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A B S T R A C T S   

Estrogen therapy has used to prevent bone loss in postmenopausal women. Although therapeutically enhanced 
estrogen levels have been suggested, patients are exposed to greater risks of nephrolithiasis and cancer. It has 
been known that oxalate or bicarbonate transporter SLC26A6 is involved in oxalate homeostasis and its deletion 
results in kidney stone formation and addressed that patients with kidney stones possess higher cancer risk. Thus, 
the mechanism of the interaction between estrogen and SLC26A6 and the effect of SLC26A6 on cancer cells 
should be elucidated. In this study, we investigated whether β-estradiol treatment modulates SLC26A6 expres-
sion and its bicarbonate or oxalate transporting activity and affects the proliferative and migratory ability of 
A549 cells. The β-estradiol stimulation attenuated oxalate or bicarbonate transporting activities through 
SLC26A6. Knockdown of SLC26A6 reduced transporter activity whereas enhanced cellular migration. β-estradiol- 
mediated cellular migration was independent of SLC26A6 transporter activity, whereas enhanced SLC26A6 
expression attenuated cellular migration even in the presence of β-estradiol treatment. These results indicate 
β-estradiol treatment enhances cancer cell migration and dysregulates oxalate transport by inhibiting SLC26A6 
activity, suggesting reduced oxalate transporting activity may involve in the oxalate homeostasis.   

1. Introduction 

Estrogen hormone replacement therapy (HRT) has been recom-
mended to treat osteoporosis in postmenopausal women (Dawson- 
Hughes et al., 1990; Domrongkitchaiporn et al., 2002). Although es-
trogen therapy has been positively addressed in bone biology, HRT has 
been linked with an enhanced potential risk of nephrolithiasis or 
conversely reduced deposition of renal calcium-oxalate crystals (Fan 
et al., 1999; Heller et al., 2002; Maalouf et al., 2010; Peerapen and 
Thongboonkerd, 2019). HRT enhances serum 1,25-dihydroxyvitamin 
D3 level and subsequently enhances high calcium level in urine (van 
Hoof et al., 1994). In addition, high serum estrogen levels induced by 
HRT are related to the development and malignancy of cancers 
accompanying with reduction of DNA repair rate, poor survival rate in 
lung cancer, and increase of aromatase level (Chakraborty et al., 2010; 
Liang and Shang, 2013; Rodriguez-Lara et al., 2018; Rothenberger et al., 
2018). Large scale population-based cohort study has been reported that 
patients with kidney stones are at higher cancer risk in various systemic 

cancers such as lung, bladder, thyroid, head and neck, breast, and uri-
nary cancer (Shih et al., 2014). Cancer and nephrolithiasis are complex 
factor-derived processes. High calcium level in serum caused by HRT is 
not always associated with incidence of kidney stone formation (Dom-
rongkitchaiporn et al., 2002). Otherwise, it appears that although 
elevated estrogen levels are therapeutically beneficial, patients with 
HRT are exposed to the potential risk of nephrolithiasis and cancer. 

The kidney stone-associated transporter chloride/bicarbonate (Cl—/ 
HCO3

—) exchanger (CBE) solute carrier family 26 member 6 (SLC26A6, 
abbreviated to A6) is mainly identified in secretory glands such as 
salivary gland ducts (Lee et al., 2012b), pancreas (Wang et al., 2006), 
and intestine (Singh et al., 2008) and is responsible for bicarbonate ion 
secretion. Its bicarbonate transporting function is also associated with 
cardiac function and the maintenance of pH homeostasis (Alvarez et al., 
2004; Sirish et al., 2017). A6 is also well known to act as a chloride/ 
oxalate exchanger (COE) in intestine (Freel et al., 2006; Jiang et al., 
2006) and kidneys (Freel et al., 2006) to regulate oxalate homeostasis. 
The bicarbonate transport function of A6 is considered to regulate 
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intracellular pH and anion transport in epithelial cells. Insoluble calcium 
oxalate crystals have been considered as one of component of kidney 
stone and level of serum oxalate is associated with kidney stone. A6 also 
transports oxalate and is related to oxalate transport, involved in in-
testinal oxalate secretion and nephrolithiasis (Amin et al., 2018; Kha-
maysi et al., 2019; Ohana et al., 2013). In ob mice, obesity-associated 
hyperoxaluria was induced by reducing Slc26a6 gene expression 
(Amin et al., 2018), and in Slc26a6-null mice oxalate secretion was 
reduced, and plasma oxalate levels were elevated (Garcia-Perez et al., 
2012). Although oxalate transporting role of A6 has been addressed in 
various studies, the regulatory mechanisms on A6 are relatively 
undefined. 

In a previous study, it was reported that estrogen and estrogen re-
ceptor (ESR) contribute to lung cancer activation (Hsu et al., 2017). In 
another, estradiol treatment promoted lung cancer cell migration by 
stimulating the CXCL12/CXCR4 pathway (Rodriguez-Lara et al., 2017). 
Although A6 is ubiquitously expressed, no disease-related human mu-
tation of A6 has yet been discovered (Wang et al., 2020). More recently, 
enhanced expression of A6 is demonstrated in hepatocellular carcinoma 
(Zhu et al., 2021). These evidences conduct that relationship between 
estrogen and A6 should be elucidated in cancer biology and oxalate 
homeostasis. Thus, we hypothesized that enhanced estrogen level re-
flects increased incidence of cancer and modulates oxalate homeostasis 
and evaluate the effect of estrogen on oxalate transporter. 

In this study, we speculated that estrogen-mediated intensive 
symptoms including oxalate homeostasis and lung cancer activation are 
related to A6 expression or A6-mediated ion transporting activity. Thus, 
we examined two aspects of the activities of A6, that is, as an ion 
transporter for cellular migration (Schwab et al., 2012) and as an oxalate 
transporter for oxalate homeostasis, by treating A549 (a lung adeno-
carcinoma cell line) cells (an A6 expressing lung cancer cell line) with 
β-estradiol (β-E2). In addition, we investigated whether β-E2 modulates 
A6 expression and transporting activity and affects the proliferative and 
migratory ability of A549 cells. 

2. Material and methods 

2.1. Reagents and cell culture 

β-E2 was purchased from Sigma. A549 cells, and a human embryonic 
kidney 293 T cell line (H.T) were obtained from ATCC. The maintenance 
of the cells was proceeded with Dulbecco's Modified Eagle's Medium 
(DMEM, Thermo) in the presence of FBS (10%, Invitrogen) with peni-
cillin/streptomycin (Invitrogen) in a humidified CO2 (5%) incubator at 
37 ◦C. When cells confluence reached to 80% density, trypsin/ethyl-
enediaminetetraacetic acid (EDTA) was treated with to detach the cells. 
The detached cells were put onto new culture dishes for all experiments 
except for live-cell imaging which using coverslips in culture dishes. 

2.2. Plasmids, small interfering RNA (siRNA), and transfections 

The complementary DNA (cDNA) encoding SLC26A6 (A6) was 
cloned in eGFP-C1, and STE20/SPS1-related proline-alanine-rich pro-
tein kinase (SPAK) or SPAK dominant negative (DN) were constructed in 
p3XFLAG-CMV-7.1. The plasmids had been provided by Dr. Shmuel 
Muallem (National Institutes of Health, Bethesda, USA). The siRNA for 
A6 was constructed using Double-Promoter pFIV-H1/U6 siRNA cloning 
vectors (System Biosciences), followed by the manufacturer's in-
structions. The vectors contained siRNA strands for human siRNA-A6 
(siA6) (sense, 5′-AAA GGA AGC TGC CCC AGA GCA AGG TTG GC-3′, 
and anti, 5′-AAA AGC CAA CCT TGC TCT GGG GCA GCT TC-3′). Plas-
mids such as A6 were transfected using jetPRIME Transfection Reagent 
(Polyplus-transfection) depending on the manufacturer's instructions. 
Each plasmid was mixed with jetPRIME buffer, and then transfection 
reagent was mixed. The transfecting solution was incubated at room 
temperature (RT) for 10 min. The incubated mixture transferred to A549 

cells in fresh DMEM medium. After incubation for 6 h, media were 
replaced with new DMEM, and the cells were incubated until use. 

2.3. Migration assay 

Transwell-membrane migration, wound healing, and agarose spot 
assay was used for detecting the migratory ability of A549 cells. For 
Transwell migration assays, detached A549 cells in DMEM containing 
1% FBS were placed in upper transwell membrane which of pore size is 
8.0 μm. The bottom plates were filled with new media containing 10% 
FBS with incubation for 6 h. Membranes were then fixed with chilled 
methanol (− 20 ◦C) for 1 min at − 20 ◦C and stained with DAPI or crystal 
violet. After PBS washing, the membranes were stained with DAPI so-
lution (1 μg/mL in distilled water (DW)) for 30 min at 37 ◦C or 0.25% 
crystal violet solution in DW (with 20% methanol) at room temperature 
in the dark for 10 min and performed DW washing three times. Trans-
well membranes were placed between slide glass and cover glass and 
confocal microscopy was proceeded with LSM 700 (Carl Zeiss) (for 
DAPI) or an inverted microscope (Olympus) equipped with Mosaic 
software (Opto Science) (for crystal violet). The intensities of the images 
obtained were measured by the Meta Morph system (Molecular 
Devices). 

For wound healing assays, A549 cells were cultured until approxi-
mately 80% confluent, scratched with 10 μL pipette tips, and incubated 
with plasmids under indicated conditions for 48 h at 37 ◦C. The images 
were measured by using an inverted microscope (Olympus) equipped 
with Mosaic software. Migration ranges were calculated as distance of 
initially exposed range subtracted by cell-migrated range. 

For agarose spot assays, 0.5% of agarose in physiological salt solu-
tion (PSS; previously described in (Lee et al., 2018)) was used, and the 
mixture was heated. And then the mixture spotted to dishes and allowed 
at 4 ◦C to cool for 8 min, as described previously (Vinader et al., 2011; 
Wiggins and Rappoport, 2010). A549 cells were put the dishes to adhere 
for 4 h and then replaced with a new culture media containing FBS 
(0.1%) with penicillin-streptomycin (100 U/mL) in DMEM. The incu-
bation time is proceeded at 37 ◦C for 24 h. The images were obtained 
using Meta Morph software. Cells observed under agarose spots were 
counted as migrated cells. 

2.4. MTT assay 

β-E2 was treated to 5 × 103 number of A549 cells (per well) in 96- 
well plates. After indicated incubation times, tetrazolium bromide (1 
mg/mL, Georgia Chemicals Inc.) solution was treated for 2 h at 37 ◦C. 
The cells were treated with DMSO to dissolve formazan crystals, and 
absorbances were analyzed with UVM 340 microplate reader (Bio-
chrom) at 570 nm. 

2.5. Cl—-HCO3
— exchange (CBE) activity 

The attached cells onto coverslips were stained with 6 μM BCECF-AM 
(2′, 7′-bis-(carboxyethyl)-5-(and-6)-carboxyfluorescein, TEFlabs) in the 
presence of 0.05% pluronic acid (BCECF-AM loading enhancer, Invi-
trogen) for 15 min at room temperature into perfusion chamber. The 
samples were allowed to flowing PSS for 4 min to wash. pHi was 
analyzed by measuring dual excitatory wavelength of BCECF fluores-
cence (495 and 440 nm) to emit fluorescence at 530 nm. CBE activity 
was defined as the slope (changes of BCECF fluorescence intensity versus 
time) in the cells with CO2-provided HCO3

—-buffered solution without 
chloride (previously described in (Lee et al., 2018)). Images were taken 
by a CCD camera (Retiga 6000, Q-Imaging) and analyzed using the Meta 
Fluor system (Molecular Devices). 

2.6. Cl—-oxalate exchange (COE) activity 

The attached cells onto coverslips were stained with 5 mM 
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ethoxycarbonylmethyl-6-methoxyquinolinium bromide (MQAE, 
Cayman Chemical) in the presence of 0.05% pluronic acid for 15 min at 
room temperature into perfusion chamber. The samples were allowed to 
flowing PSS for 4 min to wash. [Cl—]i was analyzed by measuring 
excitatory wavelength of MQAE fluorescence (360 nm) to emit fluo-
rescence at 530 nm. COE activity was defined as the slope (changes of 
MQAE fluorescence intensity versus time) in the cells with chloride- 
oxalate solution (Table 1). Images were obtained using a CCD camera 
and analyzed using the Meta Fluor system. 

2.7. Na+-H+ exchanger (NHE) activity 

The attached cells onto coverslips were stained with 6 μM BCECF-AM 
(TEFlabs) in the presence of 0.05% pluronic acid (Invitrogen) for 15 min 
at room temperature into perfusion chamber. The samples were allowed 
to flowing PSS for 4 min to wash. pHi was analyzed by measuring dual 
excitatory wavelength of BCECF fluorescence (495 and 440 nm) to emit 
fluorescence at 530 nm. NHE activity defined as the slope (changes of 
BCECF fluorescence intensity versus time) was measured by the slope of 
increased intensity in the cells with PSS after NH4Cl solution (previously 
described in (Evans and Turner, 1997; Worrell et al., 2004)) and 0Na+

(in the presence of amiloride) solutions (previously described in (Hong 
et al., 2015)). Images were obtained using a CCD camera and analyzed 
using the Meta Fluor system. 

2.8. Na+- HCO3
— cotransporter (NBC) activity 

The attached cells onto coverslips were stained with 6 μM BCECF-AM 
(TEFlabs) as described above. The samples were allowed to flowing PSS 
for 4 min to wash. pHi was analyzed by measuring dual excitatory 
wavelength of BCECF fluorescence (495 and 440 nm) to emit fluores-
cence at 530 nm. NBC activity was defined as the slope of increased 
intensity in the cells with CO2-provided HCO3

—-buffered solution (pre-
viously described in (Hong et al., 2015)) with NHE inhibitor 5-(N-ethyl- 
N-isopropyl)-amiloride (EIPA), as previously described in (Ji et al., 
2017). Images were obtained with a CCD camera and analyzed using the 
Meta Fluor system. 

2.9. pH calibration 

BCECF fluorescence ratios were altered to actual pH units using 
calibration curves, as described by Lee et al. (Lee et al., 2018). Briefly, 
BCECF-loaded cells were incubated in a pH 5.5 calibration solution 
containing 20 μM nigericin (Sigma) for 10 min, and then re-incubated 
under the same conditions at pH 6.0–8.5 (previously described in (Lee 
et al., 2018)). pH values were determined using a pH calibration curve 
(Fig. S1) derived using the equation (pH = pKa-log((Rmax-R)/R-Rmin)) 
(pKa of BCECF; 6.97, R; BCECF ratio, Rmax; maximum ratio, Rmin; min-
imum ratio). 

2.10. Western blotting 

A549 cells incubated under indicated conditions were suspended 
with lysis buffer in the presence of protease inhibitor. After sonication, 
cells were spun down (11,000 ×g for 15 min at 4 ◦C). The quantification 
of protein quantity to 30 μg was determined using the Bradford assay 
(Bio-rad). The protein samples were loaded to SDS-PAGE followed by 
transfer to methanol soaked polyvinylidene difluoride (PVDF, Bio-rad) 
membranes, and then blocked with 5% skim milk in TBS-T (Tris-buff-
ered saline containing 0.5% Tween-20) for 1 h. After blocking the 
membranes incubated with β-actin (Sigma), estrogen receptor α (ESRα, 
Abcam), estrogen receptor β (ESRβ, Abcam), or SLC26A6/Pat1 (A6, 
Abcam) antibodies for 12 h at 4 ◦C, and washed three times with TBS-T. 
Washed samples were then treated with horseradish peroxidase (HRP)- 
conjugated secondary antibodies, and the protein bands were detected 
using ECL solution (Thermo). 

2.11. Real time qPCR (qPCR) 

Before qPCR, cDNA was synthesized from mRNA of A549 cells. 
mRNA extraction was proceeded using the Hybrid RiboEx extraction 
system (Geneall) and reverse transcription premix (Bioneer, South 
Korea). The reverse transcription condition was 37 ◦C for 90 min and 
95 ◦C 5 min. qPCR was performed using the QuantStudio 3 real-time 
PCR system (Thermo) and the PowerUp SYBR Green Master Mix 
(Thermo) depending on the manufacturer's protocol. PCR step was 
performed with cDNA, 1× master mix, dH2O (up to 20 μL), and 1 μL of 
forward and reverse oligomer (10 pmol/μL) (GAPDH; F: 5’-GAC CTG 
ACC TGC CGT CTA GAA A-3′, R: 5’-CCT GCT TCA CCA CCT TCT TGA-3′, 
A6; F: 5’-CCT ATG CCC TTC TGC TCC AA-3′, R: 5′-GAG CCA GTC ACG 
CAC AGG AT-3′). The mRNA expression level of A6 was normalized 
versus that of GAPDH. 

2.12. Confocal microscopy 

The A6-transfected A549 cells on coverslips were fixed for 10 min at 
− 20 ◦C with chilled methanol (− 20 ◦C). The cells were washed with PBS 
three times, and then mounted on slide glasses with Fluoromount-G 
containing 4′,6-diamidino-2-phenylindole (DAPI) (Electron Micro-
scopy Sciences). Confocal microscopy images were obtained using an 
LSM 700 Zeiss confocal microscope (Carl Zeiss) equipped with ZEN 
software (Carl Zeiss). 

2.13. Statistical analyses 

Data obtained from the number of experiments are indicated as 
means ± standard error of means (SEMs). Statistical significance was 
determined by analysis of variance using one-way ANOVA (*p < 0.05, 
**p < 0.01, *** p < 0.001). 

3. Results 

3.1. β-E2 treatment attenuated COE activity in A549 

To investigate the effect of β-E2 in oxalate transport in A549 cells, we 
measured COE activities (Mount and Romero, 2004) using the MQAE- 
quenching technique in A549 cells. The A549 cells were stimulated 
with the physiologic concentration of β-E2 within range of 0.1 to 10 nM 
to avoid impaired mitochondrial membrane potential by a high con-
centration of β-E2 (Celojevic et al., 2011). We chose 2 nM of β-E2 to 
stimulate A549. COE activity represents oxalate transporting activity 
through the changes of extracellular Cl— level (Mukaibo et al., 2018). 
β-E2 treatment attenuated COE activity (Fig. 1A,B). Treatment with β-E2 
also attenuated CBE activity in A549 lung cancer cells (Fig. S2A,B). To 
verify the A6-mediated COE and COE activities, the mRNA and protein 
levels of A6 were measured in the presence of β-E2. β-E2 treatment did 
not change the mRNA and protein expressions of A6 (Fig. 1C,D). We 
observed various band sizes of A6 that occurred in detecting the protein 
with western blot analysis as also addressed in (Thomson et al., 2016). In 
addition, the protein levels of the ESRα and ESRβ estrogen receptors 
were not changed by β-E2 stimulation (Fig. 1E-G). Furthermore, A549 
cell viability was not affected by β-E2 (Fig. S3). These results show that 
β-E2 treatment attenuated COE and CBE activities in A549 lung cancer 
cells. 

3.2. A6 modulated CBE and COE activities 

The anion exchanger A6 exchanges Cl— for HCO3
—, oxalate, hy-

droxyl, or formate (Petrovic et al., 2008; Wang et al., 2005). According 
to types of organ, Cl—/ HCO3

— transporting of A6 is mainly identified in 
salivary and pancreatic secretion (Lee et al., 2012b; Wang et al., 2006) 
and Cl—/oxalate transporting is verified in kidney (Wang et al., 2005). 
To confirm the effect of A6 on ion transporter activity, we used the 
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knockdown with siRNA and A6-overexpressed system. We verified 
reduced A6 expression in siA6-treated A549 cells (Fig. 2A). The two 
types of A6 activities were evaluated by measuring CBE (Fig. 2B,C) and 
COE (Fig. 2D,E) values. The intracellular pH calibration curve is shown 
in Fig. S1. The knockdown of A6 inhibited CBE and COE activities 
(Fig. 2B-E), whereas these activities were 3 times higher in A6- 
overexpressed cells than in non-transfected controls (Fig. 2F-I). These 
results indicate CBE and COE activities are dependent on A6 expression. 

3.3. A6 expression affected the cellular migration 

The patients with metastatic cancer possess complication to survive 
due to the uncontrollable proliferation of cancer cells (Stoletov et al., 

Table 1 
Components of chloride-oxalate solution.  

Components Concentration (mM) 

Sodium chloride (NaCl) 95 
N-Methyl-D-Glucamine chloride (NMDG-Cl) 27 
HEPES 10 
Glucose 5 
Potassium chloride (KCl) 4.3 
Magnesium chloride (MgCl2) 1 
Sodium oxalate (Na2Ox) 25 
pH 7.4 
310 mOsm (adjusted with mannitol)  

Fig. 1. β-E2 treatment attenuated COE activity in A549. (A) The COE activity in the presence of β-E2 treatment (2 nM, for 48 h-red; 72 h-blue) or in its absence 
(black) in A549 cells. (B) The graph indicates means ± SEMs of the number of experiments (n = 4, ***p < 0.001). (C) mRNA expressions of human Slc26a6 as 
determined by qPCR. The graphs show the means ± SEMs of each relative expression (n = 9; ns = non-significant). (D) The western blotting of A6 with β-E2 
treatment for 24, 48, and 72 h. (E) The western blotting of ESRα and ESRβ with β-E2 treatment for 48 and 72 h. (F, G) The graphs indicate means ± SEMs of the 
number of experiments (n = 3, ns = non-significant). 
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2020). Thus, restriction of metastatic feature has been highlighted as a 
major point of cancer therapy. In other words, inhibition of cancer 
migration is a powerful cancer therapy not to spread cancer cells toward 
other tissues. In this section, we determined A549 migration through 
adjustment of A6 expression. β-E2 treatment did not reduce A6 expres-
sion in A549 cells, despite reducing CBE and COE activities. In a pre-
vious study, we showed HCO3

—-dependent transporters acts as an ion 
transporter for cellular migration including NBC (Hwang et al., 2021; 

Hwang et al., 2020b) and anion exchanger 2 (Hwang et al., 2019, 
2020a). However, the relationship between A6 and cancer cell migra-
tion have not studied yet. Knockdown of A6 enhanced cellular migration 
in the wound migration assay (Fig. 3A,B) but reduced CBE and COE 
activities. The specific antagonist or agonist for A6 activity has not been 
developed. Thus, to adjust activity of A6, SPAK was used. SPAK inhibits 
A6 activity by reducing its expression level through the phosphorylation 
of A6 in plasma membrane (Lee et al., 2012a). In the present study, H.T 

Fig. 2. A6 modulated CBE and COE activities. (A) Western blotting of A6 in siA6 transfected A549 cells. (B) The activity of CBE after A6 knockdown (red). (C) The 
graph shows means ± SEMs of relative CBE activities in A6 and SPAK-transfected A549 cells (n = 6, **p < 0.01). (D) The activity of COE after A6 knockdown (red). 
(E) The graph shows means ± SEMs of relative COE activities (n = 8, *p < 0.05). (F) The activity of CBE in cells overexpressing A6 (red). (G) The graph shows means 
± SEMs of relative CBE activities (n = 6, **p < 0.01). (H) Activity of COE in cells overexpressing A6 (red). (I) The graph shows means ± SEMs of relative COE 
activities (n = 6, **p < 0.01). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 3. Expression levels of A6 affected cellular migration. (A) The images show wound healing migration assay in siA6-transfected A549 cells. (B) The graphs 
indicate means ± SEMs of the migration range (n = 10, *p < 0.05). (C) The graph show means ± SEMs of relative CBE activities (n = 5, *p < 0.05, ns = non- 
significant). (D) The images show the results of migration assays. (E) The graph indicate means ± SEMs of the migration range (n = 3, *p < 0.05). (F) Images showing 
transwell membranes containing cells transfected or not with A6 and stained with DAPI (blue) or crystal violet (purple). (G) The graphs indicate means ± SEMs of the 
relative intensities of DAPI and crystal violet staining (n = 10, ***p < 0.001). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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cells were transfected with SPAK or a DN form of SPAK in presence of 
A6. SPAK and A6 co-transfected cells exhibited less CBE activity but not 
in cells transfected with the DN form of SPAK (Fig. 3C, Original traces 
are shown in Fig. S4). As regards the effects of A6 overexpression and 
knockdown on A549 migration, A6 overexpression reduced migration, 
whereas its knockdown enhanced migration (Fig. 3A,B). Presence of 
SPAK recovered migratory ability to control level as in knockdown of A6 
(Fig. 3D,E). To confirm the migratory role of A6 overexpression, 

transwell-membrane migration assay, composed of DAPI and crystal 
violet assay, was performed. The over-expression of A6 attenuated A549 
cell migration (Fig. 3F,G). To investigate whether reduced cell viability 
affected cellular invasion, we performed agarose spot migration assays 
under A6-overexpressed conditions. We found that cellular invasion was 
reduced in A6-overexpressed A549 cells (Fig. S5). These results show A6 
activity was not a dominant modulator of A549 migration but that the 
protein levels of A6 reduce A549 migratory activity. 

Fig. 4. β-E2 treatment enhanced cellular migration by modulating A6 expression. (A-D) Images of Transwell migration assay membranes stained with DAPI (blue) 
(A) or crystal violet (violet) (C). A549 cells were treated with 2 nM β-E2 for 72 h. Graphs were produced using the means ± SEMs of the relative intensities of DAPI 
(B) and crystal violet (D) staining (n = 3, *p < 0.05). (E) The images show agarose spot migration assay results obtained after incubating A549 cells for 4 h or 24 h 
under the indicated conditions. The dotted lines (blue) represent the initial boundary of the agarose spot (pH 7.5) and the red dotted lines represent the lineage of 
migrated cells into the agarose spots with and without β-E2 treatment. (F) Graph of means ± SEMs of migration ranges (n = 3, ***p < 0.001). 
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3.4. β-E2 treatment enhanced cellular migration by modulating A6 
expression 

It has been addressed that application of estrogen has been addressed 
lung cancer development (Chakraborty et al., 2010; Rodriguez-Lara 
et al., 2018). β-E2 treatment increased A549 cell migration as 

determined by transwell assay (Fig. 4A-D). We confirmed β-E2 treatment 
mediated migration using agarose spot assays. β-E2–containing agarose 
spot assays are efficient to determine the chemotaxis of β-E2 on A549 
cells. A6 overexpression inhibited β-E2 treatment –mediated chemotaxis 
(Fig. 4E,F). These results indicate the presence of β-E2 treatment 
enhanced cellular migration, whereas A6 overexpression attenuated this 

Fig. 5. NHE activity was independent of siA6- or β-E2 treatment – mediated migration. (A) The activities of Na+/K+/Cl— cotransporters (NKCC) or NHE after A6 
knockdown (red). Right panel is a magnified trace of dotted square of left panel. (B) The graph shows the means ± SEMs of relative NHE activities (n = 5, ns = non- 
significant). (C) The activities of NKCC and NHE in A549 cells incubated with 2 nM β-E2 for 72 h (red). Right panel is a magnified trace of dotted square of left panel. 
(D) Graph of the means ± SEMs of relative NHE activities (n = 5, ns = non-significant). (E) Activities of NBC in siA6 transfected A549 cells (red). (F) The graph shows 
means ± SEMs of relative NBC activities (n = 5, ns = non-significant). (G) NBC activities in A549 cells incubated with β-E2 for 72 h (red). (H) Graph shows means ±
SEMs of relative NBC activities (n = 5, ns = non-significant). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 6. β-E2 treatment attenuated the 
membrane expression and activity of 
A6. (A) Activity of CBE in A549 cells 
under the indicated conditions. (B) 
Graph shows means ± SEMs of relative 
CBE activities (n = 4, **p < 0.01, ns =
non-significant). (C) Activity of COE in 
A549 cells under the indicated condi-
tions. (D) The graph shows means ±
SEMs of relative COE activities (n = 4, 
**p < 0.01, ns = non-significant). (E) 
Confocal microscopy images of A6 (A6, 
green)-transfected A549 cells treated 
with or without β-E2.   
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effect of β-E2. 

3.5. NHE activity was independent of siA6- or β-E2 treatment –mediated 
migration 

Cellular migration, especially cancer cell migration, favors to move 
toward acidic extracellular circumstances (Stock et al., 2005). Proton 
release by NHE causes acidification of the extracellular milieu, and co-
ordinates acid-base homeostasis NBC (Akiba et al., 1987; Preisig and 
Alpern, 1988; Soleimani et al., 1992). In addition, NHE activity was 
reduced in the renal proximal tubules of Slc26a6-deleted mice (Petrovic 
et al., 2008). Accordingly, we examined the involvement of NHE and 
NBC activities under enhanced migratory conditions such as after A6 
knockdown and in the presence of β-E2 treatment. NHE activity was not 
altered by A6 depletion (Fig. 5A,B) or by β-E2 treatment (Fig. 5C,D). 
Additionally, NBC activity was not altered by A6 depletion (Fig. 5E,F) or 
by β-E2 treatment (Fig. 5G,H). These results indicate NHE and NBC 
activities are independent of A6 deletion- or by β-E2 treatment-mediated 
cellular migration. 

3.6. β-E2 treatment attenuated the membrane expression and activity of 
A6 

We are still needed to obtain the direct evidence which verifies the 
role of β-E2 on A6-mediated CBE or COE activities. Native immuno-
staining of A6 in A549 cells failed because of no appropriate antibody of 
A6. Thus cells were overexpressed A6 to verify the effect of β-E2 on A6 in 
A549 cells. Treatment with β-E2 reduced CBE activity (Fig. 6A,B) and 
COE activity (Fig. 6C,D) in A6-overexpressed cells. In addition, β-E2 
treatment reduced the membrane localization of A6 and increased its 
cytosolic localization (Fig. 6E). These results indicate that β-E2 treat-
ment attenuates the membrane stability of A6 without changes of total 
protein expression level. 

4. Discussion 

In this study, we investigated the effect of estrogen on A6 activity in 
lung cancer cells. Although estrogen stimulation unaffected the 
expression of A6, bicarbonate or oxalate transporting activity of A6 was 
attenuated, whereas cellular migration was enhanced. The effects of A6- 
knockdown or co-expressed SPAK with A6 on cellular migration were in 
line with observations of reduced A6 membrane expression and trans-
porter activity. However, these attenuated transporter activities 
enhanced cellular migration, and similarly, overexpression of A6 
dramatically reduced cellular migration. It has been known that ion 
transporting activities of ion transporters such as sodium bicarbonate 
cotransporters are critical role in cellular migration (Hwang et al., 
2020b; Schwab, 2001; Schwab and Stock, 2014). However, the existence 
of A6 toward cellular motility was revealed negative effect on cellular 
migration. 

Although genetically no disease-related human mutation of A6 has 
yet been discovered, the functional effects of A6 as a bicarbonate or 
oxalate transporter on mouse cardiac function during cardioplegic arrest 
(Ji et al., 2019), the mouse cardiac system (Sirish et al., 2017), and in 
various human diseases such as duodenal ulcer (Wen et al., 2018) and 
nephrolithiasis (Amin et al., 2018; Khamaysi et al., 2019; Ohana et al., 
2013) have been established. The present study provided clues 
regarding the nature of the relation between attenuated A6 levels and 
nephrolithiasis. A6 is physically or structurally associated with cystic 
fibrosis transmembrane conductance regulator (CFTR) (Lohi et al., 
2003; Wang et al., 2006). Moreover, in patients with cystic fibrosis, 
CFTR dysregulation was observed to be associated with enhanced oxa-
luria (Gibney and Goldfarb, 2003; Hoppe et al., 2005; Knauf et al., 
2017). The present study shows that enhanced estrogen level attenuates 
oxalate or bicarbonate transporting activity through A6 in A549 lung 
cancer cells. A6 protein overexpression reduced cellular migration even 

in presence of estrogen. Although the mechanisms linking altered oxa-
late and calcium homeostasis and stone formation have not been 
determined in this study, our results suggest regulation of A6-mediated 
oxalate transporting activity may be an important component of the 
linkage with estrogen level even in lung cancer cells. 

Although the relationship between cancer and kidney stone seems to 
be independent, it should be considered that enhanced cancer risk has 
been reported in patients with kidney stones (Shih et al., 2014) and 
reduced Slc26a6 expression in ob mice induces oxaluria (Amin et al., 
2018). We assumed that highly dominant A6-expressed cells such as 
salivary duct or kidney (Lee et al., 2012b; Lohi et al., 2003; Mukaibo 
et al., 2018; Wang et al., 2002) would be affected by the treatment of 
estrogen. Reduced oxalate transporting activity by estrogen might 
induce an imbalance of oxalate homeostasis in salivary glands or kidney, 
which is highly expressed A6 and affect secreted oxalate level (Jiang 
et al., 2006; Knauf et al., 2011; Ohana et al., 2013; Taher, 1989; 
Yamamoto et al., 1983). Reduced COE activity of A6 by estrogen as we 
addressed in this study might be a similar effect with Slc26a6-null mice, 
which is shown to the reduced-transcellular oxalate secretion (Knauf 
et al., 2011). Accordingly, its regulatory role of estrogen on A6 activity 
might arise additional effects on the regulation of transcellular oxalate 
secretion in salivary glands, intestines, or kidneys. 

Various studies of relationship between hormone and renal stone 
formation have been elucidated. Low level of sex hormone estrogen is 
clinically associated with potential risk of renal stone formation (Heller 
et al., 2002; Nackeeran et al., 2021; Peerapen and Thongboonkerd, 
2019), and postmenopausal women with low level of estrogen reveal the 
enhanced risk of renal stone formation (Dey et al., 2002; Maalouf et al., 
2010). Males reveal higher incidence of renal stone than female (Gupta 
et al., 2016; Wang et al., 2021; Ziemba and Matlaga, 2017). Although its 
mechanism remains unknown, sex hormone signaling and hormone 
levels on life stage would be closely related with kidney stone formation. 
Thus, our results reflect that A6-expressed cells might reduce oxalate 
transport by estrogen stimulation and paradoxically might possess 
reduced incidence of oxalate crystal complex. Additionally, female 
hormone-regulated A6 activity may provide the evidence of modulating 
factor associated with oxalate-mediated stone formation in humans. 
Based on our results, HRT would possess beneficial effect against 
oxalate-mediated stone formation, whereas should be also considered 
the enhanced motility of cancer cells. 
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