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Abstract
Small cell lung cancer (SCLC) is an aggressive neuroendocrine carcinoma, designated as a recalcitrant cancer by
the National Cancer Institute, in urgent need of new rational therapeutic targets. Previous studies have determined
that the basic helix-loop-helix transcription factor achaete-scute homolog 1 (ASCL1) is essential for the survival and
progression of a fraction of pulmonary neuroendocrine cancer cells, which include both SCLC and a subset of non-
SCLC. Previously, to understand how ASCL1 initiates tumorigenesis in pulmonary neuroendocrine cancer and
identify the transcriptional targets of ASCL1, whole-genome RNA-sequencing analysis combined with chromatin
immunoprecipitation-sequencing was performed with a series of lung cancer cell lines. From this analysis, we
discovered that the geneSCNN1A,which encodes the alpha subunit of the epithelial sodiumchannel (αENaC), is highly
correlatedwithASCL1 expression in SCLC. Theproduct of the SCNN1AgeneENaCcan bepharmacologically inhibited
with amiloride, a drug that has been used clinically for close to 50 years. Amiloride inhibited growth of ASCL1-
dependent SCLC more strongly than ASCL1-independent SCLC in vitro and slowed growth of ASCL1-driven SCLC in
xenografts. We conclude that SCNN1A/αENaC is a direct transcriptional target of the neuroendocrine lung cancer
lineage oncogene ASCL1 that can be pharmacologically targeted with antitumor effects.
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troduction
he majority of lung cancers are categorized as non–small cell lung
ncer (NSCLC); the remaining 10% to 15% are classified as small
ll lung cancer (SCLC), which is strongly associated with cigarette
oking. Pulmonary neuroendocrine (NE) lung cancers include
LC and a subset, ~10%, of NSCLC [1]. Achaete-scute homolog 1
SCL1) is a basic helix-loop-helix transcription factor essential for
e survival and progression (“lineage oncogene”) of a large fraction of
LC and NE lung cancer cells.
During development, ASCL1 regulates genes important for
urogenesis including those involved in Notch signaling and
napse formation [2–5]. Some other NE lung cancers are dependent
a related basic helix-loop-helix factor neuronal differentiation 1
euroD1), also important at a later stage in neuronal development
d for insulin gene transcription in pancreatic beta cells. Unlike
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euroD1, ASCL1 is essential for development of pulmonary
uroendocrine bodies [6–8]. These cells are thought to be the cell
origin for SCLC [8–10].
SCNN1A encodes the α subunit of the epithelial sodium
annel (ENaC), which is a heteromeric, sodium-permeable, non–
ltage-sensitive ion channel expressed in epithelial tissues and a member
the Degenerin/ENaC family [11,12]. The channel consists of three
mologous subunits: α, β, and γ. Based on structural information on a
lated channel, ENaC is thought to form a heterotrimer with the β andγ
bunits [13]. Nevertheless, the ENaC α subunit expressed alone has
en shown to carry current [14]. ENaC mediates the transport of
minal sodium ions across the apical membrane of epithelial cells.
hus, ENaC controls the reabsorption of sodium in kidney and colon
d is important in liquid clearance by airway surface epithelial cells
5]. Due to the importance of ENaC in liquid clearance in the lung,
hibition of ENaC is being considered as an alternative strategy to
crease airway surface fluid in cystic fibrosis [16,17].
ENaC activity is regulated primarily by its synthesis, trafficking,
d turnover [11]. In the kidney, ENaC is under the control of
rmones including the mineralocorticoid aldosterone and the
tidiuretic hormone vasopressin, essential regulators of blood
essure [18,19]. ENaC is ubiquitinated by E3 ligases such as
edd4-2 which promotes its degradation [20,21]. Aldosterone
duces ENaC transcription and also suppresses ENaC degradation
rough a protein kinase–dependent pathway [21–23]. For nearly 50
ars, ENaC has been inhibited clinically with orally effective
tassium-sparing diuretics such as amiloride and its derivatives [11].
To develop new therapies for SCLC and other neuroendocrine
ng cancers, we have been determining the role of targeting ASCL1
d NEUROD1 as lineage oncogenes [8,24,25]. Whereas ASCL1
d NEUROD1 can be genetically inhibited, the lack of pharma-
logical approaches has led us to start to interfere with direct
anscriptional targets of these transcription factors that could be
uggable. We found that SCNN1A is associated with ASCL1
pression in SCLC and that ASCL1, but not NeuroD1, binds to a
gion of the SCNN1A gene, consistent with a direct transcriptional
le for ASCL1. In this study, we evaluated the possibility that ENaC
uld be a pharmacologically approachable therapeutic target in
SCL1-dependent SCLC.
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ung Cancer Cell Lines
Lung cancer cell lines were obtained from the Hamon Center for
herapeutic Oncology Research. The identity of all cell lines was
rified by DNA fingerprinting using the Promega Fusion system
hich consists of 24 short tandem repeat markers. All cell lines were
ee from Mycoplasma contamination. H889 and other cell lines were
own in RPMI medium with 5% FBS. Human bronchial epithelial
lls were immortalized (HBEC3KT) only or also transformed
BEC3KTRL53) as described [26,27]. These cells were maintained
distinct media as described in the previous references.

entivirus-Mediated shRNA Knockdown
The shASCL1and cells lines were generated via infection of
ntiviral shRNA vector pTY-shRNA-EF1a-puroR-2a-GFP plasmids
previously described [24]. The shRNA virus-expressing lung cancer
lls were selected with 1 μg/ml puromycin for 4 days after 2 days of
ral infection.
mmunoblotting and Antibodies
Equal amounts of lysate proteins were resolved by polyacrylamide
l electrophoresis in the presence of sodium dodecyl sulfate and
ansferred to nitrocellulose membrane (Millipore). Membranes were
ocked with LI-COR blocking buffer, and primary antibodies were
cubated with membranes overnight. LI-COR fluorescent secondary
tibodies were used at 1:15,000, and immunoblots were imaged and
nds quantified using LI-COR Odyssey Infrared Imaging System.
he following primary antibodies were used: rabbit anti-ERK1/2
691 [28]); mouse ASCL1 (BD Biosciences); ENaC alpha subunit
-95, Santa Cruz); cleaved poly-ADP-ribose polymerase (PARP)
sp214, #9541S, Cell Signaling Technology).

ell Viability Assay
A total of 2 × 103 cells were plated in 96-well dishes and treated
ith DMSO or increasing concentrations of amiloride. At 0 and 24
urs postplating, 20 μl of CellTiterBlue reagent (Promega) was
ded to each well for 1.5 hours at 37°C. Emission at 590 nm was
easured after excitation at 560 nm using a Synergy 2 multimode
icroplate reader (BioTek) with Gen5 software. Data were plotted
lative to emission at day 0.

olony Formation Assay
Soft agar and liquid colony assays were as described previously [24].
riefly, 2000 viable cells were suspended and plated in 0.37% Sea
em agar (FMC, Philadelphia, PA) in RPMI 1640 medium
pplemented with 20% of fetal bovine serum with or without 100
M amiloride in triplicate in 12-well plates, and were layered over a
50% agar base in the same medium as the one used for suspending
e cells. To measure the effect of amiloride, 100 μM was added to
e agar base layer. The number of visible colonies (N0.2 μm colony
ameter) was counted 5 weeks later.

eal-Time RT-PCR
Total RNA from cell lines was isolated with TRI Reagent
nvitrogen). cDNA was synthesized using iSCRIPT cDNA Synthesis
it with 0.1 μg total RNA (Bio-Rad). The resulting cDNA served as
mplate for quantitative PCR analysis with iTaq Universal SYBR
reen Supermix (Bio-Rad); relative transcript levels were normalized
actin mRNA. Data were analyzed using Bio-Rad CFX Manager
ersion 3.0). Primers for specific genes are as follows: human Actin,
-AGGTCATCACTATTGGCAACGA-3' and 5'-CACTTCAT
ATGGAATTGAATGTAGTT-3'; human GAPDH, 5'-CTGGA
AAACCTGCCAAGTA-3' and 5'-TGTTGCTGTAGCCG
ATTCA-3'; human ASCL1, 5'-CCCAAGCAAGTCAAGCGACA-3'
d 5'-AAGCCGCTGAAGTTGAGCC-3'; human SCNN1A,
-TCTGCACCTTTGGCATGATGT-3' and 5'-GAAGACGAGCTT
TCCGAG-3'; human SCNN1G, 5'-GCACCCGGAGAGAAGAT
AA-3' and 5'-TACCACCGCATCAGCTCTTTA-3'; human
CNN1D, 5 ' -AGGAGGCTCACCTGGTCAT-3 ' and
-TGTATCGGGCCAGAGAGTAGG-3'; human SCNN1B, 5'-AGA
AACCACAATGGCTTAACA-3' and 5'-TGAGGCTACATAGTCT
ATGGC-3'.

enografts
A total of 1 million H69-Luc cells were injected into the flank of 10
ice as described [29]. One mouse was omitted from the study due to
akage of tumor cells during injection. Tumor volume was monitored
days indicated in the figure. Amiloride was added to the drinking
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Figure 1. Among lung cancer cell lines, ASCL1-expressing cells also express αENaC, which is encoded by SCNN1A. (A) Expression of
ASCL1, NEUROD1 (ND1), SCNN1A, SCNN1B, SCNN1G, SLC9A1 (sodium-hydrogen exchanger, NHE1), and PLAU (urokinase‐type
plasminogen activator (uPA)) in lung cancer cell lines determined by RNA-seq (primary data will be available through the UT Southwestern
lung cancer SPORE). Left panel shows data from a group of NSCLC and the neuroendocrine LCNEC and SCLC. Right is an expansion of
data from LCNEC and SCLC showing cell line designations. Cell lines listed in red were used for experiments in this and subsequent
figures. (B) ASCL1 ChIP-seq in H889 and NEUROD1 ChIP-seq in H524 show that ASCL1 but not NEUROD1 binds to an intronic region of
the SCNN1A gene. (C) Western blots of ASCL1 and αENaC in three of the SCLC lines in (A). ERK1/2 blotted as loading controls.
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ater for five mice the second day after injection. On day 25, the
periment was terminated, and P values were calculated based on the
fference in tumor volume at that time (*P ≤ 0.01; Student’s t test).

munofluorescence and image representation
Cells were washed twice with PBS and fixed, permeabilized, and
ocked as indicated in Ref. [30]. Cells were then exposed to a 1:500
lution of αENaC primary antibody (ThermoFisher PA1-920A) for
hour at room temperature with or without a 1:250 dilution of the
tigenic/neutralizing peptide (ThermoFisher PEP-088; 0.5 mg/ml).
ells were exposed to the Alexa Fluor secondary antibody treatment
:500) for 1 hour at room temperature with the addition of Alexa
luor 647-pha l lo id in . Cover s l ip s were mounted on
API-Fluoromount-G medium (SouthernBiotech). Images were

Image of Figure 1
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en obtained and deconvoluted as described in Ref. [30]. Z-stacks of
convoluted images were opened in FIJI (ImageJ), and a middle
ane was selected for representation.
B.

C.

D.

Cleaved
PARP

ERK1/2

ASCL1

shRNA

Figure 2. Expression of SCNN1A and other ENaC subunit mRNAs in
lung cancer cells. (A) Expression of ASCL1 and SCNN1A in lung cancer
cells and HBEC lines measured by quantitative RT-PCR. (B) Expression
of the four ENaC subunits in four SCLC lines used for ChIP-seq and
RNA-seq in aprevious report [8]. (C) Two lentiviruses containingdifferent
shASCL1s were used to knock down ASCL1 expression in H889 cells.
ASCL1 and SCNN1A expression was measured following ASCL1
knockdown. Error bars indicate standard deviation of three separate
experiments. Significance was quantified by two-way ANOVA; *** =
P b 0.001. (D) Lysate proteins were resolved by SDS-PAGE, immuno-
blotted forASCL1, andcleavedPARP.Loadingwasnormalized toERK1/2.
esults and Discussion
reviously, we obtained ASCL1 and NeuroD1 chromatin
munoprecipitation-sequencing (ChIP-seq) and RNA-sequencing
NA-seq) data from a series of lung cancer cell lines comprised of
SCLC, SCLC, and large cell neuroendocrine (LCNEC) lines
cluding ASCL1highNEUROD1low SCLC lines H889 and H2107
d ASCL1lowNEUROD1high SCLC lines H82 and H524 (Figure
[8]. From these data, we identified SCNN1A as a potential ASCL1
rget gene based on its high expression in ASCL1-dependent SCLC
igure 1A). ASCL1 binds within an intronic region of SCNN1A
igure 1B), and its protein product ENaC was highly expressed in
e ASCL1highNEUROD1low SCLC line H889 (Figure 1C). In
ntrast, ENaC was not detected in two ASCL1lowNEUROD1high

LC lines: H82 and H524.
Further evidence supporting a relationship between ASCL1 and
NN1A came from examining their expression in a panel of lung
ll lines. We found a parallel in mRNA expression of ASCL1 and
NN1A in the NE-lung cancer cells but not in lung cancer cells

cking NEmarkers or the immortalized (HBEC3KT) or transformed
BEC3KTRL53) HBEC lines [26,27] (Figure 2A). The cells
pressing ASCL1 and SCNN1A did not express detectable amounts
mRNAs encoding other ENaC subunits SCNN1B, SCNN1G, or
e related SCNN1D (Figure 2B). In fact, in an RNA-seq data set
om a large panel of lung cancer cells including SCLC and NSCLC,
e found that expression of the SCNN1B, D, and G subunits was
w to undetectable. Significantly, we found that suppression of
SCL1 expression by infecting H889 cells with lentiviruses that
ably expressed either of two shRNAs also reduced expression of
NN1A (Figure 2, C and D), supporting the idea that SCNN1A is
rectly regulated by ASCL1. As expected, suppression of ASCL1 also
sulted in increased apoptosis, revealed by enhanced cleavage of
RP (Figure 2D), consistent with many reports indicating that

SCL1 is required for growth of this tumor type [8,25,31–33].
Functional ENaC channels are usually expressed on the cell
embrane. To determine whether this was the case in SCLC, we
munostained H889 with an antibody to the ENaC α subunit and
und that the α subunit was detected on the plasma membrane in
any cells (Figure 3, top panels). Intracellular staining was also noted
many of the cells. The overall intensity of staining was variable
ross the population, suggesting that some cells express much more
-ENaC than others. The antibody displayed reasonable specificity,
immunostaining was much reduced if the antigenic peptide to
hich the antibody was raised was included to compete with
tection of the endogenous channel (Figure 3, bottom panel).
Amiloride directly blocks the epithelial sodium channel (ENaC),
ereby inhibiting sodium reabsorption [11]. To determine if ENaC
hibition can mimic the ASCL1 loss-of-function effect to decrease
ll viability, we tested the effects of amiloride on viability of H889
SCL1highNEUROD1low and H82 ASCL1lowNEUROD1high

LC and immortalized HBEC3KT (Figure 4A). As amiloride
ncentration was increased, the viability of H889 cells dropped, but
effect on viability of H82 or HBEC3KT was observed. To obtain
rther evidence for an effect of amiloride, we treated NE-lung and
mortalized nontransformed lung cells with the drug and blotted

Image of Figure 2
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Figure 3. Glass coverslips in six-well dishes were coated with Cultrex diluted 1:20 with PBS. The excess was removed, and H889 cells
were plated on the coverslips. The following day, cells were fixed and subsequently analyzed by immunofluorescence with an antibody to
αENaC. Phalloidin was used to identify the cell periphery and DAPI to locate nuclei. (Top) Three sets of images are shown without the
neutralizing peptide, and (bottom) one set of images is shown with the peptide. The signal was specific also based on minimal
background staining by omitting the primary antibody (not shown). Scale bars, 5 μm.
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eaved PARP to assess apoptosis. Amiloride induced cleaved PARP in
SCL1highNEUROD1low SCLC H889 but not in the ASCL1-
wNEUROD1high SCLC H82 (Figure 4B), the NSCLC cell line
358, or the immortalized HBEC3KT (Figure 4C).
The efficacy of amiloride was tested on colony formation in soft
ar. Amiloride has an IC50 of approximately 100 nM for ENaC [11].
hus, concentrations above the IC50 were tested. Two ASCL1low

EUROD1high, two ASCL1highNEUROD1low, and an ASCL1low

EUROD1low SCLC were treated with 50 μm amiloride. After
weeks, colonies were stained and counted (Figure 5A). Only the
SCL1high SCLC displayed a significant reduction in colony number
the presence of amiloride. Two ASCL1highNEUROD1low

E-NSCLC lines, HCC1833 and HCC4018, were compared to
e ASCL1- and NEUROD1-dependent lines, H889 and H82, with
higher amiloride concentration. Again, the three ASCL1-dependent
es, but not H82, displayed a substantial reduction in colony
rmation (Figure 5B).
Finally, we tested the effects of amiloride on the ASCL1-

ghNEUROD1low SCLC H69 grown as subcutaneous xenografts
immunocompromised mice. H69 cells were implanted in mice,
d amiloride was placed in the drinking water beginning on the
cond day after implantation. In this subcutaneous xenograft model,

Image of Figure 3
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Figure 4. Effects of amiloride on SCLC, NSCLC, and immortalized
human bronchial epithelial cells. (A) Viability of H889, H82, and
HBEC3KT assayed as a function of amiloride concentration at 0 and
24 hours postplating. One of three similar experiments. (B) H889
and H82 were treated with the indicated concentrations of
amiloride. Cleaved PARP was immunoblotted in cell lysates, and
ERK1/2 were used as loading controls. (C) The immortalized
HBEC3KT and NSCLC line H358 were exposed to a wider range of
amiloride concentrations and processed for immunoblotting of
cleaved PARP and ERK1/2 as in (B).

A.

B.

* p=0.01

C.

Figure 5. Amiloride inhibits soft agar colony formation and
xenograft growth in ASCL1-driven NE lung cancer. A series of NE
lung cancer cells was treated without or with 50 μm (A) or 100 μm
(B) amiloride in soft agar assays. Graphs display colony counts
relative to control colony number. Differences were analyzed for
significance by two-way ANOVA; *** = Pb 0.001, **** = Pb
0.0001. (C) Xenograft growth over time in mice without or with
amiloride in the drinkingwater for 25 days. Student’s t test, P=0.01

Translational Oncology Vol. 11, No. 2, 2018 ASCL1 and ENaC in SCLC He et al. 297
eatment with amiloride resulted in a reduced rate of tumor growth
mpared to the control (Figure 5C).
As an oral potassium-sparing diuretic, amiloride has previously
en reported to have antitumor and antimetastasis functions in
ultiple studies in biochemical and cellular analyses and also in
imal models [34,35]. In vivo studies showing that amiloride
ssesses antitumor properties appeared more than 30 years ago as
ported by Sparks et al., who showed that amiloride inhibits growth
H6 hepatoma and also DMA/J mammary adenocarcinoma cells in
nografts in male A/J mice [36]. The rationale for testing amiloride
that time was the high intracellular concentration of sodium noted
cancer cell lines. We found that amiloride decreased growth rates in
E lung cancers that highly express ASCL1 but not in cells with low
SCL1 expression, suggesting that the effects of amiloride parallel
NaC expression.
Apart from its inhibition of ENaC, additional effects of amiloride
ve been found through other target or off-target effects. There are
veral reasons why at least some of these other reported targets are
ely not responsible for the anti-SCLC effects described here. The
ost heavily characterized alternative target is the sodium-hydrogen
changer 1 (NHE1; gene SLC9A1 in Figure 1A), which is inhibited
amiloride at concentrations 10-fold above those required to block

naC, within the range used for our studies. NHE1 is a primary
llular Na+/H+ antiporter and regulates intracellular pH. Upon
tivation, NHE1 activity may reverse the transmembrane pH
adient in transformed and malignant cells, lowering the extracellular
, which makes a more favorable environment for extracellular

atrix–degrading enzymes and proangiogenic factors [34]. Similar
ounts of NHE1 mRNA (SCL9A1) are expressed in all of the cells
sted, sensitive and insensitive alike. In particular, NHE1 mRNA is

Image of Figure 4
Image of Figure 5
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milar in amount in the NEUROD1-dependent cells that are
sensitive to amiloride (Figures 1A and 4A). The second alternative
rget is urokinase-type plasminogen activator (uPA; gene PLAU in
igure 1A) [34,37]. uPA becomes activated when binding to its
gnate receptor the uPAR. uPA then cleaves cell surface-associated
asminogen to produce the serine protease plasmin, which activates
tracellular proteases, e.g., matrix metalloproteinases, that degrade
e matrix. uPA expression (gene PLAU) is barely detectable in the
SCL1- or NEUROD1-driven lines (Figure 1A). Amiloride
rivatives also have some ability to interact with allosteric sites in
rtain G protein–coupled receptors such as the A2 adenosine
ceptor [38]. Like uPA, this receptor is expressed at a very low level
SCLC. Thus, it seems likely that these other targets contribute
latively little to the inhibitory actions of amiloride. Nevertheless,
me off-target actions may contribute to the results we observe.
One remaining question is why only the ENaC α subunit is
pressed at high levels in ASCL1-expressing cells. The other subunits
e often absent from SCLC (Figure 1A). The ENaC α subunit
pressed alone has been shown to carry current [14]; yet, it is usually
expressed with other subunits and forms a heteromeric channel.
levated expression of the β subunit has been suggested to cause
hydration of the lung surface [39]. Perhaps, this plays into the
clusive expression of the α subunit in many SCLC. Additionally,
e ENaC α subunit can form a hybrid channel with ASIC1A, for
ample, an acidifying channel [40]. The formation of hybrid
annels by the α subunit may bypass the need for expression of other
NaC proteins. Possible reasons for the importance of ENaC might
volve changing intracellular pH or ion concentrations to protect
SCL1 from degradation or perhaps the channel is involved in
asking the nonepithelial nature of the cells.
[1

[1

[1

[1

[1

[1

[1

[1

[1

[2

[2
onclusions
aken together, these findings suggest that ENaC contributes to the
owth of ASCL1-dependent NE lung tumors by a mechanism that is
stinct from, or in addition to, those found in earlier studies. ENaC
expressed on the membrane, but exactly why this ion channel is
quired or what functions it is mediating to support tumor growth
d survival are unclear at present. Nevertheless, ENaC may be a
omarker for ASCL1-dependent SCLC and may have value for
ture targeted therapies.
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