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Abstract
In the manuscript entitled “The ion channels and transporters gene expression profile indicates a shift in excitability and metabolisms
during malignant progression of Follicular Lymphoma” [1], we reported recent advances in our understanding of how the gene
expression profile of ion channels and transporters (ICT-GEP) contributes to identify specific signatures associated with Follicular
Lymphoma (FL), with those FL that acquire chemoresistance after a relapsing-remitting course, and with the more aggressive Diffuse
Large Cell Lymphoma (DLBCL), which may represent the evolution of FLs. From the analysis of how ICT-GEP changes during FL
malignant progression emerged the progressive decrease in the expression of genes encoding those channels which are responsible
for the maintenance of the ionic homeostasis and the driving force for Ca2+ entry, upon cell activation, as well as a shift from a
glycolytic to an oxidative metabolism.

Commentary
Lymphoma represents the most common form of
hematological malignancy in the developed world,
accounting for 3.6% of all cancers and 55.6% of all blood
cancers in Europe, with non-Hodgkin lymphomas (NHL)
representing 90% of cases.
We have based our study on FL and DLBCL, which
collectively account for nearly half of all NHLs [2,3].
FL is the commonest indolent NHL, a low-grade germinal
centre-derived tumour characterized by the deregulation
of several driver genes and signalling pathways involved in
the pathogenesis [4-7]. It is generally considered incurable,
in fact after a relapsing-remitting course, 10% of cases will
not respond to chemo-immunotherapy. Furthermore,
over the course of the illness, roughly half of the patients
develop a more aggressive disease, which may eventually
transform into a DLBCL [8,9].
DLBCL is thought to arise from the germinal centre
(GC) stage of B cell differentiation, is the most aggressive
lymphoma, despite being curable in 60-70% of patients
with combined immunochemotherapy. From the analysis
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of GEP emerged the existence of at least 2 genetic subtypes
of DLBCL that can be tracked to different stages of B-cell
differentiation, resembling either germinal center B-cells
(GCB) or activated B-cells (ABC) [10].
These tumors arise from the transformation of
lymphocytes in a relatively late stage of development,
which underwent the process of antigen receptors’
diversification. During this process, B cells repeatedly
rearrange their DNA to produce a unique and functional
receptor, undergo massive clonal expansion, and can
then live as ‘memory’ cells for long times. These traits,
fundamental for the response to infectious agents, at
the same time render the cells vulnerable to neoplastic
transformation.
A key initiating genetic event is in fact a chromosomal
translocation that leads to the deregulation of the
expression of specific driver genes. B cells are particularly
susceptible to this kind of recombinatorial events because
of the Class switch recombination process (CSR), where
the constant regions of the B cell receptor are changed to
modify the effector function of the antibody [11]. Thus,
when translocation breakpoints are located in the switch
regions of the heavy chain constant genes, it is likely the
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result of a mistaken CSR. In the considered lymphomas
the regulation of specific driver genes is often altered, thus
it is important to study the expression of different genes,
characterizing their GEP. This is the case of the deregulation
of BCL2 in FL and BCL6 in DLBCL, that follows oncogene
traslocations [12] involving the immunoglobulin switch
region.
Thus the characterization of the gene expression profile
(GEP) and the identification of specific signatures is
emerging as a novel tool for the classification of nonHodgkin lymphoma, the identification of different
molecular subtypes and the understanding of neoplastic
B-cell biology [10]. This can lead to the diagnostic
and prognostic characterisation of the disease and the
development of new drugs specifically targeted to the
different genetic subtypes of lymphomas.
Also chronic self-antigen-induced signalling through the
B-cell receptor (BCR), a characteristic of normal B cells
that have been exposed to antigen [13], is implicated in
lymphomagenesis of mature B lymphocytes. Particularly
in ABC DLBCL [13,14,15], a chronic BCR signalling, that
might be both induced by an invading pathogen or selfantigen, is essential for the survival of the tumour cells.
Beside stimulation, another possibility to affect BCR
signalling is perturbing the intracellular Ca2+ influx
which follows the antigen binding. This can be altered by
modulating the expression of the ICT responsible for the
maintaining of the V rest and the driving force for Ca2+
entry such as Kv1.3 and KCa3.1 and others [16].
ICTs, by coupling extracellular events with intracellular
responses and maintaining intracellular ionic homeostasis,
are implicated in cancer establishment and progression.
Thus, they are emerging as novel cancer biomarkers [17,18]
for different cancers including gliomas, breast, and lung
cancers [18-20]. Indeed, ICT detection and quantification
have been proposed as a novel tool to predict survival
and clinical outcome. Additionally, a role of a specific
K+ channels, Kv 11.1, also known as hERG1, has recently
been associated with chemoresistance and invasiveness of
leukemic blasts [21,22].
The expression and role of ICTs, has been thoroughly
investigated in T-cells since almost thirty years, leading
to the uncontested role of different K+ and Ca2+ currents
in the regulation of lymphocyte response to antigens
and subsequent activation [16,23]. On the contrary, few
studies have addressed the expression and role of ICTs in
B-cell lymphomas, and all of them have been focused on
the functional characterization of single molecular entities
[10,24-26]. Overall, no lymphoma ICT-GEP was provided
so far.
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Based on these premises and with the aim to identify
different profiles related to the progression of the disease
and therefore their potential translational relevance, we
have determined the ICT-GEP of FL, compared with the
one of FL after the relapse, and with the more aggressive
DLBCL.
The GEP was determined by cDNA microarray
transcriptomic characterization of samples both from a
cohort of patients specifically enrolled for the study (54
consecutive diseased lymph node samples, of which 11
diagnosed as FL and 2 as DLBCL passed an RNA integrity
evaluation) and compared with that of normal lymph
nodes from pooled healthy donors, as well as from public
datasets.
Genes showing a fold change (log2 fold change) ≥ 2
(corrected p-value < 0.01) were considered deregulated.
Applying such thresholds, 3988 DE genes, mostly under
expressed, emerged, showing no relevant difference in the
stratification within the 11 FL samples. This indicates a
substantial homogeneity of the molecular characteristics
of the samples, in agreement with the clinical and
pathological homogeneity of the cohort analyzed.
Focusing on the ICT genes, 46 resulted deregulated, and
8 of them were confirmed DE also from the analysis of the
GSE65135 FL dataset deposited into the GEO database.
These 8 commonly DE ICT genes hence potentially
represent the ICT gene expression signature of Follicular
Lymphoma (Figure 1). Among them, SLC2A1 encoding
the glucose transporter 1 (Glut1) and SLC9A9 (encoding
the Na+/H+ antiporter NHE9) were over expressed in both
datasets.
An upregulation of K+ channels, such as KCNN4 and
KCNAB2, which encode for the alpha and beta subunits
of Ca2+-dependent K+ channels, respectively, emerged.
Notably, the Ca2+-dependent K+ channel KCa3.1 encoded
by KCNN4, is one of the two K+ currents (together with
Kv1.3) involved in lymphocyte activation and proliferation,
and its expression marks the differentiation into activated
naïve B cells and IgD+ CD27+ memory B cells [22]. This
supports the notion FLs derive form germinal centre cells
in an activated state.
Despite KCNN4 overexpression an overall reduced driving
force for Ca2+ entry and effector potential is conceivable,
being other potassium channel encoding gene, such as
KCNH2 under expressed, differently from what occurs in
other human cancers including leukemias [27].
The over expression of two solute carriers, SLC2A1
(encoding the glucose transporter member 1 (Glut-1)
and SLC9A9 (encoding the Na+/H+ antiporter NHE9),
merits further considerations. NHE proteins contribute to
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extrude the protons deriving from anaerobic metabolism
determining the inverted pH characteristics of cancer cells
[28], and Glut-1 is an indicator of the aerobic glycolysis,
the main metabolic pathway of cancers (Warburg effect).
In lymphomas, Glut-1 expression is apparently involved
in FL transformation [29] and it is related to the NFκB pathway, which turned out to be upregulated in FL
from a Functional Annotation Analysis (FAA) applied
to the identified DE-ICT. Also, the TNF pathway results
upregulated in FL, and both of them are associated with
the control of the metabolism [30,31].

and compared the GEP with that of centrocytes purified
from the tonsils of 5 healthy subjects from the same
dataset [35].

Overall, the emerging ICT profile indicates that the main
metabolic pathway of FL is represented by glycolysis,
and that neoplastic B cells are able to respond to BCR
stimulation, although at a lesser extent compared to
activated normal B lymphocytes, being KCa3.1 the only
relevant K+ channel identified. This channel might also
contribute to tumor expansion, being known to sustain cell
proliferation [16,23].

The common dysregulation of ATP9A in both DLBCL
and in the relapsed FL subgroup suggests its possible
involvement in the progression of FL to the more aggressive
DLBCL disease.

We then compared the DE genes in relapsed vs nonrelapsed FL patients and 38 DE ICT genes (16 over
expressed and 22 under expressed) characterizing relapsed
patients emerged. Notably among them, SLC2A1 and
KCNN4 (encoding for KCa3.1 potassium channels) turned
out to be under expressed, at difference from what occurs
in the whole cohort of FL samples, where it resulted over
expressed compared to normal lymphocytes (Figure 1).
This suggests that, upon relapse, neoplastic B cells
become even less activated and undergo to down regulation
of glycolysis. FL often acquire chemoresistance after
relapse, and a shift to a fatty acid metabolism has been
linked with resistance to chemotherapeutics in multiple
cancer types [32]. This suggestion is also corroborated by
the observation that ATPAF2, one of the factors involved
in mitochondrial functioning [33], is over expressed in
relapsed FL (log2 fold change value 5.52), and by the under
expression of ATP9A. A depletion of ATP9A, has been
associated to the retaining of Glut-1 in endosomes since it
inhibits Glut-1 recycling, and hence reduces its expression
on the cell surface [34].
Since 2-3% of relapsed FL can progress into a DLBCL
[3,4], we also determined their specific ICT-GEP. To this
purpose, we analysed the primary DLBCL samples present
in our cohort, applying, the same analytical procedure
previously described. 26 DE ICT genes emerged, seven
of which (ANXA8, ATP9A, CACNA1E, CACNA1I,
SLC26A1, SLC27A1, SLC7A4) did not overlap with the
FL-ICT signature previously identified. This signature
was further validated with the ICT GEP obtained from a
publicly available dataset deposited into the GEO database
(GSE12195) that contains microarray data from 71 DLBCL,
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ATP9A, CACNA1I and SLC27A1 resulted commonly
deregulated in both datasets, while did not match with the
FL signature. This may hence represent a DLBCL-specific
ICT signature (Figure 1).
From the identified DE ICT genes associated to DLBCL it
is possible to draw some considerations:

The changes in BCR induced Ca2+ response observed
during the relapse of FL is now even more evident, in fact,
CACNA1I (and the correlated CACNA1E) which encodes
the alpha subunit of the low voltage-activated, T-type
calcium channel, resulted down-regulated.
Such dysregulation of Ca2+ channel encoding genes is
also accompanied by a drastic shift of the profile of K+
channels. In fact, the two K+ channels which mark normal
B lymphocytes (KV1.3 and KCa3.1) are here substituted
by the over expression of genes encoding inward rectifier
K+ channels (Kir) and Big KCa channels (BK) (KCNJ8,
KCNJ10, KCNJ5, KCNMA1)
In DLBCL is confirmed the reduction in the expression
of genes involved in glycolysis, which we observed in
relapsed FL, and it is corroborated by the up-regulation
of the SLC27A1 fatty acid transporter. This transporter is
responsible for the uptake of fatty acids for further beta
oxidation [36] and suggests a shift from a glycolytic to an
oxidative metabolic profile in DLBCL.
SLC27A1, by contributing to the supply of fatty acids from
the surrounding adipocytes, and providing an alternative
pathway for the metabolsim of acetyl CoA in the TCA cycle
when cancer cells switch from a glycolytic to an oxidative
metabolism, is also associated with tumorigenesis [37].
Thus, the downregulation of Glut-1 and the upregulation
of the fatty acid transporter SLC27A1 in DLBCL indicate a
shift from a glycolytic to an oxidative metabolism during
lymphoma progression. In agreement, oxidative enzymes
(ACAD10, ACAD8, ECHS1, HADHB) turned out to be over
expressed (log2FC > 0) in DLBCL
Consistently, the nuclear corepressor-encoding gene
NCoR1, whose down-regulation has been reported to drive
the switch towards an oxidative metabolism [38], results
under expressed in DLBCL.
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Figure1: Summary figure indicating the changes in the expression of the different ICT and the associated metabolic
pathways along lymphoma progression. For each lymphoma is reported a functional relevance summary of the
main metabolic characteristic and of the Ca2+ response capacity and the identified ICT-DE signature of the different
lymphomas described. In red are reported downregulated genes, in green the overexpressed ones.
In agreement with our data, an OxPhos subset of DLBCL,
identified by a lower expression of NCoR1, has been
recently described in [39,40]. Patients belonging to this
subset might benefit from treatments perturbing the fatty
acid oxidation program [39].
In conclusion the commented manuscript identifies for
the first time an ICT signature of FL and its variations
during the relapse after treatment and the progression
towards DLBCL. From the analysis of the emerged
deregulated ICT genes a change in lymphocytes response
capacity and metabolism during the progression of FL
emerged. The DE-ICT profile in relapsed FL patients,
shows a decrease in glycolysis, which precedes the already
described shift towards an oxidative metabolism in DLBCL,
and a decrease in “activation” in terms of Ca2+ signalling
in response to BCR stimulation. Such a suggestion is
corroborated by a recent study showing lower intracellular
Ca2+ levels following the blockade of Erg1 K+ channel [41].
This suggests that SLC27A1, and the OxPhos pathway,
might constitute promising therapeutic targets, however
a validation on different cohorts and detailed functional
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studies must be conducted to confirm the therapeutic
potential of perturbing the fatty acid oxidative pathway in
aggressive lymphomas.
In particular, the hints emerged should be deepened
by further studies such as the electrophysiological
characterization of the ionic currents determined by
the identified DE genes, as well as the identification
and evaluation of specific channel blockers. Moreover,
it will be interesting to evaluate the signalling pathways
and the Ca2+ entry in response to BCR stimulation, and
further characterize the metabolic profile of the different
lymphoma subtypes. This will open the way to identify and
analyse the effects of drugs targeting fatty acid transporters
and perturbing the OxPhos pathway in lymphomas, for a
novel therapeutic approach.
Therefore, these findings might have a translational
relevance through the identification of novel ICT and
metabolism related therapeutic targets that might also
lead to overcome the chemoresistance which characterizes
relapsed FL.
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