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SLC12A7 alters adrenocortical carcinoma
cell adhesion properties to promote an
aggressive invasive behavior
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Abstract

Background: Altered expression of Solute Carrier Family 12 Member 7 (SLC12A7) is implicated to promote malignant
behavior in multiple cancer types through an incompletely understood mechanism. Recent studies have shown
recurrent gene amplifications and overexpression of SLC12A7 in adrenocortical carcinoma (ACC). The potential
mechanistic effect(s) of SLC12A7 amplifications in portending an aggressive behavior in ACC has not been previously
studied and is investigated here using two established ACC cell lines, SW-13 and NCI-H295R.

Methods: SW-13 cells, which express negligible amounts of SLC12A7, were enforced to express SLC12A7 constitutively,
while RNAi gene silencing was performed in NCI-H295R cells, which have robust endogenous expression of SLC12A7.
In vitro studies tested the outcomes of experimental alterations in SLC12A7 expression on malignant characteristics,
including cell viability, growth, colony formation potential, motility, invasive capacity, adhesion and detachment
kinetics, and cell membrane organization. Further, potential alterations in transcription regulation downstream to
induced SLC12A7 overexpression was explored using targeted transcription factor expression arrays.

Results: Enforced SLC12A7 overexpression in SW-13 cells robustly promoted motility and invasive characteristics
(p < 0.05) without significantly altering cell viability, growth, or colony formation potential. SLC12A7 overexpression
also significantly increased rates of cellular attachment and detachment turnover (p < 0.05), potentially propelled by
increased filopodia formation and/or Ezrin interaction. In contrast, RNAi gene silencing of SLC12A7 stymied cell
attachment strength as well as migration and invasion capacity in NCI-H295R cells. Transcription factor expression
analysis identified multiple signally pathways potentially affected by SLC12A7 overexpression, including osmotic stress,
bone morphogenetic protein, and Hippo signaling pathways.

Conclusions: Amplification of SLC12A7 observed in ACCs is shown here, in vitro, to exacerbate the malignant behavior
of ACC cells by promoting invasive capacities, possibly mediated by alterations in multiple signaling pathways,
including the osmotic stress pathway.
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Plain english summary
Adrenal cancer is a very deadly cancer and current treat-
ment options are limited, especially for patients with
cancers that have spread throughout the body. Previous
research discovered increased expression of a gene called
Solute Carrier Family 12 Member 7 (SLC12A7).

However, no studies have been performed to test whether
SLC12A7 is involved in promoting adrenal cancers, and if
so, the mechanisms behind its potential effect. Using two
well-studied adrenal cancer cell lines, one with very low
expression of SLC12A7 (SW-13 cells), and one with very
high expression of SLC12A7 (NCI-H295R cells), we
addressed these questions in this study.
Results of experiments in this study clearly show that

when SLC12A7 expression was increased, the cells be-
came more aggressive. Similarly, suppressing SLC12A7
function resulted in the opposite response. Moreover,
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experiments showed that SLC12A7 promotes the malig-
nant behavior of adrenal cancer cells by changing their
cell membrane attachment kinetics and consequently,
accelerates their invasive behavior. Additional experi-
ments also suggest a role for osmotic stress as a driving
force for these changes.
In conclusion, this study demonstrates that SLC12A7

plays an important role in adrenal cancer by promoting
tumor invasion, and as such, could represent a marker
of tumor aggressiveness to serve as a potential thera-
peutic target.

Background
Adrenocortical carcinoma (ACC) is a rare and an aggres-
sive cancer. Its estimated incidence ranges from 0.7 to 2.0
cases per million people per year [1]. Tumor occurrence
has a bimodal age distribution, with the first peak ob-
served in childhood and a second, higher peak observed
during the 5th and 6th decades of life [2, 3]. Patients usu-
ally present with symptoms of abdominal pain and/or ex-
cessive hormone production, while some are incidentally
diagnosed by cross-sectional imaging [3]. For patients with
European Network for the Study of Adrenal Tumors
(ENSAT) stage I-III tumors surgery is the primary treat-
ment modality, with en bloc, R0 resection providing the
only chance for cure. In addition to surgery, external beam
radiation, Mitotane, chemotherapy, and targeted therapies
are used as either primary, or as adjuvant therapy [4].
Three molecular pathways are frequently found

disrupted in ACC and play a significant role in tumor
origin and/or progression. Activation of canonical Wnt/
beta-catenin signaling occurs frequently in ACC via mu-
tations of the proto-oncogene CTNNB1 (β-Catenin),
which in turn stimulates target gene transcription and
promotes tumor formation [5]. Somatic mutations in the
tumor suppressor gene TP53 is found in approximately
20–35% of cases and are associated with more aggressive
tumors. Furthermore, Li Fraumeni Syndrome, which is
caused by germline TP53 mutations, is often associated
with childhood ACCs [1, 3]. Overexpression of insulin
growth factor II (IGF-II) via alteration of gene copy num-
ber and/or gene imprinting is one of the most frequently
observed molecular events associated with ACC [3, 5].
Gene copy number variations (CNVs) occur frequently in

ACC and promote the malignant development of these
tumors [6–10]. Two studies utilizing whole-exome sequen-
cing (WES) methods identified the 5p13.33 chromosome
location to be the most recurrently amplified region in the
ACC genome [11, 12]. Solute Carrier Family 12 Member 7
(SLC12A7), a recently characterized proto-oncogene, is
found at this location. It has been shown that SLC12A7
gene copy gains in ACC promote mRNA and protein
overexpression and is associated with non-functional
tumors [13].

SLC12A7 (KCl cotransporter 4; KCC4), a member of
the SLC12 gene family, is a 1083 amino acid long,
trans-membrane protein that regulates cell volume via
potassium and chloride transport [14, 15]. However, it
has also been demonstrated that amplified expression of
SLC12A7 promotes the malignant behavior of several
different cancer types. SLC12A7 is overexpressed in
gynecological and breast cancers and overexpression of
SLC12A7 and other SLC12 gene family members has
been shown to be associated with local tumor invasion,
lymph node metastases, and poor clinical outcomes.
Furthermore, SCL12A7 has been shown to promote in
vitro tumor cell invasion [16–19], potentially mediated
through interactions with Ezrin (EZR), a membrane
cytoskeleton/extra-cellular matrix linker [19]. Based on
the previous findings by our group and others, we
sought to determine the phenotypic effects of SLC12A7
overexpression upon ACC malignant behavior.

Methods
Cell culture, vector transfection, RNAi gene silencing,
gene expression analysis, and Western blot detection
ACC cell culture and vector transfection were performed
as previously described [20]. Briefly, the human ACC cell
lines SW-13 and NCI-H295R (authenticated and supplied
by American Type Cell Collection) were maintained
under sterile conditions in a humidified incubator at
37.0 C with 5% CO2. SW-13 cells were grown in Dulbec-
co’s Modified Eagle Medium (DMEM) supplemented with
10% certified fetal bovine serum (FBS) and 10,000 U/mL
penicillin/streptomycin; designated as complete medium
(CM). NCI-H295R cells were grown in DMEM/F12 sup-
plemented with 5% NuSerum, 10,000 U/mL penicillin/
streptomycin, 5 μg/ml of insulin, 5 μγ/ml of transferrin,
and 5 ng/ml of selenium (all reagents from Applied
Biosystems); designated complete medium as well (CM).
In general, cell strains underwent no more than 10 pas-
sages before experiments were performed.
Myc-DDK tagged pCMV6-Entry and pCMV6-Entry/

SLC12A7-ORF plasmid expression vectors (Origene)
were transfected into SW-13 cells using Lipofectamine
3000 (ThermoFisher) according to the manufacturer’s
recommendations in 6-well plates with cells grown to
70–80% confluence. Stable clones of pCMV6-Entry and
pCMV6-Entry/SLC12A7 vectors were selected in CM
containing 800 μg/ml G-418 (Life Technologies). Mul-
tiple clones were then pooled into populations to avoid
clonal variability. Selected SW-13 cell populations were
designated SW-13/V (pCMV6 vector-transfected) and
SW-13/S (pCMV6/SLC12A7-transfected) and were uti-
lized to determine the effects of constitutive overexpres-
sion of SLC12A7 on the malignant behavior of SW-13
cells. Parental, un-transfected SW-13 cells were used as
an additional reference control.
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RNAi gene silencing of NCI-H295R cells were carried
out with 3 unique 27-mer siRNA duplexes (designated
siA, siB, and siC) targeting SLC12A7 (Human) using the
standard protocol as previously described [21]. Universal
scrambled negative control siRNA was used as non-spe-
cific control (all from Origene). Lipofectamine
3000-mediated transfection was carried out in Opti-MEM
medium according to the manufacturer’s recommenda-
tions (ThermoFisher) in 6-well plates with starting
densities of 100,000 cells/well. Transfection medium was
replaced with CM after 6 h of transfection. Cells were
lysed for RNA extraction and gene expression analysis at
24 h post-transfection.
De novo and altered expression levels of SLC12A7,

CEBPG, ID1, NFAT5, and SMAD5 mRNA were deter-
mined by gene expression analysis using a TaqMan assay
(Applied Biosystems). Briefly, RNA was isolated from
cells using the RNeasy Plus Mini Kit (Qiagen). Quantity
and quality of isolated RNA was assessed by spectropho-
tometry (NanoDrop Technologies). Two hundred ng of
RNA was used for cDNA synthesis using the iScript
cDNA synthesis kit (Bio-Rad). Real-time quantitative
PCR was performed on a CFX96 Real-Time System ther-
mal cycler (Bio-Rad) using TaqMan PCR master mix
(Applied Biosystems) with primers and probes (Applied
Biosystems) specific to target genes. Relative expression
was quantified using expression levels of housekeeping
gene ribosomal protein large P0 (RPLP0) as a reference
control (Hs99999902_m1; Applied Biosystems). Relative
gene expressions were calculated using the Livak method
[22]. Gene expression analysis was performed in triplicate.
Enforced overexpression of SLC12A7 protein in

SW-13 cells was confirmed via Western blot technique
using anti-SLC12A7 rabbit polyclonal antibody (Novus),
anti-rabbit-HRP goat antibody (Santa Cruz Biotech),
mini-PROTEAN TGX gel (BioRad), PVDF blotting
membrane (BioRad), and enhanced chemiluminescence
detection reagents (ThermoFisher Scientific) according
to the manufacturer’s protocols. Equivalent protein load-
ing was ensured via Western blot detection of beta-actin
expression using anti-β−actin mouse monoclonal anti-
body followed by anti-mouse-HRP goat secondary anti-
body (Santa Cruz Biotech). Western blot analysis was
performed in duplicate.

Cell growth and clonogenic assays
Cell growth and clonogenic analysis was performed as
previously described [20]. Briefly, for growth assays,
50,000 cells per well of SW-13, SW-13/V, and SW-13/S
cells were plated in 6-well plates and grown in CM at
37 °C. Total cell numbers and viability were assessed by
staining cells with 0.4% Trypan Blue (Life Technology)
and counting cells using a hemocytometer (Hausser
Scientific) each day for 6 days. For clonogenic assays,

5000 cells per well of SW-13, SW-13/V, and SW-13/S
were plated in 6-well plates and allowed to grow for
5 days in CM at 37 °C. On day 6, cells were washed
with phosphate-buffered saline (PBS), fixed with 3.7%
formaldehyde for 10 min, stained with 0.05% crystal
violet for 30 min, washed in deionized water, and tab-
ulated under microscopy. Independent colonies with 8
or more cells were counted and averaged from 6
wells. Cell and colony growth analysis was performed
in 2 independent experiments with 6 wells for each
cell type analyzed.

Migration and invasion assay
Migration and invasion analyses were performed as pre-
viously described [20]. For migration, 100,000 cells of
SW-13, SW-13/V, SW-13/S, and NCI-H295R were
allowed to migrate through 8 μM pores in modified
Boyden chambers (BD Biosciences) from upper cham-
bers containing serum-free medium to lower chambers
containing CM at 37 °C. After designated time points,
cells that migrated to the lower side of the membrane
towards a higher FBS concentration were fixed in 3.7%
formaldehyde for 10 min, stained with 0.05% crystal vio-
let for 30 min, washed using deionized water, and tabu-
lated under microscopy. For invasion, 100,000 cells of
SW-13, SW-13/V, SW-13/S, and NCI-H295R were
allowed to invade in modified Boyden chambers from
upper chambers containing serum-free medium through
a layer of reconstituted Matrigel (BD Biosciences), which
functions as a surrogate for the extracellular matrix, to
lower chambers containing CM at 37 °C. After 24 h, the
Matrigel was removed and cells that invaded through
the Matrigel and migrated to the lower side of the mem-
brane were fixed, stained, washed, and tabulated as
above. Migration and invasion assays were performed in
2 independent experiments using 3 wells per each cell
type analyzed.

Adhesion and detachment assay
For cell adhesion assays, 10,000 cells per well of SW-13,
SW-13/V, SW-13/S or 250,000 cells per well of
NCI-H295R were seeded in 24-well plates. The cell
numbers were titrated to avoid overcrowding by trial ex-
periments. Cells were incubated in CM at 37 °C for des-
ignated time points to allow for cell adherence to well
surfaces. After each time point, cells were washed twice
with PBS to remove non-adhered cells. The remaining,
firmly attached cells were then fixed with 3.7% formalde-
hyde for 10 min, stained with 0.05% crystal violet for
30 min, washed using deionized water, and tabulated
under microscopy. For cell detachment assays, 100,000
cells per well of SW-13, SW-13/V, and SW-13/S cells
were seeded in 24-well plates. Cells were incubated in
CM at 37 °C overnight. The following day cells were
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detached with a cell dissociation solution containing eth-
ylenediaminetetraacetic acid tetrasodium salt dehydrate
(EDTA; Sigma Aldrich) at multiple time points up to
15 min. The remaining attached cells were then fixed,
stained, washed, and tabulated as above. Adhesion and
detachment assays for both cells lines were performed in
2 independent experiments using 3–4 wells per each cell
type/experimental condition analyzed.

Analysis of cell membrane organization by light and
immunofluorescence microscopy
The effect of SLC12A7 overexpression on SW-13 cell
extension repertoire was performed as previously de-
scribed [21]. Briefly, cells were grown on glass coverslips
in CM overnight, fixed with 3.7% formaldehyde, stained
with 0.05% crystal violet, washed using deionized water,
and photographed under 400X magnification. Cell ex-
tensions on isolated, non-overlapping cells from 20 ran-
domly selected photomicrographs for each cell type
(SW-13, SW-13/V, and SW-13/S) were classified as three
major types (lamellipodia, lobopodia, and filopodia) of

cell surface extensions, averaged, and tabulated. For im-
munofluorescence analysis, cells were grown on sterile
glass cover slips in CM and after 24 h cells were fixed in
cold acetone-methanol (1:1) for 10 min. Immunostaining
was then performed for SLC12A7 and EZR proteins
using mouse anti-SLC12A7 (Santa Cruz Biotech) and
rabbit anti-EZRIN (Abcam) primary antibodies and
anti-mouse FITC or anti-rabbit TR secondary antibodies
(Santa Cruz Biotech), followed by UltraCruz mounting
agent containing 4′,6-diamidino-2-phenylindole – DAPI
(Santa Cruz Biotech). Dilutions and incubations were
carried out per the manufacturer’s recommendations. A
Zeiss AX10 confocal microscope with AxioVision 4.8
program was used for immunofluorescence analysis and
photomicrographs were taken at a total magnification of
1000X. Analysis of cell membrane organization by light
and immunofluorescence was performed in duplicate.

Transcription factor expression array analysis
To assess possible altered transcription factor repertoire
downstream to SLC12A7 enforced overexpression,

a

c

b

Fig. 1 Endogenous and ectopic expression of SLC12A7 in ACC cells. a Relative messenger RNA (mRNA) expression levels in adrenocortical
carcinoma cells lines SW-13, SW-13/V, SW-13/S, and NCI-H295R by real-time quantitative polymerase chain reaction were determined. Expression
levels were significantly higher in SW-13/S and NCI-H295R cells compared to SW-13 and SW-13/V cells (*, p < 0.05, one-way ANOVA). Gene
expression analysis was performed in triplicate. Horizontal bar, mean; Error bars, standard error of mean. b Western immunoblot of SLC12A7 in
SW-13, SW-13/V, and SW-13/S cells. Protein expression was higher in SW-13/S cells compared to SW-13 and SW-13/V cells. β-actin served as a
loading control. Western blot analysis was performed in duplicate. c Relative mRNA expression levels were determined in NCI-H295 cells
undergoing RNAi gene silencing by three siRNAs (siRNA-A, siRNA-B, and siRNA-C) targeting SLC12A7 and scrambled siRNA. Significantly lower
expression levels were noted in siRNAs B and C transfected cells compared to parent cells (*, p < 0.05, one-way ANOVA). Horizontal bar, mean;
Error bars, standard error of mean. Gene expression analysis was performed in triplicate
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transcription factor gene expression analysis was per-
formed using the RT2 Profiler PCR Array Human Tran-
scription Factors (PAHS-075Z; Qiagen) per the
manufacturer’s instructions. Briefly, 500 ng of total RNA
from SW-13, SW-13/V, and SW-13/S cells were purified
using the DNA Elimination Mix, subjected to cDNA
synthesis using the RT2 First Strand Kit, and then ampli-
fied with real-time quantitative PCR analysis using a
CFX96 Real-Time System thermal cycler (Bio-Rad) using
RT2 SYBR Green qPCR Mastermix (Qiagen). Using par-
ental SW-13 cells as a reference control, relative expres-
sion levels of 84 transcription factors were analyzed with
SABioscience PCR Array Data Analysis web-based soft-
ware (Qiagen). Transcription factor expression array
analysis was performed in duplicate. To confirm the
significance of altered transcription factor signaling
identified in SW-13/S cells, candidate transcription
factor expression was measured using quantitative PCR

techniques (refer above) in NCI-H295R cells treated for
SLC12A7 siRNA knock down.

Statistical analysis
Continuous variables were analyzed using a two-tailed
t test for normally distributed variables, or the Mann-
Whitney U test for non-normally distributed variables.
For variables with greater than two dependent values, a
one-way analysis of variance (ANOVA) or Kruskal-Wallis
tests were utilized for normally or non-normally distrib-
uted populations, respectively, with multiple comparisons
made with a Tukey’s test. To assess the influence of
two or more independent variables on one continuous
dependent variable, a two-way ANOVA was utilized
and multiple comparisons were made with a Tukey’s
test. A p-value ≤ 0.05 was considered significant. Stat-
istical analyses were performed using GraphPad Prism
7 (GraphPad Software).

a 

c

b 

Fig. 2 SW-13 Growth and clonogenic potential analysis. a SW-13, SW-13/V, and SW-13/S cells were plated with 50,000 cells per well and grown in
complete medium (CM) for 6 days (with medium changed on day 3) and counted for viable and non-viable cells each day using 0.4% Trypan
Blue. SLC12A7 overexpression had no significant effect on cell growth (two-way ANOVA) compared to their controls. Horizontal bar, mean; Error
bars, standard error of mean. Cell growth analysis was performed in 2 independent experiments with 6 wells for each cell type analyzed. b SW-13,
SW-13/V, and SW-13/S cells were plated at clonogenic density (5000 cells/well) and grown in CM for 6 days. Colonies with 8 or more cells were
counted. SLC12A7 overexpression had no significant effect on colony growth (one-way ANOVA) compared to their controls. Horizontal bar, mean;
Error bars, standard error of mean. Colony growth analysis was performed in 2 independent experiments with 6 wells for each cell type analyzed.
c Representative photomicrographs of SW-13, SW-13/V, and SW-13/S cells after 6 days of colony growth
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Results
Expression of SLC12A7 in ACC cells
Of the two cell lines tested in this study, NCI-H295R cells
are known to contain 5p amplifications involving the
SLC12A7 locus [8], but mRNA expression patterns have
not been previously tested in either cell line used in this
study. Using quantitative PCR techniques, SLC12A7
mRNA expression levels were determined. Compared to
NCI-H295R cells, SW-13 cells expressed negligible
amounts of SLC12A7 mRNA transcripts (p < 0.05, Fig. 1a).
As such, to assess the possible effects of altered expression
of SLC12A7 observed in ACC tumors, SW-13 cells were
stably transfected with SLC12A7 open reading frame
under a constitutively active CMV promoter (pCMV6-
Entry/SLC12A7) and selected for Neomycin resistance
(designated SW-13/S). Cells transfected with vector alone
(pCMV6, designated SW-13/V) and parental SW-13 cells
were used as controls. Expression analysis demonstrated a
robust increase in mRNA SLC12A7 transcript levels in
SW-13/S cells compared to controls (SW-13/V and
SW-13 cells; p < 0.05, Fig. 1a) and nearly equivalent with
SLC12A7 levels in NCI-H295R cells. Similarly, Western
blot analysis demonstrated that SLC12A7 protein is over-
expressed in SW-13/S cells compared to SW-13/V and

SW-13 cells (Fig. 1b). RNAi gene silencing in
NCI-H295R cells known to a have gene amplification
of SLC12A7 resulted in the suppression of SLC12A7
mRNA levels up to 60% (siB), compared to the
control siRNA treatments, including the scrambled
siRNA (p < 0.05, Fig. 1c).

Overexpression of SLC12A7 does not affect cell growth or
colony formation
To assess whether constitutive overexpression of
SLC12A7 promotes ACC cell growth, cell proliferation
and viability were assessed during a 6-day period in
SW-13, SW-13/V, and SW-13/S cells. Enforced overex-
pression of SLC12A7 did not significantly impact overall
cell growth or viability (viability data not shown)
(Fig. 2a). Clonogenic survival and growth are hallmarks
of malignant tumors [20] and we tested whether overex-
pression of SLC12A7 impacted ACC clonogenic growth
potential. As shown in Fig. 2b and c, SLC12A7 overex-
pression also did not significantly alter clonogenic
potential in SW-13/S cells compared to SW-13 and
SW-13/V cells. Growth and clonogenic survival were not
tested in NCI-H295R cells due to the slow growth rate
and the transient effect of RNAi gene silencing.

a c

b

Fig. 3 SW-13 Migration and invasion analysis. a For 4 and 8 h, 100,000 cells per well of SW-13, SW-13/V, and SW-13/S were allowed to migrate
through a modified Boyden chamber. Increased migration rates at both time points were in observed in SW-13/S cells (*, p < 0.05, two-way
ANOVA). Horizontal bar, mean; Error bars, standard error of mean. Migration assays were performed in two independent experiments using 3 wells
per each cell type analyzed. b One hundred thousand cells of SW-13, SW-13/V, and SW-13/S were allowed to invade through a Matrigel layer in a
modified Boyden chamber. Increased invasion activity was noted in SW-13/S cells (*, p < 0.05, one-way ANOVA). Horizontal bar, mean; Error bars,
standard error of mean. Invasion assays were performed in two independent experiments using 3 wells per each cell type analyzed. c Representative
photomicrographs of migrating and invading SW-13/S cells with controls are shown
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SLC12A7 promotes cell migration and invasion
Previous studies have demonstrated that SLC12A7 pro-
motes tumor cell metastasis, in part, by stimulating cell
migration and invasion [18, 19]. Using a modified
Boyden chamber assay, we tested whether alterations in
SLC12A7 expression levels affected cell migration. Over-
expression of SLC12A7 in SW-13 cells was found to ro-
bustly promote cellular migration at multiple time
points, with an approximate 50% increase in migration
rate observed in SW-13/S cells at four and 8 h (p < 0.05;
Fig. 3a & left panel, Fig. 3c). SLC12A7 overexpression
also promoted cell invasion through Matrigel with a
similar 50% increase in invasive capacity observed in
SW-13/S cells during a 24 h period (p < 0.05; Fig. 3b &
right panel, Fig. 3c). As can be predicted, opposite to the
outcome of enforced SLC12A7 overexpression in SW-13

cells, inhibition of SLC12A7 expression by RNAi gene
silencing resulted in a significant reduction of migration
and Matrigel-invasion behavior of NCI-H295R cells
(Fig. 4a, b, & c, p < 0.05). Together these findings suggest
that SLC12A7 may play in integral role in ACC cell
motility and invasion activity.

SLC12A7 overexpression promotes cell adhesion and
detachment kinetics
The malignant behavior of ACC and other cancers is, in
part, influenced by the ability of tumor cells to adhere to
surrounding surfaces, which in turn could modulate
tumor cell survival, migration, and invasion. In the ovar-
ian cancer cell line OVCAR-3, SLC12A7 co-localizes
with EZR at the cell surface promoting cell motility and
potentially modulating extra-cellular interactions [19].

a c

b

Fig. 4 a One hundred thousand cells of NCI-H295R cells were allowed to migrate through a Boyden chamber. Decreased migration activity was
noted in NCI-H295R cells undergoing SLC12A7 knock down with siRNA B duplex (*, p < 0.05, one-way ANOVA). Horizontal bar, mean; Error bars,
standard error of mean. Migration assays were performed in two independent experiments using 3 wells per each experimental condition
analyzed. b One hundred thousand cells of NCI-H295R cells were allowed to invade through a Matrigel layer in a modified Boyden chamber.
Decreased invasion activity was noted in NCI-H295R cells undergoing SLC12A7 knock down with siRNA B duplex (*, p < 0.05, one-way ANOVA).
Horizontal bar, mean; Error bars, standard error of mean. Invasion assays were performed in two independent experiments using 3 wells per each
experimental condition analyzed. c Representative photomicrographs of NCI-H295R invasion undergoing siRNA knockdown are shown right
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We determined whether SLC12A7 overexpression modu-
lated extracellular interactions of the cells with their sur-
rounding substratum by testing their comparative adhesion
and detachment efficiencies. As shown in Fig. 5a, SW-13/S
cells adhered to the substratum at a significantly faster rate
compared to SW-13 and SW-13/V cells (p < 0.05), indicat-
ing that SLC12A7 may promote faster ACC cell adhesion.
SLC12A7 also promoted faster detachment of SW-13/S
cells as well (p < 0.05, Fig. 5b), indicative of a highly dynamic
adhesion-detachment interactions of SLC12A7-expressing
cells to the surrounding substratum. Similarly, RNAi gene
silencing of SLC12A7 in SLC12A7-expressing NCI-H295R

cells significantly perturbed their adhesion capability in a
predictably opposite fashion (p < 0.05, Fig. 5c). Notably,
SLC12A7 gene silencing resulted in a dose-dependent de-
crease in cell attachment strength, with the NCI-H295R
cells affected by the highest knock down of SLC12A7
(siRNA B) also demonstrating the greatest perturbation of
attachment strength (p < 0.05, Fig. 5c & d).

SLC12A7 overexpression leads to increased filopodia
formation and co-localization of SLC12A7 with Ezrin
Under high power (400X) light microscopy, SW-13/S
cells appeared to have drastically altered cell membrane

a

c d

b

Fig. 5 SW-13 cell adhesion and detachment kinetics analysis. a Ten thousand cells per well of SW-13, SW-13/V, and SW-13/S were incubated in
complete medium (CM) at various time points to allow for cell adherence. After designated time point, cells were washed and attached cells
were counted. SW-13/S cells adhered more readily (*, p < 0.05, two-way ANOVA). Horizontal bar, mean; Error bars, standard error of mean.
Adhesion assay was performed in 2 independent experiments using 4 wells per each cell type analyzed. b Ten thousand cells per well of SW-13,
SW-13/V, and SW-13/S were incubated in CM overnight. The following day cells were detached at designated time points with ethylenediaminetetraacetic
acid tetrasodium salt dehydrate (Sigma-Aldrich). The cells that remained attached were counted. SW-13/S cells detached more readily (*, p < 0.05,
two-way ANOVA). Horizontal bar, mean; Error bars, standard error of mean. Detachment assay was performed in 2 independent experiments using 4
wells per each cell type analyzed. c Two hundred fifty thousands cells per well of NCI-H295R undergoing SLC12A7 RNAi gene silencing (siRNA A, B, C)
were incubated in CM for various time points to allow for cell adherence. Parental cells, cells mocked transfected, and cells transfected with scrambled
siRNA were used as controls. After each time point, cells were washed and counted. NCI-H295 cells undergoing RNAi gene silencing adhered less
readily (*, p < 0.05, two-way ANOVA). Adhesion assay was performed in 2 independent experiments using 3 wells per each cell type analyzed.
d Photomicrographs of NCI-H295R cells remaining attached after 2 h, fixed, stained with 0.5% crystal violet, and observed under 200X magnification
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extension repertoire (Fig. 6). Assessment of the cell
membrane projections associated with cell motility, spe-
cifically lamellipodia, lobopodia, and filopodia, showed a
distinct difference in their organization in SW-13/S cells
compared to SW-13/V cells (left panel, Fig. 6) and par-
ental SW-13 cells (not shown). Microscopic quantifica-
tion revealed increased filopodia formation, partly at the
expense of reduced lamellipodia extensions, in SW-13/S
cells compared to parental SW-13 and SW-13/V cells
(p < 0.05, right panel, Fig. 6). As reported earlier [19],
SLC12A7 in SW-13/S cells was seen to have mobilized to
the leading edge of the cell’s surface to co-localize with
Ezrin, as revealed by immunofluorescence analysis (Fig. 7).

Transcription factor analysis suggests potential roles for
multiple signally pathways in mediating the invasive
behavior promoted by SLC12A7 overexpression
To assess possible altered transcription factor activation
downstream to SLC12A7 enforced expression, compara-
tive transcription factor expression analysis was per-
formed using the targeted RT2 Profiler PCR Human
Transcription Factors array in SW-13/S and SW-13/V
cells. Parental SW-13 cells were used for normalized com-
parison. Of the targeted 84 transcription factors screened,
four transcription factors namely, CEBPG (CCAAT/
Enhancer Binding Protein Gamma), ID1 (Inhibitor of
DNA binding 1, HLH protein), NFAT5 (Nuclear Factor of

Activated T-Cells 5), and SMAD5 (SMAD Family
Member 5) were found to be significantly upregulated (> 2
fold) in SW-13/S cells (Fig. 8a). The increased expression
of CEBPG, ID1, NFAT5, and SMAD5 transcription factors
in SW-13/S cells also suggest their potential role(s) in dys-
regulating multiple signaling pathways including the Hippo,
osmotic stress, and the bone morphogenetic protein (BMP)
signaling pathways, directly or indirectly [23–26]. Perturba-
tions in these pathways downstream to SLC12A7 overex-
pression can potentially alter the adhesion kinetics and
invasive properties of ACC cells, as observed in this study.
To confirm the significance of altered transcription

factor signaling identified in SW-13/S cells, expression
of candidate transcription factor identified to be overex-
pressed in SW-13/S cells was measured in NCI-H295R
cells undergoing siRNA knock down using quantitative
RT-PCR (refer above). In line with the previous results,
we saw that expressions levels of ID1, NFAT5, and
SMAD5 were suppressed (Fig. 8b). Expression level of
CEBPG was not significantly altered (Fig. 8b). These
findings further show that these transcription factors
may indeed play a significant role in SLC12A7 mediated
malignant behavior promotion.

Discussion
Previous studies have demonstrated widespread expres-
sion and significant physiologic functions for SlC12A7 in

Fig. 6 Quantification of cell membrane extensions. Via microscopy, the average number of membrane projections per cell was counted from
random photomicrographs (400X). Analysis showed increased filopodia formation (right panel) in SW-13/S cells (middle panel) compared to
SW-13 and SW-13/V (left panel) cells (*, p < 0.05, two-way ANOVA). Horizontal bar, mean; Error bars, standard error of mean. Microscopic analysis
was performed in duplicate
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nervous, gastric, and renal tissues [27–30]. However, a
physiological role for SLC12A7 in the adrenal cortex has
not been addressed. We recently demonstrated moderate
expression of SLC12A7 in normal adrenal gland tissue

with amplified expression levels observed in ACC tumor
samples, suggesting a potential role for SLC12A7 over-
expression in ACC tumorigenesis or malignant progres-
sion [13]. Similar to its suggested roles in other tissues,

SW-13/V 

SW-13/S 
SW-13/S 

SW-13/V 

SW-13 

50 µM 

50 µM 

50 µM 

SW-13 

Fig. 7 Immunofluorescence analysis of SLC12A7 and Ezrin. Cells were grown on glass cover slips in complete medium and after 24 h cells were
fixed in cold acetone-methanol (1:1) for 10 min followed by immunofluorescence detection using anti-SLC12A7 and anti-EZR primary antibodies.
Cell nuclei fluoresce blue with DAPI, SLC12A7 fluoresces green, and EZRIN fluoresces red. Filled arrows indicate representative areas of co-localization
of SLC12A7 with EZR, which fluoresces yellow. SW-13/S cells have heightened expression of SLC12A7 with co-localization with EZR at the cell
membrane, especially at the leading edges of the cell when compared to controls (SW-13 and SW-13/V). Immunofluorescence analysis was performed
in duplicate
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basal expression of SLC12A7 may have a physiological
role in the organization and function of the adrenal cor-
tex, which when dysregulated may perturb the osmotic
status of the cell, and potentially contribute to the ac-
centuated invasive, and consequently more aggressive
tumor phenotype seen here.
Previous studies also have shown a clear role for

SLC12A7 in promoting in vitro tumor cell invasion. In a
study by Hsu et al., RNAi gene silencing of SLC12A7
inhibited breast cancer cell invasion, without any effect on
cell viability or proliferation. In the same study, the
authors also demonstrated that SLC12A7 activity, in part,
promoted in vivo tumor growth in SCID mice [18]. In the
present study, we show a similar role for SLC12A7 in pro-
moting cancer cell migration and invasion, phenotypic
hallmarks of aggressive cancers, in two well-characterized
ACC cell lines, without any significant impact on cell
growth or clonogenic potential. The invasion-promoting
role of SLC12A7 was confirmed by complementary ap-
proaches of enforcing SLC12A7 in cells with undetectable
expression (SW-13) and silencing the gene expression in
cells with robust expression of SLC12A7 (NCI-H295R).

Moreover, SLC12A7-silencing in NCI-H295R cells
showed a dose-response effect on cell adhesion. Trans-
fection with siRNA B, which showed the greatest inhibi-
tory effect on gene expression levels, also had the largest
impact on cell attachment compared to other less potent
siRNAs. Although highly speculative, this observation
suggests that targeting of SLC12A7 in ACC patients may
exhibit similar pharmacokinetic effects.
Due to the trans-membrane organization of SLC12A7,

with extracellular interactive domains, we speculated
that the motility/invasive-promoting effects of SLC12A7
in ACC cells overexpressing SLC12A7 might be
mediated by altered adhesive properties consequent to
SLC12A7-regulated cell membrane organization. As pre-
dicted, the overall adhesion kinetics appeared to be
modified to accelerate the motility behavior of SW-13
cells. In SW-13/S cells, lamellipodia formation, which
promotes cell spreading and consequently slow cell
movement of cells, was found significantly reduced, while
motility promoting filopodia was found significantly in-
creased in number, suggesting a cell membrane-associated
modulation of cell movement. Moreover, co-localization

a b

Fig. 8 Transcription factor expression analysis. a To assess possible altered transcriptional activation downstream to SLC12A7 enforced expression,
transcription factor expression analysis was performed using the RT2 Profile PCR Human Transcription Factors array. The four transcription factors
that appeared to be significantly (p = 0.05) overexpressed is noted in the heatmap (above) and the Log10 expression is shown in the scatter plot
(below). Note, none of the targeted transcription factors showed a significant down-regulation in SW-13/S cells. Transcription factor expression
analysis was performed in duplicate. b To confirm the significance of altered transcription factor signaling identified in SW-13/S cells, altered
transcription factor expression was measured using quantitative PCR techniques (refer above) in NCI-H295R cells undergoing siRNA knock down.
Expressions levels of ID1, NFAT5, and SMAD5 were suppressed, while expression of CEBPG was not significantly altered. Transcription factor
expression analysis was performed in duplicate
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of SLC12A7 with EZR, a structural and functional linker
for cell motility at the leading edges of fast moving
SW-13/S cells, further suggests an active role for
SLC12A7 in accentuating ACC cell motility and invasive
behavior. Alternatively, increased expression of CEBPG
and SMAD5, transcription factors with known roles in
cancer cell metastasis via Hippo and BMP pathways re-
spectively, suggests roles for additional signaling events in
modulating the invasive behavior of SW-13 cells [23, 26].
It is also interesting to note a potential association be-
tween the solute carrier SLC12A7 overexpression and up-
regulation of NFAT5, a transcription factor modulated by
osmotic stress, in potentially playing a role in the invasive
behavior of ACC cells [25].
Clarification of the probable aggressiveness of

SLC12A7 amplification in a larger clinical study cohort
would help further clarify the potential translational as-
pect of these findings. We previously demonstrated that
SLC12A7 amplification was associated with hormonally
inactive (potentially more de-differentiated) tumors in a
smaller discovery cohort of ACC tumors [13]. However,
determination of a likely association of SLC12A7 ampli-
fications with tumor stage, invasiveness, and survival
needs to be explored in a larger cohort.

Conclusions
In conclusion, this study demonstrates that SLC12A7
amplification may promote tumor cell migration and
invasion in ACC, at least in part by modulating cell
membrane organization and perturbed osmotic signal-
ing. Thus, SLC12A7 could represent a molecular marker
of ACC tumor aggressiveness and may serve as a poten-
tial therapeutic target.

Abbreviations
ACC: Adrenocortical carcinoma; BMP: Bone morphogenetic protein;
CEBPG: CCAAT/Enhancer binding protein gamma; CM: Complete medium;
CNV: Copy number variations; DMEM: Dulbecco’s modified eagle medium;
ENSAT: European network for the study of adrenal tumors; EZR: Ezrin;
FBS: Fetal bovine serum; ID1: Inhibitor of DNA binding 1, HLH protein;
IGF-II: Insulin growth factor II; NFAT5: Nuclear factor of activated T-cells 5;
PBS: Phosphate-buffered saline; SLC12A7: Solute carrier family 12 member 7;
SMAD5: Family member 5; WES: Whole-exome sequencing

Funding
This study was supported by a grant from the Ohse Research Grant Program
(grant number 22430A).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions
TB, RK and TC contributed to study design. TB, TM, and RK performed
experiments. TB and JR performed data acquisition and analysis. All authors
contributed to manuscript preparation. All authors read and approved the
final manuscript.

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 7 February 2018 Accepted: 30 May 2018

References
1. Fassnacht M, Libe R, Kroiss M, Allolio B. Adrenocortical carcinoma: a

clinician's update. Nat Rev Endocrinol. 2011;7:323–35.
2. Allolio B, Fassnacht M. Clinical review: Adrenocortical carcinoma: clinical

update. J Clin Endocrinol Metab. 2006;91:2027–37.
3. Else T, Kim AC, Sabolch A, Raymond VM, Kandathil A, Caoili EM, Jolly S,

Miller BS, Giordano TJ, Hammer GD. Adrenocortical carcinoma. Endocr Rev.
2014;35:282–326.

4. Lebastchi AH, Kunstman JW, Carling T. Adrenocortical carcinoma: current
therapeutic state-of-the-art. J Oncol. 2012;2012:234726.

5. Libe R, Fratticci A, Bertherat J. Adrenocortical cancer: pathophysiology and
clinical management. Endocr Relat Cancer. 2007;14:13–28.

6. Kjellman M, Kallioniemi OP, Karhu R, Hoog A, Farnebo LO, Auer G, Larsson C,
Backdahl M. Genetic aberrations in adrenocortical tumors detected using
comparative genomic hybridization correlate with tumor size and malignancy.
Cancer Res. 1996;56:4219–23.

7. Zhao J, Speel EJ, Muletta-Feurer S, Rutimann K, Saremaslani P, Roth J,
Heitz PU, Komminoth P. Analysis of genomic alterations in sporadic
adrenocortical lesions. Gain of chromosome 17 is an early event in
adrenocortical tumorigenesis. Am J Pathol. 1999;155:1039–45.

8. Dohna M, Reincke M, Mincheva A, Allolio B, Solinas-Toldo S, Lichter P.
Adrenocortical carcinoma is characterized by a high frequency of
chromosomal gains and high-level amplifications. Genes Chromosom
Cancer. 2000;28:145–52.

9. Sidhu S, Marsh DJ, Theodosopoulos G, Philips J, Bambach CP, Campbell P,
Magarey CJ, Russell CF, Schulte KM, Roher HD, et al. Comparative genomic
hybridization analysis of adrenocortical tumors. J Clin Endocrinol Metab.
2002;87:3467–74.

10. Rubinstein JC, Brown TC, Goh G, Juhlin CC, Stenman A, Korah R, Carling T.
Chromosome 19 amplification correlates with advanced disease in
adrenocortical carcinoma. Surg. 2015;

11. Assie G, Letouze E, Fassnacht M, Jouinot A, Luscap W, Barreau O, Omeiri H,
Rodriguez S, Perlemoine K, Rene-Corail F, et al. Integrated genomic
characterization of adrenocortical carcinoma. Nat Genet. 2014;46:607–12.

12. Juhlin CC, Goh G, Healy JM, Fonseca AL, Scholl UI, Stenman A, Kunstman
JW, Brown TC, Overton JD, Mane SM, et al. Whole-exome sequencing
characterizes the landscape of somatic mutations and copy number
alterations in adrenocortical carcinoma. J Clin Endocrinol Metab.
2015;100:E493–502.

13. Brown TC, Juhlin CC, Healy JM, Stenman A, Rubinstein JC, Korah R, Carling T.
DNA copy amplification and overexpression of SLC12A7 in adrenocortical
carcinoma. Surg. 2016;159:250–7.

14. Mount DB, Mercado A, Song L, Xu J, George AL Jr, Delpire E, Gamba G.
Cloning and characterization of KCC3 and KCC4, new members of the
cation-chloride cotransporter gene family. J Biol Chem. 1999;274:16355–62.

15. Mercado A, Song L, Vazquez N, Mount DB, Gamba G. Functional
comparison of the K+-cl- cotransporters KCC1 and KCC4. J Biol Chem.
2000;275:30326–34.

16. Shen MR, Chou CY, Hsu KF, Hsu YM, Chiu WT, Tang MJ, Alper SL, Ellory JC.
KCl cotransport is an important modulator of human cervical cancer growth
and invasion. J Biol Chem. 2003;278:39941–50.

17. Shen MR, Lin AC, Hsu YM, Chang TJ, Tang MJ, Alper SL, Ellory JC, Chou CY.
Insulin-like growth factor 1 stimulates KCl cotransport, which is necessary
for invasion and proliferation of cervical cancer and ovarian cancer cells.
J Biol Chem. 2004;279:40017–25.

18. Hsu YM, Chou CY, Chen HH, Lee WY, Chen YF, Lin PW, Alper SL, Ellory JC,
Shen MR. IGF-1 upregulates electroneutral K-cl cotransporter KCC3 and
KCC4 which are differentially required for breast cancer cell proliferation
and invasiveness. J Cell Physiol. 2007;210:626–36.

Brown et al. Cell Communication and Signaling  (2018) 16:27 Page 12 of 13



19. Chen YF, Chou CY, Wilkins RJ, Ellory JC, Mount DB, Shen MR. Motor
protein-dependent membrane trafficking of KCl cotransporter-4 is
important for cancer cell invasion. Cancer Res. 2009;69:8585–93.

20. Korah R, Healy JM, Kunstman JW, Fonseca AL, Ameri AH, Prasad ML, Carling T.
Epigenetic silencing of RASSF1A deregulates cytoskeleton and promotes
malignant behavior of adrenocortical carcinoma. Mol Cancer. 2013;12:87.

21. Cheng JY, Brown TC, Murtha TD, Stenman A, Juhlin CC, Larsson C, Healy JM,
Prasad ML, Knoefel WT, Krieg A, et al. A novel FOXO1-mediated dedifferentiation
blocking role for DKK3 in adrenocortical carcinogenesis. BMC Cancer.
2017;17:164.

22. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(−Delta Delta C(T)) method. Methods.
2001;25:402–8.

23. Atkins M, Potier D, Romanelli L, Jacobs J, Mach J, Hamaratoglu F, Aerts S,
Halder G. An ectopic network of transcription factors regulated by hippo
signaling drives growth and invasion of a malignant tumor model. Curr Biol.
2016;26:2101–13.

24. Sumida T, Kamata YU, Kobayashi Y, Ishikawa A, Mori Y. ID1 controls
aggressiveness of salivary gland Cancer cells via crosstalk of IGF and AKT
pathways. Anticancer Res. 2016;36:3865–70.

25. Aramburu J, Lopez-Rodriguez C. Brx shines a light on the route from
hyperosmolarity to NFAT5. Sci Signal. 2009;2:pe20.

26. Chiba T, Ishisaki A, Kyakumoto S, Shibata T, Yamada H, Kamo M.
Transforming growth factor-beta1 suppresses bone morphogenetic
protein-2-induced mesenchymal-epithelial transition in HSC-4 human oral
squamous cell carcinoma cells via Smad1/5/9 pathway suppression. Oncol
Rep. 2017;37:713–20.

27. Chen YF, Chou CY, Ellory JC, Shen MR. The emerging role of KCl cotransport
in tumor biology. Am J Transl Res. 2010;2:345–55.

28. Fujii T, Fujita K, Takeguchi N, Sakai H. Function of K(+)-cl(−) cotransporters in
the acid secretory mechanism of gastric parietal cells. Biol Pharm Bull.
2011;34:810–2.

29. Boettger T, Hubner CA, Maier H, Rust MB, Beck FX, Jentsch TJ. Deafness and
renal tubular acidosis in mice lacking the K-cl co-transporter Kcc4. Nat.
2002;416:874–8.

30. Melo Z, Cruz-Rangel S, Bautista R, Vazquez N, Castaneda-Bueno M, Mount DB,
Pasantes-Morales H, Mercado A, Gamba G. Molecular evidence for a role for
K(+)-cl(−) cotransporters in the kidney. Am J Physiol Renal Physiol.
2013;305:F1402–11.

Brown et al. Cell Communication and Signaling  (2018) 16:27 Page 13 of 13


	Abstract
	Background
	Methods
	Results
	Conclusions

	Plain english summary
	Background
	Methods
	Cell culture, vector transfection, RNAi gene silencing, gene expression analysis, and Western blot detection
	Cell growth and clonogenic assays
	Migration and invasion assay
	Adhesion and detachment assay
	Analysis of cell membrane organization by light and immunofluorescence microscopy
	Transcription factor expression array analysis
	Statistical analysis

	Results
	Expression of SLC12A7 in ACC cells
	Overexpression of SLC12A7 does not affect cell growth or colony formation
	SLC12A7 promotes cell migration and invasion
	SLC12A7 overexpression promotes cell adhesion and detachment kinetics
	SLC12A7 overexpression leads to increased filopodia formation and co-localization of SLC12A7 with Ezrin
	Transcription factor analysis suggests potential roles for multiple signally pathways in mediating the invasive behavior promoted by SLC12A7 overexpression

	Discussion
	Conclusions
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Competing interests
	Publisher’s Note
	References

