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ABSTRACT

Mature aggressive B-cell lymphomas, such as Burkitt lymphoma (BL) and Diffuse large B-cell lymphoma (DLBCL), show vari-
ations in microRNA (miRNA) expression. The entity of High-grade B-cell lymphoma with 11q aberration (HGBCL-11q) shares
several biological features with both BL and DLBCL but data on its miRNA expression profile are yet scarce. Hence, this study
aims to analyze the potential differences in miRNA expression of HGBCL-11q compared to BL and DLBCL. We evaluated the
expression profiles of 2083 miRNAs in 25 HGCBL-11q, 7 BL, 131 DLBCL, and tonsils using the HTG EdgeSeq miRNA whole

Abbreviations: BL, Burkitt lymphoma; DE miRNAs, differentially expressed miRNAs; DLBCL, diffuse large B-cell lymphoma; HGBCL-11q, high-grade lymphoma with 11q aberration; ICGC,
International Cancer Genome Consortium; MMML-Seq, molecular mechanisms in malignant lymphoma by sequencing; QC, quality control.
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transcriptome assay. Uniform manifold approximation and projection (UMAP) and differential gene expression analyses based

on DESeq2 were carried out. UMAP analysis of miRNA expression did not reveal distinct groups among the studied lympho-

mas. However, differential gene expression investigations detected sets of overexpressed miRNAs in HGBCL-11q when com-
pared to BL (miR-9-3p, miR-9-5p, miR-3919, miR-129-1-3p, miR-129-2-3p, miR-331-3p, miR-196b-5p, and miR-28-5p) and DLBCL
(miR-3919, miR-1290, miR-4538, and miR-4791), respectively. Notably, miR-3919 showed heterogeneous but significantly higher
expression (p-value <0.001) in HGBCL-11q than in both, BL and DLBCL. We identified a group of differentially expressed miR-
NAs between HGBCL-11q vs. BL and DLBCL, with miR-3919 as the most commonly and recurrently overexpressed miRNA in

HGBCL-11q.

1 | Introduction

MicroRNAs (miRNAs) are small, non-coding, single-stranded
RNA molecules that regulate physiological processes and malig-
nant transformation in B-cells at a post-transcriptional level [1].
In mature B-cell lymphomas, a group of miRNAs helped to dis-
tinguish between different categories, such as Diffuse large B-cell
lymphoma (DLBCL) and Follicular lymphoma (FL) [2], but also,
miRNA profiling was able to discriminate between the DLBCL
germinal center B-cell (GCB) and activated B-cell (ABC) subtypes
[3]. Additionally, a fair amount of MYC-regulated and nuclear
factor-kappa B pathway associated miRNAs was useful in differ-
entiating between Burkitt lymphoma (BL) and DLBCL [4, 5].

High-grade B-cell lymphoma with 11q aberration (HGBCL-11q)
is a mature aggressive B-cell lymphoma that shares some histo-
pathological and molecular aspects with both BL and DLBCL
[6, 7]. In particular, HGBCL-11q shows morphological and
gene expression features of BL whereas its mutational profile
and the pattern of structural variants resembles that of DLBCL
[7, 8]. With these characteristics, the current WHO classifica-
tion (WHO-HAEMS5) accepts it as a distinct aggressive B-cell
lymphoma entity [9]. While HGBCL-11qg mRNA expression has
been explored since its original description [6], to the best of
our knowledge still no data on miRNA expression in HGBCL-
11q have been published. Therefore, we herein investigated the
miRNA expression profile in HGBCL-11q and compared it to BL
as well as DLBCL.

2 | Materials and Methods
2.1 | Study Cohort

MiRNA gene expression analysis was conducted on formalin-
fixed, paraffin-embedded (FFPE) tissue of 25 HGBCL-11q, seven
BL, and 131 DLBCL, along with two tonsil specimens (with 5
and 6 replicates for tonsil 1 and 2, respectively). The BL were re-
trieved from previous studies [10] while the DLBCLs belong to
several clinical trials conducted by the German High-Grade Non-
Hodgkin's Lymphoma Study Group, including RICOVER-60 [11]
(n=11), RICOVER-noRTh [12] (n=27), DENSE-R [13] (n=18),
MegaCHOEP [14] (n=17), MegaCHOEP NI (n=13) [14],
SMARTE-R [15] (n=27), and MInT [16] (n=18). These trials
follow the Helsinki declaration, and the protocols have been ap-
proved by the respective ethics review committee of each partic-
ipating center. Of the 25 HGBCL-11q, seven have been analyzed
in previously published studies [6, 7, 17, 18]. The remaining 18
HGBCL-11q cases were obtained from multiple institutions and

study groups and met the classification criteria outlined in the 5th
edition of the World Health Organization following histopatho-
logical and cytogenetic investigations using fluorescence in situ
hybridization (FISH) and/or OncoScan technology (Thermo
Fisher Scientific, Waltham, MA, USA). Moreover, sequenc-
ing data of small RNAs from the ICGC (International Cancer
Genome Consortium)-MMML-Seq (Molecular Mechanisms
in Malignant Lymphoma by Sequencing) (ICGC MMML-Seq)
project were mined [5]. The study followed the guidelines of
ICGC MMML-Seq approved by the Medical Faculty's Ethical
Committee at University of Kiel (A150/10) and Ulm University
(349/11), and other institutions involved.

2.2 | Expression Profiling by HTG EdgeSeq Assays

In this study, we evaluated the expression profiles of 2083 miR-
NAs through the “HTG EdgeSeq miRNA whole transcriptome
assay” according to the manufacturer's instructions (HTG
Molecular Diagnostics, Tucson, USA). Briefly, FFPE samples
(a minimum of 6 mm? tissue in 10um thick sections) were
lysed by heating in lysis buffer at 95°C for 20min and subse-
quently incubated with Proteinase K at 50°C for 3h. After per-
forming the quantitative nuclease protection step in the HTG
EdgeSeq System, the resulting probes were amplified, purified
using AMPure XP beads (Beckman Coulter, Brea, CA, USA),
and analyzed by quantitative PCR using the KAPA Library
Quantification Kit (KAPA Biosystems, Wilmington, MA, USA)
according to the manufacturer's instructions. The concentra-
tion in each library was calculated using the HTG RUO Library
Calculator. The pooled equimolar libraries were diluted and
loaded onto an Illumina NextSeq 550 instrument, according
to the manufacturer's recommendations (Illumina, San Diego,
USA). Read quantification from Fastq files was performed using
HTG EdgeSeq parser software, and quality control was per-
formed using HTG Reveal software version 4.0.1.

Moreover, the cell of origin (COO) signature of all samples was
assessed using transcriptional profiling with the HTG EdgeSeq
Pan B-Cell Lymphoma Panel (HTG Molecular Diagnostics,
Tucson, USA) followed by application of the DLBCL automatic
classification (DAC) algorithm [19].

2.3 | Dimension Reduction and Differential Gene
Expression Analysis

Uniform manifold approximation and projection (UMAP) was
performed on the log2 transformed gene expression values
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(CPM values) using the umap package (version 0.2.10.0) with
default and different parameters (number of neighbors 5-20,
distance: Euclidean and Manhattan) and visualized using the
ggplot2 package (3). Differential gene expression analysis was
performed on raw counts using the DESeq2 package (ver-
sion 1.42.1). Data were adjusted using adaptive shrinkage in a
high-dimensional function (ashr). The obtained p-values were
corrected for multiple testing using Benjamini-Hochberg. In ad-
dition, the Linear Models for Microarray Data (limma) package
(3.56.2) was used as the second platform to estimate differen-
tially expressed genes. The limma “lmFit” function was handled
to fit a linear model to the gene expression data, with the design
matrix as the input. The “eBayes” function was placed to com-
pute moderated t-statistics and log2 fold changes. Differential
gene expression was considered significant when the adjusted
p-value was less than 0.05, and the log2 fold change was less
than —1 or greater than 1. The ggplot2 package was applied to
generate volcano plots. The log2 fold change is plotted on the x-
axis, and the negative log10 of the adjusted p-value is plotted on
the y-axis. The pheatmap package (version1.0.12) was employed
to generate heatmaps of the significantly differently expressed
miRNAs (DE miRNAs). All computational analyses were per-
formed in R (version 4.3.1).

3 | Results

3.1 | Quality Control and UMAP Analysis Based on
miRNA Assay

Our study examined the expression of 2083 miRNAs in 25
HGBCL-11q, 7 BL, and 131 DLBCL using the HTG EdgeSeq
miRNA whole transcriptome assay. All samples met the
quality criteria recommended by the supplier (Figure S1).
Nevertheless, for the differential expression analysis we ex-
cluded a set of 105 miRNAs that showed low mean expres-
sion (<1.6 of log2 transformed quantile normalized counts
plus one (QNC + 1)) across all samples, leading to a total of
1978 miRNAs entering the downstream analyses (Figure 1A).
Visualization of the expression of these 1978 miRNAs using
UMAP separated the tonsillar control tissues from the ma-
ture aggressive B-cell lymphomas (Figure 1B). On the other
hand, although UMAP provided some structure to the cases,
it did not form distinct clusters for the lymphoma subtypes.
Therefore, the unsupervised analyses of the expression values
of 1978 miRNAs could not unambiguously separate the lym-
phoma entities from each other.

3.2 | Differentially Expressed miRNAs in
HGBCL-11q Compared to BL and DLBCL

We used DESeq2 analysis to identify miRNAs expressed dif-
ferentially between BL and HGBCL-11q. We considered miR-
NAs with an adjusted p value <0.05 and a log2 fold change
less than —1 or greater than 1 as significantly differentially ex-
pressed (Figure 1C). As a result, we found 38 differentially ex-
pressed miRNAsin HGBCL-11q compared to BL, with 8 higher
and 30 lower expressed. In particular, the miRNAs higher ex-
pressed in HGBCL-11q were miR-9-3p, miR-9-5p, miR-3919,

miR-129-2-3p, miR-129-1-3p, miR-331-3p, miR-196b-5p, and
miR-28-5p. Instead, the miRNAs lower expressed in HGBCL-
11q compared to BL are, among others, miR-4314, miR-1258,
miR-6889-5p, miR-6869-5p, miR-6805-5p, miR-1908-5p, and
miR-5010-5p. Therefore, from the analysis performed, we
identified a group of miRNAs that were significantly higher
expressed in HGBCL-11q compared to BL. Notably, most of
these miRNAs showed a pronounced variable expression
within the HGBCL-11q group, as shown in the corresponding
heatmap (Figure S2).

The analysis using DESeq2 to compare miRNA expression be-
tween HGBCL-11q and DLBCL revealed 16 significantly differ-
entially expressed miRNAs. Four miRNAs were higher and 12
were lower expressed in HGBCL-11q. The higher expressed miR-
NAs in HGBCL-11q were miR-3919, miR-1290, miR-4538, and
miR-4791, while the lower expressed miRNAs were, among oth-
ers, miR-133a-3p, miR-206, miR-133b, and miR-1 compared to
DLBCL. The heatmap showed that the differential expression of
these miRNAs can distinguish separate groups of HGBCL-11q,
and again indicates a heterogeneous expression within HGBCL-
11q (Figure S2). Whereas DLBCL includes GCB, ABC, and
unclassified subtypes, HGBCL-11q usually displays a GCB ex-
pression signature. To rule out that the different COO subtypes
in DLBCL affect differential expression analysis to HGBCL-11q,
we next specifically focused on comparing HGBCL-11q to only
the DLBCL-GCB samples (n=49). Our analysis revealed 18 dif-
ferentially expressed miRNAs (4 higher and 14 lower expressed
in HGBCL-11q). No differences in the higher expressed miR-
NAs compared to the previous analysis (miR-3919, miR-1290,
miR-4538, and miR-4791) were identified. However, the group
of miRNAs expressed at lower levels in HGBCL-11q showed
some variations. For instance, miR-135b-5p, miR-146b-5p,
miR-222-5p, and miR-155-3p (Figure S2) were uniquely lower
expressed in HGBCL-11q compared to DLBCL, while miR-
3681-5p, miR-208b-3p, miR-146a-5p, miR-129-1-3p, miR-129-
2-3p and miR-4524a-5p were only identified in the comparison
between HGBCL-11q and DLBCL-GCB (Figure S3). Of note,
miR-129-2-3p was higher expressed in HGBCL-11q compared
to BL, but as shown from this latter result it is lower expressed
in HGBCL-11q vs. DLBCL-GCB. Furthermore, a DESeq2 analy-
sis was performed to find the miRNAs differentially expressed
between BL and DLBCL, thus revealing several downregulated
(miR-664a-3p, miR-155-5p, miR-196b-5p) and upregulated miR-
NAs (miR-25-5p and miR-18a-3p) in BL compared to DLBCL
which have resulted also in distinguishing both entities in previ-
ous publications [5].

3.3 | MiR-3919 is the Only miRNA Differentially
Expressed in HGBCL-11q Compared to BL
and DLBCL

In HGBCL-11q, miR-3919 showed a particularly higher expres-
sion in DESeq2 analysis compared to both, DLBCL and BL, re-
spectively. While there is some variation in the expression of
miR-3919 within the HGBCL-11q group, it was significantly
higher expressed in HGBCL-11q compared to BL, DLBCL and
the tonsils (Figure 1E). To validate this finding with an orthog-
onal method, we also examined miR-3919 expression in the
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small RNA sequencing dataset of the ICGC MMML-Seq cohort
[5]. Indeed, we found that compared to BL, DLBCL and normal
GCB cells, the highest expression of miR-3919 was in the only
HGBCL-11q sample (4135350) included in the ICGC MMML-
Seq small RNA sequencing dataset but which was not analyzed

herein (Figure 1F). Therefore, out of all the miRNAs detected
through the differential miRNA expression analysis, miR-3919
seems to be most consistently overexpressed in HGBCL-11q, im-
plying its potential relevance in at least a subset of cases of this
type of lymphoma.
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4 | Discussion

A set of miRNAs demonstrated a consistent expression pattern
in aggressive B-cell lymphomas such as BL [4] and DLBCL
[5]. This indicates the possibility of distinguishing between
these types of tumors based on miRNA profiling as well as
illustrating a potential biological impact in the pathogenesis
of these malignancies. Conversely, the miRNA expression in
HGBCL-11q has yet to be examined and to address this gap,
we compared the miRNA expression in HGBCL-11q to BL and
DLBCL. Although unsupervised UMAP analysis did not show
a clear separation between the lymphoma entities interro-
gated, further investigation of the differential miRNA expres-
sion revealed a group of significantly differentially expressed
miRNA in HGBCL-11q compared to the other two categories
(BL and DLBCL) thus suggesting that HGBCL-11q has a dis-
tinct miRNA expression signature, albeit with heterogeneous
expression levels. A group of miRNAs display significantly
higher expression levels and most of them (i.e., miR-9, miR-
28-5p, miR-129-2-3, and miR-331-3p) are typically present
in normal GC B-cells, specifically in centroblasts [20, 21].
Although previous studies on non-neoplastic B-cell miRNAs
indicated that the regular expression pattern of B-cell lineage-
specific miRNAs is maintained in the malignant counterpart
[20] our DESeq2 analysis highlighted a distinct difference in
the GC-expressed miRNAs in HGBCL-11q when compared to
other mature GCB lymphomas. For example, miR-9, which
has been reported to be highly expressed in BL compared to
DLBCL [5], is much more overexpressed in HGBCL-11q than
in BL. MiR-28-5p which was previously described as lower ex-
pressed in BL [22] was instead higher expressed in HGBCL-11q
compared to BL. Additionally, miR-129-2-3p is overexpressed
in HGBCL-11q than BL but lower expressed when compared to
DLBCL-GCB. This latter miRNA has been reported to be lower
expressed in BL whereas it was overexpressed in a subset of
DLBCL compared to FL [5].

HGBCL-11q and DLBCL showed differential expression of
specific miRNAs, with variability observed when comparing
HGBCL-11q to DLBCL or DLBCL-GCB, specifically for the
lower expressed miRNAs. For instance, miR-222 was found
to be significantly lower expressed in HGBCL-11q compared
to all DLBCL but not compared to DLBCL-GCB. It was also

reported to be expressed at lower levels in BL vs. DLBCL [4].
Furthermore, previous studies have indicated that miR-222 is
also lower expressed in normal GC B-cells compared to plasma
cells, memory B-cells [23] and naive B-cells [20].

Among the various highlighted miRNAs, just one miRNA,
miR-3919, was consistently higher expressed in HGBCL-11q in
all DESeq2 analyses, making it the most intriguing and unex-
plored. It is worth mentioning that miR-3919 by an alternative
bioinformatics approach using Limma analysis did not show
significant expression in the HGBCL-11q vs. BL comparison,
most likely due to its heterogeneous expression in HGBCL-11q
or sample size. Moreover, in previous publications miR-3919
was reported to be expressed in the EBV-positive BL lym-
phoma cell line Daudi [23]. However, miR-3919 was highly
expressed exclusively in the HGBCL-11q group and in most of
the samples (60%). In fact, miR-3919 showed high expression
in the single HGBCL-11q case from the ICGC MMML-Seq co-
hort that was tested by an alternative technology, supporting
its expression to be associated with HGBCL-11q. Regarding
the function of miR-3919, despite it being rarely reported, re-
cent research has found that miR-3919 is among a cluster of
miRNAs that seems to be moderately increasing with age [24],
although in the HGBCL-11q groups we did not observe a cor-
relation between the miR-3919 expression and age difference;
also, miR-3919 appears to play a pathogenic role in certain
epithelial tumors, such as prostate cancer [25]. Additionally,
its expression has been identified in aggressive mature B-cell
tumors [23], and based on our results, especially in HGBCL-
11g. However, its particular monitoring task in this context is
still unknown. Further investigations are needed to better un-
derstand the role of miR-3919. However, its presence in FFPE
samples may serve as a potential biomarker for diagnosing
HGBCL-11q. This opportunity is attributed to its significant
expression levels and the observation that miRNAs are gen-
erally better preserved than mRNA during formalin fixation
and paraffin embedding. Additionally, detecting miR-3919
through liquid biopsy could extend its clinical utility. In con-
clusion, we unraveled a differential miRNA expression profile
between HGBCL and detected a group of differentially ex-
pressed miRNAs in HGBCL-11q compared to BL and DLBCL,
with miR-3919 being the most recurrently overexpressed
miRNA in HGBCL-11q.

FIGURE1 | MiRNA expression in HGBCL-11q compared to BL and DLBCL. A: Overview of study cohort. Number of samples per group and miR-

NAs are indicated before and after QC with also the DE miRNAs. B: Uniform Manifold Approximation and Projection (UMAP, default parameters)
based on the miRNA expression (n=1978) of HGBCL-11q (n=25), BL (n=7) and DLBCL (n=131) and tonsillar controls (n =11, two tonsils with 5
and 6 replicates). C: The volcano plot displays the DE miRNAs between HGBCL-11q and BL using DESeq2. The DE miRNAs are colored according to
their log2 fold change and adjusted p-value, and the horizontal and vertical lines represent significance thresholds. Please note the different axis scal-
ingin C and D. D: The volcano plot displays the DE miRNAs between HGBCL-11q and DLBCL using DESeq2. The DE miRNAs are colored according
to their log2 fold change and adjusted p-value, and the horizontal and vertical lines represent significance thresholds. Please note the different axis
scaling in C and D. E: Expression of miR-3919 within the mature aggressive B-cell lymphoma entities in this study: HGBCL-11q (n=25), BL (n=7),
DLBCL (n=131) and tonsillar controls (n=11, two tonsils with 5 and 6 replicates). Pairwise, two-sided Wilcoxon test with Benjamini-Hochberg
correction for multiple testing. ***p <0.001, ****p <0.0001. Boxplot settings: Middle, median; lower hinge, 25% quantile; upper hinge, 75% quantile;
upper/lower whisker, largest/smallest observation less/greater than or equal to upper/lower hinge +1.5 * IQR. F: MiR-3919 expression in HGBCL
(HGBCL-11q [n=1], BL [n=15], DLBCL [n=11] and germinal center B cell populations [GCB cells, n=3]) determined by small RNAseq within the
ICGC MMML-Seq project [7]. Boxplot settings: Middle, median; lower hinge, 25% quantile; upper hinge, 75% quantile; upper/lower whisker, largest/
smallest observation less/greater than or equal to upper/lower hinge +1.5 * IQR.
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