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tumor antigen: a possible immunotarget for the  
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Neil T Hoa1, Lisheng Ge1, Rajeev B Tajhya2, Christine Beeton2, Andrew N Cornforth3, Amir Abolhoda4, Nils 
Lambrecht5,6 , Maria DaCosta-Iyer5,6, Yi Ouyang5,6, Anthony P Mai1, Erin Hong1, Judy Shon1, Michelle J 
Hickey7, Kate L Erickson7, Carol A Kruse7, Martin R Jadus1,5,6,8

1Research Health Care Group, Veterans Affairs Medical Center, Long Beach, CA 90822, USA; 2Department of 
Molecular Physiology and Biophysics, Baylor College of Medicine, Houston, Texas 77030, USA; 3California Stem 
Cell Inc., 18301 Von Karman Ave, Irvine, CA 92612, USA; 4Surgical Health Care Group, Veterans Affairs Medi-
cal Center, Long Beach, CA 90822, USA; 5Pathology and Laboratory Medicine Service, Veterans Affairs Medical 
Center, Long Beach, CA 90822, USA; 6Department of Pathology and Laboratory Medicine, University of California, 
Irvine, Orange, CA 92868, USA; 7Department of Neurosurgery, David Geffen School of Medicine, University of Cali-
fornia, Los Angeles, Los Angeles, CA 90095, USA; 8Neuro-Oncology Program, Chao Comprehensive Cancer Center, 
University of California, Irvine, Orange, CA 92868, USA

Received March 10, 2014; Accepted March 24, 2014; Epub May 15, 2014; Published May 30, 2014

Abstract: Big Potassium (BK) ion channels have several splice variants. One splice variant initially described within 
human glioma cells is called the glioma BK channel (gBK). Using a gBK-specific antibody, we detected gBK within 
three human small cell lung cancer (SCLC) lines. Electrophysiology revealed that functional membrane channels 
were found on the SCLC cells. Prolonged exposure to BK channel activators caused the SCLC cells to swell within 
20 minutes and resulted in their death within five hours. Transduction of BK-negative HEK cells with gBK produced 
functional gBK channels. Quantitative RT-PCR analysis using primers specific for gBK, but not with a lung-specific 
marker, Sox11, confirmed that advanced, late-stage human SCLC tissues strongly expressed gBK mRNA. Normal 
human lung tissue and early, lower stage SCLC resected tissues very weakly expressed this transcript. Immunofluo-
rescence using the anti-gBK antibody confirmed that SCLC cells taken at the time of the autopsy intensely displayed 
this protein. gBK may represent a late-stage marker for SCLC. HLA-A*0201 restricted human CTL were generated 
in vitro using gBK peptide pulsed dendritic cells. The exposure of SCLC cells to interferon-γ (IFN-γ) increased the 
expression of HLA; these treated cells were killed by the CTL better than non-IFN-γ treated cells even though the 
IFN-γ treated SCLC cells displayed diminished gBK protein expression. Prolonged incubation with recombinant IFN-γ 
slowed the in vitro growth and prevented transmigration of the SCLC cells, suggesting IFN-γ might inhibit tumor 
growth in vivo. Immunotherapy targeting gBK might impede advancement to the terminal stage of SCLC via two 
pathways.
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Introduction

Immunotherapy of malignant tumors has 
improved patient survival with some cancers. 
Recent examples include FDA approved treat-
ment for castrate resistant prostate cancer 
patients using “Provenge”, which targets a 
prostate-specific antigen via dendritic cells 
(DC) to stimulate the host T cells [1]. 
Encouragingly, DC-based vaccines are also 
improving the survival of patients with Glio- 

blastoma Multiforme [2], and in some lung can-
cers (reviewed in [3]). The success of these vac-
cines is due to the actions of the potent anti-
gen-presentation cells, namely DC, to stimulate 
the host’s own T cells to recognize the autolo-
gous tumor antigens. These activated T cells 
seek out the remaining tumor cells and elimi-
nate them. This approach is dependent on find-
ing appropriate tumor antigen(s) that will elicit a 
cytotoxic T cell response. Further, targeting a 
key cancer cell function may prove more cyto-
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reductive than using any ordinary tumor anti-
gen as evidenced by the success with the her-
ceptin antibody, which interferes with an 
obligatory growth factor signaling pathway, 
while simultaneously permitting antibody 
dependent cytotoxicity to occur [4].

Big Potassium (BK) channels are over-
expressed by malignant glioma cells [5-8]. A 
splice variant of the BK channel, called the glio-
ma Big Potassium (gBK) channel, was initially 
described in human gliomas; hence its utilitari-
an name [9]. Our recent work with human glio-
ma cells identified two epitopes within the gBK 
channel that could induce human cytotoxic T 
lymphocytes (CTL) [10]. BK channel expression 
is nearly universal in every cell throughout the 
body and helps play an important role in normal 
ionic concentration homeostasis, while gBK 
manifestation is much more tumor-specific [9, 
10]. The gBK isoform contains an additional 33 
amino acids inserted only within the intracellu-
lar region of the hbr5 isoform (hbr5 has an 
additional 29 amino acid insert) of the basic 
BKα chain. gBK are only highly expressed with-
in cancer cells. Three putative binding sites [9] 
within the gBK region (casein kinase IIα, pro-
tein kinase C and calmodulin dependent kinase 
II) may provide the cancer cell with altered bio-
chemical processes, distinct from normal BK 
channel properties. Gliomas are highly invasive 
tumors, and this characteristic makes them dif-
ficult to treat. All medical interventions current-
ly allow the escape of a few glioma cells that 
later initiate the recurrence. Ion channels pro-
vide a possible mechanism by which cancer 
cells can squeeze through tight spaces of its 
surrounding environment [11, 12]. While at rest 
and in homeostasis, the cancer cell maintains 
its balanced physiological ionic composition, 
which is a high intracellular level of K+ ions, with 
concurrent lower concentrations of Na+, Ca+2, 
Cl- ions and water. When there is a change to 
the environment, a disruption of normal ionic 
homeostasis can occur at the leading edge of 
the cell. When the potassium channels such as 
gBK and BK are activated and internal K+ ions 
are released, Na+ replaces the K+ cations. As 
Na+ cations enter, so do Cl- anions and water, 
hence the cell can swell at the tip and create 
the osmotic forces that assist the rest of the 
cell to pull itself through the normal tissue. BK 
channels are described as being mechano-sen-
sitive ion channels, where membrane proteins 

are responding to mechanical stimuli, such as 
membrane stretching these channels are acti-
vated [13]; i.e. K+ release. Ionizing radiation of 
human T98G and U87 glioma cells directly acti-
vates BK channels and makes these cells more 
invasive [14]; this provides further support that 
BK ion channels play an active role in cancer 
cell migration.

Small cell lung cancers (SCLC) are derived from 
the “Kulchitsky” neuroendocrine/epithelial 
cells [15, 16]. Similar to gliomas, SCLC is very 
invasive [16, 17]. SCLC cells may share com-
mon biochemical and motility processes involv-
ing gBK like they are thought to occur with glio-
ma cells. With 3 SCLC lines, we showed that 
gBK is present within these cells using a gBK-
specific antibody. Cell-surface patch clamping 
revealed functional gBK channels on the HTB-
119 SCLC cells. These BK ion channels proved 
to be physiologically functional, in that BK 
channel activators caused all the SCLC cells to 
swell within 20 minutes and ultimately die after 
five hours of prolonged BK channel activation. 
To prove the gBK isoform was functional, the 
gBK gene was stably transduced into BK chan-
nel-negative HEK cells and these cells respond-
ed to BK channel activators and demonstrated 
identical electrophysiological tracings charac-
teristic of BK channel. We further observed that 
SCLC autopsy specimens displayed very high 
gBK expression levels by quantitative reverse 
transcriptase-real time polymerase chain reac-
tion (qRT-PCR) compared to those SCLC taken 
from initial surgical resections or from non-can-
cerous lung samples. When clinical SCLC sam-
ples were immuno-stained with anti-gBK chan-
nel specific antibody, we confirmed that SCLC 
cases taken at the autopsy possessed high 
levels of gBK proteins, whereas the SCLC at the 
initial time of diagnosis had minimal gBK pro-
tein expression. CTLs that were generated 
towards the two gBK specific epitopes killed 
SCLC cell lines, which were both gBK+ and HLA-
A2+. These effector cells failed to kill human 
embryonic kidney (HEK) cells that were HLA-
A2+, but gBK negative. The addition of recombi-
nant interferon-γ (IFN-γ) caused the SCLC cells 
to up-regulate MHC class I protein, while con-
comitantly inhibiting the expression of gBK. The 
continued exposure to IFN-γ slowed the growth 
of SCLC cells in vitro. Recombinant IFN-γ, tumor 
necrosis factor and iberiotoxin prevented the 
SCLC cells from migrating through 5 micron 
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pores. The gBK antigen may provide a unique 
target antigen that will prevent progression 
from early to late-stage disease. Targeting this 
tumor antigen after the initial radiation and 
chemotherapy may prolong patient survival by 
an active immunotherapy strategy. In non-small 
cell lung cancer COX2 inhibitors and irradiated 
tumor cells generated significantly more IFN-γ 
producing T cells, and enhanced the immune 
response towards those lung cancers [18]. 
Therefore, a passive immunotherapy strategy 
using adoptive transfer of in vitro sensitized 
CTL in combination with checkpoint inhibitors 
could slow SCLC cell growth in vivo. So finding 
appropriate late stage tumor antigens might be 
quite valuable.

Experimental procedures

Cell lines

Three SCLC cell lines, HTB-119, HTB-180, and 
H1436 [NCI-H69, NCI-H345, and NCI-H1436, 
respectively] were obtained from the American 
Tissue Culture Collection (ATCC, Manassas, 
VA). These three cell lines were selected, since 
prior literature reported these cells were HLA-
A2-positive [19, 20]. Human embryonic kidney 
(HEK) cells [also HLA-A2+, 10] were obtained 
from Dr. Michael Myers (California State 
University, Long Beach, CA).

Antibody based analyses

The goat polyclonal antibody directed towards 
human gBK was made by GenScript Inc. 
(Piscataway, NJ) [10]. The Kolmogorov-Smirnov 
statistics test was used to show significant dif-
ferences (P<0.05) between antibody staining of 
the isotypic control and the various cell lines by 
flow cytometry.

VAMC-LB archived paraffin blocks of SCLC, 
either from the initial surgical or autopsy speci-
mens were sectioned. Four normal lung sam-
ples without any cancer, two specimens from 
newly diagnosed SCLC (Stage I) and six speci-
mens (Stage IV) from autopsy cases were 
examined by immunofluorescent staining using 
the anti-gBK antibody staining. The intensity of 
the fluorescent signal was averaged from 3 rep-
resentative and separate fields. The cumulative 
amount of the fluorescence from each field of 
the three conditions was then calculated and 
data is presented as the average and standard 
deviation of the replicates.

Patch clamping techniques

Cells were plated onto glass coverslips coated 
with poly-L-lysine and washed twice with phos-
phate buffered saline as described previously 
[21].

A whole-cell configuration was achieved and 
currents were measured at room temperature 
(20-25°C). The holding potential in all patches 
was -80 mV. For drug testing, the whole-cell 
patch was pulsed with 30 mV or 120 mV test 
potential for 50-100 ms every 10 s [22]. A 
syringe-driven perfusion system was applied to 
completely exchange the bath solution. Pimaric 
acid (PiMA) was purchased from Alomone Labs 
(Jerusalem, Israel) and paxilline was bought 
from Tocris Bioscience (Ellisville, MI).

Tumor tissue

IRB approval from the VALBMC was granted for 
this project before its initiation. We collected 
either autopsy material or remnant surgical 
material not needed for diagnostic purposes. 
Surgical material was collected only after 
informed consent was given. Next of kin signed 
the autopsy consent forms which allow scien-
tific investigations. We purchased 8 surgical 
SCLC cases from Oncomatrix, (San Diego, CA), 
who obtained their tissues from Eastern 
Europe, where they still surgically resect SCLC 
patients. The stages of these surgical patients 
were: three-Stage IA, one-Stage IB, three-Stage 
IIIA and two-Stage IIIB. The three autopsy sam-
ples from our SCLC cases (Stage IV, all patients 
had multiple (>5) distant metastases docu-
mented), along with three lung samples taken 
at autopsy from individuals who did not have 
lung cancer were derived from the VAMC and 
analyzed. All the autopsy samples were 
acquired within 24 hrs of the patient’s demise. 
All the specimens were first mechanically 
homogenized and the RNA was extracted with 
Trizol. The quality of the RNA was first assessed 
by a 260/280 ratio of >1.9. The amount of the 
18S RNA was assessed; all samples had identi-
cal amounts to assure no biases occurred in 
the results obtained between the autopsy and 
surgical samples.

Polymerase chain analysis

Quantitative real time polymerase chain reac-
tion (qRT-PCR) was done as previously 
described [23, 24]. The sequences of the prim-
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ers used were: gBK Forward: 5’-CGTTGGGAA- 
GAAC ATTGTTC-3’; gBK Reverse: 5’-AACTGG- 
CTCGGTCACA AG-3’ to identify the gBK/hbr5 
region within the gBK transcripts. Sox 11 
Forward: 5’-GTAGTGGTGA TGATGATGATG-3’ and 
Sox11 Reverse: 5’-GCGTCACGACATCT TATC-3’. 
18S RNA Forward and 18S Reverse were 
5’-CAGGATTGACAGATTGATAGC TCT-3’ and 
Reverse-5’-GAGTCTCGTTCGT TATCGGAATTA-3’, 
respectively.

To determine the size of the BK amplicons, the 
cDNA from the lung tissue was analyzed by 35 
cycles of amplification using the primers to 
detect the 5’ and 3’ flanking regions of the BK 
native channel. The primers were: Forward: 
5’-GACATCACAGATCCCAAAAG-3’ Reverse: 5’- 
GTGTTGACGGCTGCTCATC-3’. If the PCR prod-
ucts contained both the gBK region and hbr5 
region, the PCR product was 253 bps; if the 
PCR amplicon contained the hbr5 and no gBK 
region, the PCR product size was 157 bps. If 
the PCR product size was 67 bps then the PCR 
products did not contain gBK and hbr5. The 
amplicons were then run on a 2% agarose gel 
and then stained with ethidium bromide and 
viewed under the UV transilluminator and pho-
tographed with the ChemiDoc MP workstation 
(BioRad, Hercules, CA). The densitometric read-
ing was calculated using the Un-Scan-It 
Software (Silk Scientific, Orem, UT).

Cloning of gBK cDNA and transfection

gBK cDNA was initially cloned into the plasmid 
pcDNA3.1 [10]. The gBK and the wild type BK 
sequences were engineered into the lentiviral 

vector, pLNCX2 (Clontech, Mountain View, CA). 
The pLNCX2/gBK plasmid was transfected into 
the packaging cell line PT67 (Clontech) using 
Xfect Transfection Reagent from Clontech. After 
transfection, the cells were cultured in DMEM 
containing 1 mg/ml G418 (Gemini Bioproducts, 
West Sacramento, CA). The supernatant was 
harvested and transduced into HEK cells. The 
gBK expression was confirmed by using qRT-
PCR using gBK specific primers and flow cytom-
etry using gBK specific antibody. After the gBK 
was transduced into HEK cells, the same cells 
were co-transduced with the wild type BK to 
model the SCLC cells which have both gBK and 
BK expression.

Generation of human CTL

The first type of CTL effector populations gener-
ated for this study were tumor associated anti-
gen- directed, gBK-specific CTL. The anti-gBK 
CTL were generated by lymphocyte dendritic 
cell reactions using PBMC responder and gBK 
peptide-pulsed, DC stimulator cells from the 
same A*0201+ individual [10].

The second type of CTL effector populations 
generated were alloreactive CTL. PBMC from 
two different HLA-A*0201+ individuals, but oth-
erwise HLA-mismatched, served as responders 
in one-way mixed lymphocyte reactions. 
Inactivated stimulator cells were PBMC from an 
individual who was also HLA-A*0201+ but mis-
matched at HLA-A*30, -B*72, -B*61, -C*2, and 
-C*10. Thus, the alloresponsive CTL would tar-
get these latter class 1 antigens.

Figure 1. gBK-specific antibody detects gBK within 3 human SCLC cell lines. The three gBK protein profiles of the 
SCLC cells (H1436, HTB-119 and HTB-180) were analyzed by using intracellular flow cytometry (Panels A-C respec-
tively). Flow cytometric analysis of 104 cells is shown. The gBK expression is displayed by the gray line while the 
isotypic control (ISO) is shown as the dark shaded region.
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Cytotoxicity data from quadruplicate cultures at 
each effector to tumor target cell ratio (E:T) is 
presented as mean specific killing ± standard 
deviation as previously described [10, 23]. The 
HLA-A*30+ individual who served as a source 
of stimulator cells to make alloreactive CTL, 
also supplied PBMC that were nonspecifically-
activated with PHA and interleukin-2. The 
resulting lymphoblasts served as targets (posi-
tive control) in the cytotoxicity assays. Values 
were considered significantly different, if 
P<0.05 was achieved using the Student’s t 
test.

Cell proliferation assay

The SCLC proliferation assay was performed 
using the PrestoBlueTM Cell Viability Reagent 
(Molecular Probes/Invitrogen, Carlsbad, CA) 
according to the manufacturer’s directions. Ten 
thousand cells were added to each well of a 
96-well plate. Afterwards, the plate was ana-
lyzed using the NOVOStar fluorescence plate 

reader BMG LABTECH Inc. (Cary, NC). Cell num-
bers were then calculated accordingly.

Transmigration studies

The Chemo-Tx disposable chemotaxis system 
with 5 µm pores from NeuroProbe (Gaithersburg, 
MD) were used according to the manufacturer’s 
directions. Twenty thousand SCLC cells in PBS 
were loaded in the top chamber with either PBS 
alone, 0.05 µM iberiotoxin, 10 ng/ml rhIFN-γ, or 
10 ng/ml rhTNF-α. The bottom chamber con-
tained 100 ng/ml of recombinant interleukin-6 
to induce SCLC transmigration [25]. The human 
cytokines were purchased from Peprotech 
(Rocky Hill, NJ). The number of cells transmi-
grating from the upper to lower chambers after 
an overnight incubation (18 hrs) was deter-
mined in octuplicate replicates. Fluorescent 
cells at the bottom of the wells in the 96 well 
plates were determined by the NOVOStar plate 
reader. A student’s t test was then used to veri-
fy significant differences (P<0.05) occurred 

Figure 2. Functional Big Potassium (BK) channel currents of HTB-119 SCLC cells, as documented by electrophysiol-
ogy. The HTB-119 cells were plated on glass coverslips and paxilline was added after a stable whole-cell configura-
tion was achieved. Panel A shows the: The active blockage of BK current by various doses of paxilline (2, 20, or 200 
nM) with 50 ms pulses at 120 mV test potential. Panel B: Illustrates the current-voltage plot generated from the 
stable region of BK current traces, with and without 200 nM paxilline treatment. Panel C: Plots the dose-dependent 
blockage of BK current by paxilline treatment. Panel D: Represents the effect of various doses of pimaric acid (5 or 
50 µM) on the opening of the BK current with various doses of pimaric acid treatment (5 or 50 µM) with pulses at 
30 mV for 100 ms.
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between the experimental groupings from the 
control.

Results

gBK protein expression within SCLC cell lines

gBK was initially described within high-grade 
human gliomas, but it was also found in many 
other cancers [9, 10]. SCLC is thought to origi-
nate from neuro-endocrine precursor cells 
(Kulshitsky cells). SCLC are also highly invasive 
[15, 16]. We hypothesized that gBK would also 
be highly expressed in SCLC, too. Three SCLC 
cell lines, H1436, HTB-119, and HTB-180 were 
tested to determine whether the gBK protein 

was detected. The exponentially growing cells 
were fixed, permeabilized and stained with a 
gBK specific antibody that we previously used 
[10]. All the SCLC cell lines expressed gBK 
(Figure 1A-C). H1436 displayed the least, while 
HTB-180 possessed the greatest amount of 
gBK of the three SCLC cell lines tested. These 
results allowed us to do functional studies with 
the SCLC in vitro.

Functional membrane BK channels are pres-
ent at the plasma membrane of SCLC

The cell line HTB-119 was used to test the pres-
ence of functional BK channels by whole-cell 

Figure 3. BK channel activators induce cell swelling and cell death by 5 hrs in SCLC cells. HTB-180 cells in single 
cell suspensions were incubated with hypotonic PBS (0.9X PBS), 0.01 mM pimaric acid (PiMA), phloretin (Phlor) or 
0.01 μM recombinant iberiotoxin (ibTX) at 37°C. At timed intervals, the samples 104 cells were analyzed on the flow 
cytometer’s forward scatter detector. (Panel A) Shows the time kinetics with hypotonic PBS; (Panel B) Shows the: 
inhibitory effect of ibTX (0.01 μM) preventing cell swelling in response to pimaric acid, a BK channel activator (0.01 
mM PiMA). The asterisks indicate a significant difference (P<0.05) between the treated cells and their respective 
controls. Each point represents the values of 10,000 cells. (Panel C) Cytotoxicity after 5 hours and (Panel D) Shows 
the cytotoxicity after 16 hrs. One million Cr51 labeled HTB-119 SCLC cells were incubated with 0.01 mM pimaric acid 
(PiMA), 1.0 mM phloretin (Phlor), 0.01 μM recombinant iberiotoxin (ibTX), or 0.01 PiMA and 0.01 μM iber, 0.1 μM 
(ibTX), and 1.0 mM (Phlor) and 0.01 μM ibTX. Data shown at the indicated times show the percentage of specific 
release ± standard deviation of triplicate cultures. The asterisks indicate significant differences (P<0.05) between 
the experimental and their respective controls as indicated by the various lines.
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patch-clamping techniques. Applying a test 
potential of 30 mV or 120 mV to the voltage-
clamped SCLC induced whole-cell K+ currents 
consistent with known properties of BK chan-
nels [22]. The perfusion of paxilline induced a 
dose-dependent block of the K+ currents 
(Figure 2A-C), consistent with the known elec-
trophysical properties of BK channels. A cur-
rent-voltage (I-V) plot generated from the stable 
region of K+ current traces from the patches 
treated with 200 nM paxilline showed a strong 
reduction in the currents at the higher voltages 
(Figure 2B). Plotting normalized currents 
showed a half-maximal block of the K+ current 
expressed by the HTB-119 cells with a value of 
313 ± 145 nM. A dose-dependent opening of 
K+ current was observed upon stimulation with 
various doses of a specific BK channel activa-
tor, pimaric acid (PiMA) (Figure 2D). Thus, func-
tional BK channels are present on the mem-
branes of the SCLC cells.

SCLC cells swell in response to the specific BK 
channel activator, pimaric acid, which kills the 
SCLC cells

In vitro cell swelling assays were next per-
formed with PiMA (Figure 3) using the flow 
cytometer’s sensitive forward scatter detector 
to measure changes in cell size. All three SCLC 
cells were analyzed this way and showed identi-
cal results. The cells were exposed to a hypo-
tonic solution (0.9X PBS) as a positive control, 
and those cultured in a1X PBS solution were 
used as a negative control. HTB-180 cells were 
exposed to these agents and the cells were 
analyzed at 10-minute intervals for one hour. 
As shown in Figure 3A, all values induced by 
hypotonic PBS incubation at 20 minutes or 
later were statistically different from the com-
parable control values. After 20 minutes of 
exposure to PiMA, cell swelling occurred and 
was considerably elevated above baseline val-
ues observed at Time 0 (Figure 3B). During this 
assay, additional experiments were performed 
in which r-iberiotoxin (iberio), a specific BK 
channel inhibitor, was added to the cultures for 
specific blocking of the BK channel-induced 
swelling. When iberiotoxin was added to the 
SCLC cells (Figure 3B) no swelling occurred, but 
iberiotoxin’s presence significantly antagonized 
the swelling induced by pimaric acid.

Next, we showed that prolonged BK channel 
activation killed the SCLC cells like we earlier 

Figure 4. qRT Functional gBK is found in HEK cells 
transduced with gBK. BK and gBK negative HEK cells 
were stably transduced with the gBK gene. Panel A: The 
i.c. flow cytometry demonstrating the presence of gBK 
on the gBK transduced HEK cells (Right Panel) and in 
empty vector transduced HEK (Left). Panel B: Cell swell-
ing of these gBK-HEK cells upon incubation with either 
pimaric acid (0.01 mM) or phloretin (1.0 mM) over 60 
minutes period of incubation. Electrophysiological trac-
ings of gBK-HEK cells were compared to the HEK cells 
that were co-transduced with both gBK and BK. Panel C: 
HEK-gBK (n=4) and HEK-gBK/BK (n=7) showed similar 
current density (pA/pF) vs. voltage profile during whole 
cell configuration. Whole cell K+ currents were elicited 
by applying test potential of -15 to 195 mV with 15 mV 
increments. Panel D: Pimaric acid showed similar chan-
nel opening in both HEK-gBK (n=4) and HEK-gBK/BK 
(n=3) cells when pulsed with 30 mV for 50 ms every 
30 s.
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observed with human glioma cell lines [26, 27]. 
SCLC cells labeled with 51Cr were allowed to 

incubate 5 or 16 hours with various BK channel 
activators or inhibitors. Figure 3C shows the 
typical killing response that we observed with 
HTB-119 cells after 5 hrs of exposure to the 
activators and/or inhibitors. PiMA and phloretin 
(phlor; another BK channel opener) significantly 
killed these cells starting at five hours. 
Cytotoxicity was further enhanced at 16 hours 
(Figure 3D), compared to cells incubated in the 
presence of iberiotoxin alone. When iberiotoxin 
was co-incubated with either pimaric acid or 
phloretin, the killing of the SCLC cells was sig-
nificantly reduced (P<0.05). Similar responses 
were recorded for HTB-180 or H1436 cells 
(data not shown).

gBK transduced into HEK induces functional 
channels

The previous experiments (Figures 2 and 3) 
suggest, but do not prove conclusively that gBK 
is functional within the SCLC cells. The possibil-
ity exists that the more abundant gBK could be 
non-functional, while the fewer remaining BK 
channels could mediate those functional 
effects of the BK activators. To date there are 
no chemical inhibitors which can discriminate 
between BK and gBK. Likewise it is impossible 
to specifically knock-down or silence BK with-
out affecting gBK. To prove that gBK are func-
tional ion channels, we genetically cloned the 
gBK isoform and stably transduced human 
embryonic kidney (HEK) cells. HEK cells do not 
express BK channels [22]. Figure 4A, Right 
Panel shows the flow cytometric profile of gBK 
transduced HEK cells with regards to anti-gBK 
staining, while the Left Panel shows negligible 
gBK staining of the empty viral vector trans-
duced HEK cells. The gBK transduced HEK 
cells swelled when exposed to either pimaric 
acid or phloretin (Figure 4B). Figure 4C shows 
the current-voltage plot of both the gBK and co-
gBK/BK transduced HEK cells. Identical cur-
rents were produced when both cell lines were 
tested from the -40 mV to 120 mV test range. 
Figure 4D illustrates that an ion flux current 
density (pA/pF) occurred during whole cell con-
figuration using the HEK-gBK and HEK-gBK/BK 
co-transduced cells. This ion flux was recorded 
when the exposed membrane was activated by 
various concentrations of pimaric acid in a 
dose-dependent manner. Thus, the HEK cells 
transduced by gBK appear to have the same 
functional properties as HEK cells possessing 
the wild type BK channel.

Figure 5. RT-PCR of detection of gBK mRNA in normal 
tissue and in surgical and autopsy samples show a 
differential pattern within SCLC specimens. The RNA 
was extracted from three non-cancer containing 
lungs derived from autopsies (circles), nine samples 
derived from surgical resections of SCLC (squares), 
and three SCLC autopsy specimens (triangles). The 
amount of gBK mRNA was quantitated by a ΔCt value 
(left y-axis) compared to the 18S RNA. The ΔCt value 
of 20 was given an arbitrary value of 1 and the fold-
difference is presented on the corresponding point 
on the right y-axis. The horizontal line represents the 
cut-off value (0.1-fold) that we believe represents a 
biologically significant value (23). (Panel A) Shows 
the data using gBK-specific primers, while (Panel B)
Shows the data using Sox11 qRT-PCR specific prim-
ers. Asterisk indicates a P<0.05. (Panel C) Displays 
the amplicons isolated from non-cancerous lung (N1 
+ N2), surgical resected SCLC (S1 + S2) and SCLC 
autopsy samples (A1 + A2) after being amplified 35 
times and run on a 2% agarose gel. The right lane 
shows the molecular weight markers. The smallest 
bands (67 base pairs) represent the native BK chan-
nel, the middle sized bands are the hbr5 isoform (157 
base pairs) and the largest band (253 base pairs) is 
the gBK. The bottom histogram represents the densi-
tometric readings of the 253 base pair bands.
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Clinical small cell lung cancers possess more 
gBK mRNA taken at autopsy than from initial 
surgical resected specimens

Specimens taken from patients at autopsy 
(n=3) who did not have any cancer in the lung 
and were used as negative controls. Autopsy-
derived SCLC (Stage IV with multiple metasta-
ses) expressed elevated levels of gBK mRNA 
compared by using qRT-PCR (Figure 5A). We 
estimated the degree of gBK expression was 
about 160-fold higher than that in normal lung 
tissue. The detection of gBK mRNA from the 
nine primary SCLC samples (Stages IA, IB, IIIA 
IIIB, all localized tumors to primary nodular or 
draining lymph nodes) taken from surgical 
resections at initial diagnosis was also low. 
These lower transcription levels are assumed 
to be at the limitation of detection with this 
technology and not significantly different from 
that displayed by the non-cancerous lung tis-
sue. By a Student’s t test, the mRNA levels 
derived from the SCLC autopsy tissue was sig-
nificantly elevated (P<0.05) compared to the 
two other sets of samples, non-cancerous lung 
or early-stage surgical SCLC specimens. 
Samplings taken from other parts of the same 
extensive tumor at autopsy showed no differ-
ences in qRT-PCR results, eliminating the pos-
sibility of tumor heterogeneity or sampling error.

We used Sox 11, a transcription factor found in 
lung cells [28, 29], as a specificity control. The 
expression of Sox11 mRNA was indistinguish-

able among the three lung tissues subsets 
(Figure 5B). We also saw an identical expres-
sion patterns with Heterogeneous Nuclear 
Ribonucleoprotein L (HNRPL), which had ΔCt 
scores between 16 and 18 (data not shown). 
These findings eliminate the possibility that 
RNA degradation or other non-specific artifacts 
were complicating the analysis of gBK expres-
sion within the SCLC autopsy samples. 

We designed primers to detect the 5’ and 3’ 
flanking regions of the BK native channel so 
that we could also detect the hbr5 (the hbr5 
isoform contains an additional 29 amino acids 
inserted into the basic BK channel; hbr5 is 
always associated with gBK, but hbr5 can be 
expressed without the gBK insert) and gBK 
inserts, and confirm the expression of these 
splice variants using differential gel electropho-
resis. Figure 5C shows the gel electrophoretic 
pattern of samples of the PCR amplification of 
non-cancerous lung, SCLC surgical and autopsy 
specimens. The samples derived from the non-
cancerous and surgical SCLC displayed little, if 
any gBK could be found at the predicted 260 
base pairs, while these specimens showed 
weak bands of the native BK and hbr5 ampli-
cons. In contrast, only the SCLC autopsy mate-
rial displayed the amplified gBK sequences. 
The densitometric readings of the gBK specific 
bands are shown as a histogram under the gel 
and confirm the visual observations. Thus, 
genetic studies confirm the presence of the 
gBK mRNA within the SCLC.

Figure 6. Immunofluorescence demonstrates that only SCLC autopsy samples display gBK protein by immunofluo-
rescence. Histology blocks were from a patient with the SCLC taken at the initial analysis of SCLC (Panel A) Stage 
1B; two other SCLC samples were obtained from two other the autopsy of patients at with (Stage IV) of the time of 
their autopsies are examined. The blocks were cut and then stained with the anti-gBK antibody (green) and counter-
stained with a nuclear dye (blue). Only autopsy SCLC samples (shown in Panels B and C) were deemed to be strongly 
gBK-positive. (Panel B) Shows SCLC when the cancer cells are densely packed, while (Panel C) shows the SCLC at 
the periphery of the tumor. Magnification is 100X. The data showing the isotypic control staining is not shown, since 
it was negative and is not shown for the sake of brevity. Additional paraffin blocks were cut from different patients, 
stained, and analyzed for gBK expression. (Panel D) Shows the quantitative fluorescent pixel intensity analysis of 
gBK staining in non-tumor lung tissue (4 samples), SCLC surgical (2 samples), and SCLC autopsy (6 different pa-
tients). Only autopsy samples were determined to be strongly gBK positive. Statistical significance (P<0.05) by a 
Student’s t test is denoted by the asterisk.
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gBK protein expression is detected very highly 
in late stage SCLC

We next examined archival SCLC tissues to 
confirm whether the gBK protein was present 
within SCLC at the time of the autopsy. We 
found two cases of surgical SCLC from patients 
at their initial diagnosis (Stage IB and Stage 
IIIA) and six autopsy cases with late stage IV 

disease each with multiple (>5) metastatic 
lesions. Immunostained sections of the speci-
mens with the gBK-specific channel antibody 
(Figure 6) show representative surgical SCLC 
(Stage IB; Figure 6A) and autopsy (Stage IV; 
Figure 6B and 6C) cases. The surgical sample 
taken at the time of initial diagnosis (Stage IB) 
had minimal gBK expression. The other surgi-
cal SCLC (Stage IIIA) also was negative (nega-

Figure 7. Only gBK-specific CTLs kill SCLC cell lines. CTL generated from a normal donor and 2 patients with a gBK+ 
tumors can kill SCLC cell lines. Panel A: Shows the CTLs specifically lyse the three different Cr51-labeled SCLC target 
cell lines (H1436, HTB-119 and HTB-180) at multiple effector to target cell ratios. The CTL were derived from one 
HLA-A2+ normal donor (nCTL) and two HLA-A2+ GBM patients (pCTL1 + pCTL2), whose tumors were gBK-positive. 
The gBK-specific CTL were stimulated by gBK peptides and were used to kill the 3 SLCL cell lines (H1436, HTB-119 
and HTB-180) that were pre-labeled with Cr51. Panel B: Illustrates that the SCLC cell lines are not susceptible to al-
loresponsive CTLs. Alloreactive CTL from two different normal donors were sensitized towards the class 1 antigens 
of the HLA-A*30+ donor supplying the stimulator cells. They were tested against the same three SCLC cell lines or 
against the positive control PHA-stimulated lymphoblasts in 6 hr cytolytic assays.
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tive data not shown). The autopsy derived SCLC 
cells possessed the higher amount of gBK pro-
tein. We noted that when the SCLC cells taken 
from autopsy are densely packed, the gBK 
staining pattern is uniform (Figure 6B), but at 
the periphery of the tumor, where there is a 
more loose association of the tumor cells, there 
appears to be some polarity of gBK expression 
within the SCLC cells (Figure 6C). The compos-
ite summary showing the average fluorescence 
of 4 non-cancer lung tissues, 2 SCLC surgical 
and 6 additional autopsies from SCLC patients 
are displayed in Figure 6D. There is a statistical 
significant difference (P<0.05) between the 
gBK fluorescent intensity obtained from the 
SCLC autopsy tissue when compared to the 
non-cancerous lung or surgical SCLC tissue.

Human gBK-specific CTL will kill HLA-A2+ cells 
expressing the gBK peptides

In prior work [10] with the human U251 glioma 
model, we showed there are two peptides 

derived from the gBK: SLWRLESKG (gBK704-712 
or gBK1 peptide) and GQQTFSVKV (gBK722-730 or 
gBK2 peptide), both peptides could elicit CTL 
responses that were HLA-A*0201 restricted 
and killed those glioma cells. The CTL also 
showed killing of the SCLC cells, which are HLA-
A2+ and gBK+. Two of the donors of the CTL 
came from glioma patients who had gBK+ glio-
mas and were HLA-A*0201 positive [10]. These 
gBK1- and gBK2- specific CTL lysed HLA-A2+ 
SCLC tumor cells that also express gBK (HTB-
119, HTB-180, H1436) in 6 hr Cr51 release 
assays (Figure 7A); the killing displayed against 
H1436 was the weakest. Nevertheless, the CTL 
killed the HLA-A2+ SCLC that possessed gBK.

As a further specificity control, we showed that 
not all CTL will spontaneously lyse the SCLC 
cells. We used alloresponsive CTL directed 
towards the HLA-A*30, HLA-B*72/B*61 and 
HLA-C*2/C*10 haplotype. Two different CTL 
preparations were generated and allowed to 
interact with the SCLC target cells along with 

Figure 8. IFN-γ augments HLA-A2 expression on SCLC cell lines and induces better gBK-specific CTL-mediated cytoly-
sis of the SCLC cells. SCLC cells were either incubated with or without (control) IFN-γ overnight. Aliquots of the cells 
were stained for cell surface HLA-A2 by using the monoclonal anti-HLA-A2 antibody (Panel A). Ten thousand cells 
were analyzed. By Kolmogorov-Smirnov statistics, significant differences (P<0.05) were seen with in gBK expression 
within all three SCLC cell lines. (Panel B) Afterwards, aliquots of those IFN-γ treated cells were used as target cells 
by the CTLs were incubated at various effector to target cell ratios with CTL directed towards the gBK1 (Left Panel 
B, left) or gBK2 (Right Panel). HEK cells which are HLA-A0201+ but gBK negative were used as negative controls. 
The cytotoxicity assay was assessed at 6 hrs. The asterisks indicate significant differences (P<0.05) in lysis were 
obtained between the SCLC untreated and the respective SCLC cell line treated with IFN-γ. The double asterisk rep-
resents the significant values of the killing of between SCLC cells with the HEK cells (P<0.05).
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lymphoblasts (PHA stimulated) displaying the 
HLA antigens to which the CTL were sensitized. 
Figure 7B shows that both of these allogeneic 
CTL populations fail to kill the HLA-A2+ SCLC 
cells, but specifically killed the HLA-A30+ PHA 
blasts with the alloantigens to which they were 
sensitized. Thus, the three SCLC cell lines were 
not naturally susceptible to killing by every CTL.

Human IFN-γ enhances the CTL-mediated kill-
ing of the HTB-119 and HTB-180 SCLC cells

Human SCLC are reported as expressing low 
amounts of MHC on their surfaces; the amount 
of MHC class I on the surfaces of SCLC can be 
up-regulated upon exposure to IFN-γ [30, 31]. 
CTL and NK cells do mediate other biological 
responses besides cytotoxicity, such as release 
of cytokines, such as IFN-γ and TNF-α, which 
can have differential effects. Upon culture of 
the SCLC cells with IFN-γ, MHC class I was 
enhanced (Figure 8A), as expected. We used 

anti-gBK specific CTL to kill the target cells HTB-
119 and HTB-180 SCLC, which were stimulated 
for one day with or without IFN-γ. The CTLs 
showed enhanced-cytotoxicity against the 
SCLC cell lines that were stimulated overnight 
with IFN-γ, compared to their untreated coun-
terparts (Figure 8B) (P<0.05). We also tested 
HEK cells, which are HLA-A2+, but are gBK-neg-
ative, as negative control targets. None of the 
CTL killed the HEK cells, as would be 
predicted.

Human IFN-γ diminishes gBK expression and 
inhibits the proliferation of SCLC cells

There was an unexpected inhibition of gBK 
expression after 1 day of treatment with recom-
binant IFN-γ (Figure 9A). This observation was 
successfully confirmed twice.

The down-regulation of gBK induced by IFN-γ 
suggested that this cytokine could inhibit the 

Figure 9. IFN-γ inhibits gBK expression and inhibits SCLC cell proliferation. (Panel A) Shows aliquots of IFN-γ treated 
SCLC cells that were used from Figure 7 (Panel A). These cells were fixed, permeabilized and stained for gBK expres-
sion (Panel A). The data is presented for the sake of simplicity as only the average of gBK staining, expression minus 
isotypic control staining is displayed (n=3). (Panel B) Demonstrated that 1,000 U/ml and 2,000 U/ml of recombi-
nant IFN-γ inhibits SCLC cell proliferation in vitro. Ten thousand H1436 and HTB-180 cells were plated within 96 well 
plates along with graded doses of recombinant IFN-γ for 96 hrs. One hour prior to termination, 20 μl of PrestoBlue 
was added to the cultures and incubated at 37°C. The plates were read and calculated for the number of viable 
cells present. Asterisks demonstrate significance (P<0.05) differences from the control values.
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growth of SCLC. It was previously reported that 
interfering with BK channel function can inhibit 
cancer cell proliferation and cell migration [32-
37]. To determine the effect of IFN-γ on cell pro-
liferation, we incubated the H1436 and HTB-
180 cells with varying doses of IFN-γ for 96 
hours (Figure 9B). For both cell lines, doses of 
1,000 and 2,000 units/ml IFN-γ significantly 
(P<0.05) inhibited the growth of the cells. HTB-
180 cells were slightly more sensitive to the 
IFN-γ because the concentration of 500 units 
per ml proved to be somewhat more cytostatic, 
by inhibiting the growth of the cells by 40%.

Recombinant IFN-γ, TNF-α and iberiotoxin 
prevent SCLC transmigration

Th1 T cells and CTL release IFN-γ and TNF-α. 
We tested the possibility whether these cyto-
kines or direct inhibition of BK channels with 
iberiotoxin could prevent SCLC from migrating 
through 5 µm pores in response to interleu-
kin-6. Overnight incubation with IFN-γ, TNF-α or 
iberiotoxin, prevented the 3 SCLC cells from 
penetrating through 5 µm pores (Figure 10).

Discussion

Ions (potassium, sodium, calcium, chloride) are 
ubiquitously found on almost every cell in the 

body. Ion channels which regulate these ions 
play multiple roles in nerve conductance, mus-
cle contraction, secretion, cell division, and 
motility. Ion channels are speculated to play an 
important role in glioma biology, including such 
functions as cell migration and division [32, 
33]; these channels may have identical roles in 
other tumor cell types, including SCLC [34-37]. 
BKα channels have a complex splicing pattern 
with multiple known isoforms [38]. Isoform 7 
was genetically cloned by Liu and coworkers in 
2002 and was called the glioma BK channel, 
gBK [9]; this splicing variant containing an extra 
inserted 33 amino acid sequence was associ-
ated with cancer cells displaying a more aggres-
sive phenotype. gBK has three possible intra-
cellular phosphorylation sites, which may have 
interactions with casein kinase IIα, protein 
kinase C, and calmodulin kinase protein kinase 
II that may produce a more malignant behavior 
than those that only utilize BK channels.

SCLC originate from neuro-endocrine precursor 
cells [15, 16], and SCLC are considered inva-
sive cancers [16, 17]. Both SCLC and gliomas 
have similar mechanisms of motility, although 
not identical. SCLC is described as having an 
amoeboid type of migration while gliomas are 
considered to have a mesenchymal pattern of 
motility [39]. The possibility does exist that 
these types of migration can be interchanged 
with slight genetic alterations [39]. We postu-
lated that ion channels like gBK could be play-
ing a similar type role with SCLC, as they sup-
posedly do with glioma cells. In this respect 
gBK may act more like a tumor facilitator, which 
helps the tumor cells spread, as opposed to 
being considered a classic oncogene, which 
transforms cells into a more malignant phe- 
notype.

In the present study, we showed that gBK is 
expressed within 3 human SCLC cell lines (HTB-
119, HTB-180 and H1436) (Figure 1). These 
ion channels proved to be functional, in that 
whole-cell K+ currents confirmed conductance 
patterns consistent with BK channels. The 
compound, paxilline, inhibited the whole-cell K+ 
currents produced by gBK channels in dose-
dependent kinetics (Figure 2A and 2C). The BK 
specific activator, pimaric acid, released a K+ 
dependent current (Figure 2D). The gBK insert 
resides within the C-terminal region away from 
the key functional domains of the BK channel; 
i.e., the voltage sensitive region, pore domain 
and Ca2+ binding pockets in the RCK1 and 

Figure 10. IFN-γ, TNF-α, and Iberotoxin prevent SCLC 
transmigration. Fluorescent-labeled SCLC cells were 
placed in the top chamber of a transwell plate with 
either 10 ng/ml rhIFN-γ or rhTNF-α or 0.05 µM iberio-
toxin; 100 ng/ml of rhIL-6 was placed in the bottom 
chamber of the (NeuroProbe, 5 µm pore size chemo-
taxis system), then incubated at 37°C for 5 hours. 
Cells that passed through the pores into the bottom 
chamber were collected. The average cell number ± 
standard deviation is presented. Asterisks denote 
significance (P<0.05) differences from the control 
values.
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RCK2 regions. So these functional properties 
are consistent with other BK channel tracings 
[22]. Prolonged exposure to pimaric acid 
induced cell swelling within 20 minutes (Figure 
3B); the specific BK channel inhibitor, iberio-
toxin, prevented the pimaric acid-induced swell-
ing. The extended exposure to BK channel acti-
vators killed the SCLC by five hours (Figure 3C 
and 3D). Likewise, iberiotoxin also prevented 
this cell lysis by BK channel activation (Figure 
3C and 3D). Upon gBK transduction into HEK 
cells we conclusively demonstrate that gBK 
channels are functional by electro-physiologi-
cal tracings and by cell swelling (Figure 4). From 
our previous studies with BK channel activation 
with rat and human gliomas, we noted that 
using the same dose of pimaric acid or phlore-
tin killed the brain cancers in 12 or 16 hours, 
respectively [26, 27]. Killing of SCLC by pro-
longed BK activation could be used as a novel 
whole tumor cell vaccine like we saw with rat 
glioma cells [26]. The mRNA for gBK is only 
highly expressed within SCLC autopsy speci-
mens using quantitative real time PCR technol-
ogy (Figure 5A), suggesting this might be a 
marker of end stage disease. We further con-
firmed the qRT-PCR data by doing immunofluo-
rescence analysis with 6 randomly chosen ar- 
chival paraffin-embedded SCLC autopsy cases 
(Figure 6D). Thus, the gBK protein is indeed 
present within terminal SCLC specimens.

The presence of gBK in SCLC might therefore 
be considered a “Death Biosignature.” The 
transcription factor, Sox11, known to be active 
in lung development [28, 29], failed to show 
any contrasting expression within the three 
sampled populations (Figure 5B); this eliminat-
ed the possibility of any systemic experimental 
artifact. Using a differential gel electrophoretic 
technique with the BK amplicons, we showed 
that the BK channel mRNA within the terminal 
SCLC samples have the larger gBK transcripts 
(Figure 5C) and confirm the qRT-PCR analysis. 
The specific-gBK antibody showed that this 
molecule is displayed as a protein (Figure 6B 
and 6C) in autopsy samples. The flow cytomet-
ric analysis revealed that gBK was strongly 
present on the HTB-119 and HTB-180 cells, 
while being weakly displayed by the H1436 
cells. The initial paper that described the ori-
gins of these SCLC cell lines reported that HTB-
119 and HTB-180 cells came from patients 
who received prior chemo and radiation thera-
py after their respective diagnosis. In contrast, 

the H1436 cells were isolated from an untreat-
ed cancer [40, 41]. So the expression of gBK 
within these cell lines may reflect the evolution 
of SCLC cancer as it progresses towards its ter-
minal phase. Electron microscopy revealed that 
SCLC cells have scant amounts of endoplasmic 
reticulum, Golgi and mitochondria [40-42]. 
Glioma cells in contrast have more cytoplasmic 
internal organelles. BK can be found in all those 
organelles and therefore glioma cells have 
more intracellular potassium ion stores to 
deplete before cytotoxicity occurs. The gBK 
was found on the membrane of the SCLC. The 
shortened time to kill the SCLC cells by pro-
longed BK channel activation could reflect that 
only membrane BK activation is needed. 
Therefore, SCLC has a somewhat different BK 
channel biology than that of glioma cells. If one 
wants to only study membrane BK biology with-
out the effects of the other BK channels com-
ing from other organelles, then SCLC are per-
haps the best cells to use.

The gBK inserted region contains protein 
sequences that can be processed into pep-
tides that bind to the MHC antigens and pro-
voke human immune responses restricted to 
the HLA-A*0201 allele [10]. Two peptides, 
SLWRLESKG gBK704-712 (gBK1 peptide) and 
GQQTFSVKV gBK722-730 (gBK2 peptide) success-
fully generated human HLA-A0201-restricted 
CTL. These CTLs strongly killed two HLA-A2+ 
human SCLC cells (HTB-119 and HTB-180 cells) 
that co-expressed gBK (Figure 7A). These CTL 
failed to kill HLA-A2+ HEK cells, which are gBK-
negative (Figure 8B). Our work also illustrates 
that the SCLC cells do sufficiently process gBK 
peptides so that the T cells can respond to 
them in the context of HLA-A2. The gBK1 and 
gBK2 specific CTL also specifically killed human 
T2 hybridoma cells that were exogenously load-
ed with their respective gBK peptides; these 
CTL failed to kill T2 cells loaded with the irrele-
vant influenza M1 peptide [10].

CTL do have other anti-tumor functions besides 
cytotoxicity, such as proinflammatory cytokine 
secretion, including IFN-γ and TNF-α. SCLC 
have low expression of MHC class I expression 
[19, 20, 30, 31]. This diminished HLA expres-
sion however is not zero (Figure 9), so some 
initial recognition of the in vivo SCLC by T cells 
is possible. Upon culturing the SCLC cells with 
IFN-γ, MHC class I expression was enhanced 
(Figure 9A) as expected. These IFN-treated 
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SCLC then became better targets for the gBK-
specific CTL (Figure 9B). An unexpected finding 
was that gBK protein was significantly reduced 
within the SCLC cells, as determined by intra-
cellular flow cytometry (Figure 9A) after 24 hrs. 
When we performed in vitro quantitative prolif-
eration assays, recombinant IFN-γ significantly 
inhibited the growth of the SCLC cells. IFN-γ 
slowed but did not completely inhibit the prolif-
eration of the SCLC cells (Figure 9B). Ion chan-
nels are thought to play a role in cell division; 
hence they may provide a mechanism through 
which IFN-γ can slow the growth of cancer cells. 
It has been known for many years that IFN-γ 
inhibits cancer cell growth through a pathway 
independent of direct cytotoxicity [43, 44]. 
IFN-γ along with TNF-α induces tumor cell 
senescence, including the Hop-62 SCLC cell 
line [45]. CTL may display anti-tumor functions 
distinct from direct cell-mediated killing. 
Interfering with BK channel transcription inhib-
ited the proliferation of some tumor cells [5, 
34-37]. Hence, activated T cells may release 
cytokines upon recognition of gBK peptides in 
the context of the MHC, thereby providing an 
additional anti-tumor mechanism used against 
many tumor types, since almost all tumor cells 
express gBK [9, 10]. We tested this possibility 
by showing that the BK channel inhibitor, iberio-

more gBK; this “Death Biosignature” may be a 
prognostic marker indicating the terminal phas-
es of SCLC. Thus, vaccination of SCLC patients 
with an anti-gBK strategy should be done after 
the initial chemo and radiation therapies before 
the appearance of the gBK neoantigen 
becomes manifest. If the patient could be vac-
cinated with autologous dendritic cells pulsed 
with the gBK protein or peptides, endogenous T 
cells (both CD4 and CD8) could be induced 
(Step 2) and these immunized lymphocytes 
could search for SCLC cells that begin to dis-
play gBK and attack the SCLC in two ways, 
according to the previously proposed “immuno-
prevention” model [49]. The first way could be 
through the traditional cell-mediated cytotoxic-
ity by CD8+ T cells (Step 3). However, CTLs and 
CD4 Th1 cells can release IFN-γ, which may be 
released and stimulate the SCLC to produce 
more MHC class I and II, so that better recogni-
tion of the SCLC occurs in return. By SYFPEITHI 
analysis, gBK does have several sequences 
that are predicted to bind to human HLA-DRB1 
alleles (*0101, *0301, *0401, *0701 and 
*1501). The released IFN-γ could suppress the 
expression of gBK and slow the growth and 
invasion of the SCLC cells via senescence (Step 
4). Even if only the high expressing gBK SCLC 
cells are prevented from expanding by an 

Figure 11. Proposed model by which a gBK-based immunity can inhibit SCLC 
growth.

toxin, directly prevented 
SCLC from passing through 
5 µ pores. Both IFN-γ and TNF- 
α inhibited SCLC transmi-
gration (Figure 10). IFN-γ 
does inhibit human A172 
glioma cell transmigration 
[46]; A172 cells do express 
gBK (Ge, Hoa and Jadus, 
unpublished results). Simi- 
lar anti-invasive effects of 
IFN-γ were noted with B16 
melanoma [47] and thyroid 
cancer cells, too [48].

We propose a model by 
which immunity based on 
gBK could operate, Figure 
11. During the early stages 
of SCLC, these cancer cells 
normally express low levels 
(but not zero amounts) of 
MHC class I and are largely 
gBK negative (Step 1). As 
the tumor progresses, the 
cancer cells will express 
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immunotherapeutic approach, using either 
active or passive methods, then the tumor cell 
population as a whole might be sufficiently 
reduced, thereby slowing the progression of 
SCLC to terminal stage while concurrently 
improving patient survival.

In summary, we find that gBK channels are 
genetically expressed within human SCLC 
taken from autopsies but not from early surgi-
cal resections. This may indicate that gBK is an 
antigen prognostic for the end stage of the can-
cer. A gBK specific antibody confirmed that the 
gBK protein is found within human clinical SCLC 
samples and in SCLC cell lines. Exposure to BK 
channel activators caused the cells to swell 
within 20 minutes and after five hours the SCLC 
cancer cells were killed. gBK specific peptides 
provided sufficient stimulation to produce HLA-
A2 restricted human CD8+ CTL that killed gBK+ 
SCLC cells. Upon stimulation of SCLC with IFN-
γ, the amount of HLA-A2 increased, allowing the 
gBK-specific CTL to better kill the gBK+ SCLC 
cells. IFN-γ reduced the expression of gBK and 
recombinant IFN-γ slowed the growth and 
transmigratory behavior of the SCLC cells in 
vitro. Thus, immunological targeting of glioma 
BK associated ion channels may be a novel way 
to treat the terminal stages of SCLC. Vaccination 
using gBK may provide a temporary remission 
for these SCLC patients through two distinct 
processes; i.e., through a classic CTL-mediated 
pathway and a cytokine inducing down-regula-
tion of gBK, which may inhibit SCLC function.
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