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Abstract

Purpose—MicroRNAs (miRs) are post-transcriptional gene regulators that may be useful as
diagnostic and/or prognostic biomarkers. We aim to study the expression profiles of a high
number of miRs and their relationship with clinicopathological and biological relevant features in
leukemic mantle cell lymphomas (MCL).

Experimental design—Expression profiling of 664 miRs was investigated using a high-
throughput quantitative real-time PCR platform in 30 leukemic MCL. Statistical and bioinformatic
analysis were performed to define miRs associated with different clinicopathological parameters.
Gene expression profiling was investigated by microarrays in 16 matching cases to study the
potential genes and pathways targeted by selected miRs. The prognostic value of miR-34a was
investigated in two independent series of 29 leukemic and 50 nodal MCL.

Results—Robust consensus clustering defined two main MCL subgroups with significant
differences in the immunoglobulin (/GHV) mutational status, SOX11 expression, genomic
complexity and nodal clinical presentation. Supervised analyses regarding /GHVand SOX11
categories identified 17 and 22 miRs differentially expressed, respectively. Enriched targets of
these miRs corresponded to relevant pathways in MCL pathogenesis such as DNA stress response,
CD40 signaling and chromatin modification. Additionally, we found seven miRs showing
prognostic significance independently of /GHV status and SOX11 expression. Among them,
miR-34a was also associated with poor prognosis in two independent series of leukemic and nodal
MCL, and in cooperation with high expression of the MY C oncogene.
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Conclusion—We have identified miRs and target pathways related to clinical and biological
variants of leukemic MCL, and validated miR-34a as a prognostic marker in MCL.

INTRODUCTION

MicroRNAs (miRs) are non-coding small RNAs that bind to specific mRNA target
transcripts leading to their degradation and/or translational blocking and, consequently,
acting as negative regulators of gene expression (1, 2). Posttranscriptional miR regulation
seems to be focused on gene transcripts involved in physiological differentiation,
proliferation and apoptosis processes (3, 4). Concordantly, miR-expression deregulation has
also been described in many types of neoplasm and has proven to be useful as biomarkers
for diagnosis (5, 6). Some cancer-related miRs are also causally involved in oncogenesis due
to their impact in the deregulation of oncogenes and tumor suppressor genes, and may have
prognostic significance as has been previously shown in certain lymphoid neoplasms (7).

Mantle Cell Lymphoma (MCL) is considered an aggressive entity genetically characterized
by the t(11;14) (q13;932) translocation resulting in the overexpression of the CCND1 gene
(8). In addition to this primary genetic alteration, most MCL carry a high number of
recurrent secondary chromosomal aberrations that contribute to the additional oncogenic
events necessary for the progression of the disease (9). These secondary alterations result in
alterations of coding genes involved in cell cycle regulation, DNA damage response, and
survival signaling pathways among other oncogenic relevant mechanisms (10). Several
genes of these pathways may also be deregulated post-transcriptionally by different miRs in
MCL and concordantly their altered expression has been related to their biologic and
prognostic features (11, 12). Recent studies have identified a MCL subset that tends to
present clinically with a leukemic non-nodal disease and an indolent evolution (13-17).
These cases have frequently mutated /GHV;, low number of chromosomal alterations in
addition to the t(11;14) translocation, and a gene expression signature, including SOX11
downregulation, that also differs from conventional MCL with nodal presentation and an
aggressive clinical course. These different clinical and biological features suggest that they
may correspond to a different subtype of the disease. Recent studies have investigated the
miR profile of MCL and have identified subsets of miRs related to the prognosis of the
patients and the potential regulation of pathogenetic pathways (11, 12, 18). However, these
studies analyzed mainly conventional MCL with nodal presentation and the number of miRs
investigated in some of the works was rather low.

In this study, we have investigated a genome-wide profile of human miRs in a series of
leukemic MCL samples including the /GHV mutational status and SOX11 expression and
analyzed their relationship with the clinical and biological characteristics of the patients, in
order to identify potential miRs and their target pathways that may contribute to the
pathogenesis of MCL and its clinical and biological variants.

MATERIAL AND METHODS

Primary samples

Three different series of primary MCL samples were studied. An initial series for miR
profiling consisted of peripheral blood samples from 30 patients with leukemic MCL. Two
independent series of 29 leukemic and 50 nodal MCL were also used for the validation of
the prognostic value of selected miR. The main clinical and biological characteristics of
these MCL series are summarized in Supplementary Table 1. All samples were obtained
from the Departments of Pathology of the Hospital Clinic (Barcelona), Institute of Pathology
(Wirzburg and Stuttgart), and Hematology Branch of NHLBI, NIH (Bethesda). The
leukemic MCL were selected on the basis of sample availability for tumor cell purification,
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whereas tissue samples were selected on the basis of high content of tumor cells (> 85%).
All samples were obtained prior to any treatment and at diagnosis. All MCL cases of the
study were positive for cyclin D1 expression. The /GHV mutational status was studied using
a previously described method (19). The study was approved by the Hospital Clinic of
Barcelona Institutional Review Board.

RNA isolation and miR RT- gPCRs

Total RNA was isolated from all samples using Trizol™ Reagent following the
manufacturer’s instructions (Invitrogen, Paisley, UK). A total of 664 human miRs were
investigated using a RT-looped qPCR performed with the TagMan Human A + B
microRNA fluidic card system (Applied Biosystems, Darmstadt, Germany) as detailed in
Supplementary Material and Methods.

Gene expression and genomic alterations

The gene expression profiles of 16 cases with additional RNA available were investigated
for further correlation analysis with the miR expression data. The gene expression was
studied using hybridization to Affymetrix HG133Plus 2.0 (Affymetrix, Santa Clara, CA)
microarrays as previously described (13), and normalized and processed as detailed in
Supplementary Material and Methods section. The raw data has been deposited in the Gene
Expression Omnibus (GEO) database (GSE36000). In addition, SOX11 mRNA expression
measured by gRT-PCR and the genomic profile studied by SNP-arrays were available in all
and 23 cases, respectively, from a previous study (16). Expression quantification of
additional genes is detailed in Supplementary Material and Methods.

Statistical and bioinformatics analysis

RESULTS

The miR expression data were analyzed with the Consensus Clustering (CC) method as
implemented in the Consensus Cluster Plus package from Bioconductor (20). CC is a
previously validated approach to improve the classical hierarchical clustering methods in
order to obtain reliability in the number of subgroups present in the dataset and the group
memberships of cases (21) (see Supplementary Material and Methods for details). To define
the miRs differentially expressed in relation to /GHV/status and SOX11 expression in the
whole series and in relation to the clusters identified in the previous analysis, we used a
supervised method based on the empirical Bayes moderated t-statistic from the
Bioconductor package limma (http://cran.r-project.org). The potential genes and pathways
regulated by the miRs found differentially expressed as well as the associations between
miR expression and clinical features were analyzed using different bioinformatic and
statistical methods detailed in Supplementary Material and Methods.

miR expression profiling and relationship to IGHV mutational status and SOX11

expression

A total of 583 miRs of the 664 examined showed detectable expression by gRT-PCR in at
least one sample of the initial leukemic MCL series. We selected a subset of 286 miRs
showing an expression variation > 50t percentile of the variation degree among samples
and with detectable expression in more than 25% of cases (Supplementary Table 2 and
Figure 1a). An unsupervised consensus clustering analysis was performed trying different
partitions (from k = 2 to k = 6). The empirical cumulative distribution function demonstrated
that approximate maximum stability of partitioning was reached at k = 3, indicating that the
optimal number of robust clusters in this data set was three (Supplementary Figure 1a), as
can also be observed in the consensus matrix plots (Supplementary Figure 1b). Only two
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samples (MCL#29 and MCL#30; Supplementary Table 3a) showed less robust cluster
membership even at k = 3 (Supplementary Figure 1c), and therefore were excluded to define
the representative samples for each of the core clusters (named as A, B and C) used in
subsequent analyses (Figure 1b).

The clinical and biological characteristics of the patients in the three core clusters are
summarized in Table 1. Patients in clusters A and B had significant differences in several
parameters whereas patients in cluster C had intermediate features between them. Cluster A
included patients with nodal presentation (100%) and tumors with unmutated /GHV (86%),
high number of chromosomal alterations (mean 8.3; range 2-19) and high levels of SOX11
expression (mean 25.65; range 11.3-42.1 Relative Units (RU)) whereas patients in cluster B
had more frequently non-nodal disease (83%) (£ = 0.006) and tumors with mutated /GHV
(100%) (P =0.006), low number of chromosomal abnormalities (mean 0.8 range 0-2) (P=
0.041) and low or negative expression of SOX11 (mean 1.55; range 0-8.8 RU) (P=0.011).

Next, we performed a supervised analysis to find differentially expressed miRs between the
two /GHV mutational categories. This analysis showed 17 miRs overexpressed in
unmutated (U) compared to mutated (M) MCL cases (Supplementary Table 4a and Figure
1c). Interestingly, the top three significant miRs (miR-455-5p/3p and miR-708) were also
the only significant miRs found when a supervised analysis was performed between the two
different /GHV mutational subgroups in the cluster C (Supplementary Figure 2 and
Supplementary Table 5a).

Finally, a total of 22 miRs were differentially expressed in MCL according to SOX11
expression (Supplementary Table 4b and Figure 1c), but 16 of these miRs overlapped with
those found differentially expressed in relation to the /GHV status, and the remaining were
also found related to /GHV/ status but only in some comparisons between subgroups with
different /GHV status among the core clusters (Supplementary Table 5b). Given these
similarities we concentrated in the miRs differentially expressed between the /GHV subsets
of MCL in the subsequent analyses.

Pathway enrichment analysis of predicted miR targets differentially expressed among
subgroups of leukemic MCL

To determine the potential genes and pathways modulated by the relevant miRs
differentially expressed in the MCL with mutated and unmutated /GHV, we compared the
expression of these miRs and their putative target coding genes included in high throughput
gene expression profiling arrays performed in a common series of 16 MCL, and using the
tools described in the material and methods section. The top miRs differentially expressed in
this set of 16 cases were representative of the whole series (Supplementary Table 6a). The
obtained ranked target genes according to their inverse expression correlation with these
miRs are shown in the Supplementary Table 7a. We performed a GSEA analysis on these
pre-ranked genes using several gene sets and functional pathways involved in B-cell
lymphomagenesis (See Supplementary Material and Methods). This analysis showed that
the target genes of the differentially expressed miRs were enriched in several pathways
including “Response to DNA stress” (GO:0006950; involving 19 genes) as the most
significant (Supplementary Table 7b, Supplementary Figure 3). Noticeably, among the
genes in this pathway was A 7/M, the inactivation of which is associated with increased
chromosomal instability in MCL tumors (22). ATM is a validated target of miR-181a/c (23,
24) and in our series was downregulated in U-MCL compared to M-MCL (-1.24 log fold
change) (Supplementary Table 6b) and showed a significantly high inverse correlation with
miR-181a/c (Supplementary Table 7a), noticeably even in the absence of ATM locus
deletions at 11g22.3 (see case MCL#3, Supplementary Table 3b). These results suggest that
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miR-181a/c upregulation may be an alternative mechanism to 11q deletions to downregulate
ATM (Table 1).

The differentially expressed miRs between U- and M-MCL also targeted genes of the CD40
ligand pathway, which are usually expressed at higher levels in memory cells than in
germinal center centroblasts or naive subpopulations of cells in the mantle zone area (25)
(Supplementary Table 7b and Supplementary Figure 3). Thirteen of the 27 genes included in
this signature were highly expressed in M-MCL compared to U-MCL, and were inversely
correlated with 8 out of the 17 miRs differentially expressed between U and M-MCL
(Supplementary Table 7c).

The previous analysis did not reveal predicted targets for miR-455-5p/3p and miR-708, the
three most significant miRs differentially expressed between U- and M-MCL. Therefore, we
explored further the potential genes and pathways targeted by these miRs using a Gene
Group Functional Profiling tool (g:GOSt-g-Profiler), an improved method for multiple
testing correction on complex functional term analysis (26). Using genes with the higher
75% inverse expression mMRNA levels with miR-455-5p/3p/miR-708 this method revealed
several pathways with significant terms including protein modification by methylation
transferase activity, containing 9 genes in common involved in epigenetic modifications of
histones (Supplementary Table 8a/8b). Using a more stringent gene set only comprising
genes with the higher 30% from the ranked inverse correlation list, four of the previous
genes with methyl transferase activity (EZH1, MLLZ, SETDBI and HEMKI) were also
present (Supplementary Table 8a/b). All these genes were expressed at lower levels in U-
MCL than in M-MCL, and with log fold changes ranging from —0.25 to —-0.37
(Supplementary Table 6b). A further validation by gRT-PCR demonstrated a significant
inverse expression correlation of miR-455-5p and MLL2 (P = 0.045) (Supplementary Figure
4) suggesting that miR-455-5p expression could contribute to the biological and clinical
differences between U- and M-MCL subgroups by modulating this epigenetic regulator of
gene expression.

miR expression and clinical outcome

In this series, MCL with unmutated /GHV or high SOX11 expression levels had a worse
prognosis than tumors with mutated /GHV or with low or negative SOX11 expression (P=
0.008 and P=0.039, respectively) (Supplementary Figure 5). To identify miRs that could
add prognostic value to these parameters we used Cox regression with these two variables
and each individual miR. A total of 7 miRs showed a significant impact on overall survival
(OS) with shorter survival associated with high expression in 2, and with low expression in
5 of them (positive and negative Cox coefficients, respectively; Table 2).

As proliferation is one of the most important prognostic factors in MCL we analyzed the
possible relationship between miR expression and gene expression proliferation signature
(27), in the 16 cases with GEP analysis (Supplementary Table 3b). We found 36 miRs
significantly correlated with this signature, some of them with known targets of cell cycle
regulation (Supplementary Tables 9/10). None of the 7 miRs that added prognostic value to
SOX11 expression or /GHV mutational status were included among them.

Among the miR with most prognostic significant impact (£ < 0.01), miR-34a raised our
interest because of its association with the control of several relevant genes of MCL
pathogenesis, such as CDK4, CDK6, MYC, and CCND1, among others (28). The survival
impact of this miR in MCL has not been previously investigated. Interestingly, we
categorized miR-34a expression into high and low groups among the 30 leukemic MCL
series using the best cutoff identified with Maxstat software (Figure 2), and combined these
groups with those previously defined categories of /GHV/ status and SOX11 expression.
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Low expression levels of miR-34a were associated with a significant worse outcome in U-
MCL (P =0.037) and SOX11-positive MCL (P = 0.008) subgroups compared to cases with
high miR-34a expression included in the same subgroups (Supplementary Figure 6). A
similar tendency was observed inside the M-MCL (P = 0.067) and SOX11-negative MCL
subgroups (P = 0.085) (Supplementary Figure 6). Finally, the association of miR-34a
expression and survival was validated in an independent series of 29 leukemic MCL. In this
series, the miR-34a low levels were also associated with worse prognosis (median OS: 25
months) compared to patients with higher expression (median OS: 67 months) (P= 0.041)
(Supplementary Figure 7).

One of the demonstrated miR-34a targets is MYC, the overexpression of which has been
associated with poor outcome in MCL (28-30). Moreover, miR-34a has been previously
described to affect the MYC transcriptional activity in solid tumors (31-33). To determine
whether the poor prognosis of miR-34a downregulation and MY C overexpression are
mutually related in MCL we investigated these transcripts in 38 leukemic MCL with
additional RNA available and in an independent series of 50 nodal MCL. In both groups of
cases, the results showed that low expression of miR-34a was associated with a significantly
shorter overall survival (OS) (P=0.001) in patients who also had high MYC expression
(median OS for leukemic and nodal cases: 9 and 21 months, respectively) in comparison
with those patients with only one of these factors (median OS for leukemic and nodal: 58
and 49 months, respectively) or none of them (median OS for leukemic and nodal: not
reached and 64 months, respectively) (Figure 3). These results support that downregulation
of miR-34a and MY C overexpression cooperates in the aggressiveness of these tumors.

DISCUSSION

In the present study we have investigated the expression of a high number of miRs (664) in a
series of leukemic MCL and have identified three robust subgroups of tumors with a
different miR expression profile. Two of these clusters (A and B) included tumors with
significant differences in their clinical and biological characteristics whereas the third cluster
(cluster C) was composed of tumors with intermediate features. The clinical and biological
characteristics of the A and B subgroups are concordant with the two molecular subtypes of
MCL that we have recently identified based on the /GHV mutational status and SOX11
expression (14). Tumors in miR cluster A were characterized by unmutated /GHV; high
expression of SOX11, complex karyotypes and a nodal clinical presentation whereas tumors
in cluster B had mutated /GHV; negative or very low SOX11 expression, low genomic
complexity and non-nodal presentation. The differences in the miR expression profile
between these two groups would support the hypothesis that they may correspond to
different biological subtypes of MCL.

Recently, Igbal et al have described three miR clusters in lymph node MCL based on the
expression profiling of 377 miRs, all included in our study (18). These three clusters are
different from the ones identify in our work. One of these clusters (A) was defined by miRs
involved in control of cell proliferation and apoptosis, whereas the other two (B and C)
included miRs related to growth inhibitory functions depending on the accompanying
stroma compartment. Concordant with the different biological significance of the clusters in
both studies, we only observed four overlapping miRs between the clusters in the two
studies, namely miR-363 that is upregulated in both clusters A, miR-1 that is upregulated in
both clusters C, and two miRs associated with stroma inhibitory functions in Igbal’s cluster
B that were upregulated in our cluster C (miR-539 and miR-485-3p). Moreover, miRs found
significantly related to the gene expression proliferation signature (27) are poorly
overlapped between our leukemic samples and those described in Igbal et al. (only
miR-199a-5p and miR-485-3p). These differences may be due in part to the different
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subtypes of MCL and type of tumor samples (leukemic vs nodal) investigated in the two
works that reflect the biological heterogeneity of MCL and the importance of the
microenvironment in modulating the miR expression. In this sense, the differences in miR
expression between leukemic and nodal samples are concordant with our previous
observation that the expression of some miRs is modulated between peripheral blood and
lymph node microenvironment (34).

A supervised analysis of the miRs differentially expressed between MCL with mutated and
unmutated /GHV/in our study showed 17 miRs overexpressed in U- compared to M-MCL
with the top three being miR-708 and miR-455-5p/3p. A similar supervised analysis in the
tumors according to SOX11 expression showed that the miRs differentially expressed in
these two subgroups virtually overlapped with those found related to the /GHV mutational
status, reflecting the close relationship previously described between these two parameters
(14). The comparison of the miR expression levels and their paired gene expression profiles
followed by a pathway analysis identified that the putative miR targets of the differentially
expressed miRs between U- and M-MCL mainly regulated the “response to stress”, CD40
signaling pathway and genes related to epigenetic modifications.

ATM was one of the genes included in the “response to stress” pathway. This gene is a key
regulator of the DNA damage response pathway (35), whose inactivation by deletion and/or
mutation has been described in MCL in relation to increased chromosomal instability (22).
In our leukemic MCL, ATM mRNA showed a highly inverse correlation with their
predicted regulators miR-181a/c and a pronounced downregulation in U-MCL compared to
M-MCL. As ATM has been validated experimentally as a target of miR-181 family with
functional impact (23), and our results show that ATM downregulation was associated to
high levels of miR-181c even in absence of ATM locus deletions. These findings suggest
that miR-181 upregulation may be an alternative mechanism to 11q deletions to
downregulate ATM.

CDA40 signaling pathway (25) was also identified as a significant target of the miRs
differentially expressed between U- and M-MCL. Interestingly, this pathway was previously
described to be targeted by miR-377, miR-378 and miR-204 in nodal MCL samples (11). In
our analysis, some genes of this pathway were identified as targets inversely correlated with
miRs highly expressed in U-MCL compared to M-MCL. This finding would seem consistent
with the activation of the CD40 signaling pathway in memory cells compared to cells in the
mantle zone area (25).

miR-708 and miR-455-5p/3p were among the highest miRs differentially expressed between
IGHV U- and M-MCL and SOX11-positive and negative MCL. The target genes of these
miRs are not well known but recent studies have highlighted their potential role in
hematological malignances (36, 37). In our work, the pathway analysis of the inversely
correlated predicted targets of these miRs identified genes coding for histone-modifying
proteins. Among them MLL2 was validated by qRT-PCR as inversely expressed to
miR-455-5p. Interestingly, this gene was found mutated and inactivated in a high proportion
of follicular and diffuse large B-cell lymphomas (38). Further studies are required to
confirm the relevance of these mechanisms in MCL.

The understanding of the heterogeneity in the clinical presentation and evolution of MCL
requires the identification of biological parameters related to the different evolution of the
patients. Previous studies have demonstrated the value of /GHV mutational status and
SOX11 expression in defining subgroups of MCL patients with different clinical evolution
(13-17, 39). We have now found 7 miRs the expression levels of which had a significant
survival impact independent of the /GHV and SOX11 alterations, and were not correlated
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with the gene expression proliferation signature previously described as prognostic factor in
MCL (27). None of these miRs had been previously found related with prognosis in MCL
(11, 18), but these studies had evaluated only nodal MCL emphasizing the possible
biological and clinical differences of our cohort of patients. Among these miRs, miR-34a
targets several relevant genes in MCL pathogenesis such as CDK4, CDK6, MYC, and
CCND1 among others (28). We observed in two independent series of leukemic MCL that
its decreased expression was associated with a poor survival, concordantly with its described
role as tumor suppressor (28). Although the number of patients is limited, this prognostic
value was also observed in the subgroups of U-MCL and MCL with high SOX11
expression. miR-34a had been previously described as a negative regulator of MYC—
dependent transcription (31-33) and MY C overexpression has been associated with poor
prognosis in MCL (29, 30). Therefore, we studied the expression of miR-34a and MYC for a
possible cooperation between them in independent series of nodal and leukemic MCL. Our
results showed that tumors with the concomitant highest levels of MYC and simultaneously
the lowest of miR-34a had significant shorter overall survival than cases with high
expression of only one or none of these factors. These results would support the cooperation
of this miR and one of its targets in tumor progression and suggest that the prognostic value
of some miRs could be enhanced by the simultaneous study of their targets.

In summary, we have shown that miR expression profiles identify two main subgroups of
leukemic MCL with clear differences in /GHV mutational status, SOX11 expression, nodal
presentation, and number of chromosomal alterations. The differentially expressed miRs
seem to regulate different pathways relevant for MCL pathogenesis including DNA damage
response in U-MCL. On the other hand, a subset of miRs had prognostic implications
independently of /GHV mutational status and SOX11 expression. Among them, miR-34a
downregulation was validated in two independent series of leukemic and nodal tumors and
associated with poor prognosis in cooperation with high MY C expression. All these results
highlight the biological and clinical significance of miRs expression in MCL, supporting
their involvement in the pathogenesis and prognosis of these tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Heat map of the normalized expression values of the 286 miRs showing gene expression
variation > 50t percentile of the variation degree among the leukemic MCL samples.
Sample order is the same in all panels, as obtained from the consensus clustering analysis,
and here also including at the extreme right side the expression values of the two samples
excluded from the core clusters. miRs are clustered using a Pearson algorithm. (B)
Consensus matrix plot showing the three robust core clusters generated at k = 3 from the
miR expression profiling data obtained by qRT-PCR, together with /GHV mutational status
and SOX11 expression data. (C) Heat map of the normalized miR expression values of the
significant miRs found in the supervised analyses considering either /GHV status as SOX11
expression categories along the MCL series defining the core clusters.
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Figure 2.

Overall survival of the initial series of 30 leukemic MCL patients according to miR-34a
expression level categorized with Maxstat software. Patients with low levels of miR-34a
showed worse prognosis (median OS: 15 months) compared to patients with higher miR-34a
levels (median OS: 149.3 months) (£ = 0.008).
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Overall survival of 50 nodal (A) and 38 leukemic (B) MCL patients according to the
combined expression of MY C and miR-34a. MCL patients with concomitant high
expression of MY C and low expression of these miRs (median OS: 21 months (A); 9
months (B)) have a significant shorter overall survival than patients showing only high
expression of MY C or low expression of miR-34a (median OS: 49 months (A); 58 months
(B)) or even low MY C expression and high expression of this miR (median OS: 64 months

(A); not reached (B)) (P=0.001).
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