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ABSTRACT

K* channel modulation is essential to regulate the Ca®" signals that trigger T and B lymphocyte activation. The
K" channel complement is however deeply altered in cancer cells, as it is implicated in the neoplastic pro-
gression. We investigated the functional expression of K channels in different diffuse large B cell lymphoma
(DLBCL) cell lines (SU-DHL-4, WSU-DLCL2, U2932) and EBV-infected lymphocytes, as controls of normally
proliferating lymphocytes. We studied the K channels best characterized in lymphocytes (the voltage-gated
Ky1.3 and the Ca**-activated Kca3.1) and two members of the ether-a-go-go (EAG) family (Ky11.1, or hERGI;
Ky12.2, or hELK2) that are often overexpressed in cancer cells. All the above channel types were found in
lymphoma cell lines. However, compared to normal lymphocytes, Ky1.3 and Kc,3.1 tended to be substituted by
EAG channels, and especially by hERG1. In all DLBCL models, cell adhesion to fibronectin stimulated the for-
mation of the cancer-specific macromolecular complex between hERG1 and the 1 subunit of integrin receptors.
No such complex was formed by hELK2. A strong reduction of lymphoma proliferation was produced when the

hERG1-p1 integrin complex was disrupted by a bispecific antibody (scDb-hERG1-$1), or by the hERG1-binding
macrolide antibiotic clarithromycin. Finally, in a cohort of mucosa-associated lymphoid tissue (MALT) lym-
phoma patients treated with clarithromycin, a trend for an improved overall survival probability was observed in
patients expressing the hERG1-p1 integrin complex. Our results suggest that the hERG1-p1 integrin complex
promotes lymphoma cells’ proliferation. Disrupting the complex by specific targeting agents represents a new
therapeutic approach to be explored.

Abbreviations: ABC, activated B cell; Akt, protein kinase B; BCL-2, B cell lymphoma 2 protein; BCL-XL, BCL extra-large; BK, big conductance KCa channels; BL,
Burkitt lymphoma; BSA, bovine serum albumin; Ccap, cell capacitance; CCL, chronic lymphocytic leukemia; CHO, Chinese hamster ovary; ColP, co-immunopre-
cipitation; CRAC, calcium release activated channels; DLBCL, diffuse large B cell lymphoma; EAG, ether-a-go-go; EBV, Epstein-Barr virus; Ex, K™ equilibrium potential;
FBS, fetal bovine serum; FL, follicular lymphoma; GAPDH, glyceraldehyde 3-phosphate gene; GCB, germinal center B cell type; hELK2, human EAG-like channel type
2; hERG1, human EAG-related channel type 1; HIF-1a, hypoxia-inducible factor 1a; IF, immunofluorescence; IHC, immunohistochemistry; KCNE1-E3, accessory
subunits of hERG1; Kir, inward-rectifier K" channel; MALT, mucosa-associated lymphoid tissue; MCL, mantle cell lymphoma; MZL, marginal cell lymphoma; NFAT,
nuclear factor of activated T cells; PBS, phosphate-buffered saline; PI3K, phosphatidylinositol 3-kinase; PMBCL, primary mediastinal large B cell lymphoma; scDb-
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1. Introduction

Lymphocytes express a fine-tuned network of ion channels and
transporters that modulate the cytoplasmic concentrations of divalent
cations such as Ca%t, Mg and Zn?". These act as second messengers,
regulating lymphocyte differentiation as well as effector functions,
including cytokine production and cytotoxicity [1]. Classic work
showed that Ca’" exerts a critical messenger function during T
lymphocyte activation by antigen-presenting cells. The process is
mediated by the CD3 membrane complex, which stimulates phospholi-
pase Cy, and thus production of inositol 1,4,5-trisphosphate (IP3). The
ensuing release of calcium from endoplasmic reticulum causes further
elevation of cytosolic Ca?*, because of activation of Calcium Release
Activated Channels (CRAC) on the plasma membrane. Overall, the cal-
cium signal promotes T cell proliferation through a Ca?*/calmodulin
dependent activation of calcineurin, whose phosphatase action pro-
motes transcription of the Nuclear Factor of Activated T cells (NFAT;
[1-3]).

Cytoplasmic calcium elevation can be fostered by increasing the
transmembrane driving force for Ca?*, through K* channel-dependent
membrane hyperpolarization [1,3,4]. The best-characterized K* chan-
nels in lymphocytes are the voltage-activated Ky1.3 and the Ca®"-acti-
vated Kc,3.1, respectively encoded by KCNA3 and KCNN4. Ky1.3 is a
homotetramer of a-subunits belonging to the voltage-dependent channel
superfamily [5,6]. Kga3.1 is an intermediate conductance Ca’*-acti-
vated K" channel whose carboxy-terminal domain is constitutively
bound to calmodulin and stimulates channel opening on cytosolic cal-
cium elevation [7]. Kc3.1 engagement also requires
phosphatidylinositol-3 phosphate (PI(3)P)-dependent histidine phos-
phorylation, following lymphocyte activation [1]. In T cells, Ky1.3-de-
pendent hyperpolarization facilitates Ca®?" influx through CRAC
channels [3] and other pathways [8]. In turn, cytosolic Ca®" increase
and IP3 production exert positive feedback that sustains membrane
hyperpolarization, by stimulating K¢,3.1 [1,2]. The role of Ky1.3 and
Kca3.1 in Ca®" signaling is controlled by their expression levels, which
vary among lymphocyte subsets as a function of lymphocyte develop-
ment and state of activation [3,9-11]. Although evidence is less exten-
sive than for T cells, several lines of evidence indicate that analogous
mechanisms are operant in B lymphocytes [12].

Despite their well-characterized physiological role in lymphocytes,
the expression and function of K™ channels during the tumorigenic
transformation of lymphocytes into lymphomas are unknown. The
neoplastic transformation entails a profound modification of a cell’s
physiology and interaction with the extracellular environment, which
requires a wide restructuring of the plasma membrane transport ma-
chinery. As a consequence, ion channels and transporters are often
found to be aberrantly expressed in human cancers. Hence, they are
increasingly recognized as useful cancer biomarkers [13], and the
related gene expression profile has been proven to be a powerful clinical
tool in several types of cancers, including lymphomas [14]. Specifically,
in lymphocyte-derived tumors, such as B cell precursor acute lympho-
blastic leukemia, K channels are often overexpressed [15,16] and
sustain the development of chemoresistance [17].

Diffuse large B cell lymphoma (DLBCL) is the most common lym-
phoma type [18,19]. It is an aggressive disease which may represent the
histologic transformation of indolent lymphomas, such as follicular
lymphoma (FL; [20]). In FL, we recently showed an altered K" channel
expression, leading to a progressive decrease in excitability and a
metabolic shift towards oxidative metabolism [14]. Ky1.3 and Kc,3.1
were replaced by inwardly rectifying K* channels (Kir) and Big
conductance K¢, channels (BK) (KCNJ8, KCNJ10, KCNJ5, KCNMA1)
[14]. As in other tumors, the different K™ channel complement in lym-
phoma and lymphocytes, accompanied by distinct physiological roles of
the lymphoma-specific channels, offers the possibility of selective K"
channel targeting for pharmacological treatment of lymphomas [2,21].
This approach could be further facilitated by the differential expression
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of K* channel subtypes in distinct cell types, which allows selective
targeting of lymphocyte/lymphoma subsets.

The human ether-a-go-go (eag) genes, encoding a subfamily of
voltage-gated K* channels, are also implicated in neoplasia. In partic-
ular, the eag-related gene 1 (or KCNH2, encoding the Ky11.1 channel,
also known as hERG1, in humans) is abnormally overexpressed in cancer
cells of epithelial, muscle, and nervous tissue origin [22,23]. HERGI is
also up-regulated in neoplastic hematopoietic cells, and blocking hERG1
currents reduces cell proliferation [24]. In these cancers, hERG1 is
strictly bound to the p1 subunit of integrin receptors, thus participating
in a supramolecular structure that can recruit other membrane receptors
and transport proteins, to promote cancer cell growth and invasiveness
[25-27]. Such a macromolecular complex is specific of cancer cells, as in
non-neoplastic tissue hERG1 preferentially associates with its classic
accessory subunits [26]. Studies on the biophysically similar Ky12.2 (or
hELK2, encoded by the eag-like gene 2, or KCNH3) are less extensive, but
evidence about its implication in tumors is growing [28-31].

Based on these premises, we studied the expression pattern of K*
channels in germinal center B cell type (GCB) and activated B cell (ABC)
DLBCL cell lines, using Epstein-Barr virus (EBV)-infected B lymphocytes
as control. Moreover, we studied the K' channel implication in lym-
phoma proliferation, with special focus on the role exerted by the
cancer-specific complex that hERG1 forms with the Pl subunit of
integrin adhesion receptors.

2. Materials and methods

Unless otherwise indicated, chemicals were purchased from Sigma-
Aldrich (Merck KGaA, Darmstadt, Germany).

2.1. Human lymphoma cell lines and other cell cultures

EBV-infected B lymphocytes (CD19 +) [17] were maintained in
RPMI 1640 medium (Euroclone, Milan, Italy) supplemented with 2 mM
glutamine, 10 % fetal bovine serum (FBS; HyClone), 1 pM hydrocorti-
sone, 100 U/mL penicillin (Euroclone), and 100 pg/mL streptomycin
(Euroclone). The DLBCL cell lines SU-DHL-4 (DLBCL-GCB), WSU-DLCL2
(DLBCL-GCB) and U2932 (DLBCL-ABC) were cultured in RPMI 1640
medium supplemented with 2 mM L-glutamine, 10 % bovine calf serum
(HyClone), 100 U/mL penicillin and 100 pug/mL streptomycin. All the
cell lines used in the present study were routinely screened for Myco-
plasma contamination, and only Mycoplasma negative cells were used.
HEK293, HCT116, HeLa, CHO cells were routinely cultured at 37 °C
with 5 % CO; in a humidified atmosphere, in RPMI 1640 medium
(HCT116) or in Dulbecco’s modified Eagle’s Medium (DMEM; Euro-
clone) (HEK293 and HeLa), or Ham F12 (CHO) supplemented with 2 %
L-Glut and 10 % FBS (Euroclone). HEK 293 cells expressing the hERG1
construct (HEK 293 hERG1) were prepared as previously described [26]
and maintained in complete culture medium supplemented with
0.8 mg/mL of Geneticin (G418, Thermo Fisher Scientific, Waltham,
MA).

For Real-time PCR, Western blot and proliferation experiments, SU-
DHL-4, WSU-DLCL2, U2932, EBV-infected B lymphocytes, CHO (-) CHO-
hERG1, CHO-Kv1.3, HeLa and HCT116 have been analyzed after 2
weeks in culture, at 1 x 10° cells/mL or 80 % of confluency for adherent
cells. For co-immunoprecipitation (Co-IP) and immunofluorescence (IF)
experiments, SU-DHL-4, WSU-DLCL2, U2932, EBV-infected B lympho-
cytes, HEK 293 and HEK 293 hERG1 cells were starved overnight by
culturing them in serum-free-BSA (bovine serum albumin) medium,
containing 250 mg/mL of heat inactivated BSA (Fraction V; Euroclone).
Next, cells were seeded on culture dishes/glass slides preliminarly
coated with fibronectin (human plasma) diluted in sterile PBS (Euro-
clone) at 5 ug/cm? concentration. The culture surface was coated with a
minimal volume. The dishes were left air-drying for 1 h at room tem-
perature before introducing cells and medium. Cells resuspended in
serum-free-BSA medium, were added at different concentrations
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depending on the type of experiment to be performed.
2.2. RNA-Seq data

RNA expression values of the genes of interest were extracted from
the dataset GSE221770, previously produced via total-RNA-Seq [32].

2.3. RNA extraction, cDNA retrotranscription and real-time (RT) PCR

For total RNA extraction, we used Trizol (Invitrogen, Carlsbad, CA),
following manufacturer’s instructions. Only the samples displaying a
RIN (RNA integrity number) > 6 at the Agilent 2100 Bioanalyzer (Agi-
lent Technologies, Santa Clara, CA) were further processed for gene
expression analysis. We retrotranscribed 1 pg RNA using SuperScript [V
(Invitrogen, Carlsbad, CA), according to manufacturer’s indications.
PCR was performed as in [25]. Primers are reported in Supplementary
Table 1.

2.4. Western blotting and Co-IP

Protein extraction and Western blotting were performed as described
in [26]. Cells starved overnight and collected were seeded on
fibronectin-coated 100 mm Petri dishes at 1.5/1.75 x 106 cells/mL in
5 mL of serum-free-BSA medium. Antibodies used and dilutions are re-
ported in Supplementary Table 2.

For Co-IP experiments, cells were seeded and incubated on fibro-
nectin for 90 min. Treatments were performed by adding CsCl (5 mM),
E4031 (30 uM) (Tocris, Bioscence, Bristol, UK), scDb-hERG1-p1 (100 pg/
mL) (MCK Therapeutics, Pistoia, Italy), or clarithromycin (160 pM),
during the 90 min of incubation. Cells were gently collected by mild
scraping and resuspended in ice-cold phosphate-buffered saline (PBS).
Protein extraction, quantification, and total lysate incubation with
protein A/G agarose beads (Santa Cruz Biotechnology, Texas, USA) were
performed as previously reported [26]. The lysis buffer contained: NP40
(150 mM), NaCl (150 mM), Tris-HCI pH 8 (50 mM), EDTA pH 8 (5 mM),
NaF (10 mM), NasP»07 (10 mM), NagVO4 (0.4 mM), and protease in-
hibitor cocktail (complete Mini-Roche, Roche Diagnostics, Mannheim,
Germany). All the procedures were performed maintaining samples on
ice. Lysates were centrifuged at 13000 g for 10 min, at 4°C. Supernatants
were then collected and assayed for protein concentration using Brad-
ford protein assay (Bio-Rad, Hercules, CA), following manufacturer’s
instructions. Samples for Co-IP (1.5 mg of protein) were subjected to a
pre-clearing step, consisting of a 2 h incubation at 4°C under rotation
with Protein A/G Plus-Agarose beads, following manufacturer’s in-
structions. Thereafter, cell lysates were immunoprecipitated with
TS2/16 antibody at the concentration indicated in Supplementary
Table 2 by overnight incubation at 4°C under gentle rotation. Beads
were washed three times with PBS and the bound protein component
was eluted by boiling the samples in Laemmli buffer for 5 min at 95°C.
The obtained samples were run on a 7.5 % polyacrylamide gel for 1 h at
100 V, in Tris-glycine-SDS running buffer (Bio-Rad). Gels semi-dry
blotting on PVDF membranes was performed with Turbo blot (Bio--
Rad) using the “HIGH MW" program (1.3 A, 25 V, for 10 min). Mem-
branes were incubated 2 h at room temperature with 0.1 % Tween 20 in
PBS (PBS-T) containing 5 % BSA. Blots were then incubated overnight at
4°C with primary antibodies against hERG1, p1 integrin or hELK2 at the
concentrations indicated in Supplementary table 2. Membranes were
then washed three times with PBS-T and incubated with IRDYe 800 CW
anti-mouse and anti-rabbit secondary antibodies for 45 min at room
temperature, at the concentration indicated in Supplementary Table 2.
After three washes with PBS-T, immunoreactivity was determined by
LI-COR Odyssey Scanner apparatus (LI-COR Biosciences, Lincoln, NE).
For membranes stripping the ReBlot Western blot recycling kit (Merck
Millipore, Burlington, MA) was routinely used according to manufac-
turer’s instructions. For Western blot experiments and Co-IP inputs
signal detection, proteins were extracted and quantified as previously
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described. Fifty pg of protein were assayed for hERG1, K¢,3.1, Ky1,3,
hELK2, p1 integrin and Tubulin, samples were denatured in 4X Laemmli
buffer at 95°C for 5 min and then run by Sodium dodecyl
Sulfate-Poly-Acrylamide Gel Electrophoresis (SDS-PAGE), using 7.5 %
polyacrylamide gels. Blotting was performed using the TurboBlotTM
“MIXED MW" program (1.3 A, 25 V, for 7 min). Membranes were then
washed three times with PBS-T and incubated with IRDYe 800 CW
anti-mouse and anti-rabbit secondary antibodies for 45 min at room
temperature at the concentration indicated in Supplementary Table 2.

2.5. Densitometric analysis

Densitometric analysis was performed using ImageJ software
(ImageJ v.1.38, U.S. National Institutes of Health) on three different
scans following background subtraction. Results were obtained from at
least three different independent experiments. The hERG1/f1 integrin
complex was quantified as reported [26]. In brief, the densitometric
signal for the co-immunoprecipitated protein (hERG1) was divided by
the signal of the protein used for immunoprecipitation (1 integrin). The
result was then normalized to the signal of the corresponding protein in
the total lysate (input hERG1). The resulting value is indicated as
“hERG1/f1 integrin complex” throughout the manuscript and in the
figures.

2.6. Patch-clamp recording

On the experiment day, cells were centrifuged and resuspended in an
RPMI-1640 serum-free medium and then kept at 37°C for at least 1 h to
promote cell adhesion to the plate surface. Before recording, cells were
identified at 40x magnification with a Nikon Eclipse TE300 microscope
(Nikon Instruments Spa, Campi Bisenzio, Italy) equipped with a Pho-
tometrics CoolSNAP CF camera (Teledyne Photometrics, Tucson, AZ).
Membrane currents were recorded at room temperature (~25°C) in the
whole-cell configuration of the patch-clamp technique. Patch pipettes
were pulled from borosilicate glass capillary tubes, and their resistance
was 4-5 MQ. The pipette capacitance was manually compensated up to
90-95 % after reaching a stable gigaseal (>4 GQ). The Multiclamp 700 A
equipment and pCLAMP 9.2 software (Molecular Devices, Sunnyvale,
California, USA) were used for stimulation and recording. Vggst was
measured in open-circuit condition (I=0 mode), and cell capacitance
(Ccap) was measured with the same extracellular solution. The re-
cordings were low-pass filtered at 3 kHz and digitally sampled at 25 kHz.

The hERG1 and hELK2 currents were studied as tail currents at
—120 mV (for 1 s), after conditioning voltage steps ranging from
+20mV to —100 mV (10 mV steps; 5 s duration). Holding potential (V)
was 0 mV. In some experiments, to reduce cell stress, the conditioning
potential ranged from 0 mV to —100 mV (20 mV steps). The main
extracellular solution (Ex = —80 mV) contained (mM): 130 NaCl, 5 KCl,
2 CaCly, 2 MgCly, 10 Hepes-NaOH, and 5 Glucose 5, pH 7.4 (adjusted
with NaOH). The hERG1 and hELK2 currents were studied using an
extracellular solution with high K¥, to increase the driving force for K*.
In this case (Ex = —30 mV), NaCl (95 mM) was partially substituted by
KCI (40 mM). The patch-clamp pipette contained: 130 K'-aspartate, 10
NacCl, 4 CaCly, 2 MgCl,, 10 Hepes-NaOH, 10 EGTA, pH 7.3. To specif-
ically block hERG1 currents, E4031 (1 pM) was applied for 1 min. The
resulting current was then subtracted from the current measured in
control conditions to evaluate the net hERG1 current. This procedure
allows to also distinguish hELK2 currents, which are biophysically
similar to hERG1, but are not sensitive to E4031 and other hERG1
blockers [28]. Activation curves were obtained by plotting normalized
peak tail currents, as a function of the conditioning Vy,. Data points in
Fig. 2B were fit (with Levenberg-Marquardt procedure) to a Boltzmann
function of the form:

I 1

Tnax B 1+ exp(—u)
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where I is the peak tail current measured at —120 mV after a given
conditioning Vp,, Inax is the maximal peak tail current, V5 is the voltage
of half-maximal activation, Vy, is the applied membrane potential and n
is a slope factor measuring the apparent gating charge.

2.7. Cell proliferation assay

From each cell model, 5 x 10% cells/well in 96-well plates were
seeded in complete media. Clarithromycin (160 pM; i.e.,120 pg/mL) or
scDb-hERG1-p1 (50 ug/mL; i.e., 0.735 uM) were added from the day of
cell seeding. scDb-hERG1-p1 was freshly added every 24 h. Viable cell
counts were conducted every 24 h for four days. Living cells were
identified as cells negative to trypan blue staining, in control and
treatment condition.

2.8. Immunofluorescence (IF)

Following non-adherent cell removal, cells were fixed with 4 %
paraformaldehyde for 15 min and then permeabilized with Triton X-100
(0.1 % for 30 min). Following a 2 h blocking step in PBS with 10 % BSA,
slides underwent an additional 2 h incubation period with scDb-hERG1-
B1 (final concentration of 20 ug/mL), succeeded by 1 h incubation with
anti-6xHis and next 1 h with anti-mouse Alexa Fluor 488. Nuclei were
stained with Hoechst (1:1000 in PBS, 10 min). Imaging was performed
using a confocal microscope (Nikon TE2000). Primary and secondary
antibodies are detailed in Supplementary Table 2.

2.9. Immunohistochemistry (IHC)

Twenty cases of extranodal marginal zone lymphoma (MZL) of the
mucosa-associated lymphoid tissue (MALT lymphoma) (6 males, 14 fe-
males; mean age of 69 years, range 36-84 years) were obtained from the
Clinical Division of Oncology (Medical University of Vienna, Austria).
Clinical data were obtained from the internal database of the Clinical
Division of Oncology (Medical University of Vienna, Austria), in
compliance with the regulations of the country in which the study was
carried out, and are shown in Supplementary Table 3.

A commercially available lymphoma tissue microarray containing 92
primary DLBCL (59 males, 33 females; mean age of 46 years, range 6-83
years) was obtained from TissueArray (LY2083 BioMax).

Formalin-fixed, paraffin-embedded samples were analysed for the
expression of the hERG1-p1 integrin complex. IHC was carried out on 7
pm sections on positively charged slides. After dewaxing and rehydrat-
ing the sections, endogenous peroxidases were blocked with a 1 % Hy04
solution in PBS. Subsequently, antigen retrieval was performed by
treatment with proteinase K (5 pg/mL) in PBS at 37 °C for 5 min. Sec-
tions were incubated with a solution of FBS (1:50 in PBS) for 5 min at
room temperature. Incubation with the primary scDb-hERG1-p1 (final
concentration of 20 ug/mL) was carried out overnight at 4 °C. Next,
sections were incubated with anti-6xHis 1:250 for 90 min at room
temperature. Finally, immunostaining was performed with a commer-
cially available kit (PicTure max kit; Invitrogen, Invitrogen. Carlsbad,
CA) according to the manufacturer’s instructions, and nuclei were
counterstained with Mayer’s hematoxylin. Immunohistochemistry
slides were scored by two independent operators (C.S. and J.1.). Samples
were considered positive when the percentage of stained cells was
higher than 1 %.

2.10. Statistics

Unless otherwise stated, categorical variables are presented with
counts and proportions, whereas the continuous ones are presented as
mean values + standard error of the mean (s.e.m.), with n indicating the
number of independent experiments. Statistical analysis was performed
using GraphPad Prism v8.0 (GraphPad Software, San Diego, California,
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USA) or OriginPro 2023 (OriginLab Corporation, Northampton, MA,
USA). For comparisons between two groups, we applied two-tailed
paired Student’s t-test, after checking normality (Shapiro-Wilk test)
and variance homogeneity (F-test). In case of non-normal distributions,
we applied the Wilcoxon Sign Rank test. Multiple comparisons of
Western blot, Co-IP, and proliferation experiments were carried out with
one-way ANOVA, followed by Bonferroni’s post hoc test. Preliminarily,
normality of data was checked with the Shapiro-Wilk test, and variance
homogeneity (Brown-Forsythe test). The derived p-values (p) are indi-
cated as * (p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001).
The IHC correlations were analyzed with Fisher’s exact test. Differences
in mean survival between groups, as represented in Kaplan-Meier sur-
vival curves, were analyzed using the log-rank test, also performed with
GraphPad Prism.

3. Results
3.1. K" channels in lymphoma cells: analysis of transcripts and proteins

Taking advantage of a previously obtained RNA-Seq dataset [32], we
first examined the RNA expression of different K™ channel encoding
genes (KCNA3, KCNN4, KCNH1, KCNH2, KCNH3, KCNH6 and KCNH?7)
in cell lines derived from GCB and ABC DLBCL, Burkitt Lymphoma (BL),
primary mediastinal large B cell lymphoma (PMBCL), mantle cell lym-
phoma (MCL), MZL and chronic lymphocytic leukemia (CLL) (Fig. 1A;
Supplementary Fig. 1). Transcriptomic analysis showed a negligible
expression of KCNHI, KCNH6 and KCNH7. In contrast, widespread
expression was observed for KCNA3 and KCNN4, in agreement with the
well-known implication of K¢,3.1 and Ky1.3 in lymphocyte activation.
Significant expression was also detected for the members of the
KCNH/EAG family KCNH2 (encoding hERG1) and, to a lesser extent,
KCNH3 (hELK2). The transcript amounts of individual channel types,
however, differed among the analyzed lymphoma cell lines. In partic-
ular, KCNH2 and KCNH3 transcripts were detected prevalently in
DLBCL, MZL, and MCL (Fig. 1A). In particular, the three DLBCL lym-
phoma cell lines, WSU-DLCL2, SU-DHL-4 (both GCB) and U2932 (ABC)
highly expressed KCNH2, albeit at different levels. In these cells, sig-
nificant amounts of KCNH3 transcript were observed in U2932 and
WSU-DLCL2. On the other hand, KCNA3 was expressed only (at high
levels) in the ABC DLBCL cell line U2932, and KCNN4 was expressed in
all the DLBCL cell lines, with SU-DHL-4 showing the highest levels
(Fig. 1B). To better quantify the expression of the different genes, the
RNAseq results were followed up by applying RT PCR on the three
DLBCL cell lines SU-DHL-4, WSU-DLCL2, U2932 as well as on
EBV-infected lymphocytes, which are immortalized activated B lym-
phocytes usually employed as a model of proliferating normal B lym-
phocytes [16]. As positive controls for the different RT-PCRs, we used
(a) Chinese hamster ovary (CHO) cells stably expressing hERG1 or Ky1.3
[33] for KCNH2 and KCNAS3, respectively; (b) the HeLa cervical cancer
cell line for KCNH3 and (c) the HCT116 colorectal cancer cell line for
KCNN4. WT CHO cells were used as negative controls, as they express
very low K* channel levels [33]. The RT-PCR results mirrored the K*
channel distribution pattern evinced by the RNA-seq analysis. Moreover,
they point to KCNN4 and KCNA3 downregulation in all DLBCL lines,
compared to EBV-infected lymphocytes, whereas the opposite was
observed for KCNH2 in all the DLBCL cell lines and for KCNH3 in the
ABC DLBCL cell line U2932 (Fig. 1C).

We next evaluated the expression levels of the corresponding pro-
teins. Ky1.3, K¢a3.1 and hELK2 were detected in all the lymphoma cell
lines, but at significantly lower amounts compared to EBV-infected
lymphocytes. hERG1 displayed higher expression in all the lymphoma
cell lines compared to the EBV-infected lymphocyte controls. Particu-
larly high hERG1 amounts were detected in the ABC DLBCL U2932 cell
line (Fig. 1D and the corresponding densitometric analysis in Fig. 1E).
Overall, the proteomic characterization in SU-DHL-4, WSU-DLCL2, and
U2932 was consistent with the transcriptomic data.
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Fig. 1. Expression of K™ channels in different lymphoma cell lines. (A) RNAseq analysis showing the transcription level, expressed in transcripts per million (TPM) of
KCNH1, KCNH2, KCNH3, KCNH6, KCNH7, KCNA3, KCNN4 in cell lines of different lymphoma subtypes: BL, DLBCL (GCB and ABC), PMBCL, MCL, MZL, and CLL. (B)
Detailed transcription level of KCNH2, KCNH3, KCNA3, and KCNN4 in the SU-DHL-4, WSU-DLCL2, and U2932 DLBCL lines. (C) Expression levels of KCNH2, KCNH3,
KCNAS3, and KCNN4 analyzed by quantitative RT PCR performed on cDNA of EBV-infected B lymphocytes (EBV inf lymph) and of the SU-DHL-4, WSU-DLCL2, and
U2932 DLBCL lines. CHO WT, CHO hERGI1, CHO Ky1.3, HCT116, and HeLa were used as positive (+) and negative (-) controls. The expression levels were
normalized to that of the Glyceraldehyde 3-Phosphate gene (GAPDH). (D) Representative Western Blot of hRERG1, hELK2, Ky1.3 and K¢,3.1 proteins in the indicated
DLBCL. (E) Tubulin relative expression of the different K channels in the different DLBCL cell lines. Statistical significance (one-way ANOVA) for each channel
expression is reported in comparison to EBV Inf Lymph. Data are averages of 3 experiments.

3.2. K" channels in lymphoma cell lines: electrophysiological analysis

The K™ currents in our DLBCL cell lines were next characterized by
applying the whole-cell configuration of the patch-clamp method. We
had previously studied Ky1.3 and Kc¢,3.1 in the selected lymphoma
models by the same method (data available in the data accessibility

section). A significant Ky1.3 current was only observed in SU-DHL-4,
whereas no appreciable Kc,3.1 current was observed in any of the
analyzed DLBCL cell lines [34]. These results are in overall agreement
with the proteomic data (Fig. 1E), except for SU-DHL-4 cells, which
displayed a higher Kc,3.1 protein expression, compared to the other cell
lines. The possible reasons for such a discrepancy are discussed in
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Section 4.1.

Here, we focused on hERG1 currents, which were measured as in-
ward ‘tail’ currents at —120 mV, following 5s conditioning voltage
steps ranging from 0 to —100 mV, with Vg = 0 (Fig. 2A, right panel).
The maximal channel activation is obtained by the conditioning step at
0 mV, which is followed by inactivation. On hyperpolarizing at
—120 mV, inactivation is quickly removed, allowing the measurement
of the hERG1 current before the slower deactivation (closure) occurs
[28,35]. Conditioning steps of 5 s duration allow reaching steady state
for the kinetic transitions of hELK2 and to obtain a reasonable approx-
imation to the steady state for hERG1 [28,35]. In EBV-infected lym-
phocytes, about half of the tested cells showed small inward currents at
—120 mV. An example is shown in Fig. 2A (left panel). In these cells, the
average maximal current was —46.25 + 18 pA (n = 4), which was not

A

EBV-infected lymphocyte
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completely blocked by 1 pM E4031 (Fig. 2A, middle panel). This was
consistent with the concomitant expression of hELK2 (KCNH3) in
EBV-infected lymphocytes (Fig. 1C), which is known to be insensitive to
the common hERG1 blockers, including E4031 [28]. U2932,
WSU-DLCL2, and SU-DHL-4 generally displayed considerably higher
current amplitudes at —120 mV, compared to the EBV-infected controls,
in agreement with the higher KCNH2 expression. Examples of tail cur-
rents recorded from these cell lines are shown, respectively, in Figs. 2B,
2C and 2D. As expected, these currents were only partially sensitive to
E4031 (middle panels), but almost fully blocked by the broad K"
channel blocker Cs* (5 mM; an example is given for U2932 cells; middle
panel of Fig. 2B). These results are in line with the mixed hERG1/hELK2
expression suggested by the transcriptomic and biochemical results. The
smallest effect of E4031 (~20 %, on average) was observed in SU-DHL-4

displayed traces

—_—

+
E4031 (1 uM) 0 ‘ Vy
-40 |
-80
400 ms -120 —
1s
+ E4031 (1 uM Cs* (5 mM) 11 /Mipex
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Conditioning V,, (mV)
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Fig. 2. EAG-type K" currents in lymphoma cells. (A) Representative tail current traces at —120 mV, from an EBV-infected lymphocyte. Left panel: control conditions.
Middle panel: in the presence of E4031. Right panel: stimulation protocol; tail currents were recorded for 0.5 s at —120 mV, after 5 s conditioning voltage steps
(-100-0 mV; Vi3 = 0 mV). The bar on top of the stimulus protocol indicates the time segment corresponding to the displayed current traces. (B) Left and middle
panels: same as (A), for U2932 cells, except that the effect of 5 mM Cs™ is also shown, for comparison with E4031. This cell’s currents had especially high-amplitude,
and allow to best convey the residual currents after blockade with E4031. Inset: tail current traces at —120 mV from a U2932 cell displaying more typical tail current
amplitudes. The rightmost panel reports the activation curve for E4031-sensitive currents. Data points are average normalized peak tail currents, from 4 experiments
in the same cell batch. Data were fitted to a Boltzmann function (see Section 2.7), with Vo5 = -52 mV + 8.7°107'%, and n = 10 + 7.65'107'°, (C) Representative tail
current traces for WSU-DLCL2, in presence or absence of E4031, as indicated. Stimulus was as in (A), except that the conditioning voltage steps ranged from —70 mV
to + 20 mV (right panel). (D) Same as (C), for SU-DHL-4 cells. The right panel shows the activation curve in presence of E4031 (reflecting the putative pure hELK2

current) for the same cell.
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(control: —143 + 35.53 pA; E4031: —116.4 + 33.26 pA; p = 0.005 with
paired t-test, n = 7). In WSU-DLCL2 cells, the peak tail current reduction
caused by E4031 application was ~60 % (control: —138.1 + 37.34 pA;
E4031: —81.3 4+ 21.88 pA; p = 0.02 with paired t-test, n = 7). In U2932,
the tail current was also mostly carried by hERG1, as approximately
80 %, on average, was blocked by E4031 (control: 190.8 + 65.3 pA,
median 75.5 pA; E4031: 37.2 £+ 10.3, median 17.5; p < 0.0001 with
Wilcoxon test, n = 14). The activation curve for hERG1 in U2932 cells (i.
e., E4031-sensitive currents) is shown in Fig. 2B (right panel). Because of
the comparatively high expression of hELK2 currents in SU-DHL-4 and
WSU-DLCL2, in a fraction of cells from these lines we applied condi-
tioning voltages in 10 mV steps (up to +20 mV), to better sample the
membrane potential (Vi) region between the cell’s resting potential
(Vgrest) and the activation plateau. Examples are shown in Figs. 2C and
2D. The right panel of Fig. 2D shows the activation curve of the putative
hELK2 current (i.e., the current recorded in the presence of E4031), in
the displayed SU-DHL-4 cell. Overall, the Vy, of half-activation (Vg s)
was generally < -50 mV, in lymphoma cell lines, irrespective of the
balance of hERG1 and hELK2. This is consistent with a Vggst close to
—50 mV, in the lymphoma cells expressing detectable EAG-type currents
(Table 1). The measured V(5 values depend on Vy and the duration of
the conditioning voltage steps [35]. For hERG1, V 5 values around —50
are in broad agreement with those reported in immortalized and cancer
cells, after stimulation with a voltage protocol similar to the one used
here (Vg = 0 mV; 5 s conditioning steps; e.g., [17,22,35]). In contrast,
for hELK2, the activation V(s was more negative than previously re-
ported in glioma [28], the only tumor type in which such an analysis is
available, to the best of our knowledge. One possible explanation is that,
in lymphoma cell lines, a higher fraction of hELK2 channels is associated
with accessory subunits such as KCNE1 and KCNE3, which are known to
shift hELK2 V5 to more negative Vp, [36]. This issue is further discussed
in Section 4.2.

In conclusion, in agreement with transcriptomics and protein quan-
tification, mixed hERG1 and hELK2 whole-cell currents were observed
in lymphoma cell lines. The corresponding current amplitudes were
much smaller in the controls, supporting the notion that EAG-family
channels tend to increase their functional expression in cancer cells,
and partially substitute Kc,3.1 and Ky1.3, the main players in normal
lymphocytes. We next asked which signaling roles hERG1 and hELK2
exert in lymphoma cells, by first testing whether these K channels
participate in macromolecular membrane complexes involving integrin
subunits, as was previously observed in other tumors.

3.3. hERG]I (but not hELK2) forms a macromolecular complex with 1
integrin subunits, in lymphoma cells

Considering that the hERG1 contribution to a cancer cell physiology
is generally thought to include non-conductive signaling functions [37],
we investigated the downstream hERG1-dependent signaling pathways
in lymphomas. As discussed earlier, in human tumors, and particularly
in aggressive carcinomas, hERG1 is frequently bound to the f1 subunit
of integrin receptors, which promotes cancer growth and invasiveness
[23]. We thus tested the presence and amount of hERG1-p1 integrin
complex in our DLBCL cell lines. To control the timing of p1 integrin

Table 1
Resting potential of lymphoma and control cell lines.

Cell Line Vgest (mV) Ccap (pF) Number of cells
EBV-infected lymphocytes —44.2 +8.38 88+23 8
U2932 —46.9 +7.75 151+ 2.4 7
SU-DHL—4 —47.2 £5.25 105+ 2.1 7
WSU-DLBCL2 —49.3 +£ 3.9 9.1+3.3 9

Vrest values in a representative sample of cells expressing recognizable EAG-
type currents, in the indicated cell lines. Ccap= cell capacitance; Vggsrt
= resting membrane potential.
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expression and complex formation, cells were maintained in serum-free
media overnight and seeded on a fibronectin-coated plate for 90 min,
before testing. Co-IP experiments were performed by immunoprecipi-
tating proteins with the anti 1 integrin antibody as in [26] and
revealing the blot with the anti hERG1 polyclonal antibody. The
hERG1/p1 integrin macromolecular complex turned out to be formed in
all DLBCL lines, but not in EBV-infected normal lymphocytes (Fig. 3A
and the densitometric analysis in Fig. 3B). In the same Co-IPs, the im-
munoblots were exposed to the anti hELK2 antibody, but no signal was
detected, hence ruling out the possibility that hELK2 could be recruited
in the hERG1-f1 integrin complex or form a macromolecular complex
with 1 integrin alone (Fig. 3C and the densitometric analysis in
Fig. 3D). IF staining was then performed with a bispecific antibody that
specifically  recognizes the  hERG1/f1  integrin = complex
(scDb-hERG1-f1). The complex was found in all the lymphoma cell
lines, as well as in hERG1l-overexpressing HEK cells, as expected,
whereas it was virtually absent in EBV-infected lymphocytes and wild
type HEK cells (Fig. 3E and the densitometric analysis in Fig. 3F).

3.4. The effect of modulating the hERG1-$1 integrin complex formation
on lymphoma cell proliferation

We next studied the hERG1-f1 integrin complex formation in the
presence of different molecules able to block K channels, or target the
complex, or both. In distinct experiments, EBV-immortalized lympho-
cytes, SU-DHL-4, WSU-DLCL2, and U2932 were treated, for 90 min after
cell adhesion to fibronectin, with the following molecules. 1) The hERG1
blocker E4031 (30 pM, to counteract the reduction of free concentration
caused by plasma protein binding in serum-containing culture medium,;
[29]). 2) The wide-spectrum K channel blocker Cs*™ (5 mM), to eval-
uate the overall K" channel contribution. 3) The bispecific
scDb-hERG1-p1 antibody, which binds to extracellular epitopes of p1
integrin and hERG1. Because the two corresponding paratopes are
connected by a 20-aminoacid linker, the antibody can bind to both
epitopes only when they are associated in the macromolecular complex.
The bispecific antibody was used at 50-100 pug/mL [38,39]. 4) Clari-
thromycin (80-160 pM; [40]), a macrolide antibiotic that exerts
anti-lymphoproliferative  effects by i) down-regulating the
anti-apoptotic proteins BCL-2 and BCL-XL [41-43], and ii) inhibiting the
intracellular signalling pathways triggering autophagic cell death, by
blocking hERG1 [40,44]. Because clarithromycin preferentially binds
the closed channel conformation [44,45], it can directly target the
hERG1-p1 integrin complex (which recruits the closed channel confor-
mation) and moreover prevent hERG1 from associating to the p85 PI3K
subunit [40].

In our cell lines, all the above treatments reduced the amount of
hERG1-p1 integrin complex compared to the untreated controls (Fig. 4A
and the densitometric analysis in Fig. 4B). The effect was nonetheless
stronger with the molecules that directly target the complex (scDb-
hERG1-p1 and clarithromycin). Hence, we studied whether these latter
treatments affected cell proliferation of SU-DHL-4, WSU-DLCL2 and
U2932 lymphoma cells, and EBV-infected lymphocytes (Fig. 5A-D). Both
scDb-hERG1-p1 (50 pg/mL) and clarithromycin (160 pM) strongly
inhibited cell proliferation. The antiproliferative effect of these mole-
cules was absent in EBV-infected lymphocytes (Fig. 5D), in agreement
with the observation that these cells express negligible amounts of the
hERG1-p1 macromolecular complex (Fig. 3).

In conclusion, scDb-hERG1-p1 and clarithromycin, i.e., the molecules
most effective in reducing the hERG1-p1 integrin complex formation,
had a strong impact on proliferation, which points to a functional role of
the hERG1-1 integrin complex in lymphoma cell growth.

3.5. Expression of hERG1 and hERG1-f1 integrin complex in DLBCL and
MALT lymphoma patients

The presence of the hERG1-f1 integrin complex was further tested in
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Fig. 3. Expression of the hERG1-p1 integrin complex in DLBCL lymphoma cells. (A) Representative membrane of hERG1/p1 integrin complex in DLBCL lymphoma,
HEK 293 and HEK 293 hERG1 cells, seeded on fibronectin for 90 min and immunoprecipitated with anti-f1 integrin (TS2/16). (B) Bar graph reporting the average

densitometric results, relative to three different experiments carried out as in (A); a.u.

= arbitrary units. Statistical analysis was carried out with one-way ANOVA. (C)

Representative membrane of hELK2/p1 integrin complex in DLBCL lymphoma, HEK 293 and HEK 293 hERGI cells, seeded on fibronectin for 90 min and immu-
noprecipitated with anti-p1 integrin (TS2/16). (D) Bar graph reporting the average densitometric results, relative to three different experiments carried out as in (C);
a.u. = arbitrary units. (E) Representative IF images (scale bar: 100 pm) of the different DLBCL lymphoma, HEK 293 and HEK 293 hERG1 cells, seeded on fibronectin

for 90 min and stained with scDb-hERG1-p1. (F) Bar graph reporting the average IF
condition, the fluorescence relative to 20 cells was analyzed. HEK293 and HEK293 hE
out with one-way ANOVA.

a cohort of DLBCL patients by using the scDb-hERG1-p1 antibody as a
probe. Among the 92 primary DLBCL samples, 22 were negative (0 % of
marked cells), while in 70, corresponding to 76 % of all DLBCL, the
complex was detected with varying intensity (>1 % of marked cells).
Examples of a negative and a strongly positive sample are shown in
Fig. 6A. A statistically significant association with male sex (p = 0.04)

intensity, relative to three different experiments carried out as in (E). For each
RG1 were used as negative and positive controls. Statistical analysis was carried

and a trend close to the statistical significance (p = 0.07) with BCL2
expression emerged (Fig. 6B). No survival data were available for these
clinical specimens.

Finally, hERG1 expression and the formation of the hERGI1-p1
integrin complex were evaluated by immunohistochemistry in a cohort
of twenty MALT lymphoma patients treated with clarithromycin (500 or
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Fig. 4. Effects of different treatment on the hERG1-p1 integrin complex in DLBCL lymphoma cells. (A) Representative blot of hERG1/f1 integrin complex in DLBCL
lymphoma cells, seeded on fibronectin for 90 min and treated with CsCl (5 mM), E4031 (30 uM), scDb-hERG1-$1 (100 ug/mL), or clarithromycin (160 pM).
Immunoprecipitation was performed with anti-f1 integrin (TS2/16). (B) Bar graph reporting the quantification of the hERG1/p1 integrin complex (determined as
detailed in the Materials and Methods) relative to experiments carried out as in (A). Data are presented as mean values + s.e.m. (n = 3). Statistical analysis was
performed by one-way ANOVA. CTR: Control; scDb: scDb-hERG1-p1; CLA: Clarithromycin.

1000 mg, twice a day, administered orally) [46]. The clinical charac-
teristics of the patients are reported in Supplementary Table 3. These
samples expressed hERG1 (16/20) and the hERG1-p1 integrin complex
(11/20) (representative negative and positive samples for the hRERG1-p1
integrin complex are shown in Fig. 6C) and showed a 55 % overall
response rate to the drug. Notably, in this cohort, a tendency to a higher
overall survival probability, despite not being statistically significant,
was associated with clarithromycin-treated patients positive for the
hERG1-p1 integrin complex (Fig. 6D).

4. Discussion
4.1. K channels in lymphoma cell lines

We studied the expression and function of K™ channels in 47 human
lymphoma cell lines. Among these, a differential expression pattern
emerged for KCNH2, KCNH3, KCNA3 and KCNN4. In particular, KCNH2
and KCNH3 were detected prevalently in DLBCL and MCL, while KCNN4
was expressed in all the different lymphoma cell subtypes. In the DLBCL
lines SU-DHL-4, WSU-DLCL2 (GCB), and U2932 (ABC), a general

reduction of KCNA3 and KCNN4 expression was observed, paralleled by
a lower membrane amount of the corresponding Kc,3.1 and Kyl.3,
compared to the controls (EBV-infected, and hence immortalized, B
lymphocytes). The transcriptomic and biochemical results were in
overall agreement with previous electrophysiological data of ours,
indicating scarce functional expression of Ky1.3 and K¢,3.1 in DLBCL
lines (with the partial exception of Ky1.3 in SU-DHL-4; [33]). None-
theless, the level of Kc,3.1 protein turned out to be comparatively high
in SU-DHL-4. This issue was not further investigated. Presumably, a
background amount of K¢,3.1 protein in our lymphoma cells resided in
the endoplasmic reticulum membranes, as this channel is known to
present a short half-life at the cell surface, in a variety of cell lines [47].
Moreover, Kc,3.1 is also expressed in the inner mitochondrial mem-
brane [48]. Hence, different K¢,3.1 protein amounts in the intracellular
compartments of distinct lymphoma cell lines could be related to the
cell-specific balance of oxidative and glycolytic metabolism.

Kca3.1 and Kyl.3 are the main drivers of Ca®" influx during B
lymphocyte development and activation [2]. The present observations
are consistent with previous results obtained on FLs, suggesting that
downregulation of these channel types, accompanied by reduced Ca%*
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Fig. 5. Effects of different treatments on cell growth of DLBCL lymphoma cells. Curves representing the mean counts of live cells after 24 h, 48 h, 72 h, and 96 h of
treatment with scDb-hERG1-p1 (50 pg/mL) and clarithromycin (160 pM) in (A) SU-DHL-4, (B) WSU-DLCL2, (C) U2932 and (D) EBV-infected B lymphocytes. CTR:
Control; scDb: scDb-hERG1-p1; CLA: Clarithromycin; EBV inf lymph: EBV-infected B lymphocytes. Statistical analysis was carried out with one-way ANOVA.
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Fig. 6. Expression and clinical relevance of the hERG1/p1 integrin complex in primary lymphoma samples. (A) Representative IHC images of hERG1/p1 integrin
complex expression in DLBCL samples. The staining was performed with scDb-hERG1-p1 as reported in Section 2.10. Left panel: hERG1/p1 integrin complex negative
sample; right panel: hERG1/p1 integrin complex positive sample (scale bar: 100 um). (B) Table reporting the number and percentage of negative and positive
samples, and the associations between hERG1/p1 integrin complex expression and clinicopathological characteristics of DLBCL samples. (C) Representative IHC
images of hERG1/p1 integrin complex expression in primary MALT lymphoma samples. The staining was performed with scDb-hERG1-f1 as reported in Section 2.10.
Left panel: hERG1/f1 integrin complex negative sample; right panel: hERG1/p1 integrin complex positive sample (scale bar: 100 um). (D) Kaplan Meier curves of
progression-free survival obtained from the risk analysis of 20 MALT lymphoma patients treated with clarithromycin. In red, patients positive for hERG1/p1 integrin
complex (11/20); blue, negative patients (9/20). Statistical analysis was performed using the Long-rank test.
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signaling in response to antigen stimulation, accompany DLBCL lym-
phoma onset and progression [13]. Such alteration of the K channel
complement in lymphoma cell lines appears thus to be associated with a
modified Ca?* homeostasis during the neoplastic transformation.
Notably, Ky1.3 dysregulation or block can alter the immune response,
relieve radiation-induced neurotoxic effects or affect cancer growth [49,
50], whereas K¢,3.1 is mainly deregulated during tumor progression,
which contributes to malignancy [51].

In all DLBCL lines, downregulation of Kc,3.1 and Kyl.3 was
accompanied by increased expression of KCNH2 and KCNH3 transcripts
and proteins. Patch-clamp measurements revealed hERG1 currents in
SU-DHL-4, WSU-DLCL2 and U2932 cells, and particularly an increased
E4031-sensitive current, compared to EBV-immortalized lymphocytes,
which are characterized by a low KCNH2 expression. Functional
expression of hERG1 in these cells is consistent with recent studies
showing that aberrant selection of B cell precursors is associated to
hERG1 blockage [52]. Up-regulation of hERG1 has been previously
evidenced in B-cells and associated with the onset of B-cell leukemia
[16,171, thus suggesting its implication in lymphoma malignant trans-
formation. In addition, lymphoma cell lines presented voltage-gated K*
channels with biophysical features similar to the hERG1’s, which were
insensitive to the known hERG1 blockers, but responsive to Cs™ [28].
Considering the transcriptomic data, the best candidate is hELK2, as
KCNH3 was expressed in all DLBCL lines. Moreover, the
voltage-dependence and kinetics of the E4031-insensitive currents are
consistent with the typical properties of hELK2 currents [28]. Evidence
is slowly emerging about the implication of KCNH3 in tumors. Recent
genomic results correlate KCNH3 variants with prostate cancer malig-
nancy [31], and KCNH3 has been implicated in ovarian cancer pro-
gression [30] and included in a risk score system for clear cell renal cell
carcinoma [53]. The observation of hELK2 currents in tumors outside
the nervous system, and particularly in lymphomas, is novel. At the
present stage, the specific functional role of hELK2 channels in cancer
progression and its interplay with hERG1 remain uncertain. Our results
suggest that hERG1 and hELK2 are interchangeable as regulators of
Vgest, thus offering lymphoma cells considerable flexibility in modu-
lating Vp,, even after Ky1.3 and Kc,;3.1 downregulation. On the other
side, the involvement of hERG1 and hELK2 in intracellular signaling,
and the consequent contribution to neoplastic cell proliferation, appear
to be distinct, as discussed in the next section.

4.2. The hERG1-p1 integrin complex in lymphoma cell lines and its role in
regulating cell proliferation

As a first step to understand the biological role of the two EAG family
channels, we investigated the implication of hERG1 in the formation of a
macromolecular complex with the pl integrin subunit, which has been
demonstrated in several tumor cells and primary clinical tumor samples,
as reviewed in [23]. The hERG1-p1 integrin complex was detected in all
the DLBCL cell lines, but scarcely in EBV-immortalized lymphocytes.
Notably, hELK2 did not display appreciable co-immunoprecipitation
with p1 integrin, which argues against the formation of an hELK2-p1
integrin complex in lymphoma cells. Thus, despite its biophysical and
structural similarity with hERG1, hELK2 does not physically associate
with p1 integrins, regardless of the hERG1/hELK2 expression ratio.
Whether this is caused by a stronger competition for hELK2 binding of
the accessory subunits KCNE1 or KCNE3, which tends to exclude the
channel association with f1 integrin [26], remains to be determined. A
stronger association of hELK2 with the classic accessory subunits would
also explain a more negative V5 of the activation curve [36].

To study the specific role of the hERG1-p1 integrin complex in DLBCL
cells, we first assessed different treatments that impair the macromo-
lecular complex formation. The stronger effect was exerted by the two
molecules that directly target the complex components (i.e., scDb-
hERG1-p1 [38] and clarithromycin [40]). Nonetheless, Cs* and E4031
also impaired the hERG1-p1 integrin complex formation. We attribute
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the latter effect to the open channel block produced by these inhibitors,
which sustains the open conformational state of hERG1 that hampers
channel association with p1 integrin [26].

We next demonstrated that the molecules that consistently disrupt
the hERG1-p1 integrin complex strongly decrease the proliferation of
DLBCL lines, with little effect on EBV-infected B lymphocytes, which is
consistent with the low amount of the macromolecular complex in the
latter cells. Notably, clarithromycin is also known to prevent the asso-
ciation of hERG1 and the PI3K p85 subunit [40]. Whether the same
applies to scDb-hERG1-f1 is still unknown. Regardless of the mecha-
nistic details, our results provide a possible unifying picture of the action
of these drugs on tumors. In particular, scDb-hERG1-p1 was found to
impair cancer cell motility, angiogenesis, and metastasis in preclinical
studies on solid tumors, while clarithromycin presents
anti-lymphoproliferative activity and has been reported by several
clinical reports to be effective in the treatment of different malignant
lymphomas and plasma cell disorders [41-43,46].

4.3. The hERG1-$1 integrin complex in clinical lymphoma samples

Expression of the hERG1-p1 integrin complex was also evaluated in
primary DLBCL samples by immunohistochemistry. A plasma membrane
and cytoplasmic positivity was detected in 76 % of all DLBCL, although
to different extents. Although a significant association with male sex was
observed, a limitation to the generalisability of the present study is that
it did not further consider gender/sex issues. Nonetheless, our results
suggest that the hERG1 interplay with integrin receptors is also operant
in vivo, in agreement with previous observations in human samples
(reviewed in [23]), and are consistent with the observation that Kc,3.1 is
generally downregulated in DLBCL cell lines. Such reorganization of the
K" channel complement in lymphomas could promote proliferative and
metastasizing phenotypes in more aggressive lymphoma clones, possibly
associated with a reduced Ca®* response on antigen stimulation during
lymphoma progression, as previously hypothesized [54]. A tight coor-
dination of Kc;3.1 and hERG1 expression and function appears to be
particularly relevant for tumor progression, as is also suggested by
previous results in colorectal cancer cells, where expression of the two
channel types is reciprocally regulated [55]. What is more, the combi-
nation of K¢,3.1 activators and hERG1 blockers exerts synergic effects
with cisplatin in inhibiting proliferation and stimulating apoptosis [55].

Clinical specimens of MALT lymphoma patients also presented the
hERG1-p1 integrin complex and were found to be especially sensitive to
the effect of clarithromycin. Data recorded in the limited sample of
MALT lymphoma patients suggest a tendency for increased survival
probability in the clarithromycin-treated patients positive for the
hERG1-p1 integrin complex. Unfortunately, the lack of survival data for
our DLBCL clinical specimens prevents a full clarification of the hERG1-
B1 integrin role in tumor malignancy. Nonetheless, clarithromycin has
been tested for the treatment of various malignant lymphomas and
plasma cell disorders in numerous studies and clinical reports [41-43,
46]. In particular, in the clinical study whose data are shown in Fig. 4
[46] clarithromycin was administered at doses (500 or 1000 mg) which
lead to plasma concentrations of approximately 2-3 pg/mL [56-58], and
values 5-10 times as high in interstitial fluids and up to ~600 pg/mL in
cells such as alveolar macrophages [57,58]. These concentrations are
compatible with those used in our in vitro assay and with the range of
concentrations effective on hERG1 (ICsg of ~30-50 puM; [45]).

The mechanism by which clarithromycin inhibits lymphoprolifer-
ative disorders has been hypothesized to be related to its effects on BCL-
2 and BCL-xL [41], based on in vitro data in murine lymphoma cells
obtained with doses of 3.2 pg/mL [42]. However, clarithromycin can
also downregulate the intracellular signaling pathways centered on ERK
1/2 and Akt in human myeloid and lymphoid leukemia cells [44], when
tested in vitro at 36-56 pM (~30—40 pg/mL). It is also worth noting that
the action of macrolide antibiotics on hERG1 is complex and may
involve intracellular binding sites [59]. Considering that in our
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lymphoma cell lines the effect of clarithromycin paralleled the one
exerted by scDb-hERG1-p1, we conclude that impairment of hERG1
interaction with p1 integrin and PI3K [37,40] is a major determinant of
the antibiotic efficacy.

4.4. Conclusions

We found the K* channel profile in DLBCL lymphoma cell lines to be
considerably altered compared to non-neoplastic B-lymphocytes, with a
tendency for Ky1.3 and K¢,3.1 to be replaced by the EAG family chan-
nels hERG1 and hELK2. These channel types present analogous voltage-
dependent properties, which could sustain the different V,, modulation
requirements of cancer cells. And yet, major differences emerged in how
hERG1 and hELK2 contribute to intracellular signaling mechanisms. On
cell adhesion to the extracellular matrix, hERG1, but not hELK2, asso-
ciated with p1 integrins to form macromolecular membrane complexes
in all DLBCL lines. This suggests hERG1 is involved in the downstream
signaling pathway centred on Akt and HIF-1a, which sustains the rapid
growth rate of DLBCL cells. Disrupting the hERG1-p1 integrin complex
with the bispecific scDb-hERG1-f1, or clarithromycin, impaired lym-
phoma cell proliferation. These effects are consistent with previous
observations which could explain the apoptosis and cell cycle modula-
tory effects of the bispecific antibody [38].

Besides better elucidating the complex interplay between K* chan-
nels, adhesion receptors, and tumor aggression, the present results in
lymphoma cell lines and clinical samples support the notion that the
hERG1-p1 integrin complex could serve as a new therapeutic target in
DLBCL. Importantly, such a complex is not found in cardiac cells, where
hERG1 associates with the accessory subunit KCNE1 [23,26]. Using
scDb-hERG1-B1 for cancer therapy would thus avoid the cardiac side
effects (i.e., proarrhythmic) exerted by many hERG1 blockers.
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