
cell in order to enable gene expression regulation in a 
coordinated manner on a large scale.

The over-represented GO terms were then aggre-
gated under the most common ancestor GO term 
Table 4. This shows a preponderance of terms associ-
ated with GO:0050789, (19.15%), ‘regulation of bio-
logical process’, which again supports the hypothesis 
that the AS-RNAs have a significant regulatory impact 
on protein-coding genes that are themselves capable of 
regulating other downstream genes.

Table 4. Most common gene ontology annotation terms for genes potentially regulated by 
hypermethylated antisense long noncoding RNAs.

GO_ID GO_name Percentage (%)

GO:0050789 Regulation of biological process 19.15

GO:0048856 Anatomical structure development 9.88

GO:0003824 Catalytic activity 7.18

GO:0005515 Protein binding 6.82

GO:0055085 Transmembrane transport 5.58

GO:0044238 Primary metabolic process 5.06

GO:0043234 Protein complex 3.66

GO:0007165 Signal transduction 3.34

GO:0051179 Localization 3.24

GO:0048731 System development 2.87

GO:0050896 Response to stimulus 2.33

GO:0016043 Cellular component organization 1.34

GO:0065003 Macromolecular complex assembly 1.34

GO:0008104 Protein localization 1.02
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Conclusion
In order to avoid the confounding effects of methyla-
tion within promoters and other 5́  or 3´ elements, this 
study focused on evaluating the significance of hyper-
methylation only within the gene body of AS-lncRNAs 
in ALL as compared with normal pro-B and pre-BII 
lymphoblasts and naive B cells. Overall, AS-lncRNAs 
are significantly less methylated in pro-B cells than 
in ALL, pre-BII and naive B cells. No difference was 
observed for methylation of AS-lncRNAs between 
ALL, pre-BII or naive B cells. The finding of progres-
sive methylation beyond pro-B cells is specific to AS-
lncRNAs and is in contrast to an earlier observation of 
an overall decrease in genome wide methylation of all 
gene types during the transition from pro-B to pre-BII 
cells [18]. This finding suggests that hypermethylation 
may be an important factor in the biological regulation 
of expression of AS-lncRNAs.

The effect of DNA methylation within gene bod-
ies is poorly understood; however, several potential 
mechanisms that might cause it to affect gene expres-
sion have been proposed including modulation of 
the elongation phase of transcription  [20], controlling 
alternative RNA splicing  [21], selection of alternative 
promoters [22] or polyadenylation sites [23].

Whatever mechanisms may be involved, analysis 
of our data indicates that gene body methylation has 

important consequences for determining the cell fate 
of early B cells. Unsupervised hierarchical clustering 
based on average AS-lncRNAs methylation per base 
pair clearly distinguishes between ALL and normal 
B-cell lymphoid precursors. Furthermore, it defines 
three sub clusters of ALL cases, which show evidence 
of possessing distinct tumor phenotypes based on clin-
ical age, gender and cytogenetic features. Therefore, 
it appears that classification of subtypes of ALL based 
on AS-lncRNA methylation profiles reflects the biol-
ogy of B-cell leukemia and may provide a new means 
for determining appropriate diagnosis, therapy and 
prognosis.
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Executive summary

Background
•	 Acute lymphoblastic leukemia (ALL) arises from a developmental abnormality within the progenitor B cells 

and precursor B-cell lymphoblast that may be the result of epigenetic changes as has been demonstrated in 
other malignancies.

•	 The recognition of long noncoding RNAs (lncRNAs) as important regulators of gene expression has provided 
new avenues of research into the etiologic mechanisms of cancer.

•	 The antisense subtype of lncRNAs appears to be an important factor in the regulation of protein coding 
genes.

•	 The expression of lncRNAs is also subject to DNA methylation.
Materials & methods
•	 Normal immature B-cell lymphoblasts from umbilical cord blood were sorted into four developmental stages 

by flow cytometry and compared with B-cell ALL samples.
•	 Differentially methylated AS-lncRNAs were identified using MIRA-seq (methylated CpG island recovery assay 

followed by next generation sequencing).
•	 Protein coding genes potentially regulated in trans by highly methylated AS-lncRNAs were identified by blast 

searches for reverse complementary nucleotide sequences.
Results & discussion
•	 ALL and normal B lymphoblasts may be readily distinguished by unsupervised hierarchical clustering based on 

mean AS-lncRNA base pair methylation.
•	 Significant hypermethylation of antisense-lncRNAs (AS-lncRNAs) occurs in ALL, pre-BII and naive B cells as 

compared with pro-B cells.
•	 Sequence alignments to the 25 most differentially methylated AS-lncRNAs revealed 368 genes, predominantly 

protein coding, with a median nucleotide identity of 90.8% and span of 122 bp with gene ontology terms 
related to regulation of biological process (GO:0050789) were highly represented.

•	 Hierarchical clustering of ALL based on hypermethylation of AS-lncRNAS reflects the biology of the disease 
and may provide new insights into its pathogenesis and therapy.
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outlined in the Declaration of Helsinki for all human or animal 

experimental investigations. In addition, for investigations in-

volving human subjects, informed consent has been obtained 

from the participants involved.
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