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ABSTRACT
Downregulation of miR26A1 has been reported in various B-cell malignancies; however, the mechanism
behind its deregulation remains largely unknown. We investigated miR26A1 methylation and expression
levels in a well-characterized series of chronic lymphocytic leukemia (CLL) and mantle cell lymphoma
(MCL). From 450K methylation arrays, we first observed miR26A1 (cg26054057) as uniformly
hypermethylated in MCL (n D 24) (all >75%), while CLL (n D 18) showed differential methylation between
prognostic subgroups. Extended analysis using pyrosequencing confirmed our findings and real-time
quantitative PCR verified low miR26A1 expression in both CLL (n D 70) and MCL (n D 38) compared to
normal B-cells. Notably, the level of miR26A1 methylation predicted outcome in CLL, with higher levels
seen in poor-prognostic, IGHV-unmutated CLL. Since EZH2 was recently reported as a target for miR26A1,
we analyzed the expression levels of both miR26A1 and EZH2 in primary CLL samples and observed an
inverse correlation. By overexpression of miR26A1 in CLL and MCL cell lines, reduced EZH2 protein levels
were observed using both Western blot and flow cytometry. In contrast, methyl-inhibitor treatment led to
upregulated miR26A1 expression with a parallel decrease of EZH2 expression. Finally, increased levels of
apoptosis were observed in miR26A1-overexpressing cell lines, further underscoring the functional
relevance of miR26A1. In summary, we propose that epigenetic silencing of miR26A1 is required for the
maintenance of increased levels of EZH2, which in turn translate into a worse outcome, as shown in CLL,
highlighting miR26A1 as a tumor suppressor miRNA.
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Introduction

MicroRNAs (miRNAs) belong to the class of small (»22
nucleotides) noncoding RNAs, known to play critical regula-
tory roles in normal cell development as well as during tumori-
genesis.1-4 The importance of miRNAs in tumor development
was first documented for the miR-15a/16-1 family in chronic
lymphocytic leukemia (CLL), where the deletion of this cluster
on chromosome 13q14 was reported in over two-thirds of CLL
patients.5 A number of studies have subsequently revealed the
biological and clinical relevance of different miRNAs in various
types of cancer, including CLL and the clinically more aggres-
sive mantle cell lymphoma (MCL).6-11

One of these miRNAs, miR26A1, was reported to be deregu-
lated in several cancer types, such as thyroid anaplastic carci-
noma, Burkitt lymphoma, and rhabdomyosarcoma, and was
proposed to function as a tumor suppressor miRNA.12-14

miR26A1 is known to be involved in several key signaling path-
ways (e.g., p53, TGF-b signaling) and to regulate several trans-
formation-related targets, such as SMAD115 and EZH2.13 The
latter is a member of the polycomb group (PcG) and a histone

methyltransferase catalyzing H3K27me3 methylation, which is
known to be overexpressed in different cancer types, including
CLL and MCL, and linked to poor outcome.16-18 Recently, the
direct effect of miR26A1 on EZH2 regulation was indicated in
lung cancer and nasopharyngeal carcinoma, where miR26A1
overexpression led to downregulation of EZH2, inhibition of
cell proliferation, and induction of apoptosis by blockage of the
G1/S phase transition.13,19

In CLL and MCL, miR26A1 expression was shown to be
noticeably lower in patient samples compared to normal B-
cells.20-22 However, the role of miR26A1 and the mechanism
behind its deregulation remains unknown. To gain insight into
this issue, we investigated the methylation status and gene
expression of miR26A1 in a well-characterized CLL (70 patients)
and MCL (65 patients) material. While MCL uniformly showed
high levels of miR26A methylation and low miR26A expression,
CLL patients showed a more varying methylation spectrum that
correlated with outcome. By overexpressing miR26A1 in CLL
and MCL cell lines, we showed downregulation of EZH2, sup-
porting a direct regulatory role of miR26A1.
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Results

DNA hypermethylation of miR26A1 in CLL and MCL

From our recent 450K DNA methylation array analysis in CLL,23

we observed a differentially methylated CpG site in miR26A1
(cg26054057) between prognostic subgroups based on IGHV gene
mutational status,24,25 with IGHV-unmutated cases displaying a
significantly higher methylation level than IGHV-mutated patients
(median 53.0% vs. 83.7%, P D 0.006; Fig. 1A). In MCL, we per-
formed 450K array analysis on 24MCL cases [12 high proliferative
(HP) C 12 low proliferative (LP)] and miR26A1 was found to be
homogeneously hypermethylated in all MCL samples (median
96.0% and 96.6% in LP and HP samples, respectively; Fig. 1B).

In order to extend these observations, we performed pyrose-
quencing to analyze the methylation status of miR26A1 (average
of 4 CpG sites) in an additional 38 MCL and 70 CLL samples.
Compared to normal controls, we observed that all CLL and MCL
samples were hypermethylated (Fig. 1C). In MCL, all samples
showed hypermethylation with high median percentage of
miR26A1 methylation (84.8%; range: 80.2-89.0%) (Fig. 1C), with
no difference between HP and LP cases, which is in line with our
array data. Similarly, the CLL samples showed a wider range of
miR26A1 methylation (80%; range: 58.6-89.3%). Again, IGHV-

unmutated cases showed significantly higher methylation levels
(median 88.9%), similar to MCL samples, as compared to IGHV-
mutated samples (median 62%, P< 0.00001; Fig. 1D).

DNA methylation status of miR26A1 predicts survival in
CLL

CLL patients were divided into cases with high or low miR26A1
methylation based on median value as cutoff (80%). Indeed, CLL
patients with high methylation levels showed a poorer overall sur-
vival compared to the patients with low methylation levels
(median survival 6.0 vs 17.2 years, P < 0.0001; Fig. 2A). Interest-
ingly, when we correlated the percentage of methylation to sur-
vival time in years (Fig. 2B), we observed that most of the IGHV-
mutated cases (17 out of 19 cases, 89%) with long survival times
(>10 years) showed lower methylation levels. On the other hand,
most IGHV-unmutated cases (15 out of 18 cases, 83%) with sur-
vival times below 10 y showed higher methylation levels (Fig. 2B).

Deregulated expression of miR26A1 in CLL and MCL

Using real-time quantitative PCR (RQ-PCR), we determined the
miR26A1 expression levels in 38MCL and 70 CLL patient samples

Figure 1. 450K methylation array and pyrosequencing data. Box plots showing miR26A1 methylation levels for CpG site cg26054057 in IGHV-mutated (n D 9) and IGHV-
unmutated (n D 9) CLL (A) and MCL (B) samples based on 450K methylation array data. Box plots showing percentage of DNA methylation levels of miR26A1, as assessed
by pyrosequencing in CLL (C) and MCL (D) primary samples along with normal B-cell controls.
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and compared to CD19C sorted B-cells from 6 healthy, age-
matched controls. As previously reported,20,22 both MCL and CLL
samples uniformly showed several-fold lower miR26A1 expression
compared to normal B-cell controls (Supplementary Fig. 1A).
Hence, no differential miR26A1 expression was observed between
IGHV-mutated/unmutated CLL samples or between HP and LP
MCL samples (Supplementary Fig. 1B). Accordingly, no differen-
ces in survival were detected in relation to miR26A1 expression,
based on the median value as cutoff level (0.000676) (P D 0.88;
Supplementary Fig. 1C). Nevertheless, most IGHV-mutated CLL
cases showed high miR26A1 expression and long overall survival
(8 out of 11 cases, 72%) and vice versa for IGHV-unmutated CLL
(13 out of 16 cases, 81%; Supplementary Fig. 1D).

miR26A1 targets EZH2 in CLL and MCL

Recently, miR26A1 was shown to target EZH2 and reduce its
expression in nasopharyngeal and hepatocellular carcino-
mas.26,27 To examine this potential link further, we first selected
primary CLL samples exhibiting high (10 samples) and low (10
samples) miR26A1 expression and analyzed the EZH2 mRNA
expression levels using RQ-PCR. As shown in Fig. 3A, a signifi-
cant negative correlation (P D 0.04, r = ¡0.45) was observed.
Next, we overexpressed miR26A1 in 4 CLL and MCL cell lines
(HG3, MEC1, Z138 and GRANTA519) using Amaxa nucleo-
fection: all 4 cell lines showed a significant overexpression of
miR26A1 with a few thousand-fold increase after transfection
(Fig. 3B). Even though no significant decrease in EZH2 mRNA
expression levels was seen (Supplementary Fig. 2A-B), we
observed a significant downregulation of EZH2 protein levels
compared to the negative control using 2 independent meth-
ods, i.e., Western blot analysis (Fig. 3C) and flow cytometry
(Fig. 3D and Supplementary Fig. 2C), hence suggesting that
that EZH2 is a target for miR26A1 in both CLL and MCL.

Loss of DNA methylation results in upregulation of
miR26A1 expression

To investigate the direct role of DNA methylation in regulating
miR26A1 expression, we treated the 4 MCL/CLL cell lines with

increasing concentrations of the methyl inhibitor DAC. As
shown in Fig. 4A-B, a corresponding increase of miR26A1
expression was demonstrated for all 4 cell lines with different
DAC concentrations. Since miR26A1 was negatively correlated
with EZH2 expression, we also analyzed EZH2 expression in
these DAC treated cell lines, showing a corresponding reduc-
tion of EZH2 with increasing miR26A1 (Fig. 4C-D).

Overexpression of miR26A1 leads to increased apoptosis

Finally, to study the role of miR26A1 in inducing apoptosis, we
performed Annexin V staining in cells overexpressing
miR26A1 demonstrating that increased levels of miR26A1
coincided with increased apoptosis in all 3 leukemic cell lines
investigated (HG3, Z138, and GRANTA 519) (Fig. 5 and Sup-
plementary Fig. 3).

Discussion

miR26A1 was recently suggested to act as a tumor suppressor
miRNA, and studies of CLL and MCL have revealed generally
lower miR26A1 expression levels compared to normal B-
cells.28-30 However, little is known about the mechanism lead-
ing to deregulation of miR26A1 in lymphoid malignancies.
From preliminary observations based on 450K methylation
array analysis, we noted that miR26A1 was hypermethylated in
most CLL and MCL samples, though with differential methyla-
tion between IGHV-mutated and unmutated CLL, while all
MCL samples appeared to be more uniformly hypermethylated.
This initial finding pointed to a potential involvement of aber-
rant DNA methylation in regulating miR26A1 expression.

To study this further, we decided to investigate larger series
of CLL and MCL patients using a more quantitative technol-
ogy, i.e., pyrosequencing. Indeed, miR26A1 was found to be
differentially methylated between favorable-prognostic IGHV-
mutated and poor-prognostic IGHV-unmutated CLL cases,
where the latter subgroup displayed significantly higher meth-
ylation levels, well in line with recent high-throughput studies
showing differential methylation between these sub-
groups.23,28,31,32 The degree of miR26A1 methylation was also

Figure 2. miR26A1 DNA methylation levels predicts overall survival in CLL. Kaplan-Meier curves for CLL patients with high and low DNA methylation (A). Scatter plots
showing methylation levels of miR26A1 plotted against survival data in years (B). Black dots represent IGHV-mutated samples and red dots IGHV-unmutated samples.
This scatter plot is again divided into 4 quartiles based on the median survival time in CLL (which is 10 years) and the median methylation percentage levels (which is
80% based on the pyrosequencing data).
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Figure 3. Correlation between miR26A1 and EZH2 expression. Scatter plot showing inverse correlation between EZH2 and miR26A1 expression levels in CLL patient sam-
ples (P < 0.05 and r = ¡0.4484) (A). Relative expression levels of miR26A1 in negative control mimic miRNA and miR26A1 mimic miRNA transfected cell lines. Left panel
shows data in HG3 and MEC1 CLL cell lines and right panel the corresponding data in Z138 and GRANTA519 MCL cell lines (B). Western blot analysis of EZH2 expression
levels in miR26A1 and control mimic miRNA transfected HG3/MEC1 CLL cell lines (left panel) and Z138/GRANTA519 MCL cell lines (right panel). GAPDH was used as inter-
nal loading controls. Histograms below Western blots show calculated band intensities based on 2 independent transfections (C). Percentage of EZH2 protein expression
using FACS analysis in CLL (left) and MCL (right) cell lines (D).

338 P. K. KOPPARAPU ET AL.



associated with a worse outcome in CLL, with significantly
shorter overall survival in patients with high miR26A1 methyl-
ation levels. Notably, the CLL cohort investigated did not con-
tain any 11q- or 17p-deleted case (which are already known to
render a poor outcome) to avoid biased results. In contrast, in
MCL, miR26A1 was highly methylated in almost all patient
samples, independently of whether they were judged as high or
low proliferative, indicating a more uniform silencing in MCL.

Next, we analyzed the miR26A1 expression in primary CLL
and MCL samples using RQ-PCR, overall demonstrating, as
expected, very low expression levels in both malignancies

(including both IGHV-mutated/unmutated CLL and HP/LP
MCL) compared to normal B-cells. To scrutinize the direct role
of DNA methylation in regulating miR26A1 expression, we
treated 4 CLL and MCL cell lines with the methyl inhibitor
DAC and observed a corresponding increase of miR26A1
expression. From these data, we conclude that epigenetic silenc-
ing of miR26A1 through DNA methylation appears to repre-
sent an important event in the pathobiology of both CLL and
MCL. This was further underscored by our findings that
miR26A1 overexpression in cell lines led to induction of apo-
ptosis, supporting its tumor suppressor properties, now also in
these 2 B-cell malignancies.

Overexpression of EZH2, a well-studied chromatin modifier,
is known to be associated with tumor invasion, tumor progres-
sion, and poor prognosis in many different cancer types,
including CLL and MCL.16,33,34 A key role of EZH2 in MCL
pathobiology was recently suggested from studies showing that
i) upregulated EZH2 conferred reduced expression of the tumor
suppressor miR29A, and ii) epigenetic silencing of HOX genes
in MCL was directed by EZH2.35 Since EZH2 most recently
was indicated as a direct target of miR26A1 in other cancer
types,26 we decided to investigate the potential consequence of
miR26A1 deregulation on EZH2 expression. To do this, we
overexpressed miR26A1 in CLL and MCL cell lines, which all
showed reduced protein expression levels of EZH2 using both
Western blot and FACS analysis. Importantly, this negative
correlation was also seen in primary CLL samples, where EZH2
expression was significantly higher in samples with low
miR26A1 expression and vice versa. In addition, in our re-
induction experiments of miR26A1 expression using the

Figure 4. Effect on miR26A1 and EZH2 expression levels after DAC treatment using CLL and MCL cell lines. Relative expression levels of miR26A1 in Z138 and GRANTA519
cell lines (left side) and HG3 and MEC1 cell lines (right side) after DAC treatment using increasing concentrations (A-B). Relative EZH2 mRNA expression for the same MCL
(left side) and CLL (right side) DAC treated cell lines (C-D). All samples were treated for 3 d; DAC was changed every 24 h.

Figure 5. Overexpression of miR26A1 induces apoptosis in CLL and MCL cell lines.
The percentage of Annexin V-positive cells analyzed using FACS for control and
miR26A1 mimic miRNA transfected cell lines. The percentage of Annexin V positive
cells show the average of 2 independent sets. The Annexin V levels were measured
after 24, 48, and 72 h.
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methyl inhibitor treatment, we observed a corresponding
decrease in EZH2 expression. Hence, our data strongly suggests
that silenced miR26A1 expression is a necessity for maintaining
high levels of EZH2 in CLL and MCL, which renders these cells
a proliferative and survival advantage.

In summary, this study highlights the importance of epige-
netic silencing of miR26A1 miRNA in CLL and MCL. Indeed,
overexpression of miR26A1 resulted in decreased levels of
EZH2, which in turn led to induction of apoptosis, further sup-
porting miR26A1 as an important tumor suppressor micro-
RNA. While hypermethylation was a uniform finding for all
MCL samples, a more varying degree of miR26A1 methylation
was seen in CLL, with high methylation predicting significantly
shorter survival, a finding that deserves further investigation.
Our novel observations further reinforces that EZH2 could be
one of the therapeutic targets with clinical impact in CLL.

Methods

Patient materials

Peripheral bloodmononuclear cells (PBMCs) from 70 CLL cases
(36 were IGHV-mutated and 34 IGHV-unmutated), collected
from the Biobank at Uppsala University Hospital, Sweden, and
University Hospital Brno, Czech Republic, were included in the
study. All CLL cases were diagnosed according to recently
revised iwCLL criteria36 and tumor samples were obtained
before treatment and had a high tumor percentage �70 %. The
MCL samples used for 450K array analysis (i.e., 12 HP C 12 LP
lymph node samples; all FACS sorted) were diagnosed according
to the WHO classification37 and collected from the Biobank at
Karolinska University Hospital, Huddinge, Sweden. For valida-
tion, an additional 38 MCL samples (17 HP C 21 LP lymph
node samples; tumor percentage �70 %) were collected from
the Department of Molecular Medicine, University of Pavia,
Italy. All MCL samples were classified as HP and LP based on
the percentage of Ki-67 staining using 25% as cutoff. Clinicobio-
logical characteristics of the CLL and MCL cohorts are summa-
rized in Supplementary Table 1. All patients provided informed
consent in accordance with the Helsinki Declaration and the
study was approved by the local ethics review boards. As normal
healthy controls, CD19C sorted B-cells were isolated from 6 age-
matched healthy donors (range: 62–75 years).

Methylation arrays

Bisulfite-converted DNA prepared from sorted MCL samples
was hybridized to the HumanMethylation450 (450K) BeadChip
Arrays (Illumina, San Diego, CA, USA) and processed as previ-
ously detailed.23

Pyrosequencing

The methylation status for the miR26A1 target region (127 bp)
containing 4 CpG sites was assessed using pyrosequencing; this
includes the CpG site which was shown to be differentially
methylated in primary CLL and MCL samples using 450K
arrays (ILMNID: cg26054057; Index: 152130). Genomic DNA
was bisulfite converted using the EZ DNA Methylation Gold

kit (D5005, Zymo Research, Irvine, USA) according to manu-
facturer’s protocol.38 The PyroMarkTM software (Qiagen)
was applied to design pyrosequencing primer sets and the
primer sequences are as follows; forward primer
(50-GGTTTTAGGGTTGGGGTTAGAA-30), reverse primer
(Biotin 50-ACCTACACAACCTATCCTAAATTACT-30) and
sequencing primer (50-GTTGGGGTTAGAAATTTT-30). The
pyrosequencing was performed according to the manufac-
turer’s instructions using the PyroMarkTM Q24 Advanced
pyrosequencer (Qiagen). The average percentage of methyla-
tion for all 4 CpG sites was calculated.

miR26A1 expression analysis using real-time quantitative
PCR

Total RNA was extracted using miRNeasy Mini Kit (217004,
Qiagen, Hilden, Germany) according to the manufacturer’s pro-
tocol. Reverse transcription was performed using the TaqMan
micro RNA transcription kit (4366596, Applied Biosystems, Fos-
ter City, USA). Real-time PCR was performed using the 7900HT
Fast Real-time PCR System instrument (Applied Biosystems,
Warrington, UK) using TaqMan gene expression assay for miR-
26A1 (has-miR-26a1, PN 4427975, Applied Biosystems, Foster
City, USA) according to manufacturer’s instructions. RNU6B
(PN 4440887, Applied Biosystems, Foster City, USA) was used
as internal control. All samples were run in triplicates. The rela-
tive expression of miR-26A1 to RNU6B (the standard reference
control miRNA) was calculated using the DCt method.

Cell lines and culture conditions

Four B-cell lymphoma cell lines, 2 CLL-derived (HG339 and
MEC140) and 2 MCL-derived (Z13841 and GRANTA 51942)
were cultured in RPMI 1640 (R0883, Sigma-Aldrich, St. Louis,
USA) supplemented with 10% fetal bovine serum (Sigma-
Aldrich, St. Louis, USA), 1£ penicillin/streptomycin (P4333,
Sigma-Aldrich, St. Louis, USA) and 100 mM and 200 mM L-
Glutamine (G7513, Sigma-Aldrich, St. Louis, USA) for CLL
and MCL cell lines, respectively.

Overexpression of miR26A1

miR26A1 transfection was performed on CLL and MCL cell
lines using custom designed miR26A1 oligo (has-miR-26a1,
4464066, Life technologies, Carlsbad, USA). The miR mimic
negative (mirVana miRNA mimic negative control, 4464058,
Life technologies, Carlsbad, USA) was used as negative control.
Transient transfection was carried out on an Amaxa Nucleofec-
tion Device II (Nucleofector 2b device, Lonza group AG, Basel,
Switzerland) according to the manufacturer’s instruction. In
brief, cells were split at a density of 1£106/mL in medium with-
out antibiotics 24 h before transfection. Thereafter, 2£106 cells
were collected and resuspended in 100 mL Amaxa Cell Line
Nucleofector Kit V with 100 pmol of miR26A1 mimic or miR
mimic negative control using the X-001 electroporation pro-
gram and cells were harvested after 24-72 h of transfection
depending on the downstream assay used.

340 P. K. KOPPARAPU ET AL.



DNA methyl inhibitor treatment

To investigate the effect of CpG methylation on gene expression,
cells were treated with the 5’-Aza-2’-deoxycytidine (DAC)
methyl inhibitor using CLL and MCL cell lines cultured in
RPM1 media as described previously.28 Briefly, the cultured cells
were checked for viability (>98 %) and split to contain 1£106/
mL. Cells were subsequently cultured over 3 d in supplemented
RPMI media treated with increasing concentrations of DAC (0,
5, 10, and 20 mM DAC; A3656, Sigma-Aldrich, St. Louis, USA).
DAC was changed every 24 h during treatment. Control cells
were cultured in similar way but with no drugs added. We per-
formed at least 2 independent experiments for every treatment
condition on all cell lines. DNA and RNA were extracted after
harvesting the cells to analyze miR26A1 methylation and expres-
sion levels by RQ-PCR and pyrosequencing, respectively.

Western blot analysis

Western blot analysis was performed using nuclear extracts of
transfected CLL and MCL cell lines, which were extracted using
the NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo
Scientific, Rockford, USA) according to manufacturer’s protocol.
Equal amounts of nuclear lysates were loaded on NUPAGE 10%
Bis-Tris gels (Invitrogen, Carlsbad, USA) and transferred to mem-
branes (Amersham Hybond ECL; GE Health Care Life Sciences,
Sweden). After blocking in TBS with the addition of 5% BSA, the
membranes were incubated with the appropriate primary and sec-
ondary antibodies, followed by washes with TBS containing 0.05%
Triton X-100. Blots were visualized with SuperSignal West Dura
Extended Duration Substrate (Thermo Scientific, Rockford, USA)
using the ChemiDoc XRSC (Bio-Rad) instrument. Primary anti-
bodies used for western blotting were: EZH2 (3147, Cell Signaling
Technology, Danvers, USA) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (SC-25778; Santa Cruz Biotechnology,
Dallas, USA), while the secondary antibodies were anti-mouse
IgG (Cell Signaling Technology, Danvers, USA) and anti-rabbit
IgG (Cell Signaling Technology, Danvers, USA).

Annexin V and EZH2 expression levels using FACS analysis

Apoptosis was measured by flow cytometry using a BD FAC-
SAria cell sorter and analyzed using the FACSDiva version 6
software (BD Biosciences). The FITC Annexin V Apoptosis
Detection Kit I (556547, BD Biosciences, New Jersey, USA) and
7-AAD (A1310, Thermo Scientific, Rockford, USA was used to
measure apoptosis and cell death for transfected cells according
to the manufacturer’s instructions. To analyze EZH2 protein
levels, cells were permeabilized with solution B (Intrasure kit,
641778, BD Biosciences, New Jersey, USA) followed by incuba-
tion with diluted EZH2 primary antibody (PA5-24594, Thermo
Scientific, Rockford, USA) and APC conjugated goat anti-rab-
bit IgG secondary antibody (A-10931, Thermo Scientific, Rock-
ford, USA).

Statistical analysis

Differences in gene expression and methylation levels between
groups were assessed using 2-tailed Student’s t-test. Patients

were classified as low or high expressing and low or high meth-
ylated based on the median value. Overall survival was calcu-
lated from time of diagnosis until date of death or last follow-
up. Kaplan-Meier analysis was performed to construct survival
curves and log-rank test was applied to evaluate differences
between subgroups. Correlation of expression level of
miR26A1 and EZH2 was assessed by Spearman’s rank correla-
tion coefficient. All statistical analyses were carried out using
Statistica Software version 12 (Stat Soft, Tulsa, OK, USA) and
GraphPad Prism version 6 (GraphPad Software, La Jolla Cali-
fornia, USA).
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